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Editorial on the Research Topic 


Immunoregulation at mucosal surfaces


Mucous membranes are the largest contact site between the external environment and the internal milieu. They protect the body, allow the exchange of nutrients or respiratory gases and are the barrier that ensures the integrity of the internal environment. These barriers are also subject to aggression from infectious agents, toxins, and physical trauma. They are also sites colonized by an abundant microbiota. Mucous membranes are defensive barriers in which three layers can be defined. The epithelium ensures selective integrity and impermeability by the presence of adhesive junctions between their cells. On the outside of this layer there is a layer of mucus and other secretions that serves as a barrier to a commensal symbiont microbiota, which provides micronutrients vitamins and regulatory molecules. The microbiota lives in symbiosis with the organism but occasionally this microenvironment can be colonized by pathogenic species. To deal with these aggressions, a third layer of this defense barrier is the immunological barrier associated with the mucous membranes. Mucous membranes house the largest population of immune cells in the entire body. The immune system associated with the mucous membranes recognizes pathogens and toxins from outside the barrier but must react to pathogens and tolerate the commensal microbiota. Their different components also receive signals from the other components of the mucosal barrier. All the components of the barrier weave a network of mutual interactions that ensure homeostasis, not only of the mucous membranes but also of the whole organism. Imbalances in the response of the different components of these circuits are the basis of a large number of diseases, not only of the systems in which they are located, but also on the whole-body systems. This Research Topic addresses different aspects of their components and their mutual interrelationships.


The immunological barrier

Around 70% of the immune cells of the whole organism are associated with the mucous membranes. Among these cells are elements of both the innate immune system and the adaptive immune system.


The innate immune system at mucosal surfaces

The different cell types of innate immunity include phagocytic cells (macrophages), eosinophils, dendritic cells (DCs), mast cells, and innate lymphoid cells (ILCs) that recognize environmental signals and microbes. Innate immune cells are the first to be activated by receptors that recognize molecular patterns (PAM) present in different microbes, but also by micronutrients provided by the commensal microbiota and ligands for aryl hydrocarbon receptor (AhR), retinoic acid, vitamin A and short chain fatty acids (SCFA), which interact with the different classes of ILCs in the intestine and lung and are reviewed by Shi et al. Once activated, they secrete cytokines and interact with cells of the adaptive immune system, directing the differentiation of distinct classes of T lymphocytes, whose migration to the different lymphoid organs influences the type of immune response, both locally and systemically.

Mucosal barriers are particularly enriched in unconventional lymphocytes, defined as lymphocytes that lack organized antigen receptors or express antigen receptors with a limited repertoire. Among these cells of the innate immune system are ILCs, mucosal-associated invariant T cells (MAIT), and Tγδ cells. The review by Cox et al. highlights the critical roles of unconventional T cells in regulating the barrier function, particularly in their repair, in both gut and lungs. The cells of the innate immune system are activated, not only by PAMs but also by alarmins, released by damaged epithelial cells. In a model of intestinal inflammation induced by dextran sulfate sodium (DSS), Phuong et al. describe that overexpression of IL-33 in this model does not promote inflammation but increases the expression of genes of Th2 responses, highlighting the role of exogenous application of IL-33 for intestinal inflammation promoting the activation of ILC2. The review by Valle-Noguera et al. summarizes the importance of ILC3 cells in the defense against pathogens (fungi, bacteria, and virus) in different mucous membranes (oral mucosa, intestine, and respiratory mucosa). ILC3s are activated by gut hypoxia conditions and by regulatory molecules from the microbiota and diet. The cytokines IL-17 and IL-22 produced by them, together with Tγδ cells, are effective against several pathogens in different locations. In this way, ILCs work together with the cells of the adaptive immune response to organize the most appropriate immune response to each pathogen and each location of the organism. The role of unconventional T cells is also the subject of the article by Qiu et al., where these authors highlight the role of MAITs in chronic obstructive pulmonary disease (COPD). MAITs migrate to inflamed tissues and modulate the immune response. In COPD these cells are very abundant in the lung and produce IL-17, skewing the immune response towards a Th17 profile, but not Th1. Two other articles highlight the importance of Tγδ cells in innate mucosal responses. Yang et al. show the participation of a subtype of these cells, Tγδ17, in acute lung inflammation due to particulate matter, characterized by neutrophil infiltration. The IL-17 produced by these cells, predominant in the airways, attract neutrophils and their presence depends on the commensal microbiota of the intestine, since it is not produced in germ free mice. The authors suggest that Tγδ cells may be a therapeutic target in acute lung injury dominated by neutrophilic inflammation. Walker et al. use a model of chronic inflammation in macaques treated with cART cells to suppress infection with SIV. In these macaques, although SIV infection is resolved, in the medium term there is a deterioration of the intestinal barrier and high levels of pro-inflammatory cytokines and markers of damage to the gastrointestinal barrier are detected. These markers are associated with a decrease in IL-17/IL-22-producing Tγδ cells.



The epithelium as part of the innate immune system

Epithelial cells have developed a barrier function that prevents the entry of microorganisms and the translocation of potentially harmful antigens into the body. This barrier is based on the expression of adhesion molecules by epithlelial cells that form tight junctions between them. Lei et al. describe the importance of EpCAM-mediated adhesion of epithelial cells. These adhesion molecules control the expression of the polymeric immunoglobulin receptor (pIgR), resulting in a defect in transepithelial IgA transport in EpCAM KO mice. In addition, there is an increase in the expression of genes related to the inflammatory response responsible for the development of inflammatory bowel disease (IBD). On the other hand, the intestinal epithelium is adapted to an environment of hypoxia, which stimulates epithelial cells to produce TNF. Under these conditions the epithelium is more permeable, and the cells of innate immunity produce pro-inflammatory mediators. Kim et al. use a hypoxia-inducible factor (HIF) stabilizer in the model of DSS-induced colitis. It achieves the restoration of the epithelial barrier. The review by Kinashi and Hase discusses the role of the gut microbiota in the epithelial barrier. It describes how the weakening of this barrier contributes to the so-called leaky gut syndrome (LGS), which initiates an inflammatory response in the gut. A whole series of molecules produced by the commensal microbiota are critical in maintaining the epithelial barrier, so dysbiosis can be associated with intestinal inflammation and autoimmune diseases.

Homeostasis of the gut epithelium is maintained by an intestinal stem cell (ISC) compartment that resides at the base of intestinal crypts, giving rise to specialized epithelial cell lineages. Wisniewski et al. review the role of AhR ligands in ISC function and regulation. Tryptophan catabolites and SCFAs produced by the bacterial fermentation of dietary protein and soluble fiber serve as AhR ligands. Moreover, tissue stem cells have immunoregulatory properties and anti-inflammatory effects. Wu et al. describe the effect of conditioned medium of human amniotic epithelial cell cultures in experimental allergic conjunctivitis, mainly via IL-1ra and IL-10. Finally, mucosal barriers are also subjected to metabolic regulation. Qi et al. review the dual effect of endogenous ketogenesis in the microbiota, innate and adaptive immune systems, and the chemical and physical barriers of the mucosa.



The adaptive immune system at mucosal surfaces

The mucosal membranes are colonized by a large number of microorganisms. Many of them live in symbiosis with the organism (commensal microbiota) but others are pathogenic. Host adaptation to the microbiota is an active process that involves interactions between immune cells and a balance between different types of lymphocytes. The adaptive immune system represents the most powerful defense against microorganisms and confers long-term memory. An effective defense against pathogens involves the effective mobilization of effector lymphocytes to the mucosal surfaces. The trafficking of effector T lymphocytes to mucosal surfaces is governed by the expression of homing receptors. The article by Manhas et al. studies the effect of rexinoids, which bind to nuclear receptors and promote the expression of integrins and chemokine receptors, favoring the migration of lymphocytes. They propose them as therapeutic agents in pathogenic infections or cancer on mucosal surfaces. Different classes of CD4+ lymphocytes, such as Th1, Th2, Th17, Th22, as well as regulatory T cells (Treg), B cells and antibody-producing cells, are part of the adaptive immune barrier of the mucosal surfaces. IgA is the component of the humoral response characteristic of these locations. The review by Keppler et al. describes how 80% of the cells that secrete IgA are found in the intestine, although they are also found elsewhere, especially the bone marrow. IgA represents an effective protection against enteric pathogens, but it is also effective in other locations, preventing sepsis and infiltration into other organs of pathogens from the mucosal surfaces. The review by Runge and Rosshart describes how different classes of microorganisms promote the appropriate immune response to each microorganism. The authors summarize the current knowledge on how microbes of all kingdoms and microbial niches, as well as some multicellular organisms, shape local and systemic immunity in health and disease. Each microorganism induces a particular type of response not only in the mucosal surfaces, but in the whole body. The article by Roy et al. describes that segmented filamentous bacteria induce not only Th17 cells, crucial in antimicrobial defense, but also IL-22-producing T cells that do not secrete IL-17 (bona fide Th22).

The balance between the different populations of T cells decides the balance between homeostasis and inflammation, not only in the mucosal surfaces but also throughout the organism. Imbalance in the proportion of T cell subsets is associated with inflammatory diseases, both in the digestive and respiratory systems, and is associated with autoimmune diseases such as Crohn’s disease or rheumatoid arthritis. Treg cells are key to this balance and are involved in immune tolerance. Fernandez-Perez et al. describe how T cell populations are altered in the absence of galectin 1, a lectin expressed in epithelial cells and different types of immune cells. In the DSS-induced gut inflammation model, the absence of galectin 1 induces increased inflammation, associated with an altered Th17/Th1 profile of effector CD4+ T cells, which is reduced after adoptive transfer of wild type Foxp3+CD4+ regulatory T cells. Ssemaganda et al. also show that the abundance of Treg in the genital tract is inversely associated with lymphocyte infiltration and inflammation of this location. Treg cells also play an important role in the repair processes after tissue injury. This is described by Tan et al. in the case of acute respiratory distress syndrome, in which the role of IL-33, an alarmin produced by damaged epithelial cells, in the expansion and activation of Treg and ILC2 is associated with lung repair.

The immune system of mucosal surfaces is subject to influences by the microbiome, epithelial cells, and nervous and endocrine systems. In this last aspect it should be noted that the gastrointestinal tract is highly innervated by the parasympathetic and sympathetic nervous systems. All these nerve terminals are in proximity to the lymphoid tissue at this location. Immune cells express receptors for nerve mediators, indicating integrated neuroimmune communication of particular importance in the gut. Vasoactive intestinal peptide (VIP) is a neuropeptide very abundant in this location and has important immunoregulatory properties. Leceta et al. collect previous knowledge and new data in a spontaneous model of rheumatoid arthritis and advance the hypothesis that VIP inhibits the plasticity of Th17 cells towards non-classical Th1 cells and enhances the function of follicular Treg cells. On the other hand, the article by Müller et al. study samples of patients affected by Hirschsprung disease, a neurodevelopmental congenital disorder in which there is a lack of ganglia of the intrinsic enteric nervous system. They show that the presence of cholinergic innervation attenuates the secretion of pro-inflammatory cytokines in intestinal epithelial cells. Webber et al. review the presence of hormone receptors in the lungs focusing on the effect that hormones have on the pulmonary immune response. One organ whose epithelial function is regulated by hormones is the uterus. The article by Han et al. describes the variations in the lymphoid population in the proliferative and secretory phases of the uterine epithelium cycle, also associated with changes in the microbiota at this location.

Other articles describe immune cells in other locations, such as the cornea (Li et al., Liu and Li) and the participation of the immune system in repair processes at serous surfaces (Zwicky et al.).




Immunoregulatory role of the microbiota

Most of the microbiota is associated with the gastrointestinal tract but also colonizes other anatomical regions. Schubert et al. present a summary of the immuno-regulatory properties of the commensal microbiota, which synthesizes vitamins and regulatory products from the fermentation of dietary products, such as SCFAs, which stimulate the expansion and immunosuppressive properties of Treg lymphocytes, as well as other products that act on dentritic cells to decrease their immune-stimulating properties. Sabatini et al. describe how particular components of the microbiota, specifically Saccharomyces cerevisiae, promote the differentiation of a subtype of plasmacytoid dendritic cell that induce Th cells that produce IL-10. In this way, the authors describe how this yeast mediates the balance between pro- and anti-inflammatory responses. The microbiota is essential in the ontogeny, maturation, and modulation of immunity, both in the mucous membranes and systemically. An imbalance (dysbiosis) can lead to the exacerbation of inflammatory diseases and the development of autoimmune diseases.

In addition to the commensal microbiota, other species are pathogenic. The pathogenicity of these species begins with their adhesion to epithelial cells. Some species become pathogenic under certain conditions. Yang et al. in their article describe the case of one of these species, Helicobacter pylori, and how adhesion and colonization depend on the expression of Lewis antigens, which are induced by activation of the MAPK pathway. Conserved molecules of microorganisms are recognized by host-specific receptors (TLRs) in both epithelial cells and cells of the innate immune system, triggering immune responses. Pastille et al. study the involvement of TLR4 in the progression of inflammatory colitis and colorectal cancer and block the signaling pathway of this receptor with a specific inhibitory small molecule. Results show a significant reduction in the production of pro-inflammatory cytokines after inducing colitis in vivo with DSS or in vitro stimulation with LPS. In this way, tumorogenesis associated with inflammation is inhibited. Other resident species, known as pathobionts, have pathogenic potential, although they can establish a commensal relationship with the host promoted by factors derived from it. This is the case of Listeria monocytogenes reported by Cho et al. In this study it is described that the induction of specific CD8+ lymphocytes inhibit the expression of virulence factors in L monocytogenes.

Two articles are dedicated to the study of the evolution of the microbiota from birth and its involvement in the maturation of the immune system. Kalbermatter et al. provide a review of the impact of the microbiota from the gestation period to weaning. Environmental factors of early life, including the mode of birth, type of lactation, or use of antibiotics, modulate the maturation of the microbiota and the immune system in the first part of the development. Alterations of this dialogue between microbiota and immunological maturation of the newborn can have a long-term effect on susceptibility to diseases such as asthma or autoimmune diabetes. On the other hand, Schlosser-Brandenburg et al. in their study point out the importance of breastfeeding and physical closeness in the successful transfer of the maternal microbiota. Maternal isolation and formula lactation resulted in less bacterial diversity in the respiratory tract and less differentiation of Th1 activities in the lungs.

Finally, it should be noted that the importance of dysbiosis in the development of a whole series of diseases, especially gut inflammatory diseases, has led to the control of inflammation through the transplantation of fetal microbiota (FMT). Ponce-Alonso et al. address the issue of donor selection for FMT in ulcerative colitis (UC) remission. The selection of the donor was made after determining the degree of response of the immune cells of the recipient’s mucosa. Given the lack of results obtained in the evolution of UC of transplanted patients, they conclude that the selection of the donor based on this criterion is not the appropriate method to choose the donor for FMT.
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Intestinal epithelial cells are adapted in mucosal hypoxia and hypoxia-inducible factors in these cells can fortify barrier integrity to support mucosal tissue healing. Here we investigated whether hypoxia-related pathways could be proposed as potential therapeutic targets for inflammatory bowel disease. We developed a novel hypoxia-inducible factor (HIF) prolyl hydroxylase inhibitor, CG-598 which stabilized HIF-1α in the gut tissue. Treatment of CG-598 did not affect extra-intestinal organs or cause any significant adverse effects such as erythropoiesis. In the experimental murine colitis model, CG-598 ameliorated intestinal inflammation with reduction of inflammatory lesions and pro-inflammatory cytokines. CG-598 treatment fortified barrier function by increasing the expression of intestinal trefoil factor, CD73, E-cadherin and mucin. Also, IL-10 and IL-22 were induced from lamina propria CD4+ T-cells. The effectiveness of CG-598 was comparable to other immunosuppressive therapeutics such as TNF-blockers or JAK inhibitors. These results suggest that CG-598 could be a promising therapeutic candidate to treat inflammatory bowel disease.




Keywords: inflammatory bowel disease, gut barrier, hypoxia-inducible factor, prolyl hydroxylase inhibitor, immune regulation



Introduction

The intestine harbor huge numbers of immunocompetent cells to manage elaborate interactions with microbes, for tolerance to luminal microbiota, as well as protection against invading pathogens. When genetic susceptibility is combined with environmental factors, chronic uncontrolled inflammatory diseases such as inflammatory bowel disease (IBD) are initiated (1). Inflammatory bowel diseases, including Crohn’s disease and ulcerative colitis, are clinically chronic relapsing diseases associated with dysregulated microbial composition (dysbiosis) and defective immune regulation. To investigate IBD therapeutics, various approaches have mainly focused on control of inflammation using anti-inflammatory drugs or immunosuppressants because inflammation is the obvious and most important final disease outcome regardless of the complicated pathogenesis of IBD (2). Recently, biologics for blockade of tumor necrosis factor (TNF) or integrin, key mediators of pathogenic inflammation have been increasingly applied. In addition, clinical therapies as blockades of cytokine signaling via inhibition of intracellular Janus kinases (JAKs) such as tofacitinib were developed. However, novel fundamental modulators from an understanding of underlying pathology should be investigated.

The intestinal epithelium provides a physical and innate defense barrier against noxious luminal triggers (3). The immune cells in the lamina propria can initiate inflammatory responses against invaders if these barriers are injured. Unlike the skin barrier, the intestinal epithelium has a monolayer structure and acts as a physical barrier as well as a coordinating hub to manage dynamic luminal conditions. To efficiently absorb nutrients digested from food, the epithelium of the small intestine has thin and permeable layers spread over a vast surface area. During infection with bacterial pathogens, epithelial sheets are easily shed from the basement membranes of tissue with accompanying host cell death (4). To recover the intestinal barrier following infection, rapid production of epithelial cells from intestinal stem cells are stimulated by endogenous signals and commensal-derived short chain fatty acid (3). Defects in the gut barrier are associated with a broad range of human intestinal diseases as well as extra-intestinal diseases such as non-alcoholic fatty liver disease and neurologic brain disease (5).

In the physiology of the intestine, the concentration of oxygen varies from the highly vascularized lamina propria to the anaerobic lumen. The estimated oxygen partial pressure (pO2) is <15 mmHg in the lumen, 23 mmHg at the tip of villi, and 128–160 mmHg in the blood vessels of submucosa (6–8). Consistent with other mammalian cells, the intestinal epithelial cells utilize hypoxia-induced mechanisms to respond to low oxygen conditions. Hypoxia responses are modulated and adapted by oxygen-sensitive transcription factors such as hypoxia-inducible factor (HIF). These inducible factors consist of an oxygen-sensitive α-subunit (HIF-1α, HIF-2α, and HIF-3α) and a conserved β-subunit, HIF-1β, also known as aryl hydrocarbon receptor nuclear translocator (9). Under normoxia, prolyl hydroxylases (PHDs) and asparaginyl hydroxylase factor inhibiting HIF (FIH) hydroxylate the HIF-α subunit at proline or asparagine residues leading to their proteasomal degradation or inhibition of their interaction with a cofactor CREB binding protein (CBP). However, hypoxia-induced inhibition of PHD and FIH stabilizes HIF-α. After translocation of the HIF-α subunit to the nucleus, it complexes with HIF-β to form an active transcription factor HIF, which binds to hypoxia responsive elements (HREs) in the promoter regions of target genes followed by initiation of transcription (10).

Hypoxia-induced signaling by HIFs can promote or counteract mucosal inflammatory responses depending on the cell types. Hypoxia induces inflammation in the intestine and may represent an environmental cause for IBD pathogenesis. In fact, both HIF-1α and HIF-2α are found at high levels in intestinal epithelial cells (IEC) from patients with active ulcerative colitis or Crohn’s disease (11). Hypoxia stimulates IECs to produce TNF which increases barrier permeability (12). Under hypoxic conditions, innate immune cells including neutrophils, macrophages, and dendritic cells resist apoptosis and produce more pro-inflammatory cytokines (13–15). Otherwise, hypoxia-exposed IEC at physiological conditions promote barrier-preservative functions to reduce the inflammatory burden by up-regulating intestinal trefoil factor (ITF), mucin-3, and CD73. The involvement of HIFs in IBD pathogenesis has been investigated in experimental animal models. The HIF-1α isoform is beneficial to repression of oxazolone- and 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis via induction of barrier-protective genes whereas HIF-2α is detrimental to dextran sulfate sodium (DSS)-induced colitis via increased inflammatory responses (16, 17). These results suggest differential effects of HIF isoforms in gut homeostasis.

The PHDs consist of three isoforms, PHD1, PHD2, and PHD3, which control diverse functions in immune and non-immune cells. In contrast, little information about the cell-type specific effects of FIH has been accumulated. A defect of PHD1 or PHD3 exhibits protective effects on intestinal epithelial barrier integrity in mice (18, 19). The protective role of HIF-1α and PHD blockade during gut inflammation led to the investigation of hydroxylase inhibitors as a potential therapeutic strategy. The pan-hydroxylase inhibitors such as dimethyloxalylglycine (DMOG) and FG-4497 have protective effects in experimental murine colitis (20, 21). A candidate of a class of HIF-1α–selective PHD inhibitors, AKB-4924, exhibits protective effects in TNBS-induced colitis (22). Oral administration of AKB-4924 reduced systemic off-target effects in extra-intestinal organs while maintaining the localized beneficial effect for colonic inflammation (23). Similarly, oral administration of the PHD inhibitor, TRC160334, showed therapeutic effects in chemically induced murine colitis (24). Several hydroxylase inhibitors are currently under investigation for the treatment of various diseases such as inflammatory bowel disease (23), chronic kidney disease-related anemia (25), and cancer (26). However, long-term systemic treatment with pan-hydroxylase inhibitors has raised the possibility of promotion of cancer, erythropoiesis, and fibrosis in the kidney or liver, and altered biochemical pathways.

Here, we synthesized CG-598, a novel HIF-1α stabilizer via inhibition of PHD. At the early stage of our study, CG-598 was a candidate for anemia therapeutics. However, because CG-598 can be locally distributed in the gut after oral administration without significant systemic absorption which may cause unwanted adverse effects, we applied it to IBD therapeutics. Therefore, we investigated whether CG-598 has beneficial effects in colitis and may be a novel candidate for IBD therapeutics which selectively target the gut.



Materials and Methods


HIF-PHD Inhibitor CG-598

CG-598 (C21H17N3O5S, MW 423.4) is a novel HIF-PHD inhibitor which was designed and synthesized by CrystalGenomics, Inc (Figure 1A). The full structure is disclosed in Korean patent 10-2019-0112154. The values of the partition coefficient (clogP) and polar surface area for CG-598 were 1.36 and 148.07, respectively. To assess the biological activity of CG-598, a prolyl hydroxylation reaction was measured. A peptide (FITC-Asp-Asp-Leu-Asp-Leu-Glu-Ala-Leu-Ala-Pro-Tyr-Ile-Pro-Ala-Asp-Asp-Asp-Phe-Gln-Leu-Arg-OH) was synthesized by GL Biochem Ltd. (Shanghai, China). The immobilized peptide substrate was incubated with the concentration range from 0.003 to 100 μM of CG-598 in 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.1 mM α-ketoglutarate, 2 mM ascorbic acid, 100 μM FeCl2, 0.5% nonidet P40 in a final volume of 25 μL at 30°C for 60 min. To stop the reaction, plates were incubated at 95°C for 1 min and was cooled at 0°C for 5 min. Hydroxylated HIF-1α was incubated with 125 nM glutathione S-transferase-tagged VHL/Elongin B/Elongin C in 25 μL binding buffer (50 mM Tris-HCl, pH 7.5, 120 mM NaCl, 0.5% nonidet P40) for 30 min at room temperature. The amount of bound VBC was determined by measuring the fluorescence polarization with a plate reader (Molecular Devices). All pan-PHD inhibitors including PN-3602/compound16 (27), AKB-4924 (28), and CG-690, candidates for anemia therapeutics, were previously reported or synthesized by CrystalGenomics, Inc.




Figure 1 | The HIF-1α stabilizer CG-598 enhances barrier-associated molecules in intestinal epithelial cells in vitro. (A) The chemical structure of CG-598. (B) HeLa cells were treated with 10 μM AKB-4924, CG-598, or CoCl2 for 24 h. Whole cell extracts from each treatment group were analyzed to detect HIF-1α and HIF-1β. (C) HCT116 cells were pre-treated with 10 μM AKB-4924 or CG-598 for 2 h and further cultured with 3% DSS for 24 h. The itf mRNA level was measured by real-time PCR. (D–F) Caco-2 cells were pre-treated with 10 μM AKB-4924 or CG-598 for 1 h and further incubated with 3% DSS for 24 h. Mean fluorescence intensity (MFI) or ratio was summarized. (D, E) Immunofluorescence of ZO-1, occludin, (F) E-cadherin (red) and α-tubulin (green). One-way ANOVA. Data are shown as mean ± SEM, ns, not significant, *p < 0.05, ***p < 0.001.





Western Blotting

HeLa cells (ATCC, Manassas, VA, USA) were cultured in Minimum Essential Medium (MEM) supplemented with 10% fetal bovine serum (FBS; GIBCO-BRL, NY, USA). HeLa cells seeded at a density of 1.5 × 106 cells/well in 60 mm culture dishes were treated with 10 µM CG-598, 10 µM AKB-4924, or 500 µM CoCl2 (Sigma-Aldrich, St. Louis, MO, USA) for 24 h. Whole cell lysates were prepared using radioimmunoprecipitation assay (RIPA) buffer. To prepare nuclear extracts, murine colons were homogenized in buffer A (10 mM HEPES, 10 mM KCl, 0.1 mM EDTA, 1 mM 1,4-dithiothreitol (DTT), and 10% NP-40, with protease inhibitors) and incubated 15 min on ice. An additional aliquot of 10% NP-40 was added, and samples were centrifuged. The supernatant was discarded and buffer B (20 mM HEPES, 0.4 M NaCl, 1 mM EDTA, 1 mM DTT, with protease inhibitors) was added to the pellet and incubated at 4°C for 1 h. After centrifugation, the protein concentration of each pellet was quantified. To prepare cytosolic colon extracts, tissues were homogenized in pro-prep protein extraction solution (iNtRON Biotechnology, Seongnam, Korea) with protease inhibitors, then placed at −20°C overnight. Homogenates were centrifuged, supernatants discarded and protein concentrations of pellets were quantified. Western blotting was performed to investigate the protein expression of HIF-1α and HIF-2α. The following antibodies were used: anti-β-actin (Santa Cruz Biotechnology, CA, USA), anti-lamin B1(Bioworld Technology, MN, USA), anti-HIF-1α (BD Biosciences Pharmingen, CA, USA for HeLa cells; Novus Biologicals, CO, USA for colon tissues), anti-HIF-2α (Novus Biologicals, CO, USA), horseradish peroxidase (HRP)-conjugated anti-rabbit IgG, and HRP-conjugated anti-mouse IgG (Santa Cruz Biotechnology). Visualization of protein bands was accomplished using an electrochemiluminescence kit (Advansta, CA, USA). Representative results from at least three independent experiments are shown.



Gene Expression

For in vitro gene expression experiments, HCT116 cells which originated from colorectal carcinoma (ATCC) were pre-treated with 10 μM AKB-4924 or 10 μM CG-598 for 2 h and further incubated with 3% DSS for 24 h. For in vivo gene expression, colon tissues from mouse experiments were isolated, washed, and homogenized. Total RNA from the cell lines or tissue homogenates were extracted using TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. cDNA was synthesized using SuperScript IV First-Strand Synthesis System (Thermo Fisher Scientific, MA, USA), following the manufacturer’s instructions. SYBR Green™ Premix Ex TaqTM II Kit (Takara, RR820B) was used for performing the RT-qPCR reaction. Amplification was performed with CFX Connect Real-Time PCR system (BioRad) under the following conditions: 95°C for 30 s of pre-denaturation, denaturation at 95°C for 5 s, and annealing at 62°C for 30 s for 40 cycles. Primers used for PCR were as follows: ITF F 5′-ATGGCTGCCAGAGCGCTCTGCAT-3′, R 5′-TGCCTCAGAAGGTGCATTCTGCT-3′, MUC2 F 5′-GCTGACGAGTGGTTGGTGAATG-3′, R 5′-GATGAGGTGGCAGACAGGAGAC-3′, MUC3 F 5′-AACTGCAGCTACGGCAAATGTC-3′, R 5′-AGGTTTCGCCTACCA TCGTA AC-3′, IL-22 F 5′-TTGAGGTGTCCAACTTCCAGCA-3′, R 5′-AGCCGGACGTCTGTGTTGTTA-3′, E-cadherin F 5′-CAGCCTTCTTTTCGGAAGACT-3′, R 5′-GGTAGACAGCTCCCTATGACTG-3′, IL-10 F 5′-GCC ACATGCTCCTAGAGCTG-3′, R 5′-CAGCTGGTCCTTTGTTTGAAA-3′, β-actin F 5′-TAGGCGGACTGTTACTGAGC-3′, R 5′-TGCTCCAACCAACTGCTGTC-3′, GAPDH F 5′-AACTTTGGGATTGTGGAAGG-3′, R 5′-ACACATTGGGGGTAGGAACA-3′ (as a housekeeping gene and protein normalization). Each sample was run in triplicate and a minimum of two independent experiments were performed for each sample.



Immunofluorescence Imaging

Caco-2 cells (KCLB, Seoul, Korea) were cultured in MEM medium supplemented with 20% FBS. For imaging of occludin and tight junction protein ZO-1, Caco-2 cells were seeded on coverslips at 1.5 × 105 cells/well in 12-well cell culture plates and pre-treated with 10 µM CG-598 or AKB-4924 for 1 h and further incubated with 3% DSS for 24 h. After fixation with methanol: acetone (1:1) for 5 min at −20°C and blocking with 5% bovine serum albumin (BSA)/phosphate buffered saline (PBS) for 30 min, the cells were stained overnight at 4°C with anti-occludin or anti-ZO-1 followed by incubation with Alexa Fluor 594 conjugated donkey anti-rabbit IgG (H+L) Ab (all antibodies obtained from Invitrogen) for 1 h at room temperature. For E-cadherin imaging, HCT116 cells were seeded on coverslips at 2 × 105 cells/well within 12-well cell culture plates and pre-treated with 10 µM CG-598 or AKB-4924 for 1 h and further incubated with 3% DSS for 24 h. After fixation with 4% formaldehyde for 20 min at room temperature and blocking in 5% BSA in PBS for 30 min, cells were stained overnight at 4°C with anti-α-tubulin (clone DM1A; Santa Cruz Biotechnology) and anti-E-cadherin (clone 24E10; Cell Signaling Technology, MA, USA) followed by Alexa Fluor 488 conjugated donkey anti-mouse IgG (H+L) or Alexa Fluor 594 conjugated donkey anti-rabbit IgG (H+L) Ab (both from Invitrogen), respectively. Slides were mounted with fluorescence mounting medium (Dako, CA, USA) and visualized with the DMi8 fluorescent microscope (Leica Microsystems). The mean fluorescence intensity was analyzed by ImageJ (National Institutes of Health). For E-cadherin imaging of intestinal epithelium, colon tissues were fixed in 4% formaldehyde and embedded in paraffin. The 5-µm sliced tissues were deparaffinized and then incubated 121°C for 10 min in Retrievagen A (BD Pharmingen, CA, USA). After blocking with 10% FBS in PBS for 30 min, slides were stained overnight at 4°C with Alexa Fluor 488 conjugated anti-E-cadherin (clone 36/E-Cadherin; BD Pharmingen) and mounted with ProLong Gold Antifade Reagent with 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen). Slides were visualized with an A1R HD25 N-SIM S confocal microscope (Nikon).



Animals

All animal experiments except DSS-induced colitis experiments were approved by the Institutional Animal Care and Use Committee of Crystal Genomics (CG-IACUC-19017). DSS-induced colitis experiments were approved by the Institutional Animal Care and Use Committee of Ajou University (IACUC No. 2017-0021). Animals were kept in the Laboratory Animal Research Center of Ajou University Medical Center under specific pathogen-free conditions or in the animal center of Crystal Genomics following institutional guidelines and received sterilized food and water ad libitum. Five-week-old female wild-type (WT) C57BL/6 mice and male SD rats were purchased from Orient Bio Inc. (Sungnam, Korea).



Tissue Distribution of CG-598 and Hematology

To investigate the absorption of CG-598 into intestine or systemic blood, C57BL/6 mice (n=3 per group) were orally administered with 150 mg/kg of CG-598 in 1% carboxymethyl cellulose (CMC). Colon tissues and plasma were sampled at 1, 2, 4, and 8 h following oral administration of CG-598. To analyze the excretion of CG-598, fasted male SD rats (n=3) were orally administered with 150 mg/kg of CG-598. After dosing, feces and urine were collected separately during 0 to 4 h, 4 to 8 h, 8 to 24 h, and 24 to 48 h and the content of CG-598 was quantified by measuring with Micromass/HPLC Alliance 2795 and analyzing with QuantiLynx (Waters, MA, USA). To analyze generation of reticulocytes/red blood cells from bone marrow, male ICR mice (n=5 per group) were orally fed once a day with the indicated doses of CG-598 or 100 mg/kg PN-3602. Body weights were monitored every 4 days. At 15 days after the first oral administration, blood samples were analyzed via auto hematology analyzer (BC-2800vet, Mindary).



Colitis

For dinitrobenzene sulfonic acid (DNBS)-induced colitis experiments, C57BL/6 mice were administered intra-rectally with 3% DNBS (Sigma Aldrich) resuspended in 50 μL of 30% ethanol in PBS (n=9 or 10 per group). On day 4, mice were examined histologically, and colon tissue lengths were measured. In a murine model of DSS-induced colitis, 2.5% DSS (molecular weight 36,000–50,000 Da; MP Biomedicals LLC) dissolved in autoclaved drinking water was provided ad libitum to C57BL/6 mice for five days and then exchanged with normal drinking water until the end of the experiment on day 12. Mice were treated with CG-598 or AKB-4924 in 1% CMC (Sigma Aldrich)/0.1% Tween 80 by oral gavage once every day starting from DSS treatment. AKB-4924 was described previously to be prepared in 40% 2-hydroxylpropyl-beta-cyclodextrin in 50 mM aqueous citrate buffer at pH 4 (28), however, 1% CMC was used to have an identical vehicle with CG-598. Mice were treated intraperitoneally with 0.5 mg anti-mouse TNF-α antibody (Bio X Cell) on days 4, 6, 8, and 10. During the entire experiment, body weights of mice and disease activity index including rectal bleeding and diarrhea were monitored daily as described previously (29). On day 11 or 12, gross lengths of colon were measured, and colons were examined histologically. To determine bacterial translocation, the spleen and mesenteric lymph nodes (MLN) isolated from mice at day 11 were homogenized and serial dilutions were plated on Luria broth agar plates and incubated 37°C overnight. Colony-forming units (CFU)/g were determined.



Histology

Colon tissues fixed in neutral-buffered formalin were trimmed, processed, and embedded in paraffin. H&E-stained colonic tissue sections were scored by a gastrointestinal pathologist (Asan medical center) as a blinded manner to the experimental groups and timing according to the following semi-quantitative measurement system: severity of inflammation (0, rare inflammatory cells in the lamina propria; 1, increased numbers of granulocytes in the lamina propria; 2, confluence of inflammatory cells extending into the submucosa; and 3, transmural extension of the inflammatory infiltrate), crypt damage (0, intact crypts; 1, loss of one-third basal crypts; 2, loss of two-thirds basal crypts; 3, entire crypt loss; 4, change of epithelial surface with erosion; and 5, confluent erosion), ulceration (0, absence of ulcers; 1, one or two foci of ulcerations; 2, three or four foci of ulcerations; and 3, confluent or extensive ulceration). Values from three parameters were added to give a maximal histological score of 11 (30).



Cytokine and Treg Analysis

Whole colon tissues were homogenized using a tissue homogenizer (Minilys personal homogenizer, Bertin). Tissue homogenates were analyzed for pro- and anti-inflammatory cytokines. TNF-α, IFN-γ, IL-6, MCP-1, and IL-10 were analyzed by flow cytometry using BD Cytometric Beads Assay Mouse inflammation kit (BD Biosciences). IL-1β and IL-22 were detected using mouse IL-1β and IL-22 ELISA kits (Invitrogen) following the manufacturer’s instructions. To isolate CD4+ T-cells, colons were inverted on polyethylene tubes (Becton Dickinson, Franklin Lakes, NJ, USA) and washed with PBS three times. Colons were further treated with 1 mM DTT (DTT; Sigma-Aldrich) and 30 mM EDTA to remove mucus and epithelium, respectively and were digested with 108 U/mL type IV collagenase (Sigma-Aldrich) for 90 min at 37°C. Isolated cells were treated using a discontinuous density gradient containing 66% and 44% Percoll (GE Healthcare Life Sciences, Uppsala, Sweden). CD4+ T-cells and CD8+ T-cells were sorted using BD FACSAria III (> 95% purity). To analyze IL-10- and IL-22-secreting T-cells, isolated cells were stimulated on plates coated with anti-CD3/anti-CD28 (Invitrogen) overnight. Culture supernatant was collected for cytokine analysis. For analysis of CD4+ Treg, cells were stained with anti-mouse CD4 (clone RM4-5; Invitrogen) followed by staining for Helios (clone 22F6; Invitrogen) and Foxp3 (clone FJK-16s; Invitrogen) after intracellular fixation and analyzed by flow cytometry (BD FACSAria III).



Statistical Analysis

Student’s t-test was used to compare differences between two groups. To compare multiple groups, we performed a one-way or two-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test. Values of p < 0.05 were considered significant.




Results


CG-598 Is a HIF-1α Stabilizer Enhancing Barrier Proteins

CG-598 was discovered in the effort of CrystalGenomics, Inc. to investigate the selective HIF-PHD inhibitors. The generic structure of CG-598 is shown in Figure 1A, where X, Y, Z, and W are nitrogen, NO, CO, and R2 are hydrogen or alkyls, and E is NH or NH-alkyls (Figure 1A). The full structure of CG-598 and X-ray crystal structure bound in HIF-PHD1 protein would be disclosed soon. CG-598 efficiently inhibited the activity of HIF-PHD2, as the IC50 was 0.02 µM and it was more effective compared to previously developed HIF-PHD inhibitors (Supplementary Figure 1A). CG-598 is a pan HIF-PHD inhibitor because it efficiently inhibited both HIF-PHD1 (IC50 = 0.03 µM) and HIF-PHD3 (IC50 = 0.08 µM). When HeLa cells were treated with 10 µM CG-598, HIF-1α but not HIF-2α was stabilized similar to AKB-4924, although CoCl2 enhanced both (Figure 1B and Supplementary Figure 1B). Intestinal epithelial cells were not affected by CG-598 at steady state, and CG-598 induced ITF and CD73 expression under cellular stress by 3% DSS treatment (Figure 1C and Supplementary Figure 1C). DSS treatment damaged intercellular junctions including ZO-1, occludin, and E-cadherin (Figures 1D–F). CG-598 treatment maintained these junctional proteins similar to AKB-4924 treatment. Intestinal monolayer epithelium was established from Caco-2 cells in the upper well insert and cells were treated with 3% DSS to damage barrier integrity, CG-598 as well as AKB-4924 reduced the migration of Jurkat T-cells through the epithelial barrier (Supplementary Figure 1D). These results suggest that CG-598 treatment reinforces the barrier-associated molecules via HIF-1α stabilization to maintain barrier integrity under chemical insults similar to the effect of AKB-4924.



CG-598 Acts as a Local HIF-1α Stabilizer in the Gut Without Systemic Effects

To optimize treatment of CG-598 for the in vivo study, mice were orally administered 50 mg/kg of CG-598 in various formulations and then its concentrations were analyzed in the intestine. CG-598 formulated in 1% CMC showed high and consistent distribution in the intestinal tissue after 4 h following administration (Supplementary Figure 2A). Dose-dependent absorption of CG-598 was high specifically in the intestine (Supplementary Figure 2B) but not in the plasma, suggesting that CG-598 can be localized in the gut without systemic absorption (Figure 2A). The majority of CG-598 was excreted through feces with little elimination through urine, also suggesting that it was not absorbed into the systemic compartment (Figure 2B). HIF-1α in the nuclear compartment was stabilized in the intestine of mice treated orally with CG-598 (Figures 2C, D and Supplementary Figure 2G). HIF-2α in the nuclear compartment was slightly increased following oral CG-598 treatment but the comparison to the level of HIF-2α in the control group was not significant. To confirm the local effect of CG-598 confined in the intestinal tissue, mice were orally fed with various doses of CG-598 once a day for 15 days. When body weight was monitored every four days following the first oral administration of CG-598, there were no significant decreases compared with vehicle groups (Supplementary Figure 2C). Hypoxia and HIF-1α stabilization can induce the generation of reticulocytes/red blood cells (RBCs) from bone marrow (31). At day 15, the number of reticulocytes/RBCs and the hemoglobin content in the CG-598 treated groups were not changed compared to the vehicle group, although oral treatment of 100 mg/kg PN-3602, a candidate of systemic distributed HIF-1α stabilizers for use of anemia therapy, significantly increased all parameters (Figures 2E–G and Supplementary Figure 2D). Treatment with CG-598 over 15 days at high doses did not show abnormal erythropoietin responses in hematology. These results suggest that oral administration of CG-598 could function as a local HIF-1α stabilizer in the gut without significant systemic effects.




Figure 2 | CG-598 is localized in gut tissue without systemic effects. (A) Mice were orally treated with 50 mg/kg CG-598 (n=3 per each time point). At each indicated time point, the concentration of CG-598 was quantified from plasma and colon tissues. (B) Rats were orally treated with 150 mg/kg CG-598 (n=3). Urine and feces were collected during 0–4 h, 4–8 h, 8–24 h, and 24–48 h and the amount of CG-598 was quantified and summarized cumulatively. (C, D) Mice were orally treated with 15 mg/kg of CG-598 once a day for 10 days (n=3 per group). (C) Tissue homogenates were analyzed to detect protein levels of cytosolic or nuclear HIFs in colon. β-actin and lamin B1 were used as cytosolic versus nuclear fraction controls, respectively. (D) Relative band intensities of HIF-1α and HIF-2α as compared to β-actin or lamin B1 were calculated. (E–G) Mice were orally treated with the indicated doses of CG-598 or 100 mg/kg PN-3602 once a day for 15 days (n=5 per group). Hematology parameters at day 15 were determined as the levels of (E) reticulocytes, (F) hemoglobin, and (G) red blood cells. Data are representative of three independent experiments. One-way ANOVA. Data are shown as mean ± SEM, ns, not significant, *p < 0.05, ***p < 0.001.





CG-598 Reduces the Severity of Intestinal Inflammation

To investigate whether local HIF-1α stabilization by CG-598 could protect against intestinal inflammatory insult, we used two animal models including DNBS-induced and DSS-induced colitis representing experimental murine models for Crohn’s disease and ulcerative colitis, respectively. When mice were orally treated with various doses of CG-598 following intra-rectal DNBS administration, the loss of body weight in CG-598 treated groups lessened and at day 4 showed a quick recovery and was significantly different from the vehicle group (Figure 3A). The lengths of colon were also recovered in the CG-598 treated groups in dose-dependent manner (Figure 3B). Colon tissues from mice treated with 150 mg/kg CG-598 showed reduced levels of crypt damage and ulceration (Figures 3C, D and Supplementary Figure 2E). However, since the histological grades of CG-598 treated was not that significant, we did further study using DSS-induced colitis. In DSS-induced colitis, CG-598 treatment relieved symptoms of colitis such as body weight loss, shortened colon length, and disease activity index (Figures 4A–C). After examination of colon tissues, all parameters including inflammation, crypt damage, and ulceration were significantly reduced in the CG-598 treated groups (Figures 4D, E and Supplementary Figure 2F). AKB-4924 treatment also reduced loss of body weight, disease activity index, and shortened colon length, but could not improve histological features of colitis (Figure 4E). Bacterial translocations were analyzed in the MLN and spleen at day 11. In healthy control mice, little or no culturable bacteria were counted in MLN or spleen, respectively (Figures 4F, G). However, bacteria counts were significantly increased in the MLN and spleen of the vehicle-treated group under DSS-induced colitis, suggesting that intestinal inflammation loosens gut barrier integrity to allow bacterial translocation into systemic tissues. CG-598 and AKB-4924 treatments significantly reduced bacterial translocation into MLN and spleen (Figures 4F, G). Consistent with this finding, the production of inflammatory cytokines such as IL-1β and IFN-γ was significantly reduced in colon tissues of the CG-598 treated group as compared to the vehicle treated colitis group (Figure 4H). The levels of TNF were slightly decreased in both CG-598 and AKB-4924 groups but it was not statistically meaningful. Production of the anti-inflammatory cytokine IL-10 decreased in the vehicle group as compared to the healthy control group. However, the amount of IL-10 was significantly increased in the CG-598 treated group compared to that of the vehicle group (Figure 4I).




Figure 3 | CG-598 mitigates DNBS-induced colitis in a dose-dependent manner. Mice were administered intra-rectally with 3% DNBS (n=9 or 10 per group). Three different doses of CG-598 or vehicle formulation were orally administered once a day. (A) Body weights. Two-way ANOVA. ***p < 0.001, compared to the vehicle group. (B) Colon lengths at day 4. One-way ANOVA. ns; not significant, *p < 0.05, **p < 0.01. (C) Representative colon histology from each group (×200 magnification). Black arrows mark severely inflamed regions. (D) Histological score. Data are representative of three independent experiments. One-way ANOVA. Data are shown as mean ± SEM, ns, not significant.






Figure 4 | CG-598 reduces the severity of DSS-induced colitis. Mice were fed with 2.5% DSS in drinking water for five days and changed to normal water afterwards (n=9 per group). Mice were treated with CG-598 or AKB-4924 by oral gavage once every day. (A) Body weights. Two-way ANOVA. (B) Colon length at day 11. (C) Disease activity index. Two-way ANOVA. (D) Representative H&E stained colon tissues at day 11 (×200 magnification) and (E) Histological score. (F) Bacterial CFU counts in MLNs and (G) spleens isolated at day 11. (H) Levels of TNF-α, IL-1β, IFN-γ and (I) IL-10 were analyzed from colon tissue homogenates at day 11. Data are representative of three independent experiments. One-way ANOVA. Data are shown as mean ± SEM, (A–C) compared to vehicle group. (E–I) ns; not significant, *p < 0.05, **p < 0.01, ***p < 0.001 compared to healthy control group, #p < 0.05, ##p < 0.01, ###p < 0.001 compared to vehicle group.





CG-598 Fortifies Gut Barrier Integrity and Immune Regulation

To investigate the in vivo effect of CG-598 on gut barrier function, the cell adhesion molecule E-cadherin, which is important for the formation of adherens junctions, was analyzed. DSS treatment induced focal damage of the E-cadherin network in the colon epithelium of vehicle-treated mice (Figure 5A). Mice treated with CG-598 under DSS-induced colitis showed well-organized structures of epithelial adherens junctions and higher expression levels of E-cadherin compared to the vehicle group (Figures 5A, B). Expression of tight junction proteins occludin and ZO-1 increased as well (Supplementary Figure 2G). In addition, the expression of itf was significantly increased in colons from mice treated with CG-598 (Figure 5C). Mucus production from goblet cells was abundant in the colon of CG-598 treated mice as compared to healthy or vehicle-treated tissues (Figure 5D). In the vehicle-treated colon, few goblet cells existed in the inflamed areas of crypt loss (upper panel) although goblet cells could produce mucin in the less inflamed regions (lower panel). Expression levels of muc2 and muc3 were significantly increased in colons treated with CG-598 (Figure 5E). The expression of IL-22 and IL‑10 were both significantly increased in colons treated with CG-598, which are critical for barrier maintenance and immune regulation, respectively (Figure 5F). To investigate which cell type produces these cytokines, immune cells were isolated from the lamina propria of colon after CG-598 treatment under DSS colitis and analyzed for production of cytokines. CG-598 treatment enhanced secretions of IL-22 and IL‑10 from CD4+ T-cells (Figures 5G, H). CD8+ T-cells produced little IL-22 (Figure 5G) while IL-10 was not detected (data not shown) regardless of CG-598 treatment. Foxp3+ Treg populations were increased in the lamina propria of inflamed colon under DSS colitis, and although CG-598 treatment slightly increased Treg populations, it was not significantly different compared to that of the vehicle-treated group (Supplementary Figures 3A–C). These results suggest that CG-598 treatment could endow resistance to intestinal immune insults by enhancing both the physical barrier integrity of the epithelium and the immune regulatory machinery through CD4+ T-cells cytokine production.




Figure 5 | CG-598 enhances barrier function and immune regulation during colitis. Mice were fed with 2.5% DSS in drinking water for five days and followed by normal water through the end of the experiments (n=9 per group). Mice were treated with 15 mg/kg CG-598 by oral gavage once every day. Colon tissues were analyzed at day 11. (A) E-cadherin staining (×400 magnification). (B) Relative mRNA expression of E-cadherin and (C) itf to gapdh. (D) Periodic acid–Schiff staining of colon tissues. (×200 magnification) (E) Relative mRNA expression of muc2 and muc3 and (F) IL-22 and IL-10 in colon tissue. (G, H) CD4+ T-cells or CD8+ T-cells were sorted from lamina propria of colon tissues at day 11 and stimulated with anti-CD3/CD28 antibodies overnight. The levels of IL-22 from T-cells and IL-10 from CD4+ T-cells were analyzed from culture supernatants. One-way ANOVA. Data are shown as mean ± SEM, ns, not significant, *p < 0.05, **p < ***p < 0.001.





The Therapeutic Effect of CG-598 Is Comparable or Better Than Other IBD Therapeutics

To compare the efficacy of current regimens for IBD therapeutics, oral CG-598 treatment was investigated in comparison with an anti-TNF blocker in DSS-induced colitis. TNF-α is a critical pro-inflammatory cytokine in the pathogenesis of IBD which also increases gut barrier permeability (29). We investigated whether oral CG-598 treatment could ameliorate colitis comparable to an anti-TNF blocker by evaluation of body weight changes, disease activity index, and shortened colon lengths (Figures 6A–C). As expected, the levels of TNF and IL-1β from colon tissues of mice treated with the anti-TNF blocker were significantly reduced compared to that of the vehicle or CG-598 treated groups (Figure 6D). CG-598 treatment also significantly decreased the production of pro-inflammatory cytokines such as TNF, IL-1β, IL-6 and MCP-1 but not IFN-γ. When gut barrier functions were assessed, oral CG-598 treatment reduced the level of serum LPS and bacterial translocation into MLN or spleen, which were comparable to the actions of the TNF-blocker suggesting enhancement of gut barrier integrity (Figures 6E, F). Consistent with these results, the levels of pro-inflammatory cytokines in the serum, TNF and IL-6, were significantly reduced (Figure 6G). The levels of serum IFN-γ in the oral CG-598 and TNF-blocker groups were slightly reduced but not statistically different with that of the vehicle group. When compared to treatment with tofacitinib (32), a JAK inhibitor, oral CG-598 treatment had similar effects to tofacitinib in alleviating body weight loss (Supplementary Figure 4A). In the aspect of disease activity index, colon length and pro-inflammatory cytokines, the anti-colitic effect of CG-598 treated group was comparable with that of tofacitinib treated group (Supplementary Figures 4B–D). Tofacitinib and CG-598 were also treated in combination to investigate their synergistic effect, however, did not show significant difference when treated individually (Supplementary Figures 4A–D). Taken together, oral treatment of CG-598 has beneficial effects as compared with direct and systemic anti-inflammatory regimens such as TNF-blockers or JAK inhibitors because CG-598 exerts selective protective effects against intestinal inflammation via reinforcement of gut barrier integrity and immune regulation. However, direct comparison for efficacy with commercial drugs has limitations since optimal doses, formulation and pharmacokinetics may differ between the therapeutics.




Figure 6 | Oral CG-598 treatment has a comparable protective effect to TNF blocker against colitis. Mice were fed with 2.5% DSS in drinking water for five days followed by normal water afterwards (n=8 per group). Mice were treated with 15 mg/kg CG-598 by oral gavage once every day. Animals were treated with anti-mouse TNF-α antibody (0.5 mg per mouse) intraperitoneally at days 4, 6, 8, and 10. (A) Body weight and (B) disease activity index following DSS treatment. Two-way ANOVA. (C) Colon length at day 12. (D) Cytokines from colon tissue homogenates. (E) Serum lipopolysaccharide concentrations. (F) Bacterial CFUs cultured from MLN (left) and spleen (right). (G) Serum inflammatory cytokines. Data are representative of three independent experiments. One-way ANOVA. Data are shown as mean ± SEM, ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, compared to the vehicle group.






Discussion

The intestinal mucosa has multi-layer barriers to maintain immunological homeostasis (3). Most of the outer layer is a microbial barrier that consists of large numbers of commensal microbiome to compete against pathogens. The next layer is a mucous barrier with antimicrobial peptides which are produced by goblet cells and Paneth cells. The third layer is a monolayer epithelium tightly interconnected with tight and adherens junction including claudins, occludin, ZO-1 and E-cadherin. The final barrier must be an immunological surveillance system to detect and clear microbial invaders. These multi-layered gut barriers sustain sterile conditions in most of the organs within our body. In the low oxygen microenvironment of the gut, fermented short-chain fatty acid metabolites from dietary fibers help epithelial cells to fortify barrier functions in the villous epithelium. Intestinal epithelial cells via hypoxia-induced adaptation increase barrier protective proteins such as ITF, CD73, CD55, mucin-3 and MDR1 (10). The differential roles of HIF-1α vs HIF-2α in the intestinal epithelial cells have been well-studied in experimental colitis models. Epithelial HIF-1α has a protective role by preserving epithelium barrier function (16). Previous studies show that PHD inhibitors exert protective effects during experimental colitis by fortifying the gut barrier. The pan-PHD inhibitor, AKB-4924 preferentially stabilizes HIF-1α rather than HIF-2α (22). PHD inhibitors ameliorate intestinal inflammation in murine experimental TNBS colitis by increasing barrier-related gene expression and are currently under investigation as IBD therapeutics in clinical trials. CG-598 could be proposed as one of the therapeutic options for IBD by targeting gut barriers but not for anti-inflammation.

HIF signaling is associated with many human cancers, including colorectal carcinoma. Expression of HIF-2α induces colorectal cancer (33, 34), but HIF-1α does not (35). Our data show that CG-598 stabilizes HIF-1α in the colon. The potential adverse effects of PHD inhibitors are associated with its systemic exposure followed by increased HIF target gene expression in extra-intestinal organs. Systemic stabilization of HIF-1α leads to erythropoiesis and angiogenesis and may lead to polycythemia (36, 37). To reduce systemic off-target effects, maintenance of distribution and stabilization activity of HIF-1α locally to the gut is critical for development of IBD therapeutics (10). Oral treatment with the pan-hydroxylase inhibitor DMOG was not effective in murine colitis and development of a different formulation strategy is needed for oral delivery (38). Oral AKB-4924 treatment mainly exerted local HIF stabilization in the gut but not in the kidney and heart (23). In addition, oral AKB-4924 treatment did not affect erythropoietin and hematocrit, suggesting that their effects were kept local. Furthermore, AKB-4924 diminished bacterial translocation and restored goblet cells, which limited physical interaction with luminal bacteria (39). Our data show that oral delivery of CG-598 led to local distribution to the gut even in high doses. Little distribution of CG-598 in the plasma reduces off-target effects such as alteration of hematology parameters in the systemic compartment and suggests selective local therapeutics for gut inflammation.

HIFs are involved with pro-inflammatory but also anti-inflammatory adaptive responses, depending on environmental conditions and cell types. In addition, HIFs can control metabolism and function of immune cells. For energy production, M1 macrophages mainly utilize glycolysis whereas M2 macrophages rely on oxidative phosphorylation (40). HIF-1α specifically controls the glycolytic pathway in macrophages and promotes M1 polarization because HIF-1α deficiency in macrophages fails to induce survival, migration and bacterial killing (41). Macrophages infected by fungi show an inverse relationship between IL-10 and HIF-1α (42). However, activation of HIF-1α in macrophages within the periapical mucosa negatively regulates inflammation via decreasing the ratio of M1/M2 (43). HIF-1α in colonic myeloid immune cells is critical for resolution of inflammatory injuries (44). Depletion of microenvironmental oxygen in the gut epithelium by trans-migrating neutrophils stabilize HIFs on epithelial cells which confers protection from colitis (39). In dendritic cells, HIF-1α induces type I interferon and IL-10 (45). HIF-1α deficiency specifically in dendritic cells is prone to induce intestinal inflammation because Treg development is impaired with reduced CCR9 expression and retinoic acid utilization (45). Therefore, the roles of HIFs in innate immune cells following CG-598 treatment for reduced gut inflammation require further investigation.

In T-cells HIF-1α acts as a key metabolic sensor which reduces Treg development and Th1 effector function (46) but enhances Th17 development (47). In fact, the effect of HIF-1α on Tregs is rather conflicting. Some studies report that HIF-1α negatively regulates Foxp3 expression in Tregs (47, 48). In some other reports, HIF-1α induces Foxp3 and drives the generation and function of Tregs indicating that HIF-1α-deficient Tregs fail to control T-cell-mediated colitis (49, 50). Consistent with this finding, HIF-1α deficiency particularly in T-cells exacerbates colonic inflammation in murine DSS-induced colitis (51). Under hypoxia, even Th17 can produce IL-10 suggesting their immune regulatory function (52). In CD4+ T-cells, HIF-1α induces the production of IL-22 which is critical for barrier function in the gut mucosa via increasing proliferation of epithelial cells and expression of mucins and antimicrobial peptides (53, 54). HIF-1α drives IL-10 expression in B-cells in controlling autoimmune inflammation such as arthritis and experimental autoimmune encephalomyelitis (55). Hypoxia reduces intestinal inflammation through down-regulation of NLRP3/mTOR and autophagy activation (56). CG-598 treatment did not directly affect thymic-derived or peripheral Treg cell populations in the intestinal lamina propria. However, CG-598 treatment induced the production of IL-10 and IL-22 from lamina propria CD4+ T-cells suggesting that strengthening HIF-1α induction in T-cells at sites of inflammation might be a therapeutic strategy for IBD management.

Treatment with TNF-α blockers offers an efficient way to control pathologic inflammation in IBD as well as various other chronic inflammatory diseases. Although anti-TNF therapy agents such as infliximab and adalimumab are broadly used in patients with IBD, the outcome is not always successful and adverse effects such as infections frequently occur. TNFR1 is associated in intestinal epithelial cell proliferation (57). Some reports suggest that murine colitis worsened after anti-TNF blockade (58, 59). In a T-cell mediated colitis model, TNFR2 is required for stabilization of Tregs (60). In addition, the clinical use of TNF blockers is closely associated with an enhanced risk for a variety of serious microbial infections, because TNF-α plays a critical function in mediating initial protective immune responses against pathogenic microbes. In fact, TNF-α is critical to defend against bacterial pathogens infection including Mycobacterium tuberculosis and fungal infections such as Candida albicans, Aspergillus fumigatus and Cryptococcus neoformans (61). Therefore, prior to the administration of TNF-α blockers, a variety of medical recommendations recommend pre-screening for important infections, including tuberculosis and hepatitis (62).

In this study we showed the positive effects of CG-598 in gut barrier protectivity, however some limitations remain to be unveiled. CG-598 required at least a dose of 15 mg/kg to show protective effects on murine colitis model, which was higher than 5 mg/kg AKB-4924. This may be due to the absorption character of the drug. Nonetheless, the effects of CG-598 in ameliorating colitis were dramatic. Similar with CG-598, the anti-colitic 5-aminosalicylic acid based drugs such as sulfasalazine and olsalazine which are known for non-absorbable IBD therapeutics, requires a relatively high dose of 30-100 mg/kg in the murine DSS-induced colitis model (63). However, local distribution of non-absorbable CG-598 did not affect extra-intestinal organs and was directly excreted through the feces anticipating high safety of the drug (Figure 2). Also, increased levels of IL-22 were detected in the colon tissue and colonic CD4+ T-cells, however we could not detect IL-17 level changes in CD4+ T-cells (data not shown). Although IL-22 is closely related to IL-17, there are cell subsets such as Th22 cells that can secrete IL-22 independently of IL-17 (64, 65). The source of IL-22 production induced by CG-598 needs to be revealed in future studies.

Taken together, these results support CG-598 as a novel candidate for IBD therapeutics because it is optimized for local stabilization of HIF-1α in the gut. The protective effect of CG-598 is associated with increased epithelial barrier integrity together with immune regulation via IL-22 and IL-10. CG-598 has no expected off-target and adverse effects such as abnormal hematology or enhanced incidence of infection. Our findings demonstrate CG-598 as an effective and safe candidate for IBD therapeutics and provide critical insight into therapeutic options for inflammatory mucosal disease.
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HIV-associated inflammation has been implicated in the premature aging and increased risk of age-associated comorbidities in cART-treated individuals. However, the immune mechanisms underlying the chronic inflammatory state of cART-suppressed HIV infection remain unclear. Here, we investigated the role of γδT cells, a group of innate IL-17 producing T lymphocytes, in the development of systemic inflammation and leaky gut phenotype during cART-suppressed SIV infection of macaques. Plasma levels of inflammatory mediators, intestinal epithelial barrier disruption (IEBD) and microbial translocation (MT) biomarkers, and Th1/Th17-type cytokine functions were longitudinally assessed in blood and gut mucosa of SIV-infected, cART-suppressed macaques. Among the various gut mucosal IL-17/IL-22-producing T lymphocyte subsets including Th17, γδT, CD161+ CD8+ T, and MAIT cells, a specific decline in the Vδ2 subset of γδT cells and impaired IL-17/IL-22 production in γδT cells significantly correlated with the subsequent increase in plasma IEBD/MT markers (IFABP, LPS-binding protein, and sCD14) and pro-inflammatory cytokines (IL-6, IL-1β, IP10, etc.) despite continued viral suppression during long-term cART. Further, the plasma inflammatory cytokine signature during long-term cART was distinct from acute SIV infection and resembled the inflammatory cytokine profile of uninfected aging (inflammaging) macaques. Overall, our data suggest that during cART-suppressed chronic SIV infection, dysregulation of IL-17/IL-22 cytokine effector functions and decline of Vδ2 γδT cell subsets may contribute to gut epithelial barrier disruption and development of a distinct plasma inflammatory signature characteristic of inflammaging. Our results advance the current understanding of the impact of chronic HIV/SIV infection on γδT cell functions and demonstrate that in the setting of long-term cART, the loss of epithelial barrier-protective functions of Vδ2 T cells and ensuing IEBD/MT occurs before the hallmark expansion of Vδ1 subsets and skewed Vδ2/Vδ1 ratio. Thus, our work suggests that novel therapeutic approaches toward restoring IL-17/IL-22 cytokine functions of intestinal Vδ2 T cells may be beneficial in preserving gut epithelial barrier function and reducing chronic inflammation in HIV-infected individuals.
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Introduction

The discovery of efficient, well-tolerated combinational antiretroviral therapy (cART) regimens has remarkably reduced the rates of HIV-associated mortality and transformed it into a chronic, manageable disease that requires life-long treatment. However, people living with HIV (PLWH) still remain at unusually high risk of age-associated diseases including neurocognitive, metabolic, cardiovascular disorders, and other non-AIDS-defining comorbidities (1). The pathogenesis of age-associated diseases is complex but there is growing consensus on the substantial role of HIV-associated chronic inflammation and immune activation in the premature onset of immunosenescence and early aging in PLWH despite effective viral suppression (2–4). A similar process characterized by increased pro-inflammatory mediators leading to a chronic inflammatory state, termed “inflammaging”, is a significant risk factor for morbidity and mortality in the elderly people, even those without HIV infection (5). As more PLWH are transitioning to the middle-age and older age-groups, it is important to develop a detailed understanding of the immune mechanisms underlying HIV-associated inflammaging and determine the immune mechanisms that may synergize with aging and may accelerate this process.

Aberrant immune activation and chronic inflammation during HIV/SIV infection is strongly associated with loss of Th17-type mucosal immune functions and intestinal epithelial barrier damage (IEBD) resulting in intestinal permeability (leaky gut) and microbial translocation (MT) (6–9). This leaky gut-associated chronic inflammation persists even with long-term effective cART and predicts mortality and incidence of age-related co-morbidities (e.g. neurocognitive, metabolic, cardiovascular disorders) (10–12). Accordingly, an inflammaging phenotype comprising of IEBD, MT, and inflammatory biomarkers has been described in both HIV-negative older subjects and PLWH (8). Indeed, we have recently demonstrated a similar inflammaging phenotype in SIV-negative aging rhesus macaques with elevated plasma levels of IEBD, MT, and inflammatory markers, which is associated with significant impairment in production of the cytokines IL-17 and IL-22 by classical and innate Th17-type immune cells (13). Gamma delta (γδ) T cells are an important innate source of IL-17 and IL-22 cytokines and are key players in gut barrier functions, MT, and immune activation during HIV infection (14), and may demonstrate both inflammatory (15, 16) and/or immuno-regulatory potential (17, 18). HIV infection results in changes in circulating γδ T cell subsets with an increase in Vδ1 and depletion of Vδ2 T cells that may persist with viral suppression (19, 20). Similar expansion in Vδ1 T cells during chronic untreated SIV infection has been associated with MT (21). However, the dynamic role of gut mucosal γδ T cells in IEBD, MT and persistent inflammation through the course of treated HIV infection remains unclear.

Here we assessed the development of systemic inflammation during chronic SIV infection suppressed with cART in the rhesus macaque model of treated HIV infection and evaluated longitudinal changes in systemic and mucosal γδ T cell functions. We demonstrate that following early resolution of circulating inflammatory markers by effective viral suppression with cART, a plasma inflammatory and leaky gut phenotype similar to inflammaging re-emerged during later stages of chronic SIV infection despite continued treatment and viral suppression. The development of this phenotype was preceded by a significant loss of systemic and gut mucosal IL-17/IL-22 cytokine producing functions of γδT cells along with a significant decline in Vδ2 cells and subsequent increase in Vδ1 cells resulting in skewing of the Vδ2/Vδ1 subset ratio during long-term suppressive ART. These data are the first to demonstrate that dysregulation of γδT cells, particularly Vδ2 T cells in the gut mucosa, is likely a cause rather than an effect of leaky gut and systemic inflammation during chronic treated SIV infection.



Materials and Methods


Ethics Statement

Animals in this study were housed at the Tulane National Primate Research Center (TNPRC), accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International. The study was approved by the TNPRC Institutional Animal Care and Use Committee (IACUC) and was conducted under the standards of the US National Institutes of Health Guide for the Care and Use of Laboratory Animals. Following SIV infection, animals were housed in Animal Biosafety Level 2 indoor housing. All animal procedures including virus administration, sample collection, and euthanasia were carried out under the direction of TNPRC veterinarians.



Animals, Viral Inoculation, and cART

Six healthy female Indian origin rhesus macaques ranging in age from 5–10 years old and seronegative for SIV, HIV-2, STLV-1 (Simian T Leukemia Virus type-1), SRV-1 (type D retrovirus), and herpes-B viruses were used in this study. MHC-1 genotyping for exclusion of the common Mamu alleles Mamu-A*01/-A*02 and Mamu-B*08/-B*17 was performed by sequence-specific priming PCR. Animals were infected with 2500 TCID50 SIVmac251 via intrarectal (IR) route using the pathogenic SIV challenge stocks obtained from the Preclinical Research and Development Branch of Vaccine and Prevention Research Program, Division of AIDS, NIAID. cART consisted of daily subcutaneous injection of 5.1 mg/kg Tenofovir Disoproxil Fumarate (TDF), 30 mg/kg Emtricitabine (FTC) and 2.5 mg/kg Dolutegravir (DTG) in a solution containing 15% (v/v) kleptose at pH 4.2, as previously described (22).



Sample Collection and Processing

Blood samples in EDTA vacutainer tubes (Sarstedt Inc Newton, NC) were taken for a complete blood count and routine chemical analysis, and centrifuged within 1 h of phlebotomy for plasma separation. Processing of blood and rectal (RB) biopsies were performed as previously described for isolation of PBMC and lamina propria lymphocytes (23). Plasma viral load quantification was performed using Roche High Pure Viral RNA Kit (Catalog #11858882001) as earlier described (24).



Plasma Markers of Inflammation, Microbial Translocation, and Intestinal Damage

Frozen plasma samples were thawed and cleared using Ultrafree Centrifugal Filters (Millipore, Billerica, MA). The filtered plasma samples were used for simultaneous quantification of cytokines, chemokines, and growth factors using the multiplexed-bead assay Non-Human Primate Cytokine & Chemokine & Growth Factor 37-plex ProcartaPlex (Invitrogen, Life Technologies), following manufacturers’ instructions. Data were acquired with a Bio- Plex 200 analyzer (Bio-Rad, Hercules, CA) and analyzed using Bio-Plex Manager software v6.1 (BioRad). For the analysis of markers of leaky gut and microbial translocation, plasma IFABP and LBP were quantified using the commercially available Monkey IFABP/FABP2 and LBP ELISA kits (MyBioSource, San Diego, CA). Commercially available ELISA kit for Human sCD14 (R&D Systems, Minneapolis, MN) was used according to the manufacturer’s protocols with 1:200 diluted plasma samples. All tests were performed according to the manufacturer’s guidelines. The assays were performed in duplicate, and data were analyzed using Gen 5 software (BioTek).



Flow Cytometric Analysis

Multi-color flowcytometric analysis was performed on cells according to standard procedures using anti-human mAbs that cross-react with rhesus macaques. The following antibodies were used at predetermined optimal concentrations: CD45 (BD clone D058-1283), CD3 APC-Cy7 (BD clone SP34-2), CD4 BV605 (BD clone L200), CD8 BV650 (BD clone SK1), CD69 PE-CF594 (BD clone FN50), CD161 PE (Biolegend clone HP- 3G10), TCR γδ PE-Cy7 (BD clone B1), TCR Vδ1 FITC (ThermoScientific clone TS8.2), TCR Vδ2 FITC (ThermoScientific clone 15D), TCR Vα7.2 BV421 (Biolegend clone 3C10), and Aqua Live/Dead amine dye-AmCyan from Invitrogen (Waltham, MA). Surface staining was carried out by standard procedures as earlier described (23). Flow cytometric acquisition was performed on the BD Fortessa instrument driven by the FACS DiVa software for at least 100,000 CD3+ T cells in PBMC or at least 10,000 CD3+ T cells for rectal biopsy lymphocytes. The data acquired were analyzed using FlowJo software (version 10.7.1; TreeStar, Ashland, OR). For evaluation of cytokine production, intracellular cytokine staining with IFN-γ BV510 (Biolegend clone 4S.B3), IL-17 PerCP-Cy5.5 (eBioscience clone eBio64DEC17), IL-22 APC (Invitrogen clone IL22JOP), and TNF-α Alexa Fluor 700 (BD clone MAb11) were utilized.



Intracellular Cytokine Staining

Freshly isolated PBMCs and rectal biopsy lamina propria lymphocytes were resuspended at a concentration of 1 × 106 cells per ml in RPMI 1640 medium supplemented with 10% FBS, 100 IU ml−1 penicillin, and 100 μg ml−1 streptomycin. Stimulations were conducted for 16 h at 37 °C in the presence of phorbol myristate acetate (PMA; 10 ng ml−1), ionomycin (Sigma-Aldrich 1 μg ml−1), in the presence of brefeldin A (5 μg/ml, Sigma-Aldrich). After 16 h, cells were washed once with PBS to remove stimuli and stained with surface markers for CD45, CD3, CD4, CD8, TCR γδ, TCR Vδ1, or TCR Vδ2, and CD161 for 30 min at room temperature. Cells were then fixed with cytofix/cytoperm (BD Pharmingen, San Diego, CA), washed, and stained intracellularly with antibodies specific for CD69, IL-17, IL-22, TNF-α, and IFN-γ for 30 min at room temperature. Following staining, cells were washed and fixed with PBS containing 1% paraformaldehyde prior to acquiring on BD Fortessa cytometer.



Statistical Analyses

All statistical analysis was performed using GraphPad Prism Software (Version 8.4.3). Data were analyzed by one-way analysis of variance (ANOVA) with multiple comparisons, one-way ANOVA with a test for linear trend, or two-way ANOVA with repeated measures. Tukey’s and Dunnett’s post hoc tests were used for multiple comparisons. All correlations were computed using non-parametric Spearman rank correlation test. P values of 0.05 or lower were considered significant, ∗p<0.05, ∗∗p<0.01, ∗∗∗p<0.001, ∗∗∗∗p<0.0001. Polyfunctional responses were compared using SPICE 6 software (25).




Results


Early Resolution of SIV-Induced Increase in Inflammatory Cytokines and IEBD Biomarkers Following Viral Suppression With cART

Six adult rhesus macaques were infected via intra-rectal route with SIVmac251 to represent mucosal HIV infection. Following establishment of set-point viremia, all animals were treated daily with a three-drug antiretroviral (cART) regimen, Tenofovir Disoproxil Fumarate (TDF), Emtricitabine (FTC) and Dolutegravir (DTG) (as indicated by the blue shading in Figure 1A). As expected, plasma viremia peaked at 2 weeks of infection to an average 7.2 log10 copies/mL and by 4 weeks had reduced 2 logs and settled at ~5.8 log10 copies/mL (Figure 1B). Stable suppression of viremia below the limit of detection (LOD) of the assay (83 viral copy Eq/ml) was achieved in all 6 animals 8 weeks from cART initiation (18 weeks post-SIV infection). To assess the impact of SIV infection on systemic inflammation, plasma concentrations of inflammatory and IEBD biomarkers were measured at pre-infection (2–4 weeks before SIV infection), around peak viremia (1–2 weeks post-SIV), during early cART (1–6 months of cART), and late chronic SIV/cART phase (7–12 months of cART).




Figure 1 | Study schedule and plasma viral loads. (A) Animals (n = 6 per group) were treated with cART consisting of daily subcutaneous injection of Tenofovir Disoproxil Fumarate (TDF), Emtricitabine (FTC) and Dolutegravir (DTG). Two sets of baseline samples were collected prior to SIV infection on d0 and cART was started 10 weeks following SIV infection. (B) Longitudinal SIV RNA quantification in plasma is shown for the first 75 weeks of the study. Dashed line represents the beginning of cART. Red line is the average viral load for all animals.



In agreement with previous work (26–29), acute SIV infection resulted in a surge in plasma cytokines, compared to baseline levels (Figure 2). Of the 40 analytes measured, all animals displayed significantly elevated levels of pro-inflammatory cytokines IL-1β, IL-18, IL-1Rα, MIG, ITAC, MIP-1β, G-CSF, and CXCL13 (Figure 2A). Further, in accordance with several studies demonstrating compromised gastrointestinal barrier integrity early during HIV/SIV infections (30–32), the study animals displayed a significant increase in the surrogate markers of IEBD and MT IFABP, and LBP (but not sCD14) at 1 month post-SIV infection (Figure 2B). This coincided with a significant decline in peripheral CD4 T lymphocytes frequencies (Figure 2C). After an initial increase in overall T lymphocyte numbers in the 1st week of infection followed by decreased CD4 T lymphocytes at 1-month post-SIV infection, the T lymphocytes resolved to baseline by the 1-month time-point, which was maintained it throughout set-point viremia and treatment phase (Supplementary Figure 1). Effective viral suppression with cART resolved the plasma inflammatory cytokines/chemokines and leaky gut biomarkers by 3 months of cART (Figures 2A, B).




Figure 2 | Downmodulation of acute phase pro-inflammatory cytokines and IEBD/MT biomarkers following cART initiation. (A) Longitudinal plasma levels of proinflammatory cytokines measured by Luminex assay in the 6 SIVmac251infected rhesus macaques. Data shown for cytokines/chemokines that were significantly different from baseline using one-way ANOVA with Dunnett’s multiple comparisons test. (B) Plasma levels of IFABP, a marker of enterocyte loss and generalized damage to the intestinal epithelium; LBP and sCD14, markers for host response to MT at pre-SIV, acute SIV (1-month post-SIV), and 3 months of cART. Two technical replicates were used for each time-point. Asterisks in all panels indicate significant differences between time points (*p < 0.05; **p < 0.01; ***p < 0.001). (C) Longitudinal percentage of CD4 T cells in PBMC through the course of SIV infection and cART treatment, showing a significant decline at 4 weeks post-SIV infection.





Recurrence of Systemic Inflammation and IEBD Biomarkers During the Chronic Phase of cART-Suppressed SIV Infection

Despite continued treatment with cART (Figure 1B) multiple plasma inflammatory and IEBD markers re-emerged around 8–10 months of cART in all six macaques (Figure 3), suggesting the development of an inflammatory phenotype during chronic SIV infection that is independent of suppression of viremia and recovery of circulating CD4 T cell frequencies to baseline levels. Interestingly, at 10–12 months of cART, plasma levels of IL-1β (p = 0.007 for acute vs 10 month; p=0.001 for 12 month), GCSF (p=0.003 for acute vs 10 month; p = 0.008 for 12 month), IL-1Rα (p=0.04 for acute vs 10 month; p=0.013 for 12 month), and IL-18 (p = 0.03 for acute vs 12 month) were observed at higher levels than in the acute, pre-treatment phase (Figure 3). Notably, additional inflammatory cytokines including GM-CSF, MCP-1, IP-10, IL-6, IFN-γ, IL-12, and TNF-α were elevated only during the chronic phase following 8 months of cART (Figure 3), indicating that the plasma inflammatory cytokine signature during long-term controlled SIV infection is distinct from the cytokine storm of acute SIV infection. The Th2 cytokine, IL-4, was also significantly elevated at the 10- and 12-month time-point.




Figure 3 | Increase in inflammatory cytokines during long-term cART. Longitudinal plasma levels of inflammatory cytokines measured by Luminex assay through the course of cART-suppressed SIV infection in the 6 SIVmac251infected rhesus macaques. One-way ANOVA with Tukey’s multiple comparisons test was used to determine significant differences between baseline and different time points post-SIV infection and cART. Asterisks in all panels indicate significant differences between time points (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).



Since the inflammatory mediators tracked with markers of IEBD and MT during acute SIV infection before treatment, plasma levels of IFABP, LBP, and sCD14 were also assessed longitudinally in parallel with cytokines/chemokines. Increased levels of IFABP and LBP were observed at 8–11 months post-cART (Figure 4). Further, consistent with several previous studies (33–35), we observed a surge in plasma sCD14 levels from 7 month onwards that were significantly higher than baseline (p=0.0018 at 8 month; p=0.03 at 11 month cART) as well as acute SIV/short-term antiretroviral treatment levels (p=0.003 at 8 month; p=0.047 at 11 month cART). The absence of any opportunistic infections or significant fluctuation in body temperature and weight of the animals (Supplementary Figure 5) suggested that the increase in plasma inflammatory markers was likely due to intrinsic changes in the host immune cell functions.




Figure 4 | Increase in IEBD/MT biomarkers during long-term cART. Longitudinal plasma levels of IFABP, LBP, and sCD14 measured by ELISA through the course of cART-suppressed SIV infection the 6 SIVmac251infected rhesus macaques showing transient resolution following cART and increase around 8-10 months of cART. One-way ANOVA with Dunnett’s multiple comparisons test was used to determine significant differences from baseline. Asterisks in all panels indicate significant differences between time points (*p < 0.05; **p < 0.01).





Similarities Between the Plasma Inflammatory and Leaky Gut Phenotype of Chronic Treated SIV Infection and the Inflammaging Phenotype of Older SIV-Naïve Macaques

We recently reported that similar to humans (8), inflammaging phenotype in older SIV-naïve macaques is associated with a signature of increased circulating inflammatory cytokines and elevations in biomarkers of leaky-gut including IFABP, LBP, and sCD14 (13). Further analysis in this cross-sectional data to visualize the pattern of IFABP, LBP, and sCD14 expression (represented as a heat map for each individual across a row) revealed a gradient towards higher levels with increased age (Figure 5A; vertical columns) that was more pronounced from age 17 years and up. Likewise, in this longitudinal study of SIV-infected, cART suppressed young macaques, a strikingly similar pattern of increase in IFABP, LBP, and sCD14 developed during the chronic phase of infection (Figure 5B; vertical columns of the heat map). It should be noted that since the older SIV-naïve macaques are from a cross-sectional study, any contribution of differences in diet or social environment cannot be fully accounted for in this comparison. Nonetheless, it is noteworthy that IFABP and LBP that were maintained at baseline levels from 3–7 months of cART, increased significantly around 8 months and stayed elevated till 1 year of cART (Figures 4 and 5B). The increase in sCD14 was earlier and did not always track with IFABP and LBP within individuals in both the cross-sectional data and the longitudinal cohort (Figures 5A, B). Moreover, there was no significant correlation between sCD14 and the IEBD/MT markers IFABP and LBP (Supplementary Figure 2A), suggesting that factors besides MT may contribute to the increased secretion of sCD14, and that it likely is a more sensitive biomarker of inflammation. However, as anticipated, there was a highly significant correlation between IFABP and LBP (Supplementary Figure 2B) associated with the increase in inflammaging phenotype during the chronic phase of treated SIV infection.




Figure 5 | Similarities of plasma IEBD/MT biomarker profile between SIV-naïve inflammaging macaques and young SIV-infected macaques with long-term viral suppression. (A) Heat map showing the plasma concentrations of IFABP, LBP, and sCD14 in individual SIV-negative animals ordered from youngest to oldest. The heat map was normalized to the range for each individual marker so that the fold change represented by each color is consistent across markers. Blue = lowest value, Yellow = highest value for each marker. (B) Heat map showing the plasma concentrations of IFABP, LBP, and sCD14 in the 6 SIVmac251infected rhesus macaques at baseline (2 weeks pre-SIV infection), acute 1-month post-SIV, and through the course of cART till 10 months of treatment.





Reduced Frequencies of Peripheral Blood and Gut Mucosal Gammadelta (γδ) T Cells During Chronic cART Suppressed SIV Infection

The significant increase in circulating biomarkers of IEBD/MT and plasma inflammatory mediators in the chronic phase of cART-suppressed SIV infection in our study animals demonstrated an association of impaired epithelial barrier function with systemic inflammation. Given the role of IL-17/IL-22-producing lymphocytes in contributing to the maintenance of intestinal epithelial barrier integrity (36), we investigated the relationship between IL-17/IL-22 cytokine effector functions of classical and innate Th17-type cells in blood and gut mucosa and levels of IEBD/MT and plasma inflammatory biomarkers. We and others have demonstrated that besides the classical CD161+ CD4+ Th17 cells, subsets of T cells including CD161+ CD8 T cells (Tc17), gammadelta (γδ) T cells, and CD161+Vα7.2+ MAIT cells are capable of IL-17/IL-22 effector functions and are particularly enriched in the primate intestinal mucosa (23, 37–39). During early acute SIV infection in our study, peripheral blood γδ T cells displayed a very significant increase in frequency (p<0.0001) and absolute numbers (p=0.003) that returned to baseline by 1 month post-infection (Figure 6). However, later during chronic phase of infection, γδ T cell numbers declined to significantly low levels at the 7–9-month cART time-points (p=0.046 and 0.01 respectively; Figure 6). In agreement with previous studies, a persistent significant decline in Th17 cell frequencies was observed in the rectal mucosa through the course of SIV infection and suppressive cART in this study (Figure 7). However, no significant differences were observed in the frequencies of mucosal Tc17 cells and MAIT cells through the course of chronic treated SIV infection (Figure 7). Interestingly, gut mucosal γδ T cell frequencies increased significantly by 7 days post-SIV infection (p=0.005) and returned to baseline during early cART (Figure 7), suggesting an early response to ongoing viral replication in the gut. However, during the long-term treatment phase, a decline in gut mucosal γδ T cells was observed reaching significance at the 7–9-month cART time-points (p=0.04 and 0.03 respectively; Figure 7) demonstrating similar kinetics of responses between blood and gut mucosal compartments. Notably, this decline in gut mucosal γδ T cells preceded the elevation in plasma IFABP, LBP and sCD14 (Figure 4), suggesting the loss of γδ T cells may play a role in the subsequent increase of leaky gut biomarkers during chronic treated SIV infection. Thus, among the various subsets of Th17-type T cells in the gut mucosa, significant changes in γδ T cell frequencies aligned with subsequent increase in plasma inflammatory and leaky-gut markers during long-term cART suppressed SIV infection (Figures 3 and 4).




Figure 6 | Longitudinal changes in circulating γδT cell frequencies and absolute counts in SIV-infected macaques during acute SIV infection and long-term viral suppression. (A) Representative gating schematic for γδT cells (CD3+ γδTCR+), Th17 cells (CD161+ CD4 T), Tc17 cells (CD161+ CD8 T), and MAIT cells (Vα24+ CD161+) in PBMC. (B) Frequencies of γδT cells in peripheral blood of study animals at baseline (2 weeks pre-SIV infection), acute SIV infection (7d and 1-month post-SIV), and through the course of cART till 11 months of treatment in the left panel; absolute numbers of γδT cells/μL of blood assessed by flow cytometry and complete blood cell counts (CBC) of lymphocytes at the indicated time points in the right panel. Bars represent mean ± SEM values and demonstrate a significant expansion of γδT cells at 7d post-SIV and a significant decline at 7-month cART time point. One-way ANOVA with Dunnett’s multiple comparisons test was used to determine significant differences between baseline and different time points post-SIV infection and cART. Asterisks indicate significant differences between time points (*p < 0.05; **p < 0.01; ****p < 0.0001).






Figure 7 | Longitudinal changes in frequencies of Th17 and innate IL-17 producing T cells in rectal mucosa of SIV-infected macaques during long-term viral suppression with cART. The fraction of Th17 and innate T cell subsets in lamina propria lymphocytes from rectal biopsies was assessed by flow cytometry, gated on live, singlet, CD3+ lymphocytes. Bar chart derived from flow cytometry data showing longitudinal changes in frequencies of diverse subpopulations of IL-17 producing T cells including Th17 cells (CD161+ CD4 T; grey bars), Tc17 cells (CD161+ CD8 T; open bars), γδT cells; black bars, and MAIT cells (Vα24+ CD161+; hatched bars) in the study animals at baseline (2 weeks pre-SIV infection), acute SIV infection (7d and 1-month post-SIV), and through the course of cART till 11 months of treatment. Bars represent mean ± SEM values and demonstrate a significant and persistent decline in classical CD4+ Th17 cells and an early increase in γδT cell frequencies following SIV infection. One-way ANOVA with Dunnett’s multiple comparisons test was used to determine significant differences between baseline frequency and different time points post-SIV infection and cART. Asterisks in all panels indicate significant differences between time points (*p < 0.05; **p < 0.01, ***p < 0.001).





Impaired Gut Mucosal γδ T Cell Effector Function Is Associated With Development of IEBD and Systemic Inflammation During Long-Term cART Suppressed SIV Infection

We next investigated the γδ T cell effector functions and activation status in the context of acute SIV-infection, short-term cART, and during the chronic phase of treated SIV infection (Figure 8 and Supplementary Figure 6). The rectal mucosal γδ T cells in healthy SIV-naive macaques displayed a dominant IL-17 and IL-22 cytokine response to PMA/Ca Ionomycin stimulation that is comparable to the classical Th17 subsets (Figures 8 and 9B). However, production of the Th1 cytokine, TNF-α, was lower in γδ T cells in comparison to both Th17 and Tc17 cells. We have previously shown that CD161+ Th17 type mucosal T cells, besides being capable of both Th17 and Th1 cytokine production, were more polyfunctional than CD161-negative T cells (23). However, it remains unclear whether there are any differences in the polyfunctionality or the balance between Th1 and Th17 cytokine responses between the subsets of gut mucosal Th17 type T cells. Thus, we compared the cytokine response of rectal mucosal γδ T cells with Th17 and Tc17 cells for every combination of the four cytokines IL-17, IL-22, TNF-α, and IFN-γ. The results demonstrate that overall cytokine responses of rectal mucosal γδ T cells are significantly different from that of classical Th17 cells (p=0.0003) and Tc17 cells (p=0.0008), with significant greater frequencies producing various combinations of IL-17 and IL-22 (Supplementary Figure 3). This suggests that under steady-state conditions, gut mucosal γδ T cells have substantially enhanced IL-17/IL-22 polyfunctionality among other subsets of Th17-type cells.




Figure 8 | Recovery of IL-17/IL-22 -producing γδT cells during short-term cART in blood and rectal mucosa followed by significant decline during long-term cART-suppressed SIV infection. (A) Representative flow cytometry plots showing intracellular cytokine staining of γδT cells, CD161+ CD4 T cells, and CD161+ CD8 T cells in PMA/Ionomycin stimulated PBMC. Flow cytometry analysis demonstrated a decrease of intracellular IL-17- and IL-22-production in Th17 cells (CD161+ CD4 T; blue symbol/line), Tc17 cells (CD161+ CD8 T; green symbol/line), and γδT cells (red symbol/line) during acute SIV infection prior to cART in PBMC (B), and in rectal mucosa (C), which returned to baseline by 3-month cART in both Tc17 and γδT cells but not in Th17 cells. Significant reduction in IL-17- and IL-22-production of γδT cells was observed again at 7-month cART time point along with increase in IFN-γ production. One-way ANOVA with Dunnett’s multiple comparisons test was used to determine significant differences between baseline and different time points post-SIV infection and cART. Asterisks indicate significant differences in γδT cell cytokine production between time points (*p < 0.05; **p < 0.01, ***p < 0.001).






Figure 9 | Plasma inflammatory markers align with significant loss of polyfunctional IL-17/IL-22 cytokine responses in gut mucosal γδT cells. (A) Kinetics of plasma cytokine/chemokine levels during long-term cART-suppressed SIV infection. Heat map comparing plasma analytes at baseline (2 weeks pre-SIV infection), acute SIV infection (1-month post-SIV), and through the course of cART till 12 months of treatment. Rows represent each analyte and columns represent each animal at indicated time points. Average cytokine concentration of two technical replicates in pg/ml was normalized to the range for each individual marker so that the fold change represented by each color is consistent across analytes. Blue = lowest value, Yellow = highest value for each analyte). Cytokines/chemokines upregulated in acute SIV infection are highlighted in blue box and those upregulated during long-term cART (10-12 months) are in red box, showing a distinct profile of plasma inflammatory mediators during chronic treated SIV infection. (B) Skewing of dominant IL-17/IL-22 polyfunctional responses towards a dominant Th1-type response during acute SIV infection pre-treatment with cART and later during long-term cART. Pie charts (top) and bar chart (bottom) comparing changes in polyfunctional γδT cell responses from baseline, pre-SIV infection through acute SIV infection and during short-term (5-month) and long-term (9-month) cART in the six SIV-infected macaques. The pie charts represent the average frequencies of active cytokine-producing cells making every possible combination of IL-17, IL-22, TNF-α and IFN-γ. The segments within the pie chart denote populations producing different combinations of cytokines and are color coded (as shown in the legend for categories of every combination of cytokines). The arcs around the circumference indicate the particular cytokine produced by the proportion of cells that lie under the arc. Parts of the pie surrounded by multiple arcs represent polyfunctional cells. The pie arc legend shows IFN-γ in red, IL-17 in blue, IL-22 in green, and TNF-α in purple. p values were computed using the SPICE permutation test (25).



As widely reported in HIV/SIV infection (40–43), we observed a significant decline in IL-17 and IL-22 cytokine producing ability of Th17 cells within a month of SIV infection. Although there was a partial recovery of Th17 cytokine functions in peripheral blood during early cART (3 months of treatment, Figure 8A), the rectal mucosal Th17 cells displayed sustained loss in IL-17/IL-22 production throughout the course of cART (Figure 8B). Indeed, a persistent impact of SIV infection was observed on both frequencies (Figure 6) and epithelial barrier-protective effector functions of mucosal Th17 cells. Likewise, IL-17 and IL-22 production was significantly reduced in γδ T cells (Figure 8), which was evident earlier in PBMC (7 days post-SIV; Figure 8A) than in the rectal mucosa (30 days post-SIV; Figure 8B). There was an early increase in IFN-γ and TNF-α production that returned to baseline by 30 days post-SIV in blood and rectal mucosal γδ T cells (Figures 8A, B). The kinetics of the Th1/Th17 cytokine response was similar between γδ T and Th17 cells in blood and rectal mucosa during acute SIV infection prior to cART (Figure 8). However, unlike the continued decline in IL-17/IL-22 cytokine responses of rectal mucosal Th17 cells, γδ T and Tc17 cells demonstrated a recovery to baseline following cART initiation (Figure 8B). Intriguingly, even though IL-17/IL-22 effector functions were maintained during short-term (3–5 months) cART, a significant loss of IL-17 and IL-22 producing ability was observed in blood and rectal mucosal γδ T cells around 7 month of cART (Figure 8). Notably, during this stage of treated chronic SIV infection, γδ T cells displayed significantly higher production of IFN-γ in both peripheral blood (p=0.003 at 7 months, p=0.014 at 9 months cART) and rectal mucosa (p<0.01). Additionally, a trend towards enhanced TNF-α production was also observed in rectal mucosal γδ T cells that reached significance (p=0.016) at 9 months post-cART (Figure 8). Thus, despite return to baseline during early cART and effective suppression of viremia, γδ T cells exhibited significant changes in effector functions reflecting a specific loss of Th17 type cytokine producing ability and skewing towards Th1 type cytokine responses. This dysfunction aligned with the reduced frequencies of rectal mucosal γδ T cells, thus, strongly suggesting a role in the subsequent increase in plasma IEBD/MT biomarkers and inflammation observed in this study (heat maps in Figures 5B and 9A). Indeed, comparison of gut mucosal γδ T cell polyfunctional responses for IL-17, IL-22, TNF-α and IFN-γ through the course of SIV infection and cART demonstrated an initial loss of Th17 cytokine functions during acute SIV infection followed by return to baseline by 5 months of cART and subsequently a significant decline in IL-17/IL-22 polyfunctional, and increased TNF-α and IFN-γ mono-functional responses (pie charts in Figure 9B). In contrast there was a sustained loss of polyfunctional cytokine responses in CD4 Th17 cells throughout acute and treated SIV infection (Supplementary Figure 4A) and no significant change in Tc17 cells until 9 months of cART (Supplementary Figure 4B).



Perturbation in Vδ1 and Vδ2 Subset Ratios During Chronic Treatment Correlates With Loss of Mucosal Th17-Type Cytokine Functions and Increased Plasma IEBD/MT Biomarkers

Primate γδ T cells have a relatively restricted repertoire of V gene segments, with Vδ1 and Vδ2 being the most commonly used Vδ gene segments in blood and mucosal tissues (44–46) and are termed Vδ1 and Vδ2 subsets. An inversion of the typical Vδ2/Vδ1 subset ratio in circulating blood has been associated with HIV/SIV infection (16, 45, 47), however the impact of chronic treated infection on gut mucosal Vδ1 and Vδ2 subsets remains unclear. Since the overall γδ T cell compartment displayed significant perturbations in frequencies and function aligning with the recurrence of IEBD and inflammation during the chronic phase of treated SIV infection in our study, Vδ1 and Vδ2 subset composition of blood and rectal mucosal γδ T cells were examined over the course of long-term viral suppression with cART. The average Vδ2/Vδ1 ratio in blood and rectal mucosa was 1.7-1.9 at baseline prior to SIV challenge (Figure 10B). Notably, by 7-day post-SIV infection there was a remarkable increase in circulating Vδ2 frequencies, resulting in significantly higher numbers of total γδ T cells (Figure 7) and higher Vδ2/Vδ1 ratio (average of 13.76; Figure 10B) that returned to just below baseline during early cART.




Figure 10 | Significant changes in blood and rectal mucosal γδT cell ratios due to decline in Vδ2 and increase in Vδ1 cells during long-term cART. (A) Representative flow cytometry plot showing Vδ1 and Vδ2 subset staining on CD3+ T lymphocytes. (B) Representative histogram plot showing expression of the transcription factors Tbet and RORγT on Vδ1 and Vδ2 subsets. (C) Relative frequencies of Vδ1 and Vδ2 γδT cell subsets as a fraction of total T lymphocytes from PBMC and rectal biopsies (RB) at indicated time points measured by flow cytometry. Stacked bar graphs showing significant differences from pre-SIV time point using One-way ANOVA with Dunnett’s test and represented by * for Vδ2 subset in red bars and # for Vδ1 subset in blue bars. (D) Bar graph comparing Vδ1/Vδ2 ratios between PBMC (open bars) and RB (black bars) through the course of SIV infection and cART. Missing bars at some time points for RB are due to poor cell recovery at those time points. The dashed line represents average Vδ1/Vδ2 ratios of two baseline time points.



The Vδ1 and Vδ2 subset distribution in rectal mucosal lymphocytes could only be evaluated at baseline and chronic SIV infected time-points owing to the low cell yields during acute SIV infection and early cART time-points. For the time-points analyzed, the dynamics of Vδ2/Vδ1 ratio in rectal mucosa resembled the dynamics observed in blood (Figures 10A, B). Significantly reduced Vδ2 frequencies from 7-months cART onwards with a concomitant increase in Vδ1 frequencies was observed in PBMC and rectal biopsies (Figure 10A) resulting in significant decline of the Vδ2/Vδ1 ratio from baseline (Figure 10B). Furthermore, during the chronic phase of treatment, the specific loss of rectal mucosal Vδ2 subsets significantly correlated with plasma IFABP levels (Figure 11A). On the other hand, elevated levels of mucosal Vδ1 cells displayed significantly correlated with plasma sCD14 concentrations (Figure 11B). Taken together, the overall decline in IL-17/IL-22 functions along with significant loss of Vδ2 cells, particularly in the rectal mucosa, coupled with significant correlations with plasma IFABP levels, points towards a likely role for Vδ2 cell impairment in the loss of gut barrier functions, despite long-term effective cART in SIV-infected macaques.




Figure 11 | Association of IFABP and sCD14 levels with inversion of rectal mucosal γδT cell subset ratios during chronic treated SIV infection. Spearman Rank correlation between frequencies of total γδT cells and the specific Vδ1 and Vδ2 in rectal mucosa and: (A) plasma concentration of IFABP, and (B) plasma sCD14 levels at 7-8 months (black circles) and 9–11 months (grey circles) of cART in the study animals. Statistical correlations were investigated by the Spearman correlation coefficient and 95% confidence limits. Statistical significance (p values) and Spearman’s coefficient of rank correlation (r) are shown for negative correlation of rectal Vδ2 frequencies with plasma IFABP and positive correlation of Vδ1 frequency with sCD14 levels.






Discussion

Gut barrier breakdown and persistent inflammation are hallmarks of chronic HIV infection despite long-term treatment with antiretroviral drugs, and PLWH have an immune aging/inflammaging phenotype. γδT cells are a subset of innate Th17-type T cells that are key players in gut barrier function and immune activation (48), yet their role in inflammaging during the course of treated HIV infection is not understood. To investigate the role of γδT cell functions in the onset of inflammaging phenotype during cART suppressed SIV infection, this longitudinal study comprehensively examined the kinetics of plasma inflammatory and IEBD/MT markers through the course of treated SIV infection and evaluated γδT cell frequencies and cytokine effector functions in blood and gut mucosa. We provide evidence that, (i) the recurrence of inflammation during the chronic phase of effectively suppressed SIV infection has a distinct signature from that observed during the acute viremia phase, (ii) the increase in IEBD and inflammatory markers of chronic treated SIV infection resembles the inflammaging phenotype of SIV-naïve older macaques, and (iii) impaired γδT cell IL-17/IL-22 effector functions and dysregulated Vδ1 and Vδ2 subset ratios in both peripheral blood and rectal mucosa precede the development of inflammaging phenotype during long-term treated SIV infection. Thus, utilizing the macaque model of mucosal HIV infection and successful viral suppression with cART, this study demonstrates that γδT cell dysfunction may contribute to the persistent inflammation of aviremic individuals living with HIV.

Several studies have examined inflammaging phenotype in PLWH by evaluating large datasets comprised of wide age-ranges, often grouped as young and old categories (8, 49–51). Since biological aging is a continuum and is impacted by several factors including HIV infection itself, elucidating the immune mechanisms during virus infection and its treatment before the onset of biological aging is an important first step toward understanding the process of inflammaging in PLWH. Aging rhesus macaques typically begin exhibiting relatively higher levels of circulating cytokines/chemokines associated with inflammaging around 18 years of age (13, 52). In this study, we evaluated the development of inflammaging phenotype through the course of treated SIV infection in young adult macaques (5–10 years old) well before the onset of non-infectious inflammaging. As reported in early HIV infection (11, 53, 54), we observed that systemic inflammation following acute mucosal (IR) SIV infection was associated with elevation in plasma LBP and IFABP, markers of MT and enterocyte damage respectively. It is important to note that during acute SIV infection prior to treatment with cART, while we observed a correlation between IFABP and LBP, we did not establish any relationship between either IFABP, or LBP and sCD14. Indeed, there was no significant increase in plasma levels of sCD14 during the inflammatory response of acute SIV infection despite a set-point viremia of 5.8 log and increase in several pro-inflammatory mediators including IL-1β, IL-18, IL-1Rα, MIG, ITAC, MIP-1β, G-CSF, and CXCL13 as well as elevated IFABP and LBP levels. Despite its wide use as a plasma MT marker, sCD14 is not an exclusive marker of ongoing translocation of bacterial by-products from gut lumen into blood circulation but also serves as a biomarker of monocyte activation (55) and there are conflicting reports on the levels of plasma sCD14 reflecting MT in PLWH (55, 56) and SIV-infected macaques (31, 57). It is likely that a more significant monocyte/macrophage activation and prolonged intestinal mucosal damage may be required for significantly elevated plasma sCD14 levels. Thus, the increase of sCD14 in the chronic phase of cART (7 months onwards in this study) possibly reflects a combination of persistent monocyte/macrophage activation and MT beyond the levels observed in the acute phase of SIV infection.

To understand the potential immune mechanisms of IEBD and MT associated with persistent inflammation during chronic cART-suppressed SIV infection, we longitudinally compared diverse subpopulations of Th17-type immune cells in blood and rectal mucosa. The main finding was the detection of a significant correlation of IEBD and systemic inflammation with a specific loss of Th17-type γδT effector functions during long-term suppressive ART. γδT cells represent a unique subset of effector T cells that can traffic to tissues, are enriched at gut mucosa where HIV prevails, and selectively target cancer or virally infected cells (47). Chronic HIV/SIV infection is associated with impaired proliferative responses of γδT cells (58, 59) and inversion of Vδ2:Vδ1 subset ratios (16, 45, 60). However, the role of gut mucosal γδT cell functions in IEBD, MT and persistent inflammation during the course of treated HIV infection remains unclear. In this prospective study, we demonstrated that gut mucosal γδT cells are a dominant source of polyfunctional IL-17 and IL-22 responses among the diverse subsets of Th17-type immune cells including classical Th17, Tc17, and MAIT cells in healthy SIV-naïve macaques. Furthermore, gut mucosal γδT cells displayed important differences in the kinetics of IL-17/IL-22 cytokine responses from other Th17-type cells through the course of treated SIV infection. Notably, an early expansion of γδT cells in all of the study animals within a week of SIV infection, particularly in rectal mucosa, suggests a likely role in compensatory immune mechanisms for the preferential and sustained loss of gut CD4+ Th17 cells. However, this early expansion was not sufficient to prevent subsequent IEBD and MT, as plasma IFABP and LBP increased later in acute SIV infection, prior to treatment with cART. Indeed, despite the transient expansion in numbers, both peripheral and rectal γδT cells displayed a significant decline in IL-17 and IL-22 cytokine responses indicating that a specific decline in γδT IL-17/IL-22 effector functions, besides the significant gut mucosal Th17 depletion, likely contributed to the overall loss of epithelial barrier integrity during acute phase of infection. It is likely that the innate immune activation and the cytokine storm induced by acute infection modulated γδT cell functions toward loss of Th17-type cytokine expression and increases in Th1 cytokine production. This is supported by the increased production of TNF-α and IFN-γ by both blood and rectal γδT cells observed in this study.

Intriguingly, in contrast to the widely reported expansion of circulating Vδ1 cells during chronic HIV/SIV infection (14, 21), we found that a significant increase in Vδ2 rather than Vδ1 subset contributed to the early expansion of γδT cell numbers within a week of SIV infection. However, our results are consistent with an earlier report in rhesus macaques (61) showing peripheral expansion of Vδ2 cells that returned to baseline by 1-month post-SIV infection. Thus, it is likely that a very early expansion of Vδ2 subset occurs in HIV infection as well, which needs further investigation. In the lack of data on Vδ1 and Vδ2 subset distribution in rectal mucosa during the acute pre-treatment phase of SIV infection in the current study, it remains to be confirmed whether a similar increase of Vδ2 cells occurs in the gut mucosal compartment. However, based on the comparable kinetics of the changes in subset ratios between blood and rectal mucosa at baseline and throughout the treatment phase, we speculate that a similar expansion of gut mucosal Vδ2 cells contributed to the increase in total γδT cell frequencies observed 1-week post-SIV infection in rectal mucosa. Normalization of this early switch in γδT subset ratios during suppression of viremia with cART and recovery of polyfunctional IL-17/IL-22 cytokine functions indicate that the perturbations in γδT cell functions and subset balance were driven by active viral replication prior to initiation of cART. Moreover, the significantly enhanced IL-22 responses in gut mucosal γδT cells during early viral suppression with cART suggests an active role in epithelial repair process of the IEBD caused during acute SIV infection. IL-22 is required for the preservation of the intestinal epithelial barrier and wound healing processes via the maintenance and proliferation of epithelial stem cells (62, 63). However, in agreement with other reports of treated HIV infection (47), the recovery of γδT effector functions and subset ratios was not maintained through long-term cART and it was reversed to significantly lower Vδ2 and higher Vδ1 subset frequencies around 7 months of continued treatment and effective viral suppression. Importantly, this inversion of Vδ1 and Vδ2 subset ratio along with the recurrent loss of IL-17- and IL-22-producing effector functions preceded the subsequent increase in plasma IFABP, LBP, and sCD14 levels. This suggests that IL-17- and IL-22-producing γδT cells may have an essential role in the maintenance of the gut epithelial barrier integrity during effective suppression of viremia with cART, and that loss of these cells during chronic treated SIV infection may contribute to increase in IEBD and MT biomarkers. The mechanisms of dysregulation in γδT cell numbers and function during long-term suppressed SIV infection are unclear at this point. Several factors including ongoing viral replication in the gut tissue and/or long-term exposure to cART drugs, changes in the gut microbiome (64), or depletion of helper CD4+ T cells (65), etc. are likely to drive γδT cell dysfunction, thereby contributing to IEBD and MT. Although our data are not conclusive to demonstrate that this link is causative, it is noteworthy that plasma IFABP levels showed a significant negative correlation with frequency of gut mucosal Vδ2 T cells during long-term cART phase. This argues for a causative role of decline in epithelial barrier-protective effector functions of Vδ2 cells and the emergence of a leaky gut phenotype. On the other hand, the attendant increase in Vδ1 subset and enhanced Th1 cytokine production may reflect a response of Vδ1 cells to leaky gut mediated systemic inflammation, as Vδ1 cells proliferate in response to inflammatory cytokines (66). Thus, besides the association of impaired Vδ2 functions with leaky gut biomarkers, increases in7nbsp;Vδ1 cells and their corresponding inflammatory cytokine production in the gut mucosa may further contribute to systemic inflammation during chronic cART-treated SIV infection.

Notably, the resurgence of plasma IEBD/MT biomarkers and inflammatory cytokine/chemokine markers resembled the inflammaging phenotype of older SIV-naïve macaques comprising of elevated levels of IFABP, LBP, sCD14, GM-CSF, IL-1β, IL-12, IL-6, and TNF-α (13), and was distinct from the cytokine storm of acute SIV infection phase. A similar inflammaging phenotype has been described in chronic HIV infected persons (8). Based on our data, we propose that the loss of Vδ2 T cells initiated a vicious cycle of inflammation with the inversion of Vδ1/Vδ2 subset ratio and dysregulated cytokine effector functions in the residual γδT cells thereby contributing to development of inflammaging phenotype. Of note, a recent study has demonstrated that among diverse lymphocyte subsets including NK cells, T cells, Tregs, and iNKT cells, only γδT cell phenotype (activated/exhausted TIGIT+PD-1+ phenotype associated with plasma pro-inflammatory profile) could distinguish inflammaging in aviremic HIV infected individuals from HIV-negative younger and older individuals (50), implicating γδT cells as the key inflammatory driver in cART-suppressed HIV infection. Moreover, HIV elite/viral controllers maintain significantly higher Vδ2 frequencies than untreated or cART-treated PLWH and display preserved IL-17 function and lower immune activation (67, 68). Further research is warranted in order to deeply understand the precise mechanism of HIV/SIV-mediated γδT cell dysfunction in gut mucosa and the specific role of Vδ1 and Vδ2 subsets in driving leaky gut-mediated inflammaging process. Our observation opens the possibility that augmenting IL-17/IL-22 cytokine functions of γδT cells may ameliorate persistent systemic inflammation of chronic treated SIV infection by promoting the maintenance of epithelial barrier functions and preventing MT. Clinical augmentation of Vδ2 cells has been demonstrated in cancer patients through administration of bisphosphonates, which are a class of compounds recognized only by the Vδ2 subset of γδT cells (69, 70). A strength of this study is the longitudinal assessment of the development of inflammation during the course of effectively suppressed chronic SIV infection, which enabled the assessment of changes in immune cell functions in blood and gut mucosa prior to the emergence of leaky gut phenotype and systemic inflammation associated with chronic treated lentiviral infection. However, a limitation of our study design is the use of only female rhesus macaques to enable direct comparison with the inflammaging phenotype established in aging female rhesus macaques in our previous study. It will be of interest to evaluate whether there are gender-based differences in the functions of γδT cells and their role in the development of inflammaging phenotype in male macaques with chronic SIV infection and long-term cART.

In summary, we demonstrated that the inflammatory cytokine/chemokine signature of long-term cART is distinct from acute SIV infection. Furthermore, we have shown that significant changes in gut mucosal γδT cell functions, particularly loss of Vδ2 cells and impaired IL-17/IL-22 producing ability are associated with development of systemic inflammation during chronic treated SIV infection in rhesus macaques. This study contributes to the current understanding of γδT cell dysregulation as a mechanism of HIV/SIV immune evasion and provides deeper insights into the potential role of γδT cell dysfunction in the re-emergence of leaky gut and inflammatory phenotype following initial control of immune activation during effective suppression of viremia by ART. Further studies aimed at identifying the mechanisms driving γδT cell dysfunction and increased gut permeability during aviremic SIV infection are required to test its potential as an immune-based intervention to improve mucosal homeostasis and reduce HIV-associated chronic inflammation.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The animal study was reviewed and approved by Tulane University Institutional Animal Care and Use Committee (IACUC).



Author Contributions

NR conceived the project, designed experiments, and supervised the work. EW, NS, and GG performed experiments and analyzed data. BG is the veterinarian in this study. JM provided additional samples and PK, DW, RV, and SJ helped with overall data interpretation. All authors contributed to the article and approved the submitted version.



Funding

This study is supported by the NIGMS, NIH award P20GM103629 awarded to SJ and NR, in part by the NIH grant P51OD011104 to Tulane National Primate Research Center, and in part by the Intramural Research Program, National Institute on Aging, NIH.



Acknowledgments

We gratefully acknowledge Romas Geleziunas (Gilead), and Katie Kitrinos and James Demarest (ViiV) for supplying the antiretroviral drugs. The authors acknowledge Mary Barnes and Melissa Pattison of the Pathogen Detection and Quantification Core of Tulane National Primate Research Center (TNPRC) for assistance with the multiplex cytokine detection assays and use of the Bioplex-200 instrumentation, and the clinical veterinary staff in the Division of Veterinary Medicine at TNPRC and the NIA Nonhuman Primate Core technicians for coordinating the biospecimen collections. Technical assistance of the flow cytometry core facility staff at the TNPRC is greatly appreciated.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.647398/full#supplementary-material

Supplementary Figure 1 | Longitudinal assessment of percent and absolute number of T cells during the course of SIV infection and cART. (A) Percent CD3+ T lymphocytes and CD8+ T lymphocytes in PBMC at pre-SIV (week -2) and following SIV infection up to 50 weeks. (B) Absolute counts of total CD3+, CD8+ and CD4+ T lymphocytes per μl of peripheral blood at the indicated time points.

Supplementary Figure 2 | Highly significant association of IFABP with LBP levels during long-term cART suppressed SIV infection. Spearman Rank correlation between plasma concentration of LBP and IFABP during: (A) acute SIV infection and early cART (1-month post-SIV: blue circles, 2-month cART: green circles), and (B) chronic cART-treated SIV infection (7-month: black circles, 8-month: crimson circles, and 11-month: red circles) in the study animals. Statistical significance (p values) and Spearman’s coefficient of rank correlation (r) are shown. Correlations of sCD14 with LBP and IFABP during: (C) acute SIV infection, and (d) chronic treated SIV infection showing no significant associations.

Supplementary Figure 3 | γδT cells are a dominant source of polyfunctional IL-177/IL-22 responses in the gut. Pie charts comparing polyfunctional Th1/Th17 cytokine responses in Th17 (CD161+CD4+ T), γδT and Tc17 (CD161+CD4 = 8+ T) cells under steady state conditions. The pie charts represent the average frequencies of active cytokine-producing cells making every possible combination of IL-17, IL-22, TNF-α and IFN-γ. The segments within the pie chart denote populations producing different combinations of cytokines and are color coded. The arcs around the circumference indicate the particular cytokine produced by the proportion of cells that lie under the arc. Parts of the pie surrounded by multiple arcs represent polyfunctional cells. The pie arc legend shows IFN-γ in red, IL-17 in blue, IL-22 in green, and TNF-α in purple. p values were computed using the SPICE permutation test (25).

Supplementary Figure 4 | Changes in rectal mucosal Th17 and Tc17 polyfunctional responses during long-term SIV suppression with cART. Pie charts comparing polyfunctional Th1/Th17 cytokine responses in (A) Th17 (CD161+CD4+ T), and (B) Tc17 (CD161+CD4 = 8+ T) cells at indicated time points. The pie charts represent the average frequencies of active cytokine-producing cells making every possible combination of IL-17, IL-22, TNF-α and IFN-γ. The segments within the pie chart denote populations producing different combinations of cytokines and are color coded. The arcs around the circumference indicate the particular cytokine produced by the proportion of cells that lie under the arc. Parts of the pie surrounded by multiple arcs represent polyfunctional cells. The pie arc legend shows IFN-γ in red, IL-17 in blue, IL-22 in green, and TNF-α in purple. p values were computed using the SPICE permutation test (25). Th17 cells show a significant decline in polyfunctional IL-17 responses from acute SIV to short-term cART, while Tc17 cells show an ongoing increase in monofunctional TNF- α responses during long-term cART.

Supplementary Figure 5 | Clinical manifestations. (A) WBC counts (B) Body temperature, and (C) Body weight through the course of SIV infection and cART in the study animals.

Supplementary Figure 6 | Kinetics of activation marker on various T cell subsets. HLA-DR expression on γδT cells (red bars), MAIT cells (black bars), CD161+CD4+ T cells (blue bars), and CD161+CD8+T cells (green bars) in peripheral blood during the course of SIV infection and cART. One-way ANOVA with Dunnett’s multiple comparisons test was used to determine significant differences from baseline. Asterisks indicate significant differences between time points (*p < 0.05; **p < 0.01; ***p < 0.001).
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The cornea is a special interface between the internal ocular tissue and the external environment that provides a powerful chemical, physical, and biological barrier against the invasion of harmful substances and pathogenic microbes. This protective effect is determined by the unique anatomical structure and cellular composition of the cornea, especially its locally resident innate immune cells, such as Langerhans cells (LCs), mast cells (MCs), macrophages, γδ T lymphocytes, and innate lymphoid cells. Recent studies have demonstrated the importance of these immune cells in terms of producing different cytokines and other growth factors in corneal homeostasis and its pathologic conditions. This review paper briefly describes the latest information on these resident immune cells by specifically analyzing research from our laboratory.
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Introduction

Barrier surfaces, such as the skin and mucosal membranes, are major interfaces with the outside environment and play critical roles in immune surveillance (1, 2). At these sites, a cohesive network of individual tissues and cell types ensures barrier surface homeostasis and host protection from different environmental damages and infectious microbes (3–6). However, the different barrier surfaces have varying structural components due to different external challenges they face. In recent years, pioneer studies have revealed the unique immune characteristics of the different barrier sites (3, 5, 6).

Like other barrier surfaces, the cornea is a special surface between the inner eye tissue and the external environment (7). Its defense against microbes is mediated by two different types of immunity: innate and adaptive (8–11). First, histologically, the cornea comprises five different layers: the epithelium, Bowman’s membrane, the stroma, Descemet’s membrane, and the endothelium (12). The physical barrier formed by the tight conjunction between the corneal epithelial cells and the subtle structure of Bowman’s membrane prevents pathogens from further invading the corneal stroma (13). The expression of antimicrobial peptides from the epithelium also provides this defense (14). Moreover, the basal lamina of the cornea represents the final barrier against pathogen penetration (13). Second, a constant flow of tears and blinking can physically clean the corneal surface and wash away potential pathogens (15). Finally, the tear film contains diverse molecules with direct antibacterial activity, such as β-defensins and cytokeratin-derived antimicrobial peptides (14).

The immune cells controlling innate immunity mainly include dendritic cells (DCs), mast cells (MCs), macrophages, natural killer cells (NKs), γδ T cells, and innate lymphoid cells (ILCs). Corneal limbi have a rich distribution of capillaries and lymphatic vessels that serve as the entry and exit portals for immune cells (16, 17). Thus, the cornea is home to several immune cell populations that reside in both the central and peripheral corneal regions. These heterogeneous immune cell populations form a complex immune network that mainly comprises tissue-resident macrophages, Langerhans cells (LCs), MCs, lymphocytes, and ILCs. These immune cell subsets enable the cornea to respond to many environmental challenges by performing specialized functions (9). In recent years, our understanding of ocular surface immunology has been transformed by many new insights into both the ontogeny and function of most cornea-resident immune cells (7). Regarding the adaptive immunity and immunoregulation mechanism of the cornea, there are more detailed descriptions in other recent review papers (7–11, 18). Here, using our lab’s research work, this article only provides an overview of recent advances in understanding the diversity of the resident innate immune cell subsets of the cornea and discusses how these innate cells might be applied in corneal homeostasis and disease.



LCs

LCs are an immune cell population located in different epithelial tissues (19). These cells form a network in the epithelium of the skin and mucous membranes (20). Because these cells reside in the corneal limbal and conjunctival epithelium in contact with the body and the environment, they were considered the first line cells of immune defense on the ocular surface (21). In recent years, our understanding of the origin, characteristics, and functions of LCs has changed considerably (22). LCs were once thought to be prototypes of DCs. Currently, LCs are thought to be a subgroup of macrophages that reside in the epidermis. To maintain their network, LCs, like macrophages in other tissues, are replenished by sustained low-level proliferation (about 5% of the population at a time) (23). However, unlike macrophages in other tissue species, LCs continue to migrate to the lymph nodes under homeostatic conditions to perform antigen presentation. The establishment and maintenance of the LC network depend on several important factors; for example, well-identified molecules include transforming growth factors (TGF)-b1 (24–26) and several transcription factors, such as Runx3, ID2, PU.1, and P14 (27, 28). The development of LCs also depends on signals from IL-34, which are mediated by the colony stimulating factor (CSF)-1 receptor (29).

In development, LCs come from primitive macrophage progenitor cells during the embryonic period, mainly from the yolk sac and fetal liver (30). In the absence of inflammation, these cells maintain the stability of the cell population through in situ division (31). In addition, when the epidermis is subjected to severe disturbances and the LCs are damaged, the LCs may be replenished by monocytes from bone marrow sources (32, 33). These monocytes respond to an increase in the proinflammatory chemokine concentration in the epidermis. Interestingly, as the inflammation subsides, these monocyte-derived LCs are eventually displaced from the “historical stage” due to competition and are replaced by embryo-derived LCs.

Although LCs were discovered about 100 years ago, their exact role in immunology is controversial (34, 35). In vivo experiments have shown that LC protrusions are continuously stretched between epithelial cells repetitively, and their function may be to grab the surrounding antigens. In a resting state, only a few LCs continuously migrate to the lymph nodes of the drainage region after an antigen is seized. However, in an inflamed state, 10–20% of LCs migrate to the lymph nodes (36). Early studies suggested that LCs are a potential irritator of T-cells. This conclusion was drawn mainly on the analysis of in vitro experiments showing that the major histocompatibility antigen type II (MHC-II) expressed on LCs stimulates a mixed lymphocyte reaction in T-cells (37). A recent study of LCs showed that the C-type lectin receptor langerin (CD207) is a type of highly selective marker for LCs (38). After capturing an antigen as an antigen capture receptor, the langerin will internalize to form a LC-specific organelle called the Birbeck granule, believed to be a specialized antigen-processing compartment (38). This molecule can be specifically knocked out through genetic engineering techniques (39). However, the data obtained using this LC-deficient model provides inconsistent conclusions about the role of LCs in adaptive immune responses. The main conclusions from several studies are (40–42): (1) LCs migrate to the lymph nodes in the drainage region and trigger the tolerance of naive T-cells—even in an inflammatory context; and (2) for infection and antigen stimulation, the presence of LCs weakens the T-cell immune response rather than strengthening it. LCs play an immunosuppressive role in several immunologic disease models that have been proven, such as the contact hypersensitivity model (40, 41). Recently, it was reported that LCs produce regulatory T-cells (Tregs) when the skin is exposed to ionizing radiation (42, 43). However, in the muLangerin-diphtheria toxin receptor (DTR) model (langerin-positive cells express DTR and are depleted by intraperitoneally injecting diphtheria toxin), LCs did not show an immunosuppressive role, whereas they amplified the immune response to allergens (44, 45). Therefore, LCs have significant functional plasticity, and their response depends on the different immunological contexts (22, 46). LCs are widely found in the epithelium of the conjunctival and corneal limbus (21, 47, 48) (Figure 1). Although much research has been carried out on the role of LCs in many ocular surface diseases and some important conclusions have been drawn, restudies of mice with LC deficiency may yield more accurate and practical conclusions (49).




Figure 1 | Langerhans cells located in the basal layer of the corneal limbal epithelium. (A) Anterior segment of murine eyeball; (B) Langerhans cells (phycoerythrin (PE)-conjugated anti-mouse CD11c staining, red) and basal epithelial cells (4’,6-diamidino-2-phenylindole (DAPI) staining, blue) in the murine corneal limbus. Scale bar: 25 μm.





MCs

In 1878, Paul Ehrlich first discovered MCs. It was not until the mid-twentieth century that researchers realized that MCs were involved in inflammation and allergic reactions (50, 51). However, the current evidence suggests that MC function is very broad and even closely related to non-immune diseases (52, 53). MCs are mainly distributed throughout the connective tissues of the body, especially in the barrier regions between the body and the external environment and also around the blood vessels, nerves, and lymphatic vessels (50). The development and survival of MCs require signaling from stem cell factors and the corresponding receptor c-Kit on the surface of the MCs (54). When the c-Kit gene is knocked out in mice, the development of MCs is greatly inhibited. Therefore, c-Kit-deficient mice are often used as animal models for MC deficiency (55). This deficiency can be partially reconstituted in function by intracutaneous, intraperitoneal, and intravenous transfer of adaptive MCs from normal animals (56). However, these c-Kit-deficient mice have also been associated with other defects because defects in the c-Kit signaling pathway also often cause abnormalities in the development of hematopoietic stem cells, thereby decreasing the number of red blood cells and neutrophils (57). To overcome this limitation, researchers developed models of MC deficiency that are independent of c-Kit (58, 59). The use of these models is likely to provide new information for clarifying the function of MCs.

Early studies demonstrated that MCs are closely related to allergic reactions (60). The surfaces of MCs have high-affinity immunoglobin (Ig) E receptors (61). When the allergen-specific IgE binds to these receptors, it degranulates the MCs. Preformed inflammatory molecules (such as histamines) within the cell are released to promote the inflammatory response by inducing vascular dilation and the vascular endothelial expression of adhesion molecules. Yet, recent studies have shown that MCs have diverse functions, including (62–65) (1) the promotion of the removal of pathogens by secreting antimicrobial peptides and activating phagocytes; (2) the degradation of endogenous toxic polypeptides and snake toxins; (3) the upregulation of immune regulation by releasing inflammatory cytokines to promote the migration, maturation, and differentiation of other immune cells; and (4) the downregulation of immune response via the production of IL-10.

MCs were traditionally thought to stem from bone marrow (66). However, at the earlier stage of embryonic development, MC precursors are found in the fetal liver at E11. Consistent with this observation, we found that MCs exist in the presumptive cornea at E12.5 (Figure 2A) (67), which is the time of definitive hematopoiesis in the fetal liver—not the bone marrow (68). Then, we confirmed two waves of MC emigration occurring at different developmental stages: the first wave occurs from at least E12.5 to postnatal day (P) 13 (eyelid opening time) (Figures 2A, B), and the second wave occurs from birth to P13, stabilizing after P21 (67). The first wave has two stages: from E12.5 to birth and from birth to eyelid opening (P13) (67). MCs in the first stage were identified mostly in the presumptive corneal stroma (both central and peripheral), beginning as late as E12.5. The machineries underlying MC migration into the developing cornea are still unspecified. We also found that first-wave MCs in the first stage were proliferating (67). Thus, the steady increase of first-wave MCs during the first stage may be attributed to either the continuous trafficking of MC progenitors to the cornea, proliferation, or both (67). Interestingly, at day 13 after birth (time of eyelid opening), the MCs located in the central stroma of the cornea completely disappear within 24 h through an unknown mechanism (Figure 2B, P13) (67). Accordingly, eyelid opening motivates the disappearance of MCs in the cornea (67). However, the MCs located on the corneal limbus are long-standing and have a certain proliferation capacity. Importantly, compared with the classic functions of MCs involved in inflammation and allergic reactions, corneal MCs immigrated at the embryonic stage also exhibit special functions during corneal development. Our observations suggest that MCs may participate in corneal nerve growth by producing nerve-related growth factors such as neurotrophin (Figure 2C) and promote the growth of limbal blood vessels by producing vascular endothelial growth factor (Figure 2D) (67).




Figure 2 | Dynamic changes in first-wave mast cells (MCs) during the embryonic and neonatal periods. (A) Immunostaining of eyeball cross section with fluorescein isothiocyanate (FITC)-conjugated avidin for mast cells and DAPI for cell nuclei. Scale bars: left and upper-right images, 20 μm; lower-right image, 100 μm. (B) These images depict immunostaining of the cornea with a complete limbus with anti-mouse CD31-PE (red) for blood vessels and FITC-conjugated avidin (green) for mast cells during different developmental stages from E14.5, P13, to Adult. Scale bars: 200 μm. E, embryonic day; P, postnatal day. [From Liu J et al. (67)]. (C) Analysis of the roles of MCs in corneal innervation. The left two images show the immunostaining of the cornea with NL557-conjugated anti-β-III tubulin and Avidin-FITC staining at P1. Scale bars: 200 μ m. The right image shows the differences in nerve fiber density between WT and c-Kit-/- murine corneas. (D) Analysis of the roles of MCs in limbal vasculogenesis. The left two images show the limbal vessel and MC immunostaining of the cornea with anti-mouse CD31-FITC and Avidin-PE staining, respectively. Scale bars: 200 μm. The right image shows the difference in limbal vessel network area between WT and c-Kit-/- murine corneas.



Conjunctival MCs are critical for the effector phase of allergic responses (69). Upon exposure to an allergen, allergen-specific IgE binds to the high-affinity receptor FceRI on MCs, triggering the degranulation of the proinflammatory mediators that cause increased vascular permeability and vasodilation (69). Limited studies have revealed that MCs are involved in the inflammatory reaction of the cornea induced by corneal injury (70). After corneal injury, the MCs located on the corneal limbus are activated and degranulated. This reaction is synchronized with the recruitment of neutrophils to the injured cornea. Further study showed that neutrophils are motivated by the attractive effect of CXCL2, a chemokine produced by MCs. Inhibiting the MC degranulation via the administration of cromolyn sodium will reduce the CXCL2 expression of MC and inhibit inflammation after corneal injury.

It has recently been found that MCs also play an important role in the course of corneal fungal infection (71). Remarkable MC degranulation in the limbus is present after corneal infection. The local administration of cromolyn sodium, an inhibitor of MC degranulation, significantly inhibits the dilation and permeability of blood vessels and prolongs the course of infection, as shown by much higher rates of corneal damage, fungus growth, and perforation (71). Interestingly, the inhibition of degranulation accompanies a decrease in the level of intercellular adhesion molecule-1 (ICAM-1) expression (71). ICAM-1 is one of the most crucial adhesion molecules required for the migration of inflammatory cells from the blood to the infected region. MCs are also involved in the immune rejection of corneal transplantation (72). The study by Li et al. found an increase in the number and activation of MCs on the corneal limbus after corneal transplant surgery (72). Pharmacologically inhibiting the activity of these cells with sodium cromoglicate can inhibit the migration of inflammatory cells to the transplant and the maturation of antigen-presenting cells trafficking to the transplant; reduce T helper (Th) 1 cytokine production and allosensitization in draining lymphoid tissues; decrease the graft infiltration of alloimmune effector cells; and extend the survival time of corneal transplants.



Macrophages

Macrophages constitute a widely dispersed organ system in all vertebrate tissues (73), and they defend against microbes and remove dead and senescent cells acting as phagocytes. They also promote the homeostasis of different tissues via local trophic, regulatory, and repair functions. It has long been thought that macrophages in peripheral tissues come from the differentiated cells of circulating monocytes—that is, the continuous migration and replenishment of the monocytes from the bone marrow through the blood circulation (74). Recent studies integrating single-cell transcriptomics, genetic fate mapping, functional analyses, and imaging provide mechanistic evidence of prior observations showing that murine macrophage heterogeneity induces its diverse roles in tissue homeostasis and pathological response (75). Using genetic fate-map technology, macrophages in normal adult peripheral tissue were found to have at least three different macrophage subsets in their populations that had different origins (73, 76, 77). During organogenesis, macrophages derived from the yolk sac and fetal liver precursors were found to be throughout the tissue (78). These cells act as resident cells in adulthood and maintain the presence of this cell population by self-proliferation. Under normal steady-state conditions, these populations perform the localized clearance and nutritional functions of specific organs (79). However, some bone marrow-derived monocytes can be circulated into different tissues after birth to supplement these long-lived macrophage populations. When tissues are damaged and infected, more monocytes are recruited to the tissue and differentiated into macrophages (76–78).

The first subset of macrophages is produced during the primitive hematopoiesis of the yolk sac at E6.5–E8.5 (80). At E7.5–8.5, erythromyeloid progenitors (EMPs) are directly differentiated into macrophages and migrate into various peripheral tissues. These macrophages belong to primitive macrophages. After birth, this group of cells will maintain its presence mainly through local self-renewal. It has been determined that the microglia in brain tissue belong to this group. The second subset of macrophages develops during the fetal liver hematopoietic period (E11.5–15.5) as a part of the erythromyeloid progenitors that migrated from the yolk sac and began to express the transcription factor c-Myb (31). Under the control of c-Myb, this cell population is differentiated into embryonic monocytes, migrates to different tissues, and differentiates into macrophages. This group of cells also maintains self-stabilization via self-renewal after birth. The third group of macrophages appears during the bone marrow hematopoietic period (from E16.5 to birth). At E17.5 or after birth, hematopoietic stem cells (HSCs) are differentiated into monocytes, and some of these monocytes migrate into peripheral tissue and differentiate into macrophages (81, 82). These macrophages are bone marrow monocyte-derived macrophages. Thus, there are three different subsets of macrophages in different tissues. However, depending on the tissue environment, some subsets may exist alone, or all three subsets may coexist. For example, microglial cells in the brain tissue are the only source of macrophages from the embryonic yolk sac. In other tissues, such as liver, spleen, and lung tissues, there are combinations of three macrophage subsets of different origins at the same time.

Early studies showed that CD11b-positive macrophages in the cornea are the main resident immune cells in the cornea, accounting for 50% of all immune cells (83). These cells are mainly distributed throughout the cornea, including the center of the cornea and the corneal limbus (84). Through whole-mount immunostaining of the cornea and flow cytometric analysis, we identified the composition and distribution of macrophages in mice using the highly specific macrophage marker, CD64 (85), in the cornea (Figure 3A) and categorized these cells into C-C chemokine receptor (CCR) type 2− and CCR2+ populations (86–89). Flow cytometric analysis of the corneal cells from the embryonic mice demonstrated that only CD64+CCR2– macrophages were present in the corneas of the E12.5 mice, and CD64+CCR2+ macrophages were absent in the cornea until E17.5 (Figure 3B) (86). Further study revealed that CD64+CCR2− corneal macrophages were primarily maintained through local proliferation and were rarely replaced by donor blood monocytes (86). Conversely, CD64+CCR2+ corneal macrophages had a lower proliferation ability and were largely replaced by circulating monocytes (86). Therefore, unique maintenance mechanisms of different corneal macrophages exist depending on the tissue microenvironment and physiological context (86, 88, 89). Our recent study found that the distribution of the C64+CCR2– macrophage population in murine cornea is influenced by gut microbiota (the microbe population living in the intestines) (88, 89). This alteration in the distribution of different macrophage subsets not only changes the development of the normal cornea after birth but also delays the regrowth of the corneal nerve fibers after corneal trauma (88, 89). Quantitative polymerase chain reaction (qPCR) analysis of flow cytometry-sorted corneal macrophages showed that CD64+CCR2+ corneal macrophages express representative genes (such as IL-1β and TNF-α) of M1-type macrophages (responsible for the initiation of inflammation) to promote the process of inflammation by secreting proinflammatory cytokines (86). However, CD64+CCR2− corneal macrophages express representative genes (IL-10, Arg1, Mrc1, Mgl1, Mgl2, Ym1, and Fizz1) of M2-type macrophages (responsible for the inhibition of inflammation) (86). The depletion of CD64+CCR2+ corneal macrophages causes a decreased influx of neutrophils and the expression of inflammatory cytokines after corneal epithelial injury, whereas the depletion of CD64+CCR2− corneal macrophages induces an increased neutrophil influx and the expression of inflammatory cytokines when compared with an undepleted control group (86). As expected, both treatments delayed corneal wound healing. Thus, these data indicated that CD64+CCR2+ corneal macrophages enhance the inflammatory response at the early stage of corneal wound healing, and CD64+CCR2− corneal macrophages suppress the inflammatory response during the later stage (86). Interestingly, it was recently found that two different macrophage subsets in the cornea express different autonomic nerve receptors (87). While CD64+CCR2– macrophages preferentially express the α-7 nicotinic acetylcholine receptor, CD64+CCR2+ macrophages preferentially express the β-2 adrenergic receptor (87). The topical administration of a β2AR agonist further enhanced the expression of the proinflammatory genes in the CD64+CCR2+ cell subset sorted from injured corneas. In contrast, the topical administration of an α7nAChR agonist further enhanced the expression of the anti-inflammatory genes in the CD64+CCR2– subset (87). Thus, crosstalk between the autonomic nerve system and local macrophage populations is essential for the progress of corneal wound repair. Collectively, both macrophage populations play an important role in the appropriate repair of damaged corneal epithelium, and a deficiency in either one induces an imbalance in inflammation (86, 87).




Figure 3 | Analysis of corneal macrophages at E12.5 and E17.5. (A) Represented images of macrophage (PE-conjugated anti-mouse CD64+, red) distribution and limbal vessels (fluorescein isothiocyanate (FITC)-conjugated anti-mouse CD31, green) in E12.5 and E17.5 corneas. Scale bars: 200 μm [From Liu J et al. (86)]. (B) The cells in the flow dot plot of E12.5 and E17.5 were both derived from CD45 positive cells. CD64 antigen was used to identify macrophages, and CCR2 antigen was used to distinguished the distinct cell population in corneal macrophages.



Two recent studies from our lab further increased our understanding of two macrophage groups in the cornea (88, 89). Moreover, an increasing number of studies have shown that gut microbiota is closely linked with human health and disease (90)—not only by participating in the metabolism and absorption of nutrients (91) but also by tuning the development and response of the immune system (92). We induced gut dysbiosis with cocktail antibiotics after birth and found that normal gut microbiota was critical to the normal distribution of the CD64+CCR2-macrophage subset—rather than the CD64+CCR2-macrophage subset—in the cornea during development (89). Further studies have shown that the normal distribution of the CD64+CCR2- macrophage subset during development significantly impacts morphological changes in the cornea, including corneal size, thickness, and nerve density. As predicted, improving or restoring gut microbiota—whether using probiotics or fecal transplants—can facilitate the recovery of various indicators of the corneal development process. Using a corneal wound model in adult mice, we found that antibiotic-induced gut dysbiosis can also inhibit every aspect of corneal wound repair, especially the recovery of corneal nerve density and sensory function, by reducing the number and distribution of CD64+CCR2-macrophage subsets in the cornea (88). Similarly, the use of probiotics and fecal transplantation to restore the gut microbiota composition can significantly improve the above inhibited repair process. In summary, these data further highlight the critical importance of the CD64+CCR2-macrophage subset for maintaining normal corneal integrity post-wound repair.



γδ T-Cells

Lymphocytes, also called T-cells, not only continuously circulate between the blood and lymphoid organs but also settle in nonlymphoid tissues. These resident lymphocytes are prominently distributed at barrier sites, including the mucosal surfaces and the skin (93, 94). Most of these lymphocytes are unconventional T-cells, such as γδ T-cells, innate lymphoid cells, and tissue-resident memory T-cells. Important properties shared by tissue-resident lymphocytes include the following (4, 95, 96): (1) long-term maintenance and self-renewal; (2) high abundance in barrier tissues; (3) ability to sense microbial products, cytokines, alarmins, and stress ligands; and (4) the rapid provision of antimicrobial and tissue-protective factors. Although these different cell types differ in biology, they still share common functions, including maintaining tissue integrity and fighting damage caused by infection and noninfectious stimulation.

γδ T-cells represent a prominent, innate T-cell subset expressing the γδ T-cell receptor (TCR) (96). In both humans and mice, γδ T-cells are generated in the thymus from CD4−CD8− double-negative (DN) progenitor cells (97). These DN cells commit to the αβ or γδ T-cell lineage depending on the type of V(D)J rearrangements and the strength of the pre-TCR signal (98, 99). In mice, the recombination of specific Vγ and Vδ segments in the TCR is performed in a highly orderly manner during embryonic development (100, 101). This leads to the emergence of γδ T-cells with oligoclonal or monoclonal TDRs, which reside in different epithelial tissues. However, new experimental evidence has challenged this concept. This study shows that, in the early stages of embryo development, γδ T-cells in the epidermal tissue originate from yolk sac hematopoiesis to settle in different epidermal tissues (102). Unlike the αβ TCR, the γδ TCR has a longer immunoglobulin-like complementarity determining the region 3 (CDR3) loop. Also, in contrast to antigen recognition by αβ T-cells, γδ T-cells do not have strict MHC restrictions for antigen recognition (103). Thus, these heterogeneous γδ T-cell subsets identify ligands as diverse as lipids represented by MHC class I-like molecule CD1 family members (CD1a, CD1b, and CD1c). Thus far, the characteristics of the ligands recognized by γδ TCR are yet unclear (96).

Most γδ T-cells reside in barrier tissues, such as the mucosal membranes, and provide a first-line immune defense to external stress events (4). γδ T-cells are also multifunctional immune cells that play an important role in tumor immune surveillance, wound repair, and autoimmunity (96). Some researchers divide γδ T-cells into early-occurring, natural-type γδ T-cells (natural γδ T-cells) and induced γδ T-cells (inducible γδ T-cells) that appear during the postinfection period depending on the time of occurrence of the anti-infection response (104).

γδ T-cells are widely present in many epithelial tissues, such as the skin and various mucous membrane epithelia. Recent studies from our laboratory and others have shown the presence of γδ T-cells in the epithelium of the ocular surface (Figure 4) (105–108). These T-cells play a vital role in maintaining the stability of ocular surface homeostasis and the corneal wound repair process (106). There may be two main mechanisms behind their functions: (1) the production of cytokines, such as fibroblast growth factor 7 (FGF7), FGF9, and insulin-like growth factor, which act directly on epithelial cells through specific receptors (109) and (2) the production of interleukin (IL)-17A and IL-22. IL-17A is released by γδ T-cells after corneal wounding and contributes to inflammation by enhancing neutrophil infiltration in the injured cornea and the production of proinflammatory chemokines (105). Corneal epithelial cells express high levels of IL-22 receptors (106). Therefore, when these γδ T-cells become activated, the secreted IL-22 directly stimulates the division of the corneal epithelial cells and produces substances, such as antimicrobial peptides, to protect the integrity of the ocular surface. There is evidence that these cells are partly responsible for the pathogenesis of the ocular allergic inflammatory response (110), corneal transplantation (111), and fungal keratitis (112).




Figure 4 | Distribution of γδ T-cells in the corneal limbus and conjunctiva. (A) Anterior segment of murine eyeball; (B) γδ T-cells (PE-conjugated anti-mouse TCRγδ, Clone GL3, red) and epithelial cells (DAPI staining, blue) in the murine corneal limbus. Scale bar: 25 μm.





Innate Lymphoid Cells

One breakthrough in immunology over the past decade was the discovery of ILCs (113). These cells comprise three or more heterogeneous lymphoid cell subsets, lack T- and B-cell antigen-specific receptors, and respond quickly to invasive pathogens and wounding. These cells are derived from a common lymphoid progenitor that lacks the expression of lineage (Lineage, Lin) marker molecules (T-cell receptors, B-cell receptors, myeloid and/or DC markers). Recently, an analysis of the developmental stages of the ILC population showed that the ILCs basically included two large groups of cytotoxic NKs and noncytotoxic ILCs (114). The former—mainly through a perforin mechanism that kills infected cells—participates in antiviral infection. The latter is further divided into three subgroups—type I ILCs (ILC1s), type 2 ILCs (ILC2s), and type 3 ILCs (ILC3s)—according to the different necessity for transcription factors during development (115).

NK cells and ILC1s have different functions (116). NK cells are cytotoxic cells and kill virus-infected normal and tumor cells, and they mirror the functions of CD8+ cytotoxic T cells (117). However, ILC1s are noncytotoxic and function as a first line of defense against infections caused by viruses and certain bacteria (118). ILC1s are resident cells, whereas NK cells circulate in the bloodstream. The development of ILC1s strictly depends on the transcription factor T-bet, whereas NK cells can develop in T-bet-deficient hosts (119). In addition, NK cells require the T-box factor Eomes, whereas ILC1s can develop without this transcription factor. Thus, Eomes expression is often used as a marker for NK cells. ILC1s produce IFN and TNF and are involved in responses to intracellular bacteria and parasites. IFN-γ released by NK cells stimulates the expression of Th1 chemokines (CXCL9, CXCL10, and CXCL11) in the corneal and conjunctival epithelium in response to experimental desiccation (120). Cytokines IL-12, IL-15, and IL-18 trigger their activation. ILC1s mirror Th1 in adaptive immunity. The development of ILC2s depends on the transcription factor GATA-3. IL-33, TSLP, and IL-25 trigger ILC2 activation via the NF-κB and MAPK pathways. After activation, ILC2s produce Th2 cytokines IL-4, IL-5, IL-9, and IL-13 (121). More importantly, ILC2s also produce amphiregulin (AREG), a member of the epidermal growth factor family, which is critical in epithelial wound healing (64). Conversely, some cytokines, such as type 1 IFNs, IFN-γ, and IL-27, inhibit the activation of ILC2s via the STAT1 signaling pathway (122). ILC2s mirror Th2 cells in adaptive immunity. ILC2s are mainly involved in wound repair, allergic inflammation, parasite infection, and metabolic homeostasis (123). The development of ILC3s depends on the transcription factor RORγt. IL-1β and IL-23 induce ILC3s to become activated to produce IL-17A, IL-22, or both. ILC3s mirror Th17 and Th22 cells in adaptive immunity. They mainly participate in the immune response to extracellular bacteria, wound repair, and the development of lymphatic tissue. Also, ILC3s can regulate adaptive Th17 cell responses.

ILCs are tissue-resident cells and are integrated into the fabric of tissues. Although the characteristics of ILCs in many tissues have been identified, there has been little research on their presence and characteristics in ocular tissue. Several recent studies, including those from our laboratories, have confirmed NK cell subsets in both the normal conjunctival (124) and corneal limbi (125). These NK cell subsets are phenotypically NKp46+, NK1.1+, NKG2D+, EOMES+, CD3–, CD94–, RORγt–, IL-22–, and CD127–, consistent with a subset of classic NK cells (Figures 5A–F) (125). These NK cells might have multiple effects on the ocular surface. First, they produce Th17 and INF-γ to participate in the occurrence and development of dry-eye disease (108) and the neovascularization of the ocular surface (127). Second, we found that depleting NK cells or blocking NKG2D receptors significantly increases the accumulation of neutrophils in the wounded cornea and delays the reepithelialization and regrowth of the corneal nerves following a corneal abrasion. However, the depletion of neutrophils will not reduce NK cell accumulation in the injured cornea. Thus, our data support a new concept that NK cells indirectly support corneal healing by preventing the excessive recruitment and tissue damage of neutrophils.




Figure 5 | Identification of NK cells and ILC2s in the cornea. (A–F) Immunostaining and phenotypical identification of corneal limbal NK cells with anti-mouse NKp46-FITC, CD3-PE, EOMES-PE, IL-22-PE, RORγt-APC, and CD94-PE in the injured cornea at 24 h after corneal abrasion. (From Liu Q et al. (125). (G) The lineage antibody is a cocktail of anti-mouse CD3, anti-mouse Ly-6G/Ly-6C, anti-mouse CD11b, anti-mouse CD45R/B220, and anti-mouse TER-119 antibodies. ILC2s were identified as a CD45+Lin-CD90.2+CD127+T1/ST2+ cell population. (H) After corneal epithelial wounding, anti-CD90.2 antibody–treated mice were injected i.v. with sorted lung ILC2s stained by carboxyfluorescein diacetate succinimidyl ester. Corneas of those mice stained with DAPI were visualized using fluorescence microscopy 24 h after injection. The red lines represent the limbal vessel wall. Scale bars: 100 μm. (From Liu J et al. (126).



The role and distribution of other ILC subtypes on the normal ocular surface are yet unclear. Recently, our data from a mouse model showed that the ocular surface tissue at least has ILC2s (126). Further study found that this cell population phenotypically expresses CD127, T1/ST2, and CD90 and is relatively rare in resting corneas (Figure 5G). However, the population increases in number following a corneal epithelial abrasion. These cells are mainly distributed around the corneal blood vessels (Figure 5H). Depletion of this cell population through antibodies causes delayed corneal wound repair, whereas the local adoptive transfer of ILC2s partially restores the healing process. Further analysis reveals that IL-25, IL-33, and thymic stromal lymphopoietin play a critical role in corneal ILC2 responses following corneal injury and that CD64+CCR2– corneal macrophages are essential producers of IL-33 in the cornea (126). Collectively, these data reveal the essential role of cornea-resident ILC2s in the recovery of corneal epithelial integrity following an acute injury (126). However, the role of the other two cell populations, ILC1s and ILC3s, in the onset of other ocular surface diseases needs to be further explored.

Finally, our understanding of ILC function to date has relied primarily on immunodeficient mice (such as Rag-defective mice) or on models that use non-ILC-specific antibodies to remove an ILC subset. Therefore, future studies should build new models of ILC-subset deficiency to illustrate the contribution of individual cell populations to skin and mucous membrane defense. Importantly, a greater number of ILC subgroups may be found in the future. For example, a regulatory subpopulation of ILCs, called ILCregs, was recently identified in the intestine; it suppresses the activation of ILC1s and ILC3s through the production of IL-10 to avoid innate intestinal inflammation (128).



Conclusions

The cornea is rich in innate immune cells, making it a special surface of the body. These immune cells, together with corneal cells, form a complicated network to protect against damage from hostile environments and the invasion of pathogenic microorganisms. In recent years, our understanding of the types of immune cells in the cornea has increased rapidly. LCs, MCs, macrophages, γδ T-cells, and ILCs play different roles in corneal homeostasis, wound repair, pathogen detection, and cornea response. Newly discovered cells, such as ILCs, and the re-evaluation of classic immune cell functions in various corneal diseases will provide insight into the exploration of new targets and measures for treating many ocular surface diseases.
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Maintenance of intestinal homeostasis requires the integration of immunological and molecular processes together with environmental, diet, metabolic and microbial cues. Key to this homeostasis is the proper functioning of epithelial cells originating from intestinal stem cells (ISCs). While local factors and numerous molecular pathways govern the ISC niche, the conduit through which these processes work in concordance is the aryl hydrocarbon receptor (AhR), a ligand-activated transcription factor, whose role in immunoregulation is critical at barrier surfaces. In this review, we discuss how AhR signaling is emerging as one of the critical regulators of molecular pathways involved in epithelial cell renewal. In addition, we examine the putative contribution of specific AhR ligands to ISC stemness and epithelial cell fate.
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INTRODUCTION

Maintenance of intestinal homeostasis is governed extensively by the integration of both molecular and immunological processes. This integration is further mediated by the presence of enteric microorganisms that colonize the gastrointestinal (GI) tract. The crosstalk between intestinal microorganisms and the host in which they reside occurs at the gut mucosa, a specialized intestinal tissue that represents one of the body's most important interfaces with the environment. The gut mucosa is comprised of the gut epithelium, a monolayer of epithelial cells that has critical functions in avoiding self-digestion, contending with luminal contents without eliciting overt immune responses and promoting self-tolerance (1). Due to its significance, the gut epithelium demonstrates an astounding renewal capacity as the entire intestinal lining is replenished completely within 5 days (2–4). Homeostasis of the gut epithelium itself is maintained by an intestinal stem cell (ISC) compartment that resides at the base of intestinal crypts, giving rise to specialized epithelial cell lineages (5). As such, these ISCs are crucial for the renewal of the differentiated progeny that comprise the gut epithelium. However, this rapid rate of renewal imposes greater demands on the cellular hierarchy of the gut epithelium as well as a greater risk of developing intestinal malignancies (6). What remains to be explored is the extent to which ISCs can be influenced by environmental factors to maintain or restore intestinal homeostasis.

Of note is the modulation of immune responses from compounds derived from both endogenous and exogenous sources via the aryl hydrocarbon receptor (AhR), a ligand-activated transcription factor that integrates environmental, dietary, microbial and metabolic cues to control transcriptional programs in a ligand-, cell- and context-specific manner (7). While there are some recent reviews on the role of AhR in the regulation of inflammation through induction of anti-inflammatory signaling involving IL-10, IL-22, prostaglandin E2, and Foxp3 (8), to the best of our knowledge, there are no reviews on the role of AhR in ISC function and regulation. Using floxed Ahr to Villin-Cre mice, Metidji and colleagues have recently shown AhR expression in intestinal epithelial cells (IECs) to be critical for ISC homeostasis and gut barrier integrity as it plays a dominant role in tempering Wnt signals (9). Expression of tryptophan metabolizing enzyme, indoleamine 2,3-dioxygenase 1 (IDO1), in IECs has also shown to enhance differentiation of secretory cells and mucus production in IEC-specific transgenic mice (mouse line pVil-EGFP/IDO1) challenged with dextran sodium sulfate (DSS), 2,4,6-trinitrobenzene sulfonic acid (TNBS) or enteropathogenic Escherichia coli (10). Because induction of IDO depends on AhR expression and kynurenine produced by IDO acts as an AhR agonist, these studies suggested that AhR promotes intestinal homeostasis. Additionally, AhR has shown to sense genotoxic compounds found in the diet and protect stem cells against genotoxic stress through the induction of IL-22 by innate lymphocytes (11). Together, these are a few examples that highlight the extent to which AhR activation mediates the regulation ISC stemness. In this review, we examine current knowledge on how AhR activation can modulate ISC stemness through essential signals of epithelial cell differentiation.



THE INTESTINAL STEM CELL COMPARTMENT

While several populations of ISCs have been described, the driving force of epithelial cell renewal and tissue repair are the fast-cycling crypt base columnar (CBC) stem cells marked by a leucine-rich-repeat containing G-protein coupled receptor 5 (LGR5) (2, 12, 13). These ISCs, or LGR5-positive (+) CBC stem cells, divide daily and reside at the crypt base (14) (Figure 1A). Due to the limited space of intestinal crypts, ISCs undergo ‘neutral competition’ in which half are pushed out of the ISC niche at random to the above transit-amplifying (TA) compartment where they then become committed progenitor cells (14, 15). Immediately preceding TA cells is a slow dividing ‘reserve stem cell’ or position 4/ +4 cell population, counting the adjacent cells from the crypt base, that replenishes the pool of active stem cells under normal circumstances or fully differentiates into epithelial cells in the advent of a disrupted LGR5+ compartment such as during acute inflammation (16, 17). What governs this variable stem cell activity and states of competency are niche-derived signals, such as growth factors and wingless-related integration site (Wnt) ligands, from neighboring Paneth cells within the gut epithelium and from subepithelial mesenchymal cells, including the rare winged helix transcription factor Foxl1 expressing (Foxl1+) telocytes which maintain intestinal crypt cell proliferation and promote homeostatic renewal of the gut epithelium, as well as the recently identified CD34+ Gp38+ mesenchymal cells which rapidly respond to intestinal injury and produce a myriad of factors involved in ISC maintenance and tissue repair (18–21). ISCs are therefore subjected to and directed in activity by a host of proximal signals that encompass the ISC niche. What orchestrates the generation of new epithelial cells from ISCs and their subsequent functional specialization in tandem with ISC niche-derived signals are several molecular pathways. Among these are the Wnt/β-catenin, Notch, Hedgehog and bone morphogenic protein (BMP), as well as the epidermal growth factor receptor (EGFR) and ephrin (Eph) pathways which direct ISC proliferation and cell positioning (21). Here, we provide an overview of select signals relevant to AhR activation (Figure 1B).


[image: Figure 1]
FIGURE 1. Overview of the intestinal stem cell compartment and molecular cascades related to AhR signaling. (A) Active and quiescent stem cells reside at the crypt base in both the small and large intestine. Local morphogenetic factors produced from small intestinal Paneth and subepithelial mesenchymal cells regulate ISC activity. As stimulated ISCs migrate upward into the transit amplifying compartment, they then become committed differentiated cells. A brush border resides at the apical surface of epithelial cells in the small intestine which maximizes the absorptive surface area. In contrast, both Paneth cells and a brush border are absent in the colon. While the absence of Paneth cells in the colon results in decreased antimicrobial proteins, the colon employs other mechanisms to maintain intestinal homeostasis. LGR5 leucine-rich-repeat containing G-protein coupled receptor 5, CBC crypt base columnar. (B) Numerous molecular pathways orchestrate epithelial cell fate in concordance with local morphogenetic factors within the ISC. Key proteins in each signaling pathway (blue) interact with transcription factors (brown) to regulate gene transcription. Upstream of this, additional kinases (orange) modulate these pathways. Both Wnt/β-catenin and Notch signaling play a pivotal role in regulating the differentiation of either secretory or absorptive epithelial cell types. Together with EGF/MAPK and JAK/STAT signaling as well as others, these pathways work in tandem to regulate ISC stemness. Akt protein kinase B, APC adenomatous polyposis coli, Bcat beta catenin, CK casein kinase, CSL CBF1/SU/LAG1, Cyto cytokine, DKK Dickkopf, DSL Delta/Serrate/LAG2 transmembrane ligands, DVL Disheveled, EGF epidermal growth factor, EGFR epidermal growth factor receptor, γ gamma secretase, GAP GTPase-activated protein, GRB2 growth factor receptor-bound protein 2, GSK glycogen synthase kinase, HES1 hairy and enhancer of split 1, JAK/STAT janus kinase/signal transducer and activator of transcription, MAML Mastermind-like, MATH1 Protein atonal homolog 1, mTOR mammalian target of rapamycin, NICD Notch intracellular domain, PI3k phosphoinositide 3-kinase, PKCalpha protein kinase c alpha, RNF43 ring finger 43, Rspo respondins, RTK receptor tyrosine kinase, SHP2 Src homology 2 phosphatase 2, SOCS suppressors of cytokine signaling, SOS son of sevenless, TCF/LEF T-cell factor/lymphoid enhancer-binding factor, Ub ubiquination, ZNRF3 zinc and ring finger 3.




AHR SIGNALING AND REGULATION

The AhR is a basic helix-loop-helix (bHLH) ligand-dependent transcription factor that responds to a variety of ligands due to its malleable ligand-binding site and is the only member of the bHLH superfamily of transcription factors that can be activated by ligands (22). Signaling of the AhR involves a central PER-ARNT-SIM (PAS) domain that is involved in DNA recognition, ligand binding, and chaperone interactions which are critical for ensuing transcriptional events (Figure 2). In its inactivated form, the AhR resides in the cytoplasm within a chaperone complex comprised of heat-shock protein 90 (Hsp90), p23, X-associated protein 2 (XAP2), and AhR-associated protein 9 (ARA9) (23). Hsp90 preserves a conformational state of the AhR that prevents unsolicited translocation into the nucleus and allows binding of a ligand, while the phosphoprotein p23 facilitates the interaction between the AhR and Hsp90 (24, 25). XAP2 regulates AhR turnover and ARA9 augments AhR signaling by increasing available binding sites and by increasing the amount of cytosolic AhR (26, 27). Upon binding of a ligand, the AhR undergoes structural modifications that expose nuclear localization sequences in which two adjacent protein kinase C sites become phosphorylated (28–30). Once translocated, AhR dissociates from its chaperone complex as AhR receptor nuclear translocator (ARNT) replaces Hsp90 forming a heterodimer (23). This AhR-ARNT heterodimer binds to cis elements of DNA that contain aryl hydrocarbon responsive elements (AhREs, also known as xenobiotic- or dioxin-response elements). These regulatory elements containing the core sequence 5'-TNGCGTG-3' can be found in the promoter regions of numerous target genes including cytochrome P450 enzymes such as CYP1A1, which metabolizes AhR ligands, thereby suppressing its activation (31). Once bound to AhREs, this complex acts as a transcriptional complex that can alter transcriptional activity and chromatin structure through histone acetyltransferase and methyltransferase activity (32). AhR activity is tightly controlled by two primary mechanisms in which the first involves proteolytic degradation 4 h after the ligand-bound AhR has associated with AhREs and is then exported from the nucleus (33). The second involves the AhR repressor protein (AhRR) which is structurally analogous to the AhR but does not require a ligand to translocate into the nucleus and interacts with ARNT. It is upregulated upon AhR activation and therefore acts as a transcriptional repressor (34).


[image: Figure 2]
FIGURE 2. The AhR signaling pathway. Induction of AhR signaling requires binding of a ligand, allowing the AhR complex to translocate into the nucleus and initiate transcriptional events. Gene products such as the AhR repressor protein (AhRR) and the cytochrome P450 enzyme CYP1A1 suppress AhR signaling by acting as a direct antagonist to the AhR (dotted line) or by metabolizing AhR ligands (red arrow). AhREs aryl hydrocarbon responsive elements, ARA9 AhR-associated protein 9, ARNT AhR receptor nuclear translocator, HATs histone acetyltransferases, HMTs histone methyltransferases, Hsp90 heat-shock protein 90, XAP2 X-associated protein 2.




INTERACTION BETWEEN THE AHR AND SELECT MOLECULAR SIGNALS OF ISC HOMEOSTASIS

At present, an increasing volume of evidence indicates that the AhR is a pleiotropic regulator of molecular processes that extend beyond its historical role as a xenobiotic sensor. In particular is its emerging role in immune development and function at barrier surfaces including the skin, respiratory tract and GI tract (35). In addition, AhR activation may contribute to intestinal homeostasis by regulating ISC stemness and progeny through morphogenetic signals and others as summarized here (Figure 3). As so eloquently defined by Aponte and Caicedo, stemness in this regard combines the ability of ISCs to perpetuate its lineage, to give rise to differentiated epithelial cells, and to interact with its environment to maintain a balance between quiescence, proliferation and regeneration (36).


[image: Figure 3]
FIGURE 3. Summary of AhR signaling and its ligands on aspects of ISC homeostasis. Activation of the AhR regulates the Wnt, Notch and EGFR/MAPK signaling pathways in ISCs. In addition, specific AhR ligands synergize with key stemness pathways within various cell types to exert unique and beneficial effects. FICZ tryptophan derivative 6-formylindolo (3, 2-b) carbazole, I3C indole-3-carbinol, IALD indole-3-aldehyde, IL-10R1 interleukin-10 receptor 1, IPA indole-3-propionic acid, GC goblet cell, KN kynurenine, Qu quercetin, Res resveratrol.



Wnt/β-catenin

The canonical Wnt/β-catenin pathway plays a pivotal role in the establishment of tissue architecture during development and in homeostasis of adult tissues (37). In the intestine, it is critical for the proliferation and maintenance of ISCs as well as for the differentiation of goblet cells (GCs) (38, 39). Here, β-catenin is an essential cytoplasmic signal transducer (40). Given its role in the maintenance of intestinal homeostasis, aberrant Wnt/β-catenin signaling has shown to be a hallmark of colorectal cancer (CRC) development characterized by a loss of the tumor suppressor adenomatous polyposis coli (APC) and hyperactivation of Wnt/β-catenin signals (41). In contrast, a putative mechanism by which AhR activation regulates the Wnt/β-catenin pathway has recently been determined to be through the activity of E3 ubiquitin ligases RNF43 and ZNRF3 which target Wnt frizzled receptors for degradation in ISCs, thereby inhibiting Wnt signaling (42). Specifically, selective ablation of the AhR or overexpression of CYP1A1 in IECs potentiated ISC proliferation (as indicated by Ki67 expression) and inflammation-induced tumorigenesis (9). This was accompanied by a reduced RNF43 and ZNRF3 expression, and a concomitant increase in β-catenin and Wnt target gene expression (9). These results show that AhR deficiency or the degradation of its ligands in IECs promotes the hyperactivation of Wnt signaling due to a selective defect in the induction of key negative pathway regulators. In turn, this highlights the potential of physiological AhR signals to temper Wnt responsiveness in ISCs. Using an in vitro model of wound healing, Kasai et al. have further shown that disruption of adherens junctions by Spinner Modification (S-MEM) in Caco-2 cells enhances the interaction between β-catenin and AhR but not with TCDD treatment (an AhR agonist) as evidenced by immunoprecipitation and that the ablation of β-catenin by siRNAs enhances the induction of CYP1A1 mRNA with S-MEM or TCDD treatment (43). This suggests that while ablation of AhR may potentiate Wnt signals, ablation of β-catenin may then potentiate AhR signals in response to tissue injury though direct degradation of β-catenin by ligand-activation of the AhR remains questionable. As recently demonstrated, only one primary association between β-catenin and the AhR in vitro could be found after failing to induce β-catenin degradation by AhR activation with various AhR ligands in multiple cell lines, that β-catenin does enhance AhR-mediated transcriptional activation (44). As such, the most significant discrepancy is whether the above interaction is assessed in vivo or in vitro. Consequently and as the findings of Kasai et al. suggest, that despite TCDD not enhancing the interaction between β-catenin and the AhR, local factors following tissue injury may act as endogenous AhR ligands to then temper Wnt signals which could explain the hyperactivation of Wnt signals in vivo following IEC-specific ablation of AhR.



EGFR-MAPK/ERK and Notch

Epidermal growth factor (EGF) is an extracellular ligand produced from neighboring Paneth and subepithelial mesenchymal cells that plays a pivotal role in intestinal growth as it potentiates cell survival and ISC proliferation through downstream Mitogen-activated protein kinase (MAPK) signals (45–47). MAPKs are vital signaling molecules that influence a broad range of cellular processes including proliferation and differentiation in IECs (47). Together with the Wnt/β-catenin pathway, MAPK signaling governs ISC stemness as well as their differentiation into TA cells (48). Of the many MAPK signaling pathways, the Ras/Raf/MEK/ERK system is the best characterized which culminates in the terminal phosphorylation, and thus activation, of the MAPKs ERK1 and ERK2 (Figure 2B). MAPK/ERK signaling is potentiated by the Src homology 2 (SH2) phosphatase 2 (SHP2), a ubiquitously expressed cytoplasmic phosphotyrosine (pY) phosphatase whose target substrate is the EGF receptor (EGFR) which is a transmembrane receptor tyrosine kinase (RTK) (49). Deletion of SHP2 in IECs results in a decreased ERK phosphorylation (50) whereas its activation confers resistance to dextran sulfate sodium (DSS)-induced colitis and Citrobactoer rodentium (C. rodentium) infection through the MAPK/ERK pathway (51). At present, the extent to which AhR activation works in tandem with SHP2-MAPK/ERK signaling to promote intestinal homeostasis remains largely unknown; however, its role in potentiating MAPK/ERK signals must be highlighted. Independent of SHP2, AhR activation by the tryptophan derivative 6-formylindolo (3, 2-b) carbazole (FICZ) has indeed shown to ameliorate DSS-induced colitis and exclusively promote the MAPK/ERK-dependent differentiation of GCs (52). Importantly, this selectivity for GCs occurs in parallel with a suppression of Notch signals as indicated by a down-regulation of the Notch intracellular domain (NICD) which is released upon Notch activation (Figure 1B). Like the Wnt/β-catenin pathway, Notch signaling has a profound effect on intestinal development as it regulates ISC stemness and epithelial cell fate (53, 54). In this regard, Notch signaling suppresses the differentiation of GCs and its actions may therefore be countered by the activation ERK as previously described (51). Taken together, these findings suggest that AhR-MAPK/ERK signaling promotes intestinal homeostasis by selecting for the differentiation of GCs.




THE CONTRIBUTION OF AHR LIGANDS TO ISC HOMEOSTASIS


Tryptophan Metabolites

Tryptophan is an essential amino acid and is a precursor for several bioactive molecules, especially serotonin; however, only a small percentage of tryptophan is metabolized into serotonin. Instead, ~ 95% of tryptophan is metabolized into kynurenine (KN) which plays a critical role in cellular energy production following its eventual conversion into nicotinamide adenine dinucleotide (NAD+) through the kynurenine pathway (KP) (55, 56). What remains of the KN pool under physiological conditions is converted into kynurenic acid (KA) (56) and both metabolites are potent AhR ligands (57, 58). Interestingly, KN may regulate epithelial cell fate through the AhR. Of note are recent findings demonstrating that both tryptophan and KN promote GC differentiation in HT-29 cells as determined by Muc2 gene expression (59). Analyses confirmed that both inhibition of KN synthesis by 1-Methlytryptophan (1-MT) and inhibition of AhR signaling by its antagonist α-naphthoflavone suppresses Muc2 gene expression, suggesting a loose connection between AhR activation and KN synthesis in the production of GCs. Importantly however, while KN was shown to increase the protein expression of β-catenin relative to NICD (Wnt vs. Notch signals), these effects were dependent on the media in which the cells were grown (i.e., DMEM vs. RPMI) which can vary in amino acid and glucose content (59). Interestingly, an early report by Park et al. has indicated that AhR is highly expressed in LGR5+ stem cells in the small intestine and that administration of its potent ligand FICZ, a tryptophan derivative generated by ultraviolet B irradiation (60), inhibits the development of intestinal organoids in a concentration-dependent manner in vitro as indicated by significant reduction in absolute numbers of organoids and slightly reduces Paneth cells in the small intestine with a concomitant reduction in crypt length and a reduction in colonic crypt length in vivo (61). It was also found that FICZ reduced the protein expression of active β-catenin in organoids derived from small intestinal crypts (perhaps due to a loss of morphogenetic factors produced from crypt Paneth cells) though increased the gene expression of the transcription factor ATOH1, which promotes the differentiation of secretory lineages from ISCs, as well as altered the gene expression of other morphogenetic pathway markers (61). Though no changes in GC number were observed following FICZ administration, the observed increase of ATOH1 expression highlights the putative role of FICZ in promoting the differentiation of GCs as previously shown (52). In all, these findings suggest that KN promotes the differentiation of GCs in tandem with AhR activation but that these actions may be dependent on additional local factors such as other amino acids. In addition, FICZ modulates multiple morphogenetic pathways and its effect on epithelial cell fate may be consistent with KN in promoting the differentiation of GCs but the suppression of Paneth cells and thus the extent to which FICZ modulates differentiation of secretory lineages warrants further investigation. Further, the selective reduction in Paneth cell number may reflect region-specific effects of FICZ on epithelial cell fate.



Microbiota-Derived

The gut microbiota encompasses a diverse array of microbial taxa that colonize the full length of the GI tract, consisting of approximately 3.8 × 1013 cells in total (62). The majority of the gut microbiota is harbored in the colon and modulates its host's physiology by the production of microbiota-derived metabolites that act upon multiple organ systems through various “host-microbe metabolic axes” (63). These metabolites include (but are not limited to) tryptophan catabolites and short-chain fatty acids (SCFAs) originating from the bacterial fermentation of dietary protein and soluble fiber (64, 65). These metabolites serve as AhR ligands of varying affinities and may affect ISC stemness.


Tryptophan Catabolites

As mentioned above, much of dietary tryptophan is metabolized into KN through the KP as the majority of ingested protein is digested and absorbed in the small intestine (66). Depending on total intake however, excess protein and amino acids (6–18 g/day) may reach the colon and become accessible to the resident gut microbiota (67). While there are bacteria that specialize in the proteolytic fermentation of dietary protein, the degradation of tryptophan appears to be a ubiquitous function shared among several bacterial species that reside throughout the GI tract (65, 68). Most notably is the ability of the gut microbiota to convert tryptophan into indole and indole derivatives via the enzyme tryptophanase (TnaA) (69, 70). To date, research indicates that a variety of both Gram-positive and -negative bacteria are capable of producing large amounts of indole and consequently, that indole acts as a significant signaling molecule within microbial communities having been implicated in the control of diverse aspects of bacterial physiology as reviewed elsewhere (71). Given its importance in shaping the ecological landscape and physiology of the gut microbiota, bacteria-derived indole and its derivatives have a significant impact on host gut physiology and health. While several derivatives of indole exist, here we focus on the AhR ligands indole-3-aldehyde (IALD) and indole-3-propionic acid (IPA) and their prospective contribution to ISC stemness as these two ligands have shown to directly impact ISC stemness to date.

Among the many aspects of immune development that AhR signaling plays a role in, notably is its impact on innate lymphoid cells (ILCs). ILCs are a heterogenous population of immune cells that are non-T and non-B lymphocytes which lack antigen-specific receptors and are hence activated through cytokine signaling (72). ILCs have distinct groups that express transcription factors and produce signature cytokines including group 3 ILCs (ILC3s), which release interleukin (IL)-22 upon AhR activation (73). This AhR-IL-22 axis expressed in ILC3s is critical for the maintenance of intestinal homeostasis as AhR deficiency in RORγt+ ILCs increases susceptibility to C. rodentium infection due to a lack of IL-22 production (74). Likewise, AhR deficiency in mice causes an increase in Th17 cells and an expansion of commensal segmented filamentous bacteria (SFB) due to a concomitant reduction in IL-22 (75). Further, haplodeficiency of RORγt with genetic ablation of AhR spontaneously induces colitis indicating the importance of RORγt in maintaining the ILC3 compartment and subsequent IL-22 production in tandem with AhR activation (75). Additional findings confirm that treatment with IL-22 increases ISC stemness both in vivo and ex vivo as well as reduces intestinal pathologies associated with graft-versus-host disease (76). In this same study, it was also found that STAT3 activation was crucial for both organoid formation and IL-22 mediated epithelial regeneration highlighting the importance of JAK/STAT signaling in ISC stemness. While evidence also illustrates a Notch-AhR-IL-22 axis which regulates colon tissue homeostasis through the development of IL-22 producing ILCs (77–79), an earlier report has shown that IALD produced primarily from Lactobacillus reuteri (L. reuteri) increases the production of IL-22 in indoleamine 2,3-dioxygensase 1 (IDO1) deficient mice, conferring antifungal resistance and mucosal protection when challenged with Candida albicans (C. albicans) or DSS (80). As expected, these beneficial effects were not observed in AhR-deficient mice emphasizing the AhR-dependent release of IL-22 (80). In addition, a more recent study explored the protective effect of L. reuteri on the integrity of the gut mucosa in an attempt to elucidate the therapeutic benefits of Lactobacilli often found in yogurt (81). The authors reported that L. reuteri upregulated IL-22 production and stimulated ISC regeneration (as indicated by an increase in LGR5+ stained cells) in both organoid/LPL co-cultures and in mice which was also observed with IALD administration. Lastly and similar to the findings of Lindemans et al. (76), the secretion of IL-22 by LPLs stimulated with L. reuteri or IALD increased the phosphorylation of STAT3 both in vivo and ex vivo. Together, these findings suggest that IALD derived from Lactobacilli plays a pivotal role in the production of IL-22 within AhR-expressing immune cells and that through the AhR-IL-22 axis, promotes ISC regeneration and epithelial restitution which is dependent on STAT3 activation.

IL-10 is a potent anti-inflammatory cytokine whose significance is well established in IBD. This important cytokine signals through the IL-10 receptor ligand-binding subunit (IL-10R1) and is induced during inflammation to suppress the production of proinflammatory mediators in IECs (82). To date, studies indicate that IL-10 regulates mucin biosynthesis in GCs and that IL-10 is critical for Paneth cell development and function (83, 84). While the direct effect of IL-10 on IEC function and development is less explored, these findings suggest that IL-10 may have an influence on secretory epithelial cells. Nevertheless, a recent report has shown that both IALD and IPA induce IL-10R1 expression in vitro and that this induction requires AhR signaling as the ablation of its dimeric partner ARNT prevented the indole-dependent induction of IL-10R1 (85). Moreover, only wild-type Escherichia coli (E. coli) were able to generate IALD and IPA, and thus induce epithelial IL-10R1. Collectively, these results indicate a putative role of IL-10 signaling in secretory epithelial cell function and development, and that the microbiota-derived indole derivates IPA and IALD augment the therapeutic effects of IL-10 via AhR signals in the preservation of mucosal homeostasis.



Short-Chain Fatty Acids

SCFAs are one of the major end products of microbial fermentation and are formed from carbohydrate, protein and glycoprotein precursors by anaerobic bacteria (86). Principal SCFAs are acetate, propionate and butyrate in which all are important sources of carbon and energy for host tissues (87). These organic acids are absorbed through the gut mucosa and can modulate host energy homeostasis through interactions between chemosensory enteroendocrine cells (87, 88). Interestingly, butyrate is a critical energy source for colonocytes (89) and exhibits therapeutic effects like that of other AhR agonists including induction of Treg cells, anti-inflammatory responses as well as the induction of IL-22 (90–93). While recent data show that all three SCFAs enhance AhR responsiveness in vitro primarily as histone deacetylase (HDAC) inhibitors (94), additional findings demonstrate that butyrate can activate AhR signaling independent of its role as an HADC inhibitor suggesting that it is a direct AhR ligand as well (95). As recently reviewed (96), studies that have investigated the effect of butyrate on ISCs are discrepant, however. For instance, as butyrate is a primary energy source for colonocytes (89), it can facilitate ISC proliferation through gluconeogenesis (97) and improved microcirculation by dilating colonic resistance arteries (98). In contrast, butyrate has shown to suppress colonic stem cell proliferation by HDAC inhibition and Foxo3 regulation, a transcription factor that governs cell proliferation and longevity (99). While disagreements remain, studies to date overall posit that butyrate regulates ISC proliferation in the colon and controls the differentiation of GCs. Still however, the extent to which butyrate regulates ISC stemness via AhR activation remains elusive.




Plant-Derived

Given the ubiquitous influence of AhR signaling in the maintenance of barrier surfaces and its ability to ligate numerous ligands, the efficacy of natural AhR ligands in the treatment of inflammatory disorders in murine models has been extensively explored. Of note are the phytochemicals quercetin, resveratrol and indole-3-carbinole (I3C). At present, there are no studies that have examined the effects of these flavonoids in IBD patients but the therapeutic aspects thereof have been extensively studied due to their potent antioxidant and anti-inflammatory properties (100). While each indeed has potent therapeutic effects in the treatment of experimental IBD (101), recent evidence suggests that these effects extend beyond modulation of immune responses and inflammation in which maintenance of ISC stemness may also be a benefit.

Quercetin is an abundant polyphenol found in many natural foods including fruits, vegetables, and nuts (102). Like quercetin, resveratrol is a polyphenol best known to be enriched in the skins and seeds of red grapes used to make red wine (103). Due to their low affinity, both are corroborated to be indirect AhR ligands and control AhR responsiveness by inhibiting the actions of CYP1A1 which prevents the metabolic turnover of the potent AhR agonist FICZ (104). As shown above, multiple signaling pathways, including MAPKs and canonical Wnt/β-catenin cascades, regulate cellular turnover of the intestinal epithelium. Expectedly, oncogenic mutations inducing the hyperactivation of both pathways perturb intestinal homeostasis and result in intestinal malignancies. Of note are the oncogenic mutations of K-Ras (KRAS) within the EGFR-MAPK/ERK pathway which has shown to be involved in CRC development (105, 106). Resveratrol has been found to possess a broad-spectrum of health benefits including anti-cancer activities (107) and findings by Saud et al. specify that resveratrol acts directly to suppress KRAS expression (108). Using a conditional knockout model of APC in mice supplemented with resveratrol, the authors determined that resveratrol inhibits tumor growth and proliferation which is accompanied by a reduction in LGR5, KRAS and nuclear β-catenin expression. Interestingly, mRNA levels of KRAS did not change with resveratrol but instead, an 80% increase in the expression of the miRNA miR-96 was observed. As miR-96 has shown to regulate the translation of KRAS mRNA (109, 110), the authors concluded that the mechanism through which resveratrol confers its therapeutic effects is the post-translational modification of KRAS by miRNAs. Similarly, recent findings of Damiano and colleagues suggest that the therapeutic effects of quercetin are also enacted via the MAPK/ERK pathway particularly as it relates to GC function (111). In human intestinal GC-like LS174T and Caco-2 cells, the authors observed a significant increase in MUC2 and MUC5AC expression in both cell lines following exposure to quercetin and that these effects were dependent on the induction of both MAPK/ERK and protein kinase C alpha (PKCα) signals. PKC is a family of lipid-sensitive serine/threonine protein kinases that regulate various cellular functions including cell proliferation, differentiation, migration, adhesion and apoptosis (112). Importantly, PKCα activity is a strong agonist of ERK signaling via Ras activation and works in parallel to regulate cell cycle withdrawal in IECs (113). Taken together, these studies suggest that resveratrol and quercetin promote intestinal homeostasis through opposing directions of the same signaling cascade; resveratrol regulates cell proliferation by inhibiting Wnt and MAPK/ERK signals (via the suppression of KRAS) whereas quercetin modulates the biosynthesis of mucins in intestinal GCs via the activation of MAPK/ERK and PKCα signals. Regarding AhR signaling, quercetin may confer its effects on intestinal GCs indirectly by allowing the FICZ-AhR-MAPK/ERK axis discussed above to ensue whereas resveratrol may exert its therapeutic effects via the induction of miR-96 which has shown to be regulated by the AhR in the lung (114).

I3C is a breakdown product of glucobrassicin, a sulfur-containing compound that is rich in cruciferous vegetables such as broccoli and cabbage and is converted primarily into 3,3′-diindolylmethane (DIM) due to the acidic environment in the stomach upon digestion (115). I3C has shown much promise in the treatment of IBD as we have recently demonstrated that it prevents colitis via the induction of IL-22 (116), further highlighting the importance of the AhR-IL-22 axis in intestinal homeostasis. With regard to ISC stemness, a recent report by Park et al. further associates I3C-AhR induction with both Wnt and Notch signals in the regulation of GC differentiation (117). Similar to their earlier report using FICZ (61), administration of I3C by oral gavage inhibited the development of intestinal organoids in an AhR-dependent manner as indicated by a decrease in the proliferation of both ISCs and TA cells. RNA expression analyses of lineage specific genes in cultured organoids further concluded that I3C directly impacts the development of GCs, Paneth cells and enterocytes such that I3C increases MUC2 and lysozyme expression but decreases intestinal alkaline phosphatase (IAP) expression. In addition, and in contrast to their previous report, GCs were increased in I3C-treated mice. Given the preferential increase of genes related to secretory epithelial cell types, additional analyses confirmed that I3C indeed potentiates Wnt but suppresses Notch signals as evidenced by an increase in β-catenin and a decrease in Notch protein expression as well as in HES1 RNA expression, a transcription factor activated downstream of Notch signaling which suppresses ATOH1. While these findings suggest that I3C potentiates Wnt signaling, it may be context dependent as Metidji et al. have demonstrated that dietary I3C tempers Wnt hyperactivity in VillinCreR26LSL−Cyp1a1 mice co-challenged with azoxymethane (AOM)/DSS by enhancing the expression of ZNRF3 and RNF43 (9). This discrepancy might be due to mode of administration of I3C as purified diets may potentiate differential effects on intestinal health in comparison to normal chow (118). In sum, these findings posit that I3C plays a direct role in the development of ISCs via the AhR perhaps in a context-specific manner to maintain intestinal homeostasis and indicate that this regulation is likely mediated by both Wnt and Notch signals.




CONCLUSIONS

The ISC niche is complex and is the epicenter from which all intestinal epithelial cells arise. The fate of these stem cells and the function of their differentiated progeny are driven by varying local factors whose actions are coordinated through numerous signaling cascades that blend to govern ISC stemness. To add to this complexity, evidence reported herein highlights the extensive integration of AhR activation by various AhR ligands in the regulation of such pathways associated with ISC stemness. What proves challenging moving forward is addressing the promiscuous nature of AhR signaling itself. To remedy this, animal studies that investigate the effects of AhR deficiency in a cell-specific manner together with global ablation could provide more insight into the exact mechanisms through which the AhR exerts its effects. In addition, mode of dietary ligand administration (refined diets vs. intraperitoneal injection vs. oral gavage) should be strongly considered as each method could differentially affect experimental outcomes. Altogether, while much of the responses from AhR activation are context- and cell-dependent, the present findings illustrate the ubiquitous effects of AhR signaling in the maintenance of the ISC niche. What remains to be explored further is the extent to which both the mucosal immune system and the induction of molecular cascades in epithelial cells work in tandem with the AhR to regulate ISC stemness and epithelial cell fate.
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Particulate matter (PM) induces neutrophilic inflammation and deteriorates the prognosis of diseases such as cardiovascular diseases, cancers, and infections, including COVID-19. Here, we addressed the role of γδ T cells and intestinal microbiome in PM-induced acute neutrophilia. γδ T cells are a heterogeneous population composed of Tγδ1, Tγδ2, Tγδ17, and naïve γδ T cells (TγδN) and commensal bacteria promote local expansion of Tγδ17 cells, particularly in the lung and gut without affecting their Vγ repertoire. Tγδ17 cells are more tissue resident than Tγδ1 cells, while TγδN cells are circulating cells. IL-1R expression in Tγδ17 cells is highest in the lung and they outnumber all the other type 17 cells such as Th17, ILC3, NKT17, and MAIT17 cells. Upon PM exposure, IL-1β-secreting neutrophils and IL-17-producing Tγδ17 cells attract each other around the airways. Accordingly, PM-induced neutrophilia was significantly relieved in γδ T- or IL-17-deficient and germ-free mice. Collectively, these findings show that the commensal microbiome promotes PM-induced neutrophilia in the lung via Tγδ17 cells.
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Introduction

γδ T cells are abundant in mucosal tissues, such as the conjunctiva, skin, and lung (1–3). Amongst them, Tγδ17 cells play an important role in the rapid response to foreign antigens by immediately secreting IL-17 and recruiting neutrophils into inflamed mucosal tissues (4, 5). In particular, the lungs are constantly exposed to various environmental insults such as airborne pathogens and inorganic pollutants. In this process, the commensal microbiome acts as an important immune modulator (6, 7). Recent studies have shown that dysregulated microbiota causes immune dysfunction, leading to poor control of respiratory infections, allergic asthma, or tumor immune surveillance (8–10). In the liver, the critical role of intestinal bacteria in the homeostasis of hepatic Tγδ17 cells has been described (11). However, the immune crosstalk between the commensal microbiota and lung-resident Tγδ17 cells has not yet been elucidated.

Air pollution is a serious problem worldwide, and accumulating evidence indicates that particulate matter (PM) has a significant effect on immune systems (12). Long-term exposure to PM induces IL-1 and TNFα secretion from alveolar macrophages (AM) and airway epithelial cells (AECs) (13–15) and is closely associated with increased mortality, morbidity, and hospitalization of asthma patients (16, 17). In particular, traffic-driven particles (diesel exhaust particles, DEPs) exacerbate house dust mite (HDM)-induced allergic asthma by enhancing Th17 cells in lungs (18, 19). In addition, recent studies have shown that the severity of air pollution is highly correlated with the mortality rate of COVID-19 patients; for every 1 μg/m3 increase in airborne fine dust concentration, the mortality of patients increases by 11% (20). To date, however, the role of γδ T cells in PM-induced pulmonary inflammation has not been well addressed.

γδ T cells are innate T cells that develop in the thymus. In a previous study, we showed that there are three distinct effector subsets in the thymus according to their transcriptional profiles designated as Tγδ1, Tγδ2, and Tγδ17 cells (21). These effector cells develop from common progenitors, and we showed that lineage differentiation models rather than TCR-mediated instructions and explained their ontogeny. In this study, we extended our previous research by analyzing γδ T cells in the peripheral lymphoid and non-lymphoid organs, including the lungs and defined their critical role in PM-mediated acute pulmonary neutrophilia. We defined naïve γδ T (TγδN) cells corresponding to conventional γδ T cells (CD44loCD45RBhi) described previously (21, 22) and categorized all γδ T cells as TγδN, Tγδ1, Tγδ2, and Tγδ17 cells. Using anti-Vγ1, Vγ1/2, Vγ4, Vγ5, Vγ6, and Vγ7 antibodies in a single staining panel, we comprehensively analyzed Vγ TCR usage in all four sub-types of γδ T cells in peripheral tissues and compared them in specific pathogen-free (SPF) and germ-free (GF) mice. As a result, we found that commensal microbiota is critical for the maintenance of the peripheral pool of lung-resident IL-1R+ Tγδ17 cells, which contributed to the development of PM-induced acute airway neutrophilic inflammation, but not a chronic model of IL-17-dominant HDM/PM-induced allergic asthma. Consistent with this, PM-induced neutrophila was significantly relieved in GF mice compared to SPF mice. Collectively, these findings provide mechanistic insight into the immune crosstalk between commensal microbiome, lung-resident γδ T cells, and PM-induced neutrophilia.



Methods


Mice

B6 WT (C57BL/6) and Tcrd -/- (B6.129P2-Tcrd tm1Mom/J) mice were purchased from the Jackson Laboratory and bred in our facility under specific pathogen-free (SPF) conditions. Il17a/f -/- (B6) mice were received from Dr. Charles D. Surh (POSTECH, Korea). CD45.1/2 B6 mice were received from Dr. Sin-Hyeog Im (POSTECH, Korea). All mice were used at the age of 6-12 weeks unless indicated, and age- and sex-matched animals were used as controls. Germ-free (GF) mice were bred and used as previously described (24). All mouse experiments were performed using protocols approved by the Institutional Animal Care and Use Committees (IACUC) of the POSTECH.



PM-Induced Pulmonary Inflammation and Treatments

Mice were intranasally administered with 250 μg of particulate matter (PM) in saline or saline alone as controls. PM was obtained from Sigma (PM10-like ERMCZ100-1VL and ERMCZ120-1VL) and used as a 1:1 mixture. All intranasal administration (20 μl/nostril) was performed under anesthesia (i.p.) with ketamine (Yuhan)/xylazine (Rompun, BAYER) solution, as described (21).



Mouse Models of Chronic HDM/PM-Induced Allergic Asthma

We used a previously described house dust mite (HDM)-induced mouse asthma model with minor modification (25). HDM (Dermatophagoides pteronyssinus) extracts were purchased from Greer laboratories. Mice were intranasally administered with 20 μg of HDM daily for 4 days and challenged again with 20 μg of HDM for 4 days later. Fine dust was administered via the intranasal route with 250 μg of PM.



Parabiosis

Five-week-old B6 CD45.1/2 and CD45.2/2 female mice were joined together by parabiosis for 2 or 7 weeks, as previously described (11). Weight-matched mice were anesthetized and shaved. An incision was made along the side of each mouse and the skin was connected using surgical clips.



Flow Cytometry and Antibodies

Single-cell suspensions were isolated and stained with fluorescein-conjugated antibodies. For cytokine detection experiments, lymphocytes were stimulated with Cell Stimulation Cocktail and protein transport inhibitors (eBioscience) for 4 hours. Cells were washed twice in FACS buffer and stained with surface markers for 30 min at 4°C. For intracellular staining, single-cell suspensions were surface-stained, fixed, and permeabilized with the eBioscience Foxp3 staining buffer set. Following antibodies were used; anti-CD4-BUV395 (BD, GK1.5), anti-CD8α-BV650 (BD, 53-6.7), anti-SiglecF-PE (BD, E50-2440), anti-CD11b-PerCP-Cy5.5 (BD, M1/70), anti-CD11c-PE-Cyanine7 (eBioscience, N418), anti-TCRβ-PE-CF594 (BD, H57-597), anti-Ly6G-APCCy7 (BD, IA8), anti-CD45.2-BV605 (BD, 104), anti-B220-BV711 (BD, RA3-6B2), anti-CD8-BV510 (BD, 53-6.7), anti-CD44-redFluor 710 (TONBO, IM7), anti-TCRβ-APCCy7 (BD, H57-597), anti-CD11c-BV650 (BD, HL3), anti-Thy1.2-BV786 (BD, 53-2.1), anti-GL3-BV421 (BD, GL3), anti-CD45.2-BV650 (Biolegend, 104), anti-CD11c-BV711 (BD, HL3), anti-GATA3-PE (ebioscience, TWAJ), anti-Tbet-PE-Cyanine7 (eBioscience, 4B10), anti-RORγ-PE-CF594 (BD, Q31-378), anti-PLZF- Alexa Fluor 647 (BD, R17-809), Zombie-Aqua (Biolegend), anti-RORγt- PerCP-Cy5.5 (BD, Q31-378), anti-IL-17A-BV650 (BD, TC11-18H10), anti-IFNγ-BV786 (BD, XMG1.2), anti-CD11b-BV711 (BD, M1/70), anti- IFNγ-PE (Invitrogen, XMG1.2), anti-proIL-1β- PE-Cyanine7 (Invitrogen, NJTEN3), anti-CD11c-APC (Invitrogen, N418), anti- CD121a (IL-1R, Type I/p80)-PE (Biolegend, JAMA-147), anti-IFNγ-BV421 (BD, XMG1.2), anti-GL3- PE-CF594 (BD, GL3), anti-CD24-BV605 (Biolegend, M1/69), anti- Vγ2 TCR-BV786 (BD, UC3-10A6), anti-CD23p19-Alexa Fluor 488 (Invitrogen, fc23cpg), anti-Ki-67- PerCP-eFluor 710 (Invitrogen, SolA15), anti-GL3-PE (BD, GL3), anti-IL-17F- Alexa Fluor 488 (Biolegend, 9D3.1C8), anti-Vγ1.1 TCR-BV421 (BD, 2.11), anti- Vγ1.1+ Vγ1.2 TCR-PE (Biolegend, 4B2.9), anti-Vγ3 TCR-BV510 (BD, 536), anti-CD45.1- Pacific Blue (Biolegend, A20), anti-CD3-APCCy7 (BD, 145-2C11), anti-Vδ6.3/2 TCR (BD, 8F4H7B7). 17D1 hybridoma (anti-Vγ6 antibody) and biotinylated anti-Vγ7 antibody was used as previously described (21). Cells were analyzed on an LSR (Foretessa BD Biosciences) and data were processed using FlowJo software (Tree Star).



Tetramers and Cell Enrichment

Biotinylated PBS57 loaded CD1d monomers and 5-OP-RU loaded MR1 monomers were obtained from the tetramer facility of the US National Institutes of Health (NIH). Biotinylated monomers were tetramerized using streptavidin-phycoerythrin (PE) (Prozyme), streptavidin-allophycocyanin (APC) (Prozyme), and streptavidin-PE-Cy7 (BD). For simultaneous enrichment of NKT, MAIT, and γδ T cells, single cell suspensions of lung were stained with PBS57-CD1d PE-Cy7, 5-OP-RU-MR1 PE, and anti-TCRγδ (GL3) PE-TR and enriched with anti-PE microbeads (Miltenyi) according to the manufacturer’s instructions.



Cell Preparation

Mice were sacrificed at the indicated time points and BAL fluids were collected in 1 mL PBS. To remove circulating cells, 15 ml of PBS was injected into the heart after incision of the abdominal aorta. Harvested lung tissues were minced by McIlwain Tissue Chopper and digested in 5 mL of RPMI-1640 containing collagenase D (400 Mandl Units; ROCHE) and DNase I (1 mg/ml; 9003-98-9) on a shaker at 37°C for 45min, followed by filtration through a 70 μm strainer and 40%, 70% Percoll (Merck) gradient centrifugation (20 min at 2,000 rpm at room temperature). To isolate LP cells from the intestine, we followed previous report (26). Single-cell suspensions were prepared and separated by Percoll gradient centrifugation. Adipose tissues were minced and digested with collagenase type IV (100 units, Gibco) and collagenase D (400 Mandl Units, ROCHE) on a shaker at 37°C for 45min. The ears were excised and cut into small pieces. The ear epithelial cell layer was removed by vigorous stirring in PBS containing 3% FBS, 20 mM HEPES, 100 U/ml penicillin, 100 μg/ml streptomycin, 1 mM sodium pyruvate, and 10 mM EDTA at 37°C for 20 min. The tissue samples were then digested in PRMI containing collagenase type V (1 mg/ml, Sigma) at 37°C for 45 min. Total cells were counted using a VI-CELL Cell Viability Analyzer (BECKMAN COULTER) and stained for FACS analysis.



IL-1β Cytokine Measurement

For intracellular cytokine staining of proIL-1β, single cells were primed with lipopolysaccharide (LPS, 10 ng/ml; Sigma) for 2 hours in 10% FBS and 1x penicillin and streptomycin (P/S) containing RPMI media, as previously described (27, 28). Cells were co-incubated with 1x Monensin (Biolgened, 420701) and 1x Brefeldin A (Sigma). Intracellular cytokine staining was surface stained, fixed with IC fixation buffer (eBioscience), and permeabilized with the staining buffer (eBioscience).



Immunofluorescence

Immunofluorescence staining was performed as described previously (29), with modifications. Briefly, tissues were fixed with 4% paraformaldehyde (PFA) for 1 hour and snap frozen. Five micrometer tissue sections were blocked with 5% bovine serum albumin and goat sera (Jackson Laboratory) for 1 hour at 25°C and stained with antibodies. Images were obtained using Leica DM6B with THUNDER system.



Statistical Analysis

Prism software (GraphPad, Version 8.4.2) was used for statistical analysis, and all data were represented as mean ± SD. Unpaired two-tailed t-tests and one-way ANOVAs were used for data analysis and the generation of P values. P < 0.05 was considered significant.




Results


Peripheral Homeostasis of Tγδ17 Cells Is Dependent on Commensal Microbiome

To analyze γδ T cells systematically, we used a combination of transcription factors and surface markers as previously described (21), and newly defined naïve γδT (TγδN) cells as PLZFlo/-RORγt – Tbet – CD44lo cells in the thymus (Figure 1A, upper panels). We further analyzed TCR Vγ usage using a panel of antibodies specific for TCR Vγ1, Vγ1/2, Vγ4, Vγ5, Vγ6, and Vγ7 in a single staining panel. In this way, we analyzed γδ T cells in the thymus and periphery, and phenotyped different subsets of γδ T cells with different TCR Vγ chain usages, except TCR Vγ3, which is a pseudogene.




Figure 1 | Peripheral homeostasis of Tγδ17 cells is dependent on commensal microbiome. (A) FACS gating strategy is shown for analysis of Vγ TCR repertoire of each subset of γδ T cells in thymus, lung, IEL and ear of B6 mice. (B–E) Single cell suspensions of indicated organs from SPF and GF (6-week-old) C57BL/6 (B6) mice were analyzed by flow cytometry. Thymus is gated on CD24low cells. Numbers indicate frequencies of cells in adjacent gates. (B) Bar graphs show mean frequencies of Tγδ17, Tγδ2, Tγδ1, naïve γδ T (TγδN), and dendritic epidermal T cells (DETC) cells among total γδ T cells and CD24low cells (thymus). (C, D) Graphs show statistical analysis of absolute numbers of Tγδ17 cells in indicated tissues (C) and Tγδ2 cells in the thymus (D). Numbers indicate P values. Representative dot plots show Tγδ2 cells in the thymus. (E) Pie charts show mean frequencies of each Vγ TCRs among total Tγδ17 cells. Numbers indicate fold changes. Pooled data from at least three independent experiments are shown (N = 3 ~ 14). Each dot represents an individual mouse and horizontal bars show mean values. Data are presented as mean ± SD. U.D, undetected. Unpaired two-tailed t-test was used. *P < 0.05, **P < 0.01. SPF, specific pathogen free; GF, germ-free; SPL, Spleen; SI-LP, small intestinal lamina propria; PLN, peripheral lymph node; THY, thymus; MLN, mesenteric lymph node; IEL, intraepithelial lymphocytes.



As previously reported (30), Tγδ17 cells mainly consist of PLZFloVγ4+ and PLZFintVγ6+ cells both in the thymus and periphery, including the lung and skin (Figure 1A and Supplementary Figure 1). In the thymus, all subtypes of γδ T cells were present and most intraepithelial lymphocytes (IEL) γδ T cells were TBET+ Tγδ1 cells. The majority of thymic TγδN and Tγδ1 cells consisted of Vγ1+ and Vγ4+ cells, whereas more than half of IEL Tγδ1 cells expressed TCR Vγ7, indicating that the Vγ TCR usage of γδ T cells varies depending on the tissue type, despite the same effector lineage. As shown in previous studies (31), in the skin, GL3hi dendritic epidermal T cells (DETC) were TCR Vγ5+ and GL3int dermal γδ T cells were RORγt+ Tγδ17 cells expressing TCR Vγ4 or Vγ6 (Figure 1A, lower right panels).

In the thymus and periphery of SPF mice, naïve and effector subsets of γδ T cells were variably distributed, except Tγδ2 cells that were exclusively present in the thymus (Figure 1B and Supplementary Figure 2). Because γδ T cells are affected by commensal microbiome (11, 32), we compared their subset distributions between SPF and GF mice (Figure 1B and Supplementary Figure 2). Notably, GF condition most prominently affected the numbers and frequencies of Tγδ17 cells in the lung and small intestinal lamina propria (siLP), in which commensal or foreign micro-organisms are abundant (Figure 1C). TγδN and Tγδ1 cells were also slightly reduced in the spleen, mesenteric lymph node (mLN), and IEL of GF mice compared SPF control. Interestingly, there were decreased numbers of Tγδ2 cells, but not other subsets in thymi of GF mice (Figure 1D), indicating that commensal microbiota affects thymic development of γδ T cells. We further investigated the effect of microbiome on Vγ TCR chain usage; however, there were no noticeable differences in the thymus and periphery between SPF and GF mice (Figure 1E, Supplementary Figure 3 and Supplementary Table 1). Overall, these findings indicate that TCR Vγ repertoire determined in the thymus is not affected by commensal microbiome in the periphery, suggesting that innate signaling rather than TCR engagement by specific antigens regulates the peripheral pool of γδ T cells.



Microbial Colonization of GF Mice Restores Peripheral Pool of Tγδ17 Cells

Because maternal commensal microbiome affects the fetal immune system (33–35), we analyzed its effect on the development of Tγδ17 cells using new-born (day 1) mice, which have a fetal repertoire of γδ T cells. The numbers of thymic Tγδ17 cells were not different between SPF and GF mice at all ages (Figure 2A), and there were no substantial differences in their numbers and TCR Vγ usage of thymic immature Tγδ17 (CD24hi RORγt+) and mature Tγδ17 (CD24lo RORγt+) cells in the neonatal mice (Supplementary Figures 4A, B). In 3-week-old pre-weaned GF mice, there was increased usage of TCR Vγ1 in Tγδ17 cells compared SPF mice (Figure 2B and Supplementary Figures 4C, D). In the periphery, Vγ4+ or Vγ6+ peripheral Tγδ17 cells were variably decreased in GF mice compared to SPF mice (Figure 2C).




Figure 2 | Microbial stimulation restores peripheral pool of Tγδ17 cells. Single cell suspension of indicated organs from SPF, GF and conventionalized GF B6 mice were analyzed by flow cytometry. (A) Graph shows statistical analysis of absolute number of thymic Tγδ17 cells at indicated ages. (B, C) Three and six week-old SPF and GF mice were analyzed using flow cytometry. (B) Pie charts show mean frequencies of each Vγ TCR among total Tγδ17 cells in indicated tissues from SPF and GF 3-week-old B6 mice (N = 3). (C) Graphs show statistical analysis of Vγ6+ and Vγ4+ Tγδ17 cells in indicated tissues from SPF and GF mice (N = 3). (D–G) GF mice were conventionalized by co-housing with SPF mice for 6 weeks (ConvGF) and analyzed. (D) Experimental scheme is shown. (E) Representative dot plots show Tγδ17 cells in the lung and SI-LP from SPF and ConvGF mice. Graph shows statistical analysis of absolute number of Tγδ17 cells indicated tissues. (F) Representative dot plots show thymic Tγδ2 cells and graph shows statistical analysis of their absolute numbers. (G) Representative dot plots show IEL Tγδ1 cells and graph shows statistical analysis of their absolute numbers. Numbers indicate frequencies of cells in adjacent gates and each dot represents an individual mouse. Error bars indicate ± SD. Pooled results from three independent experiments are shown. U.D, undetected. Unpaired two-tailed t-test was used. N.S, not significant; SPF, specific pathogen free; GF, germ-free; THY, Thymus; SPL, Spleen; PLN, peripheral lymph node; MLN, mesenteric lymph node; SI-LP, small intestinal lamina propria; IEL, intraepithelial lymphocytes.



The development of mucosal associated invariant T (MAIT) cells is dependent on the microbiome, and later colonization of GF mice failed to reconstitute their development (36). We tested this in γδ T cells by cohousing 6-week-old GF mice with SPF mice for 6 weeks (Figure 2D). However, unlike MAIT cells, in these mice, we observed that not only peripheral Tγδ17 cells, including the lung and siLP (Figure 2E), but also thymic Tγδ2 (Figure 2F) and IEL Tγδ1 (Figure 2G) cells were all restored to equivalent levels of SPF mice. This features indicate that later colonization of the commensal microbiome is sufficient for the restoration of γδ T cells in adulthood.



Tγδ17 Cells Are Tissue Resident

γδ T cells are generally known to be tissue resident. To better understand the circulating dynamics of each subset of γδ T cells in the periphery, we generated a parabiosis model using C57BL/6 congenic mice and analyzed them 2 or 7 weeks later (Figure 3A). We first confirmed that 50% of B cells in the LN were from paired parabionts (Figure 3B and Supplementary Figure 5A) and analyzed γδ T cells. Interestingly, 50% of TγδN cells in most lymphoid and non-lymphoid organs, except thymus and siLP, were derived from paired parabionts, indicating that they are a circulating population similar to B cells. Tγδ17 cells were mostly tissue resident, especially in fat, ear skin, siLP, and lung. Tγδ1 cells were also tissue resident, especially in IEL and siLP. Generally, Tγδ1 cells showed a less tendency of tissue residency compared to Tγδ17 cells (Figures 3C, D). As known that Vγ5+ DETCs are only generated during the fetal period and reside in the skin (37–39), 97% of them were tissue resident at 2 and 7 weeks after parabiosis (Supplementary Figure 5). Therefore, each subset of γδ T cells has different residential or circulatory characteristics with some variability depending on the tissues they localize. Consistent with a previous report (40), we also observed that invariant natural killer T (iNKT) cells, including both NKT1 and NKT17 cells, are tissue resident (Supplementary Figure 6). However, there was not much difference in their tissue residency between NKT1 and NKT2 cells at the second week of parabiosis, and there were no naïve NKT cells. Taken together, unlike previous thoughts, these findings indicate that each subset of γδ T cells has unique pattern of tissue residency, that is Tγδ17 cells are mostly resident in the peripheral tissues compared to Tγδ1 cells, and TγδN cells are circulating cells.




Figure 3 | Tγδ17 cells are tissue resident. (A) Experimental scheme illustrates parabiosis schedules. Five week-old CD45.1/2 and CD45.2/2 congenic B6 mice were underwent parabiosis surgery and analyzed after 2- and 7- weeks. (B) Representative dot plots show proportion of resident (CD45.1/2) and circulating (CD45.2/2) B (B220+), CD4 T and CD8 T cells in peripheral lymph nodes and TγδN, Tγδ1 and Tγδ17 cells in lung. Numbers indicate frequencies of cells in adjacent gates. (C, D) Bar graphs show mean frequencies of residential and circulating cells of each cell subset in indicated tissues at 2- (C) and 7-weeks (D) after parabiosis. Pooled data from three independent experiments using 3 to 5 pairs are shown. (E, F) B6 SPF and GF mice were stained with anti-CD45.2 antibody via intravenously (i.v.) injection and single cell suspensions of indicated organs were analyzed at 3 min after in vivo staining. (E) Experimental scheme is shown. (F) Bar graphs show mean frequencies of intra- and extra- vascular cells of each cell subset in indicated tissues (N = 3). Error bars indicate ± SD. U.D, undetected. Unpaired two-tailed t-test was used. *P < 0.05, **P < 0.01, ***P < 0.001. THY, thymus; SPL, spleen; PLN, peripheral lymph node; MLN, mesenteric lymph node; SI-LP, small intestinal lamina propria; IEL, intraepithelial lymphocytes; BM, bone-marrow, SPF, specific pathogen free; GF, germ-free.



We additionally compared tissue residency of γδ T cells using intravascular staining of anti-CD45 antibodies (Figures 3E, F and Supplementary Figure 7) and found no significant differences between SPF and GF mice. Although intravascular staining does not necessarily differentiate tissue resident population as some cells are intravascular resident, this result suggests that the absence of microbiome does not affect circulating tendency of γδ T cells.



Type 17 Innate T Cells Express IL-1R in the Lung

Tγδ17 cells are activated and rapidly produce IL-17 in response to IL-1 without TCR engagement (32, 41, 42). In the lung, γδ T cells express copious amounts of IL-1R and their over activation due to excessive IL-1 leads to poor control of lung adenocarcinoma (8, 43). Based on this, we further analyzed the expression pattern of IL-1R in γδ T cells and compared it with those in other types of innate T cells such as NKT, MAIT, conventional CD4 T cells, and innate lymphoid cells (ILCs) (Figures 4A, B and Supplementary Figure 8). Frequencies of IL-1R expression in type 17 innate T cells including Tγδ17, NKT17, and MAIT17 cells and in ILC3s were comparable with one another at approximately 60–70%, whereas only about 20% of conventional Th17 cells expressed IL-1R. However, the number of IL-1R-expressing cells was highest in Tγδ17 cells occupying 68% (Figure 4B). In addition, pulmonary Tγδ17 cells expressed the highest level of IL-1R compared to those in thymus, spleen, and mediastinal lymph node (medLN) (Figure 4C). Together, these findings suggest that Tγδ17 cells would be the main population that responds to exogenous IL-1 and produces IL-17.




Figure 4 | Type 17 innate T cells express IL-1R in the lung. (A–C) IL-1 receptor (IL-1R) expression was analyzed by flow cytometry on type 17 innate T cells, innate lymphoid cells (ILC3) and T helper (Th17) cells in indicated tissues from B6 SPF adult mice at steady state. (A) Representative dot plots show pulmonary IL-1R-expressing Tγδ17, mucosal associated invariant T (MAIT17), natural killer T (NKT17), ILC3, and Th17 cells. (B) Bar graphs show statistical analysis of frequencies and absolute numbers of (A). (C) Representative dot plots show PLZF and IL-1R expression of Tγδ17 cells in indicated tissues. Numbers indicate frequencies of cells in adjacent gates. Data are representative of at least two independent experiments and error bars indicate ± SD. medLN, mediastinal lymph nodes. Unpaired two-tailed t-test and one-way ANOVA was used. N.S, not significant, *P < 0.05, **P < 0.01, ***P < 0.001.





PM Induces IL-1β Secretion and Acute Neutrophilia via Tγδ17 Cells

To investigate the pathogenic role of IL-1R+ lung-resident Tγδ17 cells in vivo, we used a mouse model of PM-induced acute airway inflammation. We intranasally administered mice with 250 μg of PM and analyzed at each time points after exposure. Lung epithelial cells are known to produce IL-1β in response to PM (14) and we further analyzed CD45+ leukocytes by flow cytometry. The mean fluorescence of intensity of IL-1β was sharply increased, as well as, the number of IL-1β-producing cells was increased after PM exposure (Supplementary Figure 9A). We analyzed the intracellular IL-1β in the CD45+ leukocytes using a gating strategy as depicted in Supplementary Figure 9B to include T cells, B cells, AM, interstitial macrophages (IM), neutrophils, and other undefined CD11b+ cells. After 4 hours of PM exposure, AM and neutrophils remarkably produced IL-1β (Figures 5A, B). Interestingly, the major cellular sources of IL-1β were neutrophils (33%) and CD11b+ cells (37%) in normal lungs, and neutrophils produced most of IL-1β (approximately 80%) in PM-exposed lungs (Figure 5C). Consistent with previous reports (18, 19), we found that PM causes an acute expansion of alveolar macrophages and strong neutrophilia in the airways (Figure 5D). The kinetics of neutrophil influx was similar to that of alveolar macrophages and peaked at 12 hours after PM administration (Figure 5E).




Figure 5 | PM induces IL-1β secretion and acute neutrophilia via Tγδ17 cells. (A–C) B6 mice were intranasally administered with 250 μg of PM or PBS and single cell suspensions of lung tissue were analyzed at 4 hours after PM exposure. (A, B) Representative dot plots show alveolar macrophages (A) and neutrophils (B). Bar graphs show statistical analysis of absolute number of pro-IL-1β-producing cells. (C) Pie charts show mean frequencies (proportional to angle) and numbers (proportional to area) of indicated cells among total pro-IL-1β-producing cells. (D, E) B6 mice were intranasally administered with 250 μg of PM and analyzed at indicated time points. (D) Representative dot plots show alveolar macrophages (AM), neutrophils (NEU) and eosinophils (EO) in broncho-alveolar lavage fluid (BALF) harvested at 12 hours after PM administration. (E) Graphs show the numbers of alveolar macrophages and neutrophils at indicated time periods in BALF (N = 2 ~ 4). (F–K) B6 mice were intranasally administered with 250 μg of PM and mononuclear cells of lung tissue were analyzed at 24 hours after PM exposure. Representative contour plots show IL-17A+ or IL-17F+ pulmonary Tγδ17 (F) MAIT17 (G) NKT17 (H) Th17 (I) and ILC3 cells (J). Bar graph shows statistical analysis of frequencies of IL-17A-producing cells. (K) Pie charts show mean frequencies (proportional to angle) and numbers (proportional to area) of indicated cells among total IL-17A-producing pulmonary CD45+ cells. Numbers indicate frequencies of cells in adjacent gates or frequencies in each area (C, K). Each dot represents an individual mouse and error bars indicate ± SD. Unpaired two-tailed t-test was used. N.S, not significant, *P <0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. AM, alveolar macrophage; IM, interstitial macrophage; NEU, neutrophils; EO, eosinophil.



Since IL-17-producing Tγδ17 cells are associated with neutrophilia in the lung after bacterial or viral infection (44, 45), we next examined whether PM induces the production of IL-17 from γδ T cells. Using a gating strategy as shown in Supplementary Figure 10, we found that the frequencies of IL-17-producing Tγδ17, MAIT17, and NKT17 cells significantly increased (Figures 5F–H), whereas there were no changes in IL-17 production from Th17 cells and ILC3s (Figures 5I, J) 24 hours after PM exposure. We also confirmed that the total number of IL-17-producing cells was approximately 2.68 times higher in PM-treated lungs compared to that in PBS-treated group (Figure 5K, pie charts). Notably, we discovered that Tγδ17 cells produce 75% of IL-17 under both normal and inflammatory conditions (Figure 5K). PM exposure not only enhanced IL-17 production from Tγδ17 cells (Figure 5F), but also expanded their numbers upon its consecutive exposure for 4 days (Supplementary Figures 11A, B). However, numbers of Tγδ1 or TγδN cells were not increased and there were rather decreased IFNγ secretion from Tγδ1 cells (Supplementary Figures 11C, D). Taken together, these findings indicate that innate T cells, but not Th17 CD4 T cells or ILC3s, are the source of early IL-17 upon PM exposure.



Commensal Microbiota Promotes PM-Induced Acute Neutrophilic Airway Inflammation

We showed that homeostasis of Tγδ17 cells is dependent on commensal microbiomes (Figures 1, 2), and PM induces acute neutrophilia with Tγδ17 expansion (Figure 5). Therefore, we tested whether GF mice have reduced neutrophilic inflammation upon PM exposure (Figures 6A, B). Indeed, GF mice had reduced infiltration of neutrophils and AMs upon PM exposure. Immunofluorescence staining of the lungs revealed that neutrophils clustered together with Tγδ17 cells around airways in SPF mice and GF mice had less infiltration of these cells (Figure 6C). Taken together, these results show that commensal microbiomes regulate neutrophilic inflammation upon PM exposure, which is likely to be mediated by Tγδ17 cells.




Figure 6 | Commensal microbiota promote PM-induced acute neutrophilic airway inflammation. B6 SPF and GF mice were intranasally administered with 250 μg of PM or PBS and analyzed at 12 hours after PM exposure. (A) Representative dot plots show neutrophils in broncho-alveolar lavage fluid (BALF). Numbers indicate absolute numbers of cells in adjacent gates. (B) Graph shows statistical analysis of absolute number of neutrophils and alveolar macrophages (AMs) in BALF. (C) Representative immunohistochemical staining images of lungs from SPF PBS, SPF PM, and GF PM mouse group (N = 3 ~ 5). Each dot represents an individual mouse and horizontal bars show mean values. Data are presented as mean ± SD. Unpaired two-tailed t-test was used. N.S, not significant; *P < 0.05, ****P < 0.0001. SPF, specific pathogen free; GF, germ-free; PM, particulate matter; AMs, alveolar macrophages.





Tγδ17 Cells Promote PM-Induced Acute Pulmonary Neutrophilic Inflammation

To obtain direct evidence that Tγδ17 cells are associated with the pathogenesis of PM-induced airway inflammation, we investigated and compared the severity of neutrophilic inflammation between B6 wild-type (WT) and TCRδ-deficient (Tcrd -/-) mice 24 hours after PM administration. We found that Tcrd -/- mice showed significantly decreased neutrophilia (Figures 7A, B) without affecting the frequencies of IL-17-producing MAIT and iNKT cells compared to those of WT mice (Figures 7C–E). We and others have previously shown that MAIT cells expand in the absence of NKT or γδ T cells in the thymus and skin (21, 36). Consistent with these findings, the number of MAIT17 cells increased three times in lung of Tcrd -/- mice. However, they could not compensate the absence of γδ T cells and there was an average 6.7-fold reduction of IL-17-producing cells in the lung after PM exposure (Figure 7F). We also confirmed that neutrophilic inflammation was significantly relieved in Il17a/f-double knockout mice (Supplementary Figure 12). Collectively, these findings indicate that Tγδ17 cells play a major role in acute neutrophilia induced by PM exposure.




Figure 7 | Tγδ17 cells promote PM-induced acute pulmonary neutrophilic inflammation. (A, C–F) B6 WT and Tcrd KO mice were intranasally (i.n.) administered with 250 μg of PM and single cell suspensions of lung tissue were analyzed at 24 hours after PM exposure. (A) Representative dot plots are shown after gating CD11b+ cells. Bar graph shows statistical analysis of absolute numbers of neutrophils and their frequencies among total CD11b+ cells. (B) Mice were (i.n.) administered with 250 μg of and analyzed at 12 hours after PM exposure. Representative hematoxylin-eosin (H&E) stained lung sections are shown (original magnification X200). (C–E) Representative dot plots show total γδ T (C), MAIT (D) and NKT (E) cells (upper panels) in WT and Tcrd KO mice and their IL-17A production (lower panels). Bar graphs show statistical analysis of absolute numbers and frequencies of each IL-17-producing innate T cells. (F) Pie charts show mean frequencies (proportional to angle) and numbers (proportional to area) of indicated cells among total IL-17A-producing pulmonary cells. Bar graphs show statistical analysis of absolute numbers of total IL-17-producing cells. Numbers indicate frequencies of cells in adjacent gates (A, C–E) or area (F). Each dot represents an individual mouse and error bars indicate ± SD. U.D, undetected. Unpaired two-tailed t-test was used. N.S, not significant, *P < 0.05, **P < 0.01. EO, eosinophil; NEU, neutrophil.



We further analyzed the effect of γδ T cells in a chronic allergic asthma model induced by HDM and PM (Figure 8A). Previous reports showed that diesel dust converted allergic asthma from a Th2 to Th17-dominant inflammatory model (18, 19), and we also found that co-administration of HDM and PM induced the dominant expansion of RORγt+ CD4 T cells (Figure 8B). In Tcrd -/- mice, however, there was no decreased infiltration of neutrophils or other immune cells (Figures 8C, D), indicating that γδ T cells do not influence the chronic model of Th17-dominant inflammation.




Figure 8 | T helper 17 cells function as the main effector cells in PM-induced chronic pulmonary inflammatory condition. B6 WT and Tcrd -/- mice were intranasally sensitized and challenged with 20 μg of HDM (Dermatophagoides pteronyssinus). Mice were administered with 250 μg of PM at day 8-11 and 15-18, and sacrificed at day 20. (A) Experimental scheme of HDM/PM-induced chronic allergic asthma is shown. (B) Representative contour plots show pulmonary CD4+ T cells. Bar graphs show statistical analysis of their absolute numbers. (C) Representative dot plots show eosinophils and neutrophils in BALF harvested at day 20. Bar graphs show statistical analysis of absolute numbers of eosinophils and neutrophils. (D) Bar graph shows statistical analysis of absolute numbers of total CD45.2+, alveolar macrophages, CD4 and CD8 T cells in BALF at day 20. Numbers indicate frequencies of cells in adjacent gates. Each dot represents an individual mouse and error bars indicate ± SD. Unpaired two-tailed t-test was used. N.S, not significant; EO, eosinophil; NEU, neutrophil; AM, alveolar macrophage.






Discussion

In this study, we found that the commensal microbiome mainly regulates the peripheral homeostasis of Tγδ17 and thymic Tγδ2 cells. We categorized γδ T cells in the thymus and peripheral tissues according to transcription factors and surface marker expression, as TγδN, Tγδ1, Tγδ2, and Tγδ17 cells. By using 6 different anti-TCRγ antibodies, we analyzed TCRγ usage in each subset and compared them between SPF and GF mice. In 3-week-old GF mice, we found that the proportion of Vγ1 usage increased whereas Vγ6 usage decreased (Figure 2B). Unlike the previous notion that γδ T cells reside in tissues, we found that γδ T cells have different residential/circulating phenotypes for each subset and their localization. In particular, TγδN cells exhibit a circulating phenotype, while Tγδ1 and Tγδ17 cells reside in tissues, especially in lungs and siLP, where they constantly encounter environmental components and microbial antigens. These results suggest that tissue-resident Tγδ17 cells can rapidly induce an immune response in inflammatory conditions.

Given the importance of IL-1/IL-1 receptor (IL-1R) signaling in the activation of Tγδ17 cells (32, 41, 42), we showed that type 17 innate T cells and ILC3s express higher levels of IL-1R than conventional CD4 T cells in the lung (Figures 4A, B). Among IL-1R-expressing cells, pulmonary Tγδ17 cells were the majority and expressed higher levels of IL-1R than those in other tissues (Figure 4C). These features suggest that Tγδ17 cells produce IL-17 most effectively in response to IL-1 signaling in lungs compared to those in other tissues. To define the pathological role of pulmonary Tγδ17 cells, we used a mouse model of PM-induced acute airway inflammation and HDM/PM-induced chronic allergic asthma. As previously described (18, 19), we showed that PM significantly aggravate neutrophilic inflammation in the airways and induce the production of IL-1β (Figures 5A–E) signaling to lung-resident IL-1R+ Tγδ17 cells. In mice deficient for γδ T cells (Tcrd -/- mice) and IL-17 (Il17a/f -/- mice), acute neutrophilic inflammation was significantly relieved (Figure 7 and Supplementary Figure 12). However, there were no noticeable differences in allergic immune responses between WT and Tcrd -/- mice under chronic allergic conditions (Figure 8). We speculate that this might be due to the efficient development of Th17 CD4 T cells that replace the requirement of Tγδ17 cells in the chronic phase.

Previous report showed that TLR ligands driven from microbiome can stimulate the production of IL-1β, leading to proliferation and activation of lung-resident γδ T cells thereby further augment inflammatory responses (8). Other studies also suggested that commensal microbiomes are required to maintain IL-1R1+ Tγδ17 cells (11, 32). Thus, these findings suggest that the commensal microbiota can orchestrate the maintenance of peripheral γδ T cells by stimulating TLR ligands and IL-1β production.

Although the relationship between the commensal microbiome and immune system has been extensively studied, there are only a few studies on the effect of microbiota on the development of γδ T cells (6, 7). Nonetheless, the use of multiple Tγδ subsets with microbiome-related variations has not been addressed. Here, we identified that even though the commensal microbiota regulates the development of γδ T cells, there are not much different Vγ TCR repertoires between SPF and GF mice, except for the 3-week-old GF mice. We have previously observed that Vγ1+ cells expand in SPF Vγ4/6 KO mice with undefined mechanism (21). Based on this, we speculate that the expanded Vγ1+ cells in 3-week-old GF mice might be due to the defective development of Tγδ17 cells with TCR Vγ4 or Vγ6. However, further investigation is required to define the molecular and cellular mechanisms of Vγ TCR plasticity.

We unexpectedly found that intestinal TγδN and Tγδ1 cells have unique properties that they have fewer Vγ1+ cells compared to those of other tissues (Supplementary Figures 3A, B). In addition, TγδN cells in only siLP showed tissue-resident property (Figures 3C, D), suggesting that specialized gut environments, such as microbial community or metabolite dynamics, might influence their tissue residency. Interestingly, we found that the Vγ TCR usage of TγδN exhibited similar patterns to that of peripheral Tγδ1 cells, which is mainly composed of Vγ1+ and Vγ4+ cells except in siLP (Supplementary Figure 3A–B). These findings suggest the possibility that circulating TγδN cells differentiate into Tγδ1 cells in the tissue.

Unlike MAIT cells, we showed that later exposure of microbial stimulation is sufficient for peripheral expansion and maintenance of γδ T cells. Thymic development of γδ T cells, except Tγδ2 cells, was not affected by the microbiota, whereas mature MAIT cells are absent in the GF thymus (36, 46). It is possible that there is a specific time window for thymic development of MAIT cells and later colonization is not sufficient to restore it. In contrast, iNKT cells were not affected at all in the thymus and periphery of GF mice (47, 48), suggesting that innate T cells recognize different types of antigens for their thymic development and peripheral expansion, which requires further investigation. Unlike previously report (11), we observed only marginal difference of hepatic Tγδ17 cells between SPF and GF mice (P = 0.051). Since hepatic γδ T cells are dependent on gut microbiota, we speculate that this difference is due to the different gut microbiomes of different animal facilities.

In this study, we used ERM-CZ-100 and ERM-CZ120 as clinically relevant air pollutants (Sigma, PM10-like, i.e., < 10 um median aerodynamic diameter). Although the composition of PM varies from source to source, our study is consistent with previous reports on PM-induced neutrophilic inflammation (13, 18, 19). Here we show that PM induces acute airway inflammation by recruiting IL-1β-producing neutrophils, which activate IL-17-producing IL-1R+ Tγδ17 cells. This is consistent with previous report (49) and we speculate that Tγδ17 cells secrete IL-17, which recruits additional neutrophils to the site of inflammation, thus providing more IL-1β by feed-forward circuit.

In conclusion, our study has identified a crosstalk between the commensal microbiota and lung-resident Tγδ17 cells, and provided a mechanistic insight into PM-induced acute neutrophilia. These findings suggest that targeting γδ T cells could be a new therapeutic strategy for acute lung injury dominated by neutrophilic inflammation.
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Chronic obstructive pulmonary disease (COPD) is a chronic inflammatory disease characterized by airway limitation accompanied with infiltration of inflammatory cells. Mucosal associated invariant T (MAIT) cells can recognize bacteria and play an important role in controlling host immune responses by producing cytokines. In this study, we characterized the function and the ability of MAIT cells to secrete cytokines measured by flow cytometry. In COPD patients, MAIT cells have the ability to produce more IL-17 and less IFN-γ compared to healthy individuals. We found that HLA-DR expression levels reflected the degree of inflammation and the proportion of IL-17 was significantly correlated with lung function in peripheral blood. In addition, we found that MAIT cells were highly expressed in the lung, and the increased expression of CXCR2, CXCL1 indicated that MAIT cells had the potential to migrate to inflammatory tissues. This evidence implies that MAIT cells may play a potential role in COPD immunopathology.
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Introduction

Chronic obstructive pulmonary disease (COPD) is the most common cause of chronic respiratory disease attributable to deaths (1, 2). Chronic inflammation of COPD is mediated by innate immunity (neutrophils) and adaptive immunity (CD4+ T cells), especially in small airways, the degree of inflammation correlates with the severity of the disease classified by the Global Initiative for Chronic Obstructive Lung Disease (GOLD) (3–6).However, recent evidences illustrate that innate immune-like cells are equivalently important involved in the pathogenesis of COPD. ILC and unconventional T cells(iNKT, Mucosa-associated invariant T cells, and γδ-T cells) make up only a small part of the total immune cells, but they have been found to maintain pulmonary homeostasis and protect the integrity of lung epithelium (7–11).

MAIT cells are the recently discovered innate-like lymphocytes that manifest restricted variety T cell receptor (TCR) and exhibit the semi-invariant TCRVα7.2-Jα33 in human (12). MAIT cells can recognize bacteria and fungi derived from riboflavin metabolites through APC-mediated MHC I-related molecules (MR1) (13). It has been reported that MAIT cells have the ability to produce diverse cytokines in response to IL-4, IL-5, IL-12, IL-18 and release cytotoxic molecules (granzyme and perforin) to kill infected host cells indirectly (14–17). MAIT cells are abundant in mucosal tissues (18) but decreased in blood and play a critical role in infectious diseases and metabolic disorders.

In patients infected with bacteria and virus, the frequency of MAIT cells has been shown to be reduced in the blood (14, 19–21). In intestinal (22) and liver (23, 24) studies, MAIT cells are activated to migrate to inflamed tissues and modulates immune responses in mucous tissues. Previous studies (10, 25, 26) have noted MAIT cells are reduced in peripheral blood in COPD patients, nevertheless, the role of MAIT cells in COPD remains unclear and yet to be unraveled.

Due to the unique retinoic acid-related orphan receptor (RORγt) and CD161hi surface molecules which usually served as signature factor for Th17 cells (18), we hypothesized migration from peripheral blood to inflammatory tissues was due to activation of MAIT cells. The cytokines produced by the activated MAIT cells in COPD patients may promote the immune system to skew toward Th17. In this study, we attempted to define phenotype, clinical relevance, and functions of MAIT cells in COPD patients. And we try to determine the mechanism responsible for MAIT cell reduction in peripheral blood.



Materials


Subjects and Ethical Statement

COPD patients and healthy individuals were recruited in Huadong Hospital, Fudan University. The diagnosis of COPD was based on Global Initiative for Chronic Obstructive Lung Disease (GOLD) (27). All subjects had no history of autoimmune diseases, recent surgery, malignancies, or use of immunosuppressive drugs. The clinical characteristics of the subjects were described in Table 1. In order to verify the migration of MAIT cells, we collected pulmonary parenchyma from additional COPD patients undergoing surgery for small nodules. Control tissues were selected who had lung lobectomy because of small nodules or pneumothorax, and these patients had no problems with lung function. We confirmed that the harvested tissue did not contain tumor lesions. The studies involving human participants were reviewed and approved by the ethics committee of Huadong Hospital. And informed consents were obtained from all subjects with the Declaration of Helsinki.


Table 1 | Clinical and laboratory characteristics of patients and healthy controls.





Flow Cytometric Analysis and Surface Marker

Peripheral venous blood samples were collected into the EDTA-anticoagulant tubes within 4 h. Both bloods lysed by BD Lysing Buffer (BD Biosciences) and PBMC were stained for surface antigen for 30 min at room temperature. Dead cells were stained for exclusion by using Zombie AquaTM Dye (Biolegend) for 15 min. MAIT cells were identified as CD3+ TCRγδ− CD161highTCRVα7.2+cells (18, 22, 28). And MR1 tetramer was defined to specifically detect MAIT cells (14). The following monoclones were used: CD3 (OKT3), CD4 (A161A1), CD8(SK1), TCRγδ (B1), CD161 (HP3G10), TCRVα7.2 (3C10), CD127 (A019D5), CCR5 (HEK/1/85a), HLA-DR (L243) from Biolegend. All flow cytometry operations were performed on FACS Arial II (Beckton Dickinson) and data was analyzed by flowjo V10.



Isolation of Peripheral Blood Mononuclear Cells and Cytokine Stimulation

EDTA-blood was diluted 1:1 with phosphate buffered saline (PBS, Hyclone) and purified by density-gradient centrifugation with Lymphoprep™ (AXIS-SHIELD). PBMCs were cultured in RPMI 1640 medium (Hyclone) containing 10% fetal bovine serum (FBS, Gibco) with 100 units/ml of penicillin (Gibco) at a concentration of 1 × 106 cells/ml in a 37°C cell culture incubator with 5% CO2.Expression levels of cytokines were detected by intracellular cytokines protocol as previously described (29, 30). Freshly drawn peripheral blood samples were stimulated for 5 h with 250 ng/ml PMA (Sigma) and 1 μg/ml ionomycin (PeproTech). After 1 h, 1 μl brefeldin A (Golgi Plug; BioLegend) was added. For intracellular staining, the fixation and Intracellular Staining Perm Wash Buffer was utilized according to the manufacturer’s protocol (Biolegend). Cells were stained using mAbs specific for IFN-γ (4S.B3), IL-17(BL168), and IL-22 (2G12A41) (Biolegend).



Stimulation of PBMCs With IL-7

PBMCs were cultured at a concentration of 1 × 106 cells/ml in RPMI 1640 medium (Hyclone) and incubated with 10 ng/ml IL-7 (PeproTech) at 37°C for 30 min to quantify STAT-3 phosphorylation(pY705) or analyze surface molecules and RORγt(AFKJS-9) after 24 h. Clones of antigen of MAIT cells were as described above.



Isolation of Human Lung Primary Cells

As protocol described (31, 32), human lung tissues were washed with HBSS(Hyclone) with 2% FBS, cut into small pieces and digested for 30 min with DNA enzyme and collagenase at 37°C with agitation. Fill the tube of small pieces of lung tissue with HBSS, centrifuge at 500 g for 5 min, using 100 μm filter to obtain cell suspension and repeated twice. Red blood cells were lysed using 5 ml of lysis buffer (Biolegend) for 5 min and washed with HBSS/2% FBS. Cell lysate was resuspended in RPMI 1640 medium. The subsequent stimulation steps are as described reference.



Quantitative Real-Time PCR Analysis

Total RNA was isolated with Total RNA Extraction Reagent (EZBioscience) following the instructions of manufacturer. Quantitative real-time PCR using SYBR Green PCR mixture (TAKARA) was to quantify the level of MR1, Vα7.2, CCL20, CXCL1, CXCR2, CCL2 with the following conditions 95°C for 30 s, 40 cycles at 95°C for 10 s, and 60°C for 30 s. All experiments were repeated at least third independently to ensure the reproducibility.



Immunofluorescence

The fresh tissues were sliced into 4 μm section for immunofluorescence (LEICA CM1950). Briefly, the sections were washed with phosphate buffered saline (PBS, Hyclone) at room temperature (China), then were blocked with 10% goat serum at room temperature for 60 min and incubated with CD3 (abcam) and purified Vα7.2(3C10, Biolegend) mixture overnight at 4°C. Slices were incubated with fluorescent secondary antibody mixture for 1 h followed by PBS washing. DAPI (Beyotime) was used for nuclear staining for 5 min. After washing, the sections were covered with Antifade Mounting Medium (Beyotime) and cover glass. Confocal laser scanning microscope (LEICA TCS SP8) was used for detection.



Immunohistochemistry

All sections were washed with PBS at room temperature. The endogenous peroxidase activity was deactivated with 3% hydrogen peroxide for 20 min. After being blocked with the goat serum for 10 min, the sections were incubated with TCRvα7.2(Biolegend) antibody overnight at 4°C followed by secondary antibody for 1 h at room temperature. The immunostaining was performed by hematoxylin counterstain.



Statistical Analyses

Statistical analysis was performed by SPSS version 22.0 software and GraphPad Prism version 8.3.0. Mann–Whitney U-test and paired t test were used to analyze differences in continuous variables. Correlations were determined by Spearman’s correlation coefficient. Linear regression analysis was used to test associations between MAIT cell levels and clinical or laboratory parameters. All comparisons of MAIT cells were performed by Kruskal-Wallis test using Dunn’s and Bonferroni for multiple comparisons. Statistical significance was considered when P value <0.05 (*P < 0.05, **P < 0.01, ***P < 0.001).




Result


MAIT Cells Among CD3+ T Cells Are Decreased in Peripheral Blood of COPD Patients

The baseline characteristics of the 75 patients and 50 age-matched health individuals are summarized in Table 1. As mentioned earlier, MAIT cells were defined as CD3+ TCRγδ−CD161high Vα7.2+ T cells (Figure 1A) (Gating strategy in Supplemental Figure 1). The proportion of non-MAIT CD4 T cells was significantly reduced in COPD patients and CD8 T cells was no difference (mean 28.57 vs. 52.54%, P < 0.001; mean 10.18 vs.10.46, respectively; Figure 1B). Percentage of MAIT cells was significantly lower in COPD patients compared to HI (mean 1.10 vs. 2.99%, P < 0.001; Figure 1C). We observed biased decreased frequencies of CD8+ subpopulations in COPD patients (mean 42.77 vs. 64.36%, P < 0.01) consistent with previous results (25, 33), since CD4+ subset (mean 29.30 vs.13.12%) increased, and DN subset (mean 25.35 vs.19.06%) proportion was no difference between patients and healthy individuals (Figure 1D). In addition, we investigated whether circulating MAIT cells frequency was associated with clinical parameters in COPD patients. Subjects were subdivided into the current-smoker, former-smoker, and never-smoker subgroups according to smoking status. However, no significant differences in circulating percentages of MAIT cells were observed among COPD groups (mean 1.375 vs. 1.025 vs. 1.00%; Figure 1E). According to the percentage of FEV1 to the predicted, the GOLD classification reflects the patient’s lung function status (27), we suggest as the GOLD grade increases, the proportion of cells gradually decreases. This situation also occurs in the symptom scores (mean 2.73 vs. 1.17 vs. 0.65 vs. 0.66%; mean 2.04 vs. 1.05 vs. 1.09 vs. 0.65% respectively; Figures 1F–G). The lower the cell frequency, the higher number of acute attacks and hospitalizations. Our data shows corticosteroid could significantly decrease the frequency of MAIT cells. However, LAMA-use alone may not cause reduction of MAIT cells (Figure 1H).




Figure 1 | MAIT cells among CD3+ T cells are altered in COPD Patient. (A) tSNE analysis of flow cytometry scatter plots from COPD and health individuals. CD3+ TCRγδ−CD161highTCR Vα7.2+ cells were confirmed as MAIT cells. (B) Ratio of non-MAIT CD4 and CD8 T cells in peripheral blood. (C) Statistical analysis of circulating MAIT cell frequency in HI (n = 50) and patients with COPD (n = 75). (D) Percentages of subset among MAIT cells in peripheral blood. (E) Percentage of MAIT cells in peripheral blood according to smoking status. COPD patients with severe COPD grades (F) and higher symptom evaluation (G) had lower proportion of MAIT cell. (H) Proportion of MAIT cells in different drug using. Data were analyzed with Mann–Whitney U-tests and Kruskal-Wallis test with Dunn’s correction for multiple comparisons. Horizontal lines are mean ± SEM values. *P < 0.05, **P < 0.01 ***P < 0.001. HI, health individual; MAIT, mucosal-associated invariant T; DN, double negative; ICS, inhaled corticosteroids; LABA, long-acting beta agonist; LAMA, long-acting muscarinic antagonist. ns, non-significant.





MAIT Cells Were Activated in Peripheral Blood in COPD Patients

Then, we investigated the function of circulating MAIT cells from HI and patients. The frequency of MAIT cells expressing HLA-DR activation marker were higher in COPD patients compared to HI (mean 38.56 vs. 17.14%, P < 0.01; Figures 2A, B). We found that COPD patients and individuals had high expression of CCR5, and COPD group was slightly higher than that of the health group both in MFI and proportion (Figure 2C), indicating their strong ability to migrate to tissues. Our results showed that MFI HLADR was independent of CCR5 expression (Figure 2D). CRP level was significantly correlated with MFI of HLA-DR (r = 0.58, P = 0.018, Figure 2E), but not with CCR5, which was significantly correlated with leucocyte levels (r = 0.59, P = 0.01, Figure 2F). Notably, consider the relationship between CRP and disease severity, we compare HLA-DR and CCR5 expression relate to patient GOLD grades. The MFI of HLA-DR was decreased, though not statistic significant. However, the MFI of CCR5 was increased in GOLD3 and GOLD4 patients compared to GOLD2 (Figure S2).




Figure 2 | Phenotype of circulating MAIT cells in COPD patients. (A) Representative staining in COPD patients and HI. (B) Proportion of HLA-DR+ on MAIT cells in HI and COPD patients. (C) Higher MFI and frequency of CCR5+ MAIT cells in COPD patients. (D) MFI of HLA-DR was no correlation with MFI of CCR5. (E) MFI of HLA-DR was significantly correlated with CRP level (mg/dl) (r = 0.58, P = 0.018), whereas MFI CCR5 was not correlated with CRP level (n = 25). (F) MFI of CCR5 was significantly correlated with leukocyte (*109/L, r = 0.59, P = 0.01) while MFI HLA-DR was not related (n = 25). Symbols represent individual subjects and data was analyzed with Mann–Whitney U-test. *P < 0.05, **P < 0.01. IFN, interferon; MAIT, mucosal-associated invariant T; IL, interleukin; HI, healthy individual; HLA-DR, human leukocyte antigen DR; MFI, mean fluorescence intensity; CCR5, C-C chemokine receptor type 5.





IL-17+ MAIT Cells increased in Peripheral Blood of COPD Patients

After PMA-ionomycin stimulation, the frequency of circulating IL-17+ MAIT cells were significantly higher in COPD patients, and same situation occurs in non-MAIT CD4+ T cells (Figure 3A). IFN-γ+ of MAIT cells was decreased while non-MAIT CD4+ T cells expressed a higher proportion (Figure 3B). In the peripheral blood of COPD patients, though the percentage of Th17 cells was more abundant than MAIT cells, IL-17 was produced at significantly increased levels by MAIT cells; 11.5% of MAIT cells and 7% of conventional non-MAIT CD4+ T cells produced IL-17A. In contrast, in the blood of health individuals, 7.6% of MAIT cells and 4.6% of conventional T cells expressed IL-17. We assessed compared with HI, the proportion of cells that produce IL-17 was increased including MAIT cells, γδT cells, non-MAIT cells in COPD patients (Figure 3C). Of note, proportion of non-MAIT CD4 cells of IFN-γ+ was increased in COPD patients while other groups are comparable (Figure 3D). In addition, IL-22+ of MAIT cells was no different between COPD patients and healthy individuals (Figure 3E). The ratio of peripheral IL-17+/IFN-γ+ MAIT cells is significantly increased whereas this difference was not presented in CD4+T cells, suggesting that MAIT cells may preferably have Th17-biased function in COPD patients (Figure 3F).




Figure 3 | Cytokines of MAIT cells in peripheral blood. (A) Percentage IL-17+ of MAIT cells increased both in MAIT cells and non-MAIT CD4+ T cells with PMA-ionomycin stimulation. (B) Percentage of IFN-γ+ decreased in MAIT cells while increased in non-MAIT CD4+ T cells compared with health. (C) Data showing subset of IL-17+ cells in the indicated subsets from COPD patients and health individuals. (D) Data showing frequency of IFN-γ+ cells in the indicated subsets from COPD patients and health individuals. (E) Percentage of IL-22+ of MAIT cells in circulating MAIT cells from HI and COPD patients with PMA-ionomycin stimulation. (F) The ratio of IL-17+/IFN-γ+ in MAIT cells and non-MAIT CD4+ T cells. Data were analyzed with Mann–Whitney U-tests. Horizontal lines are mean ± SEM values. ns, non-significant; *P < 0.05, **P < 0.01, ***P<0.001.





IL-17+ of MAIT Cells Correlated With Clinical Indicators in COPD Patients

We then compared the correlation of IL-17+ MAIT cells with clinical variables. The results showed a positive correlation between MAIT cell frequency and post-bronchodilator FEV1/FVC (r = 0.45, P < 0.001; Figure 4A). Interestingly, percentage of IL-17+ MAIT cells were positively correlated with FEV1/FVC% (Figure 4B), denoted that IL-17+ MAIT cells play a potential role in COPD patients (r = 0.58, P < 0.01). We found the same condition in IFN-γ+ of MAIT cells (r = 0.48 P < 0.05, Figure 4C). As the GOLD grade increases, the proportion of IL-17+ MAIT cells gradually decreases (Figure S3A). Of note, in patients with symptom score B, frequency of IL-17+ MAIT cells was obviously added compared to score D (Figure S3B). IL-17+ of MAIT cells correlated with frequency of eosinophil in peripheral blood of COPD patients (r = 0.56, P < 0.01; Figure 4D). Finally. we evaluate correlation of smoke status, drug, and the frequency of hospitalization with IL-17+ MAIT cells. The evidence shows the proportion of patients with triple drug therapy and more than two hospitalizations have a lower production of IL-17 (Figures S3C–E).




Figure 4 | Correlation of cytokines of MAIT cells with clinical indicators in COPD patients. (A) The ratio of peripheral MAIT cells was positively correlated with FEV1/FVC (r = 0.45, P < 0.001). FEV1/FVC% was positive connected with IL-17+ of MAIT cells (r = 0.58, P < 0.01, B) and IFN-γ+ of MAIT cells (r = 0.48, P < 0.05, C). (D) Correlations analysis restricted to patients with COPD between proportion of eosinophils and IL-17+ of MAIT cells (r = 0.56, P < 0.01). Correlation coefficients were calculated using the Spearman rank method. *P < 0.05, **P < 0.01, ***P<0.001.





Increased Percentage of MAIT Cells in Lung in COPD Patients

Immunofluorescence staining for co-localization of MAIT cells defined by double-staining for Vα7.2 in combination with CD3, a phenotype identifying MAIT cells (23) (34). Clinical and laboratory characteristics of groups are summarized in Table 2. MAIT cells were accumulated around alveolar epithelial cells (Figures 5A–B). A fluorescent negative control was shown in Figure S4. The number of MAIT cells was increased with COPD patients (Figure 5C). The mean fluorescence intensity (MFI) of TCR vα7.2 measured by semi-quantitative analysis increased in COPD patients (mean 137.7 vs. 93.36, P < 0.01; Figure 5D). By analyzing the isolated primary lung cells through flow cytometry, there were significantly increasing of MAIT cells in COPD patients compared to controls (mean 1.85 vs. 0.61%, P < 0.01, Figure 5E) and HLA-DR marker is significantly activated (Figure 5F). Compared with lungs MAIT cells, the frequency of blood is greatly reduced in COPD (mean 1.85 vs. 0.88%, P < 0.01) and no difference in health group (mean 1.01 vs. 0.97; Figure 5G).


Table 2 | Clinical and laboratory characteristics of lung tissue providers.






Figure 5 | Increased levels of MAIT cells in the pulmonary parenchyma of COPD patients. (A) Representative immunofluorescence images for staining of CD3 (in green), TCRvα7.2 (in red), and DAPI (for nuclear in blue) in confocal laser. MAIT cells are pointed by the white arrows. (B) Immunohistochemical staining of Vα7.2 (original magnification, ×400). (C) The number of MAIT cells in COPD patients increased in high power lens. (D) MFI of Vα7.2 by semi-quantitative analysis under confocal condition. (E) Frequency of MAIT cells in lungs. (F) Elevated frequency of HLA-DR+ MAIT cells in COPD patients. (G) Comparison of MAIT cells in pulmonary parenchyma and peripheral blood in same individuals. Data were analyzed with Mann–Whitney U-tests. Horizontal lines are mean ± SEM values. *P < 0.05, **P < 0.01, ***P < 0.001.



Moreover, we checked the cytokines secreted by of MAIT cells in lung. The frequency of IL-17+ of MAIT cells in lung significantly distinguished between patients and controls, and IFN-γ+ MAIT cells was no difference (Figure 6A). Notably, we found that IL-17+/IFN-γ+ non-MAIT CD4 T cells were significantly increased in both patients and controls (Figure 6B). Compared with control, the proportion of cells that produce IL-17 was remarkably increased including MAIT cells, γδT cells, non-MAIT cells in COPD patients, and IL-17 was expressed at significantly increased levels in MAIT cells as indicated by the mean fluorescent intensity (Figure 6C). Of note, the proportion of non-MAIT CD4 cells and γδT cells accounts for whole IFN-γ producing cells was increased in COPD patients while MAIT group is comparable (Figure 6D). It provides evidence that MAIT cells may play specific role in the lungs by shifting to the Th17 axis.




Figure 6 | Expression of cytokines and chemokines in lung parenchyma. (A) The expression of IL-17+ and IFN-γ+ MAIT cells in lung. (B) The expression of IL-17+ and IFN-γ+ CD4 T cells in lung. (C) Data showing frequency of IL-17+ cells from COPD patients and control subset and showing mean fluorescent intensity (MFI) IL-17 of MAIT and non-MAIT CD4 cells. (D) Data showing frequency of IFN-γ+ cells from COPD patients and control subset. (E) Significantly elevated Vα7.2-Jα33 TCR gene expression was assessed in COPD patients. (F) MR1 gene expression did not differ in COPD patients and controls. (G) Expression levels of chemokine mRNAs in control and COPD patients. (G) Horizontal lines are mean ± SEM values. MR1, MHC-1 receptor. *P < 0.05, **P < 0.01, ***P < 0.001.



We also assessed the mRNA expression levels of pulmonary parenchyma. Vα7.2-Jα33 TCR mRNA level was significantly increased in COPD patients compared with control subjects (mean 9.15 vs. 3.53, P < 0.05, Figure 6E). Moreover, we checked the expression levels of the MAIT cell-engaged MR1 molecules. The result showed there is no difference in expression of MR1 molecules (mean 5.29 vs. 5.60, Figure 6F), indicating that MAIT cells are more likely to act in the lungs through cytokines-stimulate pathway. Previous report demonstrated CXCL1-CXCR2 axis (35) plays a crucial role in the recruitment of inflammatory cells in COPD. So we compared the chemokines between COPD patients and control groups. Chemokine mRNAs were found to be more strongly expressed in COPD tissues except CCL20 (Figure 6G), implying that MAIT cells are involved in the recruitment of what the periphery to the lung.



IL-7 Enhances Type-17 Differentiation and Phenotype of MAIT Cells In Vitro

Previous studies have shown that MAIT cells are receptive to IL-18 (36) and IL-7 (37) stimulation to augment IL-17 production. We found MFI of IL-7R was remarkably decreased in COPD patients (mean 800.2 vs. 1742, P < 0.01, Figure 8A). Then we investigated the effects of IL-7 on MAIT cells. Exposed to IL-7 for 48 h, level of MFI CD127 was increased both in COPD and HI (Figure 8B). Expression of CCR5 was increased in COPD patients compared to HI (Figure 8C). After IL-7 was administered, we tested the expression of phosphorylated STAT3 at 30 min. The phosphorylation level was significantly increased in both COPD and health subsets (Figure 8D). At the same time, IL-7 upregulated type 17 signature molecules of RORγT expression at low levels in vitro (Figure 8E).

Finally, we compared the effect of PMA/ionomycin and IL-7 on the production of IL-17. It revealed an increase in the frequency of IL-17+ MAIT cells after IL-7 treatment in both patients and healthy individuals (mean 44.93 vs. 60.87%, P < 0.05; mean 23.70 vs. 37.03, P < 0.01, respectively). Mean fluorescence intensity (MFI) of IL-17 also confirmed this result (Figure 7F). All evidence demonstrated that IL-7 could significantly enhance type-17 differentiation on MAIT cells.




Figure 7 | IL-7 enhances type-17 differentiation and phenotype of MAIT cells. (A) Expression of Il-7R in peripheral blood was downregulated in COPD patients. (B, C) CD127 and CCR5 expression by MAIT cells before and after treatment with IL-7 for 48 h in COPD and HI groups. (D) Quantification of phosphorylated STAT-3 in MAIT cells after treatment of PBMCs with IL-7 for 30 min both in COPD and health groups. (E) RORγT expression was quantified after treatment with IL-7 for 48 h. (F) Frequency and MFI of IL-17 among MAIT cells before and after treatment with IL-7. Horizontal lines are mean ± SEM values, *P < 0.05, **P < 0.01, ***P<0.001.





γδT Cells Expressed Comparable Levels of IFN-γ but Higher Levels of IL-17

Finally, we performed a statistical analysis of another unconventional T cell. The total CD3+T cells in PBMC were found to decrease in COPD patients (mean 23 vs. 35.52%, p < 0.05, Figure 7A). Interestingly, percentage of γδT cells were no difference in COPD patients and health individuals (mean 5.21 vs. 7.93%, Figure 7B). We assessed cytokines production of γδT cells both in blood and pulmonary parenchyma. Our data indicated that γδT cells expressed comparable levels of IFN-γ but higher levels of IL-17 (Figures 7C–F). We also explored correlation with clinical parameters. Our data showed IL-17+ γδT cells did not change in the most severe patients, but ICS/LABA-used patients have reductive frequency (Figure S5). We found that IL-7 increases the production IL-17, but not IFN-γ (Figures 8G–H).




Figure 8 | γδT cells expressed comparable levels of IFN‐γ but higher levels of IL‐17. (A) Frequency of CD3+T cells decreased in COPD patients. (B) Percentage of γδT cells was no difference between COPD and health. (C–D) IL-17+ γδT cells increased in peripheral blood while IFN-γ+ γδT cells makes no difference. (E–F) IL-17+ γδT cells increased in lung while IFN-γ+ γδT cells was equivalent. (G–H) IL-7 significantly stimulates the production of IL-17, but has no effect on IFN-γ. Horizontal lines are mean ± SEM values, *P < 0.05, **P < 0.01. ns, non-significant.






Discussion

In this study, we assessed the phonotype and biological function of MAIT cells in COPD patients. Similar to the previous studies (25, 26), the amount of the MAIT cells significantly decreased in the COPD patients’ peripheral blood, but their activities were highly stimulated. Circulating MAIT cells migrated to lung parenchyma, produced high level of Th17 type cytokines and low Th1 type cytokines, therefore exerted potential ability against local inflammation.

Similar with results observed in metabolic diseases (23, 34, 38), our data revealed that circulating MAIT cell deficiency was accompanied by upregulation of HLA-DR, and CCR5 expression, indicating that reduction in MAIT cell numbers in peripheral blood of COPD patients might be due partly to the migration of MAIT cells to inflamed tissues. Nevertheless, the “migration theory” was not supported in bronchial biopsy and bronchoalveolar lavage fluid (26) in COPD patients. And the proportion of MR1-tetramer+ MAIT cells were lower in Mtb-infected bronchial epithelium in children (39). It is however notable that the subset of MAIT cell consistent sequences was enriched in lung granuloma tissues compared to Mtb-infected individuals (40). MAIT cells were significantly higher in BALF from patients with parenchymal infiltration (41) and children with pneumonia (42). The discrepancy may be attributed to some factors. For example, MR1-5-OP-RU Tetramer (15), IL-18R and PLZF co-expression (43), and TRAV1-2+ semi-invariant TCRα (40) could all be identified as MAIT cells except the enriched expression of CD161. It has been hypothesized that reduced tetramer binding affinity and increased variability underestimated the production of MAIT cells in bronchoalveolar lavage fluid (26). These need to be further explored.

Due to the high expression of its activation signal CD69, PD-1 (22), and 7-AAD (44), we proposed a new hypothesis that the reduction of MAIT cells was due to activation-induced cell death. Our results also found that glucocorticoid use significantly reduced the proportion of MAIT cells in peripheral blood. Previous data indicated that glucocorticoids inhibit T cell proliferation, and MAIT cells have been shown to be inhibited in SLE (44), asthma (45), and multiple sclerosis (46) after treatment with prednisone. In addition, frequency of peripheral blood CD3+T cells, iNKT cells (25), and γδ T cells (11) were found to be significantly reduced in COPD patients. Our data showed only a downward trend in γδ T cells in patients, but there was no statistic difference from the control group. These findings suggest that the decline of MAIT cells count in peripheral blood may be a common phenomenon of T cells due to activation depletion of cells rather than a phenomenon specific to MAIT cells.

Research on sources of IL-17 in COPD has previously focused mainly on CD4+ Th17 cells with controversial results (47). It has been documented that IL-17 can induce CXCL8 and CXCL5, participating in the recruitment of neutrophils (6). IL-17 also affects most of the cells in the parenchyma, such as macrophages and DCs, expressing IL-17 receptors and synthesizing pro-inflammatory factors such as IL-6 and TNF-α (48). Several lines of clinical studies have established that elevated levels of IL-17 associated with both stable and acute exacerbations of COPD (47). However, different IL-17 producing unconventional T cell is relevant to protective effects of inflammation. γδT cells can accelerate the resolution of pulmonary inflammation (49). Changes in lung function caused by inflammation and emphysema are strongly dependent on iNKT cells (50). We concluded for the first time that IL-17 increased produced by MAIT cells and concluded IL-17+ MAIT cells play an important role in COPD patients. Interestingly, we found that the proportion of IL-17 was positively correlated with peripheral eosinophils. Recent evidence indicates that eosinophil change may predict clinical response to ICS therapy (51) and high eosinophil values were statistically inferred for acute exacerbations (52). However, it has also been reported that eosinophils have no diagnostic value for COPD (53). The diagnostic efficacy and ROC curve analysis suggested that the threshold value of percentage of MAIT cells for identifying hospitalization for severe acute exacerbations be 1.3% (Figure S6). The value showed a sensitivity of 85.1% and a specificity of 52.6%. Taking the value as a critical point, the area under the curve (AUC) was 0.69 and the standard error of mean was 0.059 (P < 0.01). Our results demonstrate that MAIT cells can be used as a co-marker with eosinophils to predict admission to acute exacerbations of COPD.

Though MAIT differed from Th17 cells in the differentiated genes, the key transcriptional mechanisms that govern IL-17 expression were shared between MAIT and Th17 cells. In the present study, IL-17 was expressed at significantly increased levels of MAIT cells by level of MFI. The high expression of RORγt and STAT3 in human MAIT cells, indicated the polarization of IL-17. MAIT cells produced more IFN-γ in pleural effusion accumulation (54). In contrast, breast ductal epithelial cells (55), oral epithelium (43) showed Th17-skewed response in the face of bacterial infection. Notably, Th2 bias response only was found in NAFLD patients (23).Therefore, the phenotype diversity of MAIT cells in vitro needs further study.

Our results showed that there was no difference in the expression of MR1 in the lung tissues between COPD and control groups. This indicates that cytokines preferentially stimulate activation of MAIT cells rather than TCR stimulation in vivo. CD127 expression was associated with cell sensitive apoptosis and IL-7 is a potential candidate for rescuing T-cell apoptosis in COPD (56). Our preliminary experiment indicated MFI of IL-7R was decreased in COPD patients. There is a remarkable increase of IL-7 in COPD patients in serum. In lung parenchyma, IL-7 expression has increased trend in patients with COPD, although there was no statistic difference (Figure S7). Our data revealed treatment with IL-7 resulted in increased production of IL-17, upregulation of IL-7R and related transcription factors. This may indicate the functional relationship between IL-7 signaling pathway and MAIT-17 differentiation in vivo, which may be due not only to increased activation, but more likely to greater differentiation of MAIT cells into Th17 in COPD patients.

Our study had several limitations. First, healthy female participants were more than those with COPD. Although we observed changes occur independent of gender. No significant difference between men and women was found in Chinese individuals with healthy circulating frequency MAIT cells (57). Similarly, sex discrepancy of MAIT cells was only found in reproductive female (58), while we chose the elderly female. On the other hand, we conducted a comparison of healthy individuals of sex group. We found no difference in peripheral blood MAIT cell frequencies between health individuals who were male or female (P = 0.786) so we assumed that there was no difference between men and women in the control group, and for patients with COPD, our current conclusion was that there also was no difference (P = 0.888). Another limitation was that the bronchial mucosal MAIT cells need to be further identified, although there is a higher percentage of cells from the lung parenchyma, which can be investigated by alveolar lavage or immunostaining of the airway. Because the pulmonary data were exploratory in nature, findings will need further replication in a larger cohort.

In summary, we assessed the phenotype and function of MAIT cells in COPD patients. Our comparative analysis between peripheral blood and pulmonary parenchyma of COPD patients raises the possibility that activated MAIT cells may migrate into the inflamed tissue. Of importance, the levels of MAIT cells appear predictive of the course of the COPD. It is noteworthy that IL-17A secretion correlates with the positive evolution of clinical parameters, raising the possibility that MAIT cells play a potential role, which also applied to γδT cells. Elucidating the mechanisms of the depletion and activation of the unconventional T cells may be key to the development of IL-17 targeted therapy in COPD. The joint diagnosis of MAIT cells needs to be validated in large-scale clinical trials.
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Mucosal surfaces, as a first barrier with the environment are especially susceptible to damage from both pathogens and physical trauma. Thus, these sites require tightly regulated repair programs to maintain barrier function in the face of such insults. Barrier sites are also enriched for unconventional lymphocytes, which lack rearranged antigen receptors or express only a limited range of such receptors, such as ILCs (Innate Lymphoid Cells), γδ T Cells and MAIT (Mucosal-Associated Invariant T Cells). Recent studies have uncovered critical roles for unconventional lymphocytes in regulating mucosal barrier function, and, in particular, have highlighted their important involvement in barrier repair. The production of growth factors such as amphiregulin by ILC2, and fibroblast growth factors by γδ T cells have been shown to promote tissue repair at multiple barrier sites. Additionally, MAIT cells have been shown to exhibit pro-repair phenotypes and demonstrate microbiota-dependent promotion of murine skin healing. In this review we will discuss how immune responses at mucosal sites are controlled by unconventional lymphocytes and the ways in which these cells promote tissue repair to maintain barrier integrity in the skin, gut and lungs.
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Introduction

Mucosal and barrier sites such as the skin, lungs and digestive tract are major contact points with the external environment. As such, they are at risk from damage by infection, environmental toxins and physical trauma. Mucosal and barrier sites have therefore evolved features to withstand such insults, with some sites particularly specialized in dealing with continued damage. These external-facing sites also have the added challenge of being colonized by diverse commensal microbial species, whose cooperative co-existence with their host is often vitally dependent upon appropriate compartmentalization. Commensal-immune system interactions can promote and enhance barrier function for example enhancing normal cell turnover and barrier integrity. Tissue injury, however, represents a particular challenge at mucosal and barrier sites, as damage will inevitably lead to a failure of microbial compartmentalization and thus necessitate an anti-microbial response. The coordination of immune responses that can both work with commensal microbes to promote barrier function in everyday “wear and tear” as well as recognize and repair damage is a major challenge. Dysregulation of microbial interactions at the barrier and defective repair can lead to disease or worsen prognosis in chronic skin wounds in diabetic and elderly individuals, inflammatory bowel disease (IBD) and COPD (Chronic obstructive pulmonary disease) (1). Data are emerging of a key role for unconventional lymphocytes in helping regulate these critical barrier functions.

Mucosal barriers are particularly enriched for ‘unconventional lymphocytes’, defined as lymphocytes either lacking rearranged antigen receptors, or expressing antigen receptors with a limited repertoire-innate lymphoid cells, mucosal-associated invariant T cells (MAIT) and γδ T cells. Innate lymphoid cells (ILC) do not express functional T cell receptor (TCR) proteins whereas, MAIT possess a semi-invariant TCR restricted for the non-classical MHC class I molecule, MR1 (2). γδ T cells can also be considered an unconventional lymphocyte as during development, monoclonal or oligoclonal populations develop, expressing semi-invariant TCR with effector fates also imprinted at this stage (3). γδ T cells have been described as ‘adaptate’ since these cells display features of both innate and adaptive systems (4). Based on our definition of unconventional lymphocytes NK and iNKT cells could also be included, however in this review we will focus on lymphocytes with compelling evidence for a role in repair, namely the ILCs, γδ T cells and MAIT.

Recent work has highlighted that unconventional lymphocytes possess a shared trait, as important orchestrators of repair at mucosal and barrier tissues, which sets them apart from most conventional lymphocytes. Unconventional lymphocytes share the ability to rapidly respond to damage and cytokine cues in situ and possess many pro-repair strategies that will be discussed here.



Innate Lymphoid Cells (ILC)

ILC encompass NK cells, LTi (Lymphoid tissue inducer) cells and helper ILCs (ILC1, ILC2 and ILC3), which are a relatively recently discovered cell class and our understanding of their function and ontology is growing at a rapid pace. Helper ILC exclude NK cells since these differentiate prior to the common helper ILC progenitor (CHILP) (5) and possess more cytotoxic functions while helper ILC display functions more similar to T-helper cells. LTi cells are also distinct from helper ILCs as although they are part of the ILC3 family, they follow a separate developmental program and are only present in a developmental window before birth, where they are crucial for the development of secondary lymphoid organs (6).

ILC are grouped in a similar way to their T-helper counterparts, with each subset possessing discrete functions and phenotypes. ILC1 are analogous to Th1 and provide the type-1 immunity arm of ILC. ILC1 require the transcription factor Tbet for functionality (7), they primarily produce IFNγ, particularly in response to IL-12 and they provide an important early response to viral infections (8). While there were initial difficulties distinguishing ILC1 from NK cells, it is now appreciated that ILC1 are less cytotoxic than NK cells and function in a ‘helper’ role (7).

ILC2 are analogous to Th2 cells, requiring GATA3 as their master transcription factor and producing IL-5, IL-13 and IL-9 (9), although murine ILC are not generally efficient producers of IL-4 (10). ILC2 are regulated by a large range of tissue signals including prostaglandins, neuropeptides, metabolic cues and alarmins such as IL-25, IL-33 and IL-18 released by damaged epithelial cells (9). Their roles have largely been studied in responses to helminths, which generally induce extremely strong type-2 responses, in lung allergy models and in atopic conditions such as atopic dermatitis.

ILC3 are akin to Th17 cells requiring the transcription factor RORγt. They respond to IL-1β and IL-23 by producing the type-17 mediators IL-17A, IL-17F and IL-22 (6). Prior to birth, LTi cells which are part of the ILC3 family, are one of the earliest immune cell types to populate the intestine where they play a crucial role in secondary lymphoid organogenesis. In adults three distinct populations of ILC3 exist, defined by expression or absence of CCR6 and NK cell receptors (NCR), NKp46 (mice) or NKp44 (humans) (6, 11). NCR+ ILC3 share transcriptional overlap with ILC1 and possess functional plasticity to take on an ILC1-like phenotype (11). NCR- CCR6+ LTi-like cells share a cell surface phenotype similar to fetal LTi cells, but follow a developmental program common to ILC1, 2 and 3 which is distinct from that of LTi cells (6). NCR- CCR6- ILC3s have also been identified in the intestine where they are thought to be precursor cells for the NCR+ ILC3s (6).


ILC1

The majority of studies describe pathological roles for ILC1 and protective roles have been less well characterized at barrier sites. Indeed, deviation from ILC3 phenotypes into ILC1-like cells has been described in IBD (12). ILC1 are rare within the healthy small intestine, but this subset becomes enriched in IBD (12) leading to the assumption that these cells contribute to pathology. However, recent work in murine and human intestinal organoids has demonstrated roles for gut ILC1 in promoting repair-like activities (13). In organoids, ILC1 can produce TGFβ1, resulting in both crypt bud formation and remodeling of the extracellular matrix. Furthermore, ILC1 produced MMP9, which degrades matrix components, causing stiffening of organoid-proximal ECM and degradation in distal regions. As ECM remodeling is an integral part of healing, this mechanism may contribute to repair (Figure 1).




Figure 1 | Roles of unconventional lymphocytes in intestinal repair. Gut ILC1 can produce MMP9 and TGFβ1 which contribute to extracellular matrix remodeling- a crucial part of repair. ILC2s become activated after exposure to IL-33 released by damaged epithelium, which results in their production of IL-13, which contributes to extracellular matrix remodeling and epithelial cell proliferation. Activated intestinal ILC2 also produce Areg which both enhances mucin production by epithelial cells increasing the mucus layer, and upregulates Claudin-1, increasing tight junction strength and reinforcing the barrier. Gut γδ T cells, or γδ IELs, can contribute to repair by the production of KGF which promotes epithelial proliferation, and via the production of AMPs such as RegIIIγ. In gut, the contribution of MAIT cells to healing responses remains relatively unknown, however these cells have been observed to respond similarly to human peripheral blood MAIT and can strengthen epithelial barrier integrity by inducing the tight junction protein, occludin, and by enhancing mucin expression to bolster the mucus layer. Intestinal ILC3s can become activated by PGE2, SCFAs, or IL-23 and IL-1β. Activated ILC3s produce IL-22 which promotes epithelial stem cell maintenance in a STAT3 dependent manner, and can also promote the DNA damage response. ILC3s can also promote epithelial cell proliferation via a Hippo/Yap-1 pathway downstream of gp130. The factors released by ILC3s which signal via gp130 are not known, but may be IL-6, Lif or Oncostatin M as these all signal via gp130-coupled receptors. Activated ILC3s also produce GM-CSF which contributes to M1 polarization of macrophages which inhibit healing, but also inhibit fibrosis which is associated with scar formation. ILC3s can produce IL-22 and IL-17 which promotes the production of AMPs and mucins by epithelial cells, but it is not known if these cells are the key producers of these cytokines in this context. Created with BioRender.com.



While there is limited literature on skin ILC1, these cells are increased in injured murine skin during the proliferative phase of healing (14). It is therefore likely that they contribute to skin healing in a comparable way to gut, involving TGFβ production and matrix remodeling. Indeed, in cutaneous healing TGFβ is known to be elevated during the proliferative phase (15) correlating with ILC1 numbers (14). Thus, there is the potential for ILC1 to contribute to healing by regulating matrix remodeling and cell proliferation via production of TGFβ, however, evidence of a clear role for ILC1 in repair is currently lacking.



ILC2

Much of ILC2 biology at mucosal sites has been investigated in the context of allergic or anti-helminth responses, where type-2 responses are essential. Since invasion of multicellular parasites causes a large amount of tissue damage, it is, perhaps, unsurprising that ILC2 also promote epithelial repair and barrier integrity.

ILC2 have been shown to accumulate post skin wounding during either the inflammatory phase in mice (16), or the later proliferative or remodeling phases in mice (14) and humans (16). This expansion of ILC2 in response to tissue injury implies that they are involved in the repair process (Figure 2) however, clarification of the timing of ILC2 accumulation may provide additional insight into their specific roles in healing.




Figure 2 | Mechanisms of unconventional lymphocytes in mouse skin repair. ILC2 become activated in response to IL-18 released by damaged cells, resulting in the production of IL-13 which can drive the alternative activation of macrophages (AAM), IL-5 which recruits eosinophils (Eos), and potentially Areg which has been shown to have many pro-repair roles at other barrier sites but is yet to have a role defined in skin. MAIT cells become activated by TCR engagement and IL-18 which results in PDGF and IGF-1 production that enhances keratinocyte survival. These cells are also thought to modulate angiogenesis which is an important process for tissue remodeling in repair. MAIT cells can also produce IL-17, but a direct role for MAIT-derived IL-17 in skin repair has not yet been demonstrated. DETC are a mouse specific cell type that is maintained by IL-15 produced by keratinocytes. On damage DETC become activated in response to TCR signals, CD100 engagement with plexin B2 on epithelial cells and detection of stress ligands via NKG2D. This stimulates DETC to produce IGF1 which promotes keratinocyte survival. IGF1, alongside DETC-derived KGF and FGF10 also promote epidermal proliferation. DETC can produce IL-13, which in skin, regulates keratinocyte maturation and migration, but may also have other roles in common with that seen at other barrier sites. ILC3 can become activated downstream of Notch-dependent TNFα production by keratinocytes, or by IL-23 and IL-1β. Activated ILC3 produce CCL3 which recruits monocytes (Mon). ILC3 may also produce GM-CSF which promotes reepithelialisation and vascularization, and regulates collagen deposition. ILC3 are particularly well known for their ability to produce IL-17A which at low levels is pro-repair and acts by promoting the production of antimicrobial peptides and stimulating keratinocyte proliferation. ILCs can also produce IL-22 and IL-17F which upregulates AMPs. IL-22 which can also enhance the formation of granulation tissue, and stimulate vascularization. Similar to ILC3, dermal γδ T cells, which are mainly Vγ4+, produce IL-17 and can form a positive feedback loop by stimulating IL-23 and IL-1β production, leading to enhanced activation of both ILC3 and dermal γδ T cells, which is proposed to impair healing. These dermal γδ T cells can also produce FGF10 which promotes keratinocyte proliferation and FGF9 which stimulates hair follicle neogenesis and is thus associated with regeneration. HFSC, Hair follicle stem cells, Re-ep, Re-epithelialization. Created with BioRender.com.



One role for ILC2 is in modulating epithelial activity. On tissue damage, IL-33 is released by necrotic cells which promotes ILC2 accumulation as seen in the lungs of influenza-infected mice (17). These ILC2 regulate epithelial cell proliferation and necrosis, and promote goblet cell activity (17) thus maintaining epithelial integrity and protecting from severe pathology (Figure 3).




Figure 3 | Proposed mechanisms by which unconventional lymphocytes promote lung repair. Damage can be induced by chemical exposure or infection with viruses or helminths, which leads to IL-33 release by damaged epithelium. This activates ILC2, stimulating the production of cytokines and Areg. Areg promotes epithelial cell proliferation, reepithelialisation, and goblet cell activity, strengthening the mucus barrier. The production of IL-13 and GM-CSF by ILC2 recruits macrophages and promotes their alternative activation, allowing them to contribute to repair. IL-13 also promotes epithelial cell differentiation and proliferation, and modulates collagen deposition. ILC2s also produce IL-5 which recruits eosinophils. These eosinophils can produce IL-4 and IL-13 and may therefore also contribute to healing. ILC2s may contribute to repair by upregulating Furin to promote the activation of MMPs and TGFβ, and they may directly regulate the extracellular matrix, but these mechanisms are yet to be proven. In neonatal lung γδ T cells respond to infection by producing IL-17 which stimulates IL-33 release by epithelial cells. Lung MAIT cells can become activated by TCR ligands from microbes, and cytokine signals from damaged cells, leading to the production of IFNγ, IL-17A/F and IL-22 which can promote epithelial proliferation. MAIT cells can also produce growth factors such as PDGF and VEGF which play a role in repair. Similar to ILC2s, MAIT cells can produce Areg which promotes epithelial cell turnover and goblet cell activity, and they may also upregulate furin to increase protein cleavage and activation. Created with BioRender.com.



Much of the ILC2 data to date has used helminth infection models. However, the specific pro-repair roles of ILC2 are challenging to disentangle since ILC2 promote worm expulsion (18) as well as having potential repair roles. However, in later stages of helminth models once worm expulsion/killing has been achieved, an examination of reparative processes can occur. For example, in Nippostrongylus brasiliensis infection, ILC depletion results in emphysema-like pathology, microbleeding and impaired lung capacity (19), demonstrating a crucial repair role for ILCs. The cells responsible for repair in this model are ILC2 producing amphiregulin, IL-9, IL-13 and IL-5 and they also promote eosinophil recruitment and the alternative activation of macrophages (19) (Figure 3).

Production or modulation of extracellular matrix proteins by ILC is a relatively unstudied, but potentially important repair mechanism. For instance dermatopontin, decorin and asporin are highly expressed by lung ILC (17). Although these make up a significant proportion of ‘wound healing’ gene signatures, the role of extracellular matrix components in healing remains under-explored, and the relative contribution of ILC2s to the production of these also remains unknown.

Therefore, the best studied contributions of ILC2 to repair are via the production of cytokines or growth factors, and the contribution of these ILC2 products to the repair process will be discussed further here.


IL-13 and IL-5

ILC2 react quickly to injury-induced IL-33 by producing IL-13 and IL-5 (16, 20) (Figures 1–3). There is variability in the responses at different tissue sites and skin ILC2 display reduced IL-33 responsiveness compared with ILC2 at other sites (21). In the skin, the IL-1 family alarmin cytokine, IL-18, appears to play a more dominant role in the activation of skin ILC2 (21). Regardless of the alarmin required for stimulation, IL-13 production by ILC2 is one of the key outcomes. This cytokine has established links to tissue repair by promoting pro-repair phenotypes of macrophages, collagen deposition, and the proliferation and differentiation of epithelial cells (22).

In intestinal damage models IL-13 signaling is crucial for epithelial regeneration by promoting LGR5+ crypt stem cell self-renewal (23) (Figure 1). A defect in LGR5+ cell number was also seen in ILC deficient mice at steady state, and this was ameliorated by transfer of ILC2 which subsequently localized closely around intestinal crypts (23). This defect in LGR5+ cell numbers was not restored by transfer of IL-13-deficient ILC2, demonstrating that IL-13 production by ILC2 contributes to repair via regulating stem cells (23). While not a major finding in the study, Dahlgren et al. identified ILC2 localization predominantly around hair follicles within the skin (24). Hair follicles are an important stem cell niche which can contribute to healing of even the interfollicular epidermis (25–27), which could also suggest the involvement of a stem cell-ILC2 axis in skin repair.

Another suggested role for ILC2 in repair is via the promotion of macrophage alternative activation. A recent study investigating lung repair, in a naphthalene-induced bronchial damage model, identified a synergistic role for IL-13 and IL-33 in promoting the development of pro-healing alternatively activated macrophages (AAM) (20) (Figure 3). ILC2 were identified as the primary producers of IL-13 in this model and their presence was required for AAM development and recruitment of ST2+ macrophages. The absence of ILC resulted in a defect in regeneration that was rescued by ILC2 transfer (20). In addition, these ILC2 also produced GM-CSF which plays a key role in macrophage development (20). It is likely that the influence of ILC2 on myeloid cells, in particular macrophages but potentially also eosinophils (via IL-5), is important for repair (Figures 2 and 3), especially as ILC2 are a major, innate source of IL-13 which can be produced more rapidly than adaptive sources, particularly in sterile injury. Therefore, the production of IL-13 is likely a key mechanism by which ILC2 contribute to repair by promoting stem cell maintenance and the alternative activation of macrophages.

ILC2 also produce IL-5 in response to activation, which does not yet have clear links to healing and may instead act to recruit eosinophils, which do not currently have a clearly defined role in repair but have been suggested to play a role in barrier integrity (28). Furthermore, eosinophils themselves are a major source of cytokines such as IL-4 and IL-13 that can in turn promote the generation of pro-repair macrophages (29, 30) thus ILC2 may be acting as a critical first line in aiding and coordinating the recruitment of other pro-repair cell types.



Amphiregulin

In addition to production of IL-13, ILC2s are also a major source of EGFR ligand amphiregulin (Areg) (Figure 3). Areg has well-established roles as a growth factor promoting tissue repair and having immunomodulatory activities (31). Indeed, in the context of influenza-induced damage, either lung ILC transfer or amphiregulin administration restores epithelial integrity in the absence of ILCs (17). A similar activity is also seen in the DSS colitis model where IL-33 is induced in response to epithelial damage. IL-33 promotes ILC2 Areg production which in-turn enhances epithelial claudin-1 and mucin production to enhance tight barrier function and mucus generation (32) (Figure 1). Similar observations were made using an Itk-deficient mouse model. Itk-deficient mice have greatly reduced numbers of lamina propria ILC2 and fail to repair DSS induced intestinal damage resulting in enhanced mortality (33). It would be interesting to understand if this IL-33/Areg axis also plays a role in skin healing by promoting epithelial tight junction integrity. Transcriptome data suggest Areg is expressed by both murine (21, 34) and human skin ILC2, (Figure 2) with increased Areg expression observed in atopic dermatitis, perhaps reflecting attempts to repair the barrier defects associated with this condition (35). This reinforces the possibility that ILC2 production of Areg is a common pro-repair mechanism employed by ILC2 at multiple barrier sites, but further research is needed to show this.



Furin

ILC are a source of the endoproteinase furin. Furin activates a wide range of pro-protein substrates in the secretory pathway of all cell types. Furin is increased in ILCs present during time points when healing occurs in N. brasiliensis infection (36). However, direct data to show ILC2 derived furin is reparative, is lacking. The pro-repair function of furin appears to be largely inferred from its role as a proprotein convertase, activating MMPs and TGFβ, and promoting epithelial to mesenchymal transition (EMT) that promotes healing (37, 38). Interestingly ILC2 from other sites express furin mRNA at steady state particularly skin ILC2 (21) (Figure 2). One possibility is that ILC2 production of furin promotes formation of the stratum corneum by processing filaggrin (39). This could, potentially, also implicate furin as a pro-healing factor as it may enable the correct differentiation of the new epidermis in cutaneous wounding.



Heterogeneity in ILC2 Repair Function

There is increasing understanding of the significant heterogeneity among ILC2s and it is currently unclear if all ILC2 subpopulations promote repair to the same degree. For example, neonatal mouse lungs contain two defined subsets of mature, effector ILC2 (40). On stimulation with IL-33 and IL-7 the KLRG1+ ICOS- ILC2 subset expresses high levels of IL-5 and IL-13, while KLRG1- ICOS+ ILC2 express little IL-5 or IL-13 but produce large amounts of Areg (40). Therefore, in neonatal mouse lung there appears to be a proinflammatory KLRG1+ ILC2 subset and a pro-repair ICOS+ ILC2 subset (40). In adult mice this distinction between subsets is less clear, and on papain challenge, expression of ICOS and KLRG1 are both increased on lung ILC2. ICOS+ ILC2s do express a relatively ‘pro-repair’ gene expression profile (40) however, the relevance of many of these genes to repair in the context of ILCs, rather than epithelial cells, is unknown. Intriguingly, in both steady-state neonatal, and papain treated adult lungs, the presence of KLRG1+ ILC2 was reduced in IL-33 KO animals, while ICOS+ ILC2 were unaffected (40), suggesting the putative ‘pro-repair’ ILC2 have less reliance on IL-33 for their expansion.

In N. brassiliensis infection multiple clusters of lung ILC2 are present during the repair phase, and express high levels of Areg (36) (Figure 3). Single cell RNAseq was performed on these cells and analysis based on expression similarity allowed the construction of predicted lineage path trajectories. This analysis suggests that the ILC2 present in repair can develop from ILC2 already present in the infected tissue indicative perhaps of the role of the environment in shaping ILC2 phenotype and function (36). Alternatively, this observation may show that pro-repair ILC2 are a more specialized and differentiated subset than other ILC2s.

Overall, it is clear that ILC2s contribute to repair at many barrier sites both directly and indirectly via influencing the cellular microenvironment and potentially via ECM remodeling, however the relative contribution of each of these mechanisms to repair remains incompletely understood.




ILC3

The type-17 immune response is vital to mucosal defense, particularly in the gut. Not only are these responses essential for defense against microbial threats, but also in restoration of epithelial barriers. ILC3, as key innate type-17 cells, have therefore also been shown to have critical roles in the response to damage of epithelium and repair of the barrier

The bulk of work investigating ILC3 in repair has focused on gut models. However, observations that ILC3 are rapidly recruited to skin wound margins in a manner dependent on epidermal Notch-driven TNFα expression, suggest they may play similar roles in other tissues (14) (Figure 2). The critical role of ILC3 in intestinal repair has been demonstrated using anti-Thy1 treatment of mice to deplete ILC and analyze the response to chemical induced gut inflammation using methotrexate. Although anti-Thy-1 depletes other lymphocytes in addition to ILCs, its use in RAG KO mice, which display normal healing, allows more specific ILC depletion, as T cells are absent (41). This approach suggested that ILC were indeed playing a key role (41). Both NCR+ and NCR– ILC3 were found to be activated early post methotrexate treatment, resulting in IL-17, TNFα, IL-22 and GM-CSF production (41) (Figure 1). Indeed, when the role of ILC3 more specifically was examined using RORγt deficient animals, defects in crypt repair were observed, with an accompanying reduction in LGR5+ crypt stem cells, again demonstrating a critical role for ILC3 in promoting epithelial repair (41).

ILC3s can produce a range of inflammatory mediators, most notably IL-17, TNFα, IL-22 and GM-CSF, and it is thought that its these cytokines that are key to ILC3 repair function.


Co-Ordinating Mononuclear Phagocyte Activity

One way that ILC3 contribute to barrier repair is via coordinating immune cell activity in the wound. Skin wound ILC3 produce the chemokine CCL3 which is required for robust monocyte recruitment (Figure 2) in early healing, but is not required at later timepoints (14). Therefore, similar to ILC2, ILC3 have a role in coordinating myeloid cell activities which are important for tissue repair. In the intestine, however, ILC3-derived GM-CSF can promote antimicrobial M1-like macrophage development over typical type-2 ‘healing’ responses in macrophages (42) (Figure 1). ILC3-produced GM-CSF was suggested to temper reparative responses to avoid undesirable fibrosis. Indeed, in complicated human Crohn’s disease where strictures (narrowing and scarring of the intestine) occur, both epithelial to mesenchymal transition (EMT) genes, and macrophage signatures that are usually restrained by ILCs in colitis models, were increased (42). Depletion of ILCs showed that these cells limit collagen deposition pathways, epithelial to mesenchymal transition (EMT) and production of the pro-healing growth factor, platelet derived growth factor (PDGF) (42). However, contributions from all ILC subtypes cannot be excluded as all ILC types were depleted. The reduction in collagen deposition is likely due to ILC3-derived GM-CSF (42). Therefore, ILC3 act via production of GM-CSF which acts on monocytes and macrophages, to restrain some aspects of repair and avoid deleterious effects of scarring, ensuring an appropriate program of repair. GM-CSF can also have positive effects on skin repair, promoting re-epithelialisation, vascularization and controlling collagen deposition both directly, and by the induction of cytokines such as IL-6 (43, 44). ILC3 could potentially be a skin source of GM-CSF and thus may contribute to repair in this manner.



IL-22

ILC3 are a key source of IL-22, particularly in the intestine where they are the prominent producers (45) and the importance of this cytokine has been shown in several model systems. In a methotrexate-induced intestinal damage model the depletion of ILCs leads to impaired epithelial proliferation and reduced phosphorylation of STAT3. STAT3 phosphorylation is critical for intestinal repair which was shown to be partially dependent on IL-22 from ILC3, by the use of blocking antibodies (41) (Figure 1). However, a more recent paper employing IL-22 deficient mice demonstrated that IL-22 does not impact clinical score in methotrexate induced damage. Instead IL-22 helped to maintain the stem cell crypt rather than promoting epithelial proliferation (46). The proliferative response to intestinal damage instead requires ILC3-dependent gp130 signaling in crypt stem cells which activates the evolutionarily ancient Yap1-Hippo pathway (46). It is not fully understood how this pathway is activated in response to ILC3 but certainly at steady state ILC3 can produce Lif, Oncostatin M and IL-6 all of which signal via gp130-coupled receptors implicating gp130 signaling in regulating homeostasis of barriers (46) (Figure 1). Collectively this indicates at least 2 distinct mechanisms by which ILC3 promote intestinal repair with 1) an IL-22 and STAT3 dependent maintenance of stem cells (46) – likely via suppression of apoptosis (41) and 2) an IL-22-independent induction of Yap1-dependent proliferative responses and promotion of differentiation to pro-repair secretory cell types.

ILC3-derived IL-22 plays a role in protecting the gut epithelium under conditions of bacterial challenge. Systemic bacterial lipopolysaccharide (LPS) promotes prostaglandin E2 (PGE2) synthesis, which acts on ILC3 via the EP4 receptor to promote ILC3 proliferation, expression of signature genes such as Rorc and production of IL-22 (47) (Figure 1). Crucially, a lack of ILCs or ablation of EP4 expression in ILCs, results in systemic inflammation associated with bacterial translocation into the liver which is likely due to impaired gut barrier integrity. Similar to murine cells, human ILC3 also respond to PGE2 and this pathway is diminished in both neonates with sepsis, and in patients with other sepsis-related conditions (47) suggesting that ILC3 play a similar role in humans. This PGE2-IL-22 axis is also involved in responding to the damage incurred by DSS colitis (47) (Figure 1). Detection of the microbial metabolites, short chain fatty acids (SCFA), by ILC3 is important for IL-22 production and promoting epithelial barrier function as, in DSS colitis, ILC3 lacking Ffar2 – a receptor for SCFA, display reduced proliferation and impaired IL-22 production. This results in reduced production of mucins, and antimicrobial peptides such as Reg3α, β and γ, leading to worsened pathology (48).

Other studies have further emphasized the critical role of ILC3 in barrier repair and specifically the DNA damage response (DDR). Damage to the gut epithelium caused by the pro-carcinogen azoxymethane (AOM) or radiation induced damage repair both require IL-22 for the induction of DNA repair machinery and apoptotic responses to DNA damage (49) (Figure 1).

Overall the data point to an important role for ILC3-derived IL-22 in maintaining or restoring the intestinal barrier, but the importance of IL-22 production by ILC3s in repair at other sites is less well understood. The major source of gut IL-22 is ILC3 however, in skin γδ T cells are also an important source of IL-22 (50), and MAIT cells can also produce IL-22. Therefore, it is unclear if ILC3 are the key IL-22 producing cells in repair at all barrier sites, or if this is specific to the intestine.

In murine skin wound healing IL-22 is upregulated during the inflammatory phase (51). Interestingly, this response is blunted in diabetic mice that fail to heal in a timely fashion and the addition of recombinant IL-22 can restore healing by promoting keratinocyte proliferation (Figure 2), granulation tissue formation and vascularization (51). IL-22 can also improve healing of infected murine diabetic wounds which may be via its induction of host-defense and AMP gene expression (Figure 2), alongside promoting direct healing mediators such as Areg (52). The relative contribution of IL-22 produced by ILC3, γδ T cells and MAIT cells in skin remains incompletely understood, despite the importance of IL-22 in repair.



IL-17

IL-17 is a critical family of cytokines including both IL-17A and the less well studied IL-17F which are produced by ILC3, as well as γδ T cells and MAIT. ILC3 produce IL-17A, however IL-17F expression is the dominant wound response in skin (14) (Figure 2). The importance of ILC3 in skin healing was demonstrated by impaired healing in RORγt deficient animals that lack ILC3 and IL-17 production (14). This impeded re-epithelialisation, which was only restored by transfer of RAG KO splenocytes, which contain ILCs, but not T or B cells (14). While this does not definitively demonstrate an ILC3 role, the presence of ILC3 at the wound site post-transfer strongly suggests an ILC3 mediated effect.

While ILC3 roles have typically been split into epithelial maintenance/repair vs proinflammatory anti-microbial responses, the reality is likely much more nuanced. IL-17A can promote the production of anti-microbial peptides (AMPs) such as beta defensins, S100A8, lipocalin 2 and REG3A (mouse ortholog is RegIIIγ) from epithelial cells (53) (Figures 1 and 2). Indeed IL-17A and IL-17F have been reported to synergize with IL-22 in promoting AMP production (53). Both IL-17 and AMPs protect the barrier by controlling colonizing microbes and, promoting keratinocyte proliferation (54, 55). IL-17A may also affect keratinocyte proliferation by transactivating some configurations of EGFR receptors to influence stem cell activity (56), and by directing hair follicle stem cells to reconstitute the injured epidermis (56) (Figure 2). Indeed, in chronic diabetic skin wounds with a failure in re-epithelialization, there is evidence that type-17 pathways are underactive, at least at a transcriptional level (57), suggestive again of IL-17 promoting epithelial repair.

Although ILC3 and IL-17 play roles in repair, conventional and γδ T cells may be more potent sources of these cytokines, thus the relative contribution of ILC-derived IL-17 to repair remains unknown.

Collectively, these findings show that ILC3s have a role in repair, likely via their production of IL-22, IL-17 and GM-CSF and these cytokines may enable them to be involved in both epithelial regeneration responses, as well as limiting excessive reactions and scarring from occurring.

The contribution of other unconventional lymphocytes such as γδ T cells to IL-17 production will be discussed in the following section.





γδ T Cells

Gamma delta (γδ) T cells are a population of unconventional T cells, expressing a TCR comprised of γ and δ chains, as opposed to the α and β chains of conventional T cells. The ability to produce IL-17A or IFNγ is largely predetermined in the thymus during development, alongside Vγ TCR chain expression, and these cells go on to seed tissues, particularly mucosal sites (3). γδ T cells develop in waves during development, with cells bearing a particular Vγ chain developing in the thymus in a pre-determined time window from which they seed specific tissues (4). γδ T cells have been suggested to operate in an ‘adaptate’ manner with both innate and adaptive features and their role is to ‘set the scene’ for full adaptive responses (4, 58). The innate functions of γδ T cells are evident by the fact that they are not restricted to recognition of antigens presented by MHC/CD1/MR1 (4), which is in contrast to conventional T cells. Indeed, there has been considerable debate regarding the importance and identity of TCR ligands for γδ T cells, although they are largely thought to be microbial or stress-associated molecules (58). γδ T cell subsets have been shown to play roles in repair via their production of cytokines, growth factors and antimicrobial peptides which will be discussed in the subsequent sections.


IL-17-Producing γδ T Cells

A common feature of pro-repair γδ T cells is their type 17 polarization. In mouse skin, where their repair functions have been best characterized, γδ T cells comprise around 90% of all dermal IL-17 producers, with the major dermal γδ T cell population expressing Vγ4 (59) [Tonegawa nomenclature (60)]. Vγ4 T cells are able to infiltrate the epidermis on wounding, via a CCR6-CCL20 axis (61), with hair follicle (HF) epithelial cells also producing high levels of CCL20 (62). This suggests that in addition to migrating to the epidermis, IL-17 producing-γδ T cells may localize close to HF where they could facilitate stem cell mobilization via IL-17 production (26) (Figure 2).

CCR6 deficient mice display delayed healing associated with reduced recruitment of Vγ4 expressing γδ T cells and lack of pro-repair FGF2 at the wound site. However, these mice have increased IL-17 at day 5 post wounding (63) suggesting an alternative population of cells can produce IL-17, but do not compensate for the early repair functions carried out by γδ T cells.

Diabetic mice display impaired wound healing which is associated with reduced CCL20, IL-23 and IL-1β, reduced IL-17-producing γδ T cells and reduced CCR6 expression (64). This association again suggests a role for dermal γδ T in promoting repair, but the relative importance of these cells to healing is yet to be determined.


γδ T Cell-Derived IL-17

A major subset of γδ T cells are capable of producing copious amounts of IL-17. However, the role of Vγ4 T cell derived IL-17 remains controversial with conflicting reports of this impeding or enhancing wound healing. In support of a role promoting healing, IL-17 deficient mice have defective healing which can be restored by supplementing with IL-17 or transfer of IL-17 producing Vγ4 cells in a diabetic model (64). IL-17 neutralization has also been shown to delay skin healing, due to a reduction in the AMP, RegIIIγ (55) (Figure 2). Also, diabetic mouse wounds, with delayed healing have lower total IL-17, and reduced numbers of IL-17 producing γδ T cells (64). A recent study also identified reduced expression of IL-17/Type-17 related genes in human diabetic wound samples (57) demonstrating again an association between impaired healing and reduced IL-17. Conversely, Vγ4-derived IL-17 can delay healing by inhibiting insulin-like growth factor 1 (IGF-1) production by dendritic epidermal T cells (DETC) (61). It has therefore been suggested that there is a dose dependent role for IL-17 in wound healing, where low levels of IL-17 promote healing, but once a threshold is exceeded, IL-17 produced largely by dermal γδ T cells, triggers a positive feedback loop enhancing IL-1β and IL-23 production (61, 65). This results in disruption of growth factor release in the wound and further enhanced IL-17 production, impairing healing (61).

The requirement for a type-17 response for wound healing is surprising given that healing is commonly thought of as a type-2 inflammatory response. However, type-17 responses have been shown to be required for the promotion of subsequent type-2 responses in helminth infections, where significant tissue damage occurs and requires repair (66). More specifically, IL-17 is necessary for later IL-13 production (67) and the promotion of a later type-2 response may depend upon neutrophil mediated damage or IL-17-mediated suppression of IFNγ responses to relieve inhibition of type-2 responses (66). Indeed, this is illustrated in neonatal influenza infection, where a rapid γδ T cell IL-17A response is generated in the lung, which induces IL-33 in epithelial cells, leading to a pro-repair Areg response from ILC2 and Tregs (68) (Figure 3). Mice deficient in γδ T cells develop more severe disease associated with reduced weight gain and prolonged lung pathology on infection with influenza, which is due to impaired repair processes rather than an impaired anti-viral response. The IL-33/IL-17A repair axis may also operate in human infants, as nasal aspirates from children with mild influenza show positive correlations between IL-17A and IL-33 levels and also between IL-17A and Areg levels (68). In turn, higher IL-17A levels were associated with less severe disease, implying a protective pro-repair role for IL-17A (68).

IL-17 responses may co-operate with a variety of growth factors in promoting barrier regeneration. In oral mucosa, IL-17 producing γδ T cells also produce Areg which promotes homeostasis and plays a protective role in periodontitis (69). Areg, as discussed for ILCs, has roles in healing at other mucosal sites.

Therefore, in healthy healing γδ T cell IL-17 production appears to be an early response to wounding which allows and promotes a subsequent type 2 inflammatory and pro-healing response to occur.



Role of γδ T Cells in Tissue Regeneration

It is important to note that repair often does not involve true regeneration. This is especially obvious in skin scarring, where tissue is repaired but loses much of its strength, elasticity and appendages, such as hair follicles, sebaceous glands and sweat glands. A particularly interesting aspect of γδ T cell-mediated repair is its capacity to be both healing and regenerative, restoring all cell types and original features of the tissue. In humans, regeneration, such as wound-induced hair neogenesis (Figure 2) - the de-novo generation of hair follicles at the site of a repaired wound- is extremely rare, but regeneration can be observed in mouse injury models. This difference may well be due to resident dermal γδ T cells, as human dermis contains fewer γδ T cells, and those few present in human skin localize around dermal vasculature suggesting that they are circulating rather than tissue resident cells (70). Murine dermal γδ T cells are thought to promote regeneration as the regenerative mouse-like species of the genus Acomys have greater transcription of Tcrd in the wound edge in late stage healing than in Mus.musculus (71). Dermal γδ T cells are also the main FGF9 producers late in healing (70) (Figure 2) which promotes a positive feedback mechanism in dermal fibroblasts resulting in further FGF9 production triggering Wnt signaling in the dermis. As in development, Wnt signalling helps to promote hair neogenesis in wounds, which requires γδ T cells (70). It is likely that Wnt signaling also favors regenerative and scarless healing. A recent study described how imiquimod, which promotes a type 17 response in skin, enhanced skin regeneration in a murine model (71). Imiquimod activates nociceptor neurons and induces IL-23 expression in dermal dendritic cells which promotes regeneration functions in γδ T cells (71).




Intraepithelial γδ T Cells


DETC

In addition to the dermis, γδ T cell subsets are also resident in the epidermis, a major example being dendritic epidermal T cells (DETCs) (Figure 2) which express an invariant Vγ5Vδ1 TCR (72). DETCs are named for their dendritic appearance with projections that survey the epidermis and detect stress ligands via a range of costimulatory receptors such as NKG2D, which is important in their wound healing activities (73). Despite the identification of these costimulatory receptors, the actual TCR ligands involved are currently unknown and may not always be required for cell activation (58, 72). DETCs have an important role in maintaining skin homeostasis by producing the growth factor, IGF-1, which reduces keratinocyte apoptosis at steady state.

DETCs do not exist in humans due to inactivating mutations of the critical DETC selection protein Skint-1 (72). However, populations which appear to fulfill similar roles are present in human skin such as Vδ1 cells which reside in the epidermis but lack the dendritic morphology of DETCs (72, 74). Epidermal resident γδ T cells have also been identified in other mammalian species such as cattle and macaques and the presence of γδ T cells with tissue support roles is a conserved feature as they are found in evolutionarily distant species such as jawless fish (72).

The most convincing evidence for DETC playing a role in healing comes from mice lacking DETCs, where wound healing defects are observed in the early post-wounding period. This is likely due to loss of growth factors such as IGF-1, KGFs (Keratinocyte growth factors) and FGF-10 (75, 76) (Figure 2). DETC can be activated by TCR signaling, leading to the rapid production of IGF-1, which supports keratinocyte survival (77). IGF-1, KGFs and FGF-10 produced by DETC also enhance epidermal proliferation (61, 65, 75, 78, 79) and DETC adoptive transfer can rescue the wound healing defect and restore growth factor levels in TCRδ deficient animals (61). This suggests a major role for DETC in healing (75), which αβ T cells are unable to fill despite populating the epidermis in their absence.

DETC are activated in wounding which is characterized by morphologic changes triggered by keratinocyte stress ligands (77, 80). This change in morphology requires expression of semaphorin CD100 by DETC, and upregulation of its receptor, plexin B2 by keratinocytes (80). The importance of CD100 in repair, was shown by CD100 deficient animals, which have an impaired wounding response (80).

In a tape-stripping model of epidermal injury, DETCs were found to be important IL-13 producers which promotes KC maturation and migration through the epidermal layers to restore barrier function (81). This has similarities to unconventional epidermal αβ T cells which have a joint type 17-type 2 profile and promote wound healing in mice (82). It is therefore possible that in human skin where DETC are absent, a comparable αβ T cell subset might fulfil similar roles to murine DETCs. Additionally, Vδ1 T cells in human epidermis produce IGF-1 which is upregulated in response to activation via CD3 signaling and promotes acute wound healing (74). Therefore, these human skin γδ T cells may fill a similar role to murine DETC, albeit as a much rarer cell population.

Diminished DETC function is seen in murine models of impaired healing such as aged and diabetic models. In diabetic mice there is a steady-state impairment in DETC function, due to chronic TNFα exposure (83) and diminished keratinocyte IL-15 production, which normally support DETC homeostasis (84). In aged mice, DETC activation is impaired due to wound-edge keratinocytes failing to upregulate Skint proteins (85). Human epidermal γδ T cells are also impaired in chronic wounds, producing less IGF-1 than acute wounds (74), and suggesting a similar role for epidermal γδ T cells in mice and humans.



Intestinal IELs

The intestinal epithelium is also host to intraepithelial γδ T cells, but at this site they express Vγ7 and, in contrast to DETCs, do not display a dendritic morphology (Figure 1). These intestinal IELs are predisposed to IFNγ production and are motile, allowing the monitoring of intestinal integrity (3). Similar to DETC, the pro-healing activity of intestinal γδ IELs appears to be dependent upon growth factor production.

In the DSS-induced colitis model, repair is delayed in the absence of γδ T cells, with transmural ulcers and impaired epithelial proliferation and re-epithelialisation (86). Protection from this pathology was linked to γδ IEL production of KGF (86) (Figure 1), and, as seen in skin DETC (80), these responses are promoted by γδ IEL expression of CD100 and epithelial expression of the ligand, plexin B2 (87). The importance of CD100 is demonstrated in CD100 deficient mice which have impaired gut repair and worsened pathology in response to DSS colitis with a reduction in IEL proliferation and KGF-1 production (87).

In addition to growth factors, intestinal IELs can produce antimicrobial peptides which contribute to repair. During DSS colitis, damage seen in γδ T cell-deficient animals is accompanied with enhanced bacterial translocation. This is likely due, at least in part, to a reduction in the anti-microbial peptide RegIIIγ (88), (Figure 1) which alongside its antimicrobial role can also promote healing (55, 89). Intestinal IELs also contribute to anti-microbial peptide production by producing angiogenin 4, which emphasizes the multi-faceted role of this cell type in barrier protection (90). This study also demonstrates IL-22 production by intestinal γδ IELs (90), potentially further aiding in gut barrier maintenance.

Intestinal γδ IELs can also act to strengthen tight junctions, in part, via promoting phosphorylation of the tight junction protein, occludin which results in a limiting of gut permeability (91).

To identify other mechanisms by which γδ IELs promote repair, transcriptional profiling of γδ IELs was performed in DSS-induced colitis. This demonstrated a mixed profile of increased signatures related to inflammatory cell recruitment, antimicrobial function and cytoprotection, with expression of chemokines, lysozyme and heat shock proteins as well as βig-h3 (also known as TGFBI) which is known to promote keratinocyte healing (88). Therefore, it is likely that there are additional mechanisms involved in the promotion of repair by γδ IELs which are yet to be fully characterized. Interestingly, unlike DETC, there is a clear intestinal γδ IEL population in humans (92, 93) which may, therefore carry out similar roles to murine equivalents however, human intestinal IEL are dominated by αβ T cells (94).

Across differing γδ T cell subsets and different tissue localizations, we see a commonality in IL-17 producing cells participating in tissue repair and an essential role for growth factor production. This type-17 healing link certainly warrants further investigation since pro-healing roles have not been reported for IFNγ-producing γδ T cells other than IEL. There is also an intriguing link between γδ T cell-mediated repair mechanisms and a more regenerative form of repair, which could provide insight into factors driving regeneration versus repair. While intraepithelial subsets do not possess an IL-17 producing capacity, the contribution of these to tissue repair may largely rest on their ability to produce a range of growth factors.





Mucosal-Associated Invariant T Cells (MAIT)

MAIT, or Mucosal-associated invariant T cells, are unconventional T cells bearing a semi-invariant αβ TCR which recognizes molecules presented by the non-classical MHC molecule MR1 (2). MAIT are known to populate human mucosal tissues such as the gastrointestinal tract and lung, as well as being highly prevalent in peripheral blood and the liver (95, 96). In mice, these cells are present in a range of mucosal sites such as the small intestinal lamina propria and lung, as well as being present in liver, spleen and thymus, and these cells are particularly enriched in mouse skin (97).

MAIT play an important role in microbial surveillance via their MR1-restricted TCR. MR1 presents riboflavin (vitamin B2) synthesis intermediates to MAIT which acts as a non-self signal (Figures 1–3), since mammals cannot implement this synthetic pathway, enabling the detection of bacteria and fungi that synthesize riboflavin (2). On detection of these intermediates, MAIT promote anti-bacterial and anti-viral responses via a mixed type-1 type-17 response involving both IL-17 and IFNγ production (98). In humans a dual type-1/17 phenotype is displayed by individual MAIT cells (99), while in mice it appears that there are different types of MAIT cells capable of either type-17 or type-1 inflammation, with the type-17 MAIT being more common in mouse models (95). The presence of MAIT is critically dependent upon the microbiota, in particular, riboflavin synthesizing commensals, which provide metabolites for presentation via MR1 (97).

Alongside other ‘Unconventional T cells’ (including, iNKT and γδ T cells), MAIT cells are enriched within murine skin (97). The greatest number of skin MAIT cells are tissue-resident DN (CD4-, CD8-) MAIT cells, residing at the epidermal-dermal junction (Figure 2) (97). Skin MAIT cells require IL-23 for homeostasis and have enriched gene signatures for type-17 inflammation (RORγt, IL-23R, IL-17, IL-22, CCR6), relative to skin CD4+ T cells (97). These cells are also enriched for healing related genes such as Lgals3 [Galectin 3 (100)] and Sdc1- (Syndecan – a proteoglycan with documented repair roles) (97, 101) (Figure 2). Skin colonization with the commensal Staphylococcus epidermidis causes TCR and IL-18-dependent expansion of the MAIT cell population, and upregulation of both proinflammatory and repair-related genes including Ceacam1, Grn, Hmox1, Igf1, Pdgfa, and pro-angiogenic genes such as angiogenin (97) (Figure 2). IGF-1 and PDGF are also produced by DETC to promote repair, so there may be similarities between the repair mechanisms of DETC and MAIT cells. The enhanced production of pro-angiogenic factors by MAIT is also interesting, as angiogenesis is an important component of healing.

Mouse MAIT cells promote healing as cutaneous application of MAIT cell ligand 5-OP-RU results in enhanced cutaneous healing (97). Conversely, mice lacking MAIT cells on a TCRδ deficient background have impaired healing, involving delayed re-epithelialisation (97). In vitro wound assays also demonstrate a role for MAIT cells in repair of colonic epithelium (37) (Figure 1). In addition, in steady state human colon, MAIT can be found closely associated with colonic epithelium, a highly appropriate location for these cells to undertake both surveillance and repair functions (37). MAIT cells have also been shown to limit diabetes development in the NOD (non-obese diabetic) mouse model by strengthening intestinal epithelial integrity via production of IL-17, IL-22 and promoting expression of mucin-2 and occludin (102). In this model the absence of MAIT cells increased intestinal permeability and was associated with bacterial translocation (102), again demonstrating a crucial role for MAIT cell maintenance of barrier integrity.

Akin to findings in the gut and skin, activation of murine MAIT cells by in vivo lung infection or in vitro stimulation enhances the expression of repair associated genes (103). In both scenarios MAIT respond to activation by producing mixed type-17 and type 1 cytokines IL-17A, IL-17F, IL-22, IFNγ and TNFα. They also express growth factors of the EGF family (such as amphiregulin and HBEGF), Platelet derived growth factor B (PDGFB) and VEGF family (VEGFA/B), and proteases such as furin and members of the MMP family (103) (Figure 3) which all contribute to repair. Therefore, similar to skin and gut, there is strong evidence of lung MAIT cells producing important pro-repair factors upon activation.

While TCR-independent activation of MAIT cells is possible, via IL-12 and IL-18, TCR stimulation is required to induce repair associated genes, suggesting MAIT cells may be particularly important in repair in response to infection or microbial incursion (37, 99). Although stimulation of MAIT with cytokines such as IL-12, IL-18, IL-15 and TL1A also upregulated some genes linked to repair such as furin, many other pro-repair genes were downregulated and proinflammatory genes such as IL-17F were upregulated (37, 99). This is suggestive of MAIT cells having a pro-repair phenotype aiding the maintenance of epithelial integrity in intact tissue when they are only exposed to TCR stimuli, however, when damage occurs the MAIT cells will receive both cytokine (such as IL-18) signals alongside TCR stimulation which will promote a mixed inflammatory/anti-microbial and repair phenotype. Interestingly, in vitro studies of human peripheral blood MAIT cells showed that TCR signaling promotes RORγt and IL-17 expression, while cytokine stimulation promotes Tbet expression (99), which could suggest similar type-17 and repair phenotypes in human as in mouse MAIT cells, with both responses being promoted by TCR signaling.

Many comparisons have been made between MAIT and H2-M3-restricted innate-like CD8 T cells known to promote skin healing. These cells are also commensal-specific and demonstrate a type-17 polarization with a poised transcriptional landscape favoring type 2, or ‘wound healing’ responses (82). Therefore, MAIT cells and these innate-like CD8 T cells may have similar functions. Further research should determine if the roles of these cells are redundant, or if there are repair functions specific to each cell type.

Therefore, multiple studies of human and murine MAIT cells from different sites all demonstrate a propensity toward a TCR-dependent repair program. However, one issue with studies to date is that the broad transcriptional analyses have not identified the most important mechanisms of repair utilized by MAIT. Indeed, it may be the case that these factors display some redundancy, however, identifying important mechanisms could highlight novel therapeutic targets and may inform whether targeting MAIT represents a potential therapeutic strategy in conditions where repair is insufficient.



Discussion


A Repair Convention Within Unconventional Lymphocytes

Unconventional lymphocytes such as ILCs, γδ T cells and MAIT cells contribute to tissue repair by employing common mechanisms, such as production of growth factors, IL-17, IL-22, Areg, antimicrobial peptide production and the regulation of myeloid cell activity. These similarities between the cells might reflect a requirement for similar repair responses to be initiated on damage with a variety of microbes present. Indeed, MAIT, IL-17-producing γδ T cells, and ILC3 are dependent on commensals for development and function, and in some cases, commensals are directly involved in their repair function, as seen for MAIT. Conversely, ILC2 also possess pro-healing activities but are not dependent on the microbiota (21), however, this may reflect a more delayed role in healing for ILC2, as they act during the late proliferative to remodeling phase, potentially in response to IL-33 released in response to type-17 inflammation (68).

The ability to produce growth factors such as Areg, IGF-1 and PDGF is shared across different unconventional lymphocyte populations, and appears to underlie much of these cells’ repair role. Cytokine production is also an important mechanism for unconventional lymphocytes in repair, providing an early source of cytokines such as IL-17, IL-13 and IL-5, which are otherwise mainly produced by adaptive immune cells. This could be especially important in ‘sterile’ injury or situations where there is no dominant infectious agent to target with an adaptive response. Indeed, MAIT cells, ILC and γδ T cells are all responsive to cytokines frequently released in damage such as IL-1β (ILC3, γδ T cells), IL-18 (MAIT, ILC2), IL-33 and IL-25 (ILC2) and so are well-placed to respond to tissue damage. Furthermore, these lymphocyte subsets can be activated solely via cytokine signaling enabling a rapid response to damage signals and changing tissue signals as the site repairs. Another important role early in repair for unconventional lymphocyte cytokine production is influencing myeloid cell recruitment and activity. Myeloid cells are often a major focus of repair studies, however determining how much of this activity is dependent upon early ILC activity would be of interest.

While ILC2 play an important role in barrier repair, this review also highlights a predominance of IL-17-producing cells such as γδ T Cells, MAIT and ILC3 in tissue and barrier repair. Indeed, in the γδ T cell field the role of IL-17 is well-studied with a suggestion that a moderate IL-17 response is important for healing, whereas extremes in IL-17A levels are detrimental (61, 65). IL-17 production is tightly linked to commensal presence, and the early IL-17 response may act to promote epithelial proliferation to rapidly reconstitute the barrier and thus prevent microbial invasion.

Given the many effector mechanisms and repair strategies employed by unconventional lymphocytes, a challenge will be identifying which population is the critical contributor. Once key meditators, such as Areg are identified, the use of conditional knockouts or cell transfer experiments of intact cells into mediator-deficient recipients will help determine which populations are sufficient for repair via a given mechanism. This will avoid the niche-shifting effect of genetic or antibody mediated depletion of unconventional lymphocyte populations.

Unconventional lymphocytes are poised to play critical role in barrier repair – they are well placed as often resident cells or cells that can be rapidly recruited with an ability to respond to damage signals and produce mediators that act on the epithelium to restore barrier function. There are differences in unconventional lymphocyte populations, so an important question is how this affects repair.



Unconventional Lymphocytes and Human Healing

Although many of the detailed functional assays to date have exploited murine models it is important to note that human unconventional lymphocytes share features in common with murine equivalents. However, there do seem to be some differences in function and composition. For instance, DETC are a high frequency population in murine skin but are lacking in human skin, and overall MAIT cells are more frequent in human than in murine tissues (96, 97, 104), particularly in human skin where MAIT cells occupy a far greater share of the niche than γδ T cells (97, 105). Human MAIT cells may also take up some of the iNKT niche, a lymphocyte subset also over-represented in mice relative to humans (95), however, human MAIT are found in the intestine at low levels, comparable to that seen in blood (37, 96). Despite differences in relative frequencies, the repair signature of activated MAIT appears remarkably consistent (37) and suggests a repair role for these cells in both species. Furthermore, there is evidence for γδ T cells participating in human wound repair since they have been shown to produce IGF-1 (alongside αβ T cells) in acute wounds but not in chronic non healing wounds (74). Therefore, it is likely that in humans, unconventional lymphocytes play important roles in repair, but the relative contribution of individual subsets may differ from mice. This highlights an important need to utilize both human and murine studies in order to best establish the commonalities and differences in order to better understand barrier integrity and repair.



Site Specific Healing

This review has discussed unconventional lymphocytes in lung, skin and gut and it is notable that there are many similarities in responses between tissues. While ILC, for example, display a high degree of tissue dependent gene signatures (21, 106, 107), their reported mechanisms for promoting barrier repair are remarkably similar across sites. We have also seen a common theme among ILC2 for responses to IL-33 resulting in Areg production, with IL-13 playing a myeloid or stem cell instructive role. Additionally, MAIT cells isolated from various tissues and across mouse and human display similar pro-repair signatures. Therefore, there may be core, conserved, programs of repair within these populations irrespective of site or species. The field is currently lacking mechanistic detail for the important mediators of repair, however, and while core mechanisms clearly exist, there may be further specialized pro-repair pathways which are activated in a more context dependent or site-specific manner.



Regenerative Healing

Work describing regenerative healing in rodent species suggest an important role of IL-17 producing γδ T cells (71) although a direct role for IL-17 has not been shown for regeneration. Instead the regenerative role of γδ T cells may lie in their growth factor producing abilities. This is supported by imiquimod (IMQ)-induced skin regeneration which requires IL-17 producing γδ T cells (71) despite the presence of other type-17 cells, such as ILC3 (108) that are activated by IMQ and produce IL-17 (109, 110). This is therefore suggestive of IL-17-producing γδ T cells having a regenerative role that cannot be compensated for by 17 production from either ILC3, or MAIT. Therefore pro-regenerative capacity is not conferred by IL-17, but may be dependent on production of morphogenic growth factors such as FGF9 (70). This mechanism warrants a thorough investigation to allow the identification of the pro-regeneration factors and investigate the potential to utilize such discoveries as novel therapies.



Future Directions and Perspectives

A specific limitation to increasing our understanding of the role of ILCs in repair, is the relative lack of specific ILC subset knockout models. Instead, studies to date largely relied upon comparisons between RAG KO and RAGxIL-2R KO or RAG KO anti-Thy1 treated animals which may overestimate the role of ILC by presenting their activity in the absence of T and B cells where ILC numbers are typically increased and appear hyperactivated (111). These approaches could also miss important ILC-T cell cross talk in barrier repair thus failing to accurately represent the role of ILCs in an otherwise immunocompetent host. Therefore, the development of additional in vivo tools to understand these cells will be invaluable in the future. Limitations in the study of unconventional lymphocytes will be aided with increased single cell techniques, as a large number of markers are often needed to successfully identify and phenotype these populations in situ. This is all the more important when we consider that many of these populations, particularly ILC and γδ T cells, are extremely tailored to their tissue site, so may have specific tissue adaptations. Furthermore, questions still remain about differences in cell populations between mice and humans, in particular regarding which populations are analogous between the species. A better understanding of this basic biology should be established to allow comparative work to progress.

Although it is clear that unconventional lymphocytes contribute to repair, currently little is known about the source of these cells in injury, specifically whether they proliferate in situ or are recruited from a distal site. Likewise, the fate of unconventional lymphocytes post injury, is unknown. Whether these populations retract by apoptosis, or retain any imprinted memory of the injury that could allow a more rapid or more tailored repair program during subsequent injury is currently undetermined, but warrants further investigation. Such knowledge could be invaluable in the treatment of diseases such as diabetes, in which there are reductions in unconventional lymphocytes which is associated with the development of chronic wounds. Determining mechanisms of restoring these cell types to the tissue could identify novel therapeutic targets which would greatly benefit the repair process.

While many studies have shown that unconventional lymphocytes promote tissue repair, mechanistic detail is still largely missing. Additionally, while skin is the main tissue in which repair is studied, there is a notable gap in the literature for mechanistic details of ILCs in repair and barrier maintenance. This may be due to the technical challenges in isolating ILC without functionally altering these cells in harsh tissue digestion protocols.

Another remaining gap is the identification of ligands that can trigger unconventional lymphocyte activation. For example, while it is recognized that γδ TCR ligands involved in barrier repair are stress-induced, some are yet to be defined, and the exact nature of these ligands is elusive. Significant efforts and progress are now being made in identifying γδ TCR ligands and this will likely give further insight into the repair roles of γδ T cells which will present opportunities to modulate their activity.

The more we understand about these unconventional lymphocytes, the more scope there is to promote the activity of unconventional lymphocytes therapeutically to promote tissue repair. Conceptually this may be more easily achievable for MAIT cells where the ligand, 5-OP-RU could be applied to the injury site and would provide the key TCR signal for pro-repair gene expression. Given the huge changes to mechanisms involved in the repair process at different time points, any therapeutic would require careful timing of dosing to ensure appropriate activity within the correct phase of the healing process. Given the shared repair mechanisms of a number of unconventional lymphocyte subsets, and the difficulties in specifically targeting subsets of these cells, it may be more beneficial to identify the crucial mediators of repair, such as amphiregulin which could then be targeted therapeutically, rather than focusing on the cell subtype involved.

The study of unconventional lymphocytes is a rapidly developing field. While this review has drawn together some of the roles they play in barrier sites, there is much still to be learnt and the potential for them in therapy could be an exciting avenue for future research.
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Humoral immunity is mainly mediated by a B cell population highly specialized to synthesize and secrete large quantities of antibodies – the antibody-secreting cells (ASC). In the gastrointestinal environment, a mixture of foreign antigens from the diet, commensal microbiota as well as occasional harmful pathogens lead to a constant differentiation of B cells into ASC. Due to this permanent immune response, more than 80% of mammalian ASC reside in the gut, of which most express immunoglobulin A (IgA). IgA antibodies contribute to intestinal homeostasis and can mediate protective immunity. Recent evidence points at a role for gut-derived ASC in modulating immune responses also outside of mucosal tissues. We here summarize recent evidence for wandering ASC, their antibodies and their involvement in systemic immune responses.
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Introduction


Differentiation of Gut-Derived IgA Plasma Cells

Humoral immunity is mediated by a B cell population highly specialized to synthesize and secrete large quantities of antibodies – the antibody-secreting cells (ASC). ASC can be divided into proliferating plasmablasts (PB) and terminally differentiated, non-mitotic plasma cells (PC) (1). ASC represent a heterogeneous B cell subset that varies by location, secreted antibody isotype, and longevity. Most of our knowledge of ASC derives from the analysis of humoral immune responses towards immunisation and infection, which induce a transient germinal centre (GC) reaction and the differentiation of ASC with mainly an IgG isotype. The molecular requirements and signalling pathways involved in ASC differentiation, function and maintenance have been reviewed recently (2, 3). In the gastrointestinal environment, a mixture of foreign antigens from the diet, commensal microbiota as well as occasional harmful pathogens lead to a constant prevalence of GC and steady differentiation of B cells into ASC. Due to this permanent immune response, more than 80% of mammalian ASC reside in the gut (4). Most of these express immunoglobulin A (IgA), making IgA ASC an abundant B cell subset.

IgA contributes to intestinal homeostasis and can mediate protective immunity to enteric pathogens including viruses, bacteria, and fungi (5–7). The differentiation of B cells into IgA ASC mainly takes place in the gut-associated lymphoid tissues (GALT), including mesenteric lymph nodes (8), Peyer’s Patches (PP) (9) and isolated lymphoid follicles of the lamina propria (LP) (10, 11). Although debated, in situ LP IgA ASC differentiation has also been reported (12, 13). A variety of signals might modulate the differentiation of B cells into IgA ASC, dependent on the cellular composition, the soluble factors and location of the respective niche. Besides specialised dendritic cells, CD4 T follicular helper (TFH) cells (14), TH17 cells (15) as well as Innate Lymphoid Cells (12) have been implicated in the generation of IgA antibodies. In addition to stroma and other surrounding cells, these cells provide co-stimulation, as well as soluble factors to induce differentiation to IgA ASC, such as TGF-β (16), IL-21 (14), retinoic acid (17), and B cell activating factor (BAFF) or a proliferation-inducing ligand (APRIL) amongst others (18). However, the instructive sites, signals and cells involved are still not fully understood.

Precursors to IgA ASC include circulating naive follicular B2 cells, and innate-like peritoneal B1 cells (19–21). B cell differentiation in the GALT occurs via both T-independent (TI) and T-dependent (TD) pathways. The TI response to commensals mostly consists of polyreactive IgA antibodies with little somatic hypermutation or affinity maturation (22). TD responses require a GC reaction in which signals from TFH cells promote class-switch recombination (CSR) to IgA (14). Recent developments point at the fact that IgA secreting PC in the intestine are highly mutated in aged mice and humans (23, 24), which argues for a need of a TD response to generate sophisticated antibodies [reviewed in (25)].

Trafficking of IgA ASC is regulated by a combination of chemokine receptors as well as integrins on the surface of migrating cells. IgA ASC use α4β7 integrin to travel into the intestine. In addition, IgA ASC express the chemokine receptors CCR9, which is implicated in mediating entry into the small intestine (26) and all IgA ASC have been reported to express CCR10 (27). IgA ASC might use CXCR4 in order to travel to the bone marrow (28). Furthermore, homing to sites of inflammation might require the transient upregulation of CXCR3, as has been shown for IgG ASC (29).

Recent evidence points at a role for gut-derived ASC in modulating immune responses also outside of mucosal tissues, such as in the blood, the kidney, or the central nervous system (CNS). Here, we will sum up new developments on the field of wandering IgA ASC. We focus on “sightings” of IgA ASC, their contribution to systemic immune responses as well as open questions and possible future developments. We will exclusively focus on IgA ASC educated in the GALT and will not discuss IgA ASC educated in other mucosal tissues, e.g., the lung. We will use the term ASC to indicate PB and PC; also, if the exact distinction between those subsets is not clear from the literature.




Involvement of Gut-Derived IgA ASC in Systemic Immune Responses


Gut-Blood-Bone Marrow Axis

Evidence for the wandering of IgA ASC comes from studies describing IgA-secreting PB in the blood of healthy individuals (30). Those cells expressed CCR10 and α4β7 integrins and hence seemed to derive from mucosal immune responses. Similarly, monomeric IgA antibodies are readily detected in the sera of mice and men; but the source of these antibodies still remains to be defined in more detail. In patients suffering from celiac disease, clonal relatedness between gut PC and circulating serum IgA has been demonstrated using a proteomics approach combined with next-generation sequencing (31). These findings suggest that gut PC and serum IgA-producing PC derive from the same B cell clones. As IgA PC in the gut mainly produce dimeric IgA, the authors hypothesize that monomeric IgA is released by PC that migrated elsewhere. Interestingly, in human bone marrow (BM), approximately 5 – 40% of PC, as well as about 40 – 70% of PB express IgA as well as β7 integrin and CCR10, thus suggesting a substantial contribution of mucosal ASC to BM resident, long-lived ASC (30, 32). It might well be that these IgA ASC in the BM contribute to IgA levels in the serum of celiac disease patients.

Evidence for a gut-BM connection also stems from experiments in mice, in which homing of gut ASC to the BM has been demonstrated after oral immunization (33, 34). In mice, up to 70% of BM-resident PC are of the IgA isotype (35). While human individuals are constantly exposed to pathogens, it has to be considered that mice housed under SPF conditions display a more “naïve” immune system with little to no ongoing systemic immune responses. Hence, the main source of ASC is the constant immune response to the commensal microbiota in the GALT. Consequently, circulating IgA ASC can populate the PC niches in the BM with little competition from other PC, which might explain this substantial amount of IgA PC in the BM of mice. Interestingly, recent work demonstrates that a variety of commensal bacterial taxa induce TD IgA responses resulting in a marked increase in BM IgA ASC (36, 37). Wilmore et al. suggest that gut-derived IgA ASC in the BM secrete IgA antibodies into the blood circulation, thereby protecting against microbial sepsis induced by enteric pathogens (37). Which signals regulate the migration of gut-educated IgA PC to the BM niches as well as the potential triggers to release IgA into the serum remain to be determined.



Gut-Kidney Axis – IgA ASC in Autoimmune Diseases

Circulating IgA antibodies are also involved in kidney malfunction in renal diseases such as IgA nephropathy (IgAN) or Systemic Lupus Erythematosus (SLE). IgAN is characterized by IgA immunocomplex deposition in the kidney mesangium (38). Increasing evidence points at a role of an aberrant immune response towards the intestinal microbiota (39) or dietary proteins (40) as cause for an exaggerated amount of systemic IgA. Interestingly, overexpression of the pro-survival factor BAFF in mice leads to increased levels of commensal-specific serum IgA and the development of IgAN dependent on the microbiome, thus supporting a direct link between the gut and the kidney (41). Again, the release of pathogenic IgA into the blood during IgAN might be related to BM ASC but has not been proven so far. Similarly, the migration of IgA ASC from the GALT to the BM or potentially also the kidney, as well as the eventual production of harmful IgA antibodies within the kidney during IgAN still remain to be elucidated.

Evidence for the presence of ASC in the kidney come from analysis of kidney biopsies from SLE patients, who often show glomerulonephritis induced by IgG deposits. This is likely due to aberrant B cell selection, activation and differentiation into auto-antibody producing ASC and correlates with increased serum levels of BAFF (42, 43). Interestingly, evidence from mouse models of SLE (44, 45) as well as patient samples (46) suggest the presence of IgG but also IgA-secreting PC in the kidney; concomitant with a higher abundance of these cells in the blood of SLE patients. Although present in kidney biopsy of SLE patients, IgA PC seem to be less frequent compared to IgG PC (47).

The prevalence of IgA-secreting PC in the kidneys of IgAN patients or in animal models of SLE remains elusive, but would be essential to study the homing to, the function in as well as composition of the kidney ASC niche during inflammation. If the infiltration of IgA ASC into inflamed organs further boosts disease through local antibody production remains to be investigated.



Gut-Brain Axis – Protecting the Barriers

More and more findings recently highlight the role of IgA ASC in the central nervous system (CNS), in which IgA ASC play an unexpected yet essential role as a “brain firewall” to protect the blood-brain barrier (48). During homeostasis, mouse and human meninges – the membranes surrounding the brain and spinal cord – contain gut-derived and commensal-specific IgA ASC. These IgA ASC might contribute to an immunological barrier, thereby preventing the infiltration of pathogens into the CNS (36, 49).

During chronic inflammatory conditions such as multiple sclerosis (MS), commensal-reactive IgA ASC have been shown to play an immunoregulatory role during CNS inflammation in mouse and human. In a mouse model of MS, gut-derived, commensal-reactive IgA ASC can access the CNS and attenuate disease in an IL-10 dependent manner (36). In addition, elevating systemic IgA levels either through a commensal or overexpression of the ASC survival factor BAFF attenuates inflammation in the mouse model, suggesting a potential treatment option. Similarly, MS patients with active disease demonstrate an increased infiltration of commensal-specific IgA ASC in the cerebrospinal fluid (CSF), which could potentially be used as a marker for acute inflammation in MS (50). The anti-inflammatory capacities of these IgA ASC located in the CSF in MS patients are yet to be investigated. Furthermore, it remains to be speculated whether the meningeal-resident, gut-educated IgA ASC during homeostasis constitute the same population of IgA ASC found to infiltrate the CSF during inflammation in MS patients. Another open question is whether the meningeal IgA ASC are able to produce IL-10, or whether this population has maintained enough plasticity to acquire this phenotype as a response to dampen ongoing neuroinflammation.



PC Survival Niches

Long-lived IgG-secreting PC derived from vaccination or natural infection with certain pathogens are known to persist for extended periods of time in the BM PC niche (51, 52). This niche is defined by a combination of cellular and molecular factors [e.g.: CXCL12, BAFF, APRIL, IL-6, integrins; reviewed in (53)] provided by stroma cells and a dynamic composition of immune cells (54). Recent evidence indicates that there might be more than just one type of niche for ASC, as BM stroma cells demonstrate a substantial heterogeneity (55, 56). It might well be that the ASC – stroma cell crosstalk shapes individual niches, which might be heavily influenced by the ASC themselves as well as the location of the niche (57).

Non-proliferating PC have also been found in brain biopsies of patients as well as in the meninges and the parenchyma of the inflamed spinal cord of mice during chronic inflammation in the CNS (58). These eventually long-lived PC were localized in potential survival niches characterized by CXCL12 as well as BAFF expression; however, PC survival niches in the brain need to be studied in more detail.

Only recently it became evident that also PC in the LP of the gut can be long-lived in mice and men (59, 60); again, this specific survival niche is less well defined. It is tempting to speculate that the cellular composition involved in PC survival niches in the GALT are as heterogeneous and dynamic as has been shown for stroma cells in the BM; but most likely, with different requirements due to the special location within the gut microenvironment.

PC in general have high metabolic needs to produce and secrete antibodies [reviewed in (2, 54, 61)]. Sitting in the villi of the LP, PC in the gut are exposed to bacterial antigens, nutrients, and varying oxygen concentrations in addition to soluble factors secreted by the surrounding cells. In an adaptation to this specific microenvironment, intestinal PC might have a distinct metabolic profile. For example, IgA-secreting PC exhibit higher expression of glycolysis-related metabolites than naïve B cells in PP or PC from the spleen (62). In addition, IgA ASC can utilize diet- and gut microbiota-derived short-chain fatty acids (SCFA) as one carbon source to maintain metabolism (63).

In addition to the defined metabolic compositions of PC niches, survival of PC can also be regulated by unique oxygenation profiles. Interestingly, switching to the IgA isotype is not affected by low oxygen conditions (64) but PC development seems to be increased under hypoxia (65). Inflammatory responses induced by environmental factors or intestinal dysbiosis might dramatically change oxygenation and the metabolic profile of the PC niches in the gut. However, little is known about how PC are maintained in those inflamed tissues and what kind of survival niches support their metabolic properties, function and survival.




Modulating IgA ASC – Quo Vadis?

The here described findings indicate that the function of IgA ASC in local immune niches might be heavily influenced by the microenvironment but also by their education. The microbiota plays an essential role in the maturation and tolerance of the immune system, and hence also the differentiation of IgA ASC (66, 67). Autoimmune diseases are often associated with intestinal dysbiosis with specific classes of bacteria associated with certain disease (68, 69). Dysbiosis can be influenced by many aspects – environmental factors, antibiotics treatment, a genetic susceptibility of the host, but also aberrant IgA production. The cause or consequence of this dysbiosis and thus altered host-microbiota interaction remains to be studied in more detail, as modulation of the microbiome might positively influence systemic immunity and the outcome of disease (70).

In addition to the microbiome itself, recent studies have highlighted a strong influence of microbial metabolites in regulating host antibody responses. SCFA derived from the anaerobic fermentation of nondigestible polysaccharides such as dietary fibre counter inflammation and maintain gut homeostasis. Especially the SCFA butyrate and propionate have been described as either supporting or suppressing the generation of IgA PC (63, 71). These contradictory findings could be explained by the dose-dependent inhibitory effect of SCFA on PC differentiation, with low levels increasing, and higher levels restricting PC differentiation and CSR in TD and TI responses on an intestinal and systemic level (71). Besides impacting immune responses locally, SCFA also contribute to maintaining a healthy immune homeostasis systemically and prevent allergy and autoimmunity [reviewed in (72)].

The common notion is that IgA antibodies secreted during the here described auto-inflammatory settings have a different immunomodulatory role compared to IgA secreted under homeostatic conditions. The fact that mice only express one IgA subset, whereas human possess two IgA subclasses, IgA1 and IgA2, with different effector functions and glycosylation patterns, further adds to the layer of complexity. IgA1 is the prevalent form in human serum, but both subclasses are equally expressed in mucosal tissues. IgA2 is the more pro-inflammatory subset and which might increase during chronic inflammatory conditions (73). During inflammation, IgA (and IgG) antibodies differ by their glycosylation, with a reduced glycosylation profile often associated with disease severity (74). During IgAN for example, aberrantly circulatory IgA1 is elevated in patients (75–77). Antibody glycosylation also determines the outcome of the interaction of antibodies with their specific Fc receptors, thereby modulating inflammation (73, 78). It is tempting to speculate that the inflammatory intestinal PC niche determined by the composition of the microbiota and a distinct metabolic profile (e.g., availability of SCFA, oxygenation status) influences the glycosylation and effector function of IgA ASC. How pro- or anti-inflammatory effector functions and maybe migratory capacity of IgA-secreting PC are imprinted by the gut PC niche remains to be investigated. Similarly, other inflammatory niches such as in the kidney or the brain might influence effector functions of IgA ASC.



Conclusions

We are only at the beginning to understand the impact of the interaction of gut-derived ASC with different immune niches on systemic immunity. In this Mini Review, we sum up recent evidence that IgA ASC potentially travel from the LP through the blood to the BM but can also be found in the kidney and CNS (Figure 1). During homeostasis, antibodies of gut-derived IgA ASC support microbial colonization, defend against systemic dissemination of harmful pathogens, prevent sepsis or pathogen infiltration of the CNS. In pathological settings, especially during autoimmune inflammation, IgA antibodies of gut-derived ASC seem to promote celiac disease or kidney malfunction, amongst others.




Figure 1 | B cells differentiate into IgA ASC in the GALT due to the constant stimulation of the immune system by commensal bacteria, invading pathogens as well as food antigens. From there, gut-derived IgA ASC potentially travel through the blood to the PC niches in the BM. There, survival and function of PC can be supported by the secretion of exemplarily indicated survival factors. IgA ASC in the BM are thought to release monomeric IgA antibodies into the bloodstream directed against a variety of pathogens to counter sepsis in case of a microbial breach in the gut. Furthermore, IgA antibodies can be the cause for pathogenic immunoglobulin deposits in kidney glomeruli during autoinflammatory diseases. It is currently unknown, whether or not the infiltration of IgA ASC into the inflamed kidney further boosts disease through local antibody production. Finally, in the CNS, IgA PC protect the blood-brain barrier at the meninges from invading pathogens. Furthermore, gut-derived IgA PC can enter the CNS in inflammatory conditions like MS lesions, where they attenuate neuroinflammation in an IL-10 dependent manner. The brain might also provide factors needed for PC survival and hence constitute a novel PC niche. As more and more evidence points at the possibility of a systemic migration of gut-derived IgA ASC, further survival niches for those cells need to be considered. ASC, antibody secreting cell; GALT, gut associated lymphoid tissue; CNS, central nervous system; BM, bone marrow; PC, plasma cell; SLE, systemic lupus erythematosus; IgAN, IgA nephropathy; IL-10, interleukin-10.



Besides antibody production, ASC of the IgM or IgG isotype have been shown to contribute to systemic immune responses through cytokine production (79). Gut-derived IgA ASC produce immunoregulatory IL-10 which seems to be beneficial in the inflamed CNS during mouse models of MS. On the other hand, IL-10 secretion by IgA ASC has been shown to suppress anti-tumour responses of CD8 T cells and hence is detrimental in both, prostate and liver tumour microenvironments (80, 81). However, in these studies, it seems that the local production of factors promoting IgA CSR (especially TGF-β) induces the differentiation and accumulation of IL-10 producing IgA ASC. The contribution of migrating IgA ASC in these settings is less clear.

As more and more evidence points at the possibility of a systemic migration of gut-derived IgA ASC, new survival niches for those cells need to be considered. Advances in single-cell and high-throughput techniques provide valuable tools; however, spatial information of ASC in their unique niche will also be necessary to understand these reciprocal interactions in their complexity. Novel imaging techniques such as volumetric imaging of tissue sections or whole mount organs (53, 56, 82) might help to detect rare IgA ASC and determine the specific microenvironment in order to better understand ASC function and local production of potentially harmful or protective IgA. A better understanding of the migration, function and survival of long-lived IgA PC in their specific niches is needed in order to modulate immune responses for therapeutic intervention.
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Acute respiratory distress syndrome (ARDS) triggered mostly by infection, is a syndrome that involves respiratory failure. ARDS induces strong local infiltration of regulatory T cells (Treg cells) in the lungs, and Treg cells were recently highlighted as being related to the repair of various tissue. However, at present, there is still a lack of adequate evidence showing the impact of Treg cells on pulmonary regeneration during ARDS. Here, we verified that Treg cells are strongly induced in ARDS mice and Treg depletion results in impaired lung repair. Moreover, Treg cells show high expression of ST2, a cellular receptor for the tissue alarmin IL-33, which is strongly upregulated in the lung during ARDS. In addition, we demonstrated that IL-33 signaling is crucial for Treg cell accumulation, and ST2-blocked mice show a decrease in the Treg cell population. Critically, transfer of exogenous IL-33 into Treg depleted mice restored Treg cells and facilitated lung regeneration by promoting alveolar type II cell (AEC2) recovery in ARDS, with elevated neutrophils infiltration and upregulated TGF-β1 release. These results emphasized the importance of IL-33 in accelerating the expansion of pulmonary Treg cells and promoting their activity to mediate pulmonary epithelial regeneration during ARDS in a TGF-β1-dependent manner.
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Introduction

Acute respiratory distress syndrome (ARDS), which is triggered mostly by infection, has hallmarks that include expiratory dyspnea and progressive hypoxemia, and the pivotal precipitating events are activation of the inflammatory micro-environment and diffuse alveolar damage (DAD). ARDS is associated with high mortality and a poor prognosis, an incidence of 78.9 per 100,000 persons in the US every year, approximately 156,000 people died of ARDS from 1999 to 2013 (1).

The cardinal pathophysiological features of ARDS are dysregulated inflammation and disruption of alveolar-capillary barrier. Upon damage, the lung immediately mounts a regenerative process orchestrated by intricate immune interaction. Extracellular matrix (ECM) remodeling, and epithelial-mesenchymal transition (EMT) (2, 3) was once determined to involve in pulmonary repair. In addition, epithelial repair, especially alveolar epithelial regeneration also acts a significant part. Alveolar epithelial regeneration, a process initiated by the proliferation and migration of endogenous progenitor alveolar type II cells (AEC2s), followed by their differentiation into alveolar type I cells (AEC1s) and restoration of epithelial barrier function, is still the focus of ongoing investigation. Previous study suggested a critical contribution of Treg cells to pulmonary repair via cross-talk between the adaptive and innate immune systems (4, 5). Moreover, the upregulation of Treg cells was not only correlated with the induction of immune tolerance (6), but also pivotal in restricting damage and coordinating the repair process.

Regulatory T cells (Treg cells), a unique population of lymphocytes, play an essential role in immune homeostasis. Classically, they are involved in various immune responses and suppress overwhelming immunity in several conditions, such as Th1-mediated colitis, sepsis, systemic lupus erythematosus (SLE), and transplant tolerance (7). Recent studies have verified that Treg cells are involved in non-immunological activity, for example, accelerating regeneration after muscle injury (8), enhancing healing after myocardial infarction, and improving skin barrier repair (9), by exerting direct/indirect effects on their progenitors or macrophage activity (10, 11). Certain local Treg cells, especially those in adipose tissue, muscle, or the intestines (8, 12, 13), express high amounts of the IL-33 receptor ST2 and require IL-33 for their regeneration, maintenance, or suppressive function.

Until now, the role of pulmonary Treg cells in the pathophysiology of ARDS has not been fully elucidated. Moreover, there has been limited evidence of the direct association between Treg cells and pulmonary epithelial regeneration in ARDS.

Here, we established a mouse model of LPS-induced ARDS to address whether population alteration or functional variation of Treg cells affected lung epithelial regeneration in mice. In addition, we explored endogenous cytokines that play critical roles in the process. We explicitly found dynamic Treg cell accumulation in inflamed lungs in LPS-induced ARDS, uncovered the significance of the interleukin (IL)-33:ST2 axis in expanding pulmonary Treg cell population. We exploited this axis to facilitate pulmonary repair in mice and revealed an association between IL-33-producing AEC2s, Treg cells and lung epithelial regeneration.



Materials and Methods


Animals

Adult male BALB/c mice aged 6–8 weeks were purchased from Beijing Vital River Laboratory Animal Technology Corporation and fed in the Animal Center of Peking Union Medical College Hospital (Beijing, China). All animals were kept in a specific-pathogen-free environment and maintained on standard mouse chow at an environmental temperature of 22–24°C with 12-h light and 12-h dark cycles.

Male mice were randomly allocated into several groups as follows: sham group, LPS-12-h group (L12h), LPS-1-day group (L1), LPS-2-day group (L2), LPS-4-day group (L4), LPS-7-day group (L7), LPS-9-day group (L9), LPS-11-day group (L11), and LPS-14-day group (L14). All mice were anesthetized with an intraperitoneal injection of 2% pentobarbital sodium (45 mg/kg body weight), and then, the mice received an intratracheal instillation of LPS (from Escherichia coli serotype O55:B5; Sigma-Aldrich Co, St. Louis, MO, USA) at a dose of 3 mg/kg. The sham group received only sterile saline (1.5 ml/kg).

This study was conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the Animal Management Rules of the Chinese Ministry of Health. All experiments were approved by the Animal Care Committee of Peking Union Medical College.



Treg Depletion

To deplete regulatory T cells, mice were intraperitoneally injected with 100 µg of anti-CD25 antibody (PC61; Biolegend, San Diego, CA, USA) 10 days before LPS exposure, and the treatment was repeated every 7 days for continuous Treg depletion. IgG was used as a control. Male mice were divided into four subgroups: Saline+IgG, Saline+anti-CD25, Lipopolysaccharide (LPS)+IgG, and LPS+anti-CD25. Then, the mice were sacrificed at 4 days.



Assessment of Population Dynamics

To block lymphocyte migration from the peripheral lymphoid organs, the mice were treated with an S1P1 receptor agonist. FTY720 (25 mg/kg; Cayman Chemical, Ann Arbor, MI, USA) was i.p. injected prior to injury and daily thereafter. For quantification of T cell proliferation in vivo, 1 mg of EdU was i.p. injected, and 48 h later, Treg cells were processed for detection by the Click-iT plus EdU kit according to the manufacturer’s protocol (Molecular Probes, Waltham, MA, USA).



ST2-Fc or IL-33 Treatment

Recombinant mouse ST2-Fc chimera protein (5 µg/mouse; R&D, Minneapolis, MN, USA) was administered i.p. 24 h before and after LPS challenge. The same amount of recombinant human IgG1 Fc (R&D, Minneapolis, MN, USA) was used as a control.

Recombinant mouse IL-33 (2 mg; Biolegend, San Diego, CA, USA) was administered via i.p. injection. IL-33 administration was performed the day prior to and the day after injury (8).



Isolation of Lung and Spleen Cells

The right lung was removed, dissected into small sections, and incubated at 37°C in RPMI 1640 medium containing 1 mg/ml collagenase I and 50 µg/ml DNase (Invitrogen, San Diego, CA, USA) for 1 h. Then, the tissues were passed through a 70-µm nylon cell strainer (BD, Franklin Lakes, NJ, USA). The spleen was collected, ground, and mechanically dissociated in cold PBS. Samples were centrifuged at 300 g for 6 min at 4°C, washed, and resuspended in PBS after lysis of RBCs.



Flow Cytometry

Lung and spleen cell staining was performed with CD16/CD32 Fc, CD4, CD25, CD31, CD326, CD45, F4/80 (Biolegend, San Diego, CA, USA), Ly6C, Ly6G, and CD11b (eBioscience, San Diego, CA, USA). Cells were fixed and permeabilized using a fixation/permeabilization kit (eBioscience, San Diego, CA, USA) according to the manufacturer’s instructions. Then, cells were stained for 30 min at 4°C with Foxp3 (Biolegend, San Diego, CA, USA) or Ki-67 (eBioscience, San Diego, CA, USA). The stained cells were washed twice and resuspended in 4% paraformaldehyde. Analysis of cell marker expression was performed using an Accuri C6 instrument (BD, Franklin Lakes, NJ, USA). Data were analyzed with FlowJo software.



Transcript Analyses

For RNA-Seq analysis on the whole lung, the tissue was flash-frozen in liquid nitrogen and homogenized in TRIzol (Invitrogen, San Diego, CA, USA) before RNA extraction. Transcript analyses were performed on four samples. mRNA was purified from total RNA using poly-T oligo-attached magnetic beads. After fragmentation, reverse transcription and cluster generation, the library preparations were generated using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, Ipswich, MA, USA) following manufacturer’s recommendations, and were sequenced on an illumine Hiseq Platform. Raw reads were collected and mapped to the reference genome, and then qualified by gene expression level. The Treg cell up/down signatures, AEC1 and AEC2 up/down signatures were developed and validated in a previous study (8, 14–16).



Histopathological Analysis

The middle lobe of the right lung was fixed in 4% paraformaldehyde. The tissue was completely embedded in paraffin, cut into small sections, stained with hematoxylin and eosin, and measured by optical microscopy.

For immunofluorescence staining of mouse lungs, paraffin slides were dewaxed and dewatered, followed by permeabilization with 0.5% Triton X-100 for 10 min. Endogenous peroxidase blocking solution and goat serum were used to reduce the background. Then, the cells were stained with donkey polyclonal anti-human IL-33 (1:50, R&D, Minneapolis, MN, USA), rabbit polyclonal anti-mouse EpCAM (1:50, Abcam, Shanghai, China), anti-mouse SFTPC (1:50, Abcam, Shanghai, China), and anti-mouse CD31 (1:50, Abcam, Shanghai, China). Images were acquired with an Olympus Fluoview confocal microscope.

IL-33-positive nuclei were quantified automatically as the fraction of DAPI+ structures exhibiting IL-33 staining using ImageJ. The following settings were used: type-8 bit, invert, subtract background, threshold (80, 255), watershed, and analyze particles (size = 50, Infinity circularity = 0.1–1.00).



RNA Extraction and Real-Time PCR

According to the manufacturer’s instructions, total RNA was collected from lung homogenates using the Eastep® Super Total RNA Extraction Kit (Promega, Madison, WI, USA). Total RNA (1 μg) was reverse transcribed to cDNA using GoScript Reverse Transcriptase (Promega, Madison, WI, USA). Real-time quantitative PCR (qPCR) was performed using GoTaq qPCR mix (Promega, Madison, WI, USA) on the Applied Biosystems 7500 Fast system (Applied Biosystems, Waltham, MA, USA). The relative expression levels of target genes were quantified using the ΔΔCt method and normalized to the GAPDH gene, as described previously. The primer sequences are shown in Table 1.


Table 1 | Primer sequences applied in real-time PCR.





Western Blot Analysis

Lung tissues were collected and homogenized. Approximately 40 µg of protein was subjected to 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Then, the protein was transferred to 0.45 µM polyvinylidene fluoride (PVDF) membranes (Millipore, Schwalbach, Germany). The membranes were blocked with 5% non-fat powdered milk in Tris-buffered saline plus Tween 20 (TBST) and further incubated at 4°C overnight with primary antibodies against IL-33 (1:1,000, R&D, Minneapolis, MN, USA), ST2 (1:1,000, Thermo, Waltham, MA, USA), E-cadherin (1:1,000; Abcam, Shanghai, China), AQP5 (1:1,000; Abcam, Shanghai, China), EpCAM (1:1,000; Abcam, Shanghai, China), Sftpc (1:1,000, Abcam, Shanghai, China), and β-actin (1:1,000; Abcam, Shanghai, China) at room temperature. After washing, proteins were detected with ECL plus reagent (Millipore, Burlington, MA, USA). Western blots were analyzed using ImageJ software (National Institutes of Health, Bethesda, MD).



Bronchoalveolar Lavage

The mice were sacrificed, and bronchoalveolar lavage fluid (BALF) was collected by lavage of the left lung. BALF was centrifuged for 10 min at 300 g. The supernatant was removed and stored at −80°C for further detection. Then, red blood cell lysis buffer was added to the pellet to remove the red blood cells. Total BALF cells were counted using a hematocytometer. The remaining BALF cells were stained with Wright-Giemsa staining. Differential leukocyte counts were measured and observed by optical microscopy. Neutrophil and monocyte-macrophages were detected in a population of 200 cells using standard morphological criteria.



Pulmonary Edema

We assess the pulmonary edema using the protein in BALF and wet/dry weight ratio. The BALF protein concentration was determined by the BCA Protein Assay Kit (Thermo Fisher Scientific, San Diego, CA, USA). To evaluate wet/dry ratio, the upper lobes of right lung were harvested and weighed, then placed in an oven at a temperature of 60°C for 5 days until the weight of lung tissues no longer changed. The dry lungs were weighed and wet/dry ratio was calculated.



Accession Numbers

RNAseq data are available from the National Center for Biotechnology Information under Sequence Read Archive (SRA) submission: SUB8338323 (https://submit.ncbi.nlm.nih.gov/subs/sra/SUB8338323/overview), SUB8333637 (https://submit.ncbi.nlm.nih.gov/subs/sra/SUB8333637/overview).



ELISA Kit and Multiplex Immunoassays

Levels of interleukin (IL)-6, interleukin (IL)-8, and transforming growth factor (TGF)-β1 in BALF were determined using ELISA kit to assess the pulmonary inflammation during the process of resolution.

Secreted soluble protein in BALF was detected by ProcartaPlexTM multiplex immunoassays (Thermo Fisher Scientific, San Diego, CA, USA). In brief, multiple magnetic beads were mixed with 50 µl BALF supernatant and shaken on a plate shaker for 2 h at room temperature. Then, 25 µl of detection antibodies, 50 µl of SA-PE was successively added to the solution for 30 min. The beads were carefully washed and resuspended. Samples were collected by a LuminexTM instrument (Thermo Fisher Scientific, San Diego, CA, USA).



Statistical Analysis

Data are presented as the mean ± S.D. All data were analyzed using one-way analysis of variance with the Bonferroni post hoc test for multiple t-tests. A value of p < 0.05 was considered statistically significant.




Results


Lung Injury Exhibited a Dynamic Variation Within 2 Weeks During LPS-Induced ARDS

Pulmonary histopathology revealed apparent neutrophil infiltration in both alveolar and interstitial space on day 1–2 after LPS administration, with heightened pulmonary edema, increased alveolar septum, even interstitial thickening. By day 4–7, lung histopathology had returned to basically normal state (Figures 1A, B).




Figure 1 | Lung injury exhibited a dynamic variation within 2 weeks during LPS-induced ARDS. (A) Histopathological staining. Representative HE staining of lung sections are shown 1, 2, 4, 7, 9, 11, 14 days after LPS-induced ARDS. Original magnification = 100×, scale bar represents 100 μm. (B) Histopathological scores of (A). Lung injury was evaluated on a scale of 0–2 for each of the following criteria: i) neutrophils in the alveolar space; ii) neutrophils in the interstitial space; iii) hyaline membranes; iv) proteinaceous debris; v) alveolar septal thickening. The final histopathological scores was as follows: score = [20*(i)+14*(ii)+7*(iii)+7*(iv)+2*(v)]/(number of fields *100) (C) The protein in BALF. (D) The wet/dry ratio of lung tissue. (E) Total cell counts in BALF. (F) Neutrophils in BALF. (G) Monocytes/Macrophages in BALF. (H) Secretion of cytokine IL-6 in BALF. (I) Secretion of cytokine TGF-β1 in BALF. For all panels: mean ± S.D. **p ≤ 0.01; ***p ≤ 0.001; and ****p ≤ 0.0001 for one-way analysis of variance with the Bonferroni post hoc test for multiple t-tests. A value of p < 0.05 was considered statistically significant. n = 6–8 mice per group.



The protein in BALF and wet/dry ratio were combined to assess the pulmonary permeability. During LPS-induced ARDS, the protein in BALF and wet/dry ratio were remained high on day 1–2, declined on day 4, then returned to baseline (Figures 1C, D). The cells infiltration in the alveolar space were also used to predict the lung inflammation. After LPS administration, the total cell and neutrophil counts in BALF remarkably increased on day 1, peaked on day 2, followed by an obvious reduction on day 4, finally generally normalized after 7 days’ recovery (Figures 1E, F). However, the variation of monocytes/macrophages counts decreased on day 1, then increased until it peaked on day 4 (Figure 1G).

Various inflammatory-related cytokines were involved in ARDS. The release of IL-6 in BALF peaked at day 2, then decreased in the following days until it came back to baseline (Figure 1H). Reversely, the levels of TGF-β were up-regulated on day 2, maintain highest on day 4, followed by a significant attenuation on day 7 (Figure 1I).

Indications of LPS-induced lung injury, including pulmonary histopathology, the protein in BALF, wet/dry ratio, total cell counts and differential counts in BALF, levels of pro-inflammatory cytokines (IL-6), and anti-inflammatory (TGF-β1), manifested similar degrees of injury peaked on day 1–2, followed by almost complete recovery over 4–7 days. Therefore, it is demonstrated that our murine model of ARDS represents a powerful experimental tool to further investigate the resolving and reparative processes of LPS-induced ARDS.



Treg Cells Accumulate in LPS-Induced ARDS

Treg cells represent approximately 5% of the CD4+ T cell compartment in uninjured lungs of BALB/c mice. ARDS generated by intratracheal administration of LPS in mice leads to the dynamic accumulation of Treg cell populations within 1 week. The percentage of pulmonary Treg cells significantly increased 12 h after LPS administration, and the number of Treg cells remained highest on day 2, followed by a slight decrease on day 4. After 7 days of recovery, the number of pulmonary Treg cells was essentially normalized (Figures 2A–C). In addition, despite the pulmonary injury, the increase in splenic Treg cells showed similar dynamic variations (Figures 2A, D, E). Treg cells in the spleen and lung exhibited parallel changes, and the disturbance in Treg cells recovered within 1 week in the lungs and spleen. As day 2 and day 4 were two landmark timepoints, we chose them for following exploration.




Figure 2 | Treg cells accumulate in LPS-induced acute respiratory distress syndrome. BALB/c mice were intratracheally injected with LPS. The experiment was repeated twice. (A) Cytofluorometric dot plots of Tregs within days after injury. Numbers depict the fraction of CD4+ T cells within the designated gate. (B) Summary data for the fraction of Treg cells in the lungs depicted in (A). (C) Summary data for the number of Treg cells in the lungs depicted in (A). (D) Summary data for the fraction of Tregs in the spleen depicted in (A). (E) Summary data for the number of Treg cells in the spleen depicted in (A). (F, G) RNA-seq analysis. Normalized expression values for Treg cells (F) on day 2 and (G) on day 4 in the lung after LPS injury. Treg cell “up” (red) and “down” (blue) signature transcripts overlain, with some key Treg cell up genes highlighted. For all panels: mean ± S.D. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; and ****p ≤ 0.0001 for one-way analysis of variance with the Bonferroni post hoc test for multiple t-tests. A value of p < 0.05 was considered statistically significant. n = 6 mice per group.



The Treg cells in the inflamed lung could be verified by the fact that they displayed large numbers of typical diagnostic markers, for example, Foxp3. They also obviously expressed the characteristic Treg cell “up” signatures (8) (Table S1), according to RNA-seq analysis of the lung 2 days or 4 days after LPS administration when compared with the sham group. The fold changes of Treg cell “up” signatures observed after 2 days were more significant than those observed after 4 days (Figures 2F, G).



Treg Depletion Damages Pulmonary Epithelial Regeneration

Next, we sought to identify the role of Treg cells in LPS-induced ARDS. Proliferation of the alveolar epithelium or endothelium is an easily measurable event that leads to repair; it needs several hours to take place and at least approximately 2 days to be significant (17). In addition, it was reported that wound repair in the airways begins by 15–24 h and continues for days to weeks (18). Therefore, combined with our preliminary evidence, the process of pulmonary repair does not peak at an early stage after injury, and we chose the 4-day time point after LPS-induced lung injury for investigation.

A Treg-depleted mouse model was established by injection of anti-CD25 antibody every 7 days (Figure 3A), and the percentage of CD4+ effector T cells was not affected after Treg depletion in our previous study (19). Multicolor flow cytometry was used to specifically identify the pulmonary epithelium or endothelium in single-lung-cell suspensions, similar to previously reported methods (Figures 3B, C) (20). In our study, the fraction and number of epithelial cells were decreased in the Treg depleted mice after LPS (Figures 3D, E). Moreover, epithelial proliferation was also impaired when mice suffering from Treg depletion during ARDS (Figure 3F). However, the percentage or number of endothelial cells were not of significant difference (Figures 3G, H), albeit endothelial proliferation was damaged in Treg depleted mice after LPS administration (Figure 3I). Our data highly presented that Treg depletion devastated pulmonary regeneration by interfering with the epithelium.




Figure 3 | Treg depletion damages pulmonary epithelial regeneration. To deplete Treg cells, BALB/c mice were treated with an i.p. injection of anti-CD25 antibody on day 10 before LPS administration and 7 days thereafter. The mice were sacrificed 4 days after LPS exposure. (A) Schematic diagram of the experimental design. (B) Cytofluorometric dot plots of CD45−CD326+CD31− epithelial cells or CD45−CD326−CD31+ endothelial cells 4 days after injury. Numbers depict the fraction of CD45− cells within the designated gate. (C) Gating strategy to analyze the proliferation of epithelial cells/endothelial cells. Single-cell suspensions were prepared from injured or uninjured lungs, and Ki67+ epithelial cells were detected by flow cytometry. (D) Fraction of pulmonary epithelial cells (CD45−CD326+CD31−) in lung suspensions. (E) Number of pulmonary epithelial cells (CD45−CD326+CD31−) in lung suspensions. (F) Flow cytometric analysis of the proliferation of pulmonary epithelial cells. Proliferation was monitored by the nuclear marker Ki67. (G) Fraction of pulmonary endothelial cells (CD45−CD326−CD31+) in lung suspensions. (H) Number of pulmonary endothelial cells (CD45−CD326−CD31+) in lung suspensions. (I) Flow cytometric analysis of the proliferation of pulmonary endothelial cells. For all panels: mean ± S.D. *p ≤ 0.05; **p ≤ 0.01; and ****p ≤ 0.0001 for one-way analysis of variance with the Bonferroni post hoc test for multiple t-tests. A value of p < 0.05 was considered statistically significant. n = 6 mice per group.





LPS-Induced ARDS Triggers the Release of IL-33 From the Inflamed Lung

To explore the central endogenous cytokines involved in LPS-induced ARDS, we performed mouse transcriptome sequencing (RNA-Seq analysis) to comprehensively understand the gene expression profile of inflamed lungs in LPS-induced ARDS. A total of 11,601 genes were identified to be significantly up- or downregulated (padj <0.05) in the inflamed lung in the L2 group compared with the sham group (Table S2). Among those differentially regulated genes, we focused on cytokines, especially inflammatory cytokines, that were remarkably upregulated. Considering the intrinsic basis of LPS-induced ARDS is respiratory infection followed by subsequent inflammation, we investigated KEGG enrichment of respiratory infection and cytokine-cytokine interactions for clue. Respiratory infection included 118 significant genes, and 124 significant genes were involved in cytokine-cytokine interactions. Searching for the overlap between these two enriched categories can provide us with available information about key cytokines.

Figure 4A clarified the top 20 upregulated inflammation-associated cytokines. Among these genes, interleukin-33 (IL-33), an alarmin binds to the heterodimeric receptor ST2 (IL-33R, IL1RL1), regulates the release of various proinflammatory cytokines and chemokines, including IL-4, IL-5, IL-9, IL-13, TNF-α, IFN-γ, and IL-1β, and is part of the first line of defense in infection (21). Therefore, in this study, we investigated the possible involvement of IL-33 in LPS-induced ARDS.




Figure 4 | LPS-induced ARDS triggers the release of IL-33 from the inflamed lung. (A) Heat map showing the top 20 most upregulated inflammatory cytokines and chemokines in LPS-induced ARDS, identified by mouse RNA-seq analysis. Sham group mice received intratracheal saline instillation. n = 4 mice per group. (B, C) IL-33 dynamic variation within days after LPS-induced ARDS. (B) Il33 transcripts in the lung were quantified by PCR. (C) IL-33 protein was estimated by Western blotting. n = 6 mice per group. (D) Colocalization of IL-33+ cells (epithelial cells, AEC2s, and endothelial cells) in the lung was explored by immunofluorescence microscopy. Scale bars represent 50 μm. (E) Increase in IL33+ cells upon lung injury. The fraction of IL33+ nuclei (DAPI+ structures) was measured as described in the methods. n = 5 mice per group. For all panels: mean ± S.D. *p ≤ 0.05; **p ≤ 0.01; and ****p ≤ 0.0001 for one-way analysis of variance with the Bonferroni post hoc test for multiple t-tests. A value of p < 0.05 was considered statistically significant.



qPCR and Western blot analysis co-confirmed that IL-33 transcription peaked on day 2 after LPS administration compared with the sham group and then decreased on day 4 (Figures 4B, C).

Immunofluorescence analyses demonstrated the overlap between IL-33 synthesis and pulmonary epithelial expression, revealed the profile of this cytokine’s cellular and intracellular information in the lung. IL-33 localized to the nerve structure (22), epithelium, or vascular endothelium (23, 24). However, our immunofluorescence scanning revealed that IL-33-expressing cells were rare in the epithelium (EpCAM+cells) but readily perceived and most frequent within AEC2s (Sftpc+cells) rather than the vascular endothelium (CD31+cells) (Figure 4D). Within 4 days of LPS-induced lung inflammation, IL33+DAPI+cells further proved the upregulation of IL-33 release on day 2, followed by downregulation on day 4 (Figure 4E). Although IL33+cells were frequent on day 2, IL33+Sftpc+coexpressing cells were more abundant in the lung on day 4 after LPS administration (Figure S1).

We have come to the tentative conclusion that IL-33 is remarkably upregulated in the inflamed lung in LPS-induced ARDS due to increased production and release from the epithelium, especially in AEC2s. Moreover, pulmonary epithelial regeneration was not a short-term effect and was more remarkable on day 4 after lung injury.



The IL-33:ST2 Axis Impacts Pulmonary Treg Cell Accumulation and Pulmonary Repair

ST2, a receptor of IL-33, was also probed. ST2 protein was also upregulated in the lungs 4 days after the mice received LPS treatment (Figure 5A). When deeply exploring the cells that most highly expressed the ST2 protein, we analyzed Treg cells, macrophages, neutrophils, the epithelium, and the endothelium. An elevated fraction of ST2+Treg cells in the lung was first observed 12 h after LPS administration, remained high on day 2 and day 4, and was then reduced on day 7. The fraction of ST2+Treg cells in the spleen peaked on day 4 and showed paralleled variation (Figures 5B–D). However, such high expression of ST2 was not a general characteristic of other infiltrated inflammatory cells in inflamed lungs after LPS administration. Although ST2+macrophages, ST2+neutrophils, ST2+epithelial cells, or ST2+endothelial cells mostly revealed significant differences on day 4, ST2 expression was barely observed in macrophages, neutrophils, the epithelium, or the endothelium, the fraction was too low to deserve thoroughly research (Figures 5E–H).




Figure 5 | Involvement of the IL-33:ST2 axis in pulmonary Treg cell accumulation. (A) A late spike in ST2 expression. BALB/c mice were intratracheally injected with LPS, and at various times, the ST2 protein was detected by Western blotting. The sham group was intratracheally administered saline. (B–D) Flow cytometric analysis. Lungs and spleens from mice were prepared at different time points after LPS administration. (B) Dot plots of ST2+ Treg in flow cytometry. (C) Summary data for the fraction of ST2+ Treg cells in the lung and (D) the fraction of ST2+ Treg cells in the spleen within days after LPS administration. (E, F) Summary data for the ST2 fraction within different leukocyte populations at various times after LPS administration. (E) Fraction of ST2+ macrophages. (F) Fraction of ST2+ neutrophils. (G, H) Summary data for the ST2 fraction within the epithelium or endothelium at various times after LPS administration. (G) Fraction of ST2+ epithelial cells and (H) fraction of ST2+ endothelial cells. (I) Schematic diagram of the protocol used to establish ST2-blocked mice. BALB/c mice were injected with hFc/ST2-Fc, and 1 day later, intratracheal administration of saline/LPS and hFc/ST2-Fc was performed, with repeated i.p. injection after 1 day. The mice were sacrificed and observed at 4 days after LPS/saline. (J, K) Fraction and numbers of Treg cells by flow cytometric analysis, as shown in I, and the observation time was at day 4. (J) Treg cells in the lungs. (K) Treg cells in the spleen. For all panels: mean ± S.D. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; and ****p ≤ 0.0001 for one-way analysis of variance with the Bonferroni post hoc test for multiple t-tests. A value of p < 0.05 was considered statistically significant. n = 6–8 mice per group.



To analyze the possible involvement of the IL-33:ST2 axis in Treg cell accumulation and function, we employed ST2-Fc to block ST2. Figure 5I shows the schematic diagram. Blocking ST2 impaired Treg cells accumulation in the lung and spleen (Figures 5J, K). Then, we explored whether Blocking ST2 retarded Treg cell proliferation, Blocking ST2 did not affect Treg cell proliferation in both the lungs and spleen (data not shown).

Next, we detected whether blocking ST2 influenced the pulmonary epithelial regeneration. Histopathological staining did not show a significant difference between the LPS+hFC and LPS+ST2-Fc groups (Figure 6A). Blocking ST2 indeed damaged the pulmonary epithelium and vascular endothelium, as indicated by the decreased numbers of CD45−CD326+CD31− epithelial cells and CD45−CD326−CD31+ endothelial cells (Figures 6B, C), without hampering the proliferation of the pulmonary epithelium or endothelium (Figures 6D, E) when the mice were subjected to intratracheal LPS administration.




Figure 6 | Involvement of the IL-33:ST2 axis in pulmonary regeneration activities. (A) Histopathological staining. Representative HE staining of lung sections is shown 4 days after LPS-induced ARDS. Original magnification = 200×, scale bar represents 50 μm. (B) Fraction and numbers of epithelial cells (CD45−CD326+CD31− cells) in the lung suspension by flow cytometric analysis. (C) Fraction and numbers of endothelial cells (CD45−CD326−CD31+ cells) in the lung suspension by flow cytometric analysis. (D) Summary data for proliferation of endothelium (CD45−CD326−CD31+Ki67+ cells) by flow cytometric analysis. (E) Summary data for proliferation of the epithelium (CD45−CD326+CD31−Ki67+ cells) by flow cytometric analysis. (F–I) Lung epithelium-associated protein. EpCAM, AQP5, and Sftpc protein expression was quantified by Western blotting. The observation time was on day 4. For all panels: mean ± S.D. *p ≤ 0.05; **p ≤ 0.01; and ****p ≤ 0.0001 for one-way analysis of variance with the Bonferroni post hoc test for multiple t-tests. A value of p < 0.05 was considered statistically significant. n = 6 mice per group.



Epithelial cell adhesion molecule (EpCAM) is a cell surface marker of epithelial cells, especially in stem and progenitor cells, that is expressed at high levels in proliferative cells and at low levels in differentiated cells (25, 26). Subsequently, we elaboratively discovered the alveolar epithelial subset type. Alveolar epithelial cells are comprised of two morphologically and functionally distinct types of cells: alveolar epithelial cells type I (AEC1s) and alveolar epithelial cells type II (AEC2s). Aquaporin 5 (AQP5) is the predominant form expressed in AEC1s, which is related to cellular permeability and regulated cell water movement (17). Surfactant protein C (Sftpc), a specific marker of AEC2s, is a unique transmembrane protein that forms a lipid monolayer at the interface of liquid and air, reduces surface tension along the alveolar epithelium, and mediates effective gas exchange.

ST2 blockade depressed EpCAM and AQP5 protein expression after intratracheal instillation of LPS, although Sftpc protein levels was not showed a distinct decrease (Figures 6F–I). This demonstrated that ST2 blockade disrupted pulmonary repair by mitigating endothelial or epithelial regeneration and postponing epithelial recovery.



Exogenous Supplementation With IL-33 Expands the Treg Cell Population, Enhances Treg Cell Function, and Promotes Lung Regeneration

To confirm whether IL-33 could amplify the Treg cell population in inflamed lungs, we administered recombinant IL-33 to mice on the day before and after injury, then analyzed cells by flow cytometry. The experimental schematic is shown in Figure 7A. IL-33 indeed augmented the fraction of Treg cells in the lung and spleen (Figures 7B, C). However, the Tconv cell population did not change in either the lung or spleen (Figures S2A–D).




Figure 7 | IL-33 activates the Treg cell population in LPS-induced acute respiratory distress syndrome and promotes pulmonary repair. (A) Schematic diagram of the protocol for IL-33 supplementation. BALB/c mice were injected with rIL-33, and 1 day later, intratracheal administration of saline/LPS was performed. rIL-33 was repeatedly i.p. injected after 1 day, and the mice were sacrificed and observed at 2 days or 4 days after LPS/saline treatment. (B, C) Expansion of the Treg cell population in IL-33-treated mice. BALB/c mice were intratracheally injected with saline or LPS supplemented with rIL-33 in PBS or PBS the day before and after lung injury and were detected 4 days later. (B) Expansion fraction and numbers of Treg cells in lungs. (C) Expansion fraction and numbers of Treg cell populations in the spleen. (D) Expansion of pulmonary Treg cells does not depend on the circulating pool in IL-33-treated mice. Mice were treated with FTY720 or PBS a day prior to LPS-induced lung injury and daily thereafter, and the Treg cells in the lung suspension were measured by flow cytometry 2 days after LPS administration. (E, F) Augmentation of Treg cell proliferation in IL-33-treated mice. (E) Proliferation of Treg cells in the lung and (F) spleen was analyzed via Ki67+ or EdU+ Treg cells by flow cytometry 2 days after saline/LPS administration in addition to IL-33. (G) RNA-seq analysis of lung AEC1 or AEC2 regeneration in IL-33-treated mice in the LPS+rIL-33 group vs LPS+PBS group at 4 days. The left upper panel displays the AEC1 “up” signature, and the left lower panel shows the AEC1 “down” signature. The right upper panel displays the AEC2 “up” signature, and the right lower panel shows the AEC2 “down” signature. n = 4 mice per group. For all panels: mean ± S.D. **p ≤ 0.01; ***p ≤0.001; and ****p ≤ 0.0001 for one-way analysis of variance with the Bonferroni post hoc test for multiple t-tests. A value of p < 0.05 was considered statistically significant.



Then, we disclosed the activity of Treg cells in detail. First, we explored whether IL-33 affects the retention of Treg cells. BALB/c mice were treated with the S1P1 receptor agonist FTY720 at the same time as LPS administration, and pulmonary Treg cells were analyzed by flow cytometry over a 2-day time course. FTY720 was reported to trap T and B cells within lymphoid tissue (27). FTY720 treatment imposed no salient effect on the accumulation of Treg cells (Figure 7D). Therefore, the accumulation of pulmonary Treg cells in response to injury seemed to depend more on proliferation from tissue-resident Treg cells. Next, we uncovered whether IL-33 boosts Treg cell proliferation. BALB/c mice were injected with EdU at the time of LPS administration, and 2 days later, EdU+Treg cells from the lung and spleen were quantified; furthermore, we also measured Ki67+Treg cells. According to combined EdU incorporation and Ki67 staining, IL-33 facilitated Treg cell proliferation in lungs and spleen respectively (Figures 7E, F).

Whole-lung RNA-sequencing analyses were applied to confirm the effect of IL-33 treatment on pulmonary epithelial regeneration in mice afterwards. Compared with the PBS-treat mice, rIL-33 treated mice showed a strong enrichment of the AEC1 down signature instead of a reduction of the AEC1 up signature after LPS (Figure 7G). In addition, rIL-33- and PBS-treated LPS-induced mice showed less apparent skewing of the AEC2 up/down signature (Figure 7G), according to previously determined AEC1 and AEC2 up and down signatures (14–16). The balance of AEC2 up/down signatures with IL-33 administration after LPS emphasized AEC2 regeneration. While we did not observe conspicuous AEC1 regeneration on day 4 when the mice were supplemented with IL-33 during ARDS, we could not exclude the possibility that the kinetics of their presence in the lungs at the observed time points were prolonged. Based on the RNA-sequencing evidence, we speculate that IL-33 accelerates pulmonary epithelial repair, especially AEC2 regeneration by expanding Treg cells.



Transfer of Recombinant Mouse IL-33 Into Treg Depletion Mice Restored Treg Cells and Promoted Lung Epithelial Regeneration

In order to validate whether transfer of exogenous IL-33 into the Treg-depleted mice will restore the Treg cells population and recover the activity of pulmonary epithelial regeneration, Treg-depleted mice were supplemented with recombinant IL-33 during ARDS, and the schematic diagrams were depicted in Figure 8A. There was a prominent restoration of Treg cells both in lung and spleen after recombinant IL-33 supplement into Treg-depleted mice (Figures 8B, C). When evaluating the impact of IL-33 ulteriorly, results from flow cytometry indicated IL-33-dependent accumulation of Treg specifically accelerated lung epithelial regeneration. Injection of IL-33 into Treg-depleted mice during ARDS promoted the fraction and number of CD326+ epithelial cells in lung (Figures 8D, E), enhanced the proliferation of pulmonary epithelial cells (Figures 8F, G). Furthermore, the lung section of HE staining revealed that Treg depletion exacerbated alveolar space collapsion accompanied with excessive alveolar septum or interstitial thickening after LPS. IL-33 supplementation into the Treg-depleted mice mitigated the LPS-induced lung injury and basically regained the normal pulmonary architecture (Figure 8H).




Figure 8 | Transfer of recombinant mouse IL-33 into Treg depletion mice restored Treg cells and promoted lung epithelial regeneration. (A) Schematic diagrams of IL-33 supplementation in Treg depleted mice during LPS-induced ARDS. Mice were intraperitoneally injection with 100 µg of anti-CD25 antibody or IgG 10 days before LPS exposure and repeatedly treated every 7 days for continuous Treg depletion. Then 1 day before and after LPS administration, rIL-33 (2 mg/mouse) were intraperitoneally injected into mice. Mice were sacrificed at 4 day after LPS administration. (B) Cytofluorometric dot plots of Treg cells in Saline+anti-CD25, Saline+anti-CD25+rIL-33, LPS+anti-CD25, LPS+anti-CD25+rIL-33 group. Numbers depict the fraction of CD4+ T cells within the designated gate. The upper panels display the Treg cells in lung, and the lower panels display the Treg cells in spleen. (C) Summary data for the percentage of Treg cells in the lung or spleen depicted in (B). (D) Summary data for the percentage and (E) number of epithelial cells in the lungs. (F) Percentage of proliferating epithelial cells in the lung. (G) Zebra plots of proliferating epithelial cells percentage in different groups in the lung. (H) Histopathological staining. Representative HE staining of lung sections were shown in Saline+IgG, Saline+anti-CD25, Saline+anti-CD25+rIL-33, LPS+IgG, LPS+anti-CD25, LPS+anti-CD25+rIL-33 group. Original magnification = 200×, scale bar represents 50 μm. (I–L) EpCAM, AQP5, and Sftpc protein was estimated by Western blotting. For all panels: mean ± S.D. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; and ****p ≤ 0.0001 for one-way analysis of variance with the Bonferroni post hoc test for multiple t-tests. A value of p < 0.05 was considered statistically significant. n = 6–8 mice per group.



EpCAM and AQP5 protein levels were not detected obviously reduced after Treg depletion, whereas Sftpc protein expression were downregulated in Treg depleted mice suffering from LPS-induced ARDS. Critically, after transfer of recombinant IL-33 into Treg depleted mice, EpCAM and Sftpc protein levels were evidently upregulated (Figures 8I–L). Therefore, we concluded that exogenous IL-33 supplementation into Treg depleted mice promoted pulmonary epithelial regeneration, and restored the pulmonary alveolar epithelium, especially AEC2s during ARDS.



IL-33-Dependent Accumulation of Treg Cells Might Mediate Pulmonary Regeneration During LPS-Induced ARDS via TGF-β1 Signaling

When delving into the mechanism involved, the fraction of macrophages or neutrophils were assessed by flow cytometry, and related representative cytokine TGF-β1, IL-6, TNF-α, IL-10, IL-21, IL-22, IL-23, IL-9, IFN-γ, IL-1α were examined by bead-based immunoassays. Schematic sorting of macrophages (CD11b+Ly6c+F4/80+Ly6G−) or neutrophils (CD11b+Ly6c+F4/80−Ly6G+) in lung suspensions followed a protocol described in a previous study (28) and were displayed in Figure 9A. Although the percentage of macrophages in lung were not showed statistically significant difference, the fraction of neutrophils were declined in Treg-depleted mice after LPS, and increased after exogenous IL-33 supplementation (Figures 9B, C). Similarly, the total cell counts in BALF paralleled with the neutrophils variation (Figure 9D). Enhanced TGF-β1, IL-6, and TNF-α secretion into the alveolar space were identified after LPS. When LPS-injured mice suffered from Treg depletion, release of TGF-β1 were attenuated, and secretion of IL-6 or TNF-α were obviously intensified. In contrast, after exogenous transfer of IL-33, the level of TGF-β1 were upregulated, and IL-6 or TNF-α were downregulated during ARDS (Figures 9E–G). Other cytokines were not of statistical significance (data not shown). Thus, IL-33-dependent accumulation of Treg cells might mediate pulmonary epithelial regeneration in murine model of ARDS via TGF-β1 signaling.




Figure 9 | IL-33-dependent accumulation of Treg cells might mediates pulmonary regeneration during LPS-induced ARDS via TGF-β1 signaling. (A–C) Exogenous IL-33 supplementation did not affect the macrophages, but interfere with neutrophils population in Treg depleted mice after LPS. (A) Schematic sorting of macrophages (CD11b+Ly6c+F4/80+Ly6G−) or neutrophils (CD11b+Ly6c+F4/80−Ly6G+) in the lung suspension. The percentage of (B) macrophages or (C) neutrophils in the lung was detected by flow cytometry. (D) Total cell counts in BALF were evaluated by a hemocytometer. (E) Secretion of cytokine TGF-β1 in BALF. (F) Secretion of cytokine IL-6 in BALF. (G) Secretion of cytokine TNF-α in BALF. For all panels: mean ± S.D. *p ≤ 0.05; **p ≤ 0.01; and ****p ≤ 0.0001 for one-way analysis of variance with the Bonferroni post hoc test for multiple t-tests. A value of p < 0.05 was considered statistically significant. n = 6 mice per group.






Discussion

Treg cells were recently emphasized in various inflamed tissues, serve as a protective factor in injury, and play an important role in the repair of diverse tissues (8, 29–31). In our study, we verified that inflamed lung injury triggers the aggregation of Treg cells within days. The IL-33:ST2 axis positively modulate the expansion and function of Treg cells, moreover, IL-33-dependent accumulation of Treg cells accelerate pulmonary epithelial regeneration during LPS-induced ARDS. Here, several valuable points merit considerations.

First, in our preliminary study, we have optimized an applicable murine model of ARDS which showed dynamic biological or histopathology changes and virtually completed pulmonary recovery by 4–7 days after lung injury. Importantly, we also identified a successful and effective approach to establish Treg depletion in mice via injection of anti-CD25 antibody (19). Therefore, it is convincing to assemble adequate evidence for extending our comprehending of pulmonary regeneration in Treg depletion after ARDS.

Second, when injury occurred, the exogenous danger signal was transduced into an endogenous biochemical reaction, leading to the release of alarmins. IL-33 has been shown to be constitutively expressed in endothelial and epithelial cells in vivo (32). However, our data demonstrated that pulmonary IL-33 localized to epithelial cells, especially AEC2s, rather than vascular endothelial cells. Momentously, the identity of the ST2-expressing cell type was somewhat unexpected, ST2 was expressed slightly on epithelial or endothelial cells, even limited on macrophages or neutrophils, but mainly on Treg cells. Although IL-33 expression remained highest on day 2 after lung injury, colocalization was more significant on day 4, paralleled by obvious ST2 expression. Synchronized with colocalization analysis, we speculated it is likely that AEC2s produced and released IL-33, which then combined with ST2 on Treg cells to participate in immunological homeostasis in inflamed lungs.

Third, more recent studies demonstrated IL-33 played an essential role in Treg cell homeostasis (32, 33). In our exploration, administration of IL-33 expanded the Treg cell population by promoting proliferation without intervening retention; when blocking ST2, the number of Treg cells significantly decreased. In addition, exogenous IL-33 supplementation restored Treg cells when mice suffering from Treg depletion. Therefore, through our loss- and gain-of-function study, we validate the IL-33:ST2 axis is the first and most influenced factor affecting the Treg cell population or activity.

Fourth, in addition to vascular endothelium repair, the recovery of alveolar epithelial cells and maintaining the pulmonary epithelial integrity is a fundamental and intrinsic issue in pulmonary repair. AEC2s are reported to be alveolar progenitor cells, are vital in maintaining lung homeostasis and sustaining alveolar integrity via release of surfactants, regulation of fluid and ion transport, even restoration of the epithelium by trans-differentiation to AEC1s to initiate pulmonary repair (15). In non-persistent epithelial injury, appropriate AEC2 proliferation and trans-differentiation are elementary to pulmonary repair (34). Knockout of AEC2 in mice obviously restrained injury recovery in acute lung injury (ALI) (35). Consistent with these studies, based on our flow cytometry and western blotting results, we verified that pulmonary epithelial cells, especially AEC2s, were wrecked and their proliferation were undermined in Treg depleted mice, and this is emphasized the significance of Treg cell in maintenance of lung epithelial repair. Then, we exploited IL-33:ST2 axis to facilitate pulmonary repair in mice, after ST2 blockade the number of pulmonary epithelium were diminished; furthermore, pulmonary epithelial cells, especially AEC2s were restored after exogenous IL-33 supplementation into Treg depletion mice. In alliance with IL-33-AEC2 colocalization, it was revealed a close interaction between IL-33-producing AEC2s, Treg cells, and lung epithelial regeneration; IL-33-dependent Treg cells mediated pulmonary epithelial regeneration during ARDS.

Fifth, IL-6 and TNF-α, released by activated neutrophils, are two significant proinflammatory factors used to evaluate inflammation. In our study, associated with highlighted neutrophils, the upregulated levels of IL-6 and TNF-α might collectively indicated that lung regeneration was accompanied by a moderate inflammatory response after IL-33 supplementation. The impact of IL-33 in pulmonary repair will be affected by multiple factors, such as level of inflammation, the type of disease or targeted cells, and the dose of IL-33. Although IL-33 has adverse functions, like as impairments in established immunologic tolerance in the lung (36), even exacerbates sterile liver inflammation (37). Incremental exploration has manifested that proinflammatory cytokines, IL-6, and IL-22, for instance, are critical for wound healing by stimulating keratinocyte migration and collagen deposition. Furthermore, exogenous IL-33 administration during recovery dramatically accelerates epithelial restitution and repair, with concomitant improvement of colonic inflammation in acute colitis (31). When considering the impact of repair, the quality and efficiency of wound repair usually rely on a finely tuned inflammatory response, modulated by the signals released from the damaged epithelium in part (38). Intervention or depression of inflammation in early phase might prolong the normal lung regeneration process.

TGF-β1 was highly expressed by activated T cells, more importantly implicated in Treg-suppressive activity, and controlling inflammatory diseases (39, 40). TGF-β1 are crucial factor secreted by Tregs and pivotal in provoking pulmonary regeneration (19, 41). Concordant with this notion, the strikingly increasing secretion of TGF-β1 were determined after IL-33 supplementation in Treg depleted mice during ARDS in our study. Therefore, we predict that IL-33-dependent accumulation of Tregs likely expedite pulmonary epithelial regeneration in a TGF-β1-dependent manner. More evidence is required in the following study.

Lastly, IL-33 operates as a mechanic-chemical signal and play an important transmittable role between the epithelium, especially AEC2s, and Treg cells. Beyond that, it might also be worth noting that IL-33 improves re-epithelialization and neovascularization, as well as enhances new ECM deposition in diabetic skin wounds (30), and that the involved mechanism is cross-talk between responsive group 2 innate lymphoid cells (ILC2s) and the cutaneous epithelium (30, 42).

The primary targets of IL-33 are likely ILC2 and subsets of Tregs, which are positioned during tissue injury and whose activation creates a reparative state. ILC2 produces large amounts of IL-5 or IL-13 in response to IL-33, and lack of ILC2 results in enhanced inflammation (43). Recently, mounting evidence testified that ILC2-intrinsic IL-33 activation was required for Treg cell expansion to maintain homeostasis (44), and there was tightly interaction between ILC2 and Treg cell (45). Therefore, IL33-producing ILC2 is feasible to accelerate the expansion of pulmonary Treg cells, even to promote their activity in pulmonary epithelial regeneration in the early stage during ARDS.

Irrespective of Treg cells and group 2 innate lymphoid cells (ILC2s), IL-33 also had an impact on other immune cells, including recruited dendritic cells, T helper 1 (Th1) cells, NK cell, invariant natural killer T (iNKT) cell, Th2 cells, promoted cytotoxic T cells, activated macrophages, and elevated neutrophils (46–50). Supported by the recent study that IL-33 motivates Treg cells to suppress innate γδT cell responses in the lungs (51), IL-33 potentially activates other innate immune cells to interact with Treg cells in modulating the activity of pulmonary epithelial repair.

Notably, there is likely to be a complicated network, including exogenous stimuli, immune microenvironment, and crosstalk between innate and adaptive cells, that connects the epithelial regeneration and immune system. Thus, understanding the sophisticated interaction, clarifying the elusive mechanism involved, and finding the optimal intervention will become an area of emerging exploration.

Despite the recent development of comprehensive supportive treatments, such as extracorporeal membrane oxygenation (ECMO) and lung protective ventilation strategies, ARDS still possesses high mortality and poor prognosis. The intensified understanding of the mechanism and identification for new approaches are crucial for addressing the outcome of ARDS. The IL-33:ST2 axis seems to be a promising avenue to utilize in promoting repair of the inflamed lung.
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The intestinal surface is constitutively exposed to diverse antigens, such as food antigens, food-borne pathogens, and commensal microbes. Intestinal epithelial cells have developed unique barrier functions that prevent the translocation of potentially hostile antigens into the body. Disruption of the epithelial barrier increases intestinal permeability, resulting in leaky gut syndrome (LGS). Clinical reports have suggested that LGS contributes to autoimmune diseases such as type 1 diabetes, multiple sclerosis, rheumatoid arthritis, and celiac disease. Furthermore, the gut commensal microbiota plays a critical role in regulating host immunity; abnormalities of the microbial community, known as dysbiosis, are observed in patients with autoimmune diseases. However, the pathological links among intestinal dysbiosis, LGS, and autoimmune diseases have not been fully elucidated. This review discusses the current understanding of how commensal microbiota contributes to the pathogenesis of autoimmune diseases by modifying the epithelial barrier.
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Introduction

The intestinal mucosa is exposed to a myriad of external antigens such as food antigens, food-borne pathogens, and commensal microbes that reside in the intestinal lumen. Therefore, the intestine serves as a barrier tissue whereby a monolayer of intestinal epithelial cells establishes a multilayered physicochemical barrier (1). The intestinal epithelial barrier contributes to the maintenance of biological homeostasis by segregating the internal and external milieus by restricting the infiltration of external antigens and the leakage of endogenous substances. To this end, intestinal epithelial cells form tight junctions (TJs) (2). TJ protein complexes tightly connect epithelial cells to reduce paracellular permeability. The main integral proteins of the TJs include occludin and claudins (3, 4). Their intracellular domains are associated with zonula occludens (ZO) proteins that connect the junctional complexes with myosin 1C, an important component of the actin cytoskeleton (5, 6). Furthermore, myosin light chain kinase (MLCK) acts with peri-junctional actomyosin rings to regulate the contractility of actin fibers, thereby influencing TJ structure and permeability (7, 8).

The mucosal barrier also includes mucin, antimicrobial peptides, and dimeric (or more polymeric) IgA secreted by goblet cells, Paneth cells, and plasma cells, respectively (9–11). These effector molecules constitute a barrier between luminal microbes and intestinal epithelium to prevent microbial adherence to the epithelium. However, mucosal barrier dysfunction (especially the disruption of TJs) often leads to enhanced intestinal permeability (12), a pathological status termed “leaky gut syndrome” (LGS). LGS initiates inflammatory responses in the intestine and in extraintestinal tissue (13, 14). Thus, the translocation of commensal microbes into the body disturbs immune homeostasis by inducing systemic inflammation; however, the commensal microbiota is important for shaping the gut immune system while they remain confined in the intestinal lumen (15). Such beneficial effects are ascribed to certain microbial products that promote the proliferation and differentiation of intestinal epithelial cells and multiple immune cell subsets including regulatory T cells and T helper type 17 (Th17) cells (16). Indeed, germ-free mice exhibit defects in the maturation of gut-associated lymphoid tissues and mesenteric lymph nodes, leading to attenuated production of secretory IgA (S-IgA) (17).

Altered microbial composition, termed dysbiosis, has been implicated in mucosal barrier dysfunction and inflammatory responses, which predispose the host animals to systemic diseases (e.g., inflammatory bowel disease, celiac disease, food allergy, obesity, and autoimmune diseases) (18). Accumulating reports have revealed that both LGS and dysbiosis are evident in some patients with autoimmune diseases (Table 1). In humans, lactulose/mannitol or lactulose/rhamnose tests have been used to assess intestinal permeability by measuring the urinary excretion of unabsorbed lactulose and absorbed mannitol or rhamnose. The lactulose/mannitol or lactulose/rhamnose ratio increases in patients with multiple sclerosis, rheumatoid arthritis, type 1 diabetes, or celiac disease (19, 24, 27, 30). Moreover, serum concentrations of lipopolysaccharide and soluble CD14 are indicators of intestinal permeability. Elevated serum lipopolysaccharide concentration and reduced TJ-related protein concentrations are observed in patients with ankylosing spondylitis or autoimmune hepatitis (22, 26). Likewise, serum soluble CD14 concentrations are elevated in those with systemic lupus erythematosus (32). These patients with autoimmune disease exhibit altered microbial compositions, compared with healthy volunteers (20, 23, 25, 26, 28, 31, 33). Thus far, it remains uncertain whether LGS and dysbiosis are causes or consequences of autoimmune diseases.


Table 1 | Autoimmune diseases related to LGS and dysbiosis.



Early research has shown that proinflammatory cytokines (e.g., tumor necrosis factor-α [TNF-α] and interferon-γ) impair TJ integrity (34–36), whereas immunosuppressive cytokines (e.g., interleukin [IL]-10 and transforming growth factor-β) reinforce the TJs (37, 38). IL-22 secreted by intestinal immune cells is also vital for epithelial homeostasis (i.e., epithelial repair and intestinal stemness) as well as epithelial barrier functions (39). In support of this view, IL-22 induces claudin-2 to facilitate the clearance of enteric pathogens under physiological conditions (40). However, under inflammatory conditions such as Crohn’s disease, constitutive expression of claudin-2 by IL-22 eventually leads to an increment of intestinal permeability (41, 42). Thus, the cytokine milieu is a critical factor that influences epithelial barrier function. Given that the gut commensal microbiota plays an essential role in regulating gut immunity, the microbiota should affect the epithelial barrier by regulating cytokine-induced barrier changes. In this review, we discuss the link between the commensal microbiota and epithelial barrier function, as well as the potential contribution of dysbiosis-associated LGS to the pathogenesis of autoimmune diseases.



Regulatory Mechanisms of the TJ Barrier

The innate immune system can sense pathogen-associated molecular patterns via pattern recognition receptors, including Toll-like receptors (TLRs) and nucleotide-binding oligomerization domain-containing proteins (i.e., NOD1 and NOD2) (43). Intestinal epithelial cells also express most TLRs and both NODs, among which TLR2 and TLR4 signaling may influence the integrity of TJ complexes. TLR2 recognizes lipopeptides, which are major cell wall components of bacteria. TLR2 signaling activates protein kinase C (PKC) and consolidates junctional complexes by recruiting ZO-1 in vitro (44). In contrast, TLR4 signaling (mediated by myeloid differentiation primary response 88 [MyD88]) enhances intestinal permeability, both in vitro and in vivo (45). TLR4 signaling activates MLCK by initiating the canonical nuclear factor-κB pathway (46, 47), leading to cytoskeletal contraction that relaxes the TJ barrier. Thus, the epithelial sensing of various pathogen-associated molecular patterns by pattern recognition receptors positively or negatively regulates intestinal permeability at TJs.

Endogenous machinery to suppress TJs is regulated by zonulin, a eukaryotic analog of the ZO toxin produced by Vibrio cholerae (48). In humans, zonulin was identified as pre-haptoglobin (preHp)-2, the precursor of haptoglobin, which is enzymatically cleaved into the mature protein (49). Zonulin was released when mammalian small intestinal tissues were cocultured with pathogenic and nonpathogenic bacteria ex vivo (50). This observation suggested that bacterial exposure is a critical inducer of zonulin, although the underlying mechanism remains unclear. Furthermore, gliadin (a glycoprotein present in wheat)-dependent zonulin release is well-documented, especially in studies of celiac disease. Gliadin binds to the chemokine receptor CXCR3 (expressed by intestinal epithelial cells) to facilitate zonulin secretion in the MyD88-dependent pathway (51). Zonulin possesses epidermal growth factor (EGF)-like and proteinase-activated receptor 2 (PAR2)-activating peptide-like motifs; thus, it serves as a ligand for EGF receptor (EGFR) and PAR2 on intestinal epithelial cells (49). Zonulin-dependent activation of PAR2 reinforces EGFR signaling, which further activates PKC and leads to the phosphorylation of ZO-1 and myosin 1C (52). This sequence of events disrupts the associations of ZO-1 with the other TJ molecules and myosin 1C. Activated PKC also phosphorylates G-actin and causes actin polymerization (53). These effects of PKC activation synergistically promote TJ disassembly and enhance intestinal permeability. However, considering that TLR2 signaling-dependent activation of PKC recruits ZO-1 to TJs, the effect of PKC on TJ assembly remains controversial and may depend on the targets of phosphorylation. Furthermore, EGFR activation by EGF in the breast milk inhibits TLR4 signaling to protect neonates and infants from necrotizing enterocolitis (21). Thus, the effect of EGFR signaling on epithelial barrier functions may be context-dependent. In patients with celiac disease, the expression of CXCR3 is upregulated in the small intestine, including the epithelium (51). This event may enhance zonulin secretion, thereby causing barrier dysfunction and an inflammatory response to gluten.

The biological impact of zonulin on the intestinal epithelial barrier and the immune system has been defined in studies of zonulin-overexpressing mice, in which the mouse Hp1 gene is replaced with the human Hp2 (hHp2) gene (29). Consequently, hHp2 knock-in enhanced intestinal permeability and promoted the development of dextran sodium sulfate (DSS)-induced colitis (54). hHp2 knock-in mice also exhibited a proinflammatory immune response mediated by RORγt+ cells, especially IL7R+ CD3- RORγt+ (most likely, group 3) innate lymphoid cells in the small intestine (55). These data illustrate that zonulin overexpression may be implicated in the pathogenesis of chronic inflammatory diseases, including inflammatory bowel disease, and autoimmune diseases (56). Indeed, the serum concentrations of zonulin were significantly elevated in patients with multiple sclerosis, ankylosing spondylitis, rheumatoid arthritis and type 1 diabetes compared with those concentrations in healthy volunteers (22, 24, 57, 58). Furthermore, enhanced intestinal permeability, combined with the upregulation of zonulin and downregulation of TJ-related proteins, was evident in mice with collagen-induced arthritis, a model of rheumatoid arthritis (24). Importantly, these pathological events were observed before the onset of arthritis; treatment with a zonulin antagonist, larazotide, ameliorated the disease symptoms by improving barrier function. Thus, LGS mediated by zonulin most likely contributes to the development of collagen-induced arthritis. In human clinical trials, larazotide acetate also improved the symptoms in patients with celiac disease (59). Taken together, these observations support the importance of zonulin as a biomarker of intestinal permeability and a promising therapeutic target for LGS-associated autoimmune diseases (Table 1). Nevertheless, recent reports have shown that zonulin is inappropriate as a biomarker for irritative bowel syndrome, functional dyspepsia and non-Coeliac wheat sensitivity (60). There was only a weak correlation between zonulin level and intestinal permeability (61). This could be due to the detection method; widely distributed ELISA for zonulin measurement fails to quantify zonulin levels correctly. It is, therefore, paramount to establish the precise measurement system and to further investigate the causal relationship of zonulin and LGS-associated diseases using animal models like hHP2 knock-in mice.



Barrier Maintenance by Microbial Products

The commensal microbiota produces a considerable amount of various fermentation products (62), such as short-chain fatty acids (derived from dietary fibers and mucin glycans) (63), indoles (derived from tryptophan), and hydroxy fatty acids (derived from unsaturated long-chain fatty acids). Therefore, the commensal microbiota is often regarded as “a hidden organ.” Commensal microbiota-derived metabolites have substantial impacts on host physiological functions through metabolic reprograming (64), epigenetic modifications (65), and the activation of specific receptors like G protein-coupled receptors (GPRs) and aryl hydrocarbon receptor (AhR). There is increasing evidence that microbial metabolites can serve as exogenous regulators for the TJ barrier. For instance, butyrate, a short-chain fatty acid, augments the TJ barrier by inducing the hypoxia response. Colonocytes actively utilize butyrate as a critical energy source via beta-oxidation and subsequent oxidative phosphorylation. This metabolic process, which requires oxygen consumption, contributes to the establishment of anaerobic conditions in the colonic lumen and results in the stabilization of hypoxia-inducible factor-1 (HIF-1) in colonocytes (66). Consequently, butyrate upregulates Cldn1 (encoding Claudin-1) and Ocln (encoding occludin) in a HIF-1-dependent manner, thereby conferring resistance to barrier disruption and bacterial translocation upon infection with Clostridium difficile (67).

Microbial indoles also regulate the integrity of TJs. In intestinal epithelial cells, indole-3-propionic acid downregulates TNF-α and upregulates TJ-related proteins in a pregnane X receptor (PXR)-dependent manner (68). PXR-deficient mice exhibit an LGS-like phenotype and high susceptibility to indomethacin-induced enteritis. Because PXR/TLR4-double deficiency rescues the LGS-like phenotype, indole-3-propionic acid presumably counteracts TLR4-mediated barrier dysfunction. Additionally, oral administration of indole-3-ethanol, indole-3-pyruvate, and indole-3-aldehyde mitigates DSS-induced colitis by securing the TJ barrier in an AhR-dependent manner (69). AhR signaling downregulates the expression of MLCK, which results in the dephosphorylation (and subsequent activation) of non-muscle myosin II-A and ezrin under inflammatory conditions. Importantly, both myosin II-A and ezrin are TJ-associated actin regulatory proteins that can destabilize TJ complexes (70, 71).

Urolithin A (derived from polyphenols) also acts as a TJ modulator through AhR signaling (72). Urolithin A-dependent activation of AhR upregulates the expression levels of Cldn4, Ocln, and ZO-1 by inducing Cyp1A1 and Nrf2. The administration of urolithin A mitigates barrier dysfunction and colitis development in the mouse model of 2,4,6-trinitrobenzene sulfonic acid-induced colitis; this protective effect is attenuated in mice lacking either Nrf2 or AhR. These findings imply that urolithin A requires both AhR- and Nrf2-dependent pathways to enhance the TJ barrier.

Gut-resident Lactobacillus spp. produces unique hydroxy fatty acids such as 10-hydroxy-cis-12-octadecenoic acid (HYA) (73). HYA binds to GPR40 on Caco-2 intestinal epithelial cells to activate the mitogen-activated protein kinase/extracellular-signal-regulated kinase pathway, thereby upregulating TJ-related proteins (74). Treatment with HYA was protective against IFN-γ and TNF-α-induced barrier disruption in vitro and the development of DSS-induced colitis in vivo. Furthermore, HYA considerably enhances the fecal IgA concentration in the NC/nga mouse model of atopic dermatitis (75), indicating that the protective effect of HYA on the colitis model may be attributed to the reinforcement of an epithelial barrier and an augmented S-IgA response.

Multiple lines of investigation have suggested that epithelial barrier dysfunction may result from the loss of beneficial species due to intestinal dysbiosis. In db/db mice that spontaneously develop type 2 diabetes, epithelial dysfunction is accompanied by underrepresentation of the major butyrate producer, Faecalibacterium prausnitzii (76). F. prausnitzii is also nearly absent from Crohn’s disease-associated gut microbiota (63, 77). Importantly, F. prausnitzii produces microbial anti-inflammatory molecule, which consolidates TJ integrity by upregulating ZO-1. Treatment of db/db mice with the F. prausnitzii-derived anti-inflammatory molecule restored ZO-1 expression and improved intestinal permeability. Additionally, the outer membrane protein of Akkermansia muciniphila, Amuc_1000*, upregulates Cldn3 and Ocln at least partially through the activation of TLR2 signaling (78). High-fat diet (HFD)-induced obesity is associated with a lower abundance of A. muciniphila, while the administration of Amuc_1000* reduces body fat mass by alleviating HFD-induced endotoxemia. Notably, A. muciniphila is regarded as a mucin-degrading species, which may affect the mucin barrier (79, 80). Taken together, these observations imply that specific symbionts shape epithelial barrier function by providing beneficial metabolites and proteins.



Barrier Disruption by Specific Microbes

Intestinal pathobionts are often overrepresented in the microbiota of patients with inflammatory disorders, where they accelerate systemic inflammation by translocating across the epithelial barrier to reach extraintestinal tissue (Figure 1). A notable example of such pathobionts is Enterococcus gallinarum, which is frequently detected in the livers of patients with systemic lupus erythematosus and autoimmune hepatitis (81). In systemic lupus erythematosus model (NZW × BXSB F1 hybrid) mice, colonization by E. gallinarum caused barrier dysfunction and bacterial translocation to the liver, thereby exacerbating autoantibody production through the upregulation of hepatic autoantigen expression. The monoassociation of E. gallinarum in germ-free mice also recapitulated an LGS-like phenotype with enhanced bacterial translocation to the liver, presumably due to the induction of Hp/zonulin and the reciprocal downregulation of TJ-related molecules (e.g., Cldn3 and Ocln).




Figure 1 | Conceptual diagram of autoimmune responses induced by dysbiosis and LGS. Several bacterial products reinforce epithelial barrier and regulate the mucosal immune response to maintain symbiotic relationship in the intestine. Environmental factors such as a westernized diet and drugs cause dysbiosis, which impairs epithelial barrier function and elicits proinflammatory response. Microbial adhesion to epithelial cells and the induction of proinflammatory cytokines further damage TJ integrity, leading to LGS. LGS enhances bacterial translocation to the systemic circulation. Some of the translocated bacteria provide mimotopes or serve as adjuvants to initiate or worsen autoimmune responses, respectively.



Patients with primary sclerosing cholangitis (PSC) possess several bacterial species with barrier-disrupting property (82). More than 70% of patients with PSC exhibit comorbid ulcerative colitis (UC). Fecal microbiota transplantation from PSC-UC patients to germ-free mice provoked systemic translocation of E. gallinarum, Proteus mirabilis, and Klebsiella pneumonia. Among these species, K. pneumonia can damage epithelial cells, leading to enhanced intestinal permeability. Eventually, colonization by the PSC-UC microbiota or a mixture of the three bacterial strains exacerbated of 3,5-dicarbethoxyl-1,4-dihydrocollidine-induced hepatobiliary injury by activating hepatic Th17 response.

There is compelling evidence for a link between oral and gut microbiota. In particular, oral dysbiosis and proton pump inhibitor usage facilitate the translocation of otherwise oral-indigenous bacteria to the intestine (83). Importantly, Porphyromonas gingivalis, a periodontopathic bacterium, may predispose hosts to systemic inflammation and autoimmunity by inducing LGS. In support of this view, the administration of P. gingivalis has been shown to alter the gut microbial composition and suppress the expression of TJ-related proteins, thereby augmenting the systemic translocation of bacteria and their products (84, 85). The administration of P. gingivalis accelerates metabolic syndrome, collagen-induced arthritis, and experimental autoimmune encephalomyelitis (EAE) (84, 86, 87). Another oral microbe, Fusobacterium nucleatum, also induces intestinal dysbiosis and LGS by suppressing the expression of both ZO-1 and occluding. Therefore, F. nucleatum-treated mice are highly susceptible to DSS-induced colitis (88). Notably, F. nucleatum is often detected in patients with colorectal carcinoma (89, 90). Based on these data, specific oral pathobionts presumably play vital roles in the development of inflammatory disorders through LGS (Figure 1). However, the underlying mechanism by which oral pathobionts disrupt the gut microbial community remains to be elucidated.



Pathological Contribution of Dysbiosis and LGS to Autoimmune Diseases

Exogenous (e.g., diet and drugs) and endogenous factors (e.g., antimicrobial peptides, S-IgA, and the mucin layer) are known to affect the gut microbial community. For instance, a HFD reduces the abundance of Bacteroidetes and reciprocally enhances the abundances of Firmicutes and Proteobacteria (91). Low-fiber diet and high-glucose intake enhance the proportions of mucin-degrading bacteria (79, 80). These findings suggest that a westernized diet affects the microbial community. Antibiotics is another major contributor to alter microbial composition (92); as mentioned above, proton pump inhibitors also promote the translocation of oral pathobionts to the intestine (83).

In addition, mutations in several genes (i.e., NOD2 and XBP1) and the presence of environmental stress (e.g., obesity and irradiation) causes Paneth cell dysfunction, which impairs the secretion of antimicrobial peptides and causes dysbiosis (93). Furthermore, patients with selective IgA deficiency who have serum IgA concentrations of < 7 mg/dL exhibit intestinal dysbiosis and high susceptibility to allergic and autoimmune diseases (e.g., type 1 diabetes, rheumatoid arthritis, and systemic lupus erythematosus) (94–96). Sutterella spp. are known to possess S-IgA-degrading activity (97). Colonization with Sutterella spp. enhances susceptibility to DSS-induced colitis by reducing the amount of luminal S-IgA.

Polarized protein sorting abnormalities cause barrier dysfunction and dysbiosis. In polarized epithelium, adaptor protein-1B (AP-1B) complex mediates clathrin-dependent polarized protein sorting (98). We previously showed that a deficiency of Ap1m2 (encoding the μ1B subunit of AP-1B complex) interferes with the basolateral sorting of several cytokine receptors (e.g., IL-6st, IL-17RA, tumor necrosis factor-RII, and transforming growth factor-βRI) (99). These abnormalities attenuate cytokine signaling and downregulate the expression of antimicrobial peptides in the intestinal epithelium. Ap1m2 deficiency also disturbs IgA transcytosis to the intestinal lumen due to the inappropriate sorting of polymeric immunoglobulin receptor. Consequently, Ap1m2-deficient mice exhibit dysbiosis and LGS, leading to the spontaneous development of Th17-mediated chronic colitis. The importance of AP-1B-mediated maintenance of epithelial integrity in systemic immune homeostasis is currently under investigation.

Microbial adhesion to the epithelium could initiate a sequence of inflammatory responses by activating signal transduction via TLRs and zonulin signaling, leading to the loss of TJ integrity. Such chronic barrier dysfunction causes bacterial translocation and an inflammatory response that further damages the TJ barrier and also induce epithelium apoptosis by inflammatory cytokines (100). This vicious cycle potentiates the autoimmune response in genetically susceptible patients and may trigger an acquired autoimmune response even in genetically normal individuals. Indeed, an experimental observation has verified that LGS promotes genetically induced autoimmunity. Induction of LGS by DSS administration leads to the activation of autoreactive T cells in the intestine of type 1 diabetes model NOD mice carrying an islet-reactive T cell receptor (101). Eventually, this response elicits diabetes; however, antibiotics treatment canceled the disease development.

Accumulating evidence implies that cross-reactivity to microbial antigens may trigger autoimmune responses. Common microbial peptides (GTP-binding protein engA) with homology to myelin basic protein induce the antigen-specific T cell response by low-affinity T cell recognition (102). In this study, the humanized mice carrying HLA-DR2 haplotype (DRB1*1501) and myelin basic protein-specific human T cell receptor developed multiple sclerosis-like symptoms upon immunization with the microbial peptides. Besides, P. gingivalis may act as a mimic antigen to induce autoimmunity. It is well documented that patients with rheumatoid arthritis possess antibodies against anti-citrullinated proteins such as α-enolase, contributing to the pathogenesis (103). Human α-enolase shares homology with P. gingivalis-derived α-enolase, and thereby the human citrullinated α-enolase-specific antibodies cross-reacts with citrullinated P. gingivalis α-enolase (104). Ruff et al. recently demonstrated that the DNA methyltransferase of Roseburia intestinalis, a major commensal species, also serves as a mimotope of human β2-glycoprotein I in patients with antiphospholipid syndrome (105). This mimotope presumably facilitates the generation of autoreactive Th1 cells and autoantibodies. Administration of R. intestinalis to NZW × BXSB F1 hybrid mice causes antiphospholipid syndrome-like symptoms by inducing autoimmunity to β2-glycoprotein I. Miyauchi et al. also revealed that The UvrABC system protein A (UvrA) expressed by Lactobacillus reuteri is a mimotope of mouse myelin oligodendrocyte glycoprotein, an antigen used to induce EAE (106). Monoassociation by L. reuteri alone moderately promotes EAE progression; however, co-association with Erysipelotrichaceae possessing an epithelium-attaching property markedly worsens disease progression.

Segmented filamentous bacteria (SFB) also attaches to the ileal epithelium to elicit the intestinal immune response such as Th17 response. This effect is mediated by serum amyloid A and reactive oxygen species by epithelial cells (107). Antigen presentation of SFB-derived antigens by intestinal dendritic cells is also required to induce Th17 cells (108). Accordingly, colonization by SFB facilitated the development of EAE due to enhanced Th17 response (109). Meanwhile, the SFB-dependent Th17 response suppressed the bacterial translocation in constitutively MLCK-activated mice (110). Based on these observations, SFB could be a double-edged sword that consolidates the barrier integrity but augments the autoimmune response in a context-dependent manner.

Collectively, genetic and environmental factors affect the microbial composition, leading to epithelial barrier dysfunction directly and/or indirectly by means of inflammatory responses. These pathological changes enhance the systemic translocation of luminal bacteria, some of which provide mimotopes or augment autoimmune responses (Figure 1).



Conclusion and Perspectives

The commensal microbiota has critical regulatory influences on epithelial barrier function. While the dysbiosis-mediated induction of LGS initiates an inflammatory response, some microbial products reinforce TJ integrity. Given that the commensal microbiota contributes to the development of LGS-associated autoimmune diseases, interventions targeting the microbiota are emerging as new therapeutic strategies to prevent or cure autoimmune diseases. Probiotics and fecal microbiota transplantation have been investigated in clinical trials for the treatment of type 1 diabetes, multiple sclerosis, and rheumatoid arthritis (111, 112). However, the pathological mechanism underlying LGS-dependent autoimmunity remains mostly unknown. Moreover, the precise location (e.g., proximal or distal intestine) where epithelial barrier dysfunction occurs initially has yet to be determined. Further investigations using LGS model animals are needed to elucidate the pathogenesis and provide proof-of-concept for promising therapies for autoimmune diseases.
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Innate lymphoid cells (ILCs) are a group of innate immune cells that possess overlapping features with T cells, although they lack antigen-specific receptors. ILCs consist of five subsets-ILC1, ILC2, ILC3, lymphoid tissue inducer (LTi-like) cells, and natural killer (NK) cells. They have significant functions in mediating various immune responses, protecting mucosal barrier integrity and maintaining tissue homeostasis in the lung, skin, intestines, and liver. ILCs react immediately to signals from internal and external sources. Emerging evidence has revealed that dietary micronutrients, such as various vitamins and minerals can significantly modulate immune responses through ILCs and subsequently affect human health. It has been demonstrated that micronutrients control the development and proliferation of different types of ILCs. They are also potent immunoregulators in several autoimmune diseases and play vital roles in resolving local inflammation. Here, we summarize the interplay between several essential micronutrients and ILCs to maintain epithelial barrier functions in various mucosal tissues and discuss their limitations and potentials for promoting human health.
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Introduction

Innate lymphoid cells (ILCs) are a family of innate immune cells that possess overlapping characteristics with T cells. ILCs exhibit properties of CD4+ helper T (Th) cells and CD8+ cytotoxic T (Tc) cells, although they lack the antigen-specific receptors of adaptive immune cells. ILCs can be divided in several subgroups, defined mainly by the intrinsic transcription factors expressed and the cytokines produced by each subgroup. ILCs were initially categorized into three major subgroups: ILC1, ILC2, and ILC3. Recently, the nomenclature of ILCs has been updated based on a more in-depth understanding of the unique developmental pathways they follow; the latest nomenclature reclassified ILCs into five subgroups: ILC1, ILC2, ILC3, lymphoid tissue inducer (LTi-like) cells, and natural killer (NK) cells (1, 2). ILCs commonly express CD127, the IL-7 receptor α chain (IL-7α) which supports their survival and proliferation. ILC1s require T-bet to function and produce interferon (IFN)-γ (3). ILC2s are characterized by a high expression level of the GATA3 transcription factor and the capacity to produce large amounts of type 2 cytokines, IL-4, IL-5, and IL-13 (2, 4, 5). ILC3s rely on the transcription factor retinoic acid-related orphan receptor γ isoform t (RORγt) to differentiate and survive (6). There are two kinds of ILC3s. One consists of cells that expresses the surface marker NKp46, termed natural cytotoxicity receptor (NCR)+ ILC3s, and are significant sources of interleukin 22 (IL-22). The other subgroup is LTi-like cells, which express the C-C motif chemokine receptor 6 (CCR6) but lack NKp46 expression (6, 7). LTi cells require RORγt for their development, act to generate the secondary lymph nodes and Peyer’s patches during fetal development and mainly produce the cytokine IL-17 (8, 9). NK cells are regulated by both T-bet and Eomesodermin (Eomes) and they are potent cytotoxic cells found within tissues or circulating in the blood (10).

ILCs have significant biomedical functions in tissue homeostasis, mediating innate immunity and communicating with adaptive immunity, and are involved in the pathogenesis of multiple autoimmune diseases (7, 11–13). Considerable emerging evidence has established that tissue-resident ILCs sense and promptly respond to perturbations in internal physiological responses to maintain the homeostasis of mucosal tissues. In addition, they react to an even more comprehensive range of challenges from external sources (e.g., dietary constituents, microbes, and pollutants). Indeed, our daily diet, which contains plenty of nutrients, energy sources and toxins, may vitally and vigorously affect our innate immunity by changing the immune cell cycle and cell fate, and can impact autoimmune dysfunctions and cancer (14, 15). For example, the western-style high calorie diet could induce long-lasting transcriptional and epigenetic reprogramming of monocytes and enhanced proliferation of myeloid progenitor cells due to diet-associated systematic inflammation (16). Micronutrients, including vitamins and minerals, are essential for the immune system to function efficiently, despite their low quantities in the body. Micronutrient deficiency leads to imbalanced host defense and increases the infection risk and immune dysregulation throughout different life courses (17). Along with the increasing insight into ILCs that we have gained in the last decade, the linkage between micronutrients and ILCs has also become a timely topic. In fact, recent work has highlighted the ability of ILC3s to respond to various dietary stimuli and the ILC3s transcriptional program could be precisely modified by several dietary metabolites (7). In this review, we summarize the current understanding of the communication between several essential micronutrients, mainly Aryl hydrocarbon receptor (AhR) ligands, vitamin A and D, and ILCs to defend the mucosal tissue epithelial barrier and discuss their limitations and potentials for promoting human health (Figure 1 and Table 1).




Figure 1 | Dietary micronutrients have various and sophisticated programs to mediate the development, proliferation, and functions of ILCs. Dietary sources of micronutrients: AhR ligands, vitamin A and its metabolites, retinoic acid (RA) and all-trans RA (atRA). These micronutrients interact with ILC subsets: ILC1s, ILC2s, ILC3s in the intestine, pancreas, liver, and lung. AhR signaling (indicated as purple arrows): AhR ligands maintain the liver-resident ILC1s/NK cells. AhR is highly expressed by gut ILC2s and inhibits Gfi1 and Tcf7 gene expression, while sustaining ILC3s to control the ILC2-ILC3 balance (shown in the purple dotted line and the purple arrow between the ILC2 and ILC3). In ILC3s, both AhR and RORγt bind to the Il22 locus (yellow ovals in the ILC3) and promote IL-22 and antimicrobial peptide secretion (green arrows and dots). AhR ligands bind to AhR and enhance ILC3s to secrete IL-22 and prevent intestinal epithelial cells (IECs) from becoming transformed via the DNA damage response (DDR) (as shown in the purple dotted line). AhR ligands may also directly act on IECs to prevent malignant transformation. Vitamin A/RA signaling (indicated as red arrows and atRA as yellow arrows): RA induces the expression of gut-homing receptors CCR9 and α4β7 on both ILC1s and ILC3s and guides them to migrate to the gut. RA can also convert some airway ILC2s to regulatory ILCs (ILCreg), which express IL-10, in the inflamed tissues in the presence of the cytokines IL-33 and IL-2. In pancreatic-islets, IL-33 activates local ILC2s and the IL-33-ILC2 axis imprints RA-producing activity in DCs or macrophages and promotes insulin secretion by β cells. RA and atRA promote IL-22-producing NCR+ ILC3s and IL-17-producing ILC3s. A vitamin A-deprived diet enhances ILC2 functions and associated cytokines, including IL-4, IL-5, and IL-13 (indicated in red arrow between the ILC2 and ILC3), and showed resistance to parasitic infection. Meanwhile, the vitamin A-deprived diet suppresses ILC3s and their cytokines (red-dotted line between the ILC2 and ILC3). Solid lines represent the enhanced signaling pathways, while the dotted lines represent the suppressed signaling pathways.




Table 1 | Micronutrients and associated signaling pathways that affect innate lymphoid cells (ILCs).





Dietary AhR Ligands Serve as Key Factors in Innate Immunity

The AhR is a ligand-dependent transcription factor that plays a vital role in cell cycle and cell fate, maintenance of barrier functions and regulating immune responses (15). AhR ligands come from both external and internal sources. Diverse dietary components have been considered as fundamental exogenous sources of AhR ligands. For example, vegetables of the Brassica genus, also called cruciferous vegetables, such as cabbage, cauliflower, broccoli, brussels sprouts, etc., the herb turmeric, green tea, and citrus fruits contain various AhR-binding compounds. After consumption, the body converts the Brassica genus vegetables-derived components to secondary metabolites such as indole-3-carbinol (I3C) and its derivative indolo [3,2-b] carbazole (ICZ), which possesses a significantly high affinity for the AhR (38). Of note, AhR was originally discovered as the high-affinity receptor for the environmental pollutant 2,3,7,8-tetrachlorodibenzop-dioxin (TCDD), or dioxin. Dioxin is a potent promoter of carcinoma in rodent models (39). Several metabolites synthesized by host commensal microorganisms and from certain amino acids are the origin of the endogenous AhR ligands (14, 38). One of the most extensively studied endogenous AhR ligands, 6-formylindolo [3,2-b] carbazole (FICZ), is a tryptophan-derived AhR ligand that has been shown to bind to the AhR with the highest affinity (40). Indeed, FICZ upregulates the expression of stem cell factor receptor (c-Kit) and IL-22 in the human immune cells (41), and FICZ-stimulated AhR signaling has been suggested to be a two-edged sword in tumorigenesis (42).

AhR is an ancient gene that is ubiquitously expressed by vertebrate cells and, more recently, it has been recognized as a significant regulator of immune cells. Numerous studies have established that T cells, such as Th17 cells in both peripheral blood and spinal cord (43), and TCRαβ/CD8αα and TCRγδ intraepithelial lymphocytes (IELs) in the intestine and epidermis, require AhR for their persistence (44). In addition, compelling evidence indicates that AhR signaling plays a vital role in innate immunity. Initially, an in vitro study showed that AhR directs the transcriptional activity of peritoneal macrophages stimulated by LPS-induced proinflammatory responses (45). Subsequently, recent findings have shown that ILC3s, including both LTi-like ILC3s and NCR+ ILC3s, require AhR for their development and maintenance, and facilitate IL-22 production in small and large intestines to sustain microenvironmental homeostasis (18, 21, 22). RORγt can also interact with the AhR to enhance Il22 gene binding and promote IL-22 secretion (21). In addition, impaired ILC3s in the postnatal phase hamper the organogenesis of secondary lymphoid tissues including cryptopatches and isolated lymphoid follicles (ILFs). The latest evidence has suggested that ILC2s have the highest level of AhR expression among all ILCs in the gut and that the AhR suppresses the ILC2 transcription program (23). Meanwhile, the AhR sustains ILC3s to control the ILC2-ILC3 balance (23). Additionally, a study of ILCs using AhR knockout (KO) mice indicated that a distinct ILC1/NK cell subtype in the liver, characterized as CD49a+TRAIL+CXCR6+DX5−NK1.1+, failed to perform its memory and cytotoxic functions (24). In this study, the authors also proposed that environmentally-derived AhR ligands initially drive systematic immunity changes and subsequently affect liver-resident ILC1s (24).

Although the issue of whether exogenous AhR ligands are indispensable in innate immunity is controversial and obscure (22, 23), a recent study has provided compelling data to support that food-derived AhR ligands are essential in mediating innate immune responses. A diet with sufficient plant-derived AhR ligands has been shown to trigger AhR signaling, sustain the ILC3 subset, and further direct the formation of cryptopatches and ILFs in the neonatal gastrointestinal (GI) tract of mice (18). Moreover, in adult mice, a diet abundant in AhR ligands may transiently contribute to the expansion of ILC3s (18). Cruciferous vegetables, which naturally contain potent genotoxic compounds, for example, 1-methoxy-3-indolylmethyl alcohol (1-MIM-OH), I3C, ICZ, etc., trigger ILC3s to produce large amounts of IL-22 (19). Subsequently, IL-22 produced by ILC3s eliminates the transformed intestinal stem cells by the DNA damage response (DDR) and protects the stem cell niche and barrier integrity (19). This finding supports the hypothesis that some extracts of cruciferous vegetables structurally resemble dioxin, so that they may have similar biological activity to this environmental hormone after binding to the AhR (38). Strikingly, a study has demonstrated that AhR signaling needs to be precisely controlled, as excessive AhR activation could actually lead to the loss of ILC3s (20). AhR activation promotes induction of cytochrome P450 1 (CYP1) enzymes, which in turn oxygenate dietary AhR ligands and further diminish their toxicity. As such, the excessive induction of CYP1 enzymes severely depletes natural AhR ligands, causing the reduction of ILC3s and IL-22 in the GI tract. In contrast, supplementary oral intake of natural AhR ligands reverses such effects on IL-22-producing ILC3s, which indicates that dietary AhR ligands are a major contributor to AhR induction and its feedback (20).



Vitamin A Metabolites, Retinoic Acid (RA) and All-Trans RA (atRA), Regulate Developmental Pathways and Migration of ILC subsets

Vitamin A, a fat-soluble vitamin, is enriched in vegetables like squash, sweet potatoes and carrots, fruits such as papaya and nectarine, dairy products, beef and lamb livers, several sea fishes, and so on. Vitamin A deficiency is a global public health concern, particularly in children, leading to poor health conditions (46). Importantly, mammals cannot synthesize vitamin A but can only obtain it from food sources.

Of note, vitamin A bioactive metabolites are the regulators of the immune system, because our body cannot directly utilize vitamin A. One active metabolite of vitamin A, RA, not only enhances the visual process and neurogenesis, but also drastically impacts immune responses and has great therapeutic potential in autoimmune diseases (47–50). Migratory dendritic cells (DCs) convert vitamin A to RA in the mouse epithelial tissues, including the intestine, skin, lung, as well as in the associated draining lymph nodes (51). It has also been suggested that sufficient vitamin A intake is essential for regulating adaptive immunity as RA triggers Th cells to react to mucosal inflammation via RA receptor alpha (RARα) (50).

In addition, the interplay between RA and ILCs has recently become clearer. Evidence regarding how RA interacts with ILC3s emerged first. Mielke et al. found that intestinal NCR+ ILC3s express RAR encoding Rara and Rarg genes, and RA promoted IL-22-producing NCR+ ILC3s both in the steady state and under colitis conditions in mice (52) (Figure 1). Likewise, atRA sustains ILC3s and IL-22 production and protects the intestinal epithelium from invasion by pathogens via the expression of the atRA-dependent transcription factor Hypermethylated in cancer 1 (HIC1) (27). Several studies demonstrate RA’s critical role in controlling ILC3s in both antenatal and postnatal stages. van de Pavert et al. have revealed that sufficient dietary retinoids are essential for the development of LTi cells in the fetus, and for LTi-dependent embryonic lymphoid organ formation (26). Also, a vitamin A-deprived diet hinders the proliferation of ILC3s and the maturation of secondary lymphoid tissues (53). RA signaling not only affects ILC3s but also ILC2s. Indeed, it has been reported that mice fed a vitamin A-deprived diet suffered from profoundly diminished ILC3s and reduced IL-22 and IL-17 in the gut, meanwhile ILC2s and their corresponding cytokines such as IL-13, IL-4, and IL-5 were elevated (25). A vitamin A-deprived diet leads to IL-13-producing ILC2 expansion under helminth infection to eliminate the worms, probably via increased acquisition and utilization of fatty acids (25, 29). On the other hand, exogenous delivery of RA resulted in a dramatic accumulation of ILC3s, whereas it impaired the maturation of ILC2s (25). Absence of vitamin A or impaired RA signaling resulted in changes in the gene expression profile of ILC2s, e.g., decreased expression of the hexokinase-encoding gene hk2 and upregulated expression of Peroxisome proliferator-activated receptor alpha (Ppara), and ILC2s alternatively uptake more fatty acids to survive and resolve helminth infection (29). These observations suggest that RA differentially promotes ILC subsets rather than universally enhancing ILCs. Hence, vitamin A metabolites are flexible and influential mediators in innate immunity.

A couple of years ago, Wang and coworkers reported a novel and distinct IL-10-expressing-ILC subgroup, regulatory ILC (ILCreg), in both mouse and human intestines (54). In this study, the authors also showed that ILCreg represses the activated ILC1s and ILC3s that are driven by the inflammation in the gut (54). On the other hand, Bando and colleagues recently indicated that there was no clear evidence supporting the universal existence of ILCreg in murine small and large intestines, neither in the steady state nor under experimental colitis conditions (55). Instead, ILC2s might be the predominant source of the anti-inflammatory cytokine IL-10, although IL-10 expression on ILC2s could be induced by IL-2, IL-4, IL-27, and IL-10 itself in vitro (55). Indeed, evidence showed that RA, together with IL-2 and IL-33, could stimulate some airway ILC2s to transform into IL-10-producing ILC2s, termed ILC210s, in vitro (56). In accordance with this finding, another in vitro experiment verified that RA expressed by epithelial cells could switch human ILC2s to IL-10-producing ILC2s (named ILCregs in this report), in inflamed tissue in the respiratory tract but not the tissues in healthy subjects (30). Therefore, RA has an influential role in mediating ILC development and functions during the inflammatory state. Notably, this study also pointed out that airway ILCregs are genetically distinct from intestinal ILCregs due to the key ILC2 markers they express, i.e., GATA3 and ST2, but not Id3 (30). The crosstalk between vitamin A and ILC2s has also been assessed in the pancreatic islets of diabetic mice. IL-10-producing ILC2s, rather than conventional ILC2s, are mainly responsible for protecting the pancreatic islets (57). Indeed, pancreatic islet mesenchymal-derived IL-33 stimulates ILC2s to secrete IL-13 and colony-stimulating factor 2, which in turn elicit pancreatic DCs and macrophages to convert vitamin A to RA, ultimately enhancing insulin secretion by islet β cells (31). Thus, proper interactions between RA and ILC2s could be beneficial in maintaining homeostasis in multiple organs including the lung, intestine and pancreas.

The mechanisms of ILC migration have only recently been characterized. It has been well characterized that chemokine (C-C motif) ligand 25 (CCL25) binds to C-C motif chemokine receptor 9 (CCR9), which is highly expressed by the GI tissues, to mediate gut homing of various immune cells (58). In addition, lymphocyte integrin α4β7 has also been shown to selectively adhere to the mucosal vascular addressin MAdCAM-1, which is expressed by mucosal venules and directs lymphocyte traffic to the gut mucosa (59). Indeed, a recent study found that RA induces the expression of several gut homing receptors, including CCR9 and α4β7, on ILC1s and ILC3s respectively (28), upon exposure of peripheral ILCs to RA. Both CCR9 and α4β7 guide ILC1s and ILC3s to migrate to the gut (28). On the other hand, ILC2s did not undergo this program. ILC2 precursors in the bone marrow intrinsically express CCR9, which dictates their migration to the intestine without RA signaling (28). Collectively, RA acts as a powerful mediator that uses diverse and sophisticated programs to regulate ILC-migration and ILC-related immune responses (Table 1 and Figure 1).



The Vitamin D Signaling Pathway Modulates ILC3 and Alleviates Intestinal Inflammation

Vitamin D is a fat-soluble vitamin that is mainly produced endogenously when ultraviolet rays from sunlight strike the skin and trigger vitamin D synthesis. Vitamin D is also naturally present in some foods, such as red meat, ocean fish, and eggs, and in fortified milk. It plays an important role in regulating calcium absorption and facilitating normal immune functions (60).

The active forms of vitamin D, including 1α, 25-Dihydroxyvitamin D3 (1,25D3) and 1,25-Dihydroxyvitamin D (1,25D), together with atRA may control Th17 and regulatory T cell (Treg) development and suppress multiple experimental autoimmune diseases in the gut, brain, and skin (61–63). Vitamin D and vitamin D receptor (VDR) are potent immunoregulatory factors involved in adaptive and innate immunity and dysbiosis (37, 64). It has already been reported that immune cells such as Th17 cells, DCs and macrophages express a high level of VDR (65). Furthermore, emerging evidence indicates that enteric ILC3s, which express the IL-23R, are a significant target for vitamin D signaling in immune responses, as VDR expression by ILC3s is even higher than by Th17 cells (34). Konya and colleagues have further verified that human ILC3s activated by IL-23 and IL-1β respond vigorously to 1,25D, upregulating numerous VDR-associated genes (36). Meanwhile, 1,25D suppresses the IL-23R pathway and IL-23-associated cytokines such as IL-22, IL-17F in ILC3s (36). Similarly, in endogenous vitamin D ligand-deficient (Cyp27B1 KO) mice, a vitamin D sufficient diet could recover the impaired vitamin D signaling pathway, promote IL-22 secreting ILC3s, and prevent acute enteric inflammation. Conversely, a vitamin D deficient diet fails to do so (35). In agreement with these basic studies, vitamin D deficiency is also an independent risk factor for inflammatory bowel diseases (IBD) (36, 66). Several clinical trials also suggest that vitamin D is beneficial in patients with IBD by regulating the composition of bacteria in the gut (67, 68).

Despite these insights, the crosstalk between vitamin D, VDR, and ILCs is complicated and not yet fully understood. A study that used VDR KO mice indicated that the deletion of VDR enhanced IL-22-producing ILC3s in the small intestine (37). It subsequently reshaped the gut microbiome, and the VDR KO mice were less susceptible to Citrobacter rodentium (C. rodentium) (37). Although still controversial, He et al. reported that vitamin D/VDR signaling controlled the development and proliferation of ILC3s, mainly LTi-like ILC3s in the gut in a commensal bacteria-independent manner and dramatically enhanced host defense against C. rodentium (34) (Table 1). Further study is needed to clarify the mechanisms of how vitamin D regulates ILCs.



Dietary Nutrients Activate NK Cells and Promote Immunotherapy Against Cancer

NK cells, which express surface markers such as NK1.1 and NKp46 in mice and NK1.1, NKp44, CD16, and CD56 in humans, have potent cytotoxic functions and reside within tissues or circulate in the blood (1). Unlike other ILCs, NK cells have long been known for their essential role in mediating immune responses and their anti-cancer properties (69). They also play defense roles against viral, bacterial, and parasitic infections. However, in patients who suffer from cancer, NK-cell activity is often impaired (70, 71).

Recently, a work from Song and collaborators showed that atRA recruits NK cells to infiltrate tumors and exert their cytotoxic function in a melanoma mouse model (32). Likewise, atRA improves the lytic activity of the antitumor agent, anti-CD38 monoclonal antibody, against multiple myeloma cells (33). Furthermore, vitamin D could enhance the function of NK cells. Supplementary vitamin D could act as a stimulator of splenic NK cells in a mouse model but not in obese mice (72).

Herbs have also been found to activate NK cells. Herbs originated in ancient times and have been used since in our daily diets. Curcumin is a major chemical of Curcuma longa plants that belongs to the ginger family, and it is a common spice in Asian cuisines like curry powders (73). Several studies have suggested that curcumin is an immunotherapeutic agent against tumors (74, 75). Indeed, curcumin has been reported to recruit activated NK cells to glioblastoma stem cells and eliminate the tumor cells in a mouse model (76). Asian ginseng, one of the most widely used herbs globally, has also been extensively investigated for its antimicrobial and anticancer capabilities (77). One group reported that ginseng extracts rely on the IFN-γ pathway to promote NK cell cytotoxic activity, while ginsenoside itself hardly showed any NK cell-promoting ability (78). An in vitro analysis established that wild ginseng extracts significantly potentiated NK cell antitumor activity via upregulated IL-2 responsiveness and granzyme B, a cytotoxic protease secreted by NK cells to cause apoptosis of target cells (79).



Concluding Remarks and Perspectives

The crosstalk between ILCs and food-derived microelements has provided a new perspective on innate immunity; natural compounds acquired from our daily diet control and regulate innate immunity through various mechanisms. Nevertheless, several fundamental issues have not yet been addressed.

As we discussed earlier, it is apparent that the sources of AhR ligands are still under debate. Despite the anti-inflammatory actions of dietary AhR ligands, we also have to consider the contradictory observations of AhR ligands in tumorigenesis; AhR ligands have both pro-cancer and anti-cancer effects (15). Thus, their therapeutic efficacy needs to be explored more thoroughly.

To note, intestinal ILCreg’s existence is controversial, and it has been proposed that intestinal ILCregs might be a subset of ILC2s rather than an independent cell type distinct from ILCs or Tregs (30, 55). And further investigation is required to clarify the function and differentiation of ILCreg in the gut.

Striking evidence has shown that vitamins are essential micronutrients to maintain health, and more importantly, they serve as important immunoregulators. From what we have discussed above, it clearly suggests that supplementary vitamin A could be beneficial for mucosal tissue integrity under inflammation stress, especially for young children, although further clinical trials are needed to confirm its effects. Although evidence suggested that an adequate level of vitamin D in the bloodstream may lower the risk of colorectal cancer (67, 80), and vitamin D plays critical roles in innate immunity, its functions are still controversial.

Compelling data have indicated that herbs enhance NK cell actions and are beneficial in cancer treatment. Nonetheless, studies focused on other ILCs and herbs are lacking. Besides, most studies regarding NK cells and herbs are restricted to in vitro assessment. However, an herb Daikenchuto, which is composed of Asian ginseng, pepper and processed ginger, has been intensively investigated for its anti-inflammatory effects and colonic transit activity (81, 82). Daikenchuto could be a promising drug to overcome GI inflammation and gut dysmotility and deserves more in-depth investigation. Therefore, a more comprehensive understanding of the molecular effects of herbs on ILCs is in high demand.

In conclusion, food-derived micronutrients are indispensable to innate immunity and protect the mucosal barrier from damage and maintain the host microenvironment. Further studies are needed to validate a wider variety of micronutrient effects on promoting human health and understanding disease pathogenesis, which may eventually provide insight for therapies in immune-related diseases and contribute to drug development.
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The intestine harbors a complex community of bacterial species collectively known as commensal microbiota. Specific species of resident bacteria, as known as pathobiont, have pathogenic potential and can induce apparent damage to the host and intestinal inflammation in a certain condition. However, the host immune factors that permit its commensalism under steady state conditions are not clearly understood. Here, we studied the gut fitness of Listeria monocytogenes by using germ-free (GF) mice orally infected with this food-borne pathogen. L. monocytogenes persistently exists in the gut of GF mice without inducing chronic immunopathology. L. monocytogenes at the late phase of infection is not capable of infiltrating through the intestinal barrier. L. monocytogenes established the commensalism through the reversible down regulation of virulence gene expression. CD8+ T cells were found to be sufficient for the commensalism of L. monocytogenes. CD8+ T cells responding to L. monocytogenes contributed to the down-regulation of virulence gene expression. Our data provide important insights into the host-microbe interaction and have implications for developing therapeutics against immune disorders induced by intestinal pathogens or pathobionts.
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Introduction

Multicellular organisms have co-evolved with a complex community of microbial species, collectively known as the commensal microbiota (1). During the co-evolution of host-microbe interactions, environmental bacterial species exposed to the gastrointestinal tract establish commensalism, a state of infection that induces no or inapparent damage to the host, even though it can elicit immune responses (2). These commensal bacterial species can be either mutually beneficial or harmless to the host, and profoundly influence the host physiology in various aspects (3).

Certain intestinal pathogens can also adapt to occupy the niches in the intestine by inducing transient and limited pathogenesis. Gut fitness of pathogenic fungal or bacterial species can result from the evolutionary loss of virulence genes or from the reversible suppression of virulence gene expression in the gut (4–6). In the latter case, the bacterial species still possess a pathogenic potential, therefore termed pathobionts, and are involved in the pathogenesis of intestinal infection or inflammatory bowel diseases (7, 8). However, host-derived factors that promote commensalism of intestinal pathogens or pathobiont species are not fully understood due to the complexity of host-microbe interactions as well as inter-species interactions in the gut. Previously, it was reported that upon the oral infection in germ-free (GF) mice, Citrobacter rodentium, a murine intestinal pathogen that mimics attaching and effacing pathogens such as a pathogenic Escherichia coli in humans, can establish commensalism (5). Commensalism of C. rodentium in GF mice can be established by the immune-mediated clearance of virulent bacteria. IgG specific to virulence factors, which are encoded by the locus of enterocyte effacement (LEE), eliminates virulent bacteria in the gut (9). However, it is still unclear whether other intestinal pathogens can establish commensalism within the host and whether host-derived factors, other than antibodies, can promote commensalism.

Listeria monocytogenes is a typical food-borne and facultative Gram-positive pathogen that induces the listeriosis in humans (10). Upon the oral infection of L. monocytogenes, the surface protein, internalin A (InlA), of L. monocytogenes interacts with epithelial cadherin (E-cad) expressed on the small intestinal epithelial cells (IECs). This interaction leads to the traversal of L. monocytogenes through the small intestinal barrier and its subsequent spreading into internal organs (11). L. monocytogenes infection results in high mortality in immunocompromised individuals, pregnant women, neonates, and elderly individuals (12). However, in healthy individuals or in immunocompetent mice, L. monocytogenes only induces acute infection and transient symptoms due to the induction of protective immunity such as L. monocytogenes-specific CD8+ T cells and the presence of gut microbiota (13–15). Commensal gut microbiota contributes to the protection from L. monocytogenes infection; this phenomenon is called ‘colonization resistance’ (14, 16). In this regard, orally-infected L. monocytogenes disappears in the late phase of infection (14, 17). GF mice are more susceptible to L. monocytogenes infection. Higher bacteremia occurs in GF mice upon oral L. monocytogenes infection than in specific pathogen-free (SPF) mice (14, 18). However, L. monocytogenes can be carried asymptomatically in various animals as well as in humans (19), although the underlying mechanisms are not clearly understood. It remains elusive whether inter-species interactions between L. monocytogenes and other microbial species in the gut are required or whether the host-derived factors are sufficient for the asymptomatic carriage of L. monocytogenes.

In the present study, we investigated the long-term consequences of oral L. monocytogenes infection in GF mice and whether L. monocytogenes can transit from the pathogenicity to commensalism in vivo. By utilizing GF mice orally infected with L. monocytogenes, we showed that luminal L. monocytogenes can persist in the lumen of GF mice without inducing chronic immunopathology and establish the commensalism through the reversible downregulation of virulence gene expression. L. monocytogenes-specific CD8+ T cells are sufficient to promote the commensalism of luminal L. monocytogenes in GF mice by promoting the downregulation of certain virulence gene expression.



Materials and Methods


Mice

SPF C57BL/6 (B6), Rag1−/−, JH−/− and OT-I mice were purchased from Jackson Laboratory and maintained in the animal facility of POSTECH Biotech Center. GF B6 and Rag1−/− mice were kindly provided by Drs. A. Macpherson and K. McCoy (University of Bern, Switzerland) and maintained in sterile flexible film isolators (Class Biological Clean Ltd.) by feeding autoclaved Teklad global 18% protein rodent diets (2018S; Envigo, USA). Age-matched 9- to 12-week-old mice bred in our facility were used for all experiments. All animal experiments were conducted in accordance with the guidelines of the Institutional Animal Care and Use Committee of POSTECH.



Oral Infection of L. monocytogenes

Recombinant L. monocytogenes strain S10403 genetically modified to express mutated internalin A (S192N and Y369S) and ovalbumin (designated as InlAm LM-OVA) was kindly provided by Dr. B. Sheridan (University of Stony Brook). InlAm LM-OVA, which is streptomycin resistant, was grown in Brain-Heart Infusion (BHI) broth (MC cell) containing streptomycin (200μg/ml) at 37°C with shaking at 220rpm for 2 hr. InlAm LM-OVA was grown to OD600 at about 0.8, then washed with sterile PBS. Mice were infected by gavage with 0.2ml PBS containing 5 x 108 CFU InlAm LM-OVA.



Lipopolysaccharide (LPS) Injection

To induce the expression of antimicrobial protein (AMP) such as Reg3γ in small intestinal epithelial cells (IECs), GF mice were intraperitoneally (i.p.) injected with LPS (20μg/mouse) prepared from Escherichia coli O26:B6 (Sigma-Aldrich, USA) for 3 consecutive days.



Enumeration of L. monocytogenes

To enumerate bacterial burden in organs, collected organs were grinded in PBS containing 0.05% of Triton-X (DAE JUNG, Korea) with 100μm mesh cap. Grinded tissues were incubated at least 1h at 4°C. To determine bacterial burden in feces, fecal contents were collected from individual mice in cold PBS. 10-fold serial dilutions of each sample were prepared in sterile PBS. 100μl of diluted samples was plated on BHI agar plate with 200μg/ml streptomycin and incubated overnight (18-24h) at 37°C.



Cell Isolation and Sorting

Single cell suspension from lymph nodes and spleen was prepared by mechanical dissociation through 100μm filter. For preparing single cell suspension from small lamina propria, small intestines were harvested and Peyer’s patches were removed. Small intestines were cut into small segment and incubated in PBS buffer containing 2% FBS, 20mM HEPES, 100U/ml penicillin and 100μg/ml streptomycin, 1mM sodium pyruvate and 20mM EDTA for 25min at 37°C to remove the epithelial cells and were washed extensively with PBS. Segments of tissues were digested with 400 Mandl units/ml Collagenase D (Roche) and 100U/ml DNase I (Roche) in RPMI medium containing 3% FBS, 20mM HEPES, 100U/ml penicillin and 100μg/ml streptomycin, 1mM sodium pyruvate and 1mM non-essential amino acid for 45min at 37°C with continuous stirring. Cell suspensions were enriched by 40:75% Percoll density gradient centrifuge. For isolation of small intestinal intraepithelial lymphocytes (IEL) and IECs, segments of small intestine were incubated in PBS buffer containing 2% FBS, 20mM HEPES, 100U/ml of penicillin and streptomycin, 1mM sodium pyruvate and 2mM EDTA for 25min at 37°C. After incubation, cell suspensions were enriched by 40:75% Percoll density for IEL and by 20:40% Percoll density for IEC. For IEC sorting, CD45− Epcam+ IECs were FACS-sorted with Moflo XDP (Beckman Coulter, Brea, USA). The purity of sorted cells was routinely over 95%.



Flow Cytometry

Isolated cells were washed with PBS and stained with Ghost viability dye (Tonbo) or propidium iodide to discriminate live from dead cells. For surface staining, cells were stained fluorochrome-labeled antibodies. CD8α (53-6.7), CD90.1 (Thy1.1, OX-7), CD127 (A7R34), KLRG1 (2Fa), IFN-γ (XMG1.2), and TNF-α (MP6-XT22) were purchased from Biolegend, Thermo Fisher Scientific, BD Biosciences. For intracellular cytokine staining, cells were stimulated for 4 hrs in RPMI-1640 medium containing 10% FBS, penicillin (100U/ml), streptomycin (100μg/ml), and 55μM β-mercaptoethanol in presence of OVA257-264 (SIINFEKL) peptide (PEPTRON) and Golgi plug (BD Biosciences), and surface-stained cells were fixed and permeabilized with Cytofix/Cytoperm kit (BD Biosciences). Stained cells were analyzed using LSRFortessa (BD Biosciences), and data were analyzed using Flowjo software (Tree Star).



Repopulation of OT-I Cells

For adoptive transfer of OT-I cells, lymph node cells were harvested from Thy1.1+ OT-I Rag1−/− mice and 5 x 105 cells were intravenously (i.v.) injected into recipient SPF and GF mice. To facilitate the repopulation of donor OT-I cells in the small intestine, OT-I transferred mice were gavaged with ovalbumin (OVA, Sigam-Aldrich, USA, grade V, 0.2mm filtered, 20mg/mouse) every other day for 10 days.



In Vivo CD8+ T Cell Depletion

For depletion of donor OT-I T cells in vivo, OT-I-repopulated GF Rag1−/− mice were i.v. injected with 50μg of anti-CD8α antibody (clone YTS 169.4, BioXcell) per mouse every other day for 10 days.



RNA Extraction and Quantitative Reverse-Transcription PCR (qRT-PCR)

For bacterial RNA preparation, the cecal contents of InlAm LM-OVA infected GF B6 and Rag1−/− mice were harvested and bacterial RNAs were extracted by RNeasy PowerMicrobiome Kit (Qiagen, USA). For the preparation of RNA from FACS-sorted IECs, RNA was extracted by NucleoZOL (Macherey-Nagel, Germany). For cDNA preparation, genomic DNAs were first removed and cDNA synthesis were performed by Maxima first strand cDNA synthesis kit (Thermo Fisher Scientific). All processes were conducted according to the manufacturer’s instructions. qRT-PCR reactions were performed with PowerSYBRTM Green PCR Master Mix (Thermo Fisher Scientific) in total 10μl containing 1μl cDNA template, and 0.2μl of reverse and forward primer each (10μM). qRT-PCR reactions were run on Viia7 Real-time PCR system (Thermo Fishier Scientific) with the following cycles: 10min at 95°C, and 40 cycles of 15 s at 95°C and 1min at 65°C. For AMP gene expression in IECs, signals were normalized to GAPDH transcript levels. For bacterial virulence gene expression in L. monocytogenes, signals were normalized to 16s rRNA transcript levels. Primers described in Supplementary Tables 1 and 2 were used for the quantification of AMP and virulence gene expression by qRT-PCR, respectively (20–24).



Immunofluorescence Staining and Confocal Microscopy

To examine the localization of L. monocytogenes in spleen and small intestine, tissues were embedded in optical cutting temperature compound (SAKURA Finetek, USA) and prepared as frozen blocks. Frozen sections were prepared at a 6-μm thickness by using a Leica CM1850 (Leica Microsystems, Germany). For foci of infection were visualized by staining with anti-L. monocytogenes antibody (ab35132; Abcam), followed by fluorescently labeled with Alexa-Flour 555 anti-rabbit IgG (H+L) (A32732; Invitrogen). Nuclei were visualized with 4’,6-diamidino-2-phenylindole (DAPI; Life Technologies). Image was acquired with Leica laser scanning confocal microscope (Leica Microsystems) equipped with 555-nm, and 632-nm laser channels.



RNA Sequencing of IECs

RNA was extracted from FACS-sorted IECs using Trizol Reagent (Invitrogen, USA) by following the manufacturer’s procedure. Micro-RNA (mRNA) was isolated from total 1μg RNA by using oligodT. After removal of rRNA, mRNAs were reverse-transcribed to generate single-stranded cDNA using random hexamer and reverse transcriptase, followed by double-stranded cDNA synthesis. Double-stranded cDNA was fragmented to the appropriate size and used in a standard Illumina library preparation involving end-repair, A-tailing and adapter ligation, and PCR amplification. After quantification of library using KAPAlibrary quantification kit, RNA-sequencing library was sequenced on a NovaSeq (Illumina, USA) followed by cluster generation. Purified total RNA and RNA-sequencing were performed by Theragen Etex (Korea).



Statistical Analysis

Mean ± S.E.M values were calculated by using Prism 8 (Graph Pad). Statistical significance was determined by unpaired two-tailed Student’s t test and one- or two-way ANOVA with Tukey’s multiple comparisons test. The Log-rank test was used to determine statistical differences in survival curves. P-values less than 0.05 were considered significant; *P < 0.05; **P < 0.01; ***P < 0.001.




Results


GF Mice Effectively Resolve Oral Infection of L. monocytogenes Despite Its Persistent Presence in the Lumen

To examine whether GF mice are capable of resolving oral infection of L. monocytogenes, we used recombinant L. monocytogenes genetically modified to express mutated internalin A (InlAm) and ovalbumin (OVA) as a surrogate antigen (designated as InlAm LM-OVA) (15). Mutated InlA facilitates the interaction with murine E-cadherin. As described previously, InlAm LM-OVA is highly effective in invading the small intestinal barrier in mice (15). We orally infected SPF and GF B6 mice with InlAm LM-OVA at a dose of 5 x 108 CFU/mouse.

Upon the oral infection, the kinetics of bacteremia in GF mice were similar to that of SPF mice. The levels of InlAm LM-OVA in mesenteric lymph nodes (mLN) and spleen (SPL) reached a peak at 3 day post-infection (3 dpi) and then were gradually reduced below detection limit (Figure 1A). As shown previously (14, 18), GF mice were more susceptible to oral infection with InlAm LM-OVA compared to SPF mice. GF mice had higher bacterial burdens in mesenteric lymph nodes (mLN) relative to SPF mice at 3 dpi despite comparable bacteremia in SPL (Figure 1A). Bacterial burdens in mLN and SPL at 14 dpi were reduced below the detection limit in both SPF and GF mice (Figure 1A). While luminal InlAm LM-OVA was reduced below the detection limit at 21 dpi in SPF mice, InlAm LM-OVA persistently existed at a high number in the lumen of GF mice (Figure 1B). Oral infection of InlAm LM-OVA into GF mice was well-tolerated and the infected GF mice survived well (Figure 1C). These results suggest that GF mice are capable of eliminating tissue-infiltrating L. monocytogenes as efficiently as SPF mice despite the persistent presence of luminal L. monocytogenes.




Figure 1 | GF mice Effectively Resolve Oral Infection of L. monocytogenes Despite its Persistent Presence in the Lumen. SPF and GF mice were orally infected with 5 x 108 CFU of InlAm LM-OVA. (A) L. monocytogenes counts were determined as colony forming unit (CFU) in mesenteric lymph nodes (mLN) and spleen (SPL) of SPF and GF mice at indicated time points. Data point represents an individual mouse. Data are pooled from two independent experiments (n=6 at 3 and 5 dpi, n=4 at 14 dpi). (B) L. monocytogenes counts in feces were determined at the indicated time points. Data are representative of at least three independent experiments (n=4 per group). Statistical differences were determined by two-way ANOVA with Tukey’s multiple comparisons. (C) Survival rate at the indicated time points after oral infection of InlAm LM-OVA. Numbers in parentheses indicate the ratio of surviving mice to total mice. The log-rank test was used to determine statistical differences in survival curves. Data are pooled from two independent experiments (n=10 per group). **P < 0.01; NS, not statistically significant.





GF Mice Effectively Generate Systemic and Tissue-Resident Memory CD8+ T Cells Upon the Oral L. monocytogenes Infection.

CD8+ T cells are critical for the protection against L. monocytogenes infection and their clearance (13). L. monocytogenes-specific CD8+ T cells also effectively mediate the protection against secondary L. monocytogenes infection (15). To determine whether L. monocytogenes-specific CD8+ T cell responses are well established in GF mice, we examined L. monocytogenes-specific CD8+ T cell responses in SPF and GF mice after oral L. monocytogenes infection.

To follow up the CD8+ T cell responses against InlAm LM-OVA, we adoptively transferred naïve OVA-specific CD8+ T cells (OT-I cells) into SPF and GF mice one day before oral infection. While the bacteremia of oral L. monocytogenes infection reached a peak at 3 dpi, OT-I cell responses reached a peak at 7 dpi in both SPF and GF mice (Supplementary Figure S1A). At the peak of CD8+ T cell responses, GF mice possessed a comparable number of OT-I cells in mLN and SPL relative to SPF mice (Supplementary Figures S1B–D). Meanwhile, the number of OT-I cells at 7 dpi was much higher in the small intestinal lamina propria (siLP) and small intestinal intraepithelial lymphocytes (IEL) in GF mice than in SPF mice (Figures 2A–C). Production of effector cytokines such as IFN-γ and TNF-α by donor OT-I cells in GF mice was comparable with that in SPF mice at 7 dpi (Supplementary Figures 2A, B).




Figure 2 | Oral L. monocytogenes Infection Generates Acute CD8+ T cells Response in GF mice as well as in SPF mice. 5 x 105 OT-I cells were adoptively transferred into SPF and GF mice. Next day, mice were orally infected with InlAm LM-OVA. Recovery of donor OT-I cells from small intestinal intraepithelial lymphocytes (IEL) and small intestinal lamina propria (siLP) was determined at 7 and 28 dpi. (A) Representative FACS plots showing the percentage of donor OT-I cells gated on lymphocytes. Percentage of donor OT-I cells (left) and total number of donor OT-I cells (right) in siLP (B) and IEL (C) at 7 and 28 dpi. Data point represents an individual mouse. Data are pooled from two independent experiments (n=6 for SPF 7 dpi, n=9 for SPF 28 dpi, n=9 for GF 7 dpi, n=5 for GF 28 dpi). Statistical differences were determined by two-way ANOVA with Tukey’s multiple comparisons. *P < 0.05, **P < 0.01, ***<0.001.



In comparison to the number of donor OT-I cells at 7 dpi, the number of donor OT-I cells in both SPF and GF mice was markedly reduced, especially in intestinal tissues, at 28 dpi (Figures 2A–C and Supplementary Figures S1A–C). These results suggest that upon the oral infection with L. monocytogenes, GF mice effectively generate L. monocytogenes-specific CD8+ T cell responses especially in the intestinal tissues, and form systemic and intestinal tissue-resident memory CD8+ T cells after clearance of tissue-infiltrating L. monocytogenes.



Luminal L. monocytogenes Fails to Infiltrate Through Intestinal Epithelium at the Late Phase of Infection in GF Mice

Our findings suggested that luminal L. monocytogenes persistently present in GF mice at the late phase of infection was unable to induce chronic CD8+ T cell activation, even in the intestinal tissues. To determine whether luminal L. monocytogenes fails to infiltrate through the intestinal barrier at the late phase of infection, we examined the localization of L. monocytogenes during the oral infection by confocal microscopic analysis. InlAm LM-OVA at the early phase of infection (5 dpi) was capable of infiltrating the intestinal barrier and could be detected in SPL and also at the siLP underneath the epithelial barrier (Figure 3A). In contrast, even at 14 dpi, the number of InlAm LM-OVA localized inside the siLP was significantly reduced although its localization was in a proximity to the intestinal epithelium. At 5 dpi, the percentage of villus that contained InlAm LM-OVA was approximately 16% while the percentage of L. monocytogenes-positive villi was less than 5% at 14 dpi (Figure 3B).




Figure 3 | Luminal L. monocytogenes Fails to Infiltrate Through the Intestinal Epithelium at the Late Phase of Infection in GF mice. (A) GF mice were orally infected with InlAm LM-OVA. SPL and ileum tissues were prepared at 5 and 14 dpi, and stained for L. monocytogenes (red) and nucleus (blue). Arrows indicate the foci of L. monocytogenes in siLP or lumen. (B) Percentage of villus containing L. monocytogenes in ileum at 5 and 14 dpi (n=6 per group). (C-E) 5 x 105 OT-I cells were adoptively transferred into naïve SPF and GF mice and infected with InlAm LM-OVA next day (OT-I/LM). 5 x 105 OT-I cells were adoptively transferred into SPF and GF mice previously orally-infected with InlAm LM-OVA at 28dpi (LM/OT-I). (C) Scheme of the experiment. (D) Representative FACS plots showing the percentage of OT-I cells gated on lymphocytes in SPL at day 8 after adoptive transfer. (E) Percentage of OT-I cells gated on live lymphocytes (left) and total numbers (right) of OT-I cells in SPL from indicated mice. Data are representative of two independent experiments (n=3~4 per group). Statistical differences were determined by unpaired two-tailed Student’s t test or two-way ANOVA with Tukey’s multiple comparisons. *P < 0.05, ***P < 0.001.



To further examine the failure of tissue infiltration of luminal L. monocytogenes, we adoptively transferred OT-I cells into SPF and GF mice previously infected with InlAm LM-OVA 21 days before the transfer (LM/OT-I). As a control, OT-I cells were adoptively transferred to SPF and GF mice, which were then orally infected with InlAm LM-OVA (OT-I/LM) (Figure 3C). Oral infection of InlAm LM-OVA into both SPF and GF mice reconstituted with OT-I cells (OT-I/LM) resulted in a prominent increase in donor OT-I cells (Figures 3D, E). As expected from the clearance of InlAm LM-OVA in the lumen of SPF mice at 21 dpi, OT-I cells transferred into SPF mice previously infected with InlAm LM-OVA failed to proliferate (Figures 3D, E). Interestingly, despite the persistent presence of InlAm LM-OVA in the lumen of GF mice, luminal InlAm LM-OVA in GF mice at the late phase of infection did not induce the effective proliferation of donor OT-I cells (Figures 3D, E). These results suggest that during the late phase of infection, L. monocytogenes in the lumen of GF mice is unable to infiltrate through the intestinal barrier and L. monocytogenes is capable of establishing commensalism within the host.



Oral Infection of L. monocytogenes Induces the Prolonged Upregulation of Antimicrobial Protein Expression in Intestinal Epithelial Cells

The above findings indicate that oral infection of L. monocytogenes into GF mice only induces acute CD8+ T cell responses, although L. monocytogenes is persistently present in the lumen. Next, we examined innate immunity induced by oral infection of L. monocytogenes in GF mice. Intestinal epithelial cells (IECs) play an important role in the protection against intestinal pathogens by providing physical and chemical barrier functions (25, 26). IECs or Paneth cells directly respond to bacterial molecules from commensal gut microbiota and produce antimicrobial proteins (AMPs) that confer colonization resistance to intestinal pathogens (16, 27). To elucidate whether L. monocytogenes contributes to the intestinal barrier functions mediated by AMPs as an effector arm of innate immunity, we examined the alteration of gene expression programs in IECs upon the oral infection with L. monocytogenes in GF mice by RNA sequencing analyses on FACS-sorted CD45− Epcam+ IECs. We selected two time points, 5 dpi vs. 14 dpi, for the analysis since tissue-infiltrating L. monocytogenes were obviously detected in mLN and siLP at 5 dpi but not at 14 dpi (Figures 1A and 3A, B).

Relative to those from uninfected GF mice, 630 and 391 genes were upregulated (≥2-fold with a false discovery rate-adjusted P value cutoff of 0.05) in IECs from infected GF mice at 5 dpi and 14 dpi, respectively (Figure 4A). Among them, 180 genes were commonly upregulated in IECs at both time points, including H2-Aa, C4b, Reg3g, Reg3b and Ubd (Figures 4B, C). The proteins encoded by the latter three genes are known to mediate the protection of intestinal pathogens (23, 28, 29). Regenerating islet-derived protein 3γ (Reg3γ) is a bactericidal lectin that is secreted into the lumen and preferentially binds to L. monocytogenes (30). Reg3γ production is increased by oral L. monocytogenes infection, thereby contributing to the protection against the infection (28). Reg3β and ubiquitin D (Ubd, also known as FAT10 protein) are known to mediate protection against Salmonella Typhimurium infection (23, 29).




Figure 4 | Oral Infection with L. monocytogenes Induces Prolonged Upregulation of Antimicrobial Protein Expression in Intestinal Epithelial Cells. Small intestinal epithelial cells (IECs) from GF mice were collect at indicated time points after InlAm LM-OVA infection and then subjected to RNA-seq gene expression analysis. Differentially expressed genes (DEGs) were identified using three independent comparisons; uninfected vs. 5dpi, uninfected vs. 14dpi, and 5dpi vs. 14dpi. (A) The Venn diagrams showing the overlap between upregulated genes in IECs from infected GF mice at 5 dpi and 14 dpi relative to gene expression in IECs from uninfected GF mice. (B) Volcano plot of RNA-seq transcriptome data displaying the pattern of gene expression values for IECs at 5 dpi and 14 dpi vs. uninfected IECs. The differentially expressed genes (FDR < 0.05 and log2 fold change > 1) are shown. Upregulated or downregulated genes are indicated by red or blue color, respectively. (C) Heat map showing detailed expression information in IECs from uninfected GF, GF infected with InlAm LM-OVA at 5dpi and 14dpi. Each column represents an individual mouse (n=3 per group). (D) Total RNA was prepared from IECs of uninfected SPF and GF mice, and InlAm LM-OVA infected GF mice at indicated time points. Expression of Reg3g, Reg3b, and Ubd was measured by qRT-PCR. Data are pooled from two independent experiments (n=6~8 per group). (E) GF mice were i.p. injected with PBS or LPS (20μg per mouse) for 3 consecutive days and then infected with InlAm LM-OVA. At 5 dpi, IECs were sorted to examine the expression of Reg3g gene (n=6 per group) and to measure tissue-infiltrating bacteria in mLN (n=3 per group). Reg3g gene expression (left) and bacteria loads in mLN (right). Statistical differences were determined by one-way ANOVA with Tukey’s multiple comparisons or unpaired two-tailed Student’s t test. **P < 0.01, ***<0.001.



We also verified the upregulation of these genes in IECs from GF mice infected with InlAm LM-OVA by quantitative reverse transcription PCR (qRT-PCR) (Figure 4D). Interestingly, relative to that in uninfected GF mice, the expression of these genes was persistently upregulated in GF mice infected with InlAm LM-OVA. Even at the late phase of infection (28 dpi), Reg3g, Reg3b and Ubd were significantly increased relative to those in uninfected GF mice, and the expression levels of these genes were comparable with those in SPF mice (Figure 4D).

To further examine the role of AMPs in the prevention of tissue infiltration of L. monocytogenes, GF mice were intraperitoneally injected with lipopolysaccharide (LPS) before oral infection with L. monocytogenes. IECs responded to LPS through TLR4 signaling and induced Reg3g expression (31). As expected, LPS injection led to the upregulation of Reg3g in IECs (Figure 4E). LPS treatment significantly reduced, but did not completely prevent, tissue infiltration of L. monocytogenes relative to that of PBS-treated GF mice (Figure 4E). Overall, these results suggest that in contrast to acute CD8+ T cell responses against L. monocytogenes, oral infection with L. monocytogenes induces the upregulation of AMP expression by IECs for a prolonged period, even though the commensalism of L. monocytogenes is established.



Luminal L. monocytogenes in GF Mice Establishes Commensalism Through the Downregulation of Virulence Gene Expression

It was previously reported that the opportunistic fungal pathogen, Candida albicans can evolve in the gut of mice to lose their virulence genes in their genome through the long-term colonization and serial passage into uninfected host (4). Although GF mice were colonized with InlAm LM-OVA for a short period (less than one month) without serial passages to uninfected GF mice, it is possible that the loss of the virulence gene program for the evolutionary fitness of L. monocytogenes in the gut can be responsible for its inability to infiltrate the intestinal barrier.

To address this issue, we adoptively transferred OT-I cells into GF mice and then infected them with InlAm LM-OVA, which was harvested from the cecum of GF mice previously infected with InlAm LM-OVA for 30 days. As a control, OT-I-reconstituted GF mice were infected with freshly in vitro-cultured InlAm LM-OVA. Infection of cecal InlAm LM-OVA led to the vigorous proliferation of OT-I cells as efficiently as that of InlAm LM-OVA freshly prepared in vitro. These results indicate that luminal InlAm LM-OVA at the late phase of infection did not lose their pathogenic capacity permanently, as seen in C. albicans infection (Figures 5A, B).




Figure 5 | Luminal L. monocytogenes in GF mice Establish Commensalism Through the Downregulation of Virulence Gene Expression. (A, B) 5 x 105 OT-I cells were adoptively transferred into GF mice. Next day, mice were orally infected with either InlAm LM-OVA freshly prepared in vitro (Fresh LM) or InlAm LM-OVA isolated from cecum of GF mice previously infected with InlAm LM-OVA (Cecal LM). (A) Representative FACS plots showing the percentage of OT-I cells gated on lymphocytes in SPL at 7 dpi. (B) Percentage of OT-I cells gated on lymphocytes (left) and total numbers (right) of OT-I cells in indicated tissues from InlAm LM-OVA infected GF mice at 7 dpi. Data are representative of two independent experiments (n=3 per group). Statistical differences were determined two-way ANOVA with Tukey’s multiple comparisons. *P < 0.05. (C) qRT-PCR analysis for the expression of the virulence genes (inlA, hly, bsh, and ami) in InlAm LM-OVA isolated from InlAm LM-OVA infected GF mice at 5 and 14 dpi. Gene expression was normalized to bacterial 16s RNA. Results are pooled from at least two independent experiments (n=8 per group). Statistical differences were determined by unpaired two-tailed Student’s t test. **P < 0.01, ***P < 0.001.



Next, to elucidate whether the reduction in virulence gene expression occurs during oral L. monocytogenes infection in GF mice, as seen in C. rodentium infection (5, 9), we examined the gene expression of well-defined virulence factors such as InlA, Hly, Bsh, and Ami in luminal InlAm LM-OVA in GF mice by qRT-PCR. We found that the expression of these genes was profoundly downregulated at 14 dpi relative to that in luminal InlAm LM-OVA at 5 dpi (Figure 5C). Collectively, these results suggest that reversible downregulation of virulence factors in luminal L. monocytogenes, but not the evolutionary loss of virulence factor genes, is responsible for the commensalism of L. monocytogenes in GF mice.



L. monocytogenes-Specific CD8+ T Cells Are Sufficient to Facilitate the Commensalism of Orally-Infected L. monocytogenes

As shown in C. rodentium infection (9), it is plausible that virulence factor-specific antibody responses are necessary for the commensalism of L. monocytogenes. Therefore, we first examined whether B cells are required for the commensalism of L. monocytogenes. We orally infected GF B cell-deficient JH−/− mice with InlAm LM-OVA at a dose of 5 x 108 CFU/mouse. The GF JH−/− mice tolerated the oral infection well and survived well until the end of the experiment (over one month) (Figure 6A). InlAm LM-OVA reached a plateau in numbers with kinetics similar to that seen in GF B6 mice (Figure 6A). Hence, in contrast to the critical role of IgG responses in the commensalism of C. rodentium, B cells are dispensable for the commensalism of L. monocytogenes in GF mice.




Figure 6 | Listeria-specific CD8+ T Cells are Sufficient to Facilitate the Commensalism of Orally-infected L. monocytogenes. (A) GF JH−/− and B6 mice were orally infected with InlAm LM-OVA. Survival rate (left) and the bacterial loads in feces (right) were determined at the indicated time points (for survival, n=10 per group; for bacterial loads in feces, n=4 per group). (B to D) 5 x 105 OT-I cells were adoptively transferred into GF Rag1−/− mice, which were then fed with OVA (20mg/mouse) every other day by gavage for 10 days. GF Rag1−/− mice (None) and OT-I-repopulated GF Rag1−/− mice (OT-I/OVA) were infected with InlAm LM-OVA. (B) Survival rate (left) and the bacterial loads in feces (right) (for survival, n=10 per group; for bacterial loads in feces, n=4 per group). (C) Bacterial loads were determined in the mLN from GF Rag1−/− mice (None) and OT-I-repopulated GF Rag1−/− mice (OT-I/OVA) at 5 dpi. Data are representative of two independent experiments (n=3~4 per group). The log-rank test was used to determine statistical differences in survival curves (A and B). **P < 0.01. (D) Expression of inlA, hly, bsh, and ami genes in InlAm LM-OVA from the indicated GF Rag1−/− mice was measured by qRT-PCR. Gene expression was normalized to bacterial 16s RNA. Data are pooled from two independent experiments (n=6 per group). (E) OT-I-repopulated GF Rag1−/− mice were i.v. treated with PBS or anti-CD8α antibody every other days for 10 days to deplete reconstituted OT-I cells. As a control, GF Rag1−/− mice were orally infected with InlAm LM-OVA. Bacterial loads were determined in the mLN at day 3 after the final anti-CD8α antibody treatment. Experimental scheme (left) and bacterial loads (right). Data are pooled from two independent experiments (n=4 for newly infected GF Rag1−/− mice, n=10 per OT-I-repopulated GF Rag1−/− mice infected with InlAm LM-OVA and then treated with isotype or anti-CD8α antibody). Statistical differences were determined by unpaired two-tailed Student’s t test or one-way ANOVA with Tukey’s multiple comparisons. *P < 0.05, ***P < 0.001.



Luminal L. monocytogenes established commensalism between 5 dpi and 14 dpi as judged from the bacteremia in mLN and SPL, and the levels of L. monocytogenes traversing through intestinal barrier (Figures 1A and 3A, B). Furthermore, the peak of L. monocytogenes-specific CD8+ T cell responses could be detected during this interval. In this regard, we investigated whether CD8+ T cells can promote the commensalism of L. monocytogenes. GF Rag1−/− mice lacking B and T cells were infected with InlAm LM-OVA. OT-I cells were adoptively transferred into one cohort of GF Rag1−/− mice, which were fed with OVA to promote the repopulation of OT-I cells in the intestine (designated as OT-I/OVA).

GF Rag1−/− mice were highly vulnerable to InlAm LM-OVA infection and all infected GF Rag1−/− mice succumbed to death within 2 weeks (Figure 6B). However, GF Rag1−/− mice repopulated with donor OT-I cells survived well, although luminal bacteria burdens in OT-I-repopulated GF Rag1−/− mice were similar to those in GF Rag1−/− mice (Figure 6B). Repopulation of OT-I cells effectively reduced the level of tissue-infiltrating InlAm LM-OVA in mLN at 5 dpi (Figure 6C).

Interestingly, in contrast to the marked increase in AMP expression in IECs from GF B6 mice infected with InlAm LM-OVA, GF Rag1−/− mice orally infected with InlAm LM-OVA did not display a marked increase in AMP expressions in IECs (Supplementary Figure S3). Repopulation of donor OT-I cells facilitated the prominent reduction of ami gene expression and, to a lesser extent, hly gene expression, but not inlA and bsh gene expression, even at 5 dpi (Figure 6D). In vivo depletion of OT-I cells in OT-I-repopulated GF Rag1−/− mice by the treatment with anti-CD8α antibody resulted in the increased tissue infiltration of InlAm LM-OVA in mLN, albeit at lower levels than that in GF Rag1−/− mice newly infected with InlAm LM-OVA (Figure 6E). These results suggest that L. monocytogenes-specific CD8+ T cells are sufficient to permit the commensalism of L. monocytogenes in GF mice and contribute to the downregulation of certain virulence gene expression.




Discussion

In this study, we demonstrated that L. monocytogenes, an obligated food-borne pathogen, can establish the commensalism in GF mice due to the reversible downregulation of virulence gene expression, but not due to the evolutionary loss of its virulence genes. Commensalism of L. monocytogenes in GF mice is supported by the lack of tissue infiltration at the late phase of infection, no apparent mortality, and the induction of innate immunity, such as AMP expression by IECs, although L. monocytogenes at the late phase of infection is not capable of inducing adaptive immunity. These findings represent the adaptation of environmental pathogenic species to become a member of the commensal gut microbiota, in particular pathobiont species, by tightly regulating its virulence gene expression. To our knowledge, this is the first study to show that in addition to antibodies against virulence factors, CD8+ T cells can be a key host factor that promotes the commensalism of intestinal pathogens.

Upon the oral infection with L. monocytogenes, GF B6 and Rag1−/− mice repopulated with OT-I cells effectively induced the clearance of tissue-infiltrating L. monocytogenes, prevented mortality, and permitted the commensalism of L. monocytogenes. However, the underlying mechanisms of the protection from L. monocytogenes and the establishment of commensalism can differ depending on the host. Upon the oral infection with L. monocytogenes, the expression of AMPs by IECs was prominently upregulated and maintained at high levels in GF B6 mice, but not in GF Rag1−/− mice repopulated with OT-I cells. Further studies are required to explain the differential regulation of AMP gene expression in IECs depending on the host. Nevertheless, as the production of AMPs by IECs provides the protection against oral L. monocytogenes infection, AMP production by IECs might compensate for the reduced number of L. monocytogenes-specific CD8+ T cells at the late phase of infection to prevent the tissue infiltration of L. monocytogenes in GF B6 mice. Our experimental data on OT-I-repopulated Rag1−/− mice suggest that even in the absence of marked AMP expression, CD8+ T cells sufficiently promote commensalism of luminal L. monocytogenes.

Repopulation of OT-I cells into GF Rag1−/− mice can promote the downregulation of virulence factor genes, particularly, the ami gene, which encodes an autolysin, upon the oral infection with InlAm LM-OVA. Autolysin mediates adherence of L. monocytogenes to IECs (32). Rapid reduction of virulence gene expression in luminal L. monocytogenes in OT-I repopulated GF Rag1−/− mice might be caused by the presence of activated OT-I cells, which were generated by OVA-feeding. Interestingly, the pattern of virulence gene expression in L. monocytogenes from OT-I-repopulated GF Rag1−/− mice was different from that in GF B6 mice, suggesting that additional host factors other than CD8+ T cells might promote the downregulation of multiple virulence gene expression. Although B cells are dispensable for the commensalism of L. monocytogenes in GF mice, antibodies to virulence factors on the cell surface of L. monocytogenes can contribute to its commensalism presumably by the neutralization of virulence factors that mediate adherence to epithelial cells and tissue invasion (33) or alternatively by the elimination of virulent L. monocytogenes as seen in C. rodentium infection (9).

It is still unclear how CD8+ T cells can promote the commensalism of luminal L. monocytogenes in GF mice. Downregulation of ami gene expression might not be sufficient to prevent the invasion of L. monocytogenes through the intestinal barrier. Previously, it was reported that granzymes, a serine protease produced by CD8+ T cells, can target multiple proteins in biosynthetic and metabolic pathways of microbial pathogens (34). Therefore, it is possible that granzymes produced by intestinal CD8+ T cells and secreted into the lumen can target signaling pathways required for the expression of virulence factors at the transcriptional level. Furthermore, it was recently reported that granzymes can cleave virulence factors of L. monocytogenes (35). In this regard, granzymes produced by intestinal CD8+ T cells can result in the degradation of virulence factors in luminal L. monocytogenes, thereby further limiting the virulence of luminal L. monocytogenes.

Fecal microbiota transplantation (FMT) has been proven to be highly effective in the treatment of recurrent Clostridioides difficile infection (36). However, the safety concerns regarding FMT have been raised since a patient had died after receiving FMT. A study revealed that the invasive infection of multi-drug resistant Escherichia coli, which are indigenous in fecal preparation from healthy donors, was responsible for the death of a patient who underwent FMT (37). As exemplified in the present study, the identification of such pathobiont species and an understanding of the mechanisms that promote its commensalism are necessary for developing safe and effective microbiome-based therapeutics such as FMT. Our data provide an important insight into the host-microbe interactions that contribute to the commensalism of intestinal pathogens and have implications in developing therapeutics against immune disorders induced by intestinal pathogens.
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Patients suffering from ulcerative colitis are at increased risk of developing colorectal cancer. Although the exact underlying mechanisms of inflammation-associated carcinogenesis remain unknown, the intestinal microbiota as well as pathogenic bacteria are discussed as contributors to inflammation and colitis-associated colon cancer (CAC). In the present study, we analyzed the impact of TLR4, the receptor for Gram-negative bacteria derived lipopolysaccharides, on intestinal inflammation and tumorigenesis in a murine model of CAC. During the inflammatory phases of CAC development, we observed a strong upregulation of Tlr4 expression in colonic tissues. Blocking of TLR4 signaling by a small-molecule-specific inhibitor during the inflammatory phases of CAC strongly diminished the development and progression of colonic tumors, which was accompanied by decreased numbers of infiltrating macrophages and reduced colonic pro-inflammatory cytokine levels compared to CAC control mice. Interestingly, inhibiting bacterial signaling by antibiotic treatment during the inflammatory phases of CAC also protected mice from severe intestinal inflammation and almost completely prevented tumor growth. Nevertheless, application of antibiotics involved rapid and severe body weight loss and might have unwanted side effects. Our results indicate that bacterial activation of TLR4 on innate immune cells in the colon triggers inflammation and promotes tumor growth. Thus, the inhibition of the TLR4 signaling during intestinal inflammation might be a novel approach to impede CAC development.
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Introduction

The development of colorectal cancer is a major complication in patients suffering from ulcerative colitis (UC) (1). The duration and anatomic extent of disease, as well as the degree of inflammation are key factors that determine the risk of colorectal cancer in UC patients (2). Nevertheless, a decline in the incidence of cancer among UC patients has been observed in recent years (3), probably due to improved primary prevention and treatment, which underlines the importance of new therapeutic approaches. Currently, different medications are available that aim at controlling inflammation in UC. They are effectively used to attenuate intestinal inflammation and maintain remission in most UC patients, but their potential to reduce the patients´ subsequent risk for dysplasia and cancer remains unclear (2).

Chronic intestinal inflammation, as well as the development of colorectal cancer have been associated with alterations of the gut microbiome (4, 5). Toll-like receptors (TLRs) represent the link between the intestinal cell compartment and commensal bacteria, and are expressed either constitutively or inducible by immune cells, myofibroblasts, endothelial cells and epithelial cells of the gastrointestinal tract (6). As pattern-recognition receptors, TLRs detect conserved molecular products of microorganisms and their stimulation induces signaling pathways that result in initiation of immune responses (7). Thus, intestinal TLR signaling is pivotal for gut homeostasis (8, 9). In the gastrointestinal tract, characterization of TLR expression was mainly conducted in intestinal epithelial cells (IECs). In contrast to the small intestine, where IECs express relative low levels of various TLRs, IECs of the colon display high levels of TLR1, TLR2, TLR3, TLR4 and TLR5 expression at steady-state (10). Most of these TLR signaling pathways participate in the progression of UC and colorectal cancer, indicated by their altered expression during intestinal inflammation and tumorigenesis (11, 12). Furthermore, TLR4 signaling seems to be of central importance in the pathogenesis of colitis-associated colon cancer (CAC), as TLR4 was shown to be overexpressed in colonic IECs of UC patients but also in human and murine inflammation-associated colorectal neoplasia (13, 14). Moreover, experiments in different mouse models indicated that either TLR4 deletion protected TLR4-/- mice from tumor development or epithelial overexpression of TLR4 promoted inflammatory responses and tumorigenesis in CAC (15, 16). Thus, we aimed to explore the potential of TLR4 modulation by a specific TLR4 inhibitor during CAC in more detail and focused on its impact on lamina propia mononuclear cells, as preceding studies largely neglected TLR4 expression on immune cells.

In the current study, we show that acute DSS colitis affects TLR4 expression on innate immune cells as well as on epithelial cells in the colon. The inhibition of TLR4 signaling by TAK-242, a small-molecule-specific inhibitor of TLR4 signaling (17), during dextran sulfate sodium salt (DSS)-induced colitis attenuates intestinal inflammation without any overt side effects. Consequently, TAK-242 treatment impedes tumorigenesis of CAC, probably by preventing infiltration of macrophages. Therefore, the application of TAK-242 might be an approach to reduce the risk of dysplasia and cancer development in colitis patients.



Materials and Methods


Mice

Six to eight week old female BALB/c mice were purchased from ENVIGO (Horst, Netherlands) and maintained under specific pathogen-free conditions at the Animal Facility of the University Hospital Essen. All experiments were performed in accordance with the ethical principles and guidelines for scientific experiments and were approved by the local Landesamt für Natur-, Umwelt- und Verbraucherschutz (LANUV, North-Rhine-Westphalia, Germany).



Induction of Acute DSS Colitis and Colitis-Associated Colon Cancer

BALB/c mice received 4% dextran sulfate sodium salt (DSS; MP Biomedicals, Heidelberg, Germany; MW, 36-50 kDa) in the drinking water for 7 days to induce acute colitis. Colitis-associated colon cancer was induced in BALB/c mice as described previously (18). In brief, mice were injected i.p. with 12.5 mg/kg body weight Azoxymethane (AOM, Sigma-Aldrich, Munich, Germany) followed by 2 to 3 cycles of 3% DSS supplemented drinking water.



Disease Activity Index and Murine Colonoscopy

The magnitude of DSS-induced intestinal inflammation was assessed by a validated scoring system consisting of loss of body weight (score 1, 1–5%; score 2, 6–10%; score 3, 11–15%; score 4, 16–20%), rectal bleeding (score 0, no blood; score 2, blood visible; score 4, gross bleeding) and stool consistency (score 0, normal; score 2, loose stool; score 4, diarrhea). The obtained scores were summarized to a disease activity index (DAI) with a range of 0-12 (19). Numbers and sizes of tumors were determined in the distal part of the colon by murine colonoscopy. Therefore, mice were anesthetized by i.p. injection of ketamine and xylazine, and a rigid endoscope (Coloview miniendoscopic system, Karl Storz, Tuttlingen, Germany) was inserted up to the first flexure under visual control. Tumor sizes were graded on a scale of 1–5 according to the following sizes: size 1 (very small but detectable tumor), size 2 (tumor covering up to one eighth of the colonic circumference), size 3 (tumor covering up to a quarter of the colonic circumference), size 4 (tumor covering up to half of the colonic circumference), and size 5 (tumor covering more than half of the colonic circumference) (20). Tumor development was scored by the total number of tumors and the size of tumors.



In Vivo TLR4 Inhibition and Antibiotic Treatment

TAK-242 (Cayman Chemical, via Biomol GmbH, Hamburg, Germany), a small-molecule TLR4 inhibitor that disrupts TLR4 interaction with adaptor molecules TIRAP and TRAM (17), was applied to BALB/c mice during DSS treatment. Mice were treated with 3 mg/kg TAK-242 i.p. every other day for 4 (acute DSS colitis) to 5 (DSS cycles during CAC induction) injections. To deplete the commensal microbiota, mice were orally treated with an antibiotic cocktail (Abx) including 1 mg vancomycin, 2 mg neomycin, 2 mg ampicillin (all Carl Roth GmbH, Karlsruhe, Germany), and 2 mg metronidazole (Sigma-Aldrich) per day and mouse. Efficient depletion was confirmed by quantification of microbial DNA in feces. In brief, stool samples were collected from mice, the weight was measured and then frozen at -80°C until further analysis. DNA from stool samples was extracted using the ZymoBIOMICS DNA Miniprep Kit (Zymo Research, Freiburg, Germany) according to the manufacturer´s recommendations.



Colon Explant Culture and Cytokine Quantification

Colons were flushed with PBS and cut open longitudinally. A small explant (approximately 15-20 mg) from the distal part of the colon was cultured for 6 h in 300 µl of IMDM complete (IMDMc) culture medium supplemented with 10% heat-inactivated FCS, 25 mM β-Mercapthoethanol and antibiotics (100 U/ml penicillin, 0.1 mg/ml streptomycin). Cytokine levels in the supernatants were quantified by Luminex technology (R&D Systems, Abingdon, UK) on a Luminex 200 instrument. Cytokine concentrations were calculated using the Luminex IS software (Luminex Corporation, Austin, TX), and were normalized to the respective colon weight.



Isolation of Intestinal Epithelial Cells and Lamina Propia Mononuclear Cells From the Colon

Intestinal epithelial cells (IELs) were isolated from the colon. Therefore, colons were incubated in 10 ml preheated PBS containing 1 mM Dithiothreitol (Carl Roth GmbH) under constant shaking for 10 min at 37°C. After washing the colons with PBS, they were transferred into 20 mL preheated Hanks’ Balanced Salt Solution (HBSS, Sigma-Aldrich) supplemented with 0,25 mM EDTA and incubated for 15 min under constant shaking at 37°C. Single IELs were gained by vigorous shaking and subsequent centrifugation. Afterwards, colonic lamina propia mononuclear cells (LPMCs) were isolated following a previously described protocol (18), without repeated EDTA incubation.



Stimulation of Colonic Lamina Propia Mononuclear Cells With LPS and TAK-242 In Vitro

Lamina propia mononuclear cells (LPMCs) were isolated from the colon of naïve BALB/c mice and stained with antibodies against CD45 (clone 30-F11, BioLegend). CD45+ cell populations were sorted from the LPMCs using a FACSAria II cell sorter (BD Biosciences). CD45+ LPMCs were further seeded at 2x105 cells in 200 µl of IMDMc medium in 96-well plates and stimulated with 1 µg/ml lipopolysaccharide (LPS, Sigma-Aldrich) in the presence or absence of 1 µM TAK-242. After 18 h, cell culture supernatants were collected to determine cytokine secretion via Luminex technology and resident cells were analyzed for TLR4 expression by flow cytometry.



CT26 Culture and Cell Growth

The murine colon carcinoma cell line CT26 was obtained from the American Type Culture Collection (ATCC). CT26 cells were maintained in IMDMc culture medium in a humidified 5% CO2 atmosphere at 37°C. Before culture for growth analysis, cells were passaged twice. Afterwards, CT26 cells were analyzed for TLR4 expression by flow cytometry and then seeded at 1 x 104 or 1 x 105 cells in 1 ml of IMDMc medium in 6-well plates as triplicates. Cells were cultured in the presence or absence of 1 µM TAK-242 or an antibiotic cocktail (Abx, including 1 mg/ml vancomycin, neomycin, ampicillin and metronidazole). After 24 h, 48 h, and 72 h the amount of viable CT26 cells per well was determined.



Quantification of Gene Expression by Real-Time PCR

Total RNA was extracted from colonic biopsies using the RNeasy Fibrous Tissue Mini Kit (Qiagen, Hilden, Germany). RNA was reversely transcribed into cDNA by using M-MLV reverse transcriptase (Promega, Walldorf, Germany) and a mixture of oligo(dT) and random hexamer primers (Invitrogen/ThermoFisher Scientific). Quantitative real-time PCR analysis were performed with the Fast SYBR Green Master Mix (ThermoFisher Scientific) and primers specific for Tlr4 (Fwd: 5’-TGC TGG GGC TCA TTC ACT CAC-3’; Rev: 5’-ACA CTC AGA CTC GGC ACT TAG CAC-3’). Quantitative real-time PCR reactions were run on an ABI PRISM Sequence Detection System (Applied Biosystems/ThermoFisher Scientific). Relative gene expression levels were calculated with included standard curves for each gene and further normalization to the housekeeping gene Rps9 (Fwd: 5’-CTG GAC GAG GGC AAG ATG AAG C-3’; Rev: 5’-TGA CGT TGG CGG ATG AGC ACA-3’).



Antibodies and Flow Cytometry

Cells isolated from the colon were incubated with fluorochrome-labeled antibodies against CD4 (RM4-4), Ly6G (1A8), Siglec-F (E50-2440) (all BD Biosciences, Heidelberg, Germany), CD8 (53-6.7), CD19 (1D3), CD45 (30-F11), CD49b (DX5), TLR4 (SA15-21), CD11c (HL3) (all BioLegend, San Diego, CA), CD11b (M1/70), F4/80 (BM8), EpCAM (G8.8) and Foxp3 (FJK-16s) (all eBioscience/ThermoFisher Scientific, Langenselbold, Germany). Dead cells were stained with the fixable viability dye eFluor 780 (ThermoFisher Scientific). Intracellular staining for Foxp3 was performed with the eBioscience™ Foxp3/Transcription Factor Staining Buffer Set (ThermoFisher Scientific) according to the manufacturer’s protocol. Stained cells were analyzed using a FACS LSRII and DIVA Software (BD Biosciences).



Statistical Analysis

All statistical analyses were calculated using GraphPad Prism 7.03 software (GraphPad, La Jolla, CA). To test for normal distribution, D’Agostino and Pearson omnibus normality test was used. Single comparison of normally distributed data was performed by paired or unpaired Student’s t-test. Differences between means of more than two normally distributed groups were assessed by either one-way or two-way ANOVA followed by Tukey´s, Sidak´s or Dunnett´s post-test. When means of more than two not normally distributed groups were compared, the Kruskal-Wallis test followed by Dunn´s post-test was used. Correlation was calculated using Spearman correlation analysis. Statistical significance was set at the levels of *, p≤ 0.05; **, p≤ 0.01 and ***, p≤ 0.001.




Results


Tlr4 Expression Is Upregulated in the Colon During the Course of Colitis-Associated Colon Cancer

Strong expression of TLR4 in tumors of colorectal cancer patients has been associated with poor prognosis (21). Given that TLR4 signaling is also involved in intestinal homeostasis and its activation may cause chronic inflammation (22), we aimed to investigate the role of TLR4 in a murine model of colitis-associated colon cancer (CAC). We used the AOM/DSS model, in which repeated inflammatory insults initiated by DSS promote tumor development (Figure 1A). Using murine colonoscopy, clear signs of inflammation, e.g. bleeding mucosa, altered vascular pattern, or abundant fibrin were evident at week 2, 3, 5 and 8 after DSS treatment. First dysplastic changes could be detected at week 4, while tumor development significantly increased from week 7 to week 12 (Figure 1B). When Tlr4 expression was analyzed in colonic biopsies, we observed a significant colonic upregulation of Tlr4 at week 2 and 5 in AOM/DSS-treated mice compared to control mice, concurrently with the first two inflammatory phases. Interestingly, Tlr4 expression in the colon did not increase at later time points, neither after the last DSS cycle nor during tumor progression (Figure 1C).




Figure 1 | Tlr4 expression in colonic biopsies during the course of colitis-associated colon cancer. (A) Schematic treatment protocol of colitis-associated colon cancer (CAC) induction in BALB/c mice. After an intraperitoneal injection of the procarcinogen azoxymethane (AOM), three seven-day cycles of dextran sulfate sodium (DSS) were given via the drinking water. Mice that received normal drinking water served as control group (ctrl). (B) At indicated time points, the tumor development in AOM/DSS treated mice was analyzed by murine colonoscopy and (C) Tlr4 expression in colonic biopsies was determined via qRT-PCR. Bars represent the mean ± SEM of data from two independent experiments with n=22 ctrl and n=3-6 CAC mice per time point. Differences of Tlr4 expression between AOM/DSS treated mice and the ctrl group were calculated using one-way ANOVA followed by Dunnett´s post-test (***p ≤ 0.001).





Colonic CD45+ Leukocytes Display Enhanced TLR4 Expression During DSS-Induced Inflammation

In recent studies, considerable TLR4 expression in the colon was reported for intestinal epithelial cells (10), likewise in patients suffering from acute colitis, in which epithelial TLR4 expression is further upregulated during inflammation (13). In accordance, colonic Tlr4 expression in AOM/DSS-treated mice significantly increased during the first two DSS cycles. To confirm that colonic epithelial cells are the cellular source of Tlr4 expression during DSS-induced inflammation, we isolated intestinal epithelial cells (IECs) and intestinal epithelial lymphocytes (IELs), as well as lamina propria mononuclear cells (LPMCs) from the colon of mice suffering from acute DSS colitis and analyzed TLR4 expression by flow cytometry. As expected, in the colon of healthy control mice the majority of IECs expressed TLR4, but no increase in the frequency of TLR4+ IECs could be observed after DSS treatment. Nevertheless, we detected higher MFIs of TLR4 on IECs from DSS mice indicating further increase of TLR4 expression on IECs during inflammation. Surprisingly, also CD45+ leukocytes, isolated from the intestinal epithelium and the lamina propia of mice suffering from DSS-induced colitis, displayed enhanced TLR4 expression (Figures 2A, B). Among the CD45+ LPMC population, notable TLR4 expression was found on macrophages, and to a lesser extent on DCs and NK cells. All other analyzed immune cells showed rather low levels of TLR4 expression (Figure 2C, upper panel). DSS-induced inflammation further augmented TLR4 expression on macrophages, but also frequencies of TLR4+ Ly6G+ neutrophils and TLR4+ Foxp3+ CD4+ Tregs were significantly elevated. During DSS-induced inflammation, neutrophils, eosinophils and Tregs infiltrate the colon, while the frequency of B cells is reduced. In terms of absolute numbers, TLR4+ macrophages, DCs, eosinophils, neutrophils and Tregs were significantly increased, while DSS treatment lowered the numbers of TLR4+ B cells in the colon (Figure 2C, lower panel).




Figure 2 | Expression of TLR4 in the colonic epithelium and the lamina propia during acute colitis. BALB/c mice were treated with DSS in the drinking water to induce an acute colitis. Control mice (ctrl) received normal drinking water. At day seven, mice were sacrificed and cells from the lamina propia or intestinal epithelial cells were isolated from the colon. (A, B) CD45+ lamina propia mononuclear cells (LPMCs), CD45+ intestinal epithelial lymphocytes (IELs), and CD45- EpCAM+ intestinal epithelial cells (IECs) were analyzed for TLR4 expression via flow cytometry. (A) Representative dot plot of TLR4 expression among the indicated cell types in the colon of ctrl and DSS mice. Numbers indicate percentages and the MFIs (in brackets) of TLR4 expression. (B) Summarized data of the percentages (upper panel) and the MFI (lower panel) of TLR4 expression from two independent experiments with n=7 ctrl and n=10 DSS mice is shown as mean ± SEM. (C) CD45+ LPMCs were further subdivided into Foxp3- CD4+ T cells, CD8+ T cells, Foxp3+ CD4+ Tregs, CD19+ B cells, DX5+ NK cells, CD11c+ F4/80- dendritic cells (DCs), CD11c+ F4/80+ macrophages (MΦs), CD11b+ Siglec-F+ eosinophils and CD11b+ Ly6G+ neutrophils, and TLR4 expression was analyzed. Absolute numbers of TLR4+ cells were calculated. Data from two independent experiment with n=5 ctrl mice and n=11 DSS mice are shown as mean ± SEM. Statistical analyses were performed by unpaired Student´s t-test (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001).





Inhibition of Microbial Sensing by TAK-242 or Antibiotic Treatment Impedes Tumor Development in Colitis-Associated Colon Cancer

To elucidate the impact of TLR4 expression in the colon during the course of CAC, we made use of TAK-242 (resatorvid). First, we tested the efficiency of TLR4 inhibition by TAK-242 in isolated LPMCs. We stimulated sorted CD45+ cells from the colon of BALB/c mice in vitro with LPS in the presence or absence of TAK-242. After in vitro culture, around 50 - 60% of all cultured cells were still viable (Figure 3A, upper panel). Unstimulated CD45+ LPMCs expressed low levels of TLR4 on their surface, comparable to those TLR4 levels that were measured in CD45+ LPMCs which were directly isolated from the colon untreated BALB/c mice. TAK-242 treatment did not alter TLR4 expression in cultured CD45+ LPMCs. When CD45+ LPMCs were stimulated with LPS, irrespective if TAK-242 was present, CD45+ LPMCs slightly, but not significantly, upregulated TLR4 expression on the surface (Figure 3A, lower panel). Stimulation of CD45+ LPMCs with LPS strongly induced the secretion of pro-inflammatory cytokines, like TNF-α and IL-6, as well as the secretion of the chemokine CCL5. As expected, the incubation of CD45+ LPMCs with TAK-242 significantly blocked the LPS-induced production of these cytokines and chemokines (Figure 3B).




Figure 3 | TAK-242 blocks LPS-induced production of pro-inflammatory cytokines. CD45+ LPMCs were isolated from the colon of BALB/c mice and stimulated for 18 h with LPS in the presence or absence of TAK-242. (A) After stimulation, CD45+ LPMCs were analyzed for TLR4 expression by flow cytometry. Representative dot plots show the percentage (mean ± SEM in brackets) of TLR4 of gated viable CD45+ LPMCs. (B) Concentrations of TNF-α, IL-6 and CCL5 were measured in the cell culture supernatants by Luminex technology. Graphs show the results as mean ± SEM from two independent experiments and differences between groups were calculated by paired Student’s t-test (*p≤ 0.05).



Next, we applied TAK-242 in vivo in the mouse model of CAC and compared its effect with an antibiotic treatment which was already demonstrated to efficiently diminish inflammation-induced tumor development in the colon (23). Mice were treated repeatedly with 3mg/kg bodyweight TAK-242 i.p., or with an antibiotic cocktail (Abx) of metronidazole, vancomycin, ampicillin and neomycin during the cycles of DSS treatment (Figure 4A). The antimicrobial efficacy of Abx application was confirmed by a nearly complete absence of bacterial DNA in the feces of Abx treated mice (Figure 4B). Of note, Abx treatment had a substantial impact on the mice overall health status during both cycles of DSS administration, as indicated by a rapid loss of body weight, (Figure 4C). In contrast, CAC mice that received TAK-242 during DSS treatment lost less body weight compared to untreated CAC mice at week 2 (Figure 4C). Determining the magnitude of intestinal inflammation by scoring rectal bleeding, stool consistency and body weight, we observed a substantial decrease in the disease activity index (DAI) scores in mice treated with TAK-242 or Abx (Figure 4D). When we analyzed Tlr4 expression after the first DSS cycle at week 2, we found increased levels of Tlr4 in the colon of all CAC groups. Neither TAK-242 treatment, nor Abx treatment in CAC mice reduced colonic Tlr4 expression. During tumor progression, no alteration in the expression of Tlr4 was observed in CAC and TAK-242 treated CAC mice compared to healthy control mice, while Abx treated CAC mice displayed a slight but not significant upregulation of colonic Tlr4 expression (Figure 4E). Most important, TAK-242 or Abx treatment significantly reduced the number and the growth of tumors as detected by endoscopic analysis at week 9 (Figure 4F). Appropriately, colon biopsies from TAK-242 and Abx treated mice secreted considerably lower amounts of tumor-promoting cytokines, such as IL-1β and TNF-α (Figure 4G).




Figure 4 | TAK-242 or antibiotic treatment alters tumor development in colitis-associated colon cancer. (A) Schematic treatment protocol of colitis-associated colon cancer (CAC) induction and TAK-242 or antibiotic (Abx) treatment in BALB/c mice. During DSS treatment mice received either i.p. injections of TAK-242 every second day (five injections in total) or orally received an antibiotic cocktail. Mice that received normal drinking water served as control group (ctrl). (B) At week 2, after the first DSS cycle and Abx treatment, feces were collected and the DNA yield was determined. The graph shows the results as mean ± SEM from two experiments (n=4 ctrl mice and n=10 CAC mice per group), and differences between groups were calculated using two-way ANOVA followed by Tukey´s post-test (*p≤ 0.05; ***p≤ 0.001). (C) Body weight of AOM/DSS-treated mice relative to initial body weight during the course of the experiment. The results from two experiments (n=2-7 ctrl mice and n=5-10 CAC mice per group) are shown as mean ± SEM and differences between groups were calculated using two-way ANOVA followed by Dunnett’s post-test (*p≤ 0.05; **p≤ 0.01; ***p≤ 0.001 CAC+Abx vs. CAC; #p≤ 0.05 CAC+TAK-242 vs. CAC). (D) At week 2, the disease activity index (DAI) was assessed. (E) Tlr4 expression in colonic biopsies was determined by RT-PCR at week 2 and at week 9. (F) At week 9, tumor development was analyzed by murine endoscopy and tumor numbers and sizes for each mouse were calculated. Representative endoscopic pictures from the colon of untreated, TAK-242-treated or Abx-treated CAC mice are shown. (G) Concentration of TNF-α and IL-1β were measured in the supernatants of colonic biopsies from CAC and ctrl mice by Luminex. (D–G) The graphs show data as mean ± SEM from two experiments (n=2-7 ctrl mice and n=5-10 CAC mice per group) and differences between groups were calculated using one-way ANOVA followed by Dunnett´s post-test (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001).





TAK-242 Treatment Has No Direct Impact on Tumor Cell Growth

To further determine how TAK-242 or Abx modulate tumor development, we first tested their influence on tumor cell growth. Therefore, the murine colon cancer cell line CT26 was cultured in vitro in the absence or presence of TAK-242 or the antibiotic cocktail of metronidazole, vancomycin, ampicillin and neomycin and growth development was monitored for 3 days. Flow cytometry analysis revealed that CT26 cells express TLR4 on their surface (Figure 5A). Nevertheless, culturing CT26 cells with TAK-242 had no significant impact on their growth in vitro. In contrast, the presence of Abx slightly reduced the growth of CT26 cells, at least at day 2 of cell culture (Figure 5B).




Figure 5 | Influence of TAK-242 or antibiotic treatment on tumor cell growth. The murine colon cancer cell line CT26 was stained with or without (FMO) antibodies against TLR4 and TLR4 expression was evaluated by flow cytometry. Representative dot plots show the percentage of TLR4 on gated viable CT26 cells. Numbers indicate percentages of TLR4 expression. CT26 cells were further cultured in the absence or presence of TAK-242 (as 1 x 104 cells per well at day 0) or Abx (as 1 x 105 cells per well at day 0). After indicated time points CT26 cells were harvested and counted. Graphs show the results as mean ± SEM from two independent experiments and differences between groups were calculated using two-way ANOVA followed by Sidak´s post-test (**p ≤ 0.01).





Reduced Tumor Growth After TAK-242 or Antibiotic Treatment Is Associated With Low Frequencies of Tumor-Infiltrating Macrophages

As macrophages are the immune cells in the lamina propia with the strongest TLR4 expression, we further investigated the impact of TAK-242 and Abx treatment on macrophages. Of note, CAC is associated with a strong infiltration of myeloid cells into the lamina propia (24). Mice suffering from AOM/DSS induced CAC exhibited higher LPMCs counts than ctrl mice. Remarkably, both TAK-242 and Abx application were linked with lower absolute numbers of LPMCs in the colon of CAC mice (Figure 6A). Macrophages, gated as CD11c+ F4/80+ cells, accumulated in the colon due to CAC induction. Whereas the inhibition of TLR4 by TAK-242 in CAC mice reduced percentages and absolute numbers of colonic macrophages only in tendency, Abx treatment completely abrogated accumulation of macrophages in the colon after CAC induction (Figure 6B). Interestingly, while the percentage of TLR4+ macrophages in the colon of CAC mice was slightly enhanced after Abx treatment, the absolute numbers of TLR4+ macrophages in TAK-242 and Abx treated CAC mice were reduced (Figure 6C). Finally, the absolute number of CD11c+ F4/80+ macrophages in the colon of all CAC groups positively correlated with the tumor score (Figure 6D), pointing towards a connection between infiltrating macrophages and tumor development in CAC.




Figure 6 | Distribution of macrophages in the colon after TAK-242 or antibiotic treatment. Colitis-associated colon cancer was induced in BALB/c mice. Mice either received i.p. injections of TAK-242 or received an Abx cocktail of vancomycin, neomycin, ampicillin and metronidazole. Mice that received normal drinking water served as control group (ctrl). (A) At week 9, lamina propia mononuclear cells (LPMCs) were isolated from the colon and counted to determine absolute cell numbers. (B) Frequencies and absolute numbers of CD11c+F4/80+ macrophages (MΦ) and (C) TLR4+ MΦ among isolated LPMCs were assessed by flow cytometry. The graphs show data as mean ± SEM from two experiments (n=2-7 ctrl mice and n=5-10 CAC mice per group) and differences between groups were calculated using one-way ANOVA or Kruskal-Wallis test followed by Dunnett´s or Dunn`s post-test (*p≤ 0.05; **p≤ 0.01; ***p≤ 0.001). (D) Correlation between the absolute numbers of colonic CD11c+F4/80+ MΦ and the tumor score was calculated using Spearman correlation analysis. Lines represent linear regression of correlation with Spearman r coefficient (***p≤ 0.001).





TAK-242 and Antibiotic Treatment Alleviate Intestinal Inflammation in DSS-Induced Colitis

TLR4 inhibition and Abx treatment during the inflammatory phases of CAC potently decreased tumor growth, probably through the reduction of chronic inflammation. The diminished DAI after DSS administration gave a first hint in this direction. To pursue this assumption, we subjected BALB/c mice to the AOM/DSS regimen, applied TAK-242 or Abx, and subjected the mice to extensive analysis in week 2 (Figure 7A). Mice that received Abx rapidly lost body weight but were able to fully recover within 7 days of DSS treatment and even displayed an improved body weight compared to untreated DSS mice at day 14. In contrast, mice injected with TAK-242 started to loose body weight rather late but were also protected from serious body weight loss (Figure 7B). When we analyzed the DAI over time, Abx-treated DSS mice exhibited an early increase in DAI, which could be completely attributed to body weight loss within the first 5 days of DSS treatment. After 7 days of DSS treatment, mice injected with TAK-242, as well as Abx treated mice showed significantly alleviated signs of intestinal inflammation, as indicated by a reduction of rectal bleeding and diarrhea, and an overall decreased DAI (Figure 7C). Consequently, colon shortening was less pronounced after TLR4 inhibition and significantly improved after Abx application (Figure 7D). Secretion of the pro-inflammatory cytokines IL-1β and TNF-α was significantly reduced in the colon of TAK-242 or Abx treated DSS mice, further demonstrating attenuated intestinal inflammation (Figure 7E).




Figure 7 | TAK-242 or antibiotic treatment alleviates intestinal inflammation in DSS-induced colitis. (A) Schematic treatment protocol of DSS colitis induction and TAK-242 or Abx treatment in BALB/c mice. During DSS treatment mice received either i.p. injections of TAK-242 every second day (four injections in total) or were treated with an Abx cocktail of vancomycin, neomycin, ampicillin and metronidazole (six days in total). Mice that received normal drinking water served as control group (ctrl). (B) Body weight and (C) disease activity index (DAI) was measured during DSS treatment. Results are expressed as body weight or DAI over the course of the experiment and the DAI was subdivided into clinical parameters at week 2. The results from three experiments (n=9-13 DSS mice per group) are shown as mean ± SEM and differences between groups were calculated using two-way ANOVA followed by Dunnett´s post-test (***p≤ 0.001) or by two-way ANOVA followed by Tukey´s post-test (DAI at d14, **p≤ 0.01; ***p≤ 0.001 for differences between stool consistency; #p≤ 0.05; ###p≤ 0.001 for differences between rectal bleeding). (D) At week 2, colons were prepared and the length was measured. (E) Biopsies from colon samples were cultured in vitro and secretion of IL-1β and TNF-α in the supernatants were determined by Luminex. Bars show the mean ± SEM of data from three experiments (n=6-8 ctrl mice and n=12-13 DSS mice per group). Statistical significance was calculated using Kruskal-Wallis test followed by Dunn´s post-test (*p≤ 0.05; **p≤ 0.01; ***p≤ 0.001).



Taken together, our data reveal that reducing TLR signaling is an effective approach to alleviate DSS-induced intestinal inflammation with less side effects and thereby protecting mice from CAC development.




Discussion

Typically, inflammation is a prerequisite to clear infections and heal wounds. According to Hanahan and Weinberg, unresolved or chronic inflammation enables the acquisition of cancer hallmark functions (25). In inflammatory bowel disease, such as UC, inflammation appears to result from aberrant host immune responses to the intestinal microbiota driven by both, genetic predisposition and environmental factors (26).

In this study, we identified TLR4 activation as a mechanism that mediates intestinal inflammation and thereby promotes tumor development. First, we observed a strong increase in Tlr4 expression in the colon of mice during the inflammatory phases of AOM/DSS treatment, which points towards an involvement of TLR4 in colitis induction. Well in line with our data, TLR4 expression was shown to be significantly increased in intestinal epithelial cells (IECs) and in the lamina propia of the inflamed mucosa of UC patients (13, 27). Of note, we did not find a boost of intestinal Tlr4 expression when tumor development set in. This is in contrast to studies of UC patients´ mucosa samples and murine colon samples, in which epithelial TLR4 expression was upregulated in dysplastic lesions and colitis-associated tumors (14, 15). A possible reason for this discrepancy might be the difference in TLR4 measurement. While Fukata et al. determined TLR4 expression on protein level by immunofluorescence and western blot and divided the colon tissue of CAC mice in non-dysplastic and tumor lesions, we analyzed Tlr4 expression on mRNA level in whole colon biopsies of CAC mice. Thereby we eventually did not detect tumor cell-specific upregulation of TLR4 protein expression. Nevertheless, when we analyzed the cellular distribution of TLR4 in the colon of mice after the first DSS administration by flow cytometry in more detail, we found that a high percentage of IECs in healthy control and DSS mice express TLR4. As IECs and also CD45+ LPMCs and IELs, further increased TLR4 expression on their surface in response to inflammation, we conclude that, at least at week 2, upregulation of Tlr4 expression in colonic biopsies reflects increased cellular TLR4 protein expression. This finding of high TLR4 expression on IECs coincides with recent data from Price et al., who investigated intestinal TLR patterns in reporter mice under steady state, and found TLR4 expression on both the apical and basolateral surfaces of IECs in the proximal colon, as well as intracellular TLR4 in colonic IECs. They concluded from this, that IECs could respond to TLR4 ligands that have translocated across the epithelium (10), an aspect that could be important when the epithelium displays barrier defects during inflammation. In contrary to Price et al., we could demonstrate an increase of epithelial TLR4 expression after the induction of DSS colitis. This may also underline the influence of different TLR4 measurement techniques or relies on the differences in the application of DSS to induce colitis.

Notably, our experiments revealed that macrophages in the colon displayed very strong TLR4 expression with a significant increase after DSS treatment. Likewise, inflammation-dependent induction of TLR4 expression was found in intestinal macrophages of UC patients (27). In contrast to colonic CD45+ LPMCs and especially macrophages, which upregulated TLR4 expression during DSS induced inflammation, in vitro stimulation of CD45+ LPMCs with LPS did not induce upregulation of cell-surface TLR4. Remarkably, neither TAK-242 treatment in vitro altered TLR4 expression on CD45+ LPMCs, nor TAK-242 treatment in vivo modulated Tlr4 expression in colonic biopsies. Still, TAK-242 treatment in vitro efficiently inhibited LPS induced production of pro-inflammatory cytokines and chemokines in CD45+ LPMCs and in vivo TAK-242 reduced the release of TNF-α and IL-1β from colonic biopsies. We conclude from these results that the effectiveness of TAK-242 treatment is not associated with reduced TLR4 expression. Moreover, we speculate that the increase of TLR4 expression on LPMCs in vivo is not solely dependent on LPS, but must be induced by different signals. Indeed, TLR4 signaling can be regulated at multiple levels by negative regulators, such as Guanine nucleotide-binding protein α subunit-interacting vesicle-associated protein (GIV) (28, 29) or positive regulators. Cytokines, such as GM-CSF and IFN-γ (30–32), or stimulation of the EGFR receptor (33) were shown to provide positive signals that increase TLR4 expression on monocytes, macrophages or microglia cells. Interestingly, TLR4 signaling in IECs induces the expression and release of amphiregulin, which binds to the EGFR receptor in an autocrine and paracrine manner, subsequently stimulating proliferation of IECs (34). Thereby, IECs might not only stimulate their own TLR4 expression but ongoing proliferation could also promote tumor formation. However, whether other TLR4 expressing immune cells than IECs or macrophages are involved in inflammatory processes in the colon needs further investigation. Moreover, whether an increase of TLR4 expression on colonic IECs and CD45+ immune cells has any functional consequences, has yet to be clarified.

The overall importance of TLR4 signaling on acute colitis and CAC development has been intensely studied in murine models using TLR4-/- mice and TLR4 inhibitors, such as TAK-242 or antagonist TLR4 antibodies (15, 24, 35). Although complete deletion of TLR4 in TLR4-/- mice did not protect from severe DSS-induced inflammation (36), the specific lack of TLR4 signaling on colonic epithelial cells inhibited CAC development, as well as recruitment and activation of Cyclooxygenase (Cox)-2 expressing macrophages in the AOM/DSS model (14, 16). In agreement with these findings, we observed that TLR4 inhibition by TAK-242 during the onset of CAC was also potent to reduce macrophage infiltration and impede tumor growth. Contrary to the results from TLR4-/- mice, others and we found that the inhibition of TLR4 signaling by TAK-242 during DSS treatment alleviated intestinal pathology (35).

Wang et al. reported that TAK-242 application in DSS colitis interfered with the JAK2/STAT3 pathway and significantly altered the intestinal microbiota (35). Regarding microbial composition, they observed a markedly decreased abundance of Proteobacteria, Cyanobacteria and Epsilonbacteraeota, while Akkermansia were strongly expanded in TAK-242 treated DSS mice compared to DSS mice. Notably, Akkermansia (A.) muciniphila was recently shown to blunt tumorigenesis in the AOM/DSS colon cancer model by expanding CTLs in the colon (37), and, as a mucin-degrading bacterium, it releases metabolites that provide energy for butyrate-producing intestinal bacteria (38). Butyrate has many beneficial roles, e.g. anti-inflammatory capacities, improving the gut barrier function, and prevention of colon cancer (39). Moreover, butyrate was also shown to induce TLR4 expression on colon cancer cells in vitro (40). Therefore, TAK-242 mediated alterations of the microbial composition and increased butyrate levels might modulate Tlr4 expression and tumor development. Despite the fact that tumorigenesis in CAC is obviously connected to dysbiosis of the microbiota (23, 41), we did not observe changes in Tlr4 expression at the late stage of CAC development. This might be dependent on the transition of IECs to tumor cells that display altered responses to microbial stimulation (42). Well in line with this, when we treated mice in an advanced tumor state of CAC (from week 6 to week 9) with TAK-242, we could not detect any differences in the overall number or size of colonic tumors compared to non-treated animals.

TAK-242 treatment during DSS colitis significantly reduced levels of pro-inflammatory and pro-tumorigenic TNF-α and IL-1β in the colon. These reductions in colonic cytokine secretion were still present in the colon of TAK-242 treated tumor-bearing mice. Given that CAC development is highly dependent on the extent of inflammation and inflammatory cytokines (43), we propose that TAK-242 affects tumor formation mainly via the inhibition of the inflammatory environment. Of note, cytokines, such as IL-6, or IL-1β, not only induce pathogen clearance, but promote the proliferation and survival of intestinal epithelial cells, as well as differentiation of pro-tumorigenic Th17 cells (44–46), thereby supporting tumorigenesis. Nevertheless, it remains to be specified which cells were the source of theses cytokines in our experiments. Analysis on the cellular composition in the colon of CAC mice revealed reduced frequencies of macrophages after TAK-242 treatment, indicating that macrophages might be the central target of TLR4 signaling. Classically activated macrophages produce high levels of pro-inflammatory cytokines, such as TNF-α, IL-1β, IL-6, IL-12, or IL-23, in response to TLR stimulation (47). In the course of intestinal inflammation, Ly6Chi monocytes are recruited to the gut mucosa, but their differentiation into mature macrophages that maintain immune homeostasis is disrupted (48). Immature monocyte-like Ly6Cint macrophages that retain their pro-inflammatory capacity through the secretion of inflammatory cytokines, including IL-1β, accumulate and aggravate tissue damage (49). During tumorigenesis, accumulation of tumor-associated macrophages (TAMs) is widely observed (50). Generally, TAMs are associated with poor prognosis in solid tumors as they acquire an immunosuppressive, pro-angiogenic, and pro-metastatic phenotype (50). In the murine AOM/DSS model of CAC, the contribution of macrophages to tumorigenesis was corroborated by specifically blocking the CCR2-dependent recruitment of macrophages, which was sufficient to prevent tumor development (24, 51). In addition to the general impact of CCR2 blockade, Yang et al. further found that targeting the sensing of microbiota by the oral administration of Abx or the TLR4 inhibitor TAK-242 was potent in reducing the recruitment and activation of macrophages during CAC. Simultaneously, Abx or TAK-242 treatment of CAC mice potently reduced tumor numbers (24). These findings are well in line with our results, as we also observed significantly diminished tumor development after TAK-242 or Abx treatment, accompanied with lower frequencies of colonic macrophages. While Abx application seemed to be superior in restraining CAC, the use of Abx should be well considered due to unwanted side effects. Besides a rapid and strong loss of body weight, a decline in certain metabolites of the intestinal microbiota could be a consequence of prolonged Abx exposure. Depending on their function, these microbial metabolites, either are involved in the suppression of inflammation and cancer (e.g. short-chain fatty acids), or promote carcinogenesis (e.g. secondary bile acids) (52). Although our experiments created similar results in terms of tumor development, Yang et al. used a different regimen of Abx or TAK-242 application. Antibiotics were administered in the drinking water before the onset of CAC and TAK-242 was given together with LPS. Furthermore, TLR4 expression was only measured on colonic epithelial cells. Therefore, Yang et al. propose that the microbiota-induced activation of TLR4 on IECs mediated CCL2 production and thereby facilitated the recruitment of macrophages with a monocyte-like inflammatory phenotype (24). We, on the contrary, speculate that Abx or TAK-242 might directly act on TLR4-expressing intestinal macrophages to block their cytokine production and thus, limit inflammation-induced carcinogenesis. Moreover, we propose an advantage in applying TAK-242 or Abx during DSS administration as this would mimic a therapeutic approach in UC patients. Still, additional research would be reasonable to uncover the direct effect of TAK-242 on intestinal macrophages and the inhibition of tumor growth.

Overall, our results strengthen the importance of TLR4 activation during intestinal inflammation for the development of colitis-associated colon cancer. Targeting TLR4 signaling by TAK-242 has the potential to reduce innate immune cell infiltration and pro-inflammatory mediators in the colon with a long-lasting impact on tumor growth which could be a benefit for the treatment of UC patients.
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The innate immune system is the oldest protection strategy that is conserved across all organisms. Although having an unspecific action, it is the first and fastest defense mechanism against pathogens. Development of predominantly the adaptive immune system takes place after birth. However, some key components of the innate immune system evolve during the prenatal period of life, which endows the newborn with the ability to mount an immune response against pathogenic invaders directly after birth. Undoubtedly, the crosstalk between maternal immune cells, antibodies, dietary antigens, and microbial metabolites originating from the maternal microbiota are the key players in preparing the neonate’s immunity to the outer world. Birth represents the biggest substantial environmental change in life, where the newborn leaves the protective amniotic sac and is exposed for the first time to a countless variety of microbes. Colonization of all body surfaces commences, including skin, lung, and gastrointestinal tract, leading to the establishment of the commensal microbiota and the maturation of the newborn immune system, and hence lifelong health. Pregnancy, birth, and the consumption of breast milk shape the immune development in coordination with maternal and newborn microbiota. Discrepancies in these fine-tuned microbiota interactions during each developmental stage can have long-term effects on disease susceptibility, such as metabolic syndrome, childhood asthma, or autoimmune type 1 diabetes. In this review, we will give an overview of the recent studies by discussing the multifaceted emergence of the newborn innate immune development in line with the importance of maternal and early life microbiota exposure and breast milk intake.
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Introduction

Our understanding of how microbial communities can influence health and disease of their host has significantly improved in the last decades. This boost of scientific discoveries in the microbiome field has been facilitated mainly by the availability and affordability of different techniques, such as gnotobiology, next-generation sequencing (NGS), and metatranscriptomics. Evidence linking the microbiome with the pathophysiology of diseases, for instance, such as inflammatory bowel diseases (IBD) (1–3), cancer (4, 5), obesity (6, 7), type 2 diabetes (8), and neurological disorders (9, 10) is increasing and future research in the field will in-depth dissect how the microbiota and changes in its composition lead to multiple effects in the host.

Birth marks the start of colonization with microbial communities. Many factors are known to influence the microbiota composition in these early days, e.g. birth mode (11), antibiotic treatment during pregnancy (12, 13), or infancy (14, 15), maternal diet (16), breast- or formula feeding (17, 18), and the introduction to solid food (19), while the host genetic background is estimated to only shape about 9% of the intestinal microbiota (20, 21). The microbiome of an infant in its first three years of life is clearly distinguishable from an adult microbiome by a lower diversity index reflected in half as many operational taxonomic units (OTUs) compared to adults and higher interindividual variability (22, 23). Dominant bacterial taxa in the first weeks of life of a newborn include Enterococcacae, Clostridiaceae, Lactobacillaceae, Bifidobacteriaceae, and Streptococcaceae. In the first months of life, Bifidobacteriaceae thrive since they feed on oligosaccharides, which are highly abundant in maternal milk, the main energy source of newborn babies. During weaning, when solid food is introduced, the abundance of Bifidobacteriaceae decreases, while Bacteroides, Ruminococcus, and Clostridium become more prevalent (Figure 1) (24).




Figure 1 | Overview of environmental factors shaping the development of the newborn microbiota and mucosal immune system. Throughout pregnancy, fetal immune development is supported by microbial metabolites originating from the maternal microbiota and by dietary compounds. Innate immune cell populations, such as monocytes, ILCs, and neutrophils belong to the most affected immune cells at this stage. Only at birth, the emerging immune system of the newborn is confronted with live bacteria and thus, is still dependent on maternal protection, which is ensured through breastfeeding. Apart from passive immunization via breast milk, neonatal iNKTs, NK cells, ILCs, and the gastrointestinal epithelial barrier protect against invading pathogens and promote the beneficial interplay with the neonatal microbiota. The adaptive immune system in mice develops primarily postnatally, while a component of adaptive immunity is already present in the human fetus. Birth mode, feeding, and the intake of antibiotics are additional factors that shape the early life microbiota and the neonatal immune system. During the subsequent weaning reaction, when solid food is introduced to the infant’s diet, a tremendous shift occurs in its intestinal bacterial community composition. Consequently, the microbiota is no longer represented by Bifidobacteria and Lactobacilli, but increases in metabolomic diversity evolving to a more adult-like microbiota that is established during this early period of life. This period is often also called the window of opportunity since particularly during this time, external cues have a profound impact on life-long health, the evolving microbiota, and the mucosal immune system. IBD, inflammatory bowel disease; sIgA, secretory immunoglobulin A; ILCs, innate lymphoid cells; iNKTs, invariant natural killer T cells; MAIT, mucosal-associated invariant T cells; moDCs, monocyte-derived dendritic cells; NK, natural killer cells; Th cells, T helper cells; Treg, regulatory T cells; T1D, type 1 diabetes.



The enormous impact of the microbiota on the development of the immune system was in the spotlight early on. Pioneers like René Dubos, Russell Schaedler, and Dwayne Savage have revealed the importance of the gastrointestinal microbiota and its interaction with the host immune system (25–28). Here, we want to guide through the manifold changes that occur in the microbiota during early life and how this leads to a temporally layered postnatal establishment of the intestinal immune system, starting from gestation, via birth, followed by lactation, and the first years of life (Figure 1). A strong focus has been put on reviewing literature on innate immune development.



The Innate Immune System in the Gastrointestinal Tract

The first line of defense against invaders in the gastrointestinal tract includes the mucus layer, the intestinal epithelial cell layer, and hematopoietic immune cells, either scattered throughout the lamina propria or settled as intraepithelial lymphocytes, all of which extensively interact with the microbiota as well as with microbial and diet-derived metabolites.

Mucins build a physical wall that separates the host tissue from the microbial community in the lumen. The large, highly O-glycosylated mucin proteins are either covering the apical surface of enterocytes or secreted into the lumen by goblet cells as gel-forming mucus (Figure 2). The small intestine has a single unattached mucus layer, whereas in the colon and the stomach, two layers exist. There, the inner layer is attached to the epithelium, while the outer layer is unattached and less dense. The mucus fulfills different important functions: (1) It protects against the invasion of pathogens, (2) builds a physical barrier between microbial consortia and the host tissue, (3) protects against self-digestion (for example in the highly acidic environment of the stomach), and (4) directly modulates the expansion of different bacterial strains and the composition of the whole community (Figure 2). Mucins do not only protect from too close contact to the commensal consortia but also serve as a nutrient source for some bacteria that possess glycosidases; These glycosidases enable bacteria to cleave mucin 2 (MUC2) proteins and use them as an energy source. In turn, bacteria release short-chain fatty acids (SCFAs) that are beneficial for the host (29–31). The mucus is bathed with defensins, different antimicrobial peptides (AMPs) originating from Paneth cells, and secretory immunoglobulin type A (sIgA) deriving from plasma cells in the lamina propria. On the other hand, the microbiota affects mucus property and function (32, 33).




Figure 2 | Architecture of the mucus layer in the small intestine. The small intestine has a loose mucus layer (illustrated in green), which keeps commensals at distance. In addition, the epithelium is covered by a glycocalyx, a dense layer composed of secreted mucus proteins (MUC2) that is attached to epithelial cells via the transmembrane part. These layers do not only protect from bacterial penetration, but also from self-digestion of host intestinal tissue. Secretion of AMPs by Paneth cells and other epithelial cells as well as sIgA by plasma cells regulate the growth of different commensal bacterial strains. Furthermore, signals from the neonatal microbiota shape the DNA methylome in intestinal stem cells from birth until weaning. Genes associated with cell glycosylation are particularly affected by a DNA methylation gain, which also correlates with an increase in gene expression. Hence, barrier integrity during early life is additionally ensured through epigenetic remodeling triggered by the microbiota.



The mucosal immune system further comprises the single epithelial cell layer, the underlying lamina propria, and the organized lymphoid structures, such as Peyer’s Patches, isolated lymphoid follicles, and mesenteric lymph nodes (MLNs). Different hematopoietic cells of the innate immune system can be found in the mucosa including mononuclear phagocytes, intestinal macrophages, intestinal dendritic cells (DCs), eosinophils, mast cells, and innate lymphoid cells (ILCs) (Figure 1). They sense the presence of microbes through pattern recognition receptors (PRRs) both in the context of an infection with a pathogen and under homeostatic conditions. Many such PRRs and their signaling pathways have been identified in the last decades, including Toll-like receptors (TLRs), C-type lectins (CTLs), nucleotide-binding oligomerization (NOD)-like receptors (NLRs), RIG-I-like receptors (RLRs), and others. These PRRs bind to pathogen-associated molecular patterns (PAMPs) for example lipopolysaccharides (LPS), an outer cell wall component of gram-negative bacteria (Figure 3).




Figure 3 | Crosstalk between the microbiota and intestinal epithelial cells. Different signaling molecules from the microbiota bind to PRRs expressed on the epithelium, which subsequently activate innate immune mechanisms. This activation can elicit a wide range of effects: It may trigger a pro-inflammatory state for the elimination of pathogens or induce tolerance to commensals by increasing the production of mucins and AMPs, promoting epithelial cell turnover, and mediating stem cell survival. AMPs, antimicrobial peptides; MDP, muramyl dipeptide; PGE2, prostaglandin E2; ROS, reactive oxygen species; TSS, type secretion system.





The “Window of Opportunity”

First hints of the possible existence of a “window of opportunity” in early life during which environmental influences can have long-lasting effects on microbiota composition, immune regulation, and disease susceptibility of the host, came from epidemiological studies. Scientists observed a positive correlation between higher hygiene standards in industrialized countries and a rising incidence of autoimmune and allergic diseases (34, 35), which was followed by studies that suggested a reduced exposure to a microbial-rich environment as a possible cause. For example, growing up on a farm, being representative for a microbial-rich environment, prevents the development of allergic asthma (36–39) and this effect has been shown to be long-lasting (40). Furthermore, optimal nutrition is pivotal for both the pregnant mother and her unborn child, as perturbations in this critical time pose the fetus at risk of later developing a plethora of chronic disorders, such as metabolic syndrome, type 2 diabetes, coronary heart disease, adiposity, and osteoporosis (41–44). Until now, therapeutic interventions – for example via fecal transplantation – were of limited success, one reason why much effort is taken to further dissect the causal mechanisms of how such early events can lead to later disease onset. The microbiota certainly is a key player during this window of opportunity. Early colonization during this critical time window by a microbial consortium is crucial for the proper development of the immune system and has been demonstrated in various mouse models (14, 45–48). It seems that the window of opportunity in mice closes around the time of weaning. In humans, we know that a stable microbiota composition is established at the age of 2-3 years. However, no clear data are yet available to assess the exact time when the window of opportunity closes. While the immune system of the child predominantly matures in the first few years after birth, it is still strongly shaped later during childhood. Due to the distinct needs at different stages in life, the structural organization of various immune layers at the intestine has been identified. In neonatal mice, there is no established crypt-villous axis, and their epithelium is characterized by a lower turnover compared to adult mice (48–50). Additionally, there are almost no mature Paneth cells present in neonatal mice and the mucus layer is much thinner – it is only around the time of weaning when a reliable mucus shield against invaders is established (48). Further, PRRs are expressed in an age-dependent manner. For example, TLR4 expression is increased in the prenatal period and decreases at term, whereas TLR9 expression is reduced during gestation and increases after birth. This pattern of expression for TLR4 and TLR9 is inversed in tissue from infants suffering from necrotizing enterocolitis (NEC) and might be of pathophysiological relevance (51). TLR3 expression is low at birth and increases during the postnatal period (52). Sensing of LPS in the neonatal intestine via TLR4 leads to expression of the microRNA miR-146a which maintains phosphorylation of IκBα, subsequently inhibiting IRAK expression and resulting in LPS tolerance (53, 54) (Figure 3). One could hypothesize that age-dependent expression of PRRs may represent a strategy of the host to push colonization of the mucosal sites towards beneficial commensals and it is possible that altering expression levels of different PRRs in a timely manner helps to fine-tune age-dependent requirements of the host, e.g., in terms of nutrients provided by certain bacteria.

What has started as epidemiological correlation-based observations has developed into in-depth experimental research. These scientific investigations have revealed mechanistic insights into how events during this critical window affect long-term health of the host. The window of opportunity not only opens after birth but already during pregnancy, having manifold effects on the developing fetus, in ways that we will discuss next.



Gestational Imprinting of the Neonatal Intestinal Innate Immune System

Adaptations of the female body during pregnancy are remarkable, affecting all organ systems and including the development of the placenta, a highly specialized organ that provides an anatomical separation of the fetus and the mother for preventing immunogenicity of the mother against the fetus and vice versa. At the same time, this complex organ ensures the maternofetal exchange of molecules, including those originating from the maternal microbiota (55). In recent years, much attention has been drawn to the possible existence of a placental microbiome itself.


Is There a Placental Microbiome?

Whether the placenta harbors a microbial community is a matter of debate and has started when a study from the Versalovic group in 2014 has challenged the paradigm of a sterile womb. They performed 16S sequencing on human placental samples and detected a microbial community (56). Before that, others have found bacteria in the human placenta during term (57, 58) and preterm deliveries (58). Bacteria have also been identified from human umbilical cord blood (59), meconium (60), and amniotic fluid (57). Additionally, genetically labeled E. faecium was administered orally to pregnant mice and subsequently isolated from the culture of amniotic fluid (59) and meconium (60), many studies followed claiming the existence of a placental microbiome (61–64).

Immediately after the Versalovic group published their paper in 2014, Harvey Kliman pointed out that the sole detection of DNA does not provide evidence for the existence of living microbes (65). Over time, it became more and more obvious that contamination issues (66, 67) and the Test-Kit’s own “microbiome”, the so-called “kitome” (68), represent big challenges in the search for a microbiota inhabiting the placenta. Subsequently, several groups had a closer look and performed even more careful evaluations (1) by adding controls at every step of the process, (2) only including samples of cesarian (C)- section-derived tissue to reduce the risk for contamination during the birth process, (3) combining high-throughput sequencing with qPCR and bacterial culture, (4) comparing the bacterial taxa from those found in the close environment (e.g. the processing room), and (5) subtracting the taxa that overlapped with the kitome. Scientists were not able to detect a placental microbiome by including the above-mentioned precautions (68–73). However, the issue does not seem settled, as a recently published paper claims to have detected bacterial DNA and viable bacteria in the fetal intestine by using 16S rRNA gene sequencing, qPCR, electron microscopy, and bacterial culture (74), which re-sparked the controversy whether a placental microbiome exists (74–76).

From a biological perspective, we doubt the presence of an established microbial community in the placenta (55, 77). As elegantly reasoned by Walter & Hornef, «multi-layered contextual evidence» has not been taken into account by proponents of the in utero colonization hypothesis, but most studies have focused on sequencing techniques only (78). They further emphasized that there is no overlap between the bacterial taxa detected in utero in the different sequencing studies but almost a congruence between the bacterial taxa identified in utero and the controls (78).



Maternofetal Exchange Influencing the Development of the Neonate’s Mucosal Innate Immune System

Even though the existence of a placental microbiota is questionable, the transport of commensal bacteria-derived metabolites via the placental barrier is well established. The gut maternal microbiota plays an important role in this maternofetal molecular transfer and is thereby able to modulate fetal development (79). Our group showed that reversible colonization of germ-free females with a genetically modified E. coli strain (80) during pregnancy induced distinct changes in the intestinal innate immune system of the offspring (77). This was dependent on the transfer of maternal microbiota-derived aryl hydrocarbon receptor (AhR) ligands (81), which stimulated the proliferation of innate lymphoid cells type 3 (ILC3s) (77). ILC3s are crucial for maintaining the gut epithelial barrier and host defense by the production of IL-22 and IL-17 and subsequently inducing the secretion of AMPs (82, 83). Moreover, the expression of genes involved in epithelial cell differentiation, integrity, and homeostasis was altered in small intestinal epithelial cells of the offspring born to mothers who had experienced reversible colonization during pregnancy (77). Our group recently reviewed how manifold metabolites processed by the maternal microbiota can reach the fetus and affect its development and physiology (55).

Antibiotics and other drugs can indirectly influence the maternal microbiota-fetus crosstalk, by altering the microbiota composition and subsequently the metabolite-pool derived from the microbiota. Perinatal antibiotic exposure reduced Nrp-1-RORγt-Foxp3+ regulatory T cells (Tregs) in the offspring and was irreversible after weaning (84). Another study found lower levels of IL-17 and granulocyte colony-stimulating factor (G-CSF) in the intestine of antibiotic-treated dams. Their neonates exhibited decreased numbers of circulating and bone marrow neutrophils as well as granulocyte/macrophage-restricted progenitor cells in the bone marrow (82). However, the offspring of antibiotic-treated non-obese diabetic dams were protected against the development of type 1 diabetes through mechanisms of alteration in the microbiota composition and induction of tolerogenic antigen-presenting cells (APCs) (85, 86). In humans, a population-based Danish cohort study found a positive correlation between antibiotic exposure during pregnancy and a risk for severe infections in children (87). Antibiotic treatment during pregnancy was further associated with an increased risk for very early onset of IBD in the offspring (88).

An important side note is the observation that a healthy pregnancy leads to changes in the microbiota composition that resembles a dysbiotic composition – however, in the context of pregnancy with its unique needs and requirements, these adaptations are physiological (89, 90). For example, Faecalibacterium, which is a SCFA producer, decreases in abundance in the last trimester of pregnancy. This decline of Faecalibacterium has also been observed in populations with metabolic syndrome (91). Overall, pregnancy is associated with a decrease in microbial diversity and richness, and an increase in bacterial load with an expansion in Proteobacteria and Actinobacteria (92, 93). This shift in the microbiota of pregnant women is subjected to adjustments in dietary habits, which are accompanied by changes in the pool of bacterial metabolites to fully support the development of the fetal immune system. A fiber-rich diet during pregnancy protected the offspring against the onset of asthma, probably via inhibition of histone deacetylase 9 (HDAC9) mediated by acetate resulting in higher gene transcription of Foxp3 in Tregs. They further lowered frequencies of eosinophils and macrophages in the blood and bronchoalveolar lavage fluid as well as serum IgE levels of the offspring (94).

1,25-dihydroxyvitamin D3 plays an important role in epithelial barrier integrity. Mice with vitamin D deficiency and C. rodentium challenge demonstrated increased colonic hyperplasia and epithelial barrier dysfunction (95). Malnourished pregnant mothers, specifically in 1,25-dihydroxyvitamin D3, might be at higher risk for developing intestinal infections, which poses a substantial risk to the unborn child. Another study found that lymphocytes isolated from the cord blood downregulated TLR1, -2, -4, -6, and -9 upon supplementation with high doses of 1,25-dihydroxyvitamin D3 during pregnancy (96). In mice, maternal dietary-derived retinoic acid, the active form of vitamin A, influences secondary lymphoid development in the offspring as lymphoid tissue inducer (LTi) cells, a subset of ILC3s (97). Mechanistic insights on a molecular level for the relation between prenatal nutrition and intrauterine immune development come from a study investigating metastable alleles in a Gambian human population with seasonal variations in food supply. A metastable allele, VTRNA2-1, was differentially methylated between offspring from mothers, which were either at conception when food was available in adequate or insufficient amounts. Strikingly, VTRNA2-1 has been identified to play a role in viral immunity (98), which reflects common observations linking undernutrition with higher infection rates.

While the mentioned examples illustrate that the maternal microbiota can affect the development of the offspring’s immune system already in utero, additional studies are needed in the future to better understand this crosstalk.




The Interplay of Early Life Colonization and Neonatal Immunity

When it comes to the development and maturation of the newborn’s immune system to guarantee lifelong health, the immediate period after birth is as important as the gestational stage. Although several key steps regarding innate immune development take place already in utero, many others require postnatal antigen exposure to evolve. NK cells and ILCs are present already at birth and subsequently expand and even reach higher frequencies than in adulthood. This ensures that the newborn is prepared against immediate threads and protected against infections early in life (99–103). Even though the neonate’s innate immune system is capable to mount an immediate response against potential pathogens right after birth, it still has to mature in coordination with the microbiota and many other environmental factors (48, 104–106). In contrast, the murine adaptive immune system develops predominately postnatally. This is not completely transferrable to the human organism. Data are available that demonstrate the presence of adaptive immune cells in the developing fetus. Teichmann and colleagues detected thymic T cells in the fetus as early as 7 weeks post conception (107), while effector CD4+ T cells were described in the intestine of the developing fetus during the second trimester of pregnancy (108). In addition, mucosal-associated invariant T (MAIT) cells are already present during in utero development of humans and can protect the newborn baby from infections (109).


Are the Newborn Microbiota Development and Immune Maturation Shaped by the Birth Mode With Long-Term Consequences on Human Health?

The event of birth represents the change from the sterile environment in utero to the rapid colonization of all body surfaces. For a vaginally born baby, this is initiated by vertical transmission of microbes when passing the birth canal and primarily includes microbes inhabiting the maternal gut lumen (110). A thorough metagenomic shotgun sequencing analysis of fecal samples collected at different timepoints from full-term infants during their first year of life points out the dynamics and importance of the microbiota early in life. As previously mentioned, the complexity of the gut microbiota increases during the first year after birth (Figure 1). Simultaneously, the composition of the gut microbiota progressively resembles the maternal gut microbiota and ultimately develops into the adult gut microbiota (13, 23, 111).

This process of early life colonization can be perturbed by external factors, for example, when a baby is delivered by C-section. Babies born via surgical delivery share around 30% less bacterial species with their mother than naturally born babies, indicating different sources of gut colonizers. Indeed, infants born via C-section harbor an increased number of species usually colonizing the skin (Staph. saprophyticus) or circulating in the hospital (Enterococcus faecalis, Enterobacter cloacae, Klebsiella pneumoniae, and Clostridium perfringens) (13, 112). Most often, acquired from the hospital environment, these strains are opportunistic pathogens, also relevant in nosocomial infections and harboring antimicrobial resistance genes (112). At the phylum level, the microbiota of babies born via C-section is dominated by Firmicutes and Proteobacteria, with a shift to fewer Bacteriodetes and Actinobacteria (113). Additionally to the missing passage through the birth canal, also the use of antibiotics, which is the first-line pharmacological therapy intrapartum, disturbs the microbial colonization of the neonate at birth. Within the first year of life, the microbiota of C-section babies is able to recover but may also persist for longer (13, 111, 113–116). Therefore, it is still highly debated whether surgical delivery has life-long consequences. A comprehensive study performed in Denmark associated a multitude of inflammatory diseases to C-section delivery. Over 2.5 million candidates were followed from birth up to 40 years of age. Indeed, participants born via C-section were at a higher risk to develop diabetes, arthritis, celiac disease, or IBD. Nonetheless, a correlation between a distinct microbiota early in life as a consequence of cesarean section and the onset of immune-mediated etiologies later in life could not be disentangled (117). In a recently published study, Stockholm and colleagues addressed this relationship (110). They could demonstrate that infants with a long-term C-section-associated microbiota composition suffer from a higher susceptibility to childhood asthma or an increased risk of allergic sensitization marked by high IgE. Children who retained a C-section microbiota profile at the age of one year also mounted a different immune response during episodes of acute airway symptoms, determined by lower levels of immune mediators, such as TNF-α, IL-4, IL-13, or IL-1β. It is not yet clear, which changes specifically in the gut microbiota are the key factors driving these allergic phenotypes (113). In contrast, children born via C-section, who could normalize their microbial colonization pattern during their first year of life, were not affected by either a higher risk for childhood asthma or allergic sensitization early in life. Hence, other impacts on gut microbial composition, such as the contact with the maternal microbiota from body sites other than the gut or having older siblings in the family might play a pivotal role in maturing the neonatal microbiota towards a less sensitizing composition (110, 113, 118, 119).

Since the immune system is largely evolving during this window of opportunity, a C-section-associated composition could interfere with the healthy development of the immune system and conclusively explain the threefold risk to develop childhood asthma or other immune-related disorders after cesarean delivery (113, 117). Specifically, the development of the regulatory immune system is affected by the birth mode, as shown in several murine studies. Mice born via C-section had stunted levels of Tregs in the spleen and MLNs and reduced systemic IL-10 levels until adulthood (120, 121). On the other hand, the proportion of invariant natural killer T cells (iNKT) was increased in the colon, as well as their expression of Il4 and Il15. A prebiotic diet was able to reestablish reduced numbers of iNKTs similarly to vaginally delivered mice. However, the levels of Tregs were unaffected and remained low (121). The causative effect of high iNKTs and the early life microbial colonization pattern after C-section in humans has yet to be elucidated. Notably, normal iNKT cell levels in the colonic lamina propria could only be restored when germ-free mice were colonized in the first few weeks of life but not at later time points (46). Additionally, germ-free mice and mice delivered via C-section were more susceptible to iNKT cell-mediated oxazolone-induced colitis, a murine model for IBD (46, 122).

The practice of C-section, specifically without any urgent medical indication, is increasing worldwide, and in wealthy countries even with a skyrocketing prevalence (123). Hence, it is also of interest to overcome the imbalanced mother-to-neonate transmission after surgical delivery. In a proof-of-concept safety study, Korpela and colleagues orally transplanted fecal microbiota, collected from a total of 7 mothers, to their C-section-born neonates. Fecal microbiota transplantation (FMT) could shift the gut microbiota towards a vaginally born colonization pattern, including the restoration of a healthy Bacteroides level (124). Additionally, FMT alleviated the abundance of opportunistic pathogens characteristic of a C-section microbiota (112, 124). Even though the proof-of-concept safety study displayed benefits for FMT after cesarean delivery, such practices should be regarded with caution. The mother could harbor potential pathogens or viruses, with which her immune system is able to cope, but not the immature immune system of the newborn. Therefore, thorough microbiota profiling beforehand is crucial. In the mentioned study, for example, only 7 out of 17 mothers were selected after careful examination (124). A different approach for microbiota restoration in newborns is vaginal microbiota transfer at birth. Nevertheless, the major source for neonatal gut colonizers is the maternal intestinal microbiota, hence, not surprisingly vaginal swabbing at birth was unable to durably establish a microbiota similar to vaginally born babies (110, 124). These findings stand in contrast with the conclusions drawn by Dominguez and colleagues. Exposure of newborns with vaginal fluids at birth, exhibited a vaginal microbiome-like signature during the first week of life, which was similar to vaginally born babies and to the vaginal microbiota of the mother (125). Hence, even though the effects of C-section on the development of the newborn microbiota and its immune maturation are well established, the options to adjust the imbalance during the window of opportunity and particularly its consequences on long-term microbiota composition and human health are still a matter of debate and extensive research.



The Effect of Environmental Cues, Such as Xenobiotics, Vitamins, or Other Dietary Agents on Neonatal Immune Development and Susceptibility to Immune-Mediated Diseases


Antibiotic Treatment

The postnatal maturation of the immune system is highly sensitive to environmental factors. Preterm babies are particularly weak and complications at this stage are still a major cause of neonatal death (126). Preterm babies often need to undergo empirical antibiotic treatment in the neonatal intensive care unit (NICU), leading to nosocomial late-onset sepsis (LOS), which can appear 3 days after birth or later (127, 128). Empirical antibiotic treatments include generally broad-spectrum antibiotics, including Vancomycin and thus, the increasing prevalence of antimicrobial-resistant pathogens, such as the multidrug-resistant Staphylococcus capitis clone (NRCS-A) is alarming. Not only because NRCS-A is exceptionally disseminating in NICUs, but also due to its probable relevance in LOS pathogenesis (129, 130). Approaches, such as the MinION seq platform, aim to rapidly (in less than 5 h) identify the pathogenic species and their antimicrobial-resistant genes to reduce broad-spectrum antibiotic treatment early in life and specifically target LOS in the newborn patient (131). Neonatal antibiotic treatment impedes the building microbiota and may set the basis for pathological colonization and finally LOS. Likewise, the maturation of the immune system is impaired due to its indispensable relationship with the microbiota. In a murine model, Niu et al. could unravel the effects of antibiotic use and LOS on the innate immune system (83). Specific pathogen-free (SPF) dams were treated with antibiotics either shortly (3 d) or for a prolonged period (7 d) while they were nursing their neonates, resulting in antibiotic exposure of the neonates through their mother. This experimental design mimics the situation of preterm babies receiving empirical antibiotic treatments resulting in a stunted microbiota. Both, in short, and in prolonged antibiotic exposure and similar to human babies born via C-section, Proteobacteria expanded persistently, whereas Enterobacter and Enterococcus species could only translocate to the spleen and the liver after long-term antibiotic exposure. Due to this shift in neonatal microbiota, K. pneumoniae was able to colonize the neonatal gut and additionally translocate systemically, resulting in sepsis. Reduced bacterial signals diminished epithelial TLR2 and TLR4 gene expression, which commonly drive ILC3 expansion. Ultimately, long-term antibiotics also diminished the ILC3 population in the lamina propria. Since microbiota restoration reestablished ILC3s and rescued the antibiotic-treated pups from sepsis, this innate immune population contributes to the important protection of the neonate after birth. However, changes in the abundance of ILC3s through neonatal antibiotic exposure by treating the dams might also be explained by changes in the maternal microbiota or breast milk itself (83). The importance of maternal microbiota-induced intestinal ILC3s in regulating early life colonization was also demonstrated by our group as discussed earlier (77).



Early Life Vitamin D Supplementation

Vitamin D deficiency during the first years after birth was previously associated with an increased risk to develop asthma, eczema, or atopic sensitization during childhood (132, 133). One of the determinants of risk for childhood asthma development might be early nasopharyngeal colonization with pathogenic Streptococcus species (132). The immunological mechanism behind, most probably involves the development of tolerogenic DCs and Tregs after repeated exposure to aeroallergens, which affects normal maturation of pulmonary function, followed by cumulative airway tissue damage (134, 135). Under healthy conditions, CD11b+ migratory DCs are sensitized after house dust mite and microbial LPS exposure, which prompts them to dampen type 2 T helper (Th2) cell differentiation through TNF-α signaling. This process is well-developed in adult mice, in contrast to younger mice, where the threshold for sensitization is decreased. Thus, young mice are more prone to develop asthmatic inflammation due to the weakened response of DCs towards microbial low-dose LPS stimuli, which then insufficiently suppress Th2 cell development (136). Latest studies report altered differentiation and activation of several T cell subsets, including Th1 and Th2 cells after oral vitamin D supplementation or UV exposure in neonates. Especially the differentiation of naïve CD4+ T cells into Th2 cells was reduced by lower IL-2 production (137, 138).

Apart from vitamin D deficiency, childhood asthma has also been associated with respiratory viral infections early in life. Therefore, vitamin D supplementation could alleviate asthma risk by reducing viral infections, explained through distinct neonatal IFN-γ production and abnormal neutrophil responses (139, 140). A study performed in Vietnam confirmed that an 8-month supplementation of vitamin D during infancy diminished the frequency of respiratory infections caused by non-influenza viruses, such as rhinoviruses. However, the influenza infection rate remained unaffected by vitamin D administration (141). Collectively, neonatal vitamin D is crucial for the healthy development of the respiratory immune system and notably to improve the communication between respiratory microbial signals, the innate and the adaptive immune system with life-long consequences on asthma susceptibility (133, 136, 137).



Short-Chain Fatty Acids and Extensive Gluten Intake During Infancy

Gut commensals play a key role in processing indigestible food components to provide essential vitamins and SCFAs to the host. The period when solid food is gradually introduced coincides with a burst in microbial changes and immune regulatory processes, also known as the weaning reaction. In case of an absent weaning reaction, pathological imprinting occurs, having life-long consequences on host allergy and cancer susceptibility (19). The weaning reaction is dependent on the microbiota and additionally on a specific time window since the reconstitution of germ-free mice at later stages could not rescue from pathological imprinting in the small intestine (19). During a preweaning interval, goblet cell-associated antigen passages (GAPs) are formed and specifically deliver antigens from epithelium-adhering bacteria to the colonic lamina propria. These encounters prime Foxp3+ Tregs to protect the neonate from dextran sulfate sodium (DSS)-induced colitis later in life. Essentially, blocking GAPs before weaning inhibited Treg development in the colonic lamina propria and resulted in an impaired establishment of early life bacterial-induced tolerance (142). The microbiota produces SCFAs from dietary fibers, which promote the expansion of RORγt+ Tregs in the small intestine and thereby prevent pathological imprinting. Nevertheless, SCFAs alone were not able to induce Tregs in germ-free mice, nor was exclusive bacterial colonization. Hence, additional signals are required and we will display later in this review that the weaning reaction is not solely happening because of the digestion of dietary fibers by gut microbes, but that it depends further on components in the breast milk, which delay the weaning reaction (19).

Dietary fibers are found in plant-derived food. Apart from vegetables and fruits, also barley, rye, and wheat are vital fiber sources. These different grain varieties contain gluten, an important food antigen, which can cause celiac disease in genetically predisposed individuals. Since not all individuals with the celiac-relevant HLA antigen genotype develop celiac disease, environmental factors seem to play an essential role. One currently discussed environmental aspect is the effect of early life gluten intake because the disease often manifests during infancy (143–145). Several studies highlight the association of extensive gluten intake during childhood with an increased risk of developing celiac disease if genetically predisposed (146–148). It is hypothesized that shifts in the microbiota composition during the first year of life precede the disease pathology. These include high abundance of Bifidobacterium breve and Enterococcus spp., whereas increases in Firmicutes and Bifidobacterium longum are correlated with a reduced risk. Even though the overall changes in the commensal community were minute, children who later developed celiac disease exhibited a premature microbial diversity and complexity, followed by increased IL-6, reduced sIgA, and TNF-α levels in the feces (149). However, the cause for the microbial shift and its consequences on immune regulation and response to the gluten antigen could again be attributed to different cues in utero or after birth, such as the feeding practice (150).

Celiac disease onset as a result of early life development summarizes the importance of a balanced interplay between food intake, gut microbial metabolism, and mucosal immune function, which altogether maintain gastrointestinal epithelial barrier integrity, an innate immune mechanism we will highlight in the next section (149–152).





Gastrointestinal Epithelial Barrier and Gut Commensals Early in Life

The gastrointestinal epithelium acts as a physical barrier to prevent translocation of pathogens, but it also senses microbial antigens to maintain host-microbial mutualism (153). The oral epithelium is a multilayered, stratified epithelium similar to the cutaneous epithelium, whereas the lower parts of the intestine are aligned with a single layer of cells. Therefore, the epithelial establishment and its crosstalk with immune cells and the microbiota evolve to some extent differently in the oral cavity, the small intestine, and the colon (49, 50, 154, 155).

The oral cavity belongs to the earliest microbially exposed body surfaces. Nevertheless, little is known about the development of its mucosal immune system. Only recently, light was shed on the mutual interplay between microbiota development and local immunity. In contrast to the intestine, neutrophils are highly abundant in the neonatal oral mucosa and due to the increased permeability of the oral epithelium before weaning, they play an important role in the first line of defense against the high microbial load acquired at birth. Upon microbial stimulation, γδ T cells produce IL-17 and induce the recruitment of prenatally established neutrophils. At weaning, these γδ T cells diminish and simultaneously the oral epithelial barrier strengthens by reducing its permeability and upregulating saliva production. With the higher levels of salivary AMPs, the microbial load decreases and the oral epithelium finally matures, having a greater turnover and a reduced expression of microbial recognition receptors, including TLR2 and TLR4, and lower expression of antimicrobial defensins. Conclusively, the early defense mechanisms of the innate immune system against the oral microbiota enable the development of a tolerogenic oral epithelium, which during the neonatal phase is most vulnerable (49).

In the lower intestine, where microbial density increases, luminal metabolites change dramatically during weaning. This newly introduced metabolome not only affects the development of the immune system but also its regulation through epithelial cells by strengthening the physical barrier and supporting epithelial maturation to an absorptive phenotype (19, 156). Identical to the oral cavity, the small intestinal and cecal epithelia reduce the transcription of TLRs and AMPs at the suckling-to-weaning transition (156–158). A recent study by Hornef and colleagues found an age-dependent expression of TLR5, where relative expression was 200-fold higher in newborns compared to adult mice. Importantly, this difference in TLR5 expression was specific to the intestinal epithelium and had a lifelong impact on microbial composition in the gut (158). Specifically, stimulation of Reg3γ production mediated by TLR5 controlled counter-selection of flagellated bacteria and thereby modulated the intestinal microbiota until adulthood (Figure 3).

Apart from microbial sensing, the microbiota shapes the functionality and performance of the intestinal epithelial stem cell niche during development. Bacterial exposure at weaning affected gene expression of the erythroid differentiation regulator-1 (Erdr1), which is important for stem cell proliferation and regeneration after epithelial damage in the neonatal colon (159). However, already before weaning, microbial metabolites influence intestinal epithelial renewal. Small intestinal organoids stimulated with sterile filtered stool supernatant obtained from term-babies exhibited higher proliferation and accelerated maturation than untreated organoids. Stool supernatants from pre-term babies, having a stunted microbiota composition, were unable to stimulate organoid development (160). From this mixture of microbial metabolites produced by a healthy microbiota, it is the ambitious goal of mucosal immunologists to identify substances to use as possible therapeutic agents to modulate the imbalanced mucosal homeostasis in susceptible newborns. To narrow down the myriad of possible metabolites, analyses on less diverse systems are performed. Monocolonization of murine pups with a particular Bifidobacterium breve strain (UCC2003) was able to boost epithelial regeneration by supporting the stem cell niche and increasing epithelial differentiation in the small intestine. Additionally, upregulation of integrins, tight-junction molecules, and increased mucus production in pups after Bifidobacterium breve treatment supported its role in strengthening the physical intestinal barrier (161).

The turnover rate of the small intestinal epithelium is slower in neonates than in adult mice (49, 50). This might explain the protection of neonatal mice against inflammation-induced cell shedding after LPS administration. Since apoptotic signaling cascades, including TNF-α production, were intact in neonates, it appears that innate immune mechanisms guided through IFN-γ provide the necessary protection against pathological cell shedding. Again, gut commensals were crucial to orchestrate the immune system towards a tolerogenic phenotype with elevated IL-10 levels to protect from increased LPS-induced epithelial cell death (162).

Long-lasting epithelial homeostasis is partially driven by epigenetic remodeling as a response to microbial stimuli early in life. The most intensively studied metabolite with epigenetic relevance is butyrate, a product from bacterial fiber metabolism. Its supportive role on epithelial sealing, which coincides with the implementation of dietary fibers in combination with its inhibitory effect on histone deacetylases, suggests an important role in regulating epithelial maturation to ensure lifelong mucosal homeostasis (156). Nonetheless, epigenetic remodeling on the level of DNA methylation appears to be more central early in life. Already in 2015, Yu et al. demonstrated that a DNA methylation gain in intestinal stem cells from birth until weaning had lifelong consequences on barrier integrity (163). Genes associated with a methylation gain were involved in intestinal maturation and glycosphingolipid biosynthetic processes. Also, the expression of these genes affecting glycosylation was increased, indicating that the DNA methylation gain is affecting regulatory regions and further supporting the role of epigenetic remodeling in early life barrier formation (163). Glycosphingolipids contribute to the epithelial cell barrier integrity by shaping the glycocalyx of intestinal epithelial cells (Figure 2). Furthermore, the glycosylation pattern of intestinal epithelial cells has been directly associated with beneficial effects on age susceptibility to pathogenic bacterial infections, IBD, and cancer metastasis (164, 165). The DNA methylation gain is microbiota-dependent since mice raised germ-free showed a dysregulated DNA methylation development in the colon from birth until adulthood when compared to conventionally raised mice (CNV). Conventionalizing germ-free pups with FMT at postnatal day 25 partially restored the gain in DNA methylation in adulthood (163). The impact of the microbiota on the DNA methylome in colonic or small intestinal epithelial cells is most probably restricted to specific gene sets and does not affect the DNA methylation pattern on a global scale (157, 163). Enhancer elements known to be lowly methylated, so-called low-methylated regions (LMRs) are strongly affected by the microbiota. This DNA methylation analysis stays in agreement with the transcriptomic analysis and indicates that gut colonization integrates DNA demethylation in LMRs early in life with consequences on gene transcription, which finally drives intestinal development and homeostasis. The epigenomic differences between germ-free and CNV mice had functional consequences on gastrointestinal health, confirmed by increased chromatin accessibility after induction of DSS colitis in genes playing a role in the inflammatory response of the colonic epithelium in CNV mice (166). These findings indicate a profound effect of the microbiota on intestinal epithelial cell homeostasis through epigenetic regulation early in life, certainly, an area that requires further analytic investigations in the future (157, 163, 166).



The Importance of Breast Milk for the Development of the Neonate

Breastfeeding is one of the most meaningful exposures during early life. It is considered the best nutrition source for the infant as it contains the perfect balance of lipids, proteins, and carbohydrates, as well as high amounts of micronutrients that are crucial for neonatal growth (167–169). Many of the breast milk components are not only a nutrient source but are additionally biologically active, protect the neonate against pathogen- and immune-mediated diseases (Figure 4) (168, 170–174), and drive the maturation of its immune system (175, 176). Recently, a human study showed that breast milk promotes neonatal immune tolerance in response to antigenic stimulation by increasing the proportion of Tregs while reducing the proliferation of T helper cells and cytokine production (177). This may be one mechanism of considerable importance to ensure lifelong health.




Figure 4 | Breastfeeding mediates the transfer of biologically active molecules from the mother to the infant. Breast milk contains a huge diversity of components, ranging from simple sugars, antibodies, and cells to molecules that directly trigger reactions in target cells and/or tissues, such as cytokines, growth factors, and exosomes. Thereby, milk molecules ensure the infant’s well-being by driving innate and adaptive immune maturation, and further contributing to the development of its mucosal and nervous system. HMOs, human milk oligosaccharides; ILCs, innate lymphoid cells; Mφ, macrophages; MDSCs, mononuclear-derived suppressor cells; MO, monocytes; NP, neutrophils; SC, stem cells.




Human Milk Oligosaccharides (HMOs) in Breast Milk

Human milk contains substantial amounts of HMOs, which are fucosylated or sialylated. These complex carbohydrates are one of the most important biologically active compounds that are present in human milk playing essential roles in the development of the newborn (178, 179). They act as prebiotics in the establishment of the infant gut microbiota and inhibit for example the expansion of B. Streptococci, which can cause invasive infections in neonates (180, 181). HMOs also protect against NEC, a widespread and serious gastrointestinal condition affecting predominantly premature infants, leading to the destruction of the intestinal barrier (182, 183). Interestingly, the level of HMOs in breast milk was recently shown to negatively correlate with the incidence of this disease (184, 185). HMOs increase the intestinal mucin level thereby reducing bacterial attachment to the gut epithelium and the risk to develop NEC (186). Remarkably, not only the incidence of pathogen-mediated illnesses is influenced by HMOs, but also the onset of immune-mediated etiologies, such as autoimmune type 1 diabetes (187). Overall, the protective capacity of HMOs raises questions such as: Could additional HMO supplementation during early life be used as a therapeutic strategy for the treatment or prevention of diseases?

HMOs are known to support the development of neonatal immunity. They positively affect the expansion of intestinal commensals, which is part of our first line defense strategy by providing colonization resistance and contributing to mucosal homeostasis (179, 188). Furthermore, HMOs directly support the intestinal barrier function by affecting the maturation of epithelial cells (179). In vitro studies revealed that they protect the gut barrier in a dose-dependent manner by conferring resistance against inflammation-induced epithelial cell dysfunction (189).

The contribution of HMOs to immune cell development and function is also well established (179). For instance, it was recently published that they drive the maturation of monocyte-derived dendritic cells (moDCs), which in turn stimulate the generation of Tregs. Hence, HMOs enhance immune tolerance, which may be one of the central mechanisms by which they contribute to the prevention of immune-mediated diseases in the newborn (187, 190).

Apart from the immune-related and prebiotic functions of HMOs, which have long been recognized and accepted, they are also crucial for the infant’s nutrition. Recent publications display associations between the breast milk HMO composition and infant growth (191). Moreover, its supplementation during childhood has been proposed to be a promising tool to support the development and even improve growth in undernourished infants (192, 193). Additionally, HMOs were suggested to have beneficial effects on brain development by altering the expression of several genes relevant to improve recognition memory (194).

To sum up, HMOs are fundamental breast milk components for the newborn when it comes to the development of its first line defense mechanism by promoting intestinal barrier function and contributing to immune cell maturation, both key factors for guaranteeing lifelong health.



Proteins and Peptides in Breast Milk

A broad range of peptides and proteins is found in human milk, which are involved in nutrient absorption (amylase, α1-antitrypsin), have immune and antimicrobial properties (immunoglobulins, lactoferrin, cytokines), and possess the ability to promote growth (e.g. epidermal growth factor (EGF)). Among all, α-lactalbumin, casein, lysozyme, and sIgA are the most abundant ones (167, 195, 196). As previously discussed, the neonatal immune system is inexperienced and immature. Thus, neonates rely on passive immunization through breast milk by maternally derived antibodies that offer effective and specific protection against pathogens (171). Lately, it has been demonstrated that maternal IgA prevents NEC in preterm infants by binding to intestinal bacteria (172). Hence, breast milk additionally sustains host-microbiota homeostasis, which is key for the establishment and maintenance of an equilibrated immune system. However, the binding of maternal antibodies to bacteria in the neonatal intestine not only prevents infections but also diminishes immune responses towards commensals by limiting T cell-mediated reactions early in life. An in vivo study found that commensal specific antibodies are transferred from the mother to the offspring via breast milk and persist in the offspring until weaning. In addition, mice born to antibody-deficient mothers had higher numbers of activated follicular T helper cells, which was accompanied by an increase in germinal center B cells in MLNs and Peyer’s Patches. This demonstrated that maternal commensal-specific antibodies delivered to the newborn via breast milk dampen host-mediated commensal specific T cell responses in the offspring, thereby contributing to mucosal homeostasis (197).

Generally, milk-derived proteins are considered essential contributors to the first line defense strategy. For instance, lactoferrin, which is part of the innate immune system, has important antimicrobial and immunomodulatory properties that support health and prevent disorders in the neonate (198). It elicits beneficial effects in a disease state on the intestinal barrier by stimulating the proliferation of epithelial cells and reducing the expression of pro-inflammatory cytokines in innate immune cells (199, 200). β-defensin 1, another protein in human milk, has antimicrobial functions and further promotes the differentiation of moDCs from neonatal cord-blood-derived monocytic precursors. This further drives the maturation of DCs, which thereby obtain their characteristic antigen-presenting capacity (201, 202). Moreover, a study revealed that milk fat globule epidermal growth factor VIII (MFGE8), also known as lactadherin, prevents NEC by limiting intestinal permeability and thus reinforces the barrier function (203). Accordingly, the amount of MFGE8 in breast milk correlated with the infant’s inflammatory state, with higher levels being associated with an anti-inflammatory gut environment (204).

Cytokines are essential contributors to the immune response, which stimulate the differentiation and maturation of various immune cells. The cytokine TGF-β is found in breast milk and is ingested by the neonate, where it stimulates mucosal IgA production and inhibits the synthesis of pro-inflammatory cytokines (205). TGF-β supplementation by oral gavage during the suckling period promoted immune maturation. It lowered NK cell frequency in the MLNs and altered the cytokine profile in the neonate (206). The same group showed that oral administration of TGF-β during this period of life further modified the splenic lymphocyte composition, suggesting effects on systemic immunity (207). Furthermore, breast milk levels of TGF-β negatively correlated with the occurrence of eczema in neonates (208). This supports the assumed potential of maternally derived cytokines to drive the maturation of the neonatal systemic and mucosal immune system. IL-7 in breast milk correlated with thymic development in the offspring (209).

Last, milk contains EGF, which was shown to prevent the weaning reaction (19). This finding suggests that breast milk may be involved in determining the duration of the previously discussed window of opportunity. Additionally, milk-derived EGF has been attributed protective features by inhibiting the formation of GAPs during the early postnatal phase, which in turn prevents the translocation of gut bacteria and thus, systemic pathogen dissemination (210). Nevertheless, and as previously mentioned, the formation of GAPs must also happen during a precise time window before weaning to develop lifelong tolerance to the gut bacteria (142). This switch to inhibit GAP formation around weaning may be fine-tuned by breast milk since the levels of milk EGF decrease throughout lactation. Overall, breast milk may not only protect the neonate but also timely regulate the different immune developmental steps (142, 210).



Exosomes/miRNAs in Breast Milk

Exosomes are endosome-derived extracellular vesicles that are 30 - 100 nm in size and circulate in body fluids, including blood, saliva, and breast milk (211–213). They are involved in physiological and pathophysiological immune-related processes, such as antigen-presentation, immune activation, and suppression, as well as intercellular communication. Overall, they are carriers that mediate communication between different parts of the body by transferring proteins, lipids, miRNAs, and other substances (213, 214). miRNAs are small non-coding single-stranded RNA molecules, about 22 nucleotides long, which regulate gene expression and protein translation (215, 216). It is well established that they have immunoregulatory functions by interfering with inflammatory responses thereby playing a role in health and disease. Aberrant expression of miRNAs is associated with severe consequences, ranging from cell death to autoimmunity and cancer (217–220). About a decade ago, several immune-related miRNAs were discovered in breast milk and found to be highly enriched in milk-derived exosomes, suggesting that they may influence the development of the offspring (221, 222). At this time, in vitro studies revealed the uptake of milk-derived exosomes by human macrophages. Nevertheless, their role upon cellular absorption remains to be elucidated (223, 224). Although the capacity of cells to ingest those vesicles was demonstrated, it remained unknown whether they survive the digestive processes and whether they are eventually absorbed by intestinal cells. The latter would mean that breast milk-derived exosomes may transfer cellular components from the mother to the offspring, implying a role in the infant’s development. In more recent studies, scientists investigated whether those vesicles survive digestion by mimicking the infant’s gastric and pancreatic digestion by adjusting the pH and the addition of digestive enzymes to in vitro cultures. Here, milk-derived vesicles were resistant to proteolysis and survived digestion in vitro. They further showed that exosomal miRNAs content remained stable and were absorbed by human intestinal cells in vitro, suggesting the maternal-neonatal transfer of nucleic acids via breast milk-derived exosomes (225, 226).

The transfer of miRNA from the mother to the offspring was further investigated in vivo. A study conducted with pigs showed that colostrum contains higher levels of miRNA compared to mature milk and the serum of pigs, which were only fed with colostrum, had higher levels of colostrum-derived miRNAs, indicating absorption of maternally derived miRNAs (227). Another study further discovered a dose-depended increase in miRNAs in human serum post-cow milk consumption (228). In contrast, a third study did not show any evidence of miRNA absorption after milk consumption (229). These studies did not differentiate between endogenous and exogenous miRNAs. Therefore, Title et al. generated KO mice for specific miRNAs, which were then fostered by wild-type (miRNA sufficient) mothers and their results revealed no evidence for mother-to-offspring transfer of these particular miRNAs (230). In the meanwhile, a publication showed that bovine miRNAs were found in human plasma after bovine milk consumption, insinuating uptake of milk-derived miRNAs (231, 232).

A recent study using newborn calves examined the postprandial ingestion of colostrum-derived miRNAs. Colostrum, as well as maternal and calf blood, were sampled and bioavailability of colostrum-derived vesicles in calf blood and miRNA expression profiles in the different samples were assessed by small RNA-Seq. Although colostrum-derived vesicles were detected in the blood of calves, the miRNA expression profiles of the neonatal blood did not match that of colostrum. The authors consequently proposed two possible mechanisms: First, a disassembly of extracellular vesicles and a release of miRNAs, which may take place during their uptake into epithelial cells, leading to an unequal availability of vesicles and miRNAs in the circulation. Second, an imbalanced absorption of vesicle subpopulations within the colostrum. Other tissues were not analyzed for the presence of milk-derived miRNAs (233). Hence, the transfer of maternal miRNAs into the neonatal systemic circulation remains elusive and a highly discussed topic, which still needs further investigation.

The role of milk-derived exosomes and miRNAs may be of particular interest during neonatal development. The nutritional hypothesis was rapidly completed by a functional hypothesis, suggesting that they may regulate gene expression and immune processes in the newborn (234). Recently, the focus was set on investigating the ability of milk-derived exosomes to protect the mucosal epithelium during infection. Intestinal epithelial cells were incubated with H2O2, which increases oxidative stress-mediated cell death and mimics an inflammatory environment, and simultaneously treated with human breast milk-derived exosomes. The treatment had a protective effect on intestinal epithelial cells by attenuating cell death (235). Another study investigated the effect of breast milk-derived exosomes on goblet cell activity by incubating human colonic epithelial cells with bovine milk-derived exosomes. Interestingly, those vesicles promoted the expression of mucin-related genes. Moreover, they assessed whether this effect was of clinical relevance. Therefore, they induced experimental NEC in murine pups by exposing them to hypoxia and LPS and supplemented them with breast milk-derived exosomes. The treatment with milk-derived exosomes prevented intestinal injury and the reduction of goblet cells, which is a hallmark of NEC (236). Lately, human milk-derived exosomes attenuated intestinal damage and protected intestinal stem cells from undergoing apoptosis due to oxidative stress in vitro (237, 238). Altogether, breast milk-derived exosomes seem to protect the mucosal environment against injury and inflammation-mediated cell death by positively affecting different cell types of the intestinal epithelium.

As previously reviewed, the intestinal epithelium is protected against injury through breast milk-derived extracellular vesicles also in the context of NEC (236). An additional study could show that the administration of human breast milk-derived exosomes decreased the incidence of NEC, confirming their ability to prevent this disease (239). Furthermore, mice that were administered with milk-derived exosomes showed reduced signs of inflammation induced by DSS, which was accompanied by a lower expression of IL-6 and TNF-α, suggesting a protective effect in the context of colitis (240). Overall, existing in vivo studies indicate the possibility of using breast milk-derived exosomes as a potential treatment for infants with intestinal injury and NEC, or for patients with IBD.

Finally, a study investigated the direct effect on the immune system by analyzing the influence of breast milk-derived exosomes on immune cells. Human-derived peripheral blood mononuclear cells (PBMCs) were treated with milk-derived exosomes and stimulated in vitro. This resulted in stronger activation of NK cells as well as γδ T cells, but only in the presence of IL-2 and IL-12. This indicates that while milk exosomes alone may not activate immune cells, they may do so under inflammatory conditions (241). This could be an additional mechanism by which maternal exosomes in breast milk contribute to the prevention of immune-mediated diseases in the offspring.



Cells Present in Breast Milk

The presence of immune cells in breast milk, including neutrophils, macrophages, and lymphocytes, is well established. Many animal studies demonstrated the transfer of those maternal cells to the neonate, and it is assumed that they contribute to the maturation of the offspring innate immune system (175, 242–244). Furthermore, flow cytometric analysis revealed the presence of ILCs in human milk, with ILC1s being the most abundant subset followed by ILC3s and ILC2s (245). While ILC1s and ILC3s are crucial to protect against bacteria and to maintain epithelial homeostasis, ILC2s play a crucial role in the defense against parasitic infections at mucosal surfaces (82, 83, 246). The role of ILCs in breast milk remains unexplored and needs further research. Another study confirmed the presence of MAIT cells and γδ T cells in human milk (247). Both cell types display features of innate immunity and are predominantly found in the gut (248), suggesting that they may influence the development of the infant’s microbiota, and thus also its first line defense strategy at mucosal surfaces.

Myeloid-derived suppressor cells (MDSCs) have repressing effects on other immune cells of the innate and adaptive immune system, such as monocytes and T cells. There are two main subsets of MDSCs, monocytic MDSCs (MO-MDSCs) and granulocytic MDSCs (GR-MDSCs) (249). Remarkably, GR-MDSCs accumulate in breast milk and suppress neonatal T cell proliferation, suggesting that milk-derived GR-MDSCs may be able to promote immune tolerance in the offspring. The same group found that GR-MDSCs reduced TLR expression on monocytes, indicating that they regulate innate immune responses in young infants (250). They also showed that the level of GR-MDSCs correlated with gestational and postnatal age, while the levels of those cells in breast milk of mothers who had delivered preterm infants were lowest (251). The authors suggested that these low levels of GR-MDSCs may contribute to reduced immune tolerance and consequently to increased susceptibility to infections, which is in line with preterm infants being at highest risk to develop NEC. Another recent study revealed that the macrophage profile in breast milk changes in response to ongoing respiratory infections in the nursing infant. The researchers observed increased frequencies of anti-inflammatory macrophages and higher IL-6 and IL-8 concentrations in the milk of mothers whose infants had an ongoing respiratory infection, indicating that the composition of breast milk changes according to the infant’s needs to ensure neonatal protection (252).

A reduction in the frequency of IL-13 producing cells in human milk has been associated with an increased incidence of atopic dermatitis in newborns (253). This cytokine is an important mediator of atopic diseases (254), implying that maternal-derived IL-13 producing cells may be involved in protecting the infant from allergy. For instance, maternal-derived IL-13 may prevent its synthesis in the offspring, thereby avoiding the activation of eosinophils and secretion of IgE, which are both central in the pathophysiological mechanism of atopy.

Apart from immune cells, breast milk contains stem cells which are more abundant in colostrum compared to mature milk (255, 256). An in vivo study using wild-type pups that were fostered by GFP+ expressing transgenic mice detected breast milk-derived stem cells in the blood as well as in the brain of the suckling pups, confirming the transfer of milk-derived cells to the offspring. Those cells differentiated into neuronal and glial cells in the pup’s brain, indicating that they play a role in the development of the offspring’s nervous system (257). Maternal immune cells found in breast milk may therefore even be implicated in the development of the infant’s immune system. However, further research is required to prove this hypothesis. A recent study using breast milk stem cells to treat spinal cord injury showed that the administration of these cells reduced apoptosis and inflammation at the site of injury, indicating their influence on immune responses and therapeutic potential (258).



Dynamics of Breast Milk Composition

Breast milk is categorized into colostrum and mature milk, although the general components of the milk remain stable throughout lactation. As previously mentioned, the composition of milk is believed to alter, depending on the neonate’s needs. An example is that newborns are at the greatest risk to develop diseases just after birth and thus rely on maternal-derived protection. Accordingly, colostrum contains significantly higher amounts of maternally derived antibodies than mature milk. Therefore, it is widely accepted that colostrum has a principal immunologic function, while mature milk plays a more nutritional role for the neonate. Correspondingly, in humans and mice, the fat content increases throughout lactation. Hence, the milk composition adapts not only to the protective need but also to the nutritional requirements of the growing infant (195, 259).

Studies further revealed that the disease state of the mother also influences the composition of breast milk. Recently, aberrant levels of miRNAs in breast milk exosomes of diabetic mothers were found (260). Furthermore, the milk of mothers with IBD contained significantly lower levels of IgA and higher concentrations of pro-inflammatory cytokines (261). Therefore, breast milk may lead to differential immune priming of the neonate in a disease context. However, more studies are needed to investigate how breast milk affects the development of the infant’s immune system in such situations. Moreover, we have previously shown that bacteria-derived metabolites, such as AhR ligands from the maternal microbiota translocate into breast milk and contribute to the development of innate immune cells in the offspring, namely ILC3s and F4/80+CD11b+ mononuclear cells (77). Hence, the maternal intestinal microbiota can also alter breast milk composition, an area still largely elusive.




Conclusion

In this review, we have covered the period from the very beginning of the developing embryo and fetus in utero up to the weaning of the young offspring and have given an overview on recent publications that show an impact of the commensal microbiota on the emerging immune system. Although we have focused on findings regarding the innate immune system, we also highlighted few key studies that demonstrated an impact on the adaptive immune system.

We hope we have convinced the reader that already during gestation the maternal microbiota can efficiently influence innate immune maturation in the developing fetus, despite the inborn character of the innate immune system. We have spread light on early life environmental factors, including birth mode and the intake of antibiotics in regard to microbiota and immune development in the neonate. We have further emphasized that the maturation of the intestinal microbiota and the evolving immune system go hand in hand and influence each other during the first few weeks (mice) or years (human) after birth. Last, we have tried to give an extensive overview on classical and non-classical immunological compounds present in breast milk and how those affect innate immune maturation in the offspring.

While evidence for an influence of the maternal microbiota, the neonate’s own microbiota or the breast milk during this critical time window is undoubtedly increasing, many aspects remain to be understood: What are the molecular mechanisms underlying the described phenotypes? How is long-term persistence into adulthood achieved? Why does the window of opportunity close around weaning, could it be reopened later in life, and how? To which extent does the maternal microbiota influence the composition of breast milk and thus immune development in the offspring? Finally, how do the maternal diet and later the offspring’s diet, and additional factors (e.g. exposure to environmental toxins or drugs) interact with the microbiota and mutually or independently influence immune maturation in the growing organism?

With our current and future research projects, we aim to complement the understanding of the window of opportunity and to use this knowledge in a preventive or therapeutic setting to improve human health from the neonatal age on.
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Most multicellular organisms have a major body cavity containing vital organs. This cavity is lined by a mucosa-like serosal surface and filled with serous fluid which suspends many immune cells. Injuries affecting the major body cavity are potentially life-threatening. Here we summarize evidence that unique damage detection and repair mechanisms have evolved to ensure immediate and swift repair of injuries at serosal surfaces. Furthermore, thousands of patients undergo surgery within the abdominal and thoracic cavities each day. While these surgeries are potentially lifesaving, some patients will suffer complications due to inappropriate scar formation when wound healing at serosal surfaces defects. These scars called adhesions cause profound challenges for health care systems and patients. Therefore, reviewing the mechanisms of wound repair at serosal surfaces is of clinical importance. Serosal surfaces will be introduced with a short embryological and microanatomical perspective followed by a discussion of the mechanisms of damage recognition and initiation of sterile inflammation at serosal surfaces. Distinct immune cells populations are free floating within the coelomic (peritoneal) cavity and contribute towards damage recognition and initiation of wound repair. We will highlight the emerging role of resident cavity GATA6+ macrophages in repairing serosal injuries and compare serosal (mesothelial) injuries with injuries to the blood vessel walls. This allows to draw some parallels such as the critical role of the mesothelium in regulating fibrin deposition and how peritoneal macrophages can aggregate in a platelet-like fashion in response to sterile injury. Then, we discuss how serosal wound healing can go wrong, causing adhesions. The current pathogenetic understanding of and potential future therapeutic avenues against adhesions are discussed.
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Development and Microanatomy of the Coelom and Mesothelium

During embryology, at the end of the third week, the lateral plate mesoderm is divided into two layers: the somatic and splanchnic mesoderm layer (1). These two layers form a cleft that becomes a cavity as the embryo undergoes a cranio-caudal and latero-lateral folding event in week four (1). This cavity is called the intraembryonic coelom and contains vital organs such as the heart, the lungs, the liver, and the intestines. In mammals, the mesodermal lining of the coelom differentiates into a serous epithelium-like membrane called mesothelium (2). The somatic mesoderm gives rise to the parietal layer of the mesothelium which lines the body wall, and the splanchnic mesoderm gives rise to the visceral layer of the mesothelium which lines the surfaces of organs. The intra-coelomic organs stay connected to the body wall by elongations referred to as mesenteries which contain blood vessels, lymphatics, and nerves (1) (Figure 1).




Figure 1 | Development of the intra-embryonic coelomic cavity. (A) Schematic cross section human embryo of 3 weeks age. The mesoderm shows a somatic (dorsal) and splanchnic (ventral) aspect. (B) Cranio-caudal and latero-lateral folding in week 4. (C) After closure of the anterior abdominal wall the intra-embryonic coelomic cavity is formed. Organs (e.g. gut) are suspended by dorsal and sometimes ventral (not shown) mesenteries carrying blood vessels and nerves.



Later, the coelomic cavity is further subdivided resulting in three embryologically related but anatomically distinct anatomical compartments: the pericardial cavity, the pleural cavities, and the peritoneal (abdominal) cavity. All of these contain vital organs such as heart, lung, and abdominal organs (1).

The serous membrane that covers the walls of all coelomic cavities as well as the borders of all organs contained within them is also called the serosa and is comprised of a flat monolayer of mesothelial cells. The serosal linings ensure friction-less movement of organs and establish a water-tight barrier separating the fluid-filled cavities from surrounding tissues (Figure 2). Together with the associated sub-mesothelial connective tissue the serosa is also called peritoneum, pleura, and pericardium in the peritoneal (abdominal), pleural and pericardial cavities, respectively. In practice, the terms mesothelium, serosa, and peritoneum (or pleura or pericardium) are often used interchangeably.




Figure 2 | Microanatomy of mesothelial surfaces. (A, B) Cross sections of mouse abdominal wall stained with Hematoxylin & Eosin (A) and Masson’s trichrome staining (B). Scale bars: 50 µm. (C) Illustration of the structures shown in (A, B). (D) Top view on mesothelial surface stained with anti-podoplanin antibody.



The peritoneum is less than 25 µm thick in the mouse (3) and about 50-100 µm thick in humans (4, 5). Therefore, as we discuss injury at serosal surfaces, it is important to note that the mesothelium will rarely be injured in an isolated fashion. In fact, serosal injuries will often compromise the tissues that are covered by the mesothelium as well. These underlying tissues can be vastly different such as:

	- smooth-muscular wall of the intestines, urinary bladder, uterus,

	-parenchymal tissue of heart, lung, liver, gallbladder, spleen (only mouse), ovaries,

	- fat tissue of the omentum,

	- striated muscle, fascia, and bone of the thoracoabdominal wall and diaphragm,

	- and connective tissues such as that of the pericardium.



Any experimental model system that studies serosal wound repair, may invoke some underlying tissue-specific wound repair mechanisms. This review is targeted at serosa specific mechanisms, but we ask the reader to bear in mind that we use the generalization “at serosal surfaces” inductively; some of the mechanisms discussed here may apply only to specific locations within the coelomic cavity.



Cells Suspended in Coelomic Cavities

The coelomic cavities are filled with fluid that suspend millions of cells also referred to as coelomocytes. The coelomocyte composition of mice and humans has been reviewed elsewhere (6). Briefly, the human peritoneal cavity suspends a total of 107 leukocytes in 5-100ml of peritoneal fluid (6, 7). In mice, the number of peritoneal leukocytes varies between strains from 3 to 5x106 cells (8). The pleuropericardial cavities contain 0.3-1x106 leukocytes per mouse (6, 9, 10). Most leukocytes in the peritoneal cavity are lymphocytes (10-60%) and macrophages (40-60%) (8, 11–16). In addition, the peritoneal cavity contains dendritic cells (2 – 6%) (12, 17), mast cells, eosinophils, neutrophils (0-31%), innate lymphoid cells (ILCs) including natural killer cells and mesothelial cells (14, 16) (Figure 3).




Figure 3 | Cells in a mouse coelomic cavity. (A, B) Peritoneal cavity lavage of healthy C57Bl/6 mice. Dimensionality reduction dimension 1 (umap1) and 2 (umap2) of myeloid lineage markers (mass cytometry) are plotted on x- and y-axis, respectively. Dots (cells) are colored by cluster (A) or marker (B). Data with kindly permission from M. Dosch and G. Beldi.



In terms of wound healing, the role of peritoneal macrophages is best established. Macrophages make up 40-60% of all coelomocytes in both mice and humans. Two major subpopulations of peritoneal macrophages have been described (14). The small peritoneal macrophages (SPM) are monocyte-derived, constantly replenished and can be recruited within hours in significant amounts (14). At baseline, they account for about 5% of all immune cells or about 10% of all macrophages (14, 18). The majority (90%) of peritoneal macrophages belong to a distinct tissue-residential macrophage population. Since these resident cells are slightly larger than their monocyte-derived sisters, they are also referred to as large peritoneal macrophages (14). The large peritoneal macrophages (LPM) are a self-renewing population characterized by the expression of CD102 (Icam2), high levels of F4/80 and the transcription factor GATA6 (19–22). GATA6+ LPM seem to be well conserved when comparing the different coelomic cavities of mice and human (23–25). Canonically, these GATA6+ cavity macrophages are thought to clear bacteria by phagocytosis (14, 26) and also by inducing intra-abdominal formation of fibrin clots that immobilize bacteria (21). In primordial species such as the purple sea urchin (Strongylocentrotus purpuratus), coelomocytes are also crucial for tissue repair, in addition to clearing toxins and pathogens (27–30). The importance of GATA6+ cavity macrophages in damage recognition and tissue repair will be discussed in detail.



Damage Recognition and Inflammation

Wound repair at large starts with inflammation. Inflammation is induced when a significant deviation from homeostasis is detected. According to the current paradigm, such a deviation could be the presence of microbes (infection) or damaged tissue (injury). The innate immune system has developed an effective arsenal of surveillance cells that constantly probe their microenvironment for deviations from homeostasis. On a molecular level, deviation from homeostasis is defined by the occurrence of pre-specified molecular patterns. Immunostimulatory molecular patterns that induce inflammation in case of sterile injury, i.e., in the absence of pathogens and their products, have been termed damage associated molecular patterns (DAMPs). DAMPs have been extensively reviewed elsewhere (31). In brief, DAMPs comprise different molecules that are not normally present outside of cells such as double stranded DNA, nuclear proteins, mitochondrial DNA, mitochondrial proteins, and molecules with high cytosolic concentrations such as ATP or K+ Ions. In addition, damaged cells may induce the production and release of additional DAMPs (iDAMPs) such as heat shock proteins, defensins, galactins and interleukin 1 (IL-1). Furthermore, if proteins that are constitutively present in the extracellular space such as hyaluronan, biglycan, heperansulfate and other extracellular matrix (ECM) components are modified by injuries, they can also become DAMPs. Under homeostatic conditions, the serosal surfaces are covered with glycoconjugates such as sialomucins, hyaluronic acid, and glycoproteins like fibronectin (32–35). These molecules contain large anionic sites that cover the serosal surfaces with a negatively charged coat—also referred to as the glycocalyx—that may help to repulse invading microbes (32) and ensure friction-less movement of intra-coelomic organs (35). The loss of this negatively charged coating due to serosal injury, may serve as mesothelium-specific DAMP or “touch me signal” (36).

Molecules that allow eukaryotic cells to detect the presence of DAMPs have been termed pattern recognition receptors (PRR). The expression of PRR such as toll-like receptors 1 through 6 (TLR-1-6), nucleotide-binding oligomerization domain (Nod)-1 and Nod-2 and advanced glycation end product (AGE) receptors, has been demonstrated for murine and human mesothelial cells (37). Upon activation, mesothelial cells release cytokines and inflammatory mediators such as chemokine (C–C motif) ligand 2 (CCL2), CCL5, (C–X–C motif) ligand 8 (CXCL8), and nitric oxide (38, 39). Furthermore, mesothelial cells upregulate adhesion molecules that presumably facilitate the migration of inflammatory leukocytes across and along serosal surfaces. These include intercellular adhesion molecule-1 (ICAM-1), vascular cellular adhesion molecule-1 (VCAM-1), E-cadherin, N-cadherin, CD29 and CD44 (38, 40–42). It is important to note that cellular adhesion molecules expressed by mesothelial cells play a dual role in serosal wound repair. While an initial upregulation may facilitate leukocyte recruitment, these molecules, especially E-cadherin, are downregulated later during serosal wound repair. The latter is associated with loss of mesothelial cohesion enabling the mesothelium to switch to a more mesenchymal program, a process that we will discuss in detail below. In addition, mesothelial cells modulate inflammation by synthesis and release of hyaluronan (43), which is able to sequester free radicals and initiate tissue repair responses (38).

In vivo, the initiation of inflammation at serosal surfaces does not rely on mesothelial cells alone but on a series of events. These comprise specialized cellular and humoral immune mechanisms such as leukocyte recruitment, complement activation and production of natural antibodies. In the rest of this chapter, we will discuss these elements one by one.


Mesothelial Damage Is First Recognized by Cavity Macrophages

Recent advances in intravital microscopy have allowed to characterize the sequence of cells recruited to mesothelial injuries. By using resonant-scanners, multi-photon excitation, and extremely sensitive hybrid detection systems it became possible to image the peritoneal cavity through the intact abdominal wall under real-life conditions (21, 44). Second, multi-photon imaging allows the use of near-infrared microscopy lasers to induce focal thermal injuries during intravital microscopy with high precision (44–46). By combining intravital microscopy of the abdominal cavity with peritoneal laser injuries, we were able to image cellular recruitment to mesothelial injuries. Surprisingly, the first GATA6+ cavity macrophages attached at the injuries within only a few seconds and the macrophages completely covered the lesions after 15 minutes of imaging (44). The recruitment of cavity macrophages to mesothelial injury was significantly faster than that of neutrophils, which needed much longer (> 40 minutes) (44). Cavity macrophages were present in the peritoneal fluid in vast numbers and traversed the peritoneal cavity in a seemingly random fashion within respiration-dependent movement of peritoneal cavity content (44). The observations that these cells seemed to rely on passive transportation by peritoneal fluid, and that they—upon contact with cell already adhering to the injury—were forming stable cell-cell aggregates were very reminiscent of the platelet aggregation that took place when a nearby blood vessel wall was damaged using laser injury. We concluded that cavity macrophages randomly “patrol” the serosal surfaces in a platelet-like fashion and rapidly form aggregates in response to DAMPs. This is consistent with a previous electron microscopy study by Haney showing that peritoneal macrophages invariably detected and migrated to injuries of the peritoneal membrane (47). In addition, Wang and Kubes showed that cavity macrophages were able to detect mesothelial injuries of the liver capsule and migrated to the injured liver (36). On a molecular level, this interaction occurred independent of integrins or selectins, instead peritoneal macrophages relied on different receptor molecules such as macrophage receptor with collagenous structure (MARCO), Macrophage scavenger receptor 1 (MSR1), CD44, and purinergic receptor P2X7. The respective DAMPs recognized by CD44 and P2X7 are hyaluronan and ATP respectively (36). The ligands that mediate MARCO and Msr1 dependent macrophage aggregation are yet to be identified (44).

The function of peritoneal macrophages in sterile injury is multi-facetted. Current models indicate that ligation of DAMPs to PRR on macrophages leads to their inflammatory polarization—also referred to as M1 polarization. This activation would result in the production of pro-inflammatory cytokines such as tumor necrosis factor (TNF) and IL-1 (31, 48). However, peritoneal macrophages recruited to sterile liver injury were shown to skew their phenotype towards alternative or repair polarization—also referred to as M2 macrophages—increasing their expression of CD273, CD206 and Arginase 1 (36). Interestingly, Uderhardt et al. recently investigated the resident tissue macrophages of the muscular abdominal wall. The abdominal wall macrophages are distinct from the peritoneal cavity macrophages suspended in the peritoneal cavity. They proposed that abdominal wall macrophages can extend their pseudopods toward local injury sites within a radius of 100-150µm. In their study, resident tissue macrophages were able to completely enclose lesions if their size was below a certain threshold (microlesions). This—as the authors termed it—cloaking mechanism, was able to block scouting neutrophils from interacting with DAMPs and thus prevented subsequent neutrophil driven inflammation and tissue destruction (45). The cloaking mechanism was described for tissue resident macrophages in the muscular abdominal wall, i.e., on the far side of the mesothelium with respect to the coelomic cavity. It needs to be determined whether scavenger receptor mediated macrophage aggregation on the coelomic site of the mesothelium causes inflammation or whether aggregation of cavity macrophages serves to contain injuries and is therefore—in essence—anti-inflammatory. Ultimately, aggregation of peritoneal cavity macrophages in response to mesothelial injuries was shown to improve tissue repair (36, 44, 47).



Cavity Macrophage Disappearance Reaction

Aggregation of peritoneal macrophages causes their number in the peritoneal lavage to drop. The decrease in their number was correlated with the injury size (44). With larger injuries of the mesothelium, such as a surgical laparotomy, the number of GATA6+ cavity macrophages in the peritoneal lavage was reduced to zero (44). In other words, these cells disappeared from the peritoneal fluid (lavage). However, this was not the first time, the sudden absence of macrophages was observed. In fact, over half a century ago, Nelson and Boyden described a sharp decline of macrophage count in peritoneal exudates in response to a hypersensitivity reaction to tuberculin in Bacille Calmette-Guérin (BCG)-vaccinated guinea pigs. They termed this the “macrophage disappearance reaction” (MDR) (49). Since then, various insults (sterile and microbial) to the peritoneal compartment have been found to induce the MDR (Table 1).


Table 1 | Macrophage disappearance reaction (MDR). Studies describing MDR from 1963 until now.



These studies indicate that the MDR is not a specific reaction but arguably follows any inflammatory challenge to the peritoneal compartment. While some reports indicate that peritoneal macrophages can leave the peritoneal cavity through the draining lymphatics (52, 60, 64), most of the more recent reports suggest that peritoneal macrophages have the tendency to adhere to each other (aggregate) as well as to the mesothelium in response to challenge (Table 1). Therefore, the loss of dispersion and cellular aggregation are a commonality among the different models of MDR. The MDR correlates with increased inflammatory cytokine levels in the peritoneal fluid and the influx of pro-inflammatory leukocytes such as monocytes, eosinophils, and neutrophils into the peritoneal compartment (21, 59). Cailhier et al. used CD11b driven diphtheria toxin receptor and low dose intraperitoneal injections of diphtheria toxin to selectively deplete resident peritoneal macrophages. In an experimental peritonitis model, this resulted in a significant decrease of inflammation (infiltration of neutrophils) that could be restored by the adoptive transfer of resident, non-transgenic, peritoneal macrophages (65). These data indicate that the aggregation of cavity macrophages in response to a strong stimulus, such as peritonitis, causes inflammation. However, in the case of smaller insults such as focal injuries or localized microbial challenges, MDR may compartmentalize the insult, in analogy to the cloaking mechanism described for macrophages of the muscular abdominal wall (45). Along those lines, complete MDR could be interpreted as a threshold above which all macrophages have been “used up” indicating that the attempt at cloaking the insult has failed, which in turn results in inflammation. Either way, it would be important to study the largely unknown (intracellular) changes in macrophages undergoing a disappearance reaction in sterile and microbial models.



Dendritic Cells and Mast Cells

The peritoneal cavity harbors CD11c+ dendritic cells as well as cKit+ mast cells both of which are canonical initiators of inflammation. Their role as antigen presenting cells and inducers of inflammation in response to bacterial infection is well documented. In fact, CD11c+ dendritic cells are required for survival in murine polymicrobial peritoneal sepsis (66). In addition to pathogen-derived ligands for PRR, several DAMPs have been shown to interact with dendritic cells and dramatically affect their function (67, 68). Interestingly, the response of dendritic cells to DAMPs is not always clear-cut, with different responses depending on dendritic cell subtypes and location (67). For example, activation of dendritic cells in sterile liver injury leads to the secretion of anti-inflammatory cytokines such as IL-10 and TGF-β (67) while similar injury models of kidney and gut may lead to a pro-inflammatory response and secretion of IL-6, IL-12 and TNF-α (67, 69). So far, the response of peritoneal dendritic cells to serosal injury is not well understood and requires further studies. Mast cells have traditionally been studied in the context off helminthic infections and Ig-E mediated reactions. It becomes clear, that mast cell degranulation is also an important modulator of wound healing of skin wounds (70) and lesions in the gastrointestinal tract (71–73). Poerwosusanta et al. investigated the role of mast cell degranulation in mesothelial injury. Mesothelial injury was carried out by performing laparoscopic surgeries in rats at different intra-abdominal inflation pressures (74). They showed that an increased intraabdominal pressure—and presumably increased stress to the mesothelium—led to an increased number of mast cells that infiltrated the mesothelium. This was correlated with increased mast cell degranulation. This increased mast cell count is consistent with findings from skin injury models and is due to chemokine-dependent mast cell immigration rather than local proliferation. More detailed investigation, e.g. based on intravital microscopy, could help to elucidate whether mast cells are recruited to mesothelial injuries by blood or directly from the peritoneal cavity.



Humoral Pattern Recognition Molecules and Natural Antibodies

The fluid of the pleural and peritoneal cavity in mice and humans not only contains cells but also large amounts of proteins of the coagulation system and complement system as well as large amounts of natural antibodies (75, 76). In the peritoneal and pleural cavities, the complement proteins are produced by mesothelial cells (75, 77). The complement system is an ancient enzymatic cascade of proteins with the main function of opsonization and lysis of bacteria (78). The alternative pathway of the complement can be activated by injuries and in the last decade a role of complement activation in wound healing (79) and regeneration (80, 81) as well as morphogenetic and developmental processes (82, 83) has been suggested. Furthermore, some clinical studies have evaluated the role of blood complement during major surgery and described a correlation of the invasiveness of the procedure with the amount of complement used, indicating that sterile injury leads to complement activation in humans (84). Inversely, humoral molecules that are canonically associated with innate immunity, have been shown to mediate tissue repair and regulate fibrosis. For example, pentraxin 3 (PTX3) was shown to reduce fibrin deposition and fibrosis in several wound models outside of the peritoneal cavity. While to our knowledge, no humoral molecule with anti-fibrotic properties has been described in the peritoneal cavity, the discovery of such could have great therapeutic potential (85–87).

Like complement factors, natural antibodies are abundant in the coelomic cavity fluids and are primarily thought to combat microbes by recognizing a wide variety of different microbial antigen patterns (88). The peritoneal natural antibodies are mainly produced by self-replenishing peritoneal B1 cells in an antigen-independent manner (89). The repertoire of natural antibodies also enables recognition of self-antigens such as phosphorylcholine, phosphatidylcholine and carbohydrate determinants. Furthermore, natural antibodies have been shown to sense apoptotic cells (88) and electronegative DAMPs (90). In addition, natural antibodies were able to accelerate wound healing by recruiting additional wound macrophages (91). Along those lines, Grönwall et al. postulate that natural IgM antibodies are part of a synapse between an apoptotic cell (that binds IgM) and the phagocyte. This synapse is mediated by complement and complement receptors expressed by phagocytes (92). There is increased interest in studying the role of natural IgM, and IgM-dependent, complement-mediated phagocytosis in several disease models (93–95). Although available data is limited, it is conceivable that complement and natural antibodies of body cavities play an important a role in wound repair at serosal surfaces.




Coagulation and Fibrin Deposition

It is widely accepted that inflammation of the peritoneal, pleural, or pericardial compartment, is associated with fibrin exudates. After mesothelial injury, the resulting inflammation as well as the injury itself, lead to the activation of tissue factor pathway and the inhibition of the antithrombin-III (AT-III) pathway (96). This is followed by the spontaneous cleavage of fibrinogen and cross-linking of fibrin. In addition to inflammation, injury causes the destruction of and consequent leakage from blood vessels of the abdominal wall. Extravasation of blood results in the activation of the canonical coagulation cascade which further enhances the deposition of fibrin (96). In vivo, the deposition of fibrin is limited at serosal surfaces by activated plasmin which continuously degrades fibrin. Plasmin levels are regulated by plasminogen activators tPA and uPA and their respective plasminogen activator inhibitors 1 and 2 (PAI 1, PAI 2) (96). Homeostatic mesothelial cells produce large amounts of Plasmin, uPA and tPA and low amounts of PAI1 and PAI2. Therefore, the deposition of fibrin at serosal surfaces is tightly controlled. During inflammation however, the mesothelial production of PAI1 and PAI2 is significantly increased resulting in a mesothelial program switch from fibrinolytic towards anti-fibrinolytic state, resulting in the visible deposition of fibrinous exudates (96).

The formation of a stable fibrin clot—also referred to as fibrin matrix or cross-linked fibrin—serves as the scaffold for the subsequent wound repair (granulation) tissue. This includes the infiltration of leukocytes and mesenchymal precursors and results in the deposition of ECM, ingrowth of vessels and nerves and finally, the re-mesothelialization of the injured serosa. If these fibrin clots grow too large, they can be the starting point for an abdominal adhesion, a pathology we will discuss in more detail below. See the Perspective Box 1 speculating on parallels between vascular and mesothelial coagulation control.


Box 1 | Perspective.

We find it intriguing that fibrin clots after surgery are not focally limited to sites of injury but seem to be formed at distant sites as well while other regions of the peritoneal cavity appear to be protected. During sepsis, spontaneous disseminated intravascular coagulation (DIC) is a major clinical problem. The distribution of fibrin clot deposits during DIC is poorly understood. Interestingly, the response of mesothelium and endothelium to inflammation share certain similarities and both lead to the spontaneous formation of disseminated fibrin clots. Studying the analogy between these two pathologies, that both involve an epithelial-like monolayer of mesodermal origin, may lead to the identification of common patterns and molecules governing the respective phenomena of DIC and peritoneal adhesions.





Recruitment of Neutrophils and Monocytes

We discovered that the first cells recruited to mesothelial injuries are the peritoneal cavity macrophages (44). These cells reside suspended in the peritoneal fluid (19) and are recruited directly from their suspensive state to the mesothelium in case of injury. This comprises a special case of leukocyte recruitment that is unique to coelomic cavities. The canonical route of leukocyte recruitment is from the blood stream. The processes of leukocytes leaving the blood stream have been referred to as leukocyte adhesion cascade and trans-endothelial migration. The underlying mechanisms have been revisited and reviewed most comprehensively by Nourshargh et al. (97, 98). In perfused organs such as muscle or liver, neutrophils are recruited within 30 minutes to the inflammatory site from the bloodstream (46, 99). In the mesothelium, neutrophils are the first cells that arrive after peritoneal macrophages, after about 40-60 minutes (44). In response to focal sterile injuries, neutrophils show an extremely high degree of coordination. While intravascular chemokine gradient seems to be very important for successful directional migration over the initial distance within the vessel (31, 99), different molecules are the most potent chemotactic stimuli once the neutrophils are close to the wound (31, 99, 100). This has been demonstrated for molecules such as N-formyl peptides, ATP, and leukotriene B4 (LTB4) and their respective receptors on neutrophils called formyl peptide receptor, P2Y2 receptor and LTB4 receptor (31, 46, 99–102). These so-called gradients and autocrine feedback loops (LTB4) have been established for solid organs such as the liver or muscle. Whether neutrophils rely on similar mechanism to reach serosal surfaces has not been demonstrated yet but the technical advances of the last years will now allow us to address these questions using intravital microscopy.

Although the canonical role of neutrophils is to clear microbes, several reports suggest that they are imperative for timely restoration of tissue architecture after sterile injury by clearing necrotic material (99) and producing growth factors such as transforming growth factor β (TGF-β) and vascular endothelial growth factor (VEGF) (103–105). Furthermore, once neutrophils have cleared all necrotic tissue, they starve each other of DAMPs. This leads to neutrophils becoming apoptotic and cleared by macrophages, which is another critical step for tissue repair as it enables macrophages within the wound to switch from an inflammatory to an anti-inflammatory, pro-resolution program (99, 103, 106). In this environment, pro-resolution macrophages and neutrophils start to produce factors that inhibit the recruitment of additional neutrophils and enhance pro-resolution properties of macrophages. These factors include lipoxin A4, resolvins, protectins (107), phosphatidylserine containing microvesicles shed by neutrophils, chemokine sequestration through CCR5 modulation by neutrophils (108), Annexin A1 released from neutrophil granules or in microvesicles (109) and IL-10 (110). Taken together, neutrophils play an important role in clearing debris and setting up a pro-resolution environment.

The second major leukocyte population recruited to mesothelial injuries comprises inflammatory monocytes and monocyte-derived macrophages. It is generally accepted that the recruitment of neutrophils precedes the recruitment of monocytes in sterile injury (31, 111) but it remains controversial whether neutrophils recruitment is a necessary prerequisite for subsequent monocyte recruitment (112, 113). Rather than being pre-determined, the fate of recruited monocytes appears to be largely dependent on the environment (62). In the context of sterile injury repair, monocytes have been shown to differentiate into mature macrophages at the site of injury. This process has been reviewed before (114). In brief, Ly6Chi monocytes are recruited to the wound, where they gradually differentiate into Ly6Clow macrophages. One of the molecules necessary for this conversion is nuclear receptor subfamily 4, group a, member 1 (Nr4a1) (115). In the peritoneal cavity, the influx of inflammatory monocytes due to injury or infection, correlates with the increase of MHCII+ CD102- GATA6- macrophages (26). These are also referred to as small peritoneal macrophages or bone marrow derived macrophages (14, 26). In the peritoneal cavity, PAI-1 and CCL1 were shown to recruit macrophages to the wound involving the receptor molecules CD11b and CCR8 respectively (116, 117). Depletion of macrophages using clodronate-loaded liposomes or genetic constructs results in decreased wound healing of sterile injuries of serosal surfaces of the liver and abdominal wall (36, 44). However, novel experimental strategies will be necessary to experimentally isolate the role of recruited macrophages compared to that of the resident GATA6+ macrophages in mesothelial wound healing. Furthermore, monocyte-derived macrophages have been shown to replenish the resident GATA6+ macrophages. This process is dependent on the transcription factor IRF4 (118). The degree of this replacement strongly depends on the degree of initial macrophage disappearance (50, 62). Taken together, this suggests a dual role of infiltrating monocytes in wound repair: they act as precursors of bone-marrow derived macrophages that are directly needed in wound repair, and they can serve to replace the GATA6+ resident macrophages.

Neutrophils and monocytes are not only recruited into the abdominal wall (45) but they are also recruited into the peritoneal cavity fluid. In fact, within a few hours after extensive mesothelial injury (surgery), large numbers of Gr1+ cells (neutrophils) and monocyte derived macrophages were recruited into the peritoneal cavity (119). This is consistent with observations in humans undergoing surgery where billions of neutrophils and monocytes can be isolated from the peritoneal fluid. This recruitment was proposed to be driven by chemokines such as MCP-1 and CXCL1 that were released into the peritoneal cavity by mesothelial cells in response to injury (119, 120). It is not known what molecules and mechanisms govern the migration of leukocytes from the interstitium, into the peritoneal fluid, where these cells adopt a planktonic form once again. Further, it would be interesting to investigate the migratory patterns of neutrophils and monocytes after they have reached their suspended state in the peritoneal cavity.



Serosal (Mesothelial) Repair

So far, we have seen how a mesothelial injury leads to inflammation with the consecutive deposition of a fibrin matrix and infiltration of immune cells. Normal serosal repair is achieved when a) the underlying organ is repaired, b) the sub-mesothelial connective tissue layer is restored to its original composition and thickness and c) the integrity of the mesothelial membrane is reconstituted (31, 121, 122). The central role of the mesothelium in tissue repair and fibrosis has been revisited and comprehensively summarized (38).

The mesothelium is a slowly renewing tissue with less than 1% of cells undergoing mitosis at any time (123). After mesothelial injury, activated macrophages induce a pronounced proliferative expansion of the mesothelial compartment (124, 125). Genetic lineage tracing of mesothelial cells in several injury and disease models indicate that regenerating mesothelium originates from healthy mesothelium rather than submesothelial cells (126–128). Small focal mesothelial injuries that were induced using thermal probes on the liver capsule and abdominal wall, healed completely without any visible defect left after days (36, 44). Because repair of mesothelial defects is largely independent of the defect size, investigators have proposed that mesothelial cells not only crawl into the wound from the borders, but also detach from opposing surfaces and distant sites and migrate in a free-floating state through the coelomic cavity until they settle on the wound (125, 129, 130). This is further supported by the fact that adoptively transferred mesothelial cells improve mesothelial repair in the recipient (130). The response of mesothelial cells to injury can be summarized as proliferation, loss of epithelial cohesion and migration. These phenotypic changes are reminiscent of other serosal surfaces that undergo epithelial-to-mesenchymal transition (EMT). In analogy, this reaction has been termed mesothelial-to-mesenchymal transition (MMT) (131, 132). On a molecular level, MMT involves the downregulation of epithelial junctional proteins such as E-cadherin and the upregulation of mesenchymal marker α-smooth muscle actin (α-SMA) and production of ECM (133, 134). These changes correlate with an upregulation of transcription factors canonically associated with EMT such as SNAI1, SNAI2, ZEB1, ZEB2, Twist1 (38) and can be induced by exposing mesothelial cells to TGF-β1, hepatocyte growth factor, platelet derived growth factor and IL-1β (38). We will next discuss how mesothelial repair can become defective.



Post-Surgical Adhesions

Surgeries within body cavities such as the abdominal cavity are often lifesaving procedures. Following surgical trauma, mesothelial repair can lead to a restitution of serosal surfaces at integrum. However, in some patients, the healing process is disrupted, leading to a fibrotic complication called post-surgical adhesions. Adhesions are fibrous bridges of various thickness and length containing blood vessels and nerve tissue (135, 136). Adhesions can also be caused by infection but today, surgeries comprise by far the most common cause of mesothelial injury leading to adhesions (96, 135). In the peritoneal cavity, adhesions result in considerable morbidity as they impair the free movement of organs. These problems include potentially life-threatening intestinal occlusions, secondary infertility in women, and chronic post-operative abdominal pain (96, 137, 138). Peritoneal adhesions were described for the first time in 1836 in a post-mortem examination of a patient that had died from peritoneal tuberculosis (139). It was then suggested in 1849 that these abnormal structures originate from lymphatic vessels that turn into fibrinous adhesions (135, 139, 140). Despite tremendous scientific advances since 1849 including the execution of many clinical and experimental studies on adhesions, understanding of their pathogenesis has not evolved enough to develop effective therapies. To date, few research and development resources are dedicated towards resolving this significant health problem. The process of adhesion formation largely depends on the same mechanisms as “normal” mesothelial repair: Healing is initiated by damage recognition, inflammation, and coagulation. These steps lead to the recruitment of leukocytes and the deposition of fibrin. Then, the stable fibrin matrix (fibrin clot) is infiltrated by myofibroblasts that start to deposit ECM proteins such as collagen.

The problem with adhesions is that wound healing occurs at sites it should not (96). The classical paradigm of adhesion formation states that if serosal surfaces cannot re-establish homeostatic fibrinolysis soon after injury, excessive amounts of fibrin are deposited. We have discussed that macrophage aggregation accompanies fibrin deposition after sterile injury at serosal surfaces (3). Macrophage-fibrin deposits serve as the basic scaffold for tissue repair. Clots that span the space between opposing serosal surfaces are dangerous because they can be converted into scars that permanently link these surfaces called adhesions. We will now discuss the events taking place in more detail and highlight the respective therapeutic considerations for each (Figure 4).




Figure 4 | Post-surgical adhesion formation. (A) Overview of the peritoneal cavity before surgery. (B) Non-focal mesothelial injury such as major abdominal surgery leads to the uncontrolled aggregation of peritoneal macrophages serving as the nidus for the (C) subsequent Fibrin clot deposition. Inflammation and Coagulation inter-dependently promote the deposition of fibrin (see text). (D) Overview during or after adhesion formation. The abdominal organs (e.g., intestine) are now attached to the abdominal wall at anatomic (mesentery) and non-anatomic (adhesion) locations. (E) Mesothelial to mesenchymal transition gives rise to myofibroblasts that migrate into the wound and into the fibrin clot where they start to deposit extracellular matrix (ECM) such as collagen. (F) Adhesion formation is completed when the scar tissue is covered with mesothelium. The lesion may become fully perfused and pain-sensitive by ingrowth of blood vessels and nerves.




Macrophage Aggregation and Fibrin Clot Formation

The idea that mesothelial loss of baseline fibrinolytic activity after surgical trauma may cause adhesions has been the subject of various animal models (96). Interestingly, hypofibrinolytic fibrin deposition led to adhesion formation in many different injury models and different species (96) and became generally accepted as the “classical concept of adhesion formation” (96). We have seen that an exuberant inflammatory response induced by peritoneal injury or infection promotes an increased procoagulatory and antifibrinolytic reaction. On a molecular level, inflammatory mediators increase the expression of tissue factor (TF) and PAI-1 and decreases the expression of tPA in mesothelial cells resulting in increased fibrin deposition (96). This mechanism was confirmed in peritoneal biopsies of inflamed peritoneum of humans that underwent surgery. The reduction of fibrinolytic activity during inflammation was mediated by PAI-1 (96). Importantly, a prospective study in humans showed that PAI-1 concentrations in peritoneal fluid were correlated with the occurrence of adhesions after 8 days (96). Strategies to prevent postoperative adhesion target the dysregulated fibrin clot deposition by either inhibiting coagulation, increasing fibrinolytic activity, or reducing inflammation.

Administration of fibrinolytic (tPA) or anticoagulant agents (Heparin) significantly reduced adhesions in different animal models (38, 96, 141–144). However, the only study in humans that enrolled 102 patients, was unable to confirm this effect. In this study 5000 I.U. of heparin were diluted in saline and used to wash the peritoneal cavity. The patients in this study then underwent a second operation (laparoscopy) 12 days after the first, to obtain adhesion scores (145). The heparin dose that was effectively administered in these patients was not reported but it must have been extremely low as most heparin containing lavage solution was removed after a few minutes. Based on titration studies in an animal models, the threshold dose for significant anti-adhesion effect was (without occurrence of bleeding after two days) 7.5x10 U/kg/day, which is equivalent to 5250 I.U/day for a person weighting 70kg (142). Therefore, low heparin dose or low heparin concentration may be the reason no effect on adhesion formation was observed in the Jansen study. Further studies would be necessary. However, whether the current evidence justifies a human trial testing high dose heparin in major abdominal surgery remains to be discussed.

Others have tried to use anti-inflammatory agents to restore mesothelial fibrinolytic activity. Cyclo-oxygenase inhibitors and steroids were tested in animal models (146–148) with no resounding success. Experimental animal models demonstrate potent prevention of postoperative adhesion following intraperitoneal application of HMG-CoA reductase inhibitors (statins) (149). HMG-CoA reductase inhibitors stimulate fibrinolytic activity in human peritoneal mesothelial cell cultures (150) and exert anti-inflammatory functions (151). In experimental animal models amelioration of adhesion after administration of intraperitoneal acylated ghrelin, a 28-amino acid gastric peptide with anti-fibrotic and anti-inflammatory properties, was demonstrated. The adhesion prevention by ghrelin application was modulated via blockage of the TGF-β signaling pathway (152).

Extending on this classical paradigm we have recently proposed yet another factor in adhesion formation: that of peritoneal macrophage aggregation. We showed that in macrophage aggregation to focal peritoneal injuries was tightly regulated with just enough cells aggregated to seal the defect. However, in response to large peritoneal injuries, such as abdominal surgeries, the aggregation of these macrophages was dysregulated, resulting in the formation of large super aggregates that started to join mesothelial surfaces. We found that this process was dependent on scavenger receptors MARCO and MSR1. Depleting peritoneal cavity macrophages or inhibiting their aggregation significantly reduced the amount and severity of adhesions in a mouse model. We therefore propose an adaptation of the classical paradigm to include peritoneal macrophage aggregation as an additional event (Figure 4). Before we discuss the later events in adhesion formation such as fibrotic conversion and remodeling, we would like to note that the early process of adhesion formation such as mesothelial inflammation (chapter 3), macrophage aggregation (chapter 3) and coagulation (chapter 4) are tightly linked. We have discussed how inflammation directly affects coagulation. Inversely, coagulation provides a positive feedback to the mesothelium further increasing inflammation. For example, activation of proteinase-activated receptor-2 (PAR2) on mesothelial cells results in increased MIP-2 production and consecutive neutrophil infiltration (153). Furthermore, peritoneal cavity macrophages were shown to produce coagulation factors (21, 23, 154) and Factor V produced by peritoneal macrophages was shown to be essential for the clotting of peritoneal fluid in response to bacteria (21). Inversely, they showed that macrophage aggregation (disappearance) was partially dependent on coagulation factors. In other models such as laser-induced sterile mesothelial injury, the aggregation of macrophages was largely independent of fibrin crosslinking and macrophages showed the ability to aggregate ex vivo without addition of fibrin (44). Taken together, mesothelial inflammation, macrophage aggregation, and coagulation, can act cooperatively but do not necessarily depend on each other. The relative contribution of each of these three processes likely depends on the type (sterile, microbial, combined) and strength of the insult as well as on local shear (3), which in turn is largely dependent on patient movement and post-surgical intestinal paralysis (Figure 5).




Figure 5 | Factors influencing adhesion formation. Proposed concept of early local determinants that influence the binary outcome of adhesion formation and may be exploited therapeutically. tPA, tissue plasminogen activator; uPA, urokinase-type plasminogen activator; PAI, Plasminogen activator inhibitor.





Fibrotic Conversion

Alpha smooth muscle actin (α-SMA) positive myofibroblasts are considered the main collagen-producing cell in wound healing and many fibrotic diseases (155–157). The question of the origin of α-SMA positive myofibroblasts in adhesions has been a matter of debate. Myofibroblasts in adhesions were believed to be either derived from the mesothelium or alternatively derived from sub-mesothelial cells (126). Recently, Fischer at al. used a genetic fate mapping to permanently and selectively label cells expressing protein c receptor gene (ProcrCreERT x Rosa26tdTomato). Tamoxifen administration in these reporter mice resulted in the selective and permanent labelling of approximately 50% of all mesothelial cells but not submesothelial cells (127). Using this approach, they were able to show that the majority of platelet derived growth factor receptor α positive (PDGFRα+) myofibroblasts in adhesions were of mesothelial origin (127). This is in line with older studies that relied on non-genetic lineage tracing methods such as cell tracker dyes or lineage markers to infer on source of myofibroblasts in adhesions (122, 158, 159). Taken together these data suggest that mesothelial to mesenchymal transition (MMT) is the major source of myofibroblasts in adhesion pathogenesis. On a molecular level, MMT in adhesion formation relies on the same pathways as mesothelial repair (159). In fact, administration of TGF-β blocking peptide P144 resulted in a significant reduction of adhesions in an experimental mouse model (159). This was associated with a reduced expression of MMT markers such as Snail, α-SMA and Collagen I in P144 treated mice (159). In addition, the exposure of mesothelial cells to cyclic mechanical forces was shown to increase MMT in experimental murine and human models. Biomechanical induction of MMT cooperates with biochemical signals such as TGF-β and seemed to be regulated by caveolin-1, a plasma membrane mechanotransducer (160). Interestingly, MMT-cells in adhesions also express many markers that are found in the mesothelium during embryonic development but not within the adult mesothelium. These markers, including Mesothelin (MSLN), Uroplakin-1B and Wilms-tumor 1 (WT1), were upregulated in adhesions indicating that adult mesothelial cells can repurpose aspects of fetal development (158). Depletion of mesothelial cells results in a complete reduction of adhesions (127). However, totally depleting the peritoneal cavity of potential myofibroblasts may compromise wound healing too much for use in the clinic. Strategies that inhibit MMT in adhesions but leave mesothelial repair intact need to be developed.



Remodeling

After fibrotic conversion, adhesions are considered irreversible and redundant scar bands. Furthermore, animal, and human studies demonstrated the ingrowth of nerves and vessels into adhesions. In a murine model, nerve fibers in abdominal adhesions were detected already two weeks after surgery and 4 weeks post-surgery the nerve fibers were traversing the whole adhesion from coecum to abdominal wall (161). Human peritoneal adhesion specimens collected during surgery from 25 patients contained invariably sensory nerves (162). The sensory innervation could partially explain the chronic pain a lot of patients with adhesions experience. Animal studies revealed blood vessels in adhesions already 6 hours after injury (163). This process of remodeling from connective tissue to fully innervated and vasculated tissue might be modulated.

The nerve fibers in adhesions were often associated with blood vessels indicating angiogenesis could play a key part in regulating ingrowth of nerves into adhesions (162, 164). Local production of VEGF by mesothelial cells appears to play a central role in the process leading to peritoneal angiogenesis (165). In different murine models, postsurgical adhesion formation was reduced by inhibition of VEGF suggesting adhesion formation is angiogenesis-dependent (166, 167). In a human study including adhesions samples from patients years after first surgery, adhesions expressing VEGF A and its receptor showed significantly higher numbers of immature vessels suggesting ongoing angiogenesis in mature adhesions (163). In addition to angiogenesis, modulation of the ECM by matrix metallo-proteinases (MMPs) takes place. MMPs are proteolytic enzymes involved in degradation of ECM, their activity is opposed by tissue-derived inhibitors of MMPs (TIMPs) (168). The expression of both VEGF and MMPs is upregulated during MMT (131). In a human study, peritoneal samples were collected during initial laparoscopy and during a second-look laparoscopy 48 hours later. Patients with pelvic adhesions exhibited significantly lower amounts of MMP-9 concentrations and significantly higher MMP-9/TIMP-1 ratios when compared with controls (169). In peritoneal fluid of patients with excessive adhesions, higher TIMP-1 levels could be demonstrated compared with those of patients without adhesions (170). Mice treated with instillation of adenovirus vector encoding mutant MMP-9 gene at the time of peritoneal injury showed a reduced of severity of de novo adhesions (168). It remains unclear whether adhesion keep their capacity for remodeling and thus have the potential to spontaneously resolve, or whether adhesions are an irreversibly fixed pathology once they have developed.




Concluding Remarks

We have discussed how mesothelial repair works for small injuries and how it can go wrong and result in peritoneal adhesions. It is important to note that mesothelial repair plays an important role in other fibrotic disorders in proximity to serosal surfaces. These disorders include the fibrotic thickening of the peritoneum (peritoneal fibrosis or encapsulating peritoneal sclerosis) and the pleura (pleural fibrosis). A number of studies have also demonstrated that mesothelial cells play also an important role in fibrotic diseases of the liver (128) and lung (38, 171–173). This is not surprising, since both, the liver and the lungs are covered with visceral mesothelium. In these disorders the mesothelial cell plays an important role and similar mechanisms are at play. Overall, there are many questions that need to be addressed to improve our understanding of wound healing at serosal surfaces which in turn might have great impact on the way we think of any of the above-mentioned pathologies.
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Cellular immunotherapy with chimeric antigen receptor (CAR)-T cells (CARTs) represents a breakthrough in the treatment of hematologic malignancies. CARTs are genetically engineered hybrid receptors that combine antigen-specificity of monoclonal antibodies with T cell function to direct patient-derived T cells to kill malignant cells expressing the target (tumor) antigen. CARTs have been introduced into clinical medicine as CD19-targeted CARTs for refractory and relapsed B cell malignancies. Despite high initial response rates, current CART therapies are limited by a long-term loss of antitumor efficacy, the occurrence of toxicities, and the lack of biomarkers for predicting therapy and toxicity outcomes. In the past decade, the gut microbiome of mammals has been extensively studied and evidence is accumulating that human health, apart from our own genome, largely depends on microbes that are living in and on the human body. The microbiome encompasses more than 1000 bacterial species who collectively encode a metagenome that guides multifaceted, bidirectional host-microbiome interactions, primarily through the action of microbial metabolites. Increasing knowledge has been accumulated on the role of the gut microbiome in T cell-driven anticancer immunotherapy. It has been shown that antibiotics, dietary components and gut microbes reciprocally affect the efficacy and toxicity of allogeneic hematopoietic cell transplantation (allo HCT) as the prototype of T cell-based immunotherapy for hematologic malignancies, and that microbiome diversity metrics can predict clinical outcomes of allo HCTs. In this review, we will provide a comprehensive overview of the principles of CD19-CART immunotherapy and major aspects of the gut microbiome and its modulators that impact antitumor T cell transfer therapies. We will outline i) the extrinsic and intrinsic variables that can contribute to the complex interaction of the gut microbiome and host in CART immunotherapy, including ii) antibiotic administration affecting loss of colonization resistance, expansion of pathobionts and disturbed mucosal and immunological homeostasis, and ii) the role of specific gut commensals and their microbial virulence factors in host immunity and inflammation. Although the role of the gut microbiome in CART immunotherapy has only been marginally explored so far, this review may open a new chapter and views on putative connections and mechanisms.
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CAR-T Cell Therapy Transforms Immunotherapy Against Hematologic Malignancies

Primary cancer treatment relied for decades almost exclusively on surgery, chemotherapy and radiation therapy. With the development of monoclonal antibodies and the advent of stem cell transplantation, immunotherapy became a clinical option for the treatment of malignant diseases. Agents that induce or enhance antitumor responses, i.e. immune checkpoint inhibition (ICI) and adoptive T cell (ATC) therapy have revolutionized immunotherapeutic approaches. ICI using monoclonal antibodies against the cytotoxic T lymphocyte associated protein 4 (CTLA-4), the programmed cell death protein 1 (PD-1) or the programmed cell death ligand 1 (PD-1 L) (1) are now considered the standard of care in numerous solid and hematologic malignancies including advanced-stage melanoma, non-small-cell lung cancer (NSCLC), head and neck cancer, bladder cancer, or renal cell carcinoma (2). ATC therapy including tumor-infiltrating lymphocytes (TILs), T cell receptor (TCR)-engineered T cells and chimeric antigen receptor (CAR) gene-transduced T cells (CARTs) redirects T cells to tumor antigens. Therapy with TILs has achieved promising therapeutic results in melanoma (3–6) and TCR T cell receptor therapy is under clinical evaluation for different malignancies (NCT03686124, NCT03970382, NCT03691376). TILs and TCR T cell therapy are restricted to Human Leukocyte Antigen (HLA)-expressing antigens. In contrast, CARTs act in an HLA-independent manner and have the potential to effectively recognize target surface antigens, thus restricting immune evasion of malignant cells by HLA-downregulation.

CARTs constitute synthetic receptors composed of 1. an extracellular antigen-specific domain derived from an antibody’s single chain variable fragment (scFv), 2. a hinge and transmembrane segment, and 3. an intracellular domain that mediates activation and co-stimulation of the T cell that has been genetically engineered to express the CAR on the surface. Hence, CARTs combine the antigen-binding properties of antibodies with the effector functions of T cells. The intracellular CAR-domain defines different CART generations. First-generation CARs contain only the tyrosine-based ζ-signal-transducing subunit from the TCR/CD3 receptor complex and have displayed limited in vivo expansion and persistence of transduced T cells (7). Second-generation CARTs carry a costimulatory domain, e.g. CD28, 4-1BB (CD137), DAP-12 (8), OX40 (CD134) (9) or inducible T cell co-stimulator (ICOS) (10), adjacent to the TCR/CD3ζ-domain to mediate superior CART activation, proliferation and in vivo persistence (11). When directed against CD19, second-generation CARTs have demonstrated unprecedented clinical responses in a variety of relapsed and/or refractory (r/r) B cell malignancies including pediatric (12, 13) and adult (14, 15) acute lymphoblastic leukemia (ALL), chronic lymphocytic leukemia (CLL) (16–19), and other non-Hodgkin’s lymphoma (NHL) (20, 21).

Second-generation CARTs evaluated in the ZUMA-1 (diffuse large B-cell lymphoma (DLBCL) and primary mediastinal B-cell lymphoma (PMBCL)) (22, 23), ELIANA (ALL) (13) and JULIET (DLBCL) (24) as well as the ZUMA-2 trial (mantle cell lymphoma (MCL)) (21), achieved clinical responses in up to 93% of ALL (13, 25–27) and 82% (ZUMA-1) (22), 52% (JULIET) (28) and 92% (21) of NHL patients. Based on this pivotal trials, commercial CARTs axicabtagene ciloleucel (axi-cel) (29), tisagenlecleucel (tisa-cel) (30) and brexucabtagene autoleucel (brexu-cel) (31) were approved. These CARTs have become an integral part of the clinical hematologic practice within the authorized indications and have demonstrated efficacy also in the real-world setting (32–35).

Third-generation CARTs include two co-stimulatory molecules within their CAR constructs and have shown enhanced T cell activation in vitro and in vivo, sustained proliferation and tumor-lytic activity as well as reduced activation-induced cell death (36–39). Nonetheless, clinical evaluation is ongoing to assess if third-generation CARTs are advantageous in the clinical setting with regards to efficacy and safety (40, 41). Fourth-generation CARTs, i.e. engineered T cells redirected for universal cytokine killing (TRUCKs), endow additional modifications such as additional co-stimulatory ligands or cytokines to enhance their efficacy recruiting other effectors of the immune system (42, 43).

Besides CD19 as target, CARTs are under development against other tumor antigens, e. g. CD22 for ALL (44–46), CD30 for Hodgkin lymphoma and anaplastic large cell lymphoma (ALCL) (47, 48) or CD5 for T cell lymphoma (49). For multiple myeloma (MM), CARTs targeting the B cell maturation antigen (BCMA) (50–53) and for acute myeloid leukemia (AML) CARTs targeting CD33 (54), CD123 (55, 56) or CLL-1 (57) are under evaluation. Non-hematologic malignancies addressed by CARTs include glioblastoma (58–60) or neuroblastoma (61–63). CARTs to treat non-malignant indications, i.e. autoimmune (64) or infectious diseases, e. g. human immunodeficiency virus (HIV) infections (NCT0361719; NCT03240328) are also being clinically evaluated. Besides of T cells as sources for CART production, natural killer (NK) cells are broadening the application of CAR cells beyond the autologous T cell setting (65). Currently, 861 CAR trials are ongoing (clinicaltrials.gov; search for CAR cells; February 14th 2021).



T Cell Activation, Toxicity and Antitumor Action as Major Elements in the Pharmacobiology of CARTs

Upon encounter and binding of the CAR with the target antigen, CARTs get activated. Activation results in cytotoxicity towards the targeted cell and in immune activation by recruitment of other T cells and bystander immune cells. Depletion of recipient lymphocytes before CART administration enhances engraftment, persistence, and efficacy of CARTs due to the reduction of resident lymphocytes and the reduction of regulatory T cells (66). Furthermore, lymphodepletion has been shown to stimulate stromal cells to produce the cytokines IL-7 and IL-15, both associated with enhanced expansion of CARTs (67–69).

As cellular products, CARTs do not exhibit typical pharmacokinetic properties of traditional drugs and the unique biology of CARTs explains the specific toxicities associated with this therapy including cytokine release syndrome (CRS), neurotoxicity, cytopenia, on-target-off tumor effects (i.e., B cell aplasia and consecutive hypogammaglobulinemia in CD19 CART therapy) and infections.

CRS is frequently observed after CART treatment with CD19-specific CARTs (12, 13, 22) but also with CARTs targeting BCMA (50) and with other T-cell engaging therapies (70, 71). CRS is triggered by inflammatory mediators released directly by the CART and the activated bystander immune cell and results in a supraphysiologic inflammatory state (72–74). CRS manifests with constitutional symptoms such as fever associated with fatigue, myalgia, arthralgia, rigors or anorexia, but can progress to hypotension, tachycardia, tachypnea and hypoxia, arrhythmia, capillary-leak, coagulopathy, respiratory failure, shock and organ dysfunction (22, 75). The treatment of CRS involves symptomatic treatment as well as anti-cytokine treatment with anti-IL-6 antibodies and corticosteroids (28, 76, 77).

Neurotoxicity, referred to as immune effector cell-associated neurotoxicity syndrome (ICANS), is another toxicity commonly observed after CART treatment. ICANS typically presents with impairment of attention and confusion (26, 78–80) and can progress to depressed level of consciousness, coma, seizures, motor weakness, and cerebral edema (34, 81). Trafficking of CARTs, passive diffusion of cytokines into the central nervous system (CNS), endothelial activation with subsequent disruption of the blood-brain barrier and microglial and/or myeloid cell activation in the CNS have been suggested as underlying the pathophysiology of ICANs (14, 25, 80–83). For isolated ICANS, steroids are the first-line of therapy (76).

High-grade and long-term cytopenias are frequently observed after CART therapy and prone patients to infectious complications (13, 22, 23, 25, 28, 84–86). Also, B cell aplasia with secondary hypogammaglobulinemia due to the effects of CD19-directed CARTs on normal B cells can be associated with an increased risk of infections (87, 88).



Infections and Antibiotic Treatments in CART Cell Patients

Besides cytopenia and hypogammaglobulinemia, further risk factors for infections in CART patients include the number of prior chemotherapeutic treatment regimens, impaired performance status at immunotherapy start, ALL as underlying disease, a reduced absolute neutrophil count at baseline, a high dose of administered CARTs and the use of corticosteroid treatment for management of CART toxicities (15, 73, 89). In fact, early and late infectious complications, primarily of bacterial and viral origin, after CART administration are common (32, 85, 90–92). Besides, invasive fungal infections (90, 93) and reactivation of latent DNA viruses are observed after CART treatment (79, 85, 94).

Universal evidence-based guidelines for anti-infective prophylaxis of CART patients are pending. Although for all patients, herpes simplex (HSV) and varicella zoster (VZV) prophylaxis up to one year after CART treatment and/or until sufficient peripheral CD4 cell counts were reconstituted are recommended (95–97), fungal and bacterial prophylaxes are not routinely recommended after CART treatment. Antibiotic prophylaxis standards vary between different institutions (96, 97), but most regimens include the use of fluoroquinolons (96).

However, in neutropenic CART patients, antibiotic treatment is consensually strongly advised (97, 98), especially considering the high number of infections in these patients (92, 97). A recent study in children reported that infections occurs in about half of them within 3 months before the intervention and in about 40% of the patients in the first days after CART infusion. Bacteria accounted for half of the infections causing a high number of severe and life-threatening bacteremia, notably E. coli, Klebsiella spp., Enterococcus spp. and Staphylococcus spp (99). In adult patients, infections were more common within the first 2 months after CART cell therapy, and again bacteria were the most common causative pathogens. Intriguingly, the gut as site of infection and intestinal commensals were found to account for a considerable fraction of infections (89).



Effects of Antibiotic Treatments on Anti-Cancer Efficacies of Immunotherapies

Antibiotics are commonly used in patients undergoing antitumor therapies to prevent and/or reduce infectious complications. Nonetheless, antibiotics have been shown to promote development of chronic diseases and to affect the clinical outcome of patients treated with immunotherapies (100), which is suggested to be (at least in part) due to negative effects on the gut commensal microbiome. Despite their essential role in managing infections and, thereby, saving lives, there is a growing body of evidence showing that antibiotics have detrimental impact on the antitumor efficacy of T cell-based immunotherapies, notably ICI therapies (see review of the clinical studies in Table 1). Such adverse influence on the ICI outcomes are hypothesized to occur through modulation of the intestinal microbiome. Therefore, we will focus in the following chapters on the intestinal microbiome, individual commensals and their potential role in anticancer T cell therapies.


Table 1 | Outcome of patients treated with immune checkpoint inhibitors (ICI) with or without receiving antibiotic (AB) treatment.





The Intestinal Microbiome as Major Modulator of Mucosal and Immunological Homeostasis

The human body harbors a massive number of microbial members (likewise the number of human cells) that orchestrate a comprehensive range of physiological processes, diseases and cancer susceptibility. Their 100-fold higher gene diversity encodes outstanding mechanism and metabolic competences that influence their own microbial niche, host tissue specific and immune cells function (111). This microbial ecosystem, collectively termed microbiome, is composed of eukaryotes (fungi and protozoa), virus and prokaryotes (112). The majority of commensal bacteria inhabit the colonic gastrointestinal tract while the minority are colonizing other anatomical regions such as oral-respiratory and urogenital tracts, skin as well as tumors. Overall, under healthy conditions, the host and microbiome exist in a symbiotic equilibrium as a metaorganism by providing a nutrient-rich microenvironment in return for aid in digestion and metabolism, respectively (113–115). As such, the microbiome synthesizes vitamins and breaks down food into absorbable nutrients, e.g., carbohydrates, or host signaling molecules such as short-chain fatty acids (116). Differences in geographic location, ethnicity, and dietary habits cause the human microbiome to be highly variable between and within individuals (117). In the last twenty years, research on the microbiome turned to be a field of enormous interest in a broad scientific community, which was leveraged by the Human Microbiome Project 1 and 2. Numerous diseases including cardiovascular diseases (CVDs), inflammatory bowel disease (IBD), diabetes mellitus, cardiometabolic disease, liver disease, neurodevelopmental illnesses, and cancer have been shown to be associated with and even partially driven by alterations of the intestinal microbiome or of microbe-host interactions, termed dysbiosis (115, 118, 119).

Mucosal surfaces of the intestinal tract are constantly exposed to a huge biomass of commensal bacteria, and the host’s response to gut microbes is compartmentalized to the mucosal surface. As primary gate keepers, the intestinal epithelium and a dense layer of mucus separates the lumen with resident microbes from the underlying host’s tissues. The major building blocks in mucus are mucins which are large, highly glycosylated proteins, secreted by intestinal goblet cells. The mucin domain glycans bind a lot of water and thereby generate the typical gel-like properties of the mucus (120). In addition to forming a mucosal gel, goblet cells have been shown to deliver intestinal luminal material to the lamina propria dendritic cells (DCs) for presentation of oral and intestinal antigens to the immune system (121), and also facilitate colonic translocation of commensal bacteria to host lymphatic organs (122). Antimicrobial peptides (AMP), a diverse group of evolutionary conserved defense proteins and peptides, play another critical role in maintaining mucosal barrier functions. Intestinal AMPs are secreted by Paneth cells and, to a lesser extent, enterocytes in the small intestine (123). AMP families include lysozymes (124), cathelicidins (125), α- and β- defensins (126), and regenerating islet-derived (Reg) proteins (127). AMPs mostly exert barrier function through direct bacterial killing, or indirectly via induction of a diverse array of immunomodulatory mechanisms (128). AMPs such as enteric defensins (129), resistin-like molecule β (130), cathelin-related antimicrobial peptide (131) and lectins of the Reg3 family constitutively shape the indigenous commensal repertoire and microbiome ecology (132). In addition, AMPs protect the host from pathogenic infection, e.g. cathelicidin-related peptides against Salmonella typhimurium infection (133), while the lectin Reg3γ protects mice against Listeria monocytogenes infection (134) and reduces colonization by vancomycin-resistant Enterococcus (135).

Secretion of immunoglobulin A (IgA) represents another feature of the intestinal mucosa to protect the host against intestinal pathogens. IgA, the most abundant antibody isotype produced in our body, primarily induced in the Peyer’s patches of the gut, provides non-inflammatory immune protection against Salmonella typhimurium (136) or Enterobacter cloacae (137). Secretory IgA promotes intestinal immune exclusion by entrapping dietary antigens and microbes in the mucus, down-modulates the expression of proinflammatory bacterial epitopes on commensal bacteria, and, thereby, affects microbial colonization of the gut and maintains a homeostatic ecology of commensal bacteria (138).

These intestinal immunity features are subject to commensal-host mutualisms with extensive bidirectional interaction. For instance, the mucosal expression of Reg3 lectins is regulated by the commensal microbiome through the production of the short-chain fatty acids (SCFAs) propionate and butyrate as major microbial metabolites of Clostridia strains and signaling through G protein-coupled receptor 43 (GPR43) on enterocytes (139). Likewise, the protein and oligosaccharide composition as well as barrier function of the intestinal mucus depends on the colonization with commensal microbes (140). Intestinal secretion of IgA is also determined by the presence of commensal microbes as germ-free animals have ten-fold lower levels of total IgA (141). Specifically, a complex microbiome that contains members of the phylum Proteobacteria promotes a T cell dependent induction of systemic IgA that can further protect against polymicrobial sepsis (142).

Besides these non-immunological features of mucosal microbe – host mutualism, the gut microbiome is essential in the ontogeny, maturation and modulation of the adaptive, T cell-driven immunity both in the intestines, extra-intestinal organs and systemically. This interaction starts very early in life because after birth the colonizing gut commensals induce the development of intestinal lymphoid tissues and maturation of myeloid and lymphoid cells, which imprints the immune system with a reactivity level that persists long into adulthood (143). Germ-free mice, in contrast, show defects in multiple specific immunocyte populations such as reduced Th1, Th17 and regulatory T cells in the intestines and mesenteric lymph nodes, impaired cytotoxicity NK cells or compromised innate lymphoid cell (ILC) function (144). In a seminal mouse study aimed to screen for immunomodulatory human gut symbionts, Geva-Zatorsky et al (Cell 2017) reported the effects of 53 individual bacteria on cellular immune phenotypes after mono-colonization of germ-free laboratory mice. Only a handful of symbionts were found to increase T cell frequencies in the intestines, including segmented filamentous bacteria (SFB) and Th17 cells, Coprobacillus and IL-10+ T cells, or Bifidobacterium longum and IFNγ+ Th1 cells (145). So far, only a few studies have assessed associations between immune cell phenotypes, effector molecules and gut microbiome profiles in healthy humans. For instance, the abundance of the genus Bacteroides has been linked to the Th1 cell numbers in the mucosa of the sigmoid colon (146). Furthermore, pathogen-induced immune cytokine responses are hypothesized to be modulated by the intestinal microbiome in healthy humans. Alistipes, Clostridium or Bilophila spp. were reported to protect against lipopolysaccharide-induced TNFα release from monocytes, whereas Faecalibacterium spp. may protect against IL-17 responses (147).

Immune cells recognize and react to small molecules produced by gut commensal microbes such as the above mentioned SCFAs. Along these lines, propionate and butyrate have been identified as major SCFAs that can stimulate the expansion and immune-suppressive properties of the regulatory T cells in the colon either through GPR43 receptor signaling or inhibition of histone deacetylases (HDACs) on the level of DCs (148, 149). Recently, bacterial transformation of bile acids which creates a complex pool of steroids was also observed to induce peripheral regulatory T cells by acting on DCs to diminish their immunostimulatory properties (150). Bacteroides fragilis and thetaiotaomicron are among the commensals that contribute significantly to bile acid metabolism in the gut (151).

Overall, recent research has greatly enhanced the understandings of the intimate, but complicated crosstalk between the microbiome and the immune system. Nevertheless, many unknowns and challenges remain in disentangling microbiome-immunity interactions in health and disease, notably cancer immunotherapies, which we will cover in the next chapters.



Gut Microbiome Injuries After Chemotherapy and Irradiation Conditioning for Cancer Therapies and T Cell Transfers

Before widespread use of next-generation sequencing techniques, culture-based methods already provided evidence that chemotherapeutic agents such as 5-fluorouracil (5-FU) perturb the oral and fecal microbiota of laboratory animals with an expansion of gram-negative anaerobes (152). These findings were later expanded by 16S rRNA sequencing results revealing a decrease in Eubacterium and Ruminococcus spp. as beneficial, SCFA producing bacteria (153). The complex interaction of microbes and chemotherapy is also reflected by pre-clinical results showing that the efficacy and toxicity of the drugs (e.g., 5-FU or irinotecan) depend on the intestinal bacterial composition (154, 155).

In humans, there is only a sparse literature on whether chemotherapy affects diversity and composition of the gut microbiome, and the results are often difficult to interpret due to antibiotic treatments, the development of gastrointestinal toxicities with inflammation and diarrhea, and surgical complications (156–159).

Regarding the toxicity of CART therapies, the most notable toxicities are CRS and neurotoxicity. However, gastrointestinal adverse events were reported in up to 28% of patients in a retrospective analysis by Abu-Sbeih et al. (160). All of them developed diarrhea, but also colitis and bloody stools were observed in rare cases, which can confound any microbiome configuration in these patients. Regarding chemotherapy effects without T cell transfer, in patients receiving a myeloablative conditioning therapy for NHL, chemotherapy was associated with an expansion of Enterobacteriaceae and Enterococcaceae, and a loss of Ruminococcaceae, Lachnospiraceae and Bifidobacterium spp. without any additional administration of other drugs such as antibiotics (157). Induction chemotherapy in patients with AML was also observed to reduce the alpha-diversity (i.e., the diversity and species richness within a patient’s biospecimen) of the oral and fecal microbiome during the course of therapy. However, the administration of broad-spectrum antibiotics was found to be the major factor responsible for the loss of diversity in this cohort (156). In patients with advanced colorectal cancer, for instance, adjuvant chemotherapies with irinotecan-, oxaliplatin- and 5-FU-based regimens have also been reported to alter the bacterial and fungal community structure of the gut with outgrowth of Veillonella, Candida, Malassizia spp. and loss of Clostridiales and Faecalibacterium spp. (159). As another anticancer therapy associated with intestinal toxicity, pelvic irradiation for prostate cancer therapy was found to reduce intestinal microbiome diversity, notably in patients developing radiation enteropathy. Radiotherapy also led to a decreased microbial SCFA production capacity and decreased levels of homeostatic rectal mucosa cytokines predisposing to intestinal toxicities and adverse events in these patients (158).



Effects of the Gut Microbiome On Outcomes Of Allogeneic Hematopoietic Cell Transplantation (allo HCT)

As described above, the intestinal microbiota plays a major role in shaping innate and adaptive immunity (161). Therefore, it is plausible that the efficacy of immunotherapies that rely on peripheral immune cells, such as adoptive cell therapy (ACT) and ICI therapies, may depend on intestinal microbiome configurations and their metabolic outputs as it has been reported repeatedly in recent years (102, 162–164). The role of the microbiome in ICI immunotherapy has already been discussed in extensive reviews (165, 166).

We will rather focus on gut microbiome effects on the outcomes of allogeneic hematopoietic cell transplantation (allo HCT) which is a model and predecessor of modern T cell transfer therapies, such as CART therapy, against hematologic malignancies. During allo HCT, a combination of events such as chemotherapy conditioning, exposure to antibiotics and other drugs such as antacids, or changes in diet greatly affect the structure and function of the gut microbiome leading to injuries and dysbiotic states. As we have shown previously, expansion of Enterococcus spp. within the gut microbiome up to a level of mono-domination early after transplant represents a hallmark of dysbiosis in allo HCT patients (167). This expansion was primarily driven by the administration of broad-spectrum antibiotics, but also diets containing specific nutrients such as lactose that nourish enterococci and related facultative pathogens like streptococci and other members of the Lactobacillales order. Clinically, an Enterococcus mono-domination was associated with reduced overall survival and exacerbated intestinal graft-versus-host disease (GVHD), a major toxicity of allo HCT (167).

Antibiotic treatments and domination events with antibiotic-resistant or pathogenic microbes usually come with a substantial reduction of the diversity of the gut microbiome. Notably, in a multi-centric study with 1362 allo HCT patients, a loss of microbiome diversity early after transplant was associated with a higher risk of transplantation-related death and death attributable to GVHD (168). The risk of relapse, however, was not affected by the diversity. Such a disruption of the intestinal microbial milieu not only leads to the expansion of potential pathogens, but also to a loss of functionality in the host-commensal mutualism. In children undergoing allo HCT and receiving antibiotics, butyrate and propionate, two major microbiome-derived SCFAs, were depleted in the intestinal contents after transplant, and were lower in those children that developed GVHD (169). This is of particular importance as SCFAs are protecting the host, notably gut enterocytes, from deleterious gut GVHD (170).

Besides the development of GVHD, the intestinal microbiome has also been associated with antitumor efficacy and the occurrence of relapse after allo HCT. In a study by Peled et al. (171), a higher peri-transplant abundance of a cluster of intestinal bacteria centered around Eubacterium limosum was associated with a decreased risk of relapse/progression of disease. Eubacterium limosum is a producer of butyrate, propionate, acetate and lactate (172), and these SCFA haven been attributed to the antitumor efficacy of ICI therapies in humans (163).

The development of relapse after allo HCT is determined by the ability of the engrafting immune system to remove residual leukemia cells through a graft-versus-leukemia (GVL) effect. GVL depends on alloreactive, antigen-specific T cells, NK cell alloreactivity and activated DCs (173). In a large patient-centered study, Schluter et al. (174) described associations of the human gut microbiome with the dynamics of the immune system focusing on peripheral immune cells after allo HCT. Abundances of intestinal Ruminococcus gnavus and Staphylococcus spp. were positively associated with blood lymphocyte counts and post-transplant reconstitution, whereas Faecalibacterium was associated with increases in monocyte rates. Although this study lacks details on the subtypes of lymphocytes and other immune cells, it is the first of its kind to demonstrate a clinical relevance of microbiome-immune interactions in humans which has so far only been reported in animal models.



Evidence for Connections of the Gut Microbiome With Efficacy and Toxicity of CART Immunotherapy in Hematologic Malignancies

So far, there is only little reporting on the role of the gut microbiome in CART therapy. However, there are several lines of evidence highlighting plausible connections as described above and coming from other preclinical experiments. Intriguingly, the efficacy of ACT against HPV-associated cancers in a mouse model was observed to depend on the microbiome configuration of the host at steady-state by comparing mice obtained from two different vendors (Jackson vs. Harlan laboratories) (175). The microbiome differences were attributed to a diverse range of Bacteroides, Prevotella and Rikenellaceae. Following treatment with vancomycin, ACT efficacy was enhanced in Jackson mice, but not in Harlan mice. The increased ACT efficacy was also phenocopied by fecal microbiota transfers, with the microbiome affecting both tumor infiltration and expansion of reactive T cells (175). Along these lines, Paulos et al. reported that translocation of microbiome-derived components such as lipopolysaccharide (LPS) from a radiation-injured gastrointestinal tract activated the innate immune system of tumor-bearing mice and, thereby, enhanced the ACT efficacy through Toll-like receptor (TLR) 4 signaling (176). Antibiotic treatment, in turn, reduced the activation of the innate immune system in irradiated mice, and impaired the effectiveness of ACT. The broad-spectrum antibiotic-induced reduction of ACT efficacy was also shown for adoptive CD4+ T cell transfers against implanted colorectal tumors in mice (177). In the only published data on antibiotic effects in mouse CARTs so far, it was reported that the administration of broad-spectrum antibiotics did not mitigate the tumor killing and survival of mice carrying A20 B-cell lymphomas and treated with CD19-CARTs (177). However, the depletion of the gut microbiome significantly prolonged the persistence of CARTs and the duration of B-cell aplasia in these mice.

The different sensitivity of T cells for ACT and CD19-CARTs to antibiotics may be explained by a differential dependence of these T cells on the intestinal microbiome for executing their effector functions. As described above, irradiation-induced microbial translocation augments the function of adoptively transferred tumor-specific T cells via an increased activation of DCs. As a side note, chemotherapy is also known to cause translocation of bacteria across the intestinal epithelium, and thereby amplifies the function of effector T cells (178, 179). Kuzma et al. also described that the presence of antibiotics in cell culture did not affect T cell expansion and cytokine production during in vitro antigenic stimulation (177). The loss of sensitivity to antibiotics by CD19-CART may indicate that microbial translocation occurring during the conditioning process does not impact the function of CD19-CART. This phenomenon may be attributable to the unique feature of CARTs as these cells are equipped to exert effector functions instantly upon tumor encounter without the need to be reactivated by DCs as it is the case in ACT.

Despite the lack of effect of CD19-CART efficacy in mice as shown in this very first study, there is preliminary evidence from human studies pointing towards the role of the gut microbiome and dysbiosis in outcomes of CART immunotherapies. In a single-center study published as meeting abstract, Smith et al. observed differences in the gut microbiome composition assessed by 16S rRNA gene sequencing before CD19-CART infusion associated with therapy outcomes. Lachnospiraceae and Ruminococcaceae were found to be more prevalent in patients who achieved complete remission, whereas Peptostreptococcaceae and Clostridiales were more abundant in non-responders; microbiome diversity was not observed to be different in responder vs. non-responders (180). Another small study, again published as meeting abstract, reported that the administration of broad-spectrum antibiotics up to 14 days before CART infusion was associated with reduced 3-months response rates. The administration of antibiotics was also found to reduce gut microbiome diversity, and, in turn, facilitated the expansion of enterococci in the patients’ stools (181). These preliminary studies corroborate our hypothesis of associations between microbial diversity and taxonomic composition around the days of CART administration and clinical outcomes of this immunotherapy.

In the following chapters we will focus on mechanistic details of microbe - immune interactions that are of particular relevance for patients receiving CD19-CART immunotherapies, notably the effects of broad-spectrum antibiotic treatments and the role of Enterococcus spp. and Klebsiella spp. as facultative pathogenic commensals frequently observed in cohorts of blood cancer patients.



Loss of Function and Other Perturbations of the Gut Microbiome by Antibiotic Treatments

Antibiotic treatment is one of the major causes of perturbation of the human gut microbiome. Alterations in the microbial composition is dependent on dosage, duration of treatment, form of application, and class of antibiotics (182). Various studies investigated the short- and long-term effects on the gut microbiome during and after antibiotic treatment. The most common observation was a decrease of alpha-diversity of the microbiome. For example, a 6-day cefuroxime administration led to a 5% loss of alpha-diversity, whereas 6-days of ciprofloxacin administration resulted in a 40% loss of microbial diversity (183). The loss of diversity was reported to come at the expense of bacteria belonging to Actinobacteria and Firmicutes whereas, the relative abundance of Proteobacteria was found increased (182, 184–186).

Assessing the effects of individual antibiotic classes on the composition of the microbiome, macrolide antibiotics were associated with a decrease of Actinobacteria, especially bifidobacteria, and Firmicutes, especially lactobacilli, and with an increase of the relative abundance of Bacteroidetes and Proteobacteria (182, 184). Beta-lactam targeting antibiotics were reported to influence the abundance of Firmicutes and Actinobacteria negatively while leading to an increase of Proteobacteria (184). In addition, cephalosporine administration can also lead to an increase of Bacteroidetes (182–184). Glycopeptides do not undergo reabsorption in the gut, and are, thus, considered to perturb the gut microbiome. Vancomycin, for instance, was found to reduce the abundance of Firmicutes while increasing Proteobacteria abundances, especially Enterobacteriaceae, both in human and mice (182–184, 186, 187). Fluoroquinolones, like ciprofloxacin, decreased the abundances of Firmicutes and Actinobacteria, especially bifidobacteria, but increased the relative abundance of Bacteroidetes (182, 184). Clindamycin, a lincosamide, reduced the abundance of Actinobacteria, mainly bifidobacteria, and of Firmicutes, notably lactobacilli (182). Interestingly, the frequently used antibiotic amoxicillin was found to exert only minor effects on microbial diversity (184, 187).

As presented above on some examples, antibiotic treatments can lead to a loss of potentially beneficial bacteria, resulting in alterations in bacterial metabolites, like SCFA, and colonization with potentially pathogenic bacteria, like Enterococcus or Klebsiella spp. (188–190).

The relationship between SCFA, including acetic acid, propionic acid and butyric acid, and mucosal homeostasis is well studied (189, 191). SCFAs are involved in several homeostatic processes, including inhibition of histone deacetylases and regulation of hematopoietic cell and non-hematopoietic cell differentiation, resulting in an anti-inflammatory and tolerant condition for the mucosal homeostasis. Furthermore, SCFAs are capable to suppress nuclear factor-κB (NF-κB) in immune cells, resulting in inhibition of the production of proinflammatory cytokines (191–194). SCFAs are also involved in maintaining the physical mucosal barrier as they have been shown to increase transcription of mucin genes and production of mucus in intestinal goblet cells. In addition, cell-cell contacts are influenced by SCFAs, improving tight-junction integrity (191, 195).

Infection of pathogenic bacteria is a major cause of death in cancer patients. To elucidate the mechanisms underlying infections, it is important to take a closer look into the healthy microbiome and its interplay with potentially harmful microbes. There are direct and indirect microbiome-related mechanisms to provide colonization resistance. Direct mechanisms include production of antimicrobial molecules, called bacteriocins, with the ability of killing other bacteria, mostly active against closely related species providing selection advantages. Also known is the ability of microbial metabolites, such as SCFAs, to inhibit growth of pathogenic bacteria, like Salmonella typhimurium (189, 196). Indirect mechanisms involve the host’s immune system, which is shaped by the commensal microbiome and involves antimicrobial peptides as described above. The disruption of the gut microbiome by antibiotic treatment has been shown to reduce colonization resistance against pathogenic bacteria with an increased susceptibility to infection (196–198). In laboratory rats, a 14-day ceftriaxone treatment led to increased abundance of E. coli, Staphylococcus spp., and hemolytic bacteria that was associated with reduction in fecal propionic acid and higher colonic epithelial permeability and a disturbance of oxidant-antioxidant balance. This mucosal injury was accompanied by increased bacterial translocation, suggesting antibiotic-driven susceptibility to blood-stream invasion of potential pathogenic bacteria (196). In a murine model, a single dose of either streptomycin, clindamycin or a cocktail of metronidazole, neomycin, vancomycin and clindamycin, led to susceptibility to Listeria monocytogenes infections. In ex vivo experiments, contents of the small intestine of untreated mice, co-cultured under anaerobic conditions, were efficient in eliminating Listeria monocytogenes, suggesting a microbiota dependent but immune independent role of colonization resistance. Especially Clostridia strains were associated with protection against Listeria monocytogenes infection (197). It was also demonstrated that Bacteroides spp. effectively inhibited Salmonella typhimurium growth by production of propionic acid leading to an intracellular acidification of the pathogen (199). Secondary bile-acids, produced by commensals through 7-α-dihydroxylation of primary bile-acids, as for instance by Clostridium scindens, promoted resistance to colonization with Clostridioides difficile in mice (200). The role of the gut microbiome in providing resistance against colonization and infection was repeatedly demonstrated in patients with recurrent infection with Clostridioides difficile, and restoring a functional microbiome through fecal-microbiota-transfer (FMT) is known to treat recurrent infection more efficiently than antibiotic therapy (201).

Part of the human gut microbiome is the mycobiome, which is barely investigated yet. A recent study showed the influence of antibiotic treatment on fungi in the gut environment. Especially Candida albicans, an opportunistic pathogen was found to expand during antibiotic treatment in patients, suggesting a regulatory function of commensal bacteria for Candida albicans in vivo growth. Recovery of the microbial community, in turn, led to an effective suppression of the initial outgrowth of the fungus (183). Thus, continuous antibiotic administration may lead to increased susceptibility to intestinal and/or blood-stream infections with Candida and other fungi (202).

Colonization and infection with potentially pathogenic bacteria after antibiotic treatment is a widely observed phenomenon, especially in hospitalized patients (186, 189, 190, 197, 199, 201, 203, 204). Underlying mechanisms include the development of antibiotic resistances or the loss of colonization resistance against potential pathogenic bacteria. In addition, intrinsic antibiotic resistances can facilitate colonization and expansion, like resistances of Enterococcus faecalis and Enterococcus faecium to cephalosporines and aminoglycosides (205).

The development of antibiotic resistances is a major subject of research, even more after it was declared by the WHO as one of the top 10 global public health threats (95). Antibiotic resistance genes (ARGs) are phylogenetically conserved genes and their existence was dated back before the age of antibiotics (206). Due to the excessive use of antibiotics all over the world, the amount of ARGs in commensal and environmental bacteria was presumably never higher as today. It is well documented that the increased ARG-copy number in bacteria correlates with the use of antibiotics (207, 208). As reviewed recently (207), antibiotic pressure drives horizontal gene transfer (HGT) of ARGs with a specific selection of more differentiated ARGs. This selection occurs on the single nucleotide level indicating the high efficiency in gene selection conferring survival advantage. A process that facilitates the development of antibiotic resistance is antibiotic treatment under sub-inhibitory concentrations. It has been shown that antibiotic administration under sub-inhibitory conditions augment gene transfer and gene recombination (208, 209). This effective antibiotic resistance development of potential pathogens is associated with the expansion of individual microbes during antibiotic administration with potentially fatal consequences for the host.



Effects of Individual Gut Microbes Expanding During Antibiotic Treatment on Immune Regulation and Mucosal Homeostasis

Several microbes are known for their pathologic colonization properties, causing disturbance in the microbial community and contributing to severe infections. Among them are bacteria belonging to the genus Enterococcus, Klebsiella, Salmonella and Streptococcus (186, 189, 199, 203–205, 210, 211). Various mechanisms of colonization advantages and virulence development were described in recent studies, but little is known about immune regulation during colonization or the infection with these pathobionts.

Clinical and experimental research has focused on the cause and consequence of expansion of Enterococcus spp. in hospitalized patient. We have shown previously that antibiotic therapy, but also diet, contribute to mono-domination of the gut with enterococci in allo HCT patients (167), and preliminary data found similar pattern in CD19-CART treated patients (181). As observed in several other clinical conditions, antibiotic treatments facilitate intestinal outgrowth of commensal Enterococcus spp., mostly Enterococcus faecium and Enterococcus faecalis. Recent studies enabled a more comprehensive view on mechanisms forcing a commensal to become a pathogenic bacterium.

Enterococcus spp. are extremely flexible in adapting to their environment, as reviewed recently (205), especially in response to environmental stress, e.g., the exposure to antibiotics. A recent study investigated the impact of Enterococcus faecalis on the host under various conditions, like mono-colonization or co-colonization with a colitogenic bacterial consortium. Mono-colonization of germ-free mice with two different strains of Enterococcus faecalis has been shown to increase the number of DCs and regulatory T cells in the colon at steady-state (145). However, using IL-10 deficient germ-free mice as a background mouse strain that is more susceptible to inflammation, mono-colonization with Enterococcus faecalis resulted in a severe inflammation of the colon accompanied by an upregulation of genes involved in stress responses towards unfavorable conditions in enterococci, including protease and chaperone genes and oxidative stress resistance (212). Co-colonization of germ-free, IL-10 deficient mice with Enterococcus faecalis together with a colitogenic bacterial consortium, showed an oppositional gene expression pattern involved in growth and replication and only moderate intestinal inflammation. Thus, gene expression and behavior of Enterococcus faecalis is dependent on the microbial environment (213). These results indicate a crucial role of the microbial environment in maintaining virulence of enterococci and could explain the ambivalent role of Enterococcus spp. as harmless commensal versus being a pathogen. Interestingly, environmental stress in bacteria could also be induced by catecholamines like norepinephrine (214). Norepinephrine led to differently expressed protein patterns, associated with higher bile acid tolerance, aggregation capability and biofilm forming abilities, indicating enhanced environmental resistance with potential role in pathogenesis of colonization and infection during increased stress response of the host (215).

Mechanisms of virulence are, among others, dependent on virulence factors expressed in microbes. Several virulence factors of Enterococcus spp. have been shown to interfere with the intestinal environment. Gelatinase E (GelE), a matrix metalloproteinase found in enterococci, is one of the major virulence factors shown to impair the integrity of gut mucosal barriers. In vitro experiments showed that the media of GelE-producing enterococci co-incubated with macrophages lead to an altered morphology of intestinal epithelial cells (IECs) (216). In vivo mono-associations of germ-free, IL-10 deficient mice with GelE producing Enterococcus strains resulted in colitis, whereas colonization with GelE deficient enterococci attenuated the inflammation (212). Other virulence factors associated with aggregation, adhesion or β-hemolysis, contributing to environmental resistance or cell destruction are described in detail elsewhere (217, 218).

Regarding their immune system interactions, Klebsiella pneumoniae isolated from various infection sides of hospitalized patients revealed different immune stimulatory patterns in in vitro and in vivo-experimental studies. Intraperitoneal injection with Klebsiella strains, for instance, was associated with lower survival of mice when challenged with strains that induced a low TNFα response in peripheral blood mononuclear cells (PBMCs) in vitro, suggesting a potential correlation of immune evasion ability and severity of infection (211).

Amoxicillin treatment in mice led to drastically increased abundance of Klebsiella variicola with a significantly increased antibiotic resistance profile and elevated virulence compared to control. Inoculation of antibiotic pre-treated mice with these virulent strains resulted in increased pro-inflammatory cytokine production with more severe colon damage, whereas isolated strains of untreated mice led to almost no inflammation, confirming the hypothesis of antibiotic-enhanced virulence. Inflammation was accompanied by modulated Th1 and regulatory T cell differentiation in peripheral lymphoid tissues. Especially Th1 cells were increased and regulatory T cells were decreased in cervical and mesenterial lymph nodes compared to mice inoculated with Klebsiella variicola isolated from non-antibiotic treated mice (219). Besides the effect of antibiotics to induce expansion of individual microbes of the intestinal microbiota, it is hypothesized that antibiotics can favor the de novo intestinal colonization with microbes of the oral cavity. Ectopic colonization of germ-free mice with saliva samples of patients with inflammatory bowel disease (IBD) showed a significant Klebsiella spp. dependent induction of Th1 cells in the intestinal lamina propria. Other commensals inhabiting the oral cavity failed to induce Th1 cells in these experiments. Knock-out models revealed TLR signaling and IL-18 to contribute to DC mediated Th1 cell induction (220).

Taken together, the expansion of individual microbes can have various impact on the mucosal and systemic immunity. However, there are still several open questions regarding the interplay of individual microbes, their virulence and the host immune system, notably T cell-driven anticancer immunity.



Potential Mechanisms Underlying Direct Effects of Microbes on T Cells as Models of Microbe – CART Interaction

Effector function of T cells defined by the magnitude of cytokine production depends on triggering of the TCR by antigen recognition, engagement of costimulatory molecules and availability of proinflammatory cytokines (221, 222). Increasing evidence indicates that microbial metabolites and cell wall components can regulate the T cell function via host receptors and other target molecules (Figure 1).




Figure 1 | Gut microbial metabolites and microbial ligands can exert far reaching influences on T cells and presumably also CAR-T cells. Whereas tryptophan metabolites can act on T cells through the cytoplasmatic aryl hydrocarbon receptor (AhR), bile acid metabolites induce T cell differentiation and change effector functions through actions on vitamin D receptors (VDR), Farnesoid X receptor (FXR), and also through TGR5, PXR or LXR (no shown in this illustration). Short chain fatty acids act on T cells through G-protein coupled receptors 41, 43 or 109 (GPRs), or regulate immune cell differentiation and function through histone deacetylases (HDACs). Bacterial derived membrane fractions or secreted proteins modulate T cells via Toll-like receptors (TLRs) expressed on activated T cells.



TLRs are widely expressed in the innate immune system, but certain TLRs such as TLR2, TLR3, TLR5 and TLR9 are also expressed in T cells (223). They can act as costimulatory molecules to enhance proliferation and/or cytokine production of TCR-stimulated T cells. For instance, it has been demonstrated that TLR2 provides co-stimulatory signals to amplify the magnitude of IL-2, TNFα and IFNγ production in murine and human CD8+ T cells, and to increase the percentage of polyfunctional T cells against tumor cells (224). Intriguingly, overexpression of TLR2 in CD19- or mesothelin-targeted CARTs was associated with the expansion, persistency and antitumor function of respective CARTs in mouse models (225). This is of particular interest as commensal enterococci specifically stimulate TLR2 on immune cells via lipoteichoic acid (226); therefore, and based on preliminary data evaluating the impact of the microbiome on toxicity and efficacy of CARTs (181) we hypothesize that an intestinal expansion of enterococci and the co-occurrence of severe CRS in CART treated patients may be due to a direct effect of Enterococcus spp. on CARTs via TLR2.

Microbiome derived SCFAs can also act on T cells either through G-protein coupled receptors GPR43 or GPR109 receptor signaling or inhibition of histone deacetylases (HDACs). We have shown recently in an allo HCT mouse model that GPR109 is expressed on activated T cells and significantly contributes to the metabolic fitness of T cells. T cells lacking this receptor are able to proliferate upon antigen stimulation, but undergo activation-induced cell death (227). Notably, antibiotic-induced loss of gut commensal anaerobes leads to a depletion of SCFAs in the host; this, in turn, could explain reduced efficacies of T cell-driven cancer immunotherapies through a reduced metabolic fitness of T cells in an antibiotic-treated host.

By-products of microbial tryptophan metabolism in the gut such as indoles and 5-hydroxytryptophan are further important metabolites that can affect T cell function through the aryl hydrocarbon receptor (AhR). AhR is expressed in different body compartments, but also on T cells. Mounting evidence indicates that AhR plays multiple roles in modulating CD4+ T differentiation and function (228). Recently, it has been shown that 5-hydroxytryptophan induced AhR activation of tumor-infiltrating CD8+ T cells induces a downregulation of cytokines and effector molecules rendering T cells exhausted and dysfunctional in the tumor microenvironment (229). Bile acid metabolites represent another major class of microbiome-derived metabolites that can control T cell differentiation and effector function through the nuclear receptors Farnesoid X receptor (FXR) or vitamin D receptor (150, 230–232).

Besides regulatory and co-stimulatory actions of microbial metabolites on T cell function and antitumor immunity, the concept of “holoimmunity”, i.e., T cell-receptor mediated tolerance against the host and the microbial community residing within the host (233), has emerged as an interesting new area of research in cancer immunity. In this context, cross-reactivity between antigens expressed in commensal bacteria and neoepitopes in melanomas has been demonstrated in a mouse model. In detail, colonization of mice with commensal Bifidobacterium breve shape the TCR repertoire to target a bacterial epitope SVY. These T cells cross-react with the model neoantigen SIY on melanomas leading to decreased tumor growth and extended survival in Bifidobacterium colonized mice (234). In a recent seminal study, this concept of microbe-associated neoantigens in antitumor immunity was developed even further by demonstrating that bacteria residing within melanoma cells can stimulate an HLA presentation of novel peptides that elicit immune response of tumor-infiltrating T cells (235). Although not extensively studied, a considerable number of bacterial reads has also been recently found in DLBCL tissue (236), but whether bacteria-derived HLA-bound neoantigens also stimulate antitumor T cells or even CARTs remains speculative.



Approaches to Prevent Dysbiosis or Augment Microbial Homeostasis in the Gut by Microbes, Prebiotics or Diet to Increase the Efficacy of T Cell-Driven Immunotherapies

The problematic role of antibiotics on immunotherapy outcomes has been discussed in previous chapters. If antibiotics, however, are administered to cancer patients because of medical needs such as infections, strategies to protect a healthy microbiome are currently discussed and evaluated. For instance, a colon-targeted antibiotic adsorbent drug has been shown to protect the gut microbiome from moxifloxacin-induced loss of diversity in healthy volunteers (237). This drug is currently investigated in a phase III study with acute myeloid leukemia (AML) or myelodysplastic syndrome (MDS) patients to investigate beneficial effects on the occurrence of life-threatening complications and increased survival.

Another strategy to restore microbial homeostasis after antibiotic-induced microbiome injuries or other dysbiotic states relies on the transfer of a healthy microbiome from a healthy donor to a patient. Such a fecal microbiota transfer (FMT) has been very successfully implemented in clinical medicine as a rescue treatment for Clostridioides difficile infections (201). In cancer immunotherapy medicine, two pilot studies recently reported on the induction of de novo responses to ICI by FMT in melanoma patients (238, 239).

Apart from transferring whole microbial ecologies, administering individual bacteria as exogenous probiotics has been shown to reward benefits in immunotherapy. For instance, Bifidobacterium spp. treatment of tumor-bearing mice improved cancer-specific immunity and response to ICI therapy (240). In other studies, administration of Bifidobacterium or Lactobacillus spp. was observed to abrogate ICI-associated colitis in mice (241, 242).

As probiotics may be ineffective as exogenous bacteria colonize poorly and live only for a short time in host intestines, prebiotic strategies to enhance endogenous or exogenous microbes in the gut have been developed. Smectite, a type of mineral clay has been shown to promote the expansion of Lactobacillus and Bifidobacterium by intestinal biofilm formation in mice, and, thereby, enhances the antitumor efficacies of ICI or chemotherapy in tumor mouse models (243).

Diet is considered one of the major modulators of the gut microbiome, and among several nutrients, fibers are essential for microbial homeostasis as they provide essential substrates for microbial growth (244). Low intake of fibers reduces the production of SCFAs and mediates long-term, irreversible shifts in the composition of the microbiome (245). In cancer immunotherapy, a small study (published as meeting abstract) examined the effects of diet and supplement use amongst 46 patients receiving ICIs, and found that patients reporting high-fiber diets were approximately five times more likely to respond to therapy compared to patients with low-fiber intake (246).

To the best of our knowledge, none of the above-mentioned strategies has been studied in CART animal models or within clinical trials. However, these studies would provide enough evidence to initiate trials focusing on dietary or prebiotics approaches to modulate the microbiome and, subsequently, clinical outcomes in CART immunotherapy.



Conclusion

Multiple clinical and preclinical studies add to the growing evidence that the intestinal microbiome acts in concert with the host in determining antitumor immunity and the outcomes of cancer immunotherapy. For this reason, it is becoming increasingly clear that environmental or external injuries to the microbiome such as administration of broad-spectrum antibiotics can attenuate the efficacy of antitumor immunotherapies that even affect long-term survival. This emerging concept has already led to adjust antibiotic prophylaxis in clinical practice for allo HCT by switching to anaerobe sparing antibiotics (247), or by applying FMT to increase the anticancer efficacy of ICI (239).

Due to the short time from their approval, there are only preliminary data suggesting again an important role of the gut microbiome in CD19 CART immunotherapies. In Figure 2, we are summarizing plausible perturbations of the microbiome in CART treated patients and their potential impact on the course of the therapy and outcomes. Finally, several modalities are highlighted including dietary interventions through prebiotics, probiotic therapies, FMT and adjustments in antibiotic regimens or phage-based antimicrobial therapies that can help restoring an injured microbiome. Whether these strategies improve response and prognosis of blood cancer patients treated with CART immunotherapies is subject of current studies.




Figure 2 | Intestinal microbiome dysbiosis and potential associations with patient outcomes following therapy with chimeric antigen receptor (CAR)-T cells (CART). Patients receiving CARTs are exposed to various environmental conditions including cytotoxic conditioning regimens, antibiotics, and dietary changes or malnutrition that might contribute to changes in the intestinal microbiome. In addition, previous therapies including chemotherapy, stem cell transplantation or even surgeries can affect microbiome homeostasis. These injuries to the intestinal microbiome, in turn, are hypothesized to affect clinical outcome and toxicity to CART treatment, including cytokine release syndrome (CRS), immune effector cell-associated neurotoxicity syndrome (ICANs), infections, gastrointestinal adverse events, immune reconstitution, and relapse through various different immunological mechanisms involving different hematopoietic and non-hematopoietic cell populations. Several strategies have been proposed, although not specifically for CAR-T cell immunotherapy, to restore the intestinal microbiome health which comprise pre- and probiotics, fecal microbiome transfer (FMT), de-escalated antibiotic exposures or even phage-based therapies to mitigate expansion of potential pathobionts.
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Fecal microbiota transplantation (FMT) is an effective procedure against Clostridioides difficile infection (CDI), with promising but still suboptimal performance in other diseases, such as ulcerative colitis (UC). The recipient’s mucosal immune response against the donor’s microbiota could be relevant factor in the effectiveness of FMT. Our aim was to design and validate an individualized immune-based test to optimize the fecal donor selection for FMT. First, we performed an in vitro validation of the test by co-culturing lymphocytes obtained from the small intestine mucosa of organ donor cadavers (n=7) and microbe-associated molecular patterns (MAMPs) obtained from the feces of 19 healthy donors. The inflammatory response was determined by interleukin supernatant quantification using the Cytometric Bead Array kit (B&D). We then conducted a clinical pilot study with 4 patients with UC using immunocompetent cells extracted from rectal biopsies and MAMPs from 3 donor candidates. We employed the test results to guide donor selection for FMT, which was performed by colonoscopy followed by 4 booster instillations by enema in the following month. The microbiome engraftment was assessed by 16S rDNA massive sequencing in feces, and the patients were clinically followed-up for 16 weeks. The results demonstrated that IL-6, IL-8, and IL-1ß were the most variable markers, although we observed a general tolerance to the microbial insults. Clinical and colonoscopy remission of the patients with UC was not achieved after 16 weeks, although FMT provoked enrichment of the Bacteroidota phylum and Prevotella genus, with a decrease in the Actinobacteriota phylum and Agathobacter genus. The most relevant result was the lack of Akkermansia engraftment in UC. In summary, the clinical success of FMT in patients with UC appears not to be influenced by donor selection based on the explored recipient’s local immunological response to FMT, suggesting that this approach would not be valid for FMT fecal donor optimization in such patients.
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Introduction

The interaction between the gut microbiota and immune system plays a relevant role in the etiopathogenesis of inflammatory bowel diseases, such as ulcerative colitis (UC) (1, 2). A loss of immune tolerance to bacterial luminal antigens has been reported, triggering a local response (activation of dendritic cells), which spreads regionally and results in T-cell differentiation toward T helper (TH)-1, TH-2, TH-17 or regulatory T (Treg) phenotypes that ends in a “storm” of proinflammatory cytokines and chemokines, generating and perpetuating tissue damage (3). In fact, relevant differences in microbiota composition between inflamed and noninflamed intestinal mucosa have been reported in UC, according with the activity status of the disease (2, 4). The genetic basis of UC indicates the protective role of various human polymorphisms in the interleukin (IL)-27 gene (5), as well as the predominant involvement of a TH-17 response, in close relationship with the intestinal microbiota (6, 7).

The therapeutic approach for UC is currently based on inflammation control. Fecal microbiota transplantation (FMT) has emerged as a therapeutic option for UC, aiming to modulate the gut microbiota composition and thus the chronic inflammatory status (8, 9), although its clinical effectiveness is not as high as reported for Clostridioides difficile infection (CDI) (10, 11). Significant efforts has been made in recent years to determine the reasons behind this suboptimal performance, and a number of authors have suggested the importance of the donor’s microbial composition as a determinant for FMT success in UC (12, 13), particularly in relation to ecosystem diversity (14) or the so-called super-donor phenomenon (15). A recent randomized controlled trial identified specific taxa from donor feces associated with higher clinical response rates in patients with UC who underwent FMT (16). Moreover, fecal mixing from various donors has been tested for higher FMT success rates (17). Despite this, donor selection for FMT in UC is not specific, resulting in random matching in most cases, and the molecular mechanisms by which the autoimmune response is modulated have not yet been elucidated.

The mucosal immune system surrounding the digestive tract protects against the entry of potential pathogens and simultaneously remains tolerant to the resident microbiota (18). Nevertheless, the distinction between commensal and pathogenic bacteria is usually hard to establish and often depends on concrete lineage-specific but species-independent virulence factors. One of the aims of FMT in UC is to modulate the dialogue between the gut microbiota and the mucosal immune system, although several mechanisms could be implicated. In that sense, the success could be determined by the interaction of the two players once the implantation of the donor microorganisms has been completed. In this study, we designed a test based on the recipient’s mucosal immune response against the donor’s microbiome to optimize the fecal donor selection in FMT. First, we evaluated and optimized the viability and performance of the test using immunocompetent cells from jejunal specimens obtained from 7 cadaver organ donors, which were exposed to the microbe-associated molecular patterns (MAMPs) of 19 fecal samples from unrelated healthy donors. We then validated the test’s clinical utility in 4 patients with UC who underwent FMT, employing the compatibility test results to guide the donor selection by confronting immune cells obtained from rectal biopsies against the MAMPs of 3 potential fecal donors. Lastly, we evaluated the impact of FMT in the gut bacterial ecosystem of these patients with UC and the intestinal microbiome of the transplant patients with CDI who shared the same fecal donors.



Materials and Methods


In Vitro Optimization of the Compatibility Test

The test is based on exposing immunocompetent cells from either the recipient’s gut mucosa or peripheral blood to antigenic MAMPs determinants of the gut of potential donors, determining cytokine production and selecting the donor with the least inflammatory reaction.

Test optimization was performed using immunocompetent cells recovered from jejunal segments and peripheral blood mononuclear cells extracted from 7 cadaver organ donors that were maintained alive through perfusion. Our center’s ethics committee (Reference 253/17) approved the use of the cadavers, with the inclusion criteria of the donor family’s acceptance and the complete integrity of the digestive system, while the exclusion criterion was a history of intestinal tumors or systemic infectious diseases. During the surgery, a fecal aliquot from the intestinal lumen was collected as a representative sample of the cadaver’s microbiota.

Immunocompetent mucosal cells were recovered from a 3-cm jejunal segment removed during the organ donation surgery. After resection, the jejunum segment was submerged in Roswell Park Memorial Institute (RPMI) 1640 Complete Medium (CM) (Life Technologies/Gibco, 11875-085) supplemented with 10% fetal bovine serum (Life Technologies/Gibco 16140-063), imipenem, gentamicin, vancomycin, and fluconazole, all at a concentration of 100 mg/l to inhibit the growth of the autochthonous microbiota. We manually stripped the mucosal layer and incubated the obtained fragments in 50 ml of RPMI 1640 CM supplemented with 10% fetal bovine serum (Life Technologies/Gibco 16140-063), 50 U/ml collagenase (Sigma-Aldrich GE17-1440-02), and 100 U/ml DNAse I recombinant grade I (Sigma-Aldrich 0436282001) for 120 min at 37°C with continuous stirring. The liberated cell suspension (intraepithelial lymphocytes, lamina propria leukocytes, and epithelial cells) was run up and down through an 18G needle and filtered through a cell strainer to remove debris. Cells were pelleted, counted, and suspended in RPMI CM at a density of 200,000 leukocytes/ml. We labeled 100 µl of the cell suspension with anti-CD45 monoclonal antibodies (Becton Dickinson) and fully acquired it in a flow cytometer (FACSCanto II, Becton Dickinson), counting the gated cells. Prior to the donor’s death, 5 ml of peripheral blood was obtained, and the mononuclear cell fraction was purified by Ficoll-Paque density gradient (Sigma-Aldrich, GE17-14440-02).

We employed fecal aliquots from 19 unrelated healthy donors of our C. difficile FMT program as the antigenic stimulus. Feces were collected and maintained at −80°C until use. To obtain MAMPs determinants, 0.5 g of feces were completely solubilized in 5 ml of water, boiled for 15 min, centrifuged at 1500 rpm for 5 min, only saving the supernatant.

Co-cultures of the immunocompetent cells with alive bacteria were unsuccessful by premature apoptosis of the cells, and consequently we decide to use MAMPs in a cell culture plate (Thermo Fisher Scientific, USA) at 37 °C and 5% carbon dioxide. The immunological response of the immunocompetent cells was determined by measuring the concentration of inflammatory interleukins (IL-1β, IL-6, IL-8, IL-10, and IL-12p70) and tumor necrosis factor alpha (TNFα) using the Human Inflammatory Cytokine Cytometric Bead Array kit (Becton Dickinson, USA) in a flow cytometer.

We first assayed various settings for the dilution of MAMPs (1, 1/100, and 1/1000) and the incubation period (6, 18, and 24 h) to define the optimal conditions that preserve cell viability during cultivation and ensure the recovery of the cytokine signal. To this end, we employed the cells extracted from the jejunal segment of the first recruited organ donor and its own microbiota as an antigen stimulus. In addition, we tested if the extraction method conserved the integrity of the response capability of the intestinal immunocompetent cells. To do so, we measured the intracellular production of IFNγ and TNFα from immunocompetent CD45+ intestinal cells under a PMA-ionomycin stimulus and 3 different fecal microbiome extractions.

After setting the optimal conditions of the test, we examined whether the inflammatory response of immunocompetent gut mucosal cells against fecal MAMPs was comparable to that of peripheral cells in order to validate our compatibility test using a noninvasive sample (peripheral blood). To this end, we cultivated the jejunal and peripheral cells recovered from the 7 aforementioned cadavers (recipients) with MAMPs from feces of 19 putative donors and their own fecal microbiota. We included a negative control without antigen stimulus in each experiment.



In Vivo Validation in UC Patients

We recruited 4 patients with UC under the following inclusion criteria: extensive moderate UC refractory to conventional drug therapy and consent to be included in the study and to undergo FMT. Rectal biopsies including mucosal-associated lymphoid tissue were obtained from the enrolled patients. Immunocompetent mucosal cells were liberated by enzymatic digestion after introducing the biopsies into 5 ml of RPMI 1640 CM supplemented with collagenase (50 U/ml) and DNA-ase (100 U/ml), incubated under vigorous stirring for at least 2 h at 37°C, with occasional homogenization by repeated needle aspiration. The mix was centrifuged at 1,800 rpm for 7 min, and the resulting pellet (containing intraepithelial lymphocytes, lamina propria leukocytes and epithelial cells) was suspended in 1 ml of fresh CM supplemented with imipenem, gentamicin, vancomycin, and fluconazole (100 mg/l each). We estimated the cell concentration by anti-CD45 labeling and adjusted it to 200,000 CD45+ leukocytes/ml.

For each patient with UC, the fecal microbiota from 3 unrelated donors previously recruited for our FMT program for CDI were processed, and MAMPs co-cultures of immunocompetent mucosal cells were performed as described above, reserving a culture of immunocompetent cells as a negative control to estimate the baseline cytokine production. After incubation, the entire well content was transferred to Eppendorf tubes and centrifuged at 14,000 rpm, collecting the supernatants that were stored at −80°C until cytokine determination. Lastly, cytokine determination was performed in a flow cytometer, as previously explained. The candidate whose fecal MAMPs triggered the mildest response in each patient was selected as the fecal donor.



FMT Procedure and Bacterial Engraftment Evaluation

We transferred the donor’s microbiota to the patients with UC by colonoscopy using 100 g of fresh donor feces (less than 6 hours and conserved in anaerobiosis) previously suspended in 500 ml of distilled water and filtered to eliminate fiber and other solid residues. Additionally, patients were provided of 4 frozen individual syringes of 50 ml each with a similar fecal solution that kept at home at -20°C until self-administration by enema one per week (in total 4 instillations obtained from another 100 gr of feces). We assessed the engraftment of the transferred bacteria in fecal samples collected before and after 2 weeks, 1 month, and 2 months of FMT. We also included in the analysis 4 fecal samples from 2 patients with CDI (pre-FMT and post-FMT) who underwent FMT by a single colonoscopy using the same fecal donors as those for UC, to compare the FMT engraftment characteristics of the two diseases.

We determined the bacterial composition of the fecal samples by polymerase chain reaction, amplification of the 16S rDNA V3-V4 region, and massive sequencing (2x300 bp) on a MiSeq (Illumina, San Diego, CA, USA) platform. We analyzed the raw sequencing data using the QIIME 2 bioinformatics platform 2020.8 distribution (19), which were deposited in Genbank (PRJNA702025) (for accession details, see Supplementary Data). In brief, FASTQ files were demultiplexed and quality assessed using the q2-demux plugin. We then performed denoising, filtering, and chimera removal with the DADA2 pipeline (via q2-dada2 plugin), thereby identifying all amplicon sequence variants (ASVs) and their relative abundance in each sample. To minimize the number of spurious ASVs, those unique sequences with a total abundance lower than 7 reads across all samples were filtered out. ASVs were taxonomically classified by using the classify-sklearn naïve Bayes taxonomy classifier (via the q2-feature-classifier plugin) against the SILVA 138 database (20). We performed a diversity analysis using the q2-diversity plugin, after samples were normalized via rarefaction (subsampled without replacement). The diversity analysis comprised alpha diversity metrics (Chao1, Shannon index, and Faith-PD, which measure the degree of microbiome diversity) and beta diversity metrics (unweighted UniFrac, which measures differences in microbiome composition between groups of samples). All statistical tests were conducted via the q2-diversity plugin.



Clinical Follow-Up of UC Patients

UC patients were followed-up for 16 weeks after FMT. Clinical UC activity was assessed by using the Simple Clinical Colitis Activity Index (SCCAI), and the Mayo endoscopic score. In addition, biologic markers (fecal calprotectin) and adverse events were recorded, and a colonoscopy examination was performed at the end of the follow-up.




Results


In Vitro Optimization of the Test

As co-cultures with alive bacteria provoked apoptosis of the immunocompetent cells, the most suitable conditions for ensuring their viability corresponded to the use of the non-diluted MAMPs supernatant and incubations of 18 h (Figure 1). These conditions were set as the standard for the following experiments. In addition, the extraction technique preserved the integrity of the intracellular immune response capability of the intestinal cells, as shown in supplementary material (Figure S1).




Figure 1 | Cytokine production of lymphoid cells obtained from a peripheral blood sample of a healthy volunteer under different incubation times (6, 18 and 24 h) and different dilutions of the fecal supernatant [non-diluted (ND), 1/100 and 1/1000]. Mean cell viability measured at each time is also showed.



Figures 1 and 2 illustrate the immunological response of the mononuclear cells obtained from the 7 cadavers against the 20 different fecal MAMPs supernatants. The cytokine production pattern of the jejunal mucosal cells was not comparable to that of the peripheral blood mononuclear cells (Figure 2), ruling out the possibility of using this noninvasive sample as an alternative to intestinal biopsy. Mucosal cells showed a high variability of IL-8, IL-6, and IL-1β production, whereas the concentration of TNFα, IL-10, and IL-12 were mostly undetectable in all experiments (Figure 3). Cadaveric organ donors 4 and 7 showed the widest range of mucosal cytokine response, while cadaveric organ donor 6 generated the most homogeneous response against all tested MAMPs: 19 from possible donors and their own bacterial ecosystem.




Figure 2 | Comparison of peripheral (P) and mucosal (M) immunological response for microbiota from 19 healthy donors, their own microbiota and a negative control without antigenic stimulus. The most variable markers (IL-1β, IL-6 and IL-8) were shown. To note the logarithm scale of the Y axis.






Figure 3 | Intrarecipient variability immunological activation (only with mucosal associated immunocompetent cells) against microbiota from 19 healthy donors, their own microbiota and the negative control without microorganisms.



Although we observed considerable variability in the cytokine profiles, it is important to note that these levels were not particularly high, especially if we compare them with those produced by peripheral blood cells. Interestingly, the fecal microbial determinants from donor 18 generated the lowest mucosal immune response in 4 cadavers (numbers 3, 5, 6, and 7); in contrast, donor 18 provoked the third highest cytokine production in recipient 4. The least proinflammatory response from the two remaining cadavers (1 and 2) was generated by their own MAMPs. None of the 19 MAMPs generated the highest inflammatory response in more than one recipient, indicating scarce specificity in the mucosal inflammatory reaction.



Test Validation in UC Patients

We recruited 4 patients (3 men; median age, 54 years) with extensive moderate UC and refractory to several lines of immunosuppressive and biological therapies. The patients’ condition had lasted a median of 6.5 years (range, 4–27 years). Table 1 summarizes the baseline characteristics of the 4 patients. Rectal biopsies from these patients yielded a low number of cells, limiting the compatibility test to 3 donor candidates.


Table 1 | Clinical characteristics of the four patients with ulcerative colitis.



Figure 4 shows the results of the compatibility test for each UC patient. Fecal donor candidate 1 was selected for patients 1 and 2, as this individual generated the mildest immune response in both cases, while donor candidate 2 was chosen as the FMT donor for patients 3 and 4. It should be noted that the baseline cytokine expression levels were much higher than those observed in the assays with cadavers, which might be due to the patients’ chronic inflammation state due to their colitis. Again, TNFα, IL-10, and IL-12 were not useful markers for donor selection, because they showed baseline or null expression levels.




Figure 4 | Results from in vivo evaluation of the test using 4 patients with ulcerative colitis (UC). Each quadrant showed the cytokine production of each patient against the 3 donor candidates’ microbiota. The basal cytokine production (without any antigenic stimulus) of the immunocompetent cells is also depicted (named as NC, negative control).



We performed the FMT procedures with no noticeable adverse effects in any patient. First, a fecal infusion with 100 gr of fresh feces was performed by colonoscopy, followed by 4 rectal enemas obtained from another 100 g of stool and self-administered 1 per week with a syringe containing 50 ml, which was kept frozen at -20°C until use.



FMT Engraftment in UC vs CDI

We performed 16s rDNA sequencing on the 22 fecal samples from the 4 patients with UC, the 2 selected donors, and the 2 patients with CDI, yielding 3,644,526 reads, whereas the negative control only yielded 123 reads, discarding external contamination. After quality filtering, chimera removal, merging, and discarding the very low-frequency sequences, we ultimately obtained a total of 1,739,846 reads. After the taxonomic assignment, nonbacterial sequences were removed, and 1,737,688 reads of 1402 ASVs were ultimately considered. For the diversity analysis, all samples were normalized via rarefaction, which was set to 23,405 sequences to maximize the retention of samples and to preserve representative diversity.

Alpha diversity measures the ecosystem’s degree of richness, to wit, the number of different species and their relative abundance. The lowest alpha diversity values were observed for the patients with CDI (3.8 ± 1.1 Shannon, 87.0 ± 28.2 Chao1, and 6.8 ± 0.1 Faith’s PD), followed by the patients with UC (5.0 ± 0.5 Shannon, 154.7 ± 46.4 Chao1, and 10.4 ± 2.0 Faith’s PD) and fecal donors (5.6 ± 0.6 Shannon, 286.0 ± 82.0 Chao1, and 16.4 ± 2.9 Faith’s PD). The alpha diversity metrics of the patients with UC were significantly increased (p<0.007) after FMT (287.7 ± 69.0 Chao1 and 15.9 ± 1.9 Faith’s PD), suggesting the incorporation of new bacterial species after the procedure. In contrast, the alpha diversity of the patients with CDI showed a slightly but not statistically significant increase (p>0.05) after FMT (4.3 ± 0.7 Shannon, 120.5 ± 37.5 Chao1, and 10.1 ± 2 Faith’s PD).

The fecal microbiome composition is detailed in the supplementary material (Figure S2). Up to 227 genera were detected in the whole population; the pre-FMT CDI samples had the lowest count (n=63), and the post-FMT UC samples had the highest count (n=206). The microbiome from the patients with CDI had considerable differences with regard to the rest of the samples, highlighting the abundance of the Proteobacteria phylum (29.8%), and Streptococcus (25.4%), Ruminococcus (14%), and Weissella (8.4%) genera. Conversely, the microbial composition of the donors and pre-FMT UC samples were more similar, highlighting the proportions of the Bacteroidota (15.7/12.3%) and Verrucomicrobiota (10.9/0.8%) phyla and the Agathobacter (10.6/8.1%) and Akkermansia (10.9/0.5%) genera. The most relevant differences between the donors and the pre-FMT patients with UC focused on Firmicutes (70.6/76.5%) and Actinobacteriota (2.5/7.7%) phyla and Faecalibacterium (6.7/10.9%) and Bacteroides (8.6/11.8%) genera.

The impact of FMT on the patients with UC resulted in the enrichment of Bacteroidota phylum (12.3/22.9%) and Prevotella genus (0.8/6.2%) and the decrease of the Actinobacteriota phylum (7.7/3.7%) and Agathobacter genus (8.1/3.0%). We should also mention the deficient engraftment of Akkermansia after FMT (0.8%), despite it being the most abundant genera in the donors (10.9%). In contrast, FMT in the patients with CDI produced a noticeable enrichment of the Akkermansia genus (0.1/17.7%) and a decrease of the Firmicutes phylum (63.7/45.8%) and Ruminococcus genus (14.0/0.9%).

Microbial communities can also be compared using beta diversity distances. We calculated the unweighted UniFrac distances between samples and used the distances to build a principal coordinates analysis plot (Figure 5). Although the analysis failed to detect statistically significant clusters, likely related to the small sample size, the visual inspection of the plot showed certain relevant trends. First, the donors, the patients with CDI, and those with UC could be separated by their microbiome composition; the patients with UC were the least homogeneous group. Second, FMT appears to have little effect on acquiring new taxa in the patients with CDI. Conversely, the patients with UC appear to be more affected by FMT through the acquisition of certain new taxa from donors to recipients (agreeing with the aforementioned increase in alpha diversity values after FMT), a situation that did not occur for UC patient 3, whose microbiome was barely modified by the intervention.




Figure 5 | PCoA based on unweighted UniFrac distances calculated from the microbiological profiles of stool samples. Each point represents a sample, color indicates each subject, and the shape indicates if a sample was obtained before or after fecal microbiota transplantation (FMT), or whether it comes from a donor. In addition, brackets indicate which donor were selected for each patient.





Clinical Follow-Up of Patients With Ulcerative Colitis

Figure 6 summarizes the results of the clinical follow-up of the patients with UC. The colonoscopy at 16 weeks showed no significant improvement in disease activity in any of the patients. Two patients (2 and 3) showed a slight decrease in SCCAI over time, whereas patient 1 had an increase in this value after FMT. Lastly, fecal calprotectin levels were comparable among the time points or even higher after the procedure (except for patient 4).




Figure 6 | Clinical evolution of the four patients with ulcerative colitis over time, from the moment before fecal microbiota transplantation (FMT) (left) to the end of the follow-up at week 16 (right). The solid lines represent the SCCAI value at each time, whereas the bars (only recorded before FMT and at week 16 after FMT) showed the Mayo endoscopic score. Finally, fecal calprotectin levels for each patient before FMT and at week 16 were showed under the X axis.






Discussion

UC is an inflammatory bowel disease in which the dialogue between the gut microbiota and mucosal immunity is affected (2, 21, 22). FMT has been proposed as a useful tool for modifying the microbial gut ecosystem. Although FMT has a clinical efficacy in CDI of approximately 90%, it rarely achieves rates above 40-50% in UC (11, 23). Given that the immunological factor is particularly relevant in these patients, our present study proposed exploring the recipient’s immunological compatibility with respect to the antigenic MAMPs determinants of different donors to optimize the selection.

The first objective was to determine whether the inflammatory response of peripheral mononuclear cells could be comparable to those obtained from the gastrointestinal mucosal tract for use as a noninvasive sample. However, the results highlighted the relevance of the cells’ origin; while the inflammatory response of peripheral blood was overwhelming (as probably occurs during a bacteremia process), the jejunal mucosal cells exhibited a considerably lower reaction, close to tolerance. In fact, there was noticeably low inflammatory reaction against most of the tested MAMPs, which was also reproduced in rectal cells obtained from UC patients. This tendency could be related to frequent exposure to alien microorganisms that could be ingested with food or after environmental exposure.

One strength of the in vitro optimization of the test was the use of jejunal surgical specimens to obtain immunocompetent cells from the mucosa, which was motivated by: 1) the possibility of recovering a larger number of cells, and 2) the opportunity to reproduce the most functional model possible. Obviously, the colon is the natural target for FMT, especially when using the colonoscopy route; however, immune cells are mostly concentrated in the small intestine. The scheme we proposed allowed us to compare the intra-recipient reaction against 19 microbial ecosystems, and although the inflammatory status of these cadavers is not the most suitable, the results showed considerable variability, demonstrating individual compatibilities.

The first FMT studies on UC pointed to limited efficacy, although recent revisions (11, 23) observed higher remission when using high fecal dosage, regardless of the donor, and the previous administration of antibiotics; however, certain other variables might also be involved (24), as the duration and severity of the disease (11). None of our 4 patients showed relevant clinical improvement after FMT, which contrast with previous reports (25–27); however, the beneficial effects reported in those studies were not long lasting. Conversely, a recent study (28) provided evidence for the long-term efficacy of FMT in patients with UC, particularly associated with the increase in Proteobacteria and the decrease in Bacteroidota phyla. Other authors have suggested the role of the abundance of Eggerthella, Lactobacillus, and Ruminococcus before FMT or in the days immediately following the procedure as a predictive marker for maintaining clinical remission (29). It is important to note that our patients were particularly refractory to both immunosuppressive and biological therapies, which could negatively affect the clinical efficacy of FMT. In that sense, higher FMT success rates have been reported in young patients with UC with moderate activity compared with older patients or those with more aggressive clinical presentations (30), which is probably related to a higher retention of the bacterial dialogue with the mucosal immune system. Beyond the donor characteristics, the high genetic and microbiological variability of the recipient should also be taken into account in order to obtain FMT success (11).

Our results demonstrated relevant changes in microbiome composition provoked by FMT, with a greater impact on UC than CDI and including the acquisition of previously undetected bacterial taxa, although this was not associated with clinical improvement. The most noticeable result was the lack of Akkermansia intestinal engraftment in the patients with UC, whereas the abundance of this genus in the patients with CDI after FMT was comparable with that observed in the donors. These observations exemplify how the intestinal tract lumen, which strictly should not be considered part of our body, harbors a resident microbiota that competes with the transferred ecosystem after FMT, limiting colonization. This battle appears to depend more on bacterial fitness that on the immune reaction, given the tolerant response observed in most tests. Consequently, immunological compatibility is not an essential factor to explore when selecting stool donors for FMT, although, in a subsequent stage, we should analyze the interactions between the two microbiota to select the donor most likely to displace the recipient’s resident microbiota.

The limitations of this study are the low number of patients with UC recruited for FMT and their clinical characteristics of long-term refractory disease. In addition, the use of more selective and specific immunological markers, such as those related to the inflammatory TH-17/TH-1 axis (31) or Treg pathways (32) might be more appropriate or discriminating; however, the success of FMT does not appear to depend on immunological factors. To obtain mucosal-associated immune cells in the patients with UC, we employed rectal biopsies; however, the numbers of recovered cells from these samples were limited and conditioned the assay to only 3 donor candidates, and results obtained with jejunal cells are not completely reproducible at this location. Finally, achieving MAMPs by heat inactivation could not be the best approximation, but co-culture was ruled out because of cell apoptosis due to bacterial growth.

In summary, we designed, optimized, and evaluated a compatibility test for FMT donor selection based on the inflammatory reaction of mucosal immune cells against fecal microbiota, although we cannot to rule out other immune response pathways non-explored in our work and that could be critical in the recipient compatibility with the microbiota of different donors. Our experiments with immune cells obtained from the jejunal mucosa of organ donors and from rectal biopsies of patients with UC showed that tolerance with scarce or null inflammatory activation was the most frequent finding, ruling out the requirement of our test. Microbial replacement by FMT was demonstrated in both the CDI and UC models using shared donors. Although we suggest that clinical success in UC could be more dependent on the microbial interactions than on the immunological influence, the higher efficacy for CDI could be a consequence of other unexplored factors.
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Galectin-1 is a β-galactoside-binding lectin, ubiquitously expressed in stromal, epithelial, and different subsets of immune cells. Galectin-1 is the prototype member of the galectin family which shares specificity with β-galactoside containing proteins and lipids. Immunomodulatory functions have been ascribed to endogenous galectin-1 due to its induction of T cell apoptosis, inhibitory effects of neutrophils and T cell trafficking. Several studies have demonstrated that administration of recombinant galectin-1 suppressed experimental colitis by modulating adaptive immune responses altering the fate and phenotype of T cells. However, the role of endogenous galectin-1 in intestinal inflammation is poorly defined. In the present study, the well-characterized acute dextran sulfate sodium (DSS)-induced model of ulcerative colitis was used to study the function of endogenous galectin-1 during the development of intestinal inflammation. We found that galectin-1 deficient mice (Lgals1−/− mice) displayed a more severe intestinal inflammation, characterized by significantly elevated clinical scores, than their wild type counterparts. The mechanisms underlying the enhanced inflammatory response in colitic Lgals1−/− mice involved an altered Th17/Th1 profile of effector CD4+ T cells. Furthermore, increased frequencies of Foxp3+CD4+ regulatory T cells in colon lamina propria in Lgals1−/− mice were found. Strikingly, the exacerbated intestinal inflammatory response observed in Lgals1−/− mice was alleviated by adoptive transfer of wild type Foxp3+CD4+ regulatory T cells at induction of colitis. Altogether, these data highlight the importance of endogenous galectin-1 as a novel determinant in regulating T cell reactivity during the development of intestinal inflammation.




Keywords: galectin-1, inflammatory bowel disease, immune regulation, DSS, cell therapy, regulatory T cells



Introduction

Galectins are among the best-characterized glycan-binding proteins that play key roles in multiple immune cell processes (1). They formed a family of 15 mammalian galactoside-binding proteins that exhibit a consensus amino acid sequence in their carbohydrate recognition domains (CRDs) (2). Among these, galectin-1, which is considered as a prototype member of the galectin family and is a homodimer of 14.5 kDa that plays pivotal roles in modulating acute and chronic inflammatory responses. Galectin-1 is ubiquitously expressed by stromal, epithelial, and endothelial cells from different tissues. Within the immune system myeloid cells like macrophages, as well as subsets of B and T cells including regulatory T cells (Tregs), have been described to express galectin-1 (3–5).

Perillo et al. first demonstrated that expression of galectin-1 in the thymic stroma contributed to deletion of autoreactive immature thymocytes. In addition, recombinant galectin-1 induced apoptosis of activated human T cells and human leukemia T cell lines (6, 7). Since then, galectin-1 has been described as controlling T cell survival by binding with CD45, CD43, CD7, and even with CD69, all well-known glycosylated membrane receptors, triggering their clustering and polarization in microdomains that induced signaling and possibly transcriptional reprogramming that still remained undefined (7–11). In transcriptomic and proteomic analyses, we found that galectin-1 was significantly expressed and secreted by mouse and human activated Treg cells. The in vitro studies showed that the immunosuppressive activity of Treg cells was blocked by the use of anti-galectin-1 neutralizing antibodies. In the spleen, although the Treg frequencies in Lgals1−/− mice were similar to wild type mice, their suppressive potential ex vivo was compromised (5). Rabinovich and collaborators have extensively demonstrated that galectin-1 can specifically control the proliferation of Th17, Th1, and cytotoxic CD8+ effector T cell responses but not on naïve, Th2 or regulatory T cells, thanks to an activation-specific repertoire of glycans expressed in their cell membrane glycoproteins that are essential for galectin-1 specific binding (12, 13).

In addition to this, acute inflammatory responses can be modulated by recombinant galectin-1 through different mechanisms such as inhibition of neutrophil adhesion and replacement (14, 15) and by modulating maturation and tissue migration of monocytes, dendritic cells, and macrophages (16, 17). Effector T cell responses are modulated by galectin-1 through an array of mechanisms including control of T cell activation, differentiation, secretion of cytokines, and induction of apoptosis (6, 18–22). In recent years, the essential role of recombinant galectin-1 in the control of inflammation has been widely demonstrated in experimental studies for treatment of various diseases, including autoimmune encephalomyelitis (12, 13), arthritis (23, 24), hepatitis (25), autoimmune diabetes (26, 27), and ulcerative colitis (28). In addition to this, mice deficient in the Lgals1 gene displayed increased susceptibility to develop autoimmune-like diseases such as autoimmune encephalomyelitis, arthritis, and lupus (1). Recently, a spontaneous inflammatory process in salivary glands that resembles Sjögren’s syndrome has been described in aged Lgals1−/− mice (29). Nevertheless, pieces of evidence of the regulatory effects of galectin-1 in in vivo models of intestinal inflammation are still scarce and the mechanisms underlying the immunosuppressive effects of endogenous galectin-1 have not been fully elucidated (1, 30).

In the present study, the acute dextran sulfate sodium (DSS)-induced model of colitis was used to study the function of endogenous galectin-1 during the development of intestinal inflammation. Mice deficient in the Lgals1 gene displayed an increase susceptibility to developing colitis. Colitic Lgals1−/− mice exhibited an altered Th17/Th1 profile of effector CD4+ T cells and Foxp3+CD4+ regulatory T cells (Treg cells) in mesenteric lymph nodes (mLNs) and colon lamina propria (cLP) in colitic Lgals1−/− mice. Interestingly, the exacerbated intestinal inflammatory response observed in Lgals1−/− mice was alleviated by adoptive transfer of wild type Foxp3+CD4+ regulatory T cells at induction of colitis. Altogether, these findings contribute to delineate the mechanisms underlying the immunosuppressive role of endogenous galectin-1 during intestinal inflammation.



Materials and Methods


Mice

B6.Cg-Foxp3tm2Tch/J (Foxp3EGFP+mice) and B6.Cg-Lgals1tm1Rob/J (Lgals1−/− mice) were purchased from the Jackson laboratory (stock numbers 006772 and 006337, respectively). Foxp3EGFP+ mice were backcrossed for up to seven generations with Lgals1−/− mice to generate Lgals1−/− mice expressing the EGFP gene under the endogenous Foxp3 transcription factor promoter (Foxp3EGFP+Lgals1−/− mice) on C57BL/6J background. All experiments were performed using these two mouse strains. For regulatory T cell adoptive transfer experiments, C57BL/6J (stock number 000664) and B6.Cg-Lgals1tm1Rob/J were used as donors. All experiments were performed in accordance with the corresponding regulations regarding experimental animal welfare (RD 223/1998 and Directive 2010/63/EU protocols). The experimental protocol was reviewed and approved by the ethics committee for animal research at the CIEMAT and Comunidad de Madrid (based on the RD 53/2013).



Colitis Induction

Experimental colitis was induced by the oral administration of dextran sulfate sodium (DSS) (36,000–50,000 MW; MP Biochemicals; Irvine, CA, USA) in drinking water for 7 days ad libitum. The degree of intestinal inflammation achieved was induced according to the concentration of DSS used (1.25% DSS; w/v). Body weight and health status of mice were monitored daily and the degree of intestinal inflammation induced was scored according to the following scale (1): Body weight loss with respect to day 0 expressed as percentage (0: no loss; 1: 0–5%; 2: 5–10%; 3: 10–20%, 4: >20% loss of weight and 5: no survival) (2); stool consistency (0: normal stools; 1: loose stools; 2: watery diarrhea; 3: watery diarrhea with blood and 4: no survival) and (3) general activity (0: normal; 1–2: moderate activity; 3: null activity and 4: no survival).



T Cell Isolation and In Vivo Transfer

CD4+ T cells were isolated from spleens using Mojosort Mouse CD4 T Cell isolation kit according to the manufacturer’s instructions (ref. 480033; BioLegend, San Diego, CA). Regulatory T cells (Treg cells) were enriched from total CD4+ T cells by cell sorting based on CD25highCD127low/− antibody expression using a BD Influx Cell Sorter (BD Biosciences). The purity of the sorted T cell populations was above 96%. For Treg cells’ adoptive transfer experiments, one million CD25highCD127low/−CD4+ Treg cells isolated from wild type C57BL/6J or B6.Cg-Lgals1tm1Rob/J mice Lgals1−/− mice were infused intraperitoneally into Foxp3EGFP+Lgals1−/− mice at day 0, following 1.25% DSS administration in drinking water ad libitum for seven days.



Flow Cytometry

Cells from spleen (SPL) and mesenteric lymph nodes (mLNs) were mechanically dissociated with a 70-μm strainer. Red blood cells from SPL were lysed using Red Blood Cell Lysis Buffer-CN (Roche, ref. No. B00003). Colon lamina propria mononuclear cells (cLP) were isolated using Lamina Propria Dissociation Kit (ref. No. 130-097-410, Miltenyi Biotec GmbH, Germany) according to the manufacturer’s instructions. Cell suspensions were stained with specific fluorescently conjugated antibodies listed in  Table 1. For intracellular analysis of cytokine expression, cells were stimulated with 5 ng/ml phorbol myristate acetate (PMA, Sigma-Aldrich; St Louis, MO, USA), 500 ng/ml ionomycin (Sigma-Aldrich; St Louis, MO, USA), TAPI-1 (ENZO Life Sciences; Lausen, Switzerland; BML-PI134-0001), and GolgiStop (Becton Dickinson; Franklin Lakes, NJ, USA) for 5 h. Intracellular staining was performed using BD Pharmingen Transcription Factor Buffer Set (Ref. 562574, BD Bioscience, Franklin Lakes, NJ, USA). Dead cells were excluded using 4′,6-Diamidino-2-phenylindole (DAPI; Sigma Aldrich; St. Louis, USA; D9542). All samples were acquired by using a BD LSRFortessa cell analyzer (BD Biosciences). Cell samples were acquired using BD FACS DIVA™ software (BD Biosciences). Data analysis was performed using FlowJo™ v10.6.2 software (Tree Star, Ashland, OR, USA).


Table 1 | Antibodies used for flow cytometry analysis.





Histology

Colon tissues were fixed in formaldehyde for 24 h, washed in phosphate-buffered saline (PBS), and embedded in paraffin. For histological evaluation hematoxylin and eosin (H&E) colon cross-sections were performed in order to analyze tissue structure, cell infiltrations, edema, and general tissue damage.



Semiquantitative Real-Time PCR

RNA from mLNs and colon biopsies was isolated using TriReagent method (Sigma Aldrich). RNA, 2 µg, was reverse transcribed using a High Capacity cDNA Reverse Transcription Kit (Life Technologies). Relative gene expression was determined by semiquantitative RT-PCR analysis using TaqMan Gene Expression Master Mix (Applied Biosystems, Waltham, MA, USA) (Table 2). Each sample was normalized with β-actin using the formula 2−ΔCt. Amplification was performed in a 7900HT Fast Real-Time PCR System apparatus (Applied Biosystems).


Table 2 | Sequences of primers used in RT-PCRs.





Cytokines in Plasma

Peripheral blood was collected on the day of sacrifice. The samples were centrifuged at 12,000 rpm for 10 min, and plasma was stored at −20°C. Cytokine concentrations were measured using a mouse LEGENDplex multiplex assay (LEGENDplex by Biolegend, 8999 BioLegend Way, San Diego, CA 92121) according to manufacturer’s instructions. Samples were acquired on a BD LSRFortessa cell analyzer (BD Biosciences).



Statistical Analysis

Results are expressed as mean, and error bars represent standard error of the mean (SEM). Normal distribution was analyzed by Shapiro–Wilk tests. Then, experimental groups were statistically evaluated using the non-parametric unpaired Mann–Whitney U test. ‘P’ values that were considered statistically significant were p <0.05. (*; # p < 0.05, **; ##p < 0.01, ***p < 0.001 and ****p < 0.0001). Survival curves were represented using Kaplan–Meier curves, and differences in experimental group survival were calculated by the long-rank (Mantel–Cox) test. Statistical analysis was performed with GraphPad Prism 9.




Results


Absence of Endogenous Galectin-1 Leads to Increased Severity of DSS-Induced Colitis

To investigate whether endogenous galectin-1 plays a role in experimental colitis, wild type (WT) and Lgals1−/− mice were treated with DSS in drinking water for 7 days ad libitum. A significantly increased severity of DSS-induced colitis was observed in Lgals1−/− mice as shown by the increased body weight loss and increased disease activity index (DAI) of these mice with respect to WT mice (Figures 1A, B). In addition, survival of Lgals1−/− mice was dramatically reduced as compared to their WT counterparts (Figure 1C). Colon length was also significantly reduced in colitic Lgals1−/− mice with respect to colitic WT mice (Figure 1D). These results were further confirmed by histological evaluation of H&E-stained colon cross-sections where a more severe colitis characterized by increased edema, denser transmural leukocyte infiltration, and increased mucosal erosion was observed in DSS-treated Lgals1−/− mice with respect to colitic WT mice (Figure 1E). Plasma levels of interleukin 6 (IL-6) were also significantly increased in colitic Lgals1−/− mice compared to colitic WT mice (Figure 1F). The enhanced susceptibility of Lgals1−/− mice to developing DSS-induced colitis with respect to WT mice suggests that endogenous galectin-1 modulates intestinal inflammatory responses.




Figure 1 | Lgals1−/− mice exhibited enhanced susceptibility to DSS-induced colitis. Colitis was induced with 1.25% DSS w/v in drinking water for 7 days ad libitum. Mice were monitored daily. (A) Total body weights with respect to the day 0 (%). (B) Disease activity index (DAI). (C) Survival of mice (n = 23 for WT and n = 25 for Lgals1−/− mice per group). (D) Colon lengths (n = 18 for WT and n = 17 for Lgals1−/− mice per group). (E) Representative H&E colon tissue (×40 left, ×100 right magnifications, respectively). (F) IL-6 plasma concentration (pg/ml) (n = 8 for WT and n = 6 for Lgals1−/− mice per group). Data are representative of three independent experiments. Statistical analysis was done using Mann–Whitney U test. Data are shown as mean ± SEM, **p < 0.01 and ****p < 0.0001.





Increased Plasticity of Th17 Cells Toward Th1 Profile in DSS-Induced Colitic Lgals1−/− Mice

To analyze the Th17/Th1 profile in DSS colitic WT and Lgals1−/− mice, the expression of mRNA levels of RORγt and T-Bet transcription factors was determined by quantitative real-time PCR in mLNs and colon. As shown in Figure 2A, the RORγt/T-Bet ratio was significantly increased in colitic Lgals1−/− mice with respect to colitic WT mice in both tissues suggesting that the exacerbated inflammatory response observed in colitic Lgals1−/− mice is mainly due to an enhanced induction of Th17 cell responses. No differences were determined in the Foxp3/RORγt ratio between colitic WT and Lgals1−/− mice although a tendency to increase in the colon in colitic Lgals1−/− mice was noticed (Figure 2B). In contrast, colitic Lgals1−/− mice had increased Foxp3/T-Bet ratio (Figure 2C) together with increased expression of IL10 (Figure 2D) both in mLNs and colon. These results indicate that endogenous galectin-1 ameliorates intestinal inflammatory responses mainly by targeting Th17 cell responses in the gut. However, the higher levels of Foxp3 and IL10 mRNAs observed in colitic Lgals1−/− mice were surprising since these results inversely correlated with the exacerbated inflammatory status of the colitic Lgals1−/− mice with respect to colitic WT mice (Figure 1).




Figure 2 | Increased Th1 profile of DSS-induced colitic Lgals1−/− mice compared to colitic WT mice. mRNA expression of RORγt, T-Bet, Foxp3, and IL-10 was measured in whole mesenteric lymph nodes (mLNs) and colon biopsies in colitic wild type and Lgals1−/− mice at day 9 (n = 6 for WT and, n = 7 for Lgals1−/− mice per group). (A) RORγt/T-Bet ratios. (B) Foxp3/RORγt ratios. (C) Foxp3/T-Bet ratios. (D) Relative mRNA expression of IL-10. Frequencies and absolute numbers of RORγt+CD4+ T cells (E) and T-Bet+CD4+ T cells (F) measured by flow cytometry. (G) RORγt/T-Bet ratios in CD4+ T cells. (H) Representative examples of T-Bet+ expression by flow cytometry within CD4+ of mLNs and cLP in colitic mice (n = 8 for WT and n = 7 for Lgals1−/− mice per group). Data are representative of two independent experiments. Statistical analysis was done using Mann–Whitney U test. Data are shown as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.



Effector CD4+ T cells responses were further analyzed in colitic mice by flow cytometry. No clear differences were measured in the frequencies and total number of RORγt+CD4+T cells between colitic WT mice and colitic Lgals1−/− mice in mLNs. However, the absolute number of RORγt+CD4+T cells was significantly reduced in cLP in colitic Lgals1−/− mice with respect to the WT colitic mice (Figure 2E). On the other hand, a significant increase in the percentage and absolute number of T-Bet+CD4+T cells was observed in mLNs in colitic Lgals1−/− mice compared to colitic WT mice (Figures 2F, H). Colitic WT mice had a significant increase in the RORγt+/T-Bet+ balance within CD4+ T cells when the absolute number of effector RORγt+CD4+T cells and T-Bet+CD4+T cells in mLNs and cLP was considered (Figure 2G). These results may suggest that the exacerbated intestinal inflammatory responses observed in colitic Lgals1−/− mice occurred as a consequence of enhanced plasticity of responder Th17 cells towards a Th1 pathogenic profile in the intestine.



Increased Frequencies of Foxp3+CD4+Treg Cells in Colon Lamina Propria in Lgals1−/− Mice

We next examined whether DSS-induced gut inflammation altered the frequency of total CD4+ T cells as well as Foxp3+CD4+Treg cells in different tissues. To do this, leukocytes isolated from peripheral blood (PB), spleen, mLNs, and cLP were analyzed by flow cytometry in healthy and DSS-colitic mice. No differences were observed in the frequency of CD4+ T cells in WT and Lgals1−/− mice in healthy and DSS inflamed mice. Interestingly, increased frequencies of Foxp3+CD4+Treg cells were observed in cLP in healthy Lgals1−/− mice with respect to healthy WT mice (Figures 3A, B). DSS-induced colitis was associated with increased percentages of Foxp3+CD4+Treg cells in cLP in both WT mice and Lgals1−/− mice with respect to their control non-inflamed counterparts (Figures 3A, B right; D). No differences in Foxp3 frecuencias were found in other organs, such as mLNs between both genotypes (Figure 3C). Conversely, no significant differences were found in the, frequencies of IL10+CD4+ T cells in colitic WT and Lgals1−/− mice in mLNs or in cLP (Figures 4A, B). The Foxp3+CD4+Treg cells (Tregs)/Foxp3−CD4+ Teffector cells (Teff) ratio was increased in both WT and Lgals1−/− mice in PB and cLPs as a consequence of DSS-induced intestinal inflammation (Figure 3E). These differences were significantly higher in cLP in colitic Lgals1−/− mice with respect to colitic WT mice. mLNs and cLP GFP-Foxp3+CD4+Treg cells from colitic Lgals1−/− mice exhibited increased proliferative rate as measured by the expression of Ki67 (Figures 4C, D). This was in contrast to Teff cells from both colitic WT and Lgals1−/− mice that showed similar proliferation rate (Figures 4C, D). Taken together, these data suggest that the intestinal inflammation induced by treatment with DSS promotes Foxp3+CD4+Treg cell proliferation mainly in mLNs and cLP where the inflammatory insult took place. The proliferative response to the inflammatory challenge was significantly increased in Foxp3+CD4+Treg cells in colitic Lgals1−/− mice compared to colitic WT Foxp3+CD4+Treg cells thus leading to an increase in the Tregs/Teff ratio in cLP in colitic Lgals1−/− mice. Despite this, Lgals1−/− mice were unable to mount an acute intestinal inflammatory challenge in the gut (Figure 1). These data suggest a reduced in vivo functionality of Foxp3+CD4+Treg cells in colitic Lgals1−/− mice in response to an acute intestinal inflammation challenge.




Figure 3 | FOXP3+CD4+ regulatory T cell frequencies were increased in cLP in healthy and colitic Lgals1−/− mice. (A) Frequencies of CD4+ T cells and FOXP3+CD4+ T cells within CD4+ T cells in peripheral blood (PB), spleen (SPL), mesenteric lymph nodes (mLNs), and colon lamina propria (cLP) in healthy wild type and Lgals1−/− mice (n = 10 for WT and n = 8 for Lgals1−/− mice per group). Data are representative of three independent experiments. (B) Frequencies of CD4+ T cells and FOXP3+CD4+ T cells within CD4+ T cells in PB, SPL, mLNs, and cLP in DSS colitic wild type and Lgals1−/− mice (n = 5–15 for WT and, n = 9–13 for Lgals1−/− mice per group, respectively) at day 9. Data are representative of three independent experiments. A representative example of FOXP3+CD4+ T cells by dot plots FACS analysis of mLNs (C) and cLP (D) DSS-treated mice is shown. Numbers represent analyzed population percentages in the respective gates. (E) Foxp3+CD4+ Treg cells (Tregs)/Foxp3−CD4+ T effector cells (Teff) ratios in PB, SPL, mLNs and cLP in healthy and colitic wild type and Lgals1−/− mice (n = 8–15 for WT and, n = 6–13 for Lgals1−/− mice per group, respectively). Data are representative of three independent experiments. Statistical analysis was done using Mann–Whitney U test. Data are shown as mean ± SEM, *p < 0.05; **p < 0.01, and ****p < 0.0001.






Figure 4 | Increased proliferation rate of FOXP3+CD4+ regulatory T cells in mLNs and cLP of DSS-colitic Lgals1−/− mice compared to colitic WT mice. (A) IL-10+CD4+ frequencies in mLNs and cLP (n = 7 for WT and, n = 8 for Lgals1−/− mice per group). Data are representative of two independent experiments. (B) Representative examples of CD4+IL-10+ dot plot FACS analysis of cLP in colitic mice. (C) Proliferation rate measured by the expression of Ki67+ in T effector cells and FOXP3+ Tregs cells in colitic mice (n = 14 for WT and, n = 14 for Lgals1−/− mice per group). Data are representative of three independent experiments. (D) Representative examples of Ki67+FOXP3+ within CD4+ T cells dot plots FACS analysis of mLNs and cLP in colitic mice. Numbers represent analyzed population percentages in the respective gates. Statistical analysis was done using Mann–Whitney test. Data are shown as mean ± SEM, ns, not significant; *p < 0.05 and ****p < 0.0001.





Enhanced Conversion of Foxp3+CD4+ Regulatory T Cells to T-Bet+Foxp3+CD4+Treg Cell in the Absence of Endogenous Galectin-1 During the Development of Colitis

Numerous studies have demonstrated that the differentiation program of Foxp3+CD4+Treg cells is not fixed and in vivo a fraction of Treg cells can differentiate into Th17- and Th1-like cells during the course of Th17 and Th1 inflammatory responses, respectively. Therefore, the expression of RORγt and T-Bet were analyzed by flow cytometry within the Foxp3+CD4+Treg cells in colitic WT and colitic Lgals1−/− mice. No differences were observed in the frequencies of RORγt+Foxp3+CD4+Treg cells in colitic WT and colitic Lgals1−/− mice. However, the absolute number of RORγt+Foxp3+CD4+Treg cells in cLP in colitic Lgals1−/− mice was significantly reduced with respect to colitic WT mice (Figure 5A). Strikingly, the percentage of T-Bet+Foxp3+CD4+Treg cells were significantly increased in mLNs and cLP in colitic Lgals1−/− mice compared to colitic WT mice (Figures 5B, D). As a consequence, the RORγt/T-Bet ratio within the Treg cells were significantly increased in colitic WT mice with respect to colitic Lgals1−/− mice (Figure 5C). These results suggest that an adequate expression of endogenous galectin-1 prevents the conversion of Foxp3+CD4+Treg cells into T-Bet-expressing Foxp3+CD4+T cells thus modulating more effectively acute inflammatory responses in vivo.




Figure 5 | Increase frequencies of T-Bet+Foxp3+CD4+ regulatory T in the absence of endogenous galectin-1 during DSS-induced colitis. Flow cytometry was used to measure RORγt and T-Bet frequencies in mLNs and cLP within the Foxp3+CD4+ Treg cells. (A) Frequency of RORγt+Foxp3+CD4+ T cells and absolute numbers of RORγt+Foxp3+CD4+ T cells. (B) Frequency of T-Bet+Foxp3+CD4+ T cells and absolute numbers of T-Bet+Foxp3+CD4+ T cells. (C) RORγt/T-Bet ratio in Foxp3+ within CD4+ T cells. (D) Representative histograms of T-Bet+ expression in Foxp3+CD4+ Treg cells by flow cytometry of mLNs and cLP in colitic mice (n = 8 for WT and, n = 6 for Lgals1−/− mice per group). Data are representative of three independent experiments. Statistical analysis was done using Mann–Whitney U test. Data are shown as mean ± SEM, *p < 0.05 and **p < 0.01.





Adoptive Transfer of Wild Type CD25highCD127low/− Foxp3+CD4+Treg Cells but Not Lgals1−/− CD25highCD127low/− Foxp3+CD4+Treg Cells Reduces the Severity of the Disease in DSS-Induced Colitis in Lgals1−/− Mice

To further define the key role played by Foxp3+CD4+Treg cells in the exacerbated inflammatory response of Lgals1−/− mice to DSS-induced colitis, we assessed whether adoptive transfer of WT Foxp3+CD4+Treg cells could reverse the enhanced inflammatory response observed in colitic Lgals1−/− mice. To this end, WT or Lgals1−/− CD25highCD127low/− Foxp3+CD4+Treg cells (WT/Tregs and KO/Tregs, respectively) were isolated by FACs sorting and adoptively transferred into Foxp3EGFP+Lgals1−/− mice. As shown in Figure 6, WT/Tregs-treated colitic Lgals1−/− mice showed a similar decreased in body weight to colitic WT mice and was significantly reduced with respect to colitic Lgals1−/− mice and KO/Tregs-treated colitic Lgals1−/− mice (Figure 6A). The disease activity index of colitic WT and WT/Tregs-treated colitic Lgals1−/− mice were significantly reduced compared to untreated colitic Lgals1−/− mice and KO/Tregs-treated colitic Lgals1−/− mice (Figure 6B). Similarly to colitic WT mice, all WT/Tregs and KO/Tregs-treated colitic Lgals1−/− mice survived upon treatment with DSS. The significant differences seen in colon length between colitic WT mice and colitic Lgals1−/− mice were not observed in colitic WT/Tregs treated colitic Lgals1−/− mice. This is in contrast to the colon lengths of KO/Tregs-treated colitic Lgals1−/− mice that were similar to untreated colitic Lgals1−/− mice (Figure 6C). Interestingly, WT/Tregs-treated colitic Lgals1−/− mice showed similar histopathology signs of intestinal inflammation to colitic WT mice (Figure 1E) with reduced leukocyte infiltration, decreased edema, and mucosal erosion with respect to colitic Lgals1−/− mice. This is in contrast to KO/Tregs-treated colitic Lgals1−/− mice where a reduced leukocyte infiltration with respect to colitic Lgals1−/− mice was noticed (Figure 6D).




Figure 6 | Adoptive transfer of wild type CD25highCD127low/−Foxp3+CD4+ Treg cells ameliorated clinical signs of DSS-induced colitis in DSS-treated Foxp3EGFP+Lgals1−/− mice. Colitis was induced with 1.25% DSS w/v in drinking water for 7 days ad libitum and mice were monitored daily. (A) Total body weights. (B) Disease activity index (n = 6 for WT, n = 7 Lgals1−/−, n = 5 for Lgals1−/− with WT/Tregs and n = 5 for Lgals1−/− with KO/Tregs mice per group). In statistical analysis, *corresponds to the significant differences with respect to Lgals1−/− mice and # with significant differences with respect to KO/Tregs treated colitic Lgals1−/− mice. (C) Colon lengths (n = 24 for WT, n = 25 for Lgals1−/−, n = 11 for Lgals1−/− transferred with WT/Tregs and n = 5 for Lgals1−/− transferred with KO/Tregs mice per group). (D) Representative H&E colon tissue of colitic Lgals1−/− mice, colitic Lgals1−/− mice infused with 1 × 106 WT/Treg cells and colitic Lgals1−/− mice infused with 1 × 106 KO/Treg cells respectively (×40 left, ×100 right magnifications). mRNA expression of RORγt, T-Bet, Foxp3 and IL-10 were measured in mLNs and colon of colitic wild type, Lgals1−/−, WT/Tregs infused Lgals1−/− mice and KO/Tregs infused Lgals1−/− mice (n = 11 for WT, n = 10 for Lgals1−/−, n = 10 for Lgals1−/− with WT/Tregs and n = 5 for Lgals1−/− with KO/Tregs mice per group). (E) RORγt/T-Bet ratio, Foxp3/RORγt ratio, Foxp3/T-Bet ratio and IL-10 mRNA expression. Data are representative of two independent experiments. Statistical analysis was done using Mann–Whitney U test. Data are shown as mean ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; #p > 0.05, and ##p > 0.01.



The expression of mRNA levels of Foxp3, RORγt and T-Bet transcription factors and IL10 was determined by quantitative real-time PCR in mLNs and colon. In mLNs, the RORγt/T-Bet ratios were significantly increased in colitic Lgals1−/− mice with respect to colitic WT mice and colitic Lgals1−/− mice treated with either WT/Tregs or KO/Tregs. However, in colon the RORγt/T-Bet ratios were similar in untreated and WT and KO/Tregs-treated colitic Lgals1−/− mice and significantly higher than in colitic WT mice (Figure 6E). Interestingly, the increased Foxp3/T-Bet and Foxp3/RORγt ratios in mLNs and colon in colitic Lgals1−/− mice were significantly reduced upon adoptive transfer of WT/Tregs in colitic Lgals1−/− mice but not with KO/Treg cells.

In mLNs the high expression levels of IL10 observed in colitic Lgals1−/− mice were significantly reduced upon transfer of WT/Tregs and KO/Tregs and similar to the expression levels in colitic WT mice. In the colons in KO/Tregs-treated colitic Lgals1−/− mice the expression of IL10 was significantly increased with respect to colitic WT mice and WT/Tregs-treated colitic Lgals1−/− mice, whereas no differences were determined when compared to colitic Lgals1−/− mice (Figure 6E).

Adoptive transfer of WT/Tregs was sufficient to modulate the enhanced severity of DSS-induced colitis in observed in Lgals1−/− mice in contrast to what was observed in colitic Lgals1−/− mice treated with KO/Treg cells.




Discussion

The intestine is a distinct microenvironment with a rather unique physiological functions since it is constantly exposed to diverse environmental challenges. Host adaptation in the gut is considered an active process that involves critical interactions between different subsets of immune cells and tissue cells. Foxp3+CD4+ regulatory T cells are instrumental in enforcing homeostasis at the intestinal barrier surface as illustrated by the development of intestinal inflammation in diseases caused by a primary deficiency in the number or function of Treg cells in the gut (31).

The role of galectin-1 in inflammation has been studied in several in vitro and in vivo experimental models (23, 32–35). Exogenous administration of galectin-1 affects the viability, proliferation, and Th17 and Th1 responses of non-malignant T cells involved in the progression of cutaneous T-cell lymphoma (36). In homeostasis, Lgals1−/− mice develop normally and do not exhibit any evident alteration compared to galectin-1 sufficient mice (37).

In this study, the acute dextran sulfate sodium (DSS)-induced model of colitis was used to study the function of endogenous galectin-1 during the development of intestinal inflammation. Mice deficient in the Lgals1 gene displayed an increase susceptibility to developing colitis. We analysed total CD4+ T cells and Foxp3+CD4+ T cells in different tissues in steady state and during DSS-induced acute inflammation. Our data demonstrate that total CD4+ T cell infiltration in spleen, mLNs and cLP were similar in both mouse genotypes. Interestingly, in the absence of galectin-1 increased frequencies of Foxp3+CD4+Treg cells were noticed both in non-inflamed and DSS colitic Lgals1−/− mice compared to WT mice in cLP. Furthermore, no differences were observed in the frequencies of IL10+CD4+ T cells between both mouse genotypes thus ruling out involvement differences in peripherally induced regulatory CD4+ T cells. These results were consistent with a previous study where the frequency of IL10-expressing Treg cells in DSS-treated mice was similar between mouse strains with different susceptibilities to colitis development (38).

The Treg/Teff balance in colitic mice was significantly increased in cLP in colitic Lgals1−/− mice. However, Lgals1−/− mice exhibited an exacerbated inflammatory response to DSS-induced colitis as shown by the enhanced total body losses and disease activity indexes that ultimately led to significantly reduced survival of colitic Lgals1−/− mice compared to WT mice. It is of interest that the proliferative rate of CD4+ effector T cells was similar in colitic WT and Lgals1−/− mice as evidenced by Ki67 staining. Conversely, in mLNs and cLP the proliferation rate of Foxp3+CD4+ Treg cells in colitic Lgals1−/− mice was higher than in colitic WT mice. Our results are in agreement with a previous study conducted in a similar model of acute colitis induced by DSS where the authors demonstrated that Treg cells were required to limit the severity of intestinal inflammation. This was accompanied by an increased number of Treg cells in cLP with higher proliferation rate in both mLNs and in cLP than in effector T cells (39). In IBD patients, increased numbers of Tregs have been found in the inflamed areas of the intestine (40, 41) further confirming that intestinal inflammation is associated with increased frequencies of Treg cells in the inflamed intestine.

RORγt/T-Bet ratios in mLNs and colon in colitic Lgals1−/− mice were increased with respect to colitic WT mice when assayed by RT-PCR. These results were consistent with studies conducted by Toscano et al. were glycosylation-dependent immune modulatory circuits governed by galectin-1 specifically acted on Th17 and Th1 effector T cells (13). As a consequence, no differences were measured in the Foxp3/RORγt ratios in mLNs and cLP in both mouse genotypes, mostly due to the increased in the percentages of Foxp3+CD4+ Treg cells in mLNs and cLP in Lgals1−/− mice. Additionally, relative IL10 mRNA expression levels were higher in colitic Lgals1−/− mice than in colitic WT mice although by flow cytometry the frequencies of IL10+CD4+ T cells were similar in WT and Lgals1−/− mice. It could be that an exacerbated IL-10 mediated innate immune response is triggered in colitic Lgals1−/− mice to counteract the severe inflammation in the intestine.

RORγt/T-Bet ratios within the CD4+ T cells in mLNs and cLP were significantly reduced in colitic Lgals1−/− mice with respect to colitic WT mice when assayed by flow cytometry. Hence, in the absence of endogenous expression of galectin-1 the increased pathogenic profile of colitic Lgals1−/− mice compared to WT mice directly correlated with increased frequencies and number of T-Bet+CD4+ T cells in mLNs and cLP leading to a shift in the RORγt/T-Bet balance in colitic Lgals1−/− mice.

Although considered finally differentiated, numerous studies have shown that Treg cells have certain functional plasticity by acquiring the expression of the master transcription factors that define the T helper cell subsets they are modulating (42, 43). This is a very dynamic process that is also accompanied by coexpression of other master transcription factors (42, 44). Previous studies have demonstrated that expression of T-Bet by Treg cells is required for adequate modulation of Th1 cell responses. Koch et al. first observed that in an inflammatory environment characterized by high levels of IFNγ a subset of T-Bet+Foxp3+ Treg cells emerged. The IFNγ-induced T-Bet+Foxp3+ Treg cells upregulated the expression of CXCR3 allowing the preferential migration of the induced CXCR3+T-Bet+Foxp3+ Treg cells to tissues where a Th1 active response was taking place (44). In our study we show the accumulation of T-Bet+Foxp3+CD4+ Treg cells in mLNs and cLP in colitic Lgals1−/− mice. RORγt/T-Bet balance within the Foxp3+CD4+ Treg cells was significantly reduced in colitic Lgals1−/− mice as compared to colitic WT mice. Interestingly, Di Giovangiulio et al. recently demonstrated that Th1-like Treg cells sustained intestinal inflammation since Treg-specific T-Bet conditional ablation knockout mice developed milder DSS-induced colitis than their wild type counterparts. The authors claimed that the T-Bet+Foxp3+CD4+ Treg cells in fact acted as enhancers of Th1 cell responses during the early phases of the inflammation (38). In agreement with this observation, miR146a-deficient IFNγ+ Tregs induced increased Th1 effector responses compared to wild type mice (45). Furthermore, in a lethal model of T. gondii infection, Oldenhove at. al. demonstrated that T-Bet+ IFNγ+Foxp3+CD4+ Treg cells were responsible for the exacerbated Th1 immune response in the infected mice (46). Future studies are warranted aiming at fully defining the functionality of in vivo converted T-Bet+Foxp3+CD4+ Treg cells under certain inflammatory conditions in the gut.

There is an increasing body of evidence on the therapeutic potential of adoptively transferring healthy Treg cells into patients with a wide range of conditions, including IBD and other autoimmune diseases, in an attempt to shift the balance of active inflammation toward a more tolerogenic microenvironment. Cell therapy approaches with Treg cells are thought particularly useful in those pathophysiological conditions where a link of intestinal inflammation is associated with a decline in Treg functionality.

Several groups have shown that transfer of Treg cells into mice leads to clinical and histological improvement of colitis (47–51). To further confirm that in the absence of endogenous galectin-1 a functional defect in the Foxp3+CD4+Treg cells is involved in the severe response to DSS-colitis observed in Lgals1−/− mice, we adoptively transferred CD25highCD127low/− Foxp3+CD4+Treg cells (WT/TRegs) into colitic Lgals1−/− mice. WT/TRegs treated colitic Lgals1−/− mice showed a colitis that is akin to that of colitic WT mice. Interestingly, the Foxp3 mRNA levels in mLNs and cLP in WT/TRegs treated colitic Lgals1−/− mice were lower than in the untreated colitic Lgals1−/− mice. As a consequence, the increased Foxp3/RORγt and Foxp3/T-Bet ratios observed in colitic Lgals1−/− mice also decreased in the colitic Lgals1−/− mice upon infusion of WT/TRegs. Ultimately, the RORγt/T-Bet balance in mLNs was reduced in colitic Lgals1−/− mice treated with WT/TRegs, whereas in cLP no differences were noticed.

Altogether, these data support the immunomodulatory function of endogenous galectin-1 in DSS-induced colitis. Enhanced Th1 effector T cell responses together with increased frequencies of T-Bet+Foxp3+ Treg cells in colitic Lgals1−/− mice were involved in the pathophysiological severe phenotype of colitic Lgals1−/− mice. Adoptive transfer of wild type CD25highCD127low/−Foxp3+CD4+Treg cells efficiently ameliorated the exacerbated inflammatory response of colitic Lgals1−/− mice whereas galectin-1 null Treg cells were unable to ameliorate the exacerbated inflammatory intestinal inflammation in colitic Lgals1−/− mice further supporting the pivotal role played by galectin-1 of CD25highCD127low/−Foxp3+CD4+ Treg cells in modulating the severity of DSS-induced colitis.

Although the precise mechanisms by which mature Tregs utilize galectin-1 during DSS inflammatory challenge are unclear, these data highlight the importance of endogenous galectin-1 as a novel determinant in regulating T cell reactivity during the development of intestinal inflammation. Further studies are warranted to gain more comprehensive understandings in the biological function of galectin-1 in the development, fate and stability of Treg cells in the intestine.
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The field of microbiome research has developed rapidly over the past decades and has become a topic of major interest to basic, preclinical, and clinical research, the pharmaceutical industry as well as the general public. The microbiome is a complex and diverse ecosystem and defined as the collection of all host-associated microorganisms and their genes. It is acquired through vertical transmission and environmental exposure and includes microbes of all kingdoms: bacteria, archaea, prokaryotic and eukaryotic viruses, fungi, protozoa, and the meiofauna. These microorganisms co-evolved with their respective hosts over millions of years, thereby establishing a mutually beneficial, symbiotic relationship on all epithelial barriers. Thus, the microbiome plays a pivotal role in virtually every aspect of mammalian physiology, particularly in the development, homeostasis, and function of the immune system. Consequently, the combination of the host genome and the microbial genome, together referred to as the metagenome, largely drives the mammalian phenotype. So far, the majority of studies have unilaterally focused on the gastrointestinal bacterial microbiota. However, recent work illustrating the impact of viruses, fungi, and protozoa on host immunity urges us towards a holistic view of the mammalian microbiome and the appreciation for its non-bacterial kingdoms. In addition, the importance of microbiota on epithelial barriers other than the gut as well as their systemic effects via microbially-derived biologically active compounds is increasingly recognized. Here, we want to provide a brief but comprehensive overview of the most important findings and the current knowledge on how microbes of all kingdoms and microbial niches shape local and systemic immunity in health and disease.
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Introduction

Multicellular organisms are not only composed of their individual cells, but also of the microorganisms that inhabit ecological niches such as the gastrointestinal tract, the skin, the respiratory tract, and the genitourinary system. These microbes do not just passively colonize their hosts, they rather established a symbiotic relationship on all epithelial barrier sites during millions of years of co-evolution. The host provides its resident microbes with a habitat as well as nutrients, and in return, they help in digesting food, providing vitamins, and protecting their host from diseases (1–4).

Microbiota is defined as the ecological community of all host-associated microbes within a particular niche, whereas the collection of those microorganisms and their genomes is known as the microbiome (5). The host genome is the building plan for mammalian organisms, thereby creating well-defined ecological niches for microbes. Nonetheless, the mammalian phenotype itself within a given environment is rather driven by the combination of the host genome and the microbiome together referred to as the metagenome. Therefore, the microbiome plays a pivotal role in virtually every aspect of mammalian physiology, particularly in the development, maturation, homeostasis, and ultimately the function of the immune system (6–11). This mutually beneficial coexistence is also acknowledged in the holobiont theory or the metaorganism concept, emphasizing the intimate relationship between the host and its inhabiting microorganisms (12–14).

Over the last decades, microbiome research has primarily focused on the gastrointestinal bacterial community and its effects on the host health and disease. This line of research provided insights into mechanisms of the bidirectional crosstalk between the host and its bacterial subtenants. However, many disease states are paralleled with changes in the bacterial microbiome and vice versa, leaving the question of whether the microbiome is responsible for the disorder or whether the disease influences microbial composition, placing researchers into a challenging chicken and egg situation. In this context, it is pivotal to acknowledge that the microbiome is a complex and diverse ecosystem comprising microorganisms of all kingdoms, namely bacteria, archaea, eukaryotes like protozoa and fungi, and even multicellular eukaryotes such as helminths (15). In addition, eukaryotic viruses, phages, and endogenous retroviral elements are also crucial members of the mammalian microbiome (16). These microbial communities are present not only in the gut, but at all epithelial barrier sites, and the overall complexity is likely potentiated by trans-kingdom interactions between these commensals (17). As explained above, this complex ecosystem together with the host genome shapes the metaorganism and its physiology through multifactorial and nonlinear interactions. Thus, experimental models of translational research that are aiming to identify causal relationships and to unravel underlying mechanisms must be capable of navigating this complexity. Therefore, focusing on the gut bacteria, merely one component of the entire microbiome, makes it exceedingly difficult to fully decipher complex microbiota-related physiological mechanisms. Instead, a full description of the microbiome at distinct epithelial barrier sites and a more comprehensive view of mammalian organisms as holobionts might be a key to successfully conduct mechanistic studies, thereby opening up a promising window of opportunity to solve the chicken and egg question.



Technological Challenges in the Analysis of Different Microbial Kingdoms

Ever since, most studies investigating the microbial influence on the host’s physiology focused on bacteria of the gastrointestinal tract, particularly highly abundant bacteria. The primary reason for this bacteriocentric approach was a major technological restriction: pioneer studies on mammalian microbiota almost exclusively relied on culture-based approaches that were more commonly available for bacterial organisms, specifically gastrointestinal microbes. Moreover, the gut incorporates high microbial biomass and is thus much easier to study than niches with low microbial biomass like the skin, the respiratory tract, or the genitourinary system.

Technological advances, especially the common use of sequencing methods and a continuous reduction in the associated costs alongside novel computational bioinformatics tools, have enabled the scientific community to explore the bacterial microbiome as well as other microbial kingdoms in more detail, unveiling previously unappreciated microorganisms (18, 19). However, the focus on bacterial organisms of the gut remained vastly unchanged. Thus, the commonly used methods were optimized for detecting bacterial DNA, which causes problems when focusing on viruses, archaea, or eukaryotes like fungi. When using 16S rRNA gene profiling, microorganisms other than bacteria are vastly neglected as the primers fail to cover multi-kingdom diversity. Nowadays, the probably least biased approach to study highly diverse microbial communities is shotgun metagenomic sequencing. However, the predominance of bacteria leads to an unfavorable bacteria-to-archaea or bacteria-to-fungi ratio, and thus a high sequencing depth is needed to detect comparably rare fungal or archaeal signatures (20, 21). The differences in the cellular structures between bacteria, archaea, or eukaryotes are another technological hurdle in analyzing microbial DNA. For example, commercial DNA extraction kits contain lysozyme that cuts bacterial peptidoglycan but not archaeal pseudopeptidoglycan (21). Likewise, the efficiency of isolating fungal DNA significantly differs between several isolation methods for microbial DNA (22). Another challenge comes when analyzing viral communities, as the genome of many viruses is not composed of DNA but RNA, so that the study design requires the inclusion of RNA in its analyses (23). Thus, the research community urgently needs tailored protocols to enrich, extract and study non-bacterial kingdoms such as the archaeome, the virome, the mycobiome, and other eukaryotes like protozoa and the meiofauna.

Another crucial component to ensure future success in microbiome research will be the availability of high-quality databases. Although current databases for bacteria are already refined and accurate, they certainly need further optimization. This is substantially different for other microbial kingdoms, as reliable and well-annotated databases are urgently needed for analyses at the species level, but often not available (21, 24). Many sequences included in databases for fungal communities are annotated as uncultured or are incorrect at the species level (25). This is further complicated by the fact that sexual and asexual forms of the very same fungal species are frequently classified as different taxa (26, 27). In virome studies, only around half of the sequences can be aligned to reference databases, indicating an enormous amount of viral “dark matter” that needs further exploration (23, 28). Hence, the scientific community imperatively needs further optimization of databases, particularly as regards non-bacterial kingdoms. This could be achieved by studies shedding more light on the “dark matter” still obscuring vast parts of the mammalian microbiome, thereby empowering mechanistic studies on host-microbe interactions.



The Microbiome of the Gastrointestinal Tract: Local Effects on Immunity


Gut Bacterial Microbiome

The gastrointestinal tract certainly is the most intensively studied microbial niche and considering its impact on local and systemic immunity, the most remarkable epithelial barrier site of mammalian organisms. Further, the bacterial microbiome of the gastrointestinal tract is the so far best characterized microbial community that mainly comprises anaerobic bacteria of the phyla Bacteroidetes and Firmicutes (29). It plays an essential role in the development, maturation, aging, and homeostasis of the host’s immune system and thus the orchestration and functionality of host immune responses in steady state and during various inflammatory events (Figure 1) (30, 31).




Figure 1 | Local and systemic effects of the gut microbiome on the immune system. The mammalian gut is populated by a plethora of microbes comprising representatives of all kingdoms, specifically bacteria, archaea, eukaryotes like fungi, protozoa, and helminths, as well as eukaryotic viruses and bacterial phages. The collectivity of all gut-associated microorganisms affects the development, maturation, homeostasis, and consequently functionality of the immune system, which in turn has local and systemic consequences. Changes in the microbial composition might affect the protection against or acceleration of inflammatory diseases, regulation of intestinal pathologies, and the protection against intestinal infections. Microbiota influence not only the gut tissue itself, but also other organs like the liver, lung, and brain via the so-called gut-liver, gut-lung, or gut-brain axes. These distant organs are also affected positively or negatively in their homeostasis, defense against infections, or development of organ-specific pathologies.



Several studies showed that certain gut bacteria strongly shape local immunity at the corresponding barrier site. An example are segmented filamentous bacteria (SFB), gram-positive bacteria that grow close to the intestinal epithelium and that induced the formation of T helper 17 (TH17) cells, which are crucial for tissue homeostasis at barrier sites (32). However, not only commensal SFB but also other bacteria like murine enteropathogenic Citrobacter rodentium, a human pathogenic Escherichia coli strain, or the human symbiont Bifidobacterium adolescentis, were able to induce an accumulation of TH17 cells (33, 34). Adhesion to the intestinal epithelial cells seems to be a key factor for gut TH17 cell differentiation, as this is a shared feature of the above-mentioned bacteria, and adhesive-defect mutants did not induce TH17 cell development (33, 34). However, further studies suggested that TH17 cells induced by different bacteria display divergent inflammatory phenotypes (35). SFB are not only important in TH17 responses but also seem to induce T follicular helper cell development in the Peyer’s patches, which leads to the aggravation of inflammation in an autoimmune arthritis model (36). Not only bacteria themselves, but also their products such as metabolites affect immune development and functionality. For instance, microbiota-derived short-chain fatty acids (SCFA) are needed for antigen-activated CD8+ T cells to develop into long-living memory cells (37). SCFA produced by Clostridia of the Cluster IV, XIVa, and XVIII promote the accumulation of interleukin (IL)-10 producing regulatory T (Treg) cells in the colon and attenuate pathology in a colitis model (38–40). A bacterial polysaccharide of Bacteroides fragilis also induced IL-10 producing Treg cells, which protect against experimental colitis induced by Helicobacter hepaticus (41). Bile acids, further microbial-derived metabolites, play a protective role in the intestine by interacting with the farnesoid X receptor (FXR) (42, 43). Additionally, recent studies suggested bacterially produced secondary bile acids to regulate the differentiation of colonic Treg cells, which have a positive impact on dextran sulfate sodium (DSS)-induced colitis (44–46). Not only the gastrointestinal T cell compartment but also B cell development in the intestinal mucosa is affected by commensal colonization (47). Other microbial metabolites, like aryl hydrocarbon receptor (AhR) ligands, produced by tryptophan-metabolizing microbes, induce the production of IL-22, thereby providing resistance to Candida colonization and gut inflammation (48). Additionally, various microbial molecules can influence macrophage polarization towards either a pro-inflammatory or an anti-inflammatory state, depending on the stimulating metabolites and the context (49–51). Gut-resident bacteria and their metabolites thus have a substantial effect on gastrointestinal health and disease.



Gut Archaeome

Over 50 years ago, the first methanogenic archaeal microorganism was isolated from human feces, ever since we know that the gastrointestinal tract is also inhabited by representatives of the archaeal domain (52). Further methanogenic and to a lesser extent also non-methanogenic archaeal species were detected in the human gut, supporting initial findings that methanogenic archaea are commensal inhabitants of the human gastrointestinal tract (53). Some methanoarchaeal species showed immunogenic properties (54, 55), however, the interaction between archaea and the immune system, as well as the involvement of archaea in human physiology remains blurry (21). A recent study suggested trans-kingdom interactions between bacteria of the Christensenellaceae family and archaea of the Methanobrevibacter family to be associated with a lean body mass index in humans (56). Interestingly, no human pathogenic archaeal species are known today, and there is only little to no data available on how archaea might affect the physiology of their respective hosts (21). Consequently, a substantial amount of research is required to further unravel the relationship between the host and its archaeal inhabitants.



Gut Mycobiome

The gut mycobiome is a diverse community mainly comprising Saccharomyces, especially Candida species, as well as yeasts of the family Dipodcaceae, and occasionally also Malassezia and Cladosporium (57–59). Comparable to the gut bacterial microbiome, gastrointestinal fungi were also shown to strongly shape local immunity at the corresponding barrier site (60). Candida albicans colonization in the gut induced IL-17 and IL-22 production of TH17 cells that protect from systemic infection with Candida albicans and Staphylococcus aureus (61, 62). However, Candida albicans gut colonization also promoted susceptibility to TH17 cell-mediated airway inflammation and correlated with systemic levels of TH17 cell inflammation (62). In humans, the gut mycobiome induced antifungal antibody production that protects against systemic fungal infections in a caspase recruitment domain-containing protein 9 (CARD9) dependent way (63). Commensal fungi seem to have certain anti-inflammatory properties as a disturbance of the fungal gut community aggravated colitis in a mouse model (64). Similarly, the interaction of gut fungi with C-type lectin receptors on macrophages seems to protect from DSS-induced colitis and colon cancer (65, 66). Fungal colonization after antibiotic treatment can even recapitulate the beneficial effect of bacterial gut colonization on DSS-induced colitis (67). However, these anti-inflammatory capabilities appear to be context-sensitive, since fungal colonization seemed to be detrimental in colitis in specific-pathogen-free (SPF) mice (68). Patients suffering from Crohn’s disease frequently show elevated anti-Saccharomyces cerevisiae antibodies (ASCA), leading to the assumption that commensal fungi might play a role in human gastrointestinal diseases (69). Importantly, ASCA can even be detected before disease onset and are highly predictive for receiving a diagnosis of Crohn’s disease within the next five years (70). Thus, the gut mycobiome also appears to be an essential component in shaping local immunity in steady state as well as during inflammation.



Gut Virome

The gastrointestinal virome also plays a pivotal role in shaping local gut immunity. A substantial proportion of viruses detected in fecal samples are bacteriophages that are likely to influence the composition and functional properties of the gastrointestinal bacterial community (71). Phages might do so by predating susceptible bacterial strains, which confers an advantage to the growth of others (72). Another mechanism is horizontal gene transfer that changes genetic diversity and thereby influences virulence, antibiotic resistance, and metabolic determinants of the bacterial community (73). Thus, phages capable of affecting the composition of gastrointestinal bacterial communities exert an indirect impact on the function of the immune system (72, 74). This is further illustrated by a study that suggested bacteriophage diversity and colonization level to be a key factor in the success of fecal microbiota transplantation (FMT) in the therapy of recurrent Clostridium difficile infection (75). Besides their indirect effects, phages can also directly exacerbate colitis by inducing host immunity via toll-like receptor (TLR)-9 stimulated interferon (IFN)-γ production (76). Bacteria-infecting prophages initiate viral gut colonization during the first months of life; eukaryotic viruses follow a few months later, depending on breastfeeding (77). The presence of enteric viruses in the gut is imperative for tissue homeostasis and the prevention of overt inflammation. Type I IFN stimulated by activation of the viral pattern recognition receptors (PRRs) retinoic acid-inducible gene I (RIG-I) and stimulator of interferon genes (STING) is protective against intestinal barrier damage and prevented graft-versus-host disease (GvHD) in mice (78). RIG-I activated by enteric viruses also stimulates IL-15 secretion, which is important for maintaining tissue-regenerative intraepithelial lymphocytes (79). Another virus-sensing PRR, TLR7, enhances resistance to vancomycin-resistant Enterococcus infection of antibiotic-treated mice via secretion of anti-microbial peptides stimulated by IL-22 producing innate lymphoid cells (ILC) (80). Recognition of gut viruses by TLR3 and TLR7 also protects against DSS-induced colitis via a type-I IFN mediated mechanism (81). IFN-λ induced by enteric viruses was suggested as an additional protective factor against DSS-induced colitis by preventing reactive oxygen species (ROS) production and neutrophil degranulation (82). Infection with murine norovirus could even compensate for the absence of gut bacteria regarding their immune-promoting function and the protective capacities against Citrobacter rodentium induced pathologies (83). Another study found murine astrovirus, a commensal gastrointestinal virus in mice, to protect against murine norovirus and rotavirus in immunodeficient mice by increasing IFN-λ levels (84). This effect is mediated by stimulation of type I IFN that leads to the recruitment of C-C chemokine receptor type 2 (CCR2) dependent monocytes and the production of IL-22 by type 3 ILC (85). Hence, besides gut bacteria and fungi, the gut virome is also a crucial factor for immunity at the barrier site, not only by direct interaction but also indirectly by affecting other microbial kingdoms. This is a relevant and increasingly recognized phenomenon known as trans-kingdom interactions (17).



Other Eukaryotic Members of the Gut Microbiome

The impact of eukaryotic multicellular organisms like protozoa and helminths on local and systemic immunity is still largely unrecognized (86). Some organisms such as Entamoeba histolytica and Ascaris lumbricoides are obligatory pathogens, while others, for example, Blastocystis, are associated with disease but also found in healthy people (86). The commensal murine protist Tritrichomonas musculis induced an accumulation of T helper 1 (TH1) and TH17 cells in an inflammasome and IL-18 dependent mechanism (87). This induction of adaptive immunity enhanced anti-bacterial defense but also increased intestinal inflammation (87). Similarly, Tritrichomonas muris was found to induce a TH1 response in the cecum leading to accelerated gastrointestinal inflammation in a colitis mouse model (88). Different studies found the SCFA succinate, produced by Tritrichomonas muris, to activate tuft cells in the intestinal epithelium. Tuft cells subsequently induced the secretion of IL-13, IL-4, and IL-5 by type 2 ILC in an IL-25 dependent manner (89–91). This cytokine milieu promoted the expansion of tuft and goblet cells, a common mechanism for clearing helminth infection and protecting from subsequent colonization by other parasites (89). Interestingly, tuft cell expansion promoted norovirus infection as the norovirus receptor is specifically expressed on tuft cells (92). Moreover, helminth infection can manipulate the immune system leading to an impaired antiviral immunity or even viral reactivation (93, 94). Non-fungal eukaryotes are regularly found in the gut and seem to have beneficial as well as detrimental effects on local immunity by deteriorating intestinal inflammation but also preventing secondary helminth infection.

Taken together, a rapidly growing body of literature points towards a pivotal role of the microbial community including representatives of all microbial kingdoms in the homeostasis of the gut. Particularly, the development, maturation, aging, and thus the functionality of host immune responses at the barrier site in steady state as well as during various inflammatory events are largely orchestrated by the gut microbiome.




The Microbiome of the Gastrointestinal Tract: Systemic Effects on Immunity


Gut Bacterial Microbiome

The gastrointestinal bacterial microbiome does not only shape immunity at its corresponding barrier site but also exerts powerful effects on systemic immune responses (Figure 1). Among the most affected organs are the lung, the brain, and the liver whose physiology is influenced via the so-called gut-lung (95), gut-brain (96), or gut-liver axis (97). The gut-lung axis has a significant influence on the susceptibility to respiratory infections and allergic airway diseases. For example, germ-free mice are more susceptible to lethal Klebsiella pneumoniae infection, an effect that can be reversed by transient TLR activation through administration of several TLR agonists usually produced by indigenous microbiota (98). A comparable effect of a reduced microbial load was observed in the context of Influenza A virus (IAV) infection. Mice pre-treated with antibiotics showed an aggravation of IAV infection due to a diminished T cell response because of poorly activated dendritic cells (DC) and a higher activation threshold of innate immunity (99, 100). Additionally, TLR5 activation by bacterial flagellin in the gut is essential for the development of an efficient antibody response to IAV vaccination (101). Another study found the metabolite desaminotyrosine produced by Clostridium orbiscindens to be a protective factor against IAV infection by modulating type I IFN signaling (102). A further mechanism that might prevent overt immunopathology in the lung following IAV infection was SCFA-mediated alteration of bone marrow hematopoiesis leading to increased numbers of anti-inflammatory macrophages in the lungs (103). Gastrointestinal bacteria not only play a pivotal role during respiratory infections, but they also appear to be crucial in allergic airway disorders. Gut dysbiosis induced by antibiotic or antifungal treatment can aggravate allergen-induced airway inflammation (64, 104). Otherwise, infection with Helicobacter pylori conferred protection towards experimentally induced lung inflammation, a Treg cell-mediated effect (105, 106). A comparable protection from allergic airway disease was found in mice supplemented with Lactobacillus johnsonii, a bacterium that is enriched in the gastrointestinal tract of mice that were previously exposed to house dust mites (106). However, the protective effect of the bacterial microbiome might be reversed in the context of chronic pulmonary diseases. A study using a mouse model of cystic fibrosis showed amelioration of airway hyperresponsiveness after lowering the enteric bacterial burden by antibiotic treatment with Streptomycin (107).

Besides the lung, the gut bacterial microbiome is very well known to affect the development, maturation, normal aging, homeostasis, and function of the brain, which is accomplished through communication along the gut-brain axis (96). Important mediators for this are neuroactive metabolites produced by gut-resident microbiota. Good examples are the influence of gastrointestinal bacteria on microglial development and homeostasis, an important phenomenon likely mediated through microbially-produced, neuro-modulatory SCFA (108). This study also highlights that the complex and diverse gut community, rather than single gut-resident bacteria, is fundamental for proper microglial development and function (108). Not only microglial development but also axogenesis is affected by gut bacteria and their metabolites. Axogenesis was markedly reduced in offspring of germ-free or antibiotics-treated damns, leading to sensation impairment in the offspring (109). This effect could be reversed by colonizing the pregnant damns with spore-forming bacteria or treatment with selected metabolites (109). The microbiota-mediated influence on brain homeostasis also affects the progression of several brain pathologies including psychiatric disorders like autism spectrum disorder (ASD), as well as neurological diseases such as Alzheimer’s disease (AD), Parkinson’s diseases (PD), multiple sclerosis (MS), and stroke. To mention some examples, microbiota depletion attenuated brain inflammation and pathologies in mice with experimental autoimmune encephalitis (EAE), a gold-standard model of human MS as well as in an AD mouse model (110–112). Susceptibility to developing EAE symptoms could be transferred from MS patients to transgenic mice spontaneously developing EAE, which showed an increased incidence of disease symptoms after FMT from MS diseased donors (113). Moreover, in a mouse model of ASD, oral treatment with Bacteroides fragilis ameliorated ASD-related behavioral abnormalities, an effect that is most likely mediated by microbiota-dependent metabolites (114). Another study using a PD mouse model has underlined the microbial influence on neurological disorders by identifying gut microbiota to enhance α-synuclein-mediated motor dysfunction, an effect probably also mediated by microbially-produced SCFA (115). Further, the gut bacterial microbiota affects meningeal IL-17 producing gamma delta T (γδT) cells, which worsened the outcome of experimentally induced strokes (116). Similar to the intestine, another part of the digestive tract, the oral cavity, has a niche-specific bacterial microbiome (117). Interestingly, the amount and diversity of oral colonization seem to decline during weaning, coinciding with upregulation of saliva production and salivary antimicrobial components (118). Moreover, in several studies, periodontitis and tooth loss were associated with the development of dementia and Alzheimer’s disease (119, 120).

There also is an interplay between the gut bacteria and the liver. So, common liver diseases like alcoholic liver disease (ALD), non-alcoholic fatty liver disease (NAFLD), liver cirrhosis, or hepatocellular carcinoma (HCC) are associated with changes in the bacterial gut microbiome (97). Changes in the microbiome can also change liver cancer by bile acids transformation that affect CXCR6+ natural killer T (NKT) cells in the liver (121). A therapeutic option using the microbiome-related effect on liver immunity is FMT, which showed promising results in an ALD mouse model and was recently also explored in a first clinical trial in humans (122, 123). Even though, science has already gained substantial knowledge on how gut bacterial microbiota influence immunity in distant organs, there is still extensive research required to fully decipher these complex interactions.



Gut Mycobiome

Like the gut bacterial microbiome, the gut mycobiome can also shape systemic immune responses, particularly in the lung, brain, and liver. Regarding the gut-lung axis, fungal dysbiosis caused by antibiotics or antifungal treatment can exacerbate experimentally induced allergic airway disease (64, 124). Allergic airway inflammation was significantly aggravated through sensing of fungal dysbiosis by gut resident mononuclear phagocytes (MNPs) and a subsequent increase in pulmonary T helper 2 (TH2) cells and eosinophils (125). The beneficial effect of fungi on allergic airway disease seems to be a tightly balanced equilibrium, as fungal overgrowth following antibiotic treatment leads to a promotion of allergic airway inflammation (126). One of the proposed mechanisms was the elevation of prostaglandin E2 (PGE2) plasma levels by the overgrowth of Candida species and the promotion of macrophage polarization towards an alternatively activated M2 phenotype (104). Additionally, the expansion of a single fungal species in the gut, Wallemia mellicola, could aggravate allergic airway disease (127). In humans, Candida albicans, a common gut fungal species, seems to be the major direct inducer of anti-fungal TH17 cells in peripheral blood (61). These TH17 cells are cross-reactive to inhaled Aspergillus fumigatus and are activated and expanded in patients with airway inflammation (61). Likewise, intestinal colonization with Candida albicans in mice promoted susceptibility to airway inflammation (62). Candida albicans strains adapted to the mouse gastrointestinal tract conferred enhanced protection against systemic infection with several fungi and bacteria, but this effect required IL-6 and was also observed in lymphocyte-deficient mice (128). Moreover, fungal colonization following antibiotic treatment recapitulates the beneficial effect of bacterial gut colonization in lethal IAV infection (67).

Like gut bacteria, fungi can also affect brain and liver homeostasis. An example of this is the improvement of symptoms of EAE, after oral supplementation of mice with Candida kefyr (129). Regarding influences on the liver, gut-resident fungi promote the development of ALD, an effect that is mediated by increased translocation of fungal β-glucan to the systemic circulation, which induced IL-1β-mediated liver inflammation through binding to C-type lectin domain family 7 member A (CLEC7A) on Kupffer cells (130).

Furthermore, the gut mycobiome has a fundamental influence on the maturation of the immune system itself. The gastrointestinal fungal species Candida tropicalis was found to play a substantial role in the early life maturation of secondary lymphoid organs (131). Recent studies transferring mice into a natural environment supported this by showing an increased fungal diversity and an elevated fungal load, especially in Aspergillus species. These alterations of the fungal community were accompanied by an increase in peripheral granulocytes and activated T cells, illustrating an enhanced immune maturation (132, 133). Not only gut bacteria, but also gut fungi have systemic effects on immunity. Even though there is only limited data on fungal metabolites, their involvement in this communication seems likely.



Gut Virome

The gastrointestinal virome also shapes immunity at gut-distal sites such as the lung and the liver. For example, an infection with murine norovirus protects against lung infection with Pseudomonas aeruginosa and alleviates lung inflammation (134). A liver-related example is that a decreased diversity of the intestinal virome is associated with an increase in the severity of NAFLD in humans (135). Further research is required to fully understand how intestinal viral communities shape peripheral immune reactions at various sites.

In addition to gut-resident viruses, there is increasing evidence that systemic chronic viral infections are not only pathogenic but can also have advantages to the host (136). Latent herpesvirus infection mediates resistance to bacterial infection with Listeria monocytogenes or Yersinia pestis and results in increased resistance to tumor grafts (137–139). Type I IFN production induced by chronic murine cytomegalovirus (MCMV) infection stimulated epithelial proliferation and intestinal wound repair (140). Latent infection with chronic viruses has thus been considered as an integral part of the microbiome that has a substantial influence on the host’s immune system.



Other Eukaryotic Members of the Gut Microbiome

Apart from local effects on the gastrointestinal immune system, multicellular eukaryotes were also found to influence immunity in the lung. In mouse models, infection with Heligmosomoides polygyrus leads to a decreased development of allergic airway inflammation, probably through a mechanism that involves Treg cells and is independent of IL-10 (141). Interestingly, Heligmosomoides polygyrus derived egg-shell products were sufficient to prevent experimental allergic airway inflammation, probably by directly inhibiting IL-33 release (142, 143). In humans, reports are still inconsistent regarding a correlation between gastrointestinal helminth infection and the occurrence of allergic airway disease (144). More research on protist and helminth members of the gut microbiome is required for a better description of their influence on immunity.

Taken together, the gut bacterial microbiome exerts many important effects on various gut-distant organs such as the lung, the brain, and the liver. However, current data also clearly indicate a critical involvement of nearly all microbial kingdoms in the functionality of the host’s immune system, and thus the orchestration of systemic host immune responses in health and disease. Importantly, biologically active microbial compounds appear to be essential in mediating the communication between the host and its microbiota along the corresponding axis.




The Microbiome of the Skin: Local and Systemic Effects on Immunity


Skin Bacterial Microbiome

The skin is the outermost barrier of our body and is in constant contact with multiple environmental influences. To maintain this barrier, our skin works together with its residing microbiota (Figure 2) (145, 146). Various species are adapted to the specific properties of the respective site and thus inhabit different cutaneous microenvironments (147). For example, sebaceous sites are dominated by lipophilic Propionibacterium species, while Staphylococcus and Corynebacterium species colonize the moist areas (148). The initial microbial skin colonization depends on the delivery mode. Vaginally delivered babies acquire the mother’s vaginal microbiome, while cesarean section leads to the acquisition of skin-associated microbiota (149, 150). A major shift in microbial skin communities occurs during puberty: several taxa disappear and the microbiota becomes dominated by lipophilic species (151). During cutaneous immune homeostasis, skin commensal bacteria maintain the host-microbial mutualism by protective and regulatory responses. Commensal bacteria affect the immune system in the absence of inflammation and independent of changes in the gut microbiome (152, 153). Cutaneous colonization with the skin commensal Staphylococcus epidermidis leads to a non-inflammatory accumulation of IL-17A and IFN-γ expressing CD8+ T cells in the skin (152). Similarly, T cells in germ-free mice produced significantly lower cytokine levels, a phenotype that could be reversed by colonization with Staphylococcus epidermidis (153). Tolerance to commensal microbes is established during the postnatal period when developing hair follicles are colonized by microbes that induce commensal-specific Treg cells (154, 155). The complement system, which is part of this regulatory mechanism by maintaining microbial diversity, is also regulated by commensal microbes (156). The commensal Staphylococcus epidermidis seems to be an essential microbe capable of regulating immunity at this barrier site. In an in vitro study using human monocyte-derived DC, Staphylococcus epidermidis products stimulate DC to produce more IL-10 and lower the proliferation effect on CD4+ T cells (157). Additionally, Treg cells treated with Staphylococcus products have a higher immune-suppressive potential on T cells (157). Interestingly, this homeostatic immunity to microbiota is mediated by non-classical MHC class I molecules (158). Metabolites of commensal bacteria also have a suppressive effect on the development of skin inflammation. Treatment of atopic dermatitis with lysates of Vitreoscilla filiformis, a gram-negative bacterium present in thermal spa water, leads to pronounced amelioration of atopic dermatitis symptoms in a clinical trial and an experimental model (159, 160). Studies in mice suggested that this is an effect of IL-10 secretion from DC and accumulation of Treg cells, which have a suppressive effect on T cell expansion (160). The bacterial skin microbiome also affects the process of acute wound healing, specifically when the integrity of the skin barrier is breached. During inflammation caused by skin wounding, lipoteichoic acid of Staphylococcus epidermidis can mitigate skin inflammation in a TLR dependent manner (161). Wound closure is also accelerated by commensal-specific T cells that express tissue repair and immunoregulatory signatures (158). The influence of commensal microbes on local immunity confers resistance to potentially harmful pathogens. In vivo, skin colonization with Staphylococcus epidermidis led to CD103+ DC dependent formation of IL-17 producing CD8+ T cells leading to the production of alarmins by keratinocytes inhibiting Candida albicans outgrowth (152). Restoration of IL-17 production after Staphylococcus epidermidis colonization also helped in the control of Leishmania major infection but then again lead to an increased inflammatory response (153). In summary, the skin bacterial microbiome is a fundamental player in securing skin homeostasis, preventing inflammatory skin diseases, supporting wound healing, and protecting against pathogenic infections.




Figure 2 | The microbiota of the skin exerts local effects on immunity. Besides the gut, also other epithelial barrier sites such as the skin are populated by diverse microbes of all kingdoms. The microbiota of the skin influences tissue and immune homeostasis, inflammatory skin diseases, wound healing, and protects from skin infections.





Skin Archaeome

Besides multiple bacterial species, archaea of the phyla Thaumarchaeota and Euryarchaeota were detected on human skin samples (53, 162). Their abundance is correlated to dry skin occurrence, but mechanistic details of a potential causal relationship are missing (163).



Skin Mycobiome

Lipophilic fungi of the genus Malassezia are the dominant fungal microorganisms on the skin of most adults (148, 151). A recent publication suggested that immunity to commensal fungi might play a role in the aggravation of skin inflammation in psoriasis (164). Thus, recent literature shows an important role of fungi in skin immunity, thereby prompting us to more closely investigate the role of the skin mycobiome.



Skin Virome

Eukaryotic viruses and phages are detected on human skin and are the most unstable part of the skin microbiome (165, 166). Bacteriophages were found to negatively interfere with chronic wound healing in Pseudomonas aeruginosa infected wounds, likely mediated by endocytosis and TLR3 (167).

In conclusion, even though microorganisms other than bacteria are highly abundant on the skin and their involvement in skin immunity has been shown in some promising studies, their local and especially systemic influence on the host’s immune system is still poorly explored. However, unraveling these interactions appears to be a promising field for future studies.




The Microbiome of the Respiratory Tract: Local and Systemic Effects on Immunity


Respiratory Tract Bacterial Microbiome

The initial dogma of the lung being devoid of microorganisms has recently shifted by advances in sequencing techniques, leading to improved microbial detection. These findings also indicate that lung immunity is influenced by the lung microbiome in several diseases (Figure 3). The respiratory bacterial microbiome differs markedly between the upper and lower respiratory tract and is probably influenced by the oral microbiome through frequent micro-aspirations and by airborne microorganisms present in the inhaled air (168). Enrichment of the bacterial lung microbiota with oral taxa is associated with an increased number of lymphocytes, especially TH17 cells, elevated cytokine levels, and a diminished TLR4 response by alveolar macrophages, thus influencing the basal inflammatory status in the lung (169). Staphylococcus aureus in the lung leads to TLR2-dependent recruitment of monocytes that differentiate into alveolar macrophages and exert a protective effect against IAV pathologies (170). The presence of lung microbiota in early life is essential for the immune maturation and attenuation of airway inflammation that is mediated by the interaction of Treg cells with programmed cell death 1 ligand 1 (PD-L1) expressing DC (171). A similar effect could be observed in children growing up on farms in Central Europe, that were protected from asthma and atopy supposedly due to an increased environmental microbial exposure (172). In line with this, maternal exposure to Acitenobacter lwoffii F78, a bacterium frequently found in cowsheds and farm dust samples leads to the protection of the offspring against experimental asthma (173). Thus, lung bacterial communities may mediate a regulatory function in the development of allergic airway diseases.




Figure 3 | The microbiota of the respiratory tract exerts local effects on immunity. The respiratory tract is also inhabited by various microbes of different kingdoms. These microbes can prevent allergic airway diseases such as asthma and they can protect from airway infections.





Respiratory Tract Archaeome

The lung is also colonized by archaeal microbes, mainly by woesearchaeal species (53). However, there is little to nothing known about the function and effects of archaea in the respiratory tract.



Respiratory Tract Mycobiome

There is only a low fungal burden in the lungs, consisting primarily of the division of Ascomycota and Basidiomycota with Candida species being the predominant organisms (174). So far, there is only sparse knowledge about fungal influences on the host’s immunity in the respiratory tract.



Respiratory Tract Virome

The virome in the respiratory tract is composed of intrinsic components with a high abundance of Anelloviruses and phages, and other respiratory viruses that are normally considered pathogens (175, 176). Early life infection with IAV protects against airway hyperreactivity, a protective effect primarily mediated through an expansion of NKT cells (177). On the contrary, early infection with respiratory syncytial virus increases susceptibility to allergic airway disease by impairing Treg cell function (178). Another study in mice found that infection with Sendai virus is associated with subsequent airway hyperreactivity that depends on IL-13 dependent activation of NKT cells and lung macrophages (179). Overall, there is only little knowledge regarding the impact of the lung-resident virome on local or systemic immunity.

In summary, the currently available data on lung microbiota are still limited, particularly as regards to microorganisms other than bacteria. This is likely due to the low microbial biomass present in the lung, thereby leading to profound technical challenges in reliably assessing the lung microbiota. However, studying the lung microbiome certainly is an interesting future topic, since the lung is the second largest barrier site and is affected by various diseases where the microbiome is known to be a crucial factor (e.g. infectious diseases, cancer, allergies, inflammatory and autoimmune diseases).




The Microbiome of the Genitourinary Tract: Local and Systemic Effects on Immunity


Genitourinary Tract Bacterial Microbiome

Similar to other microbial niches, the genitourinary tract is also colonized by microorganisms of different kingdoms that have direct or indirect effects on immunity (Figure 4). Compared to other microbial niches, the vaginal bacterial microbiome is a relatively basic community, characterized by comparably low diversity and is dominated by Lactobacillus species, which thrive in this anaerobic environment (24, 180). Some asymptomatic women carry a more diverse vaginal community containing bacteria of the genera Gardnerella and Prevotella (24, 180). However, Lactobacilli play the most pivotal role in maintaining the homeostasis of the vaginal tract through the production and secretion of anti-microbial compounds such as H2O2, bacteriocin, and lactic acid. These compounds serve as a first, effective line of defense by establishing a low vaginal pH and by creating an overall hostile environment for invading bacteria and other microorganisms (181). Another direct effect of lactic acid is its anti-inflammatory impact on vaginal epithelial cells, shown by a reduced production of pro-inflammatory cytokines and increased production of the IL-1 receptor antagonist (IL-1RA) (182). Therefore, a Lactobacilli-dominated vaginal microbiome protects against urogenital infections such as urinary tract infections and sexually transmitted pathogens like Chlamydia, human immunodeficiency virus (HIV), and herpes simplex virus 2 (HSV-2) (183–185). The increased occurrence of HIV infection in women with a high-diversity vaginal bacterial microbiome might be explained by an increased number of activated CD4+ T cells, also including CCR5+ CD4+ T cells, the HIV target cells (185). The increase in activated T cells might be induced by elevated cytokine and chemokine levels in the genitourinary tract of women with high-diverse vaginal bacterial communities (185, 186). The increased abundance of pro-inflammatory cytokines in vaginal fluid might also be a risk factor of preterm birth that was observed to be associated with a decreased vaginal colonization with Lactobacillus species (187). In summary, a vaginal bacterial microbiome rich in Lactobacillus species is important for the protection against urogenital infections as well as a beneficially balanced cytokine and chemokine profile in the genitourinary tract.




Figure 4 | The microbiota of the genitourinary tract exerts local effects on immunity. Particularly the vagina is colonized with abundant microbes of unrelated kingdoms. The vaginal microbial communities safeguard from local, ascending, and subsequently systemic infections, and are crucial for beneficially balanced cytokine as well as chemokine profile.





Genitourinary Tract Archaeome

The archaeal species Methanobrevibacter smithii was detected in vaginal samples and was associated with bacterial vaginosis (188, 189). Consequently, the presence of Methanobrevibacter smithii was proposed as a biomarker for the diagnosis of bacterial vaginosis (189). Apart from this, there is only little information available on associations between residing archaea and genitourinary tract diseases.



Genitourinary Tract Mycobiome

Apart from other commensal communities, fungi are a common constituent of the female vaginal microbiome in healthy women (24). The vaginal mycobiome is dominated by the division of Ascomycota, mainly the genus Candida, which was present in two-thirds of asymptomatic Estonian women (24, 190). Although candidiasis is one of the most frequent genital diseases, Candida species frequently colonize the vagina of healthy women, and only little is known about the influence of vaginal fungal communities on the host’s physiology (191).



Genitourinary Tract Virome

Most vaginal DNA viruses that are identified today are double-stranded DNA bacteriophages, with eukaryotic viruses constituting only 4% of the total reads (192). Eukaryotic DNA viruses in the vagina are dominated by papillomavirus species, but also herpesviruses, polyomaviruses, and anelloviruses can be detected (192–194). Additionally, several groups have identified functional and nonfunctional prophages in the genomes of vaginal bacterial species, suggesting bacteriophages to play a role in shaping the vaginal bacterial microbiome, thereby influencing vaginal health (195–197). Another study also found links between eukaryotic viral and bacterial community composition and the occurrence of bacterial vaginosis (192). In conclusion, there are many potential trans-kingdom interactions between viral and bacterial communities in the vagina and thus indirect and potentially also direct influences of the vaginal virome on health and disease of the genitourinary system.

Endogenous retroviruses are a group of transposable elements that are stably integrated into the genome of their host. They were originally acquired by infection of the host’s germline cells with retroviruses and are vertically transmitted because of their permanent integration (198). The most prominent representatives of human endogenous retroviruses are syncytin-1 and syncytin-2, which are homologous to the surface proteins encoding env genes of human endogenous retroviruses (199). They have an essential role in the host’s physiology of the placenta by mediating cell fusion between cytotrophoblasts and placental syncytiotrophoblasts (200). Thus, these relicts of ancient viral infections play a fundamental role in the exchange of nutrients, gases, and hormones between the mother and the fetus. Additionally, they prevent fetal rejection by controlling the maternal immunosuppressive state (201, 202). Hence, these relicts of ancient viral infections were critically involved in mammalian evolution, a prime example of the intimate relationship between microorganisms and their hosts.

Taken together, the bacterial microbiome undoubtfully plays an essential role for the genitourinary tract. However, other microbial kingdoms and their important impact on health and diseases of the genitourinary tract are increasingly evident, appreciated, and also studied.




Discussion and Outlook

The past decade was characterized by substantial technological progress, allowing researchers to study the mammalian microbiome and its impact on the host in health and disease in a much more precise and mechanistic fashion. As a consequence, it has been established that the microbiota plays a pivotal role in virtually every aspect of mammalian physiology, particularly in the development, maturation, homeostasis, orchestration, and ultimately the function of the immune system (7, 8). By now, it can be considered as textbook knowledge that mammals are metaorganisms and that the combination of the host genome and the overall microbiome including all kingdoms at all epithelial barrier sites largely drives their phenotypes (15). This can be considered the most important conceptual advance in the field of microbiome research during the last decades.

The comparison of conventional SPF mice to germ-free, antibiotic-treated, and gnotobiotic mouse models was pivotal in illuminating the impact of the mammalian microbiome on host physiology. These proof-of-principal studies were essential in illustrating the therapeutic potential lying within microbiome research such as the remarkably diverse set of biologically active compounds produced by the microbiota. As illustrated throughout this review, these compounds can not only influence their corresponding barrier site but also establish axes of communication, thereby exerting crucial systemic effects. Translational microbiome research should aim to identify these compounds and to understand their biological function in health and disease. Among others, this may be a pathbreaking strategy to discover novel microbiota-based drugs (114, 203).

Aside from these important studies, a substantial body of literature emphasizes that the majority of rodent-based data could not be translated into clinical practice (204–211). Recent paradigm-shifting work illustrated that lab mice are too far removed from natural environmental conditions to reliably mirror the physiology of free-living mammals like humans (212–215). This circumstance distorts how the immune system of ultra-clean lab mice develops and functions, leading to false assumptions of how the human immune system works as reviewed elsewhere (216, 217). To address these shortcomings several approaches have been suggested: Cohousing of lab mice with pet store mice (212), sequential infections of lab mice (213), rewilding of lab mice in semi-natural habitats (214), engraftment of wild mouse gut microbiota into lab mice (215) and the transfers of lab mouse embryos into wild mouse surrogate mothers, the so-called “wildling” model (218). Indeed, compared to conventional lab mice, the resulting animals were protected in models of infectious diseases and cancer and displayed an increased translational research value (212, 215). Particularly, wildlings phenocopied the human outcome and could have prevented catastrophically failed clinical trials, where conventional rodent and non-human primate models had failed to predict the human response to harmful drug treatments (218–220). Thus, utilizing these microbially diverse models in translational microbiome research may help to discover novel disease treatment options that cannot be found in conventional mouse models and increase the safety and success rate of bench-to-bedside efforts.

As mentioned above, only a few findings in microbiome research could be directly translated into the clinic so far and many of them originate from human research. For example, there are ideas to use bacterial products in inflammatory skin disease, and promising studies have already proposed a beneficial outcome (159). Moreover, the injection of beta-glucans from fungi cell walls alongside therapeutic antibodies or chemotherapy in cancer treatment shows promising results (221, 222). Another well-known example is allogenic FMT, a potent treatment of antibiotic-refractory Clostridium difficile infection (223, 224). Recent studies also showed a beneficial combination of FMT with immunotherapy to overcome the initial resistance to immunotherapy in melanoma patients (225, 226). Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is accompanied by the usage of broad-spectrum antibiotics leading to a low diversity of the gut microbiome which can be successfully treated by autologous FMT (227). This might be a promising treatment option as low-diversity microbiota correlate with increased mortality in allo-HSCT patients (228). Eran Elinav and colleagues published an encouraging exploratory study utilizing vaginal microbiome transplantation to efficiently treat recurrent bacterial vaginosis (229). Even though important steps have already been made, the journey of microbiome research and the successful transfer of microbiota-related therapies into the clinic has only begun.

Thus, besides further technological advances, the key to tap into the full therapeutic potential of translational microbiome research may be: (I) a stronger appreciation of mammals as metaorganisms; (II) the more pronounced investigation of non-bacterial members of the microbiome as well as trans-kingdom interactions at all epithelial barrier sites; (III) a focus on how the bidirectional crosstalk between the host and its microbiota works from a mechanistic standpoint of view, particularly (IV) how microbial biologically active compounds affect the health and disease of the host and (V) take advantage of newly developed translational microbiome research mouse models that more closely resemble the human metaorganism.

This approach will open up a promising window of opportunity to discover novel treatments for a wide range of human diseases of global relevance including transplant rejection, GvHD, cancer, infectious diseases, allergies, autoimmune and inflammatory diseases, psychiatric and neurological disorders as well as cardiovascular diseases.
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The hallmarks of inflammatory bowel disease are mucosal damage and ulceration, which are known to be high-risk conditions for the development of colorectal cancer. Recently, interleukin (IL)-33 and its receptor ST2 have emerged as critical modulators in inflammatory disorders. Even though several studies highlight the IL-33/ST2 pathway as a key factor in colitis, a detailed mode of action remains elusive. Therefore, we investigated the role of IL-33 during intestinal inflammation and its potential as a novel therapeutic target in colitis. Interestingly, the expression of IL-33, but not its receptor ST2, was significantly increased in biopsies from the inflamed colon of IBD patients compared to non-inflamed colonic tissue. Accordingly, in a mouse model of Dextran Sulfate Sodium (DSS) induced colitis, the secretion of IL-33 significantly accelerated in the colon. Induction of DSS colitis in ST2-/- mice displayed an aggravated colon pathology, which suggested a favorable role of the IL 33/ST2 pathway during colitis. Indeed, injecting rmIL-33 into mice suffering from acute DSS colitis, strongly abrogated epithelial damage, pro-inflammatory cytokine secretion, and loss of barrier integrity, while it induced a strong increase of Th2 associated cytokines (IL-13/IL-5) in the colon. This effect was accompanied by the accumulation of regulatory T cells (Tregs) and type 2 innate lymphoid cells (ILC2s) in the colon. Depletion of Foxp3+ Tregs during IL-33 treatment in DSS colitis ameliorated the positive effect on the intestinal pathology. Finally, IL-33 expanded ILC2s, which were adoptively transferred to DSS treated mice, significantly reduced colonic inflammation compared to DSS control mice. In summary, our results emphasize that the IL-33/ST2 pathway plays a crucial protective role in colitis by modulating ILC2 and Treg numbers.
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Introduction

Inflammatory bowel disease (IBD) is a highly complex immune mediated disorder, which is characterized by uncontrolled chronic inflammation of the gastrointestinal tract (1). The prevalence of patients suffering from IBD is increasing remarkably over the last decades (2). Consequently, the identification of novel therapeutic strategies to prevent and treat this disease are of essential importance.

Interleukin (IL)-33, as a member of the IL-1 cytokine family, has emerged as a critical modulator in inflammatory disorders. IL-33 is constitutively expressed in the nuclei of different cell types such as endothelial, epithelial and fibroblast-like cells (3). Moreover, the high level expression in epithelial barrier tissues, such as the intestinal tract, suggests an important role for IL-33 during IBD (4). Upon tissue damage or pathogen encounter, IL-33 is released as an alarmin and signals through a heterodimer receptor that consists of serum STimulation-2 (ST2) (5) and IL-1 receptor accessory protein (IL-1RAcP). There are two splicing variants of ST2, one soluble form (sST2), which functions as a decoy receptor by binding directly to IL-33 to inhibit its signaling and the membrane-bound form (ST2L), by which IL-33 is able to activate the MyD88/NF-KB complex to modulate immune cell functions. In vitro and in vivo, IL-33 induces the production of the type 2 T helper cells (Th2)-associated cytokines IL-5 and IL-13 (6). ST2 is expressed on a variety of immune cells in the colon, including T and B cells, but also innate lymphoid cells, macrophages, dendritic cells and eosinophils (7). Hence, IL-33 release at mucosal barrier sites is able to activate different cells types, resulting in the induction of distinct immune response during inflammation. Therefore, understanding the interplay of IL-33 and ST2 in more detail might reveal new approaches to counteract intestinal inflammation (8).

Previous studies investigating the role of IL-33 during intestinal inflammation exhibited controversial results depending on the physiological context. On the one hand, IL-33 has been described to ameliorate intestinal inflammation in different mouse models of chemical induced colitis and to prevent Clostridium difficile associated colon pathology (9–12). On the other hand, deficiency of the IL-33/ST2 signalling pathway was shown to protect mice from DSS or TNBS induced colitis and exogenous IL-33 application was recognized to exacerbate bacterial induced colitis (13–15). Therefore, IL-33 is considered both host-protective as well as host-pathogenic in the gastrointestinal tract. The complex function of IL-33 in the intestine and the variety of different target cells seem to pose a challenge for the use of IL-33 as a therapeutic drug during colitis. Thus, defining the mechanisms of IL-33 signaling in the intestine still needs further research with specifically considering the interaction of ST2+ responding cells and their impact on intestinal inflammation.

In the present study, we used the murine DSS model to determine the function of IL-33 during acute colitis. Treatment with exogenous rmIL-33 tremendously ameliorated intestinal inflammation. Moreover, we identified that Tregs and ILC2s are the central target cells of IL-33 in the DSS-induced colitis model to drive tissue protection. In summary, our findings highlight the relevance of IL-33 during intestinal inflammation and support its potential as a therapeutic drug to restrain colitis.



Materials and Methods


Human Samples

Endoscopic mucosal biopsies were obtained from macroscopically inflamed or non-inflamed tissues of 13 IBD (3 MC and 10 UC) patients undergoing colonoscopy. Informed consent was obtained from all patients. Ethical approval was provided by the Faculty of the University of Duisburg-Essen (15-6183-BO).



Mice

BALB/c mice were purchased from ENVIGO (Horst, Netherlands). ST2-/- and RAG2-/- mice were previously described (16, 17). DEREG/c mice express the diphtheria toxin (DT) receptor and the GFP exclusively under the control of the Fopx3 promoter (18). All transgenic mice were on BALB/c background, and bred and maintained under specific pathogen-free conditions at the local Animal Facility of University Hospital Essen. Mice were either co-housed (for females), or soiled bedding was exchanged every 2 – 3 days (for males), 2 weeks prior to and during experiments. All animal experiments performed in this study were carried out in accordance with the ethical principles and guidelines for scientific experiments and were approved by the local Landesamt fuer Natur-, Umwelt- und Verbraucherschutz (LANUV, North-Rhine-Westphalia, Germany).



Induction of Intestinal Inflammation

To induce intestinal inflammation, mice received 3 – 4% DSS (MP Biomedicals, Heidelberg, Germany, MW, 36-50 kDa) orally via the drinking water for 6 days followed by one day with normal drinking water. Mice were weighed and monitored daily for signs of sickness. The disease activity index (DAI, 0-12) was determined as the combined score of weight loss compared to initial weight, stool consistency, and rectal bleeding. Scores were defined as follows: weight loss: 0 (no loss), 1 (1-5%), 2 (5-10%), 3 (10-20%), and 4 (>20%); stool consistency: 0 (normal), 2 (loose stool), and 4 (diarrhea); and bleeding: 0 (no blood), 2 (visual pellet bleeding), and 4 (gross bleeding, blood around anus) (19).



In Vivo Treatments

Mice were treated i.p. with recombinant mIL-33 (1 µg/mouse, BioLegend, San Diego, USA) diluted in 200 µl PBS on day 0, 2 and 5 of DSS application. In DEREG/c mice, the IL-33 treatment was performed on day 1, 3 and 6. For the depletion of Foxp3+ Tregs, DEREG/c mice were injected i.p. with diphtheria toxin (Merck, Darmstadt, Germany, 750 ng per mouse) on day 0, 2 and 5 of DSS application. To investigate the impact of ILC2 cells, BALB/c WT mice were treated i.p. with 1 µg recombinant mIL-33 on day 0, 2, 4 and 6 to expand ILC2s in vivo. Sorted ILC2s from splenocytes (2 x 105 per mouse) were injected i.v. on day 0 in BALB/c mice, simultaneously to the DSS administration.



Isolation of Immune Cells From Colonic Lamina Propria

Lamina propria lymphocytes (LPLs) were isolated from the colon. Therefore, colons were flushed with PBS to remove feces, opened longitudinally and cut into 1 cm pieces. Tissue pieces were washed twice in PBS containing 3 mmol/l EDTA rotating for 10 min at 37°C. To remove the EDTA, tissue pieces were further washed twice in RPMI-1640 containing 1% FCS, 1 mM EGTA and 1.5 mmol/l MgCl2 rotating for 15 min at 37°C. Subsequently, colon pieces were rinsed with PBS, minced and digested with RPMI-1640 containing 20% FCS and 100 U/ml collagenase IV (Merck) rotating for 60 min at 37°C. After filtration through a 40-µm filter to separate single cells from the remaining tissue, cells were washed with RPMI-1640 and finally suspended in culture medium for further analysis.



Antibodies and Flow Cytometry

Flow cytometry analysis of surface proteins was conducted by using fluorochrome-labeled antibodies against CD11b (M1/70), CD11c (HL3), CD19 (1D3), CD4 (RM4-5), CD11b (M1/70), SiglecF (E50-2440), Gr-1 (RB6-8C5) (all BD Biosciences, Heidelberg, Germany) and CD3 (145-2C11), CD49b (DX5), ICOS (C398.4A), CD45 (30-F11) (all BioLegend) and ST2 (RMST2-2) (both Thermo Fisher Scientific, Braunschweig, Germany). Lineage- antibody-cocktail was used for the ILC2 staining and contained antibodies against CD3, CD19, CD11c, CD49b, Gr-1 and CD11b. Viable and dead cells were separated using the Fixable Viability Dye eFluor 780 (Thermo Fisher Scientific). Intracellular staining was performed using the Foxp3 staining kit (Thermo Fisher Scientific), anti-Foxp3 (FJK-16s) and anti-GATA-3 (TWAJ) (both Thermo Fisher Scientific) according to the manufacturer’s recommendation. All flow cytometry analyses were performed on a LSR II instrument using the DIVA software (BD Biosciences).



RNA Extraction and Quantitative RT-PCR

RNA was isolated from colon biopsies using the RNAeasy Fibrous Tissue Kit (Qiagen, Hilden, Germany) according to the manufacturer’s recommendations. To synthesize cDNA, 1 µg of RNA was reversed transcribed using M-MLV Reverse Transcriptase (Promega, Mannheim, Germany) with dNTPs, Oligo-dT mixed with Random Hexamer primers (Thermo Fisher Scientific). Quantitative RT-PCR was conducted using the SYBR Green PCR Kit (Thermo Fisher Scientific) and specific primers for mice including mouse Il33 (5’-CTA CTG CAT GAGA CTCC GTT CTG-3’ and 3’-AGA ATC CCG TGG ATA GGCA GAG-5’), sSt2 (5’-GTG GGT CGTC TGC AGA AAT-3’ and 3’-GCT CTC TGA GGT AGGG TCCA-5’), St2l (5’-TGT GAG CCG TGT GAG TTT GAG TGT-3’ and 3’ TGG AGC AGC AGG CAT GAGG AAGC-5’), Retnlb (5’-GAA CGC GCA ATG CTC CTTT GAG-3’ and 3’-AGC CAC AAG CAC ATC CAGT GAC-5’), Spdef (5’-CAC GTTG GAT GAG CAC TCG CTA-3’ and 3’-AGC CAC TTC TGC ACG TTAC CAG-5’), Muc2 (5’GCT GAC GAG TGG TTG GTGA ATG-3’ and 3’-GAT GAG GTGG CAG ACA GGA GAC-5’) and for human samples Il33 (5’-GGA AGA ACA CAG CAA GCA AAG CCT-3’ and 3’-TAA GGC CAG AGC GGA GCT TCA TAA-5’), sSt2 (5’-GAA AAA ACG CAA ACCT AACT-3’ and 3’-TCA GAA ACA CTCC TTA CTTG-5’) and St2l (5’-AGG CTT TTC TCT GTT TCC AGT AAT CGG-3’ and 3’-GGC CTC AAT CCA GAA CAT TTTT AGG ATGA TAAC-5’). Relative mRNA levels were defined by using included standard curves for each individual gene and further normalization to the housekeeping gene ribosomal protein S9 (Rps9, mouse 5’-CTG GAC GAG GGC AAG ATGA AGC-3’ and 3’-TGA CGT TGG CGG ATG AGC ACA-5’, human 5’-CGC AGG CGC AGA CGG TGGA AGC-3’ and 3’-CGA AGG GTC TCC GCG GGG TCA CAT5-’).



Cytokine Measurement in Colonic Explants

To quantify cytokine levels, colonic biopsies were cultured in vitro for 6 hours in 300 µl of IMDM medium supplemented with 10% FCS, 100 µg/ml Streptavidin, 100 U/ml Penicillin, 25 µM β-Mercaptoethanol. Secreted proteins in the supernatants were quantified by polystyrene bead-based Luminex technology (R&D Systems, Minneapolis, USA) according to the manufacturer’s instructions. The concentrations were calculated using the Luminex 200 instrument and the Luminex xPOTENT software (Luminex Corporation, Austin, USA) and normalized to the respective colon biopsy weight.



Histopathological Analysis

Full-length colons were rinsed in ice-cold PBS and fixed in 4% paraformaldehyde, followed by embedding in paraffin and sectioning at 4 µm thickness. After staining with hematoxylin and eosin (H&E) the severity of the histopathology was scored in a blinded manner according to the inflammation markers, including inflammatory cell infiltration, epithelial defects, goblet cell depletion, granulocyte infiltration, crypt abscess, hyperplasia and ulceration. The colons were divided into oral, middle and rectal part and each marker was scored from 0 (= no signs of inflammation) to 3 (= severe signs of inflammation).



Statistical Analysis

Normality of results was tested using D’Agostino and Pearson and Shapiro-Wilk normality test. Statistical analysis was calculated using Student’s t-test, Mann-Whitney test, Wilcoxon matched-pairs signed rank test, one-way ANOVA or two-way ANOVA, followed by Tukey’s, Dunn’s, Dunnett’s multiple comparison test or Sidak post-test. All analyses were performed using the Prism 7.03 software (Graphpad, La Jolla, CA). Statistical significance were indicated with *P ˂ 0.05, **P < 0.01 and ***P < 0.001.




Results


IL-33 Is Elevated in the Colonic Tissue of IBD Patients and in Mice With Acute Colitis

IL-33 is described to be important for immune cell activation upon tissue injury at mucosal surfaces (8). To determine the function of IL-33 in IBD, we first analyzed the expression of IL-33 and its receptor ST2 in human colonic biopsies. Interestingly, we observed a significant upregulation of Il33 expression in inflamed tissues compared to non-inflamed control tissue. In contrast, no alterations in the expression levels of the soluble form of St2 (sSt2) or the membrane-bound isoform of St2 (St2l) was detected (Figure 1A). To address the functional role of IL-33 in more detail, a murine DSS-induced colitis model was used. BALB/c mice were orally administered with 4% of DSS in the drinking water for 6 days, followed by one day of normal drinking water (Figure 1B). At day 4-7, DSS treated mice developed severe inflammation indicated by a strong body weight loss and a high disease activity index (Figures 1C, D). Consistent with the data obtained from IBD patients, colonic Il33 expression was significantly upregulated on mRNA as well as on protein levels in DSS treated mice compared to healthy control mice (Figures 1E, F). As expected for the DSS model, pro-inflammatory chemokines and cytokines, like CXCL1/KC, TNF-α and IL-6, were strongly induced due to DSS-treatment (Figure 1F). Of note, in contrast to IBD patients, we observed a slight increase in sSt2 and St2l expression in the colon of DSS mice (Figure 1E).




Figure 1 | Elevated levels of IL-33 in IBD patients and mice with acute colitis. (A) Colonic mRNA expression of Il33, soluble ST2 (sST2) and membrane-bound St2 (ST2l) were measured by quantitative RT-PCR in non-inflamed and inflamed tissue of IBD patients (n = 9-14). (B) To induce intestinal inflammation BALB/c mice were administered 4% of DSS via the drinking water for 6 days, followed by one day of normal drinking water. (C) Body weight loss and (D) disease activity index were monitored daily. (E) Colonic mRNA expression of Il33, sST2 and ST2l of healthy BALB/c mice (ctrl) and mice with DSS-induced colitis were measured by quantitative RT-PCR on day 7 (n = 7-15 mice per group. (F) Colonic explants were cultured for 6h and secreted cytokines (IL-33, CXCL1/KC, TNF-α and IL-6) were measured in the supernatants using Luminex technology. All data are presented as mean ± SEM. Statistical analyses were performed using Wilcoxon matched-pairs signed rank test (A), two-way ANOVA followed by Sidak post-test (C, D), Mann-Whitney test (E, F for CXCL1, TNF-α and IL-6), or unpaired Student’s t-test (F for IL-33). *P < 0.05; **P < 0.01; ***P < 0.001.





ST2 Protects Mice From Intestinal Inflammation During DSS-Induced Colitis

To further elucidate the role of IL-33 during intestinal inflammation, we applied the DSS-induced colitis model to ST2 deficient (ST2-/-) mice (Figure 2A). Interestingly, ST2-/- mice suffered more from acute colitis compared to wildtype (WT) mice as demonstrated by significant higher body weight loss (Figure 2B), higher disease activity indices at day 7 (Figure 2C) and increased histopathological scores (Figures 2D, E) compared to DSS treated WT mice. Well in line, DSS-treated mice deficient for ST2 showed an amplified pro-inflammatory cytokine profile in comparison to WT mice, as we found significant stronger secretion of IL-33 and IL-6 and in tendencies more TNF-α in the supernatant of colonic explants of DSS treated ST2-/- mice (Figure 2F). Taken together, the absence of the IL-33/ST2 pathway augmented disease severity, suggesting a host-protective role for IL-33 during DSS-induced colitis.




Figure 2 | ST2 deficiency amplified the susceptibility to DSS-induced colitis. (A) DSS was orally administered to ST2-/- mice and BALB/c WT mice (n = 10-14 mice per group) for 6 days, followed by one day of normal drinking water. (B) Body weight changes relative to the initial weight and (C) disease activity index were monitored daily. (D) Histopathological score (n = 6) and (E) representative Hematoxylin and Eosin (H&E)-staining pictures of healthy control (ctrl) and inflamed colons (DSS) were evaluated on day 7. Scale bars represent 100 µm. (F) Secreted levels of IL-33, TNF-α and IL-6 were determined in the supernatants of colonic explants via Luminex technology. All data are presented as mean ± SEM. Statistical analyses were performed using two-way ANOVA, followed by Tukey’s multiple comparison test (B, C), unpaired Student’s t-test (D), or one-way ANOVA followed by Dunn’s or Dunnett’s multiple comparison test (F). *P < 0.05; ***P < 0.001.





Exogenous IL-33 Application Orchestrates an Immune Network to Counteract DSS-Induced Intestinal Inflammation

To boost the IL-33/ST2 signaling pathway, we injected BALB/c WT mice with recombinant murine IL-33 during DSS treatment (Figure 3A). IL-33-treated healthy control mice showed no signs of intestinal inflammation (Figures 3B, C). Importantly, IL-33 treatment had a remarkable impact during DSS-induced colitis. Mice treated with IL-33 showed a significant improved body weight at day 6 compared to DSS control mice (PBS/DSS), which was even more prominent at day 7 when disease pathology was most severe (Figure 3B). PBS/DSS mice suffered from severe diarrhea, rectal bleeding and body weight loss, which is summarized in the disease activity index. IL-33-treated DSS (IL-33/DSS) mice showed a significant lower disease activity index already from day 5 on, when PBS/DSS mice started to show signs of sickness (Figure 3C). Additionally, the histopathological score was significantly reduced upon IL-33 treatment in comparison to PBS/DSS mice, indicated by less inflammatory cell infiltration, less epithelial defects and a lower degree of ulceration (Figures 3D, E). Accordingly, IL-33/DSS mice secreted lower levels of pro-inflammatory colonic cytokines such as IL-33, TNF-α and IL-6. In contrast, levels of the Th2 associated cytokines IL-5 and IL-13 were strongly enhanced upon IL-33 treatment, irrespective of DSS administration (Figure 3F). Collectively, these findings demonstrated that treatment with recombinant IL-33 is able to protect mice from severe intestinal pathology induced by DSS.




Figure 3 | IL-33 administration alleviates intestinal inflammation. To induce intestinal inflammation, BALB/c mice (n = 7-13 mice per group) were given DSS via the drinking water for 6 days, followed by one day of normal drinking water. (A) On day 0, 2 and 5 control mice as well as DSS mice were i.p. injected either with recombinant mIL-33 or with PBS. (B) Body weight loss and (C) disease activity index were monitored daily. (D) Histopathological scores of PBS and IL-33-treated DSS-mice were determined on day 7 (n = 5 – 13 mice per group). (E) Representative Hematoxylin and Eosin (H&E) stained colon sections at day 7. Scale bars represent 100 µm. (F) Cytokine levels of IL-33, TNF-α, IL-6, IL-5 and IL-13 were measured in the supernatants of colonic explants by Luminex technology. All data are presented as mean ± SEM. Statistical analyses were performed using two-way ANOVA followed by Tukey’s multiple comparison test (B, C), one-way ANOVA followed by Dunn’s multiple comparison test (F), or using Mann-Whitney test (D). *P < 0.05; **P < 0.01; ***P < 0.001.





The Protective Effect of IL-33 on DSS-Induced Colitis Is Partially Dependent on Tregs

ST2, the receptor for IL-33, is expressed on a variety of immune cells in the colon (7). By gating CD4+ Foxp3+ cells (Supplementary Figure 1A) we observed a moderate increase in frequencies and absolute number of Tregs in the colon upon DSS-induced colitis (Figure 4A). Interestingly, colonic ST2+ ICOS+ ILC2 cells were not affected by DSS-induced inflammation (Figure 4B). However, the application of IL-33 significantly enhanced frequencies and absolute numbers of colonic Tregs and ST2+ ICOS+ ILC2s in DSS mice (Figures 4A, B). As it is known that ILC2 surface marker expression is heterogeneous and context-dependent (20), we verified a stable ILC2 phenotype by intracellular staining for the transcription factor GATA-3 (Supplementary Figure 1B).




Figure 4 | Treg depletion diminishes the protective effect of IL-33 in DSS colitis. To induce intestinal inflammation, BALB/c mice (n = 5-14 mice per group) were given DSS via the drinking water for 6 days. Followed by one day of normal drinking water. On day 0, 2 and 5 control mice as well as DSS mice were injected i.p. either with recombinant mIL-33 or with PBS. Immune cells were isolated from the colonic lamina propria on day 7 and analyzed by flow cytometry to distinguish (A) CD4+Foxp3+ regulatory T cells (Tregs), or (B) lineage-ICOS+ST2+ type 2 innate lymphoid cells (ILC2s). Frequencies and absolute numbers of cells were determined. (C) To induce intestinal inflammation in DEREG/c mice, DSS was given for 6 days, followed by one day of normal drinking water (n = 9-12 mice per group). Tregs were depleted in DEREG/c mice by injecting DT i.p. on day 0, 2 and 5. Mice were additionally treated either with PBS or with recombinant murine IL-33 i.p. on day 1, 3 and 6. (D) Treg ablation was confirmed in the blood on day 0, 4 and 7. (E) Change of body weight and (F) disease activity index were monitored daily. (G) Secretion of IL-33, TNF-α, IL-6, IL-5 and IL-13 in colonic explants was detected by Luminex technology. All data are presented as mean ± SEM. Statistical analyses were performed using one-way ANOVA followed by Dunn’s multiple comparison test (A, B), two-way ANOVA followed by Tukey’s multiple comparison test (D–F), or using one-way ANOVA followed by Tukey’s or Dunn’s multiple comparison test (G). *P < 0.05; **P < 0.01; ***P < 0.001.



To first evaluate the role of IL-33-mediated Treg expansion on the course of DSS-induced colitis, we used DEREG/c mice to specifically deplete Foxp3+ Tregs by applying diphtheria toxin (DT) (18). DEREG/c mice were treated with 4% of DSS in the drinking water for 6 days to induce acute colitis. Concomitantly, mice were injected with DT at day 0, 2 and 5 with or without recombinant IL-33 at day 1, 3 and 6 (Figure 4C), and depletion of Tregs after DT injection was confirmed in the blood. Independent of IL-33 administration, DT application efficiently eliminated Tregs from day 4 onwards (Figure 4D). Treg-depleted mice developed severe intestinal inflammation, which was slightly but not significant stronger when compared with PBS-treated DSS mice (Figures 4E, F). Interestingly, treatment with IL-33 in Treg-depleted DSS mice showed no improve in disease outcome in terms of body weight, but slightly reduced disease activity index compared to Treg-depleted DSS mice that did not receive IL-33 (Figure 4F). Nevertheless, alleviation of intestinal inflammation was not as prominent as in IL-33-treated Treg-sufficient mice. Well in line, IL-33 treatment resulted in a reduction of IL-33, TNF-α and IL-6 production in Treg-sufficient mice, which could also be detected in Treg-depleted mice. Conversely, upregulation of IL-33-induced Th2 cytokines IL-5 and IL-13 was abrogated by Treg depletion (Figure 4G). Taken together, these data suggest that the protective effect of IL-33 during colitis could be, at least in part, dependent on Tregs.



IL-33 Acts on Innate Immune Cells to Protect Mice From DSS-Induced Intestinal Inflammation

As the protective effect of IL-33 treatment was only partially dependent on Tregs, we further assessed the overall importance of adaptive immune cells using RAG2-/- mice, which lack mature T and B cells. We induced acute colitis by orally administering 3% of DSS for 6 days and treated RAG2-/- mice with recombinant IL-33 on day 0, 2 and 5 (Figure 5A). Surprisingly, we observed a similar disease progression as in WT mice. RAG2-/- mice developed significantly less DSS-induced inflammation upon IL-33 treatment compared to control mice (Figures 5B, C). In accordance, the histopathological score was ameliorated in IL-33 treated DSS mice in comparison to PBS-treated DSS mice (Figures 5D, E) with diminished pro-inflammatory cytokine production (Figure 5F). Although RAG2-/- are deficient in T cells, IL-33 treatment was sufficient to reduce the magnitude of DSS-induced intestinal inflammation. These results demonstrate that besides CD4+ Foxp3+ Tregs, other innate immune cells must be involved in the protective effect of IL-33. Importantly, IL-33 treatment promoted colonic IL-5 and IL-13 release, as well as the expansion of ILC2s in ctrl or DSS treated RAG2-/- mice (Figures 5F, G). Thus, we also focused on the function of ILC2s as key regulators in counteracting DSS-induced colitis upon IL-33 treatment.




Figure 5 | Innate immune cells protect mice from DSS-induced colitis upon IL-33 treatment. (A) To investigate the role of innate immune cells, DSS was administered to RAG2-/- mice for 6 days, followed by one day of normal drinking water. Mice were injected i.p. either with PBS or with IL-33 on day 0, 2 and 5 (n = 3-9 mice per group). (B) Body weight change and (C) disease activity index were monitored daily. (D) Histopathological score of PBS and IL-33-treated RAG2-/- mice was assessed on day 7, and (E) representative H&E staining of colon sections were analyzed (n = 4). Scale bars represent 100 µm. (F) Levels of IL-33, TNF-α, IL-6, IL-5 and IL-13 were measured in colonic explants using Luminex technology. (G) Immune cells were isolated from the colonic lamina propria and the frequencies of lineage-ICOS+ST2+ ILC2s were analyzed by flow cytometry. All data are presented as mean ± SEM. Statistical analyses were performed using two-way ANOVA followed by Tukey’s multiple comparison (B, C), unpaired Student’s t-test (D), or one-way ANOVA followed by Dunn’s or Dunnett’s multiple comparison test (F, G). *P < 0.05; **P < 0.01; ***P < 0.001.





ILC2s Promote a Protective Phenotype Against Intestinal Inflammation Through the Induction of Intestinal Goblet Cell Differentiation

We observed that the application of IL-33 strongly expands the frequency of ILC2s in WT and RAG2-/- mice (Figures 4B, 5G). Thus, we aimed to determine the impact of ILC2s on intestinal inflammation in more detail. To obtain a sufficient number of ILC2 for transfer experiments, we expanded ILC2s in donor BALB/c mice with recombinant IL-33 (Figure 6A). At day 7, we FACS-purified splenic ILC2s from donor mice and adoptively transferred 2 x 105 ILC2s into BALB/c mice before DSS treatment. To evaluate the impact of ILC2s during IL-33 treatment, we compared the ILC2 transfer with the injection of recombinant IL-33 (Figure 6B). Interestingly, ILC2-pre-transferred mice showed reduced intestinal inflammation as they lost less body weight and displayed a lower disease activity index in comparison to PBS-treated DSS mice. Nevertheless, the reduction in inflammation was less pronounced compared to IL-33-treated DSS-mice (Figures 6C, D). Consistently, the levels of IL-33, TNF-α, IL-6 and CXCL1 in the supernatant of colonic explants were decreased in both IL-33-treated and ILC2-pre-transferred DSS-mice (Figure 6E). As it was shown that IL-33 induces intestinal goblet cell differentiation indirectly through IL-13 production by ILC2s (21), we further assessed the impact of ILC2 transfer on goblet cells during DSS-induced colitis. Indeed, mice treated with recombinant IL-33 exhibited a restoration of crypt architecture in the histopathological analyses (Figures 6D, E), as well as elevated levels of SAM (sterile alpha motif) pointed domain epithelia specific transcription factor (Spdef) and Resistin-like-beta (Retnlb), transcription marker and secretory product of goblet cells, respectively. Furthermore, mice showed significant higher expression of the primary mucin Muc2 upon IL-33 treatment, which indicates a reinforced goblet cell function (Figure 6F). Remarkably, we could show in vivo that ILC2-pre-transferred DSS mice exhibited a similar phenotype like IL-33-treated DSS mice with an increase of both goblet cell markers Spdef and Retnlb as well as an increase in the expression of Muc2 in colonic tissues (Figure 6F). These results further endorse the protective function of IL-33 in severe, acute colitis by increasing the epithelial barrier function. In summary, we conclude that IL-33 not only exerted its effects via ILC2s, but we rather suggest a supportive function of Tregs to restrain DSS-induced intestinal inflammation.




Figure 6 | ILC2 transfer alleviates DSS-induced colitis. ILC2s were expanded in vivo in donor BALB/c mice by injecting IL-33 on day -7, -5, -3 and -1 prior to the transfer. (A) Representative dot plots show the expansion of ILC2s in the spleen upon IL-33 treatment gated on ST2+ICOS+ of viable Lin- cells. (B) To induce intestinal inflammation, DSS was orally administered to BALB/c mice for 6 days, followed by one day of normal drinking water. Mice were either adoptively transferred i.v. with 2 x 105 ILC2s on day 0 or treated with recombinant mIL-33 i.p. on day 0, 2 and 5 (n = 4-11 mice per group). (C) Body weight change and (D) disease activity index were monitored daily. (E) Secretion of IL-33, CXCL1/KC, TNF-α and IL-6 by colonic explants was quantified using Luminex technology. (F) Colonic mRNA expression of Retnlb, Spdef and Muc2 were assessed by quantitative RT-PCR. All data are presented as mean ± SEM. Statistical analyses were performed using two-way ANOVA followed by Tukey’s multiple comparison test (C, D), or one-way ANOVA followed by Dunn’s or Dunnett’s multiple comparison test (E, F). *P < 0.05; ***P < 0.001.






Discussion

The complex etiology of inflammatory bowel disease is still a subject of debate. However, an imbalance of cytokine production as well as T cell dysfunction are widely considered as key factors in the pathogenesis of mucosal inflammation (22). Recently, IL-33, as an IL-1 family cytokine and alarmin was ascribed a unique and essential role during colitis development (23, 24). Nonetheless, its dichotomous role in the intestinal tract led to conflicting results regarding a protective or pathogenic function in intestinal inflammation. On the one hand, IL-33 is considered to aggravate intestinal pathology, but on the other hand, it has been shown that IL-33 is able to attenuate colitis development (12, 14, 25, 26), a characteristic of IL-33 that was also observed for other disease patterns (27–30). Therefore, further understanding the role of the IL-33/ST2 signaling during DSS-induced colitis might reveal new therapeutic strategies to counteract intestinal inflammation.

The results presented here support the role of IL-33 as a potential therapeutic target during the acute phase of colitis, given the striking protection promoted by exogenous IL-33 treatment.

IL-33 is known to be constitutively expressed at high levels in the nucleus of epithelial cells (8) and its expression is further elevated in active lesions of IBD patients and mice with DSS-induced colitis (31–34). In accordance with these observations, we could show a strong increase of endogenous IL-33 expression in colonic biopsies of both IBD patients and DSS-treated mice, highlighting its role during intestinal inflammation and its potential as a biomarker in IBD. In contrast to results obtained by Lopetuso et al., who found a delayed recovery from DSS-induced colitis in ST2-/- mice but observed no differences in intestinal inflammation during the actual DSS challenge (35), we detected a strong enhancement of disease severity in ST2-/- mice compared to WT mice from day 4 onwards. These discrepancies might be attributed to different background of the mice or an altered DSS regimen. Well in line with increased intestinal inflammation in ST2-/- mice, our results further support a protective role for exogenous IL-33, as mice treated with recombinant IL-33 exhibited a tremendous alleviation of intestinal inflammation compared to PBS-treated DSS mice. More importantly, the strong increase of endogenous IL-33 was diminished when mice were treated exogenously with IL-33. These results emphasize the crucial difference between endogenous and exogenous IL-33 expression and may further explain the contradictory results concerning its colonic function in former studies. Consistent with this suggestion, He et al. could show a difference between full-length IL-33, which is present in the nucleus of epithelial cells and accumulates during intestinal inflammation, and mature IL-33, which is cleaved by different caspases and is found in the extracellular space. In detail, over-expression of full-length IL-33 by intestinal epithelial cells did not promote inflammation, but induced expression of genes that correlated with increased Th2 immune responses, such as Gata3, Il4 and Il13. Therefore, it is proposed that the mature (cleaved) form rather than the nuclear (full-length) form of IL-33 mediates the transcriptional effects on intestinal epithelial cells (36).

Since IBD is characterized by uncontrolled activation of intestinal immune cells (37), we further assessed the impact of IL-33 on ST2+ immune cells during DSS-induced colitis. We could observe a pronounced expansion of Tregs and ILC2s in frequencies and absolute numbers in the colon of IL-33-treated DSS-mice and further suggested a need for these cells to trigger the protective effect orchestrated by IL-33 signaling. Well in line, previous studies emphasized a crucial role of IL-33 in innate immunity and inflammation by inducing ILC2 functions (38). In particular, studies investigating IL-33 in gut inflammation could show that recombinant IL-33 treatment resulted in an improved outcome of experimental intestinal inflammation in mice through the activation of ILC2s in an AREG-dependent manner or through the induction of CD103+ DCs to promote the development of Tregs via IL-2 secretion (25, 39, 40). Tregs are known to play a crucial role in the pathogenesis of colitis, as their frequencies are altered in IBD patients (41, 42) and as they exert various immunosuppressive mechanisms like downregulating Th17 responsiveness via TGF-β (43). In our study, we could demonstrate, by using DEREG mice, that the specific depletion of Foxp3+ Tregs partially abrogated the positive effects of IL-33 administration in DSS colitis. This provides evidence that Foxp3+ Tregs are involved in IL-33 mediated tissue protection. However, our experiments in RAG2-/- mice and the fact that a part of the IL-33-protective effect was still present after Treg depletion further indicate a non-exclusive role for Tregs in conveying mucosal protection. Similarly, Duan et al. could show that depletion of Tregs via anti-CD25 application significantly abrogated the impact of IL-33 on reducing the development of colitis using the TNBS-induced colitis model (40). While Duan et al. claim that IL-33 triggers a Th1-to-Th2/Treg switch, which mediates improved colon pathology, we propose that IL-33-induced alleviation of DSS colitis is only partially dependent on Tregs. Furthermore, we could show that DSS dependent pro-inflammatory cytokine production was still reduced in Treg-depleted mice comparable to Treg-sufficient mice after IL-33 treatment, whereas Th2-associated cytokines were no longer induced after Treg depletion. Therefore, our data might indicate that Tregs are supportive to other immune cells to produce IL-13 and IL-5. As IL-13, secreted by ILC2s, promotes regeneration of the intestinal epithelium (44), the reduction in IL-13 expression in turn could be one reason for a less favorable outcome of IL-33 treatment in Treg-depleted mice.

Hence, we further focused on cells from the innate immune system as we could also observe a remarkably increase of ILC2s in DSS-mice after IL-33 application. ILC2s are considered to contribute to the maintenance of epithelial integrity in the gut and have been shown to increase upon IL-33 stimulation (45). Similar to the diverse function of IL-33, ILC2s may reflect different roles regarding the regulation of pro-inflammatory and tissue-protective responses at mucosal barrier sites. While some studies found positive correlations of ILC2 frequencies and disease severity in different colitis models (13, 46), Monticelli et al. identified a host-protective IL-33-driven mechanism, involving the promotion of ILC2s and consequently the expression of growth factors essential for tissue protection and the restoration of intestinal homeostasis (25). Likewise, we demonstrated that wild-type mice pre-transferred with activated ILC2s displayed less signs of inflammation, indicated by an improved body weight, lower disease activity index and reduction of pro-inflammatory cytokine secretion. Mechanistically, we propose that IL-33-activated ILC2s produce Th2-associated cytokines, like IL-13, thereby promoting goblet cell differentiation and subsequent epithelial barrier integrity. In this context, IL-13 expression might be of central importance in intestinal inflammation. In response to IL-33, ILC2s are the major source of IL-13 among innate immune cells (47) and are able to promote goblet cell expansion (21). During IBD, IL-13 impairs the production of IL-1β, TNF-α and IL-6 (48). Still, IL-13 secretion is not the only mechanism of ILC2s to protect mice from intestinal inflammation. A study conducted by You et al. could show that the transfer of activated ILC2s was able to alleviate DSS-induced acute colitis in RAG1-/- mice by promoting M2 macrophage polarization (49) and Monticelli et al. emphasize amphiregulin production by ILC2s to enhance mucin production and reduce intestinal inflammation in DSS treated AREG-/- mice (25). Importantly, in contrast to the aforementioned studies, we could demonstrate that also DSS treated wild-type mice benefited from the transfer of IL-33 expanded ILC2s and that these mice displayed a phenotype comparable to IL-33 treated DSS mice. Nevertheless, the alleviating impact of ILC2 transfer was not as strong as IL-33 treatment, further supporting a collaborative role for other factors or immune cells, to restrain acute colitis.

With its diverse functions, IL-33 could be the linking mediator between different ST2+ immune cells. Indeed, it has already been demonstrated that IL-33 is able to act indirectly to enhance Treg numbers and function through the promotion of ILC2s (50). Nascimento et al. could show that IL-33-driven ILC2 activation promoted the polarization of M2 macrophages and consequently the expansion of Tregs through the secretion of IL-10. Both indicating not only a crosslink between ILC2s and Tregs, but rather emphasize a promoting capacity of ILC2s to induce Tregs in an indirect manner. Nevertheless, we cannot rule out that other immune cells than Tregs interact with ILC2s to promote their protective function during intestinal inflammation. This assumption is supported by our investigations in RAG2-/- mice that lack mature T and B cells. Here, IL-33 treatment potently ameliorated DSS-induced inflammation and expanded colonic ILC2s, as well as IL-5 and IL-13 secretion. Possibly, ILC2s also cooperate with eosinophils due to their constitutive expression of IL-5 that was demonstrated to regulate both eosinophil homeostasis as well as their tissue accumulation and infiltration into the colon (51, 52).

Overall, our results suggest that ILC2s facilitate IL-33-mediated tissue protection in DSS colitis, while Tregs seem to play an ILC2-supporting role. This could be due to the fact that ILC2s constitutively express the receptor ST2+ and are therefore able to act immediately upon IL-33 treatment, whereas only a subpopulation of Tregs display ST2 expression. However, given the divers function of each cell type upon IL-33 treatment during intestinal inflammation, additional experiments are necessary to accurately identify the mechanisms of ILC2-driven mucosal protection.

In summary, in this study we highlight the potential of exogenous IL-33 application during acute colitis and its essential role for promoting ILC2 activation to restrain intestinal inflammation.
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The K/BxN mouse model of rheumatoid arthritis (RA) closely resembles the human disease. In this model, arthritis results from activation of autoreactive KRN T cells recognizing the glycolytic enzyme glucose-6-phosphate isomerase (GPI) autoantigen, which provides help to GPI-specific B cells, resulting in the production of pathogenic anti-GPI antibodies that ultimately leads to arthritis symptoms from 4 weeks of age. Vasoactive intestinal peptide (VIP) is a neuropeptide broadly distributed in the central and peripheral nervous system that is also expressed in lymphocytes and other immune cell types. VIP is a modulator of innate and adaptive immunity, showing anti-inflammatory and immunoregulatory properties. Basically, this neuropeptide promotes a shift in the Th1/Th2 balance and enhances dedifferentiation of T regulatory cells (Treg). It has demonstrated its therapeutic effects on the collagen-induced arthritis (CIA) mouse model of RA. In the present hypothesis and theory article, we propose that the immunoregulatory properties of VIP may be due likely to the inhibition of T cell plasticity toward non-classic Th1 cells and an enhanced follicular regulatory T cells (Tfr) activity. The consequences of these regulatory properties are the reduction of systemic pathogenic antibody titers.
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Introduction

The lymphoid tissue associated with the intestine constitutes the largest accumulation of cells of both the innate immune system and the adaptive immune system of the body. Local cytokine production forms an environment that influences the differentiation of distinct T cell subsets, conditioning local and systemic immune responses. Notably, the development of T cell subsets, especially Th17 and Treg cells, is broadly influenced by commensal bacterial species (1–3). Innate immune cells in these locations sense environmental cues, produce cytokines, and interact with T cells, directing the differentiation of the various T cell subsets (4, 5). The migration of these latter cells determines the type of immune response both locally and systemically.

The gastrointestinal tract is highly innervated by the parasympathetic and sympathetic systems (6). Also, the autonomous enteric nervous system constitutes an extensive neuronal network (7). All these nerve terminals are in proximity with the lymphoid tissue at this location. Immune cells express receptors for nervous mediators, indicating an integrated neuro-immune communication of particular significance in the intestine. Neurotransmitters, such as norepinephrine or serotonin, and neuropeptides, such as SP, VIP, CGRP, or neuromedin, are found in the nervous system associated to the intestine (8). It has been shown that these inputs balances type 1, type2, and type 3 immune responses, regulating multi-organ homeostasis (9).

The aim of this hypothesis and theory article is to settle the effect of VIP in the humoral immune response and the Th17 to Th1 plasticity. Also, we propose its role in the enhancement of Tfr cell activity.



The K/BxN Mice Model of Rheumatoid Arthritis

RA is an autoimmune inflammatory disease that results in chronic inflammation and tissue damage in the joints. Its dependence on T cells has been demonstrated in several animal models, and Th1, as well as Th17 cells, has been implicated in the etiology of the disease. The role of humoral immunity in the pathogenesis of arthritis has also been underlined; the generation of autoantibodies against citrullinated proteins (ACPA) is a landmark of RA (10). In animal models, autoantibodies are efficient by themselves to induce the disease. Autoantibodies transferred can induce RA, suggesting that T or B lymphocyte responses are required for the induction of RA. In this way, an induction phase, dependent on adaptive immunity, and an effector phase, mediated by antibodies and innate immunity, can be delineated. An imbalance between different Th subsets has been implicated, triggering the pathology.

The K/BxN mouse model of spontaneous arthritis shares immunological abnormalities with human RA. K/BxN mice proceed from a TCR transgenic mouse (KRN-C57BL/6) crossed with NOD mice. The KRN TCR in the NOD-derived Ag7 MHC class II molecules recognizes the ubiquitously expressed protein glucose-phosphate isomerase (GPI) (10–13). K/BxN mice develop severe arthritis with a rapid onset at 4 to 5 weeks. B cell function is also crucial in this animal model because autoantibodies against GPI present in the serum, mainly of the IgG1 isotype, transfer the disease (14, 15). The contribution of T-cell subsets to this pathology has been extensively studied. Although RA was originally attributed to increased Th1 cells, it was shown that Th2 cells and their IL-4 production were necessary to develop arthritis in this model (16). With the discovery of Th17 cells, this cell type has been shown to participate in the pathogenesis of RA. In the K/BxN model, Th17 cell development has been shown to be dependent on gut microbiota, and it is necessary to elicit high anti-GPI antibody titers (17, 18). In germ-free condition, K/BxN mice have decreased Th1 and Th17 subpopulations. Other authors, however, diminish the participation of Th17 cells in the pathology and describe Tfh cell differentiation, mediating autoantibody production and arthritis development. Tfh cells are also regulated by microbiota, and using this animal model shows that Peyer’s patches Tfh cells were essential to induce systemic anti-GPI antibody titers of the IgG1 isotype in response to commensal segmented filamentous bacteria (19, 20).

In any case, the K/BxN mice is the ideal model to study the interplay between the immune system and their different cell population and gut microbiota, as well as other local immunoregulatory system, such as the nervous system, which are closely tied at these locations. The balance among all these factors has been proposed to determine the etiology of different inflammatory and autoimmune diseases.



Immunoregulatory Properties of VIP

Vasoactive intestinal peptide is a 28-amino acid neuropeptide initially isolated from the intestine, which has vasodilator properties (21). It is widely distributed in neurons of the central and peripheral nervous systems, especially in the gastrointestinal tract (22). It belongs to the secretin/glucagon family and binds with high affinity to two receptors, VIPR1 and VIPR2 (23). While most cells of the immune system express VIPR1 receptors constitutively, VIPR2 is induced upon activation (24). The immunoregulatory properties of VIP have been investigated for more than 20 years. It has been determined that VIP inhibits the production of the inflammatory cytokines TNFα, IL-6, IL-12, or chemokines produced by immune cells. Other cytokines, such as IL-10, TGFβ, or IL-1Ra, are induced in the presence of VIP (25). It also modifies the polarity of Th responses, favoring Th2 and inhibiting Th1, as evidenced by the levels of IL-4 and IFNγ produced during the immune response (26, 27). Its efficacy in the treatment of several models of inflammatory and autoimmune responses, such as rheumatoid arthritis, multiple sclerosis, inflammatory bowel disease, and type 1 diabetes, has been widely demonstrated (28–32).

In this sense, the therapeutic benefit of this neuropeptide was attributed to a shift in the Th1/Th2 balance and the enhancement of differentiation of T regulatory cells (Treg) (25, 32). With the discovery of the implication of Th17 cells in these pathologies, the re-evaluation of these aspects indicated that VIP reduces the pathogenic profile of the Th17 cells, decreasing their Th1 potential, an effect accompanied by an increase in the Treg/Th17 balance in human lymphocytes obtained from early arthritis patients (33–35). The recent finding of the plasticity among different T cell types previously identified begs the re-evaluation of the different cell types implicated in these pathologies and their clinical implications. Especially relevant is the plasticity of Th17 cell that may shift to a Th1-like or a Treg phenotype. Also, the stable suppressor phenotype of Treg cells is conditioned by cytokines in the tissue microenvironments (36, 37). On the other hand, the effect of VIP on the humoral immune response and the B cells compartment has been scarcely studied, and this deficiency must be corrected.



Hipothesis: VIP Inhibits The Plasticity of Th17 Cell Toward the Non-Classic Th1 Cells and Potentiates T Follicular Regulatory Cells

Our knowledge about the modulation of the different T cell subsets by VIP paralleled the discovery and knowledge of the different lymphoid cell subpopulations. In the era of the Th1/Th2 paradigm, the first studies on the immunoregulatory role of VIP, dated in 2001, was attributed to its effect on the balance between these two populations in different animal models, increasing the magnitude of Th2 responses and decreasing the magnitude of Th1 responses (29). In 2005, Th17 cells were reported as a novel Th cell playing an important role in the pathogenesis of autoimmune diseases, including RA. The effect of VIP on Th17 cells has been controversial. In the CIA model VIP downregulated Th17 responses (38, 39). In addition to these observations, other studies indicated that this neuropeptide induced Th17 differentiation (40). Afterward, Th17 cells were shown to pose a high degree of phenotypical and functional plasticity, depending on the cytokine microenvironment. Under inflammatory conditions, the Th17 profile is unstable and can shift to Th17/Th1 or Th1 phenotype in human arthritis. Later, Th17/Th1 cells were shown to have a pathogenic role (41, 42). More recent studies have indicated that VIP maintained the non-pathogenic profile of human Th17 polarized cells, decreasing their Th1 potential (34, 35). Th17 cells may lose their markers becoming phenotypical Th1-like cells. These ex-Th17 cells are now named as non-classical Th1 cells.

Another aspect of the Th17 plasticity is the transdifferentiation between this cell subset and Treg cells. TGFβ is required for their differentiation, and their master transcription factors are transiently co-expressed early during their differentiation. Treg cells can be broadly classified into two groups (43): natural Treg cells (nTreg) generated in the thymus that show T cell receptors with high affinity for self-antigens, and peripherally induced Treg cells (iTreg) developed from conventional naïve CD4+ T cells in the periphery after antigen encounter in the presence of specific factors (44). Multiple studies have shown that VIP can induce the generation of Treg cells. In this sense, some authors have demonstrated the expansion of nTreg by VIP, whereas other studies have suggested that VIP is implicated in the generation of iTreg cells (45–48).

Considering previous data and new experimental evidence, the effect of VIP on the different T cell population must be re-evaluated including the abovementioned proposed hypothesis. To find support for the abovementioned hypothesis, we took advantage of a running experiment on the effect of VIP in the humoral immune response in the K/BxN model.



Experimental Evidence

Autoantibodies are the hallmark of RA, and ACPA antibodies are highly specific in humans during the progression of the disease. The development of arthritis in the K/BxN mouse model is dependent on antibodies directed against the ubiquitously expressed protein GPI (49). Arthritis in K/BxN mice is dependent on both, innate and adaptive immunities. It can be divided in two phases: inductive and effector phases. In the inductive phase, autoreactive T and B cells are activated, resulting in the production of autoantibodies in the effector phase. Transfer of serum from arthritic K/BxN mice can induce the development of arthritis in any mouse strains. Immune complexes trigger complement activation and the recruitment of innate cells to the joint (12, 13). Shortly after weaning, arthritogenic T cells appear in the spleen between 3 and 4 weeks of age and arthritis onset can appear by 4 weeks of age. The effector phase, on the other hand, depends on autoantibody titers against GPI. Because VIP has been shown to be effective in preventing arthritis in the CIA (29), we wanted to know if VIP also has a beneficial effect on antibody titers against the autoantigen GPI. So, we treated K/BxN mice 5 days a week for 2 weeks i. p. with 2 nM of VIP from 21 days of age, an age at which anti-GPI antibodies have began to appear (15). A similar VIP dose can delay insulitis and prevent development of diabetes in NOD mice administered after weening (32). Our results indicate that VIP-treated K/BxN mice showed a milder arthritis, with significantly lower clinical score than the untreated mice (Figure 1).




Figure 1 | Time course of clinical score values (mean ± SEM) in untreated and VIP treated K/BxN mice. X axis represents days of treatment (beginning on day 21 of age). *p < 0.05.



Therefore, we looked for total anti-GPI by ELISA. The humoral immune response is dominated by IgG antibody titers, as previously reported, with very low titers of IgM antibodies. IgE or IgA antibodies were undetectable. Serum anti-GPI IgG antibody titer in VIP-treated K/BxN mice decreased by one order of magnitude compared with untreated K/BxN mice. Of the different anti-GPI Ig isotypes, only IgG has been associated with the arthritogenic pathology, and different isotypes of IgG participate differently on it, with IgG1 being arthritogenic. To determine the influence of VIP, we examined serum anti-GPI IgG levels of the different isotypes (Figure 2). The dominant IgG isotypes were IgG1 and IgG2a, with lower levels of IgG2b, and very low levels of IgG3 in untreated mice, as previously stated. VIP decreases significantly the IgG1 anti-GPI antibody titers and also that of IgG2a, which is close to reaching statistical significance. IgG2b and IgG2c were not affected by VIP.




Figure 2 | Anti-GPI titers of different isotypes in K/BxN mice treated with PBS or VIP for 15 days. Mean is shown as the horizontal line within each group; each symbol represents an individual mouse. *p < 0.05; *0.05 < p < 0.1; ns, not significant.



Although the effector phase of arthritis is triggered by pathogenic autoantibodies, the induction phase is mediated by different subsets of Th cells that provide help for the different Ig isotypes. Th2-Tfh cells are implicated in the production of IgG1, whereas IgG2a and IgG2b secretion is mediated by Th1 and Th17 cells, respectively (47, 48). In K/BxN mice, autoreactive KRN T cells escape negative selection in the thymus and are activated in the periphery by GPI where they provide help to GPI-reactive B cells (14, 50). So, T cells are required for arthritis development, especially at the inductive phase. B cells produce arthritogenic autoantibodies that are necessary and sufficient for arthritis development during the effector phase. We surveyed how VIP treatment affected T and B cell populations, analyzing both cell subpopulations in the spleen because GPI antibody-secreting cells reside mostly in this organ (17). Flow cytometry analysis demonstrated that the frequency of B cells were similar in VIP-treated and untreated K/BxN mice. However, the percentages of T CD4+ cells were higher in VIP-treated K/BxN mice than in the non-treated K/BxN mice (Figure 3).




Figure 3 | Flow cytometry analysis of spleen lymphoid cells of K/BxN mice treated with PBS or VIP. Mean is shown as the horizontal line within each group; each symbol represents an individual mouse. *p < 0.05.



These data suggest that VIP targets adaptive T responses during the induction phase of the disease. For antibody response, different Th cell subsets influence the isotype of the antibody response mounted by B cells. Thus, as Th2-Tfh cells are implicated in the production of IgG1, and Th1 and Th17 mediate the production of IgG2a and IgG2b, we have studied the gene expression of the master transcription factors and cytokine signature of the Th types by RT-PCR in the spleen to assess the participation of the different Th subpopulations in the immune response of K/BxN mice and the effect of VIP. Figure 4 shows that the immune response in untreated K/BxN mice were dominated by the Th2 cell subset, according to the gene expression of GATA3, but Th1 and Tfh responses are also highly expressed, that is in accordance with high anti-GPI IgG1 and IgG2a serum levels. However, the Th17 master transcription factor Rorγt is expressed at a much lower levels, in parallel to the lower anti-GPI IgG2b and IgG2c serum levels. Treatment of K/BxN mice with 2 nM of VIP 5 days a week for 2 weeks from the very early phase of arthritis development has no effect on splenic Tfh marker Bcl6 but significantly reduced the expression of the Th1 master transcription factor Tbet, (Figure 4). The Th2 master transcription factor GATA3, however, is significantly increased. Also, the Th17 master transcription factor Rorγt was significantly increased, resulting in a Th17/Th1 balance more skewed toward Th17 function.




Figure 4 | mRNA expression of master transcription factors of different Th cell subsets of PBS or VIP treated K/BxN mice. The expression was determined by quantitative real-time PCR as indicated (supplemental materials). Mean is shown as the horizontal line within each group; each symbol represents an individual mouse. *p < 0.05; ns, not significant.



Two types of Th1 cells have been described: bona fide Th1 cells and non-classic Th1 (ex-Th17) cells, the latter derived from Th17 cells (51). The pathogenic activity of Th17 cells has been shown to be mediated by their conversion in vivo into Th1 cells in animal models of autoimmunity (12, 36). It has been also reported that Th17 cells shift to a Th1 phenotype under inflammatory environments in rheumatoid arthritis (42). Non-classical Th1 cells are not constrained by Treg cells (49). We hypothesize that the effect of VIP on Th1 cells reported in this study may be mediated by the inhibition of the transdiferentiation of Th17 cells into Th1 cells, resulting in the reported increase of Th17 cells as indicated by the rise in the expression of Rorγt and a decrease in the expression of the Th1 master transcription factor Tbet, as well as lower levels of IgG2a antibodies. The higher accumulation of Th17 cells and a decrease in Th1 cells in VIP treated mice may indicate the decreased plasticity between both cell subsets. Our hypothesis is supported by the reported effect of VIP inducing the differentiation of Th17 cells (40). We have also shown previously that VIP increases the differentiation human Th17 cells and inhibit their bias toward Th1-like cells (38).

Comparing the expression of T cell subpopulation markers with the antibody titers of the different isotypes, we may conclude that lower antibody titers of IgG2a isotype may be explained by the reduction of the Th1 marker Tbet. However, the great reduction of the IgG1 isotype does not match the increased expression of the Th2 marker GATA3. So, we considered the possibility of alterations in the population of Bcl6 Th cells. The Bcl6 transcription factor is expressed by both Tfh and Tfr cells. Tfh cells are characterized by the expression of the master transcription factor Bcl6 and provide germinal center B cells with signals that culminate in class switch recombination and differentiation of plasma cells that produce large quantities of isotype class switch of high affinity IgG1 antibodies. Tfr cells regulate the GC reactivity (52) and suppress the effects of Tfh cells on antibody response, without affecting the expression of the master transcription factor Bcl6 in a contact-dependent manner (53).

Treg cells can be broadly classified into two groups. Natural Treg cells (nTreg) are generated in the thymus and show T-cell receptors with high affinity for self-antigens. Peripherally induced Treg cells (iTreg) developed from naïve CD4+ T cells in the periphery after antigen encounter in the presence of specific factors (43, 51). All Treg cells express the master transcription factor FoxP3, and iTreg cells differentiate in the periphery from Foxp3 negative T cells (54). The expression of the transcription factor Helios was once thought to discriminate natural from peripherally induced Treg cells (55). In any case,Helios regulates Treg functional stability, and targeted mutation of the Ikaros transcription factor family shows T-cell hyperproliferation, autoantibodies, and elevated IgG serum levels (56). Multiple studies have shown that VIP induce the generation of Treg cells, and both nTreg and iTreg cells have been implicated in different experimental models, as well as in human pathologies (45–48). It is likely that Tfr is implicated in the beneficial effects of VIP reported here in the K/BxN arthritis model. Tfr cells are derived from thymic nTreg cells and express both Foxp3 and Helios (57). This cell type suppresses the effects of Tfh cells on antibody response without affecting the expression of the master transcription factor Bcl6 in a contact-dependent manner (58). In this regard, we have studied the expression of the abovementioned transcription factors. We have found that the transcription factors FoxP3 and Helios are fairly expressed in arthritic K/BxN mice. VIP treatment results in a significative increase of the Treg master transcription factors Foxp3 and Helios (Figure 5). There is higher expression of the Treg master transcription factors Foxp3 and Helios, no changes in the Tfh master transcription factor Bcl6 and an important decrease in the antibody titers of the IgG1 isotype points to an enhanced Tfr cell activity by VIP treatment.




Figure 5 | Effect of VIP on mRNA expression of master transcription factors of Treg cells. The expression was determined by quantitative real-time PCR as indicated (supplemental materials). Mean is shown as the horizontal line within each group; each symbol represents an individual mouse. *p < 0.05.





Conclusion

IgG1 has been characterized as the antibodies mediating the effector phase of RA in K/BxN mice. Here, we report a drastic reduction of the titers of this isotype, as well as IgG2a antibody titers, after VIP treatment. We hypothesize that this effect is mediated by a decreased plasticity of Th17 cells to non-classical Th1 cells and together with an enhanced Tfr cell response. This is compatible with the decreased Th17 cell population and increased Tfh cell population seen in the K/BxN model occurring during ageing, which also depends on the gut microbiota. Very recently, gut microbiota has been shown to influence systemic Tfr cells, impacting systemic autoimmunity in the present animal model of autoimmune arthritis (59). This means the implication of the local microbiota and nervous circuits in the regulation of autoimmune diseases.
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Background

Microbial colonization and immune cell maturation coincide at mucosal sites and are decisive for postnatal lung development. How external factors influence neonatal pulmonary immune development is poorly understood.



Objective

To elucidate the impact of key determinants in early life, nutrition, and maternal bonding, on postnatal lung maturation in a human-relevant animal model. To investigate the underlying immunological changes of impaired lung maturation and study the mechanisms of conversion.



Methods

Newborn piglets were kept with or without isolation from their mothers and fed bovine milk-based infant formula or received milk of sow. Lung growth, histomorphology, respiratory immune responses, and lung microbiota were analyzed. Mother- and sow-milk-deprived piglets received maternal material or were reintroduced to the maternal environment at varying intervals to study options for reversal.



Results

Formula feeding combined with isolation of newborn piglets resulted in disturbed postnatal lung maturation. Reduced lung growth correlated with dampened IL-33 expression, impaired lung myeloid cell activation, and decreased Th1 differentiation, along with diminished richness and diversity of the lung microbiota. Transfer of bacteria-enriched maternal material reversed the negative effects on pulmonary immune maturation. Early (within 3 days) but not late (within 7 days) reintroduction to the mother allowed restoration of normal lung development.



Conclusion

Our findings reveal that lung growth, respiratory immunity, and microbial lung colonization in newborns depend on postnatal diet and maternal contact, and targeting these key regulators could promote lung development during this critical life stage.



Summary

Disturbances in natural diet and reduced maternal contact during the neonatal period impair postnatal lung maturation. In pediatrics, timely breast milk feeding and intensive maternal bonding represent valuable intervention measures to promote early postnatal lung development.





Keywords: neonate, microbiota, respiratory immunity, environment, formula, translational model, neonatal lung development



Highlights

	Isolation of newborns and simultaneous formula feeding interfere with lung maturation associated with impaired microbiota diversity during the neonatal phase.

	Reduced lung growth, cellular differentiation, and activation are reversible within a short time window after birth.

	Feeding donated breast milk or transfer of maternal material to isolated newborns compensates for deficits in postnatal lung maturation.





Introduction

Early childhood, especially the neonatal period, is important for the establishment and development of the individual immune system and the microbiome (1). Here, the transfer of specific microbial taxa is evident, demonstrating the importance of maternal microbiota composition for promoting health and development in the offspring. However, since successful maternal microbiota transfer is only possible through physical closeness, breastfeeding and breast milk, this underlines the importance of mother–infant bonding for postnatal development. Among other disturbances in early life (e.g. cesarean section, medical intervention), dietary challenges such as formula nutrition greatly influence the microbial colonization of the gut (1–3), thereby affecting immune cell development and metabolism (4–6).

However, there is a knowledge gap regarding the effects of reduced maternal contact and dietary changes on postnatal lung maturation. After birth, the lung of the infant is immature and undergoes important developmental changes (7, 8) that are crucial for a long-term respiratory health (9–11). As recently shown, the human lower airway microenvironment changes rapidly in early life and is shaped by an interplay between the lung habitat, the developing immune system, and the formation of the microbiome (12). Based on the concept of the “neonatal window of opportunity”, the early postnatal period is assigned a critical role in lifelong host-microbial and immunological homeostasis (13). With respect to the lung, microbial colonization, immune cell development, and alveolarization coincide during this “neonatal window of opportunity”, making this early phase highly susceptible to interfering factors (10, 14). In humans, respiratory health and the development of asthma in later life have been linked to changes in environmental and nutritional conditions during the neonatal period (15–18). However, studies in humans investigating early changes of lung development are restricted due to ethical reasons and limited access to tissue material. For human medicine, the pig represents a promising biomedically relevant animal model with important anatomical, physiological, and immunological similarities to the human respiratory tract (19–21). Ontogenetically, lung development in pigs is very similar to that of humans (8). The respiratory system in pigs is more mature at birth than those of rodents, and postnatal alveolarization is more rapidly completed (22). Thus, the pig model is particularly suitable to study early postnatal lung development and its possible influencing external factors (e.g. husbandry, nutrition). So far, most of the studies investigating principles of alveolarization have been conducted in rodents. At birth, the mouse lung is comparable to the lung developmental stage of premature infants (23). In contrast, advanced lung maturity of the pig at birth makes it particularly well suited for modeling postnatal lung development in term infants.

To date, there is no effective non-invasive treatment to promote lung growth and maturation after birth that provides sustained support for subsequent lung health. Currently, treatments targeting postnatal lung development mostly rely on invasive procedures and drug applications such as corticosteroid administration, which can be associated with significant side effects (24). We hypothesized that nutrition and maternal bonding, key determinants in early life, impact neonatal lung development by modulating lung growth, immunity, and microbial colonization locally in the airways. We also put forward the hypothesis that the adverse effects of infant formula feeding in an environment without maternal contact could be mitigated by the administration of breast milk or by the transfer of maternal material and could be reversed within a certain time frame. Our data demonstrate profound negative effects of formula feeding on postnatal lung maturation in sow-deprived newborn piglets. The isolation of piglets from their mothers resulted in a reduced pulmonary Th1 differentiation, associated with a decreased bacterial diversity on the mucosal surfaces of the lower respiratory tract. Alternative feeding of sow milk and the transfer of maternal environmental material in turn mitigated the effects on delayed lung maturation. Finally, the adverse effects of formula feeding and sow deprivation on postnatal lung development were reversible within a short window after birth. Therefore, timely administration of breast milk and intensive maternal bonding could be non-invasive preventive measures to promote early postnatal lung development in pediatrics, which in turn could have long-term benefits for lung health.



Methods


Animals, Sampling, and Necropsy


Ethical Statement

The porcine study was performed in accordance with the principles outlined in the European Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes and the German Animal Welfare Law. Ethical approval was obtained from the State Office of Health and Social Affairs Berlin, Germany (Landesamt für Gesundheit und Soziales Berlin, Germany) for sampling lung tissue from healthy pigs (regulation number T0002/17) and for experimental procedures (approval number G0269/16 and G0043/18).



Kinetics—Investigating Normal Lung Development

A total of n = 29 conventionally raised crossbred landrace and large white piglets (sow-reared, suckling) were euthanized on days 3 (n = 6), 7 (n = 6), 14 (n = 6), 28 (n = 6), and 46 (n = 5) of life (Figure 1A). On postnatal day (PND) 30 animals were weaned and received a standard starter feed diet for piglets.




Figure 1 | During normal postnatal lung development (PND3–PND42) in piglets, morphological changes during alveolarization are associated with increased activation of myeloid cells and recruitment of ‘ILC2-like’ cells. (A) Scheme of a kinetic experiment to study the postnatal lung development of conventionally reared piglets. Dissections for lung sampling and isolation of PBMC from blood were performed on PND3, 7, 14, 28, and 42 with n = 5–6 pigs per time point. (B) Representative hematoxylin and eosin (HE) staining [B (top)] and co-staining of Ki67 (purple, intranuclear) and CD3 (brown, intracytoplasmic) by immunohistochemistry [B (bottom)] in formalin-fixed lung tissue. (C) Time curve of the mean alveoli number per ten high-power fields [C (top)] and alveoli size averaged over ten alveoli [C (bottom)]. Data shown as mean + SD. Statistical analysis was performed by one-way ANOVA followed by Dunnett’s multiple comparisons test to a control column (=PND3). *P <.05.(D) Time curve of the mean number of Ki67+ cells [D (top)], CD3+ cells and the percentage of Ki67+CD3+ cells [D (bottom)] in lung tissue as determined by immunohistochemistry. Data shown as mean + SD. Statistical analysis was performed by one-way ANOVA followed by Dunnett’s multiple comparisons test to a control column (=PND3). *P <.05, ***P <.001. (E) Correlation of the alveoli counts and the number of Ki67+ lung parenchymal cells. Statistical analysis was performed by Pearson correlation (two-tailed, alpha = .05). *P <.1234. (F) Time curve of the mean number of granulocytes in the lung tissue, determined by immuno- and histochemical staining. The number of neutrophils is represented by MPO+ cells and of eosinophils by mSR+ cells, respectively. Data shown as mean + SD. Statistical analysis was performed by one-way ANOVA followed by Dunnett’s multiple comparisons test to a control column (=PND3). #P <.05, ##P <.01. (G) Gating strategy to identify CD172a+SLAII+ cells (SLAII+ myeloid cells) in lung. (H, I) Representative flow cytometry plots (H) and time curve of mean frequencies of SLAII+ myeloid cells in lung (I). Data shown as mean + SD. Statistical analysis was performed by one-way ANOVA followed by Dunnett’s multiple comparisons test to a control column (=PND3). *P <.05. (J) Gating strategy to identify lymphoid CD3−CD4−CD8α−γδTCR1−GATA3high (‘ILC2-like’) cells in PBMC and lung parenchymal cells. (K, L) Representative flow cytometry plots (K) and time curve of mean frequencies of ‘ILC2-like’ cells (L) in lung. Data shown as mean + SD. Statistical analysis was performed by Brown–Forsythe ANOVA test followed by Dunnett’s T3 multiple comparisons test to a control column (=PND3). *P <.05. **P <.01. (M) Correlation of the alveoli counts and the frequency of ‘ILC2-like’ cells in the lung during the neonatal phase. Statistical analysis was performed by non-parametric Spearman correlation (two-tailed, alpha = .05). **P <.0332. PND, postnatal day; hpf, high-power field; MPO, myeloperoxidase; mSR, modified Sirius Red staining.





Experiment 1—Investigating Isolation and Formula Feeding

A total of n = 48 crossbred landrace and large white piglets with a body weight (BW) averaging 1.69 ± 0.04 kg were randomly assigned into four groups balancing for litter, body weight, and gender. Prior to separation, piglets were allowed to stay with their mothers for the first 24 h of life to take up colostrum. Treatment groups were designed as follows (see also Figure 3A): piglets remained with the mother receiving only maternal milk via suckling (SM +Sow, n = 12), piglets remained with the mother receiving maternal milk via suckling and in addition were fed a bovine milk based formula (SM/FO +Sow, n = 12), piglets were reared in isolators and fed with sow milk (SM −Sow, n = 12), and piglets were reared in isolators and fed with formula (FO −Sow, n = 12). Isolator reared piglets received either sow milk or the formula every 2 h between 5:00 am and 11:00 pm. Sow milk used for SM −Sow piglets was obtained by hand milking of corresponding sows during the anterior lactation and stored at −20°C until feeding. The formula was prepared to contain skimmed milk powder of cow (60%), whey powder (18%), soy oil (20%), and 2% of a mineral and vitamin premix. Body weight (BW) was determined daily, and fecal samples were collected at regular intervals. Piglets were euthanized at days 7 and 14 of life (n = 6 per group and time point).



Experiment 2—Investigating Backfostering

A total of n = 22 newborn crossbred landrace and large white piglets (male, female) with a BW averaging 1.51 ± 0.04 kg were randomly assigned into four different groups as follows (see also Figure 7A): piglets were sow-reared (S, n = 5), isolator-reared with formula for 3 days followed by back-fostering to the mother (I3, n = 6), isolator-reared with formula for 7 days followed by back-fostering to the mother (I7, n = 6), and solely isolator-reared (I, n = 5). Another additional group (n = 5) was reared isolated from the sow (I+), but additionally given a daily enrichment of their environment with a cotton cloth with which the sow and her environment were wiped off beforehand (see Figure 6G). Prior to separation, all piglets were allowed to stay with their mothers for the first 24 h of life to take up colostrum. The formula was ´based mainly on skimmed milk powder of cow and whey. Body weight (BW) was recorded at days 1, 3, 5, 7, 10, and 14. All animals were euthanized on day 14 of life.



Necropsy

Animals were sedated with 20 mg/kg BW of ketamine hydrochloride (Ursotamin®, Serumwerk Bernburg AG, Bernburg, Germany) and 2 mg/kg BW of azaperone (Stresnil®, Jansen-Cilag, Neuss, Germany). Pigs were subsequently euthanized by intracardial injection of 10 mg/kg BW of T61® (Intervet, Unterschleißheim, Germany). The trachea was immediately stanched prior to tissue sample collection to avoid collapsing of the lung. For lung parenchymal cell isolation, two 2 × 2 cm sized tissue pieces of the caudal and cranial right lung lobes were placed in complete RPMI-1640 medium (PAN-Biotec GmbH) supplemented with 100 U/ml Penicillin and 100 μg/ml Streptomycin (P/S, PAN-Biotec GmbH) and stored on ice. Fecal samples and mucosal lung swabs (see Figure 6A) were taken and immediately snap frozen in N2 for DNA extraction and 16S rRNA gene amplification. Lung tissue was snap frozen in N2 and stored at −80°C for gene expression analysis. Additionally, lung tissue was stored in a formalin solution (Roti-Histofix 10%, Carl Roth GmbH + Co. KG) for histological examinations.




Lung Parenchymal Cell Isolation

For isolation of lung parenchymal cells, the collected lung tissue was cut into small pieces. After washing in 20 ml of complete RPMI-1640, digestion was performed by resuspending the mashed material in RPMI-1640 containing 1% P/S, 0.125 U/ml Collagenase D (Sigma-Aldrich), 0.180 mg/ml DNaseI (Sigma-Aldrich), 0.125 mg/ml Liberase DH (Sigma-Aldrich), and 0.125 mg/ml Liberase TM (Sigma-Aldrich). The material was incubated at 37°C in a shaking water bath (250 rpm) for 2 h. After filtering (70-μm cell strainer) and washing with ice-cold HBSS (PAN-Biotech GmbH), erythrocyte lysis was performed for 5 min at room temperature. After a second filtering step (40-μm cell strainer), cells were washed with complete RPMI-1640, and the cell pellet was resuspended in complete IMDM (PAN-Biotech GmbH) supplemented with 10% FCS (PAN-Biotech GmbH), 100 U/ml Penicillin and 100 μg/ml Streptomycin (PAN-Biotech GmbH).



Restimulation of Lung Parenchymal Cells

For detection of cytokine-producing Th cells, isolated lung parenchymal cells were rested overnight at 37°C in complete IMDM (PAN-Biotech GmbH) supplemented with 10% FCS (PAN-Biotech GmbH), 100 U/ml Penicillin, and 100 µg/ml Streptomycin (PAN-Biotech GmbH) and stimulated on the following day with PMA (20 ng/ml, Sigma-Aldrich) plus ionomycin (1 µg/ml, Sigma-Aldrich) for 4 h and in the presence of BrefeldinA (3 µg/ml, eBioscience) during the last 3.5 h of restimulation.



Flow Cytometry and Antibodies

Cells were stained with different combinations with fluorochrome-conjugated antibodies for flow cytometry analyses (BD FACS Canto II, BD FACSAriaIII, BD FACS Diva software, FlowJo v10 software by Tree Star) according to agreed standards (Cossarizza et al., 2019, EJI). The following porcine-specific antibodies were used: anti-CD3ϵ-PerCPCy5.5 (clone BB23-8E6-8C8, IgG2a, BD Biosciences), anti-TCR1δ-unlab (clone PGBL22A, IgG1, Kingfisher Biotech), anti-CD4α-AlexaFluor® 647 or -PE-Cy7 or -PerCP-Cy5.5 (clone 4-12-4, IgG2b, BD Biosciences), anti-CD8α-FITC or -AlexaFluor® 647 (clone 76-2-11, IgG2a, BD Biosciences) and anti-IFN-γ-PE or -AlexaFluor® 647 (clone P2G10, IgG1, BD Biosciences), anti-CD163-FITC (clone 2A10/11, IgG1, Bio-Rad Laboratories, Inc.), anti-SLAII-unlab or -FITC (clone 2E9/13, IgG2b, Bio-Rad Laboratories, Inc.), anti-CD172a-PE (clone 74-22-15A, IgG2b, BD Biosciences), and anti-CD172a-Biotin (clone 74-22-15, IgG1, SouthernBiotech). In addition, several cross-reactive antibodies or secondary antibodies were used: anti-human CD14-Viogreen (clone Tük4, IgG2a, Miltenyi Biotec), anti-mouse/rat Foxp3-eFluor® 450 (clone FJK-16s, IgG2a, Thermo Fisher Scientific), anti-human/mouse GATA3-PE (clone TWAJ, IgG2b, Thermo Fisher Scientific), anti-human/mouse Tbet-PE-Cy7 or -PE (clone 4B10, mouse IgG1, Thermo Fisher Scientific), anti-human TNF-α-Pacific Blue (clone Mab11, IgG1, BioLegend), anti-human IL-4-PE-Cy7 (clone MP4-25D2, IgG1, BioLegend), anti-human/mouse CD11b-APC-Cy7 (clone M1/70, IgG2b, BioLegend), anti-mouse IgG-Brilliant Violet 421™ (clone Poly4053, polyclonal IgG, BioLegend), anti-mouse IgG1-APC-Cy7 (clone RMG1-1, IgG, BioLegend), anti-mouse IgG1-FITC (clone M1-14D12, IgG, Thermo Fisher Scientific), and Streptavidin-PE/Dazzle™ 594 (Biolegend). Fixable viability dyes in eFluor® 506 and eFluor® 780 were used to exclude dead cells (purchased from Thermo Fisher Scientific). Intracellular/intranuclear antigens were stained after fixation and permeabilization of cells (Invitrogen™ eBioscience™ Foxp3/Transcription Factor Staining Buffer Set, Thermo Fisher Scientific).



Histological Examination

Lung tissue from the caudal left lung lobe was sampled for histology and fixed in a formalin solution (Roti-Histofix 10%, Carl Roth GmbH + Co. KG) for 6 h at RT and then stored at 4°C. Fixed lung tissue was embedded in paraffin. Paraffin sections of 1–2 µm thickness were cut, dewaxed, and stained histochemically with hematoxylin and eosin (HE) for histomorphometric analysis, and grading of interstitial broadening and infiltration was performed. For immunohistochemical evaluation, lung sections were dewaxed and subjected to a heat-induced epitope retrieval step prior to incubation with anti-Ki67 (clone MIB1, Agilent Technologies) followed by incubation with biotinylated secondary antibody (donkey anti-mouse, Dianova). Biotin was detected by streptavidin coupled with alkaline phosphatase (AP) and RED as chromogen [both Dako REAL™ Detection System, Alkaline Phosphatase/RED, Mouse (Agilent Technologies)]. After chromogen development, proteins in Ki67 stained sections were inactivated followed by incubation with a cross-reactive anti-human CD3 (GA503; polyclonal rabbit, Agilent Technologies). For detection, EnVision+ System-HRP Labelled Polymer Anti-Rabbit (Agilent Technologies) was used. HRP was visualized with diaminobenzidine (Agilent Technologies) as chromogen. Nuclei were counterstained with hematoxylin (Merck Millipore) and slides coverslipped with glycerol gelatine (Merck). Negative controls were performed by omitting the primary antibody. Myeloperoxidase-positive (MPO+) cells were counted in 10 high power fields in histological cross sections of the lung applying a cross-reactive polyclonal Ab against human MPO (A0398; polyclonal rabbit, Agilent Technologies) and the labeled streptavidin biotin detection method. Eosinophils were detected with modified Sirius Red staining as described before (25). All slides were coverslipped with glycerol gelatine (Merck). Cells were quantified in 10 high power fields (hpf) (0.237 mm2) per section. Images were acquired using the AxioImager Z1 microscope (Carl Zeiss MicroImaging, Inc.). All evaluations were performed in a blinded manner.



Quantitative Real‐Time PCR Analysis

Total RNA was extracted from lung tissue using innuPREP RNA Mini Kit 2.0 (Analytik Jena) and reverse transcribed using High Capacity RNA-to-cDNA Kit (Applied Biosystems). LightCycler® 480 SYBR Green I Master Mix (Roche) was used for amplification of mRNA transcripts of CCL2 (26), IL33 (27) and RPL19 (26). Efficiencies for each primer pair were determined by generating a standard curve, and mRNA expression was normalized to the housekeeping gene ribosomal protein L19 (RPL19). The results for the relative gene expression were calculated using efficiency-corrected 2-ΔΔCT method. All amplification reactions were performed on Light-Cycler® 480 II system (Roche).



Microbiome Analysis

Total genomic DNA from lung mucosal swabs, fecal, and environmental samples was extracted using commercial kits following the instructions of the manufacturer (for fecal samples: Qiagen Stool kit, Qiagen, Hilden, Germany; for lung mucosal and environmental swabs: Macherey Nagel NucleoSpin Tissue kit, Düren, Germany, including NucleoSpin® Forensic Filters for DNA recovery from swabs). Sample preparation, including amplification of the V3 to V4 regions of the 16S rRNA gene using primer set 341F-785R, equimolar mixing, sample clean-up and sequencing by Illumina MiSeq, was performed by LGC Genomics (Berlin, Germany). Demultiplexed and primer-clipped sequence data were uploaded to the MG-RAST Server (https://www.mg-rast.org/; study ID ‘formula_lung’, ‘formula_feces’, ‘formula_penfloor’, respectively) and processed by its SEED software tool. The phylogenetic profile of each sample was computed using the Green Gene reference data bank for identification. Bacterial taxa with five or less identical sequence reads per sample were removed from further analysis. Similarly, sequence reads occurring in one sample only were ignored. The remaining sequence reads were used to calculate the relative contribution of specifically assigned sequences to total sequence reads in a sample, calculation of ecological indices (Shannon diversity index, Evenness), and further statistical analyses for identified putative taxa.



Statistical Analysis

Graphics were created and statistics were performed with GraphPad PRISM software 8.4.2 (GraphPad Software, USA). Normality was tested with the Shapiro–Wilk test. Normally distributed data were analyzed by unpaired t-test or one-way ANOVA followed by Dunnett’s multiple comparisons test, Tukey’s multiple comparisons test or Holm–Sidak’s multiple comparisons test, and by Brown–Forsythe ANOVA test followed by Dunnett’s T3 multiple comparisons test. Nonnormally distributed data were analyzed by Mann–Whitney test or Kruskal–Wallis test followed by Dunn’s multiple comparisons test. For multiple comparisons tests values with P <.05 (*), P <.01 (**), and P <.001 (***) were considered to be significant. Correlation analyses were assessed by parametric Pearson correlation analysis or non-parametric Spearman correlation analysis procedure. For correlation analysis, values with P <.1234 (*), P <.0332 (**), P <.0021 (***) were considered to be significant.

A partial least square discriminant analysis (PLS-DA) model was used to determine the bacterial taxa that contributed to discrimination between experimental groups in Exp 1, followed by variable importance in projection (VIP) using SIMCA-P+ (Version 12.0; Umetrics, Umea, Sweden). Putative taxa with the VIP values >1 were considered most discriminatory (28). Venn diagrams illustrating unique or shared individual bacterial taxa of neonatal piglets created using Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/).




Results


Normal Postnatal Lung Development in Pigs Is Highly Dynamic and Associated With Early Changes in Morphology and Cell Composition

We first characterized postnatal lung maturation over time (neonatal phase, pre-weaning, and post-weaning) in piglets normally reared with the sow and suckled until weaning (Figure 1A). Histological analyses revealed distinct changes in the morphological structure of the porcine lung after birth (Figure 1B) with a significant increase in the number of alveoli at postnatal day (PND) 14 (Figures 1C, S1A) and a moderate but non-significant increase in alveolar size over time (Figures 1C, S1A). Immunohistochemical co-staining of Ki67 and CD3 showed significantly higher numbers of proliferating lung parenchymal cells in neonatal piglets than in weaned piglets (Figures 1D, S1A). As a characteristic of lung growth and alveolarization, the number of alveoli and the number of cell-cycle active (Ki67+) lung parenchymal cells correlated significantly (r = 0.3881, P < 0.05) during postnatal lung development (Figure 1E). Lung-tissue infiltrating neutrophils showed initially high numbers which dropped significantly at the end of the neonatal phase (Figures 1F, S1B). In contrast, infiltrating eosinophils demonstrated a moderate but non-significant early increase at PND7 and a late postweaning increase at PND42 (Figures 1F, S1B). Interestingly, the frequency of pulmonary SLAII expressing CD172a+ myeloid cells being able to present antigens to T cells (Figure 1G) peaked on PND14 and decreased significantly after weaning (Figures 1H, I). Our data thus indicated an increased activation of the mononuclear phagocyte system during the neonatal phase, which was changed into a more anti-inflammatory state as the porcine lung develops. So far, ILC2s have not been described in pigs. In mice and humans ILC2s are characterized as negative for lineage marker typically expressed on T cells, B cells, or dendritic cells and highly express the transcription factor GATA3 (29). Based on the exclusion of the porcine T cell lineage markers CD3, CD4, and CD8α, we analyzed live GATA3highγδTCR1− non-T cells (Figure 1J), since high GATA-3 expression levels were also found in porcine extra-thymic γδ T cells, declining with age (30). Remarkably, pulmonary GATA3highγδTCR1− non-T cells increased significantly until weaning (Figures 1K, L). This is consistent with findings in adult mice in which most ILC2s in the lung developed as tissue-resident cells in the neonatal period (31) and only very few ILCs were circulating (32). During the neonatal period, infiltration with ‘ILC2-like’ cells in the porcine lung was clearly associated with alveoli formation, characterized by a significant positive correlation of pulmonary GATA3highγδTCR1− non-T cells and alveoli counts (r = .6047, **P <.0332) (Figure 1M).

Together, these data showed that postnatal lung development in newborn piglets was highly dynamic and characterized by strong cell proliferation and marked tissue remodeling during alveolarization, corresponding to the induction of innate type 2 immunity and increased activation of the pulmonary mononuclear phagocyte system.



Th1 Cells Accumulating in the Lung Represent an Immunological Correlate of Adequate Postnatal Lung Development in Pigs

To determine the time course of T cell recruitment and T helper cell polarization during postnatal lung maturation in the pig, their frequencies and phenotypes in lung tissue lymphocytes were investigated (Figure 2A). CD marker expression in pigs has some peculiarities compared to humans, such as the expression of CD8αα-homodimers and SLAII (MHCII) molecules on activated/memory CD4+ Th cells (29). Within the first weeks of the life of a pig, T cells infiltrate into the lung (Figure 1D, see also Figure S2A), showing a highly activated phenotype characterized by increased frequencies and expression levels of SLAII (Figure S2B). The differentiation/activation state of porcine Th cells during postnatal development was examined by the analysis of CD8α co-expression on CD4+ T cells, and the frequency of pulmonary CD4+CD8α+ T cells (effector/memory Th cells) was found significantly increased after weaning (Figure 2B). For the discrimination of lung T cell differentiation we used transcription factor-based detection of functional subpopulations, which we previously established for the pig (33). The frequency of Tbet expressing CD4+ T (Th1) cells in the lung increased significantly during the first two weeks of life, indicating an early initiation of Th1 differentiation at mucosal sites (Figures 2C, D). Accordingly, the Tbet protein expression level per pulmonary CD4+ T cell (Tbet GMFI) increased significantly until the post-weaning phase (Figure S2C). The initial high frequencies of GATA3 expressing CD4+ T (Th2) cells (mean 5% of CD4+, PND3) in the lung dropped significantly after weaning (Figures 2C, E), consistent with the postulation of a strong Th2-biased immunological environment in the newborn lung (34). Accordingly, T helper cell differentiation during postnatal lung maturation was also reflected in the Th1/Th2 ratio, which increased significantly after weaning (Figure 2F). Regulatory T (Treg) cells are essential for the establishment of self-tolerance and immune homeostasis (35), and interestingly, they are highly abundant in neonatal murine lungs during alveolarization (9). Similarly, we found high frequencies of Foxp3 expressing CD4+ Treg cells during early postnatal lung maturation in the piglets, which decreased significantly after weaning (Figure 2G). Consequently, the ratio of effector/memory Th cells and Treg cells increased significantly after weaning at PND42 (Figure S2D), and an inverse correlation was observed between effector/memory Th cell and Treg cell frequencies (r = −.5415, ** P <.0332) (Figure 2H). To obtain temporal resolution of postnatal Th1 cytokine production in the pig, we examined IFNγ and TNFα expression in pulmonary Th cells after stimulation with PMA/ionomycin (Figure 2I). The frequency of IFNγ+TNFα+ Th cells (Figures 2J, K) and TNFα expression levels (Figure S2F) in the lungs increased significantly during the late neonatal period at PND14 and before weaning at PND28. Accordingly, we demonstrated a significant positive correlation of the frequencies of Th1 cells with IFNγ+TNFα+ Th cells (r = .6143, *** P <.0021) during postnatal lung development (Figure S2E). IL-4+TNFα+-producing Th cells were detectable only in low frequency, and these significantly decreased after weaning (Figures S2G, H).




Figure 2 | During normal postnatal lung development Th cells with effector/memory phenotype accumulate in the lung and differentiate into a type 1 phenotype. (A) Gating strategy to identify CD3+γδTCR1−CD4+CD8α+ cells (effector/memory Th cells), CD3+γδTCR1−CD4+Tbet+ cells (Th1 cells), CD3+γδTCR1−CD4+GATA3+ cells (Th2 cells), and CD3+γδTCR1−CD4+Foxp3+ (Treg cells) in the lung. (B) Time curve of mean frequencies of effector/memory Th cells in the lung. Data shown as mean + SD. To determine differences in effector/memory Th cell frequencies over time, statistical analysis was performed by ordinary one-way ANOVA followed by Dunnett’s multiple comparisons test to a control column (=PND3). ***P <.001. (C–E) Representative flow cytometry plots (C) and time curve of mean frequencies of Th1 (D) and Th2 cells (E) in the lung. Data shown as mean + SD. To determine differences in Th1 cell frequencies over time, statistical analysis was performed by Kruskal–Wallis test followed by Dunn’s multiple comparisons test to a control column (=PND3). To determine differences in Th2 cell frequencies over time, statistical analysis was performed by ordinary one-way ANOVA followed by Dunnett’s multiple comparisons test to a control column (=PND3). *P <.05, **P <.01. (F) Time curve of mean Th1/Th2 ratios in lung lymphocytes. Data shown as mean + SD. To determine differences in Th1/Th2 ratios over time, statistical analysis was performed by Kruskal–Wallis test followed by Dunn’s multiple comparisons test to a control column (=PND3). **P <.01. (G) Time curve of mean frequencies of Treg cells in lung lymphocytes. Data shown as mean + SD. To determine differences in Treg cell frequencies over time, statistical analysis was performed by ordinary one-way ANOVA followed by Dunnett’s multiple comparisons test to a control column (=PND3). **P <.01. (H) Correlation of the frequencies of Treg cells with effector/memory Th (Th eff/mem) cells in the lung. Statistical analysis was performed by non-parametric Spearman correlation (two-tailed, alpha = .05). ***P <.0021. (I) Gating strategy to identify CD3+γδTCR1−CD4+IFNγ+TNFα+ cells (IFNγ+TNFα+ secreting Th1 cells) in lung lymphocytes. (J, K) Representative flow cytometry plots (J) and time curve of mean frequencies of IFNγ+TNFα+ Th cells (K) in lung. Data shown as mean + SD. To determine differences in IFNγ+TNFα+ Th1 cell frequencies over time, statistical analysis was performed by Kruskal–Wallis test followed by Dunn’s multiple comparisons test to a control column (=PND3). *P <.05. PND, postnatal day; P/I, stimulation with phorbol-12-myristate-13-acetate (PMA) and ionomycin; w/o, unstimulated.



In summary, our data demonstrate that Th2 and regulatory immune responses dominate in the porcine neonatal lung shortly after birth, with a shift in favor of effector/memory and Th1 immune responses after weaning (PND42).



Formula Feeding of Newborn Piglets Separated From the Sow After Birth Results in Delayed Postnatal Lung Growth

Studies investigating early nutritional and environmental influences on postnatal lung development at the end of the neonatal period are currently lacking. Here we assessed whether isolated rearing from the sow and an altered diet impact postnatal lung maturation. One-day-old, colostrum-fed piglets were allocated into artificial rearing units and fed either sow milk or a bovine milk-based formula. In addition, conventionally sow-reared suckling piglets were fed a bovine milk-based formula. Postnatal lung development within the first 14 days of life of differently housed and fed newborn piglets were compared with normally developing sow-reared suckling piglets at PND7 and PND14 (Figures 3A, S8A–G). Isolator-rearing significantly reduced lung growth (Figures 3B, C, S3A) and body weight (Figure 3D) in formula-fed piglets at PND14. Accordingly, we showed a positive correlation between relative lung weight and body weight gain (r = .5470, *** P <.0021) during the neonatal period (Figure 3E). Deficits in neonatal lung growth were also reflected by histomorphological analysis (Figure 3F) which revealed diminished interstitial broadening and cellular infiltrates (Figure 3G and see also Figure S3B) and reduced alveoli counts (Figure 3H) in HE stained lung tissue of 14 days old piglets reared isolated from the sow. Immunohistochemical staining of Ki67 revealed significantly higher numbers of proliferating lung parenchymal cells in sow-reared suckling piglets compared to abnormally reared piglets at PND14 (Figures 3F, I). To provide further evidence of delayed alveolarization due to altered rearing conditions, we examined IL33 gene expression in lung tissue that was decreased at PND14 in formula-fed piglets kept isolated from the sow (Figure 3J and see also Figure S3C). Interestingly, we detected a significant increase in IL33 gene expression at PND14 in sow-reared piglets receiving an additional formula diet. Indicative of an association with the progress of postnatal lung growth, lung weight correlated significantly with IL33 gene expression at PND14 (r = .7539, **** P <.0001) (Figure 3K).




Figure 3 | Formula feeding of newborn piglets, separated from the sow after birth, results in delayed postnatal lung growth correlated with dampened IL-33 expression. (A) Experimental design of a study with neonatal endpoint analysis on days 7 and 14. The piglets of each group received colostrum on the day of birth. On postnatal day 1 the animals were divided into four experimental groups as follows: Piglets were either reared with the sow and fed with sow milk (SM +Sow, n = 6 per endpoint), or were additionally given a bovine milk-based formula (SM/FO +Sow, n = 6 per endpoint), or the piglets were reared in isolation from the sow during the entire experiment and fed with sow milk (SM −Sow, n = 6 per endpoint) or with a bovine milk-based formula (FO −Sow, n = 6 per endpoint). (B) Representative photographs of the lung on postnatal day 14. (C) Relative lung weight represented as ratio of lung weight and birth weight of 7- and 14-day-old piglets. Data shown as violin plots with median and quartiles. Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparisons test. **P <.01, ***P <.001. (D) Violin plots representing the body weight of 7- and 14-day-old piglets. Data shown as violin plots with median and quartiles. Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparisons test. *P <.05, ***P <.001. (E) Correlation of the relative lung weight and the body weight gain (in kg) on postnatal days 7 and 14. Statistical analysis was performed by non-parametric Spearman correlation (two-tailed, alpha = .05). ***P <.0021. (F) Representative hematoxylin and eosin (HE) staining [E (top)] and co-staining of Ki67 (purple, intranuclear) and CD3 (brown, intracytoplasmic) by immunohistochemistry ([E (bottom)] in formalin-fixed lung tissue of 14-day-old piglets. (G) Bar graph demonstrating the histomorphological grading of interstitial broadening and infiltration in HE stained lung tissue of 14-day-old piglets. Bars represent the median + SD. (H) Bar graph representing the number of alveoli per ten high-power fields (10 hpf) in HE stained lung tissue of 14-day-old piglets. Bars represent the mean + SD. Statistical analysis was performed by one-way ANOVA followed by Holm–Sidak’s multiple comparisons test. (I) Bar graph representing the number of Ki67+ cells in lung tissue of 14-day-old piglets as determined by immunohistochemistry. Bars represent the mean + SD. Statistical analysis was performed by one-way ANOVA followed by Holm–Sidak’s multiple comparisons test. *P <.05, **P <.01, ***P <.001. (J) Bar graph representing the relative mRNA expression level (relative to SM +Sow PND14) of IL33 in the lung of 14-day-old piglets. Statistical analysis was performed by one-way ANOVA followed by Holm–Sidak’s multiple comparisons test. *P <.05, **P <.01, ***P <.001. (K) Correlation of the lung weight (in g) and the IL33 mRNA expression in lung tissue on postnatal day 14. Statistical analysis was performed by parametric Pearson’s correlation (two-tailed, alpha = .05). ****P <.0001. PND, postnatal day; SM, sow milk; FO, formula; +Sow, sow-reared; −Sow, reared without the sow.



Taken together, these data suggest that abnormal nutritional and rearing conditions during the neonatal period affect postnatal lung growth and that feeding breastmilk in an isolated environment mitigates the delay in postnatal lung maturation.



Isolated Rearing in Formula-Fed Piglets Causes Deficits in the Pulmonary Mononuclear Phagocyte System

The lung mononuclear phagocyte system is predominantly active in the neonatal period because, as part of the innate immune system, it does not require specific antigen experience (36). We therefore asked whether abnormal rearing conditions such as formula feeding and isolation from the mother affect maturation of the pulmonary mononuclear phagocyte system and whether breast milk feeding reverses adverse effects of isolation of formula-fed neonates. Identification of porcine phagocyte mononuclear subsets within lung parenchymal cells by flow cytometry analysis was adapted from Maisonnasse et al. (20) (Figure 4A). The frequency of total myeloid cells (CD3−CD172a+) in the lungs was not affected by different rearing and feeding conditions (Figure 4B). However, the expression levels of SLAII (Figures 4C and S4A) and the frequency of SLAII+ myeloid cells (Figure 4D) were significantly altered between experimental groups at PND14, with no differences at PND7 (Figure S4B). Similarly, the frequency of CD11b+ myeloid cells decreased significantly at PND14 in the lungs of piglets kept isolated from the sow (Figure 4E and see also Figure S3C). Analysis of the different lung mononuclear phagocyte subsets revealed significant changes in the frequencies of cDC2 and moDC, which were most pronounced on PND14 (Figures 4F–H and see also Figures S4D–F). Compared to sow-reared suckling piglets, formula feeding of piglets together with isolation resulted in a significant decrease in moDC (Figure 4G) and cDC2 frequencies (Figure 4H) at PND14. Interestingly, moDC and cDC2 lung frequencies were not affected in piglets receiving sow milk when kept isolated from the sow (Figures 4G, H).




Figure 4 | Isolated rearing in formula-fed piglets causes deficits in the pulmonary mononuclear phagocyte system that correlate with reduced CCL2 expression. (A) Gating strategy to identify pulmonary SLAII or CD11b expressing myeloid cells (CD3−CD172a+) and pulmonary mononuclear phagocyte subsets specified as CD3−SLAII+CD172a+CD163high cells (AMΦ/IMΦ), CD3−SLAII+CD172a+CD163int cells (moMΦ), CD3−SLAII+CD172a+CD163low cells (moDC), CD3−SLAIIhighCD172a+CD163−CD11b+ cells (cDC2) and CD3−SLAIIhighCD172a−/lowCD163−CD11b− cells (cDC1). (B) Bar graph representing the frequencies of myeloid cells (CD3−CD172a+) in lung of 7-day-old and 14-day-old piglets. Bars represent the mean value + SD. Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparisons test. (C, D) Representative histograms (C) and bar graph (D) representing the frequencies of CD172a+SLAII+ cells in lung of 14-day-old piglets. Bars represent the mean value + SD. Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparisons test. *P <.05, **P <.01, ***P <.001. (E) Bar graph representing the frequencies of CD172a+CD11b+ cells in lung of 14-day-old piglets. Bars represent the mean value + SD. Statistical analysis was performed by one-way ANOVA followed by Holm–Sidak’s multiple comparisons test. *P <.05, **P <.01. (F–H) Representative flow cytometry plots of pulmonary mononuclear phagocyte subsets in 14-day-old piglets (F) and bar graphs representing the frequencies of moDC (G) and cDC2 (H) in lung of 7-day-old and 14-day-old piglets. Bars represent the mean value + SD. Statistical analyses were performed for comparison of moDC frequencies by Kruskal–Wallis test followed by Dunn’s multiple comparisons test or for comparison of cDC2 frequencies by one-way ANOVA followed by Holm–Sidak’s multiple comparisons test. *P <.05, ***P <.001. (I) Bar graph representing the relative mRNA expression level (relative to SM +Sow PND14) of CCL2 in the lung of 7-day-old and 14-day-old piglets. Statistical analysis was performed by Kruskal–Wallis test followed by Dunn’s multiple comparisons test. *P <.05. (J) Correlation of the CCL2 mRNA expression and the frequencies of cDC2 in the lung of 14-day-old piglets. Statistical analysis was performed by non-parametric Spearman correlation (two-tailed, alpha = .05). **P <.0332. PND, postnatal day; SM, sow milk; FO, formula; +Sow, sow-reared; −Sow, reared without the sow; AMΦ/IMΦ, alveolar macrophages/interstitial macrophages; moMΦ, monocyte-derived macrophages; moDC, monocyte-derived dendritic cells; cDC2, type 2 conventional dendritic cells; cDC1, type 1 conventional dendritic cells; GMFI, geometric mean fluorescence intensity; CCL2, CC-chemokine ligand 2.



To address what causes differential cell infiltration we investigated expression of the chemoattractant CCL2. CCL2 expression increased over time in the lungs of sow-reared suckling piglets but was significantly reduced at PND14 in formula-fed piglets isolated from the sow (Figure 4I). Statistical analysis revealed a significant positive correlation between CCL2 expression levels and cDC2 frequencies in the developing lung (r = .5759, **P <.0332) (Figure 4J).

Taken together, these data indicate that deficits in postnatal maturation of the pulmonary mononuclear phagocyte system of newborns can be caused by formula feeding and isolation from the mother and that these deficits can be partially compensated by feeding with breast milk.



Reduced Pulmonary Th1 Cell Differentiation Induced by Isolation of Formula-Fed Newborn Piglets Correlates With Delayed Lung Growth and Immaturity of the Pulmonary Mononuclear Phagocyte System

To investigate whether altered early life conditions affect postnatal pulmonary Th1 differentiation (as shown in Figure 2) and the regulatory T cell response, Tbet and Foxp3 expressing Th cells were analyzed by flow cytometry in the lungs of differently kept and fed neonatal piglets. At PND14, overall T cell frequencies in the lungs were slightly reduced in formula-fed piglets isolated from sows compared to sow-reared suckling piglets (Figure 5A). Formula feeding in isolated piglets resulted in significantly decreased Th1 cell frequencies at PND14 (Figures 5B, C) and slightly decreased Tbet expression levels (Figure S5A), whereas the frequency of Th1 cytokine-expressing Th cells did not change significantly (Figure S5B). Importantly, a significant correlation was demonstrated between Th1 cell frequencies and lung weight (r = .5146, ***P <.0021), SLAII expression levels in myeloid cells (r = .4661, ***P <.0021), and cDC2 frequencies in lungs (r = .6524, ****P <.0001) at PND7 and PND14 (Figure 5D). Furthermore, the number of proliferating lung parenchymal cells correlated significantly with pulmonary Th1 cell frequencies (r = .7288, ***P <.0021) at PND14 (Figure S5C). Pulmonary Treg cell frequencies were not significantly affected by different early life conditions (Figures 5B, E).




Figure 5 | Impaired postnatal pulmonary Th1 cell differentiation program in newborn piglets isolated from the sow correlates significantly with reduced lung growth and with the immaturity of the pulmonary mononuclear phagocyte system. (A) Bar graph representing the frequencies of CD3+ T cells in the lung of 7-day-old and 14-day-old piglets. Bars represent the mean value + SD. Statistical analysis was performed by one-way ANOVA followed by Holm–Sidak’s multiple comparisons test. (B, C) Representative flow cytometry plots (B) and summarizing bar graph (C) representing the frequencies of Th1 cells in lung of 7-day-old and 14-day-old piglets. Bars represent the mean value + SD. Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparisons test. **P <.01. (D) Correlation of the frequencies of Th1 cells and the relative lung weight [D (left)], SLAII expression in CD3−CD172a+ cells [D (center)] and the frequencies of cDC2 [D (right)] in lung of 7-day-old and 14-day-old piglets. Statistical analyses were performed by parametric Pearson’s correlation (two-tailed, alpha = .05). ***P <.0021, ****P <.0001. (E) Bar graph representing the frequencies of Tregs in the lungs of 7-day-old and 14-day-old piglets. Bars represent the mean value + SD. Statistical analysis was performed by Kruskal–Wallis test followed by Dunn’s multiple comparisons test. PND, postnatal day; SM, sow milk; FO, formula; +Sow, sow-reared; −Sow, reared without the sow; cDC2, type 2 conventional dendritic cells.



These results indicate that formula feeding in an isolated environment delays postnatal pulmonary Th1 differentiation, which is also reflected in correlated impairment of lung growth and immaturity of the pulmonary mononuclear phagocyte system. Breast milk feeding attenuates these effects, which may indicate a possible mucosal cross-talk between the gut and lungs.



Isolation of Newborn Piglets Influences the Developing Lung Microbiota, and Transfer of Bacteria-Enriched Maternal Material Supports Pulmonary Th1 Differentiation

We used our pig model to investigate whether isolated rearing and formula feeding of newborn piglets lead to changes in the developing bacterial communities of the lungs. Mucosal swabs were taken immediately post mortem from the secondary bronchi to avoid contamination by species from the oral cavity and upper respiratory tract (Figure 6A). Rearing and feeding conditions clearly influenced the relative abundance of the major phyla (Figure 6B) and the 17 most abundant genera and species richness (Figure 6C) in the lungs of 7- and 14-day-old piglets. On PND7, Actinobacteria and Bacteroidetes predominated in piglets isolated from the sow, whereas Fusobacteria almost disappeared on PND14 (Figure 6B). At the genus level, Lactobacillus abundance was reduced in piglets reared in isolation from the sow at PND7, and Propionibacterium and Actinobacillus dominated at PND14 (Figure 6C). Importantly, the environment had a significant effect on species richness, Shannon diversity, and species evenness, which were reduced in sow contact-deprived piglets (Figure 6D). In addition, our partial least squares-discriminant analysis revealed that microbiota variations were closely clustered between normally suckled piglets and isolated but sow milk-fed piglets compared with formula-fed groups on PND14 (Figure S6A and Tables S1 and S2). Our data indicated a significant correlation between Shannon diversity and relative lung weight (r = .3364, **P <.0332) or pulmonary Th1 cell frequency (r = .3977, **P <.0332) (Figure 6E). Because the inhaled or aspirated environment shapes the lung microbiota (10) and, in contrast to humans, the coprophagy of the pig contributes to microbiota transfer (37), we analyzed the shared bacterial species between different habitats (feces vs. environment vs. lung) with the majority of species present in the lungs (Figure S6B and Table S3) also detectable in the feces and environment (Figure 6F and Table S4). Accordingly, we next studied the impact of material from the maternal environment on lung immunity of sow-deprived formula-fed newborn piglets (Figure 6G). Th1 cell frequency (Figures 6H, I) and Th1/Th2 ratio (Figures 6J, S6C) were significantly increased in the group receiving material from the maternal environment, indicating improved postnatal lung development by microbial transfer.




Figure 6 | Decreased bacterial diversity correlates with a reduction in lung growth and pulmonary Th1 differentiation, which can be reversed by transfer of material from the maternal environment. (A) Collecting mucosal swab samples from the porcine neonatal lung to characterize the bacterial lung microbiome using 16s rDNA deep sequencing. (B, C) Relative abundance of major phyla (B), the 17 most abundant genera and species richness (i.e. number of identified OTUs) (C) in the lungs of 7- and 14-day-old piglets. Piglets were reared with their mothers (+Sow) or in artificial rearing units without their mothers (−Sow) and received sow milk (SM) or formula (FO) as main nutrient source. (D) Violin plots showing richness (n), Shannon Diversity (H′) and Species Evenness of lung microbiota on days 7 and 14 of life in neonatal piglets reared in different environments (+Sow vs. −Sow). Statistical analysis was performed by Mann–Whitney test. **P <.01, ***P <.001. (E) Correlations of relative lung weight and Shannon diversity [H (left)] and Th1 cell frequencies and Shannon diversity [H (right)] in the lungs of 7- and 14-day-old piglets. Statistical analyses were performed by non-parametric Spearman correlation (two-tailed, alpha = .05). **P <.0332. (F) Venn diagram showing the distribution of common and unique OTUs in feces, lung, and environmental samples. A total of 503, 148, and 75 different OTUs were identified in feces, lung, and environmental samples, respectively. Shared species between different habitats and unique species in the lung are given in Table S4. (G) Experimental design of a study with endpoint analysis on day 14 after birth. The piglets of each group received colostrum on the day of birth. On postnatal day 1 the animals were divided into two experimental groups as follows: The piglets were either reared in isolation from the sow throughout the experiment and fed a formula based on bovine milk (I, n = 5 per endpoint) or they were additionally given a daily enrichment of their mother sows environment with a cotton cloth with which the sow and her environment were wiped off beforehand (I+, n = 5). (H, I) Representative flow cytometry plots (H) and bar graph (I) representing the frequencies of Th1 (and Th2 in H) cells in the lung. Bars represent the mean value + SD. Statistical analysis was performed by unpaired t-test. *P <.05. (J) Bar graph of mean Th1/Th2 ratios in the lung. Bars represent the mean value + SD. Statistical analysis was performed by unpaired t-test. **P <.01. PND, postnatal day; SM, sow milk; FO, formula; +Sow, sow-reared; −Sow, reared without the sow; OTUs, operational taxonomic units; I, reared without sow; I+, reared without sow with enrichment.



In summary, these results suggest that isolation of neonates from the mother modifies the developing lung microbiota, with decreased richness of bacterial species correlating with reduced lung growth and Th1 differentiation. The decreased Th1 differentiation could be reversed by transferring material from the maternal environment.



Early, but Not Late, Return to the Mother Restores Normal Lung Maturation During the Neonatal Period

We next asked whether the length of interfering with natural bonding and nutrition differently impacts postnatal lung maturation and the pulmonary immune system, and thus returning piglets following such an intervention to the mothers after 3 or 7 days converges the lung phenotype to normally developed piglets (Figure 7A). For that purpose, we investigated differences in lung growth, ILC2, and myeloid cells as well as the lung Th1 differentiation program in experimentally reared and fed groups of n = 5–6 piglets. Returning piglets to their mothers at both 3 and 7 days postpartum resulted in significant increases in lung growth (Figures 7B, C) and body weight (Figure 7C) compared with sow contact-deprived piglets that received formula during the entire experiment. ‘ILC2-like’ cell frequencies in the lungs were highest in piglets returned to sows 3 days after birth, with significantly elevated levels compared to sow-deprived piglets that received formula throughout the experiment (Figure 7D). Interestingly, lung weight and the frequency of pulmonary ‘ILC2-like’ cells were significantly correlated (r = .4882, *P <.1234) (Figure 7E), indicating a relationship with the progress of lung maturation. The frequency of SLAII+ myeloid cells was significantly reduced only in sow-deprived piglets fed formula for the entire experiment (Figures 7F, G). Returning piglets to their mothers on day 3 postpartum caused a significant increase in pulmonary Th1 cell frequencies compared to sow-deprived piglets fed formula throughout the experiment, although pulmonary Th2 cell frequencies did not change by the different conditions (Figures 7H, I). Compared to sow-deprived piglets fed formula throughout the experiment and piglets returned to their mothers at day 7 postpartum, returning piglets to their mothers at day 3 resulted in a significantly increased Th1/Th2 ratio comparable to sow-reared piglets (Figure 7J). Tbet expression level was significantly reduced only in sow-deprived piglets fed formula for the entire experiment, with expression levels in piglets returned to their mothers on postpartum days 3 and 7 approaching those of sow-reared piglets (Figures S7A, B). Treg cell frequencies in the lung were not affected significantly by different early life conditions (Figure S7C). The frequency of IFNγ+TNFα+ Th cells was significantly reduced only in sow-deprived piglets fed formula for the entire experiment, and the frequency in piglets returned to their mothers on the third postpartum day approached that of sow-reared piglets (Figures 7K, L). Accordingly, we demonstrated a significant positive correlation of the frequencies of Th1 cells with IFNγ+TNFα+ Th cells (r = .7464, ***P <.0021) in the lungs of differently reared newborn piglets, again demonstrating the gradual differences in Th1 differentiation (Figure 7M).




Figure 7 | The effects of isolation and formula feeding on postnatal lung growth and immune cell development of newborn piglets are reversible within a short interval after birth. (A) Experimental design of the study with endpoint analysis on day 14 after birth. The piglets of each group received colostrum on the day of birth. At postnatal day 1 the animals were divided into four experimental groups as follows: Piglets were either reared with the sow and fed sow milk (S, n = 5) or piglets were reared in isolation from the sow for the entire experiment and fed a bovine milk-based formula (I, n = 5), or piglets were reared in isolation from the sow until postnatal days 7 (I7, n = 6) or day 3 (I3, n = 6) and fed a bovine milk-based formula until they were returned to the sow. (B) Representative photographs of the lung. The length of the black bars represents 10 cm. (C) Body weight [C (left)], lung weight [C (center)] and relative lung weight represented as ratio of lung weight and birth weight [C (right)]. Data shown as violin plots with median and quartiles. Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparisons test. *P <.05, **P <.01, ***P <.001. (D) Bar graph representing the percentage of ‘ILC2-like’ cells in the lung. Bars represent the mean value + SD. Statistical analysis was performed by one-way ANOVA followed by Holm–Sidak’s multiple comparisons test. *P <.05. (E) Correlation of the lung weight and the frequencies of ‘ILC2-like’ cells in lung. Statistical analysis was performed by parametric Pearson’s correlation (two-tailed, alpha = .05). *P <.1234. Twenty data points were used in total for the analysis. (F, G) Representative histograms (F) and bar graph (G) representing the percentage of SLAII+ myeloid lung parenchymal cells. Bars represent the mean value + SD. Statistical analysis was performed by one-way ANOVA followed by Holm–Sidak’s multiple comparisons test. *P < 0.05. (H, I) Representative flow cytometry plots (H) and bar graph (I) representing the frequencies of Th1 and Th2 cells in lung. Bars represent the mean value + SD. Statistical analyses were performed for comparison of Th1 cell frequencies by Kruskal–Wallis test followed by Dunn’s multiple comparisons test or for comparison of Th2 cell frequencies by one-way ANOVA followed by Tukey’s multiple comparisons test. *P <.05, **P <.01. (J) Bar graph of mean Th1/Th2 ratios in lung. Bars represent the mean value + SD. Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparisons test. *P <.05. (K, L) Representative flow cytometry plots (K) and bar graph (L) representing the frequencies of IFNγ+TNFα+ Th cells (w/o correction) in lung. Bars represent the mean value + SD. Statistical analysis was performed by one-way ANOVA followed by Holm–Sidak’s multiple comparisons test. *P <.05. (M) Correlation of the frequencies of Th1 cells and IFNγ+TNFα+ Th cells in lung. Statistical analysis was performed by parametric Pearson’s correlation (two-tailed, alpha = .05). ***P <.0021. PND, postnatal day; SM, sow milk; FO, formula; S, sow-reared; I, reared without sow; I7, reared until PND7 without sow; I3, reared until PND3 without sow; P/I, stimulated with phorbol myristate acetate and ionomycin; w/o, unstimulated.



In conclusion, these results suggest that delayed postnatal maturation of the pulmonary immune system caused by early confounding factors, such as altered diet and separation from the mother, can be reversed within a critical window of time after birth.




Discussion

Postnatal maturation of the respiratory immune system is highly vulnerable and requires a delicate interplay between antigenic stimulation by microbial, environmental, and nutritional factors and simultaneously requires counteracting of hyperreactivity (7, 10). However, the factors that influence early postnatal lung development and lead to the development of a particular immunophenotype and lung microbiota profile in neonates are incompletely understood. We demonstrate here for the first time that early disturbances in nutrition and maternal contact during the neonatal period significantly modulate lung maturation, respiratory immunity, and microbiome development and diversity in newborn piglets. Using the biomedically relevant large animal model, the pig, we show that decreased lung microbiota diversity correlates with reduced lung growth and Th1 differentiation in neonatal isolator-reared piglets. In addition, our data indicate that breast milk feeding and transfer of maternal material can mitigate the negative effects of formula feeding in a sow-deprived environment. Interestingly, returning previously isolated and formula-fed piglets to their mothers within a short time window after birth normalized lung growth and the pulmonary immunophenotype. Our findings highlight that nutrition and maternal bonding contribute significantly to postnatal lung development very early in the life of a newborn, and that perturbations in these factors can only be compensated for within a short time window after birth.

The immune system undergoes important compositional and functional shifts during the postnatal period and early childhood. As recently reported, shortly after birth, ILC2s, eosinophils, basophils, and mast cells spontaneously accumulate in the developing murine lung in an IL-33-dependent manner (34, 38). Mature eosinophils are transiently recruited to the neonatal murine lung during PND3–PND14, specifically corresponding to the primary septation/alveolarization phase of lung development (39). In line with this, our analysis of postnatal lung development in pigs revealed that morphologic changes during alveolarization are associated with increased activation of myeloid cells, recruitment of ‘ILC2-like’ cells, and a transient influx of eosinophils. Additionally, we demonstrated a significant correlation of IL33 gene expression and lung weights, indicative of a relationship between alveoli formation and postnatal lung growth. Consistent with these data, previous studies in mice showed that the alveolarization phase is characterized by an early wave of IL-33 resulting in the local activation of innate type 2 immune responses (34, 38, 40). According to this, our data demonstrate that during the neonatal period in pigs, infiltration with ‘ILC2-like’ cells into the lung is clearly associated with alveoli formation. Studies in mice showed that specifically lung-resident ILC2s contribute to the phenotype and function of tissue-resident alveolar macrophages under homeostasis and promote a quiescent immune milieu (38). We revealed an inverse correlation between the frequencies of ‘ILC2-like’ cells and SLAII-expressing mononuclear myeloid cells in the developing porcine lung, indicating a comparable interdependency.

The fetal airways in humans are essentially free of lymphocytes; they are seeded after birth, with the proportion of T cells increasing in the first years of life (41). Correspondingly, our data showed that during postnatal development in pigs, T cells gradually infiltrate the lung, with Th cells with an effector/memory phenotype accumulating in the tissue and exhibiting a type 1 phenotype. Here, the Th1/Th2 ratio was initially shifted in favor of Th2 cells and increased significantly toward Th1 cells after weaning. In addition, pulmonary Tregs were found at high levels until the pre-weaning period, with a significant increase in the ratio of effector/memory T cells to Treg cells after weaning. This is in line with findings in humans and mice showing limited Th1 differentiation and enhanced Th2 and Treg differentiation during the neonatal period (42). Consistent with our data, a previous study has shown that naïve T cells predominate in human infant tissues, with effector/memory T cells restricted to mucosal sites such as the lungs (43). Supporting our data, this study showed that Treg cells constitute a high proportion of Th cells in human pediatric tissues, and the ratio of Treg cells to T effector/memory cells was lowest at mucosal sites, indicating in situ control of immune responses in early life. Our data highlighted that the neonatal pig is very well suited as a human-relevant model for postnatal lung maturation of term-born infants, rendering it amenable to the study of modulating postpartum influences.

Our experiments demonstrated a significant correlation of Th1 cell differentiation with cDC2 frequencies and microbiota richness in the lungs. In newborn mice, a particular subset of CD11c+CD8α+ IL-12-producing DCs that would allow a shift to Th1 immunity arises by day 6 after birth (44). It remains to be determined, which pulmonary DC subset in the porcine neonatal lung is likely to contribute substantially to IL-12 production and whether the reduced MHCII expression of myeloid cells we showed in sow-deprived neonatal pigs also plays a role in diminished Th1 differentiation. Recent results from the porcine model suggest that airborne bacteria make up the majority of the lung microbiome (45). Consistently, we demonstrated that the fecal and environmentally associated microbiota contribute substantially to the composition of the lung microbiome in the newborn pig, with airborne exposure likely playing a substantial role. It has recently been shown that early postnatal development of the lung microbiota is an important step in the development of tolerance to aeroallergens (9). In this context, transient induction of PD-L1 expression by CD11b+DCs (cDC2) and subsequent peripheral Treg cell induction played an important role in the murine model. Accordingly, we showed that formula feeding of piglets isolated from sows led to a significant decrease in pulmonary cDC2 frequency, but also resulted in a simultaneous decrease in lung microbiota diversity. However, we could not demonstrate a significant effect of postnatal environmental changes in diet and rearing on the frequencies of pulmonary Treg cells in neonatal piglets.

A number of factors contribute to adequate initial bacterial colonization in the newborn, including one important determinant, breast milk-based nutrition. Breast milk contains a variety of components that can affect intestinal mucosal immunity, as demonstrated in both humans and animal models of early life (46). The human lower airway microbiome forms within the first two postnatal months, and the mode of delivery determines the airway microbiota in preterm but not term births (12). However, data comparing the effects of alternative feeding strategies and disturbed maternal contact on postnatal lung maturation and microbial colonization in term infants are lacking. Our data showed for the first time that feeding donated breast milk to isolated newborn piglets compensates very early for deficits in postnatal lung maturation. This is in line with a very recent study showing unpasteurized breast milk to be positively associated with growth outcomes in extremely premature infants (47). Breast milk stimulates the proliferation of a balanced and diverse intestinal microbiota, which initially influences a switch from an intrauterine Th2-dominant to a Th1/Th2-balanced response and induces activation of Treg cells by breast milk-stimulated specific organisms (Bifidobacteria, Lactobacillus, and Bacteroides) (48). The influence of breastfeeding on lung development and function is controversial (49, 50). However, different studies showed that compared to breastfed infants, formula-fed infants had lower bacterial diversity and an altered intestinal microbiota in the first few weeks of life (51). There is emerging evidence that human milk prevents bronchopulmonary dysplasia in preterm infants, possibly by modulating the microbiome and/or inflammatory responses (52). Our analysis revealed that microbiota variations were closely clustered between normally suckled piglets and isolated but sow milk-fed piglets compared with formula-fed groups. Few studies in swine examined the microbiota composition of the lower respiratory tract, showing that reduced diversity and imbalanced microbial composition are associated with increased risk of respiratory disease (53).

Overall, our work in neonatal piglets implies that reduced maternal bonding and formula feeding can impair postnatal lung development in newborns. This is particularly important for preterm infants, with a global rate of approximately 11% (54), and other high-risk infants, with a recent study from the United States showing that 6.3% of all infants born are admitted to a neonatal intensive care unit (NICU) (55). Admission to the NICU interrupts the mother–infant bonding and the establishment of breastfeeding, resulting in lower long-term breastfeeding rates, with implications for infant health (55–57). Furthermore, our data clearly indicate that increasing the use of breast milk, whether through breastfeeding or donated breast milk, and equally important maternal contact during the early neonatal period are intervention measures to promote postnatal lung development. The non-redundant nature of postnatal immune maturation may explain the long-standing fact that early environmental exposures can have lasting consequences (58, 59). The pig, with its human-like lung physiology, served to demonstrate the importance of nutrition and bonding on lung immune maturation very early in life.
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Supplementary Figure 1 | Kinetic of postnatal lung development (PND3–PND42) in pigs. (A) Time curve of postnatal alveolarization represented by normalized data of proliferating cells (Ki67+), alveoli number, and alveoli size. Data shown as mean + SEM. (B) Representative histochemical staining for the detection of neutrophils [MPO+ (top)] and eosinophils [mSR+ (bottom)] in formalin-fixed lung tissue. PND, postnatal day; MPO, myeloperoxidase; mSR, modified Sirius Red staining.

Supplementary Figure 2 | During normal postnatal lung development Th cells with effector/memory phenotype accumulate in the lung and differentiate into a type 1 phenotype. (A) Time curve of mean frequencies of T cells in lung. Data shown as mean + SD. To determine differences in frequencies of T cells over time, statistical analysis was performed by ordinary one-way ANOVA followed by Dunnett’s multiple comparisons test to a control column (=PND3). *P <.05, **P <.01. (B) Representative histograms [left] and time curve [right] of mean frequencies of SLAII+ T cells in lung. Data shown as mean + SD. To determine differences in frequencies of SLAII+ T cells over time, statistical analysis was performed by ordinary one-way ANOVA followed by Dunnett’s multiple comparisons test to a control column (=PND3). ***P <.001. (C) Representative histograms [left] and time curve [right] of mean Tbet expression levels in pulmonary Th cells. Data shown as mean + SD. To determine differences in Tbet expression levels over time, statistical analysis was performed by ordinary one-way ANOVA followed by Dunnett’s multiple comparisons test to a control column (=PND14). ***P <.001. (D) Time curve of mean Theff/mem/Treg ratios in lung. Data shown as mean + SD. To determine differences in Theff/mem/Treg ratios over time, statistical analysis was performed by Kruskal–Wallis test followed by Dunn’s multiple comparisons test to a control column (=PND3). ***P <.001. (E) Correlation of the frequencies of Th1 cells with IFNγ+TNFα+ Th cells in lung. Statistical analysis was performed by non-parametric Spearman correlation (two-tailed, alpha = .05). ***P <.0021. (F) Representative histograms [left] and time curve [right] of mean TNFα expression levels in pulmonary Th cells. Data shown as mean + SD. To determine differences in TNFα expression levels over time, statistical analysis was performed by ordinary one-way ANOVA followed by Dunnett’s multiple comparisons test to a control column (=PND3). **P <.01. (G, H) Representative flow cytometry plots (G) and time curve of mean frequencies of IL-4+TNFα+ Th cells (H) in lung. Data shown as mean + SD. To determine differences in IL-4+TNFα+ Th cell frequencies over time, statistical analysis was performed by Kruskal–Wallis test followed by Dunn’s multiple comparisons test to a control column (=PND3). *P <.05. PND, postnatal day; GMFI, geometric mean fluorescence intensity; P/I, stimulation with phorbol-12-myristate-13-acetate (PMA) and ionomycin; w/o, unstimulated.

Supplementary Figure 3 | Formula feeding of newborn piglets separated from the sow after birth results in delayed postnatal lung growth. (A) Lung weight (in g) at PND7 and PND14. Data shown as violin plots with median and quartiles. Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparisons test. *P <.05, **P <.01, ***P <.001. (B) Bar graph demonstrating the histomorphological grading of interstitial broadening [left] and infiltration [right] in HE stained lung tissue of 7- and 14-day-old piglets. Bars represent the median + SD. (C) Bar graph representing the relative mRNA expression level (relative to SM +Sow PND14) of IL33 in the lung of 7-day-old piglets. PND, postnatal day; SM, sow milk; FO, formula; +Sow, sow-reared; −Sow, reared without the sow.

Supplementary Figure 4 | Isolated rearing in formula-fed piglets causes deficits in the pulmonary mononuclear phagocyte system. (A) Bar graph representing the SLAII expression levels of CD172a+ cells in lung of 7- and 14-day-old piglets. Bars represent the mean value + SD. Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparisons test. **P <.01. (B) Bar graph representing the frequencies of CD172a+SLAII+ cells in lung of 7-day-old piglets. Bars represent the mean value + SD. (C) Bar graph representing the frequencies of CD172a+CD11b+ cells in lung of 7-day-old piglets. Bars represent the mean value + SD. (D–F) Bar graphs representing the frequencies of AMΦ/IMΦ (D), moMΦ (E), and cDC1 (F) in lung of 7-day-old and 14-day-old piglets. Bars represent the mean value + SD. Statistical analyses were performed by Kruskal–Wallis test followed by Dunn’s multiple comparisons test. *P <.05. PND, postnatal day; SM, sow milk; FO, formula; +Sow, sow-reared; −Sow, reared without the sow; GMFI, geometric mean fluorescence intensity; AMΦ/IMΦ, alveolar macrophages/interstitial macrophages; moMΦ, monocyte-derived macrophages; cDC1, type 1 conventional dendritic cells.

Supplementary Figure 5 | Decreased postnatal pulmonary Th1 cell differentiation in newborn piglets isolated from the sow correlates significantly with reduced lung growth and with the immaturity of the pulmonary mononuclear phagocyte system. (A) Bar graph representing Tbet expression levels of Th cells in the lung of 7- and 14-day-old piglets. Bars represent the mean value + SD. (B) Bar graph representing the frequencies of IFNγ+TNFα+ Th cells in lung of 7- and 14-day-old piglets. Bars represent the mean value + SD. (C) Correlation of the frequencies of Th1 cells and Ki67+ cells in lung of 14-day-old piglets. Statistical analysis was performed by parametric Pearson’s correlation (two-tailed, alpha = .05). ***P <.0021. PND, postnatal day; GMFI, geometric mean fluorescence intensity; SM, sow milk; FO, formula; +Sow, sow-reared; −Sow, reared without the sow; hpf, high power field.

Supplementary Figure 6 | Decreased bacterial diversity correlates with a reduction in pulmonary Th1 differentiation, which can be reversed by transfer of material from the maternal environment. (A) Partial Least Squares Discriminant Analysis (PLS-DA) based on the evaluation of the variable importance in projection (VIP) scoring of the 20 most abundant bacterial species in the lungs of 7- and 14-day-old piglets. VIP scoring of bacterial species in the lung is given in Table S1 and S2. (B) Venn diagram showing the distribution of common and unique OTUs in the lungs of 7- and 14-day-old piglets. A total of 132, 129, 105, and 88 different OTUs were identified in SM +Sow, SM/FO +Sow, SM −Sow and FO −Sow groups, respectively. Unique species related to environment, diet, and group are given in Table S3. (C) Bar graph representing the frequencies of Th2 cells in lung. Bars represent the mean value + SD. Statistical analysis was performed by unpaired t test. * P <.05. PND, postnatal day; SM, sow milk; FO, formula; +Sow, sow-reared; −Sow, reared without the sow; I, reared without sow; I+, reared without sow with enrichment.

Supplementary Figure 7 | Effects of isolation and formula feeding on newborn piglets are reversible within a short interval after birth. (A, B) Representative histograms (A) and bar graph (B) representing the expression level of Tbet in pulmonary Th cells. Bars represent the mean value + SD. Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparisons test. **P <.01. (C) Bar graph representing the frequency of Treg cells in lung. Bars represent the mean value + SD. PND, postnatal day; S, sow-reared; I, reared without sow; I7, reared until PND7 without sow; I3, reared until PND3 without sow; GMFI, geometric mean fluorescence intensity.

Supplementary Figure 8 | Photographs of the experimental setup. (A) Sow-reared piglets. (B) Formula-feeding of sow-reared piglets. (C–E) Rearing units used for sow-deprived piglets. (F, G) Milking of sows by hand. (H) Sow-deprived piglets on a cotton cloth with which the sow and her surroundings were previously wiped.
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The intestinal microbiota modulates IL-22 production in the intestine, including the induction of IL-22-producing CD4+ T helper cells. Which specific bacteria are responsible for the induction of these cells is less well understood. Here, we demonstrate through the use of novel gnotobiotic knock-in reporter mice that segmented filamentous bacteria (SFB), which are known for their ability to induce Th17 cells, also induce distinct IL-17A negative CD4+ T cell populations in the intestine. A subset of these cells instead produces IL-22 upon restimulation ex vivo and also during enteric infections. Furthermore, they produce a distinct set of cytokines compared to Th17 cells including the differential expression of IL-17F and IFN-γ. Importantly, genetic models demonstrate that these cells, presumably Th22 cells, develop independently of intestinal Th17 cells. Together, our data identifies that besides Th17, SFB also induces CD4+ T cell populations, which serve as immediate source of IL-22 during intestinal inflammation.
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Introduction

Antigen-specific CD4+ T cells play pivotal roles during immune responses differentiating into diverse subsets of T helper (Th) cells. These secrete potent immunoregulatory cytokines and form long-lasting memory. Th17 and Th22 are two subsets of CD4+ T cells that are considered crucial for maintaining the balance between homeostasis and inflammation at mucosal sites. Th17 cells are characterized by their production of effector cytokines interleukin (IL)-17A, IL-17F, and IL-22, thereby functioning as important activators of innate immune effectors and contributing to the mucosal defense against extracellular bacteria and fungi (1, 2). Pathogenic roles of Th17 cells have also been described in different animal models of autoimmune disease including encephalomyelitis (3–5), rheumatoid arthritis (6, 7), psoriasis (8, 9), multiple sclerosis (10, 11), and inflammatory bowel disease (12–14). In humans, Th22 cells are distinguished from Th17 cells based on the lack of IL-17A expression and are considered the major source of adaptive immune cell-derived IL-22 (15, 16). As the effector molecule IL-22 confers both proinflammatory and/or tissue protective functions based on the type of inflammatory response, cellular source, and surrounding cytokine milieu (17, 18).

Studies performed in different in vivo and in vitro models have shown a high heterogeneity of both Th17 and Th22 cell subsets characterized by the variable production of additional immunomodulatory cytokines such as IFN-γ and IL-10 (19, 20). Notably, multi-parameter flow cytometry has identified the presence of numerous tissue-specific Th cell subsets with distinct cytokine expression throughout the intestine and other tissues in the human body (21). Yet, detailed studies are still needed to further identify the instructive networks as well as both the molecular and functional properties of potentially heterogenous Th17 and Th22 cell subsets.

The making of lineage-decisions during T cell differentiation is heavily influenced by environmental stimuli. In the gastrointestinal (GI) tract, hundreds of distinct species of microorganisms constantly convey signals to the host mucosal immune system. However, it is evident now that only specific members of the intestinal microbiota are able to induce antigen-specific helper CD4+ T cells in the absence of a classical infection. The eminent example are the segmented filamentous bacteria (SFB), which induce the differentiation of Th17 cells (22, 23). A subsequent study suggested that intestinal Th17 cells exclusively harbor SFB specific T cell receptor (TCR) responding upon exposure to SFB antigen (24). Notably, besides SFB, distinct pathogens and other human-derived intestinal bacteria with the ability to attach to the epithelium as well as fungi have been demonstrated to induce Th17 cell differentiation (25).

Besides the classical antigen-dependent activation of T cells, which is observed for Th17 cells in the small intestine where SFB resides, bystander activation, i.e., the stimulation of memory T cells by cytokines during an immune response or inflammation, has emerged as a potent activation mechanism of tissue-resident memory cells (26, 27). Specifically, the protection mediated by SFB-induced Th17 cells during C. rodentium infection has been hypothesized to occur upon bystander activation (22). Along these lines, we were able to show that distinct members of the microbiota induced the enhancement of IFN-γ production by CD4+ T cells, which contributed to the resistance of mice against Salmonella infection (28). While these results provide more evidence for the impact of the microbiota on CD4+ T cells in the intestine, it is not known yet, whether CD4+ T cells and specifically Th17 and Th22 cells primed by the intestinal microbiota produce the same effector cytokines during antigen-induced and bystander activation in vivo.

Importantly, Th17 and Th22 cells have been characterized in detail in vitro, however, technical difficulties such as the inability to determine gene expression profiles after ex vivo restimulation and fixation of the cells have precluded a detailed ex vivo characterization of effector functions and diversity in vivo.



Methods


Mice

Wild type (WT) and all transgenic lines, IL-17AGFP IL-22BFP FoxP3RFP, RORγtGFP FoxP3RFP, IL-17AGFP IFN-γKatushka FoxP3RFP, IL-17AGFP IL-22BFP IFN-γKatushka FoxP3RFP, IL-17ACRE R26YFP, CD4dnTGFβRII, and Rag2-/- mice used in the study were on the C57BL/6N background and have been rederived into an enhanced specific pathogen free (eSPF) microbiota by embryo transfer and bred at the specific pathogen free animal facilities of Helmholtz Centre for Infection Research (HZI). SFB-monocolonized NOD.CB17-Prkdcscid/J mice were bred in gnotobiotic isolators at the Medical University Hannover, Germany. Colonization with SFB was achieved by cohousing or oral gavage (protocol described below) with the intestinal content from SFB-monocolonized mice at least four weeks before experiments. Germ-free C57BL/6NTac and IL-17AGFP IL-22BFP FoxP3RFP mice were bred in the isolators (Getinge) in the germ free facility of the HZI. All experiments were performed with 8–12 weeks old age-matched and gender-matched animals. Both male and female animals were used for every experiment to exclude the influence of gender.



Fecal Transplantation of Contents From Segmented Filamentous Bacteria Monocolonized Mice

For fecal transplantation experiments, donor mice were euthanized, intestinal content was collected from large intestine, cecum, and SI and pre-homogenized in BBL thioglycollate media (BD Bioscience) by vortexing. Under anaerobic conditions, fecal content was homogenized using a 70-μm sterile filter. After centrifugation (10 min, 500 g, 4°C), fecal material was resuspended in BHI medium (Sigma-Aldrich). A total of 200 μL of fecal transplant was given by oral gavage to recipient mice, which were starved 2 h prior. Four weeks after cohousing or fecal transplant gastrointestinal colitis was induced by infection with S. typhimurium.



Colitis Model Induced by Infection With S. typhimurium

Naturally streptomycin-resistant wild-type strain S. enterica serovar Typhimurium SL1344 was used. Salmonella strains were grown overnight at 37°C in Luria-Bertani (LB) broth, with 50 µg/ml kanamycin then, diluted 1:100 in a fresh medium, and subcultured for 4 h. Bacteria were washed twice in an ice-cold phosphate-buffered saline (PBS) and then used for infection experiments. Water and food were withdrawn for 4 h before mice were treated with 20 mg/mouse of streptomycin by oral gavage (o.g.). Afterwards, mice were supplied with water and food ad libitum. Then, 20 h after streptomycin treatment, water and food were withdrawn again 4 h before the mice were infected with 105 CFU of S. typhimurium in 200 µl of PBS. Drinking water ad libitum was supplied immediately and food 2 h post infection (p.i.). Mice were weighted every day and survival was monitored.



Analysis of Segmented Filamentous Bacteria Loads From Content and Tissue

Fresh content samples of mice were collected from the small intestine and colon and immediately stored at -20°C. DNA was extracted according to the established protocols using a method combining mechanical disruption (bead-beating) and phenol/chloroform-based purification (29). Briefly, the sample was suspended in a solution containing 500 µl of extraction buffer (200 mM Tris, 20 mM EDTA, 200 mM NaCl, pH 8.0), 200 µl of 20% SDS, 500 µl of phenol:chloroform:isoamyl alcohol (24:24:1), and 100 µl of 0.1 mm zirconia/silica. Samples were homogenized twice with a bead beater (BioSpec) for 2 min. After the precipitation of DNA, crude DNA extracts were resuspended in TE Buffer with 100 µg/ml RNase and column purified to remove PCR inhibitors (BioBasic).

To monitor the tissue association of SFB, tissue samples were collected from the small intestine, cecum, and colon. Briefly, intestinal tissues were opened longitudinally, washed with autoclaved PBS to clean, and homogenized in TriReagent (Molecular Research Center) using mechanical disruption (bead-beating). RNA was isolated according to the instructions of the manufacturer and treated with 2 U of DNAase I (Ambion) for 25 min at 37°C. One microgram of total RNA was used to generate cDNA (RevertAid Reverse Transcriptase) using random hexamer primers.

Quantitative PCR of isolated DNA samples from intestinal content and cDNA from intestinal tissue samples was performed to detect total bacteria and SFB using specific primer sets: 16S (F: 5’- ACTCCTACGGGAGGCAGCAGT and R: 5’- ATTACCGCGGCTGCTGGC) and SFB (F: 5’- GACGCTGAGGCATGAGAGCAT and R: 5’- GACGGCACGGATTGTTATTCA).



Field Emission Scanning Electron Microscopy

Gut samples were fixed with 5% formaldehyde and 2% glutaraldehyde in HEPES buffer (0.1 M of HEPES, 10 mM of CaCl2, 10 mM of MgCl2, and 0.09 M of sucrose, pH 6.9) overnight at 7°C, then washed twice with TE buffer (20 mM of TRIS, 2 mM of EDTA, pH 6.9), and the gut content was squeezed out. Dehydration was achieved with a graded series of acetone (10%, 30%, 50%, 70%, 90%, 100%) on ice for 15 min for each step. Samples in the 100% acetone step were allowed to reach room temperature before another change in 100% acetone. Samples were then subjected to a critical point drying with liquid CO2 (CPD 300, Leica, Wetzlar). Dried samples were covered with a gold-palladium film by sputter coating (SCD 500 Bal-Tec, Liechtenstein) before examination in a field emission scanning electron microscope Zeiss Merlin (Oberkochen) using the Everhart-Thornley SE-detector and the Inlens SE-detector in a 40:60 ratio with an acceleration voltage of 5 kV.



Isolation of Lamina Propria Leukocytes and Flow Cytometry

To isolate LPL, density gradient centrifugation using Percoll was done as previously described (30). In brief, intestinal organs (small intestine and cecum) were collected during a steady state and 20 h post S. tm. infection. Fecal content was removed, tissues were opened longitudinally, washed with PBS, and then shaken in HBSS containing 2 mM of EDTA for 20 min at 37°C. Tissues were cut into small pieces and incubated with a digestion solution (DMEM containing 1% fetal bovine serum (FBS), 0.25 mg/ml collagenase D, 0.5 U/ml dispase, and 5 μg/ml DNase I) in a shaker for 20 min at 37°C. Digested tissues were filtered through a 70-µM cell strainer (Falcon) and DMEM + 5% FBS was added to inactivate enzymes. The last two steps were repeated until all tissue was digested. After centrifugation, cells were resuspended in 4 ml of 40% Percoll (GE Healthcare) and overlaid on 4 ml of 80% Percoll. Percoll gradient separation was performed by centrifugation at 450 g for 25 min at 25°C. Cells in the interphase were collected and used as LPL. The collected cells were then suspended in a staining buffer containing PBS, 1% FBS, and 2 mM of EDTA. The following antibodies were used: anti-CD45 (30-F11), anti-CD3 (17A2), anti-CD4 (RM4-5, GK1.5), anti-CD44 (IM7), anti-CD62L (MEL-14), anti-CCR6 (29-2L17) (Biolegend), and anti-Vβ-14(14-2) (BD Bioscience). To distinguish live from dead cells, AlexaFluor-350 NHS Ester (Life Technologies) was used. Flow cytometry analysis was performed using a BD LSR (BD Biosciences) and data were analyzed with FlowJo software (TreeStar Inc.).

To monitor the cytokine production by intestinal LPL during a steady state, isolated LPL cells were cultured in an enriched RPMI-1640 media containing 10% FBS, antibiotic cocktail (100 U/ml penicillin, 100 ug/ml streptomycin, GIBCO, Life technologies), and 2 mM/ml L-Glutamine (GIBCO, Life technologies) for 5 h at 37°C. Ex vivo stimulations were carried out in the presence of 50 ng/ml phorbol 12-myristate 13-acetate (PMA) (Sigma), 1 ug/ml Ionomycin (Sigma), 50 ng/ml mouse IL-6 (Biolegend), and 240 ng/ml mouse IL-23 (Biolegend). For the detection of intracecllular cytokines or transcription factors in non-reporter WT mice, stimulated LPL cells were fixed and permeabilized using the Fixation and Permeabilization buffer sets (Biolegend) according to the instructions of the manufacturer or the Foxp3/transcription factor staining buffer set (eBioscience), respectively. Antibodies used for staining were anti-IFNγ (XMG1.2, Biolegend), anti-IL-17A (TC11-18H10.1, Biolegend), anti-IL-22 (1H8PWSR, eBioscience), anti-AhR (T49-550, BD Bioscience), and anti-Rorγt (Q31-378, BD Bioscience).



Low-Input RNA Sequencing and Quantitative PCR

A minimum of 1,000 cells was sorted, and RNA was isolated using the RNAeasy plus micro Kit (Qiagen). Total RNA was quantified and its quality was assessed using a 2100 Bioanalyzer Instrument (Agilent Technologies). RNA samples with RNA integrity number values >9 were used for cDNA synthesis. A total of 200 pg of isolated RNA from each sample were used to synthesize and amplify cDNA (SMART-Seq v4 Ultra low input RNA Kit, Takara) followed by DNA library preparation for sequencing (Nextera XT, Illumina). This approach allowed us to multiplex up to 12 samples/HiSeq run. We employed an analysis pipeline to determine the differentially expressed genes. Briefly, raw reads were quality filtered using Trimmomatic and aligned to the mouse reference genome (mm10) using STAR. Normalization and differential expression were quantified using the DEseq2 package. Differential expressed gene networks were analyzed using the Consensus Path DB-mouse webserver.

Additionally, quantitative-PCR was performed from the low-input cDNA samples using gene-specific primer sets (Sigma) of Il17a primer (F: 5’- ACGTTTCTCAGCAAACTTAC and R: 5’- CCCCTTTACACCTTCTTTTC); Il17f primer (F: 5’- ATACCCAGGAAGACATACTTAG and R: 5’- AGTCCCAACATCAACAGTAG); primer sets (Life Technologies) Ifng primer (Mm00801778_m1); Il22 primer (Mm04203745_mH); and Kapa Sybr Fast or Probe qPCR kit (Kapa Biosystems) on a LightCycler 480 instrument (Roche). PCR conditions were 95°C for 60 s, followed by 40 cycles of 95°C for 3 s, and 60°C for 30 s. Data were analyzed using the the deltaCt method with hprt (F: CTGGTGAAAAGGACCTCTCG and R: TGAAGTACTCATTATAGTCAAGGGCA) serving as the reference housekeeping gene.



CD4+ T Cell Co-Transfer Experiment

Total CD4+ T cells were isolated from the spleen and lymph nodes of wild type (CD45.1, CD45.2) and CD4dnTGFbRII (CD45.2) using MACS technology. Further purification was performed using flow cytometry-based cell sorting. A total of two million CD4+ T cells in a 1:1 ratio from both wild type and transgenic mice were adoptively transferred to Rag2−/− mice through intraperitoneal injection harboring the eSPF+SFB microbiota.



Statistical Analyses

Statistical analysis was performed using the GraphPad Prism program (GraphPad Software). Data are expressed as mean ± SEM. Differences were analyzed by Student’s t test and ANOVA. P-values indicated represent a non-parametric Mann-Whitney U test or Kruskal-Wallis test comparison between groups. P-values ≤ 0.05 were considered as significant: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.000.




Results


CD4+ T Cells are a Significant Source of IL-17A and IL-22 Production In Vivo Upon Enteric Infection

The cytokines IL-17A and IL-22 play crucial roles during homeostasis and inflammation and are produced by various cell types during mucosal inflammation. To assess the in situ production of IL-17A and IL-22, we used a recently described mouse line, the IL-22BFP mice, generated by our collaborators (31), intercrossed with IL-17AGFP and FoxP3RFP mice to generate IL-17AGFP IL-22BFP Foxp3RFP triple reporter mice. Using these mice, we investigated the expression and cellular sources of IL-17A and IL-22 during steady state conditions in vivo as well as at an early time point after enteric infections, i.e., Salmonella typhimurium infection. Specifically, leukocytes from the intestinal lamina propria (LPL) and lymphoid organs were isolated from conventionally housed IL-17AGFP IL-22BFP Foxp3RFP mice left uninfected (baseline) and 1 day post infection (p. i.) with S. typhimurium (S. tm.) (Supplementary Figure S1A; gating strategy Supplementary Figure S1B). Importantly, at this early time point, S. tm. has induced significant inflammation in the cecum but not the SI (32) and CD4+ T cells are unlikely to be S. tm.-specific but rather activated as bystanders (33). LPLs were not restimulated to reflect in vivo cytokine production. We observed that from the total CD45+ isolated leukocytes from the small intestine; both the frequencies and absolute numbers of IL-17A and IL-22 cytokine producing cells did not alter upon S. tm. infection (Figures 1A, B). In contrast, among the total cecal leukocyte population, IL-17A+IL-22+ and IL-17A-IL-22+ cells were significantly increased after S. tm. infection (Figures 1A, B). Similar to the small intestine, frequencies and absolute numbers of IL-17A+IL-22- cells in the cecum were not affected due to enteric infection (Figures 1A, B).




Figure 1 | CD4+ T cells contribute to mucosal IL-17A and IL-22 secretion upon bacterial infection. (A–D) IL-17AGFP IL-22BFP Foxp3RFP (conventionally raised) mice were infected orally with 105 CFU of Salmonella enteria serovar Typhimurium (S. Tm.) after streptomycin-pretreatment. Lamina propria leukocytes (LPL) were isolated from the small intestine and cecum of uninfected (baseline) and 1 day post S. Tm. infected mice. Isolated LPL were analyzed by FACS without any ex vivo restimulation. (A) Representative FACS plots show IL-17A and IL-22 frequencies gated on total CD45+ cells. In (B) frequencies within CD45+, LPL and total numbers of cytokine-producing cells are shown. (C) Representative FACS plots analyzing CD3 and CD4 expression gated on IL-17A and/or IL-22 producing cells and relative frequencies of indicated cell subsets within CD45+ cells (D). Data represent n = 4–10 mice/group as mean ± SEM from at least two independent experiments. P-values indicated represent an unpaired Student’s t test *p < 0,05; n.s., not significant. See also Supplementary Figure S1.



Next, we quantified the relative contribution of CD4+ T cells compared to other immune cell subsets to the production of these cytokines in situ within the LPL, i.e., without ex vivo restimulation. In vivo IL-17A production during a steady state in small intestinal and cecal LPLs was mainly from CD3+CD4+ T cells, likely reflecting the presence of SFB and potentially other IL-17A-inducing bacteria in our conventional mouse facility (data not shown). As expected, since S. tm induces inflammation mainly in the cecum in vivo, IL-17A production from CD3+CD4+ small intestinal LPLs was not altered after infection with S. tm. (Supplementary Figures S1C, D). In contrast, direct in situ IL-22 production was detected almost exclusively in cecal CD45+ LPLs in infected mice, but nearly absent under steady state conditions. Strikingly, CD3+CD4+ cells were the major in vivo source of IL-17A single and IL-17A/IL-22 double cytokine production in LPL from an infected cecum (Figures 1C, D). Although CD3-CD4- cells were the main source of IL-22 single cytokine production in cecum, CD3+CD4+ cells contributed nearly 20% of IL-22 production after Salmonella infection (Figures 1C, D). Consequently, a significant increase in IL-17A+IL-22+ and IL-17A-IL-22+ CD4+ T cells was observed upon S. tm. infection (Supplementary Figures S1C, D). Lymphocytes subsets isolated from the mesenteric lymphnodes (mLN) demonstrated no in vivo IL-22 production in the absence of restimulation (Supplementary Figure S1C). Only IL-17A production was observed from the CD3+CD4+ cell subsets; however, no major difference was detected between the infected and non-infected groups (Supplementary Figure S1C). Together, these data suggest that, CD4+ T cells do not express IL-22 in steady state conditions in the intestine and that CD4+ T cells are a source of rapid or “innate-like” IL-22 responses in the cecum mucosa early after Salmonella infection.



In Vivo Early IL-17A/IL-22 Response by CD4+ T Cells Upon Salmonella Infection Are Dependent on Segmented Filamentous Bacteria

Previous work has demonstrated that “innate-like” Th17 responses upon enteropathogenic infection are dependent on the presence of the intestinal microbiota (26). To further investigate the effect of specific members of the microbiota on in vivo cytokine production, we rederived IL-17AGFP IL-22BFP Foxp3RFP mice into an enhanced specific pathogen free (eSPF) microbiota condition lacking numerous known immunomodulatory components of the microbiota, i.e., SFB, Helicobacter spp., norovirus, and Tritrichomonas spp. that have been reported to influence the quality and quantity of CD4+ T cell responses (22). To determine the influence of SFB on the rapid CD4+ T cell response during Salmonella infection, specifically IL-22 production, we cohoused eSPF reporter mice with SFB monocolonized donor mice for 14 days (Supplementary Figure S2A). SFB colonization was confirmed by a scanning electron microscopy of the terminal ileum of SFB cohoused recipients (Figure 2A), as well as by performing SFB-specific qPCR of both intestinal mucosa and content (Figure 2B). Characterization of IL-17A- and IL-22-producing CD4+ T cells from eSPF and eSPF+SFB reporter mice during steady state conditions and in the absence of restimulation revealed, in line with previous studies, that SFB colonization strongly increased the frequency and number of IL-17A+ CD4+ T cells in the SI (Supplementary Figures S2B, C). Notably, while low levels of IL-17 production were detected within CD4+ T cell in the cecum, IL-22 production from CD4+ T cells was undetectable in both the cecum and SI in the absence of restimulation (Supplementary Figures S2B, C). Strikingly, infection with S. tm. induced in eSPF+SFB mice compared to SPF mice significantly increases the frequencies and numbers of IL-17A-IL-22+ and IL-17A+IL-22+ CD4+ T cells specifically in the cecal LPLs (Figures 2C, D). This was similar to the conventionally housed mice suggesting that SFB induces beyond classical Th17 cells also a CD4+ T cell subset that rapid produce in the cecum exclusively IL-22 but not IL-17A after enteric infections.




Figure 2 | Anti-bacterial IL-17A and IL-22 responses by CD4+ T cells are dependent on SFB. (A) Scanning electron microscopy of ileum samples from eSPF mice with or without cohousing with SFB-monocolonized mice. (B) Relative expression of SFB specific 16S rRNA gene compared to total bacterial 16S rRNA gene in tissues and contents from different parts of intestinal tract in eSPF and eSPF+SFB colonized mice. (C, D) LPL were isolated 1d post S. tm. infection from the small intestine and cecum of IL-17AGFP IL-22BFP FoxP3RFP mice harboring eSPF or eSPF+SFB. Representative FACS plots and percentages and absolute numbers of CD3+CD4+ cells expressing IL-17A and IL-22 without restimulation. (E–G) LPL were isolated during steady state and 1d post S. tm. infection from small intestine and cecum of RORγtGFP FoxP3RFP mice harboring eSPF or eSPF+SFB. Representative FACS plots (E, F) and percentages and absolute numbers (G) of CD3+CD4+ cells expressing RORγt and Foxp3. Data represent n = 5–13 mice/group as mean ± SEM from at least two independent experiments. P-values indicated represent an unpaired Student’s t test *p < 0,05; **p < 0,01; ***p < 0,001; ****p < 0,0001; n.s., not significant. See also Supplementary Figure S2.



Prior studies have demonstrated that SFB-induced RORγt+ T cells colonize not only the small intestine but also other mucosal sites (34). Hence, we next quantified the effect of SFB colonization as well as infection on the numbers of cecal tissue-resident RORγt+ T cells in our model. Therefore, we rederived a previously described RORγtGFPFoxP3RFP reporter mice (35) into eSPF conditions. This mouse line simplifies the unbiased in situ quantification of RORγt- and FoxP3-expressing cell subsets including Th17 cells as well as thymus-derived and periphally induced Tregs. Colonization of eSPF RORγtGFPFoxP3RFP reporter mice with SFB resulted in the expansion of RORγt+FoxP3- CD4+ T cells in both the SI and cecum as expected (Figures 2E, G). Notably, while Salmonella infection did not largely affect the frequencies of RORγt+FoxP3- CD4 T cells in the cecum, their absolute abundance was 2.5-fold higher in eSPF+SFB after infection compared to steady state conditions (Figures 2F, G). This suggests that enteric infection already at this early time point results in either in situ proliferation or in the recruitment of additional RORγt+FoxP3- CD4+ T cells to the inflamed site. Overall, these results provide support for the previous observation that SFB colonization results in the seeding of RORγt+Foxp3- CD4+ T cells beyond the terminal ileum. Besides, they identifiy that SFB induces, in the context of the eSPF microbiota, the acquisition of diverse cytokine-production profiles in CD4+ T cells, including a subset that produces IL-22 but not IL17A after Salmonella infection.



Segmented Filamentous Bacteria are Sufficient to Induce Distinct IL-17 and IL-22 Responses of CD4 T Cells

The interaction of SFB with other members of the intestinal microbiota has been reported to modulate Th17 functions, for instance, the properties of high salt intake-induced pathogenic Th17 cells (36). To assess whether SFB alone is sufficient to induce the differentiation of distinct subsets of innate-like CD4+ T cells, we rederived IL-17AGFP IL-22BFP Foxp3RFP mice into germ-free (GF) conditions and cohoused them with SFB-monoassociated mice. Similar to SFB cohoused eSPF mice, monoassociation of GF mice with SFB also resulted in a significant production of IL-17A from small intestinal and cecal CD3+CD4+ LPLs at baseline in the absence of ex vivo restimulation, notably, even at a higher relative abundance than in the eSPF setting (Supplementary Figures S3A, B). During infection with S. tm., in line with the observations from the eSPF mice, we detected increased frequencies and absolute numbers of IL-17A-IL-22+ and IL-17A+IL-22+ CD4+ T cells in cecal LPLs from S. tm. infected SFB colonized GF mice (Figures 3A, B). Unlike eSPF mice, S. tm. infection also resulted in a robust accumulation of additional IL-17A+IL-22- CD3+CD4+ T cells in cecal LPL and IL-17A-IL-22+ and IL-17A+IL-22+ CD3+CD4+ T cells also in the small intestinal LPLs of GF mice harboring SFB (Figures 3A, B). CD3+CD4- and CD3-CD4- cells did not show any difference in in vivo cytokine production in the presence or absence of SFB in GF mice (data not shown). Taken together, these data demonstrate that presence of SFB alone is sufficient for the rapid production of IL-17A and IL-22 by CD4+ T cells after Salmonella infection. But, these experiments also highlight the distinct effects of SFB on CD4+ T cells in GF and eSPF mice suggesting that the immunomodulatory effect of SFB is modulated by other commensal bacteria.




Figure 3 | Anti-bacterial IL-17A and IL-22 responses by CD4+ T cells are SFB specific. (A, B) LPL were isolated 1d post S. tm. infection from the small intestine and cecum of IL-17AGFP IL-22BFP FoxP3RFP mice under GF or GF+SFB conditions. Representative FACS plots (A) and percentages and absolute numbers (B) of CD3+CD4+ cells expressing IL-17A and IL-22 without ex vivo restimulation. (C) CD3+CD4+ T cells from small intestinal LPL from eSPF+SFB mice were analyzed for Vβ14 expression in IL-17A+ and Foxp3+ cells. Left, representative FACS plots and right, specific enrichment of Vβ14 TCRs in CD4 T cells expressing IL-17A and Foxp3 in the absence of ex vivo restimulation. (D) CD3+CD4+ T cells from cecal LPL from eSPF+SFB mice after 1d S. tm. infection were analyzed for Vβ14 expression in IL-17A+ and/or IL-22+ and Foxp3+ cells. Left, representative FACS plots and right, specific enrichment of Vβ14 TCRs in CD4 T cells expressing IL-17A and/or IL-22 and Foxp3 in the absence of ex vivo restimulation. Data represent n = 9–16 mice/group as mean ± SEM from at least two independent experiments. P-values indicated represent an unpaired Student’s t test *p < 0,05; **p < 0,01; ***p < 0,001; ****p < 0,0001; n.s., not significant. See also Supplementary Figure S3.



It has been demonstrated that SFB-induced Th17 cells present in the SI during steady state conditions are predominantly recognizing distinct epitopes from SFB resulting in the enrichment of T cells expressing the Vβ14 chain of the TCR (24). Hence, we next addressed whether subsets differing in their cytokine-secretion show similar patterns of Vβ14 TCR enrichment after S. tm. infection. In line with the previous report, small intestinal IL-17A+ (Th17) cells in steady state conditions were significantly enriched in the Vβ14 TCRs compared to Foxp3+ CD4+ T cells (Figure 3C). In cecal LPLs from eSPF+SFB mice infected with S. tm., a significant increase in the Vβ14 TCR enrichment was observed specifically in IL-17A-IL-22+ and IL-17A+IL-22+ CD4+ T cells compared to IL-17A+IL-22- and Foxp3+ CD4+ T cells (Figure 3D). We performed similar experiments in SFB monocolonized GF mice and could show the same increase in Vβ14 TCR enrichment in IL-17A-IL-22+ and IL-17A+IL-22+ CD4+ T cell subsets similar to that observed in eSPF+SFB mice (Supplementary Figures S3C, D). Unlike in eSPF+SFB mice, increased Vβ14 TCR enrichment was also observed in the IL-17A+IL-22- CD4+ T cell subset in cecal LPLs of GF mice after S. tm. infection implying a potentially different antigen specificity within this subset depending on the presence of additional gut microbes (Supplementary Figure S3D). Together, these data demonstrate that SFB is sufficient to induce distinct populations of CD4+ T cells characterized by different combinations of innate-like in situ IL-17 and IL-22 production upon enteric infection.



Bystander Activation of Segmented Filamentous Bacteria-Dependent IL-17A and/or IL-22+ CD4+ T Cells has Distinct Gene-Expression Profiles

Innate-like Th17 cells have been reported to display activated memory-like phenotypes (26, 27). We characterized the activation and memory state of SFB-induced IL-17A and/or IL-22 producing CD4+ T cells based on the expression of specific markers including CCR6, CD44, and CD62L in the presence or absence of Salmonella infection (Figure 4A). We observed that regardless of the infection state in SFB colonized eSPF mice, within small intestinal LPLs nearly 100% of IL-17A+IL-22- cells expressed CD44+ and lacked CD62L expression with around 70% of them expressing CCR6, which is in contrast to IL-17A-IL-22- cells (Figure 4A). Strikingly, after S. tm. infection, in cecal LPLs of SFB colonized eSPF mice IL-17A+IL-22+, IL-17A+IL-22-, and IL-17A-IL-22+ cells demonstrated a similar phenotype as small intestinal IL-17A+IL-22- cells (Figure 4A). Notably, fewer IL-17A-IL-22+ CD4+ T cells expressed CCR6 compared to other cytokine releasing cell subsets in the cecum. These findings were further corroborated by isolation and characterization of the cell subsets from SFB-monocolonized GF mice (Supplementary Figure S4A) suggesting a memory or tissue-resident CD4+ T cell phenotype of these cells.




Figure 4 | Distinct properties of SFB modulated CD4 T cells. (A) CD3+CD4+ T cells from small intestinal and cecal LPL from eSPF+SFB mice during baseline and after 1d S. tm. infection were analyzed for the expression of CD44, CD62L, and CCR6 expression in IL-17A+ and/or IL-22+ and IL-17A-IL-22- cells in the absence of ex vivo restimulation. (B, C) RNA-seq analysis of sorted CD3+CD4+ IL-17A+IL-22- cells from small intestinal LPL during baseline and IL-17A+IL-22+ cells from cecal LPL 1d post S. tm. infection from mice colonized with eSPF+SFB microbiota. β-diversity analysis (B) and DEseq analysis (C) comparing significant up/downregulation of genes (fold change > 2) of these two subpopulation. Cells were isolated based on cytokine expression in the absence of ex vivo restimulation. (D, E) RNA-seq analysis of sorted CD3+CD4+ IL-17A+IL-22+ cells and IL-17A-IL-22+ cells from cecal LPL 1d post S. tm. infection from mice colonized with eSPF+SFB microbiota. β-diversity analysis (D) and DEseq analysis (E) comparing significant up/downregulation of genes (fold change > 2) of these two subpopulation. Cells were isolated based on cytokine expression in the absence of ex vivo restimulation. Data represent n = 4–6 mice/group as mean ± SEM from at least two independent experiments. P-values indicated represent an unpaired Student’s t test *p < 0,05. See also Supplementary Figure S4.



Next, we wanted to characterize the gene expression profile of distinct in vivo cytokine producing cells comparing antigen-specific and bystander activation by sorting these cells based on their cytokine expression directly ex vivo. From SFB colonized eSPF mice, we FACS sorted three distinct populations of CD3+CD4+ T cells: IL-17A+IL-22- cells from small intestinal LPLs of uninfected mice and IL-17A-IL-22+ and IL-17A+IL-22+ cells from cecal LPLs of S. tm. infected mice (Supplementary Figure S4B). The purity of the different subsets of FACS sorted cells was confirmed using specific quantitative PCR for Il17a and Il22 gene expression (Supplementary Figure S4C). The comparison of gene expression revealed a significant difference between conventional Th17 cells (IL-17A+IL-22-) from the small intestine and bystander activated Th17/22 cells (IL-17A+IL-22+) from the cecum (Figure 4B). Specifically, we observed more than 2,000 genes were differentially up- or downregulated (FC > 2, p < 0.05) (Figure 4C). Numerous cellular process and pathways likely reflecting the different activation status were affected.

Next, we compared the gene expression of bystander activated IL-17+IL-22+ and IL-17-IL-22+ CD4+ T cells. Although PCoA analysis revealed a distinct clustering (Figure 4D), the number of differentially expressed genes (FC > 2, p < 0.05) between these two groups was considerably lower than between Th17 and Th17/22 (99 vs 2,087 genes respectively) (Figure 4E). Besides the expected differential expression of Il17a and Il17f in Th17 (22) cells, we observed a higher expression of Cxcl3, a chemokine involved in immune cells migration and adhesion. In contrast, Th22 cells demonstrated, for instance, an increased expression of Tcf7, a transcription factor associated with negative regulation of IL-17 expression (37). Moreover, bystander activated IL-17-IL-22+ CD4+ T cells highly expressed Th1 associated genes like Il12rb2 and Ifnγ. Increased expression of Il17f by Th17 (22) cells and Ifnγ by Th22 cells were confirmed by quantitative PCR (Supplementary Figure S4D). Together, these data suggest that IL-17+IL-22+ and IL17-IL-22+ CD4+ T cells differ in the expression of additional cytokines and receptors that may contribute to unique functions of the subpopulations during enteric infections.



Segmented Filamentous Bacteria-Induced IL-17A-IL-22+ CD4 T Cells Do Not Share a Cytokine Expression Profile With Other CD4+ T Cells

To effectively exert their effector function, memory CD4+ T cells subsets express distinct sets of cytokines after antigen encounter. Strikingly, diverse Th cell subsets with various combinations of cytokine expression after ex vivo restimulation have been described in the human intestine that do not fit into the classical Th cell subsets (21). Whether the microbiota or other antigens prime these subsets is unknown. While some studies have reported an increase of IFN-γ and IL-10 production from CD4+ T cells after SFB colonization as well the fundamental participation on the induction of systemic T follicular helper (Tfh) cells (38, 39), Littman and colleagues have reported that SFB induces exclusively Th17 cells that maintain their cytokine expression profiles even in conditions of Th1 polarization (24).

Since we identified IFN-γ expression from IL-17A+IL-22+ and IL-17A+IL-22+ CD4+ T cells using gene expression analysis, we aimed to analyze whether all SFB-induced Th17 cells co-produce IFN-γ or whether this is potentially specific for certain subpopulations during bystander activation after Salmonella infection. Therefore, we utilized IL-17AGFP IFN-γKatushka FoxP3RFP mice rederived into the eSPF environment (40). In line with our previous observations, we observed IL-17A+ T cells in steady state conditions predominantly in the SI of eSPF+SFB mice, where a subset of them produced also IFN-γ in situ (Supplementary Figures S5A, B). Early after Salmonella infection, IL-17A+IFN-γ- and IL-17A+IFN-γ+ but not IL-17A-IFN-γ+ CD4+ T cells were significantly increased in the cecum of eSPF+SFB compared to eSPF mice (Figures 5A, B) suggesting that colonization with SFB results in the expansion of Th17-related subpopulations of CD4+ T cells but not classical Th1 cells. Next, to further extend our analysis to IL-22, we intercrossed the two reporter mouse lines to create a quadruple IL-17AGFP IL-22BFP IFNγKatushka Foxp3RFP reporter mouse line (Figure 5C). FACS analysis of cecal CD4+ T cells after Salmonella infection of eSPF+SFB mice revealed that ~70% of IFN-γ producing CD4 T cells did not secrete IL-17A or IL-22 indicating a classical Th1 phenotype (Figures 5D, F). The majority of IL-17A was derived from cells producing only IL-17A or IL-17A and IL-22 together, which was similar for IL-22, which was derived largely either from cells expressing only IL-22 or IL-17A and IL-22 (Figures 5D, E, G). Notably, almost all possible combinations were routinely detected, except cells that were IL17A+IL-22-IFN-γ+ (Figures 5D–G). Together, these data demonstrate that SFB does not affect intestinal Th1 cell abundances but that SFB rather induces CD4+ T cells with diverse cytokine secretion profiles including a subset of cells producing only IL-22 upon enteric infection.




Figure 5 | IL-22 producing CD4 T cells are induced by SFB independent of IFNγ+ CD4 T cells. (A, B) LPL were isolated from baseline and 1d post S. tm. infection from the cecum of IL-17AGFP IFN-γKatushka FoxP3RFP mice harboring eSPF or eSPF+SFB. Representative FACS plots (A) and percentages and absolute numbers (B) of CD3+CD4+ cells expressing IL-17A and IFN-γ in the absence of ex vivo restimulation. (C) A quadruple knock-in reporter mice were derived by crossing IL-17AGFP IL-22BFP FoxP3RFP and IL-17AGFP IFN-γKatushka FoxP3RFP mouse lines. (D–G) LPL were isolated from 1d post S. tm. infection from the cecum of quadruple reporter mice and analyzed by FACS. Representative FACS plots of CD3+CD4+ cells expressing IL-17A, IL-22, and/or IFN-γ in the absence of ex vivo restimulation (D). Frequencies of cytokine secretion by CD4 T cells expressing IL-17A (E), IFN-γ (F), or IL-22 (G). Data represent n = 6–9 mice/group as mean ± SEM from at least two independent experiments. P-values indicated represent an unpaired Student’s t test *p < 0,05; **p < 0,01; ***p < 0,001; n.s., not significant. See also Supplementary Figure S5.





Segmented Filamentous Bacteria-Induced Th22 Cells Require Distinct Cytokine Stimulation for Its Effector Function

IL-22 producing CD4+ T cells have been identified in diverse tissues including the intestine (15, 41, 42). The increased abundance of IL-17A-IL-22+ cells CD4+ T cells after Salmonella infection of eSPF+SFB compared to eSPF mice triggered the question of whether these SFB-induced cells are also detectable in steady state conditions. Yet, in vitro restimulation of CD4+ T cells from eSPF and eSPF+SFB mice with PMA and ionomycin resulted in the production of IL-22 from only a small fraction of CD4+ T cells (0.22% +/- 0.09) (Figure 6A). Since Salmonella infection results in a massive cytokine storm in the intestinal mucosa, we hypothesized that infection-induced cytokines would potentially be required to efficiently stimulate IL-22 production from Th22 or related CD4+ cell subpopulations. Notably, both IL-6 and IL-23 have already been reported to induce IL-17 and IL-22 secretion in vitro from CD4 T cells (43, 44). Hence, isolated LPL from IL-17AGFP IL-22BFP Foxp3RFP reporter mice harboring the eSPF+SFB microbiota were restimulated for 5hrs under different conditions (Figures 6A and Supplementary Figure S6A). Strikingly, stimulation of cells with IL-6 and IL-23 together with PMA and ionomycin resulted in an increased production of IL-22 in both IL-17+ and IL-17- CD4+ T cells (Figure 6A). IL-6 and IL-23 alone were not sufficient to efficiently stimulate IL-22 production. Moreover, IL-17 production alone was not affected under this condition (Figure 6A). Next, CD4+ T cells from the SI and cecum from eSPF and eSPF+SFB mice were stimulated in optimized conditions to assess whether SFB induces a subpopulation of cells producing IL-22 but not IL-17A ex vivo in the steady state. Strikingly, a significant increase in IL-22 production was observed only from CD4+ T cells in SFB colonized mice (Figures 6B, C). Moreover, unlike Salmonella infection CD4+ T cells from the SI also released IL-22 upon ex vivo restimulation suggesting that these cells also reside in the SI (Figures 6B, C). In contrast, CD4+ T cells from the mesenteric lymphnodes from the SFB colonized mice did not demonstrate any significant IL-22 producing ability (Supplementary Figures S6B, C). Since our earlier findings indicated the presence of subpopulations of IFN-γ and IL-22 co-producing CD4+ T cells, we tested whether SFB can induce CD4+ T cells secreting only IL-22. To this end, we characterized the expression of IL-17A, IFN-γ and IL-22 from small intestinal LPL isolated from eSPF and eSPF+SFB colonized mice during a steady state and restimulated under optimized conditions. Strikingly, we observed a significant increase in IL-22 single and IFN-γ co-producing CD4+IL-17A- T cells in mice colonized with SFB (Figures 6D, E). In line with our previous findings, CD4+ T cells producing only IFN-γ were not affected by the presence or absence of SFB (Figures 6D, E).




Figure 6 | SFB induced CD4 T cells during steady state require cytokine stimulation to secret IL-22. (A) Small intestinal LPL were isolated from baseline of IL-17AGFP IL-22BFP FoxP3RFP mice harboring eSPF+SFB. Isolated LPL were stimulated for 5hrs upon indicated conditions and analyzed by FACS. Left, representative FACS plots and right, frequencies of CD3+CD4+ cells expressing IL-17A and IL-22. (B, C) LPL were isolated from baseline of IL-17AGFP IL-22BFP FoxP3RFP mice harboring eSPF or eSPF+SFB. Isolated LPL were stimulated for 5hrs in presence of IL-6, IL-23, PMA and ionomycin and analyzed by FACS. Left, representative FACS plots (B) and right, frequencies (C) of CD3+CD4+ cells expressing IL-17A and IL-22. (D, E) LPL were isolated from the baseline of non-reporter (WT) mice harboring eSPF or eSPF+SFB. Isolated LPL were stimulated for 5 h in presence of IL-6, IL-23, PMA, and ionomycin and analyzed by FACS for intracellular cytokine production. Left, representative FACS plots (D) and right, frequencies (E) of CD3+CD4+IL-17A- cells expressing IFN-γ and IL-22. (F) LPL were isolated from the baseline of non-reporter (WT) mice harboring eSPF+SFB. Isolated LPL were stimulated for 5 h in the presence of IL-6, IL-23, PMA, and ionomycin and analyzed by FACS for transcription factor and cytokine production. Left, representative FACS plots gated on the indicated subsets of CD4+ T cells and right, frequencies of transcription factor positive cells within the indicated subsets. Data represent n = 4–8 mice/group as mean ± SEM from at least two independent experiments. P-values indicated represent an unpaired Student’s t test *p < 0,05; **p < 0,01; ***p < 0,001; n.s., not significant. See also Supplementary Figure S6.



We next performed analyzed transcription factor expression in IL-22- and IL-17-producing CD4+ T cells. Our initial analysis of LPLs from IL-17AGFP IL-22BFP Foxp3RFP reporter mice failed to detect expression of the cytokines from FoxP3+ cells (data not shown). Next, ileal LPLs from mice harboring the eSPF+SFB microbiota were next restimulated for 5hrs with PMA, ionomycin, IL-6, and IL-23 followed by staining for cytokines (IL-17A and IL-22) and transcription factors (RORγt, Ahr) (Figure 6F). The analysis demonstrated that within the IL-22+IL17- CD4+ T cell subset, approx. 40% expressed Ahr and RORgt. From the IL-17+IL-22+ CD4+ T cells, the large majority were RORgt+ and only a minority expressed Ahr, i.e., 81% and 33%, respectively. While these analyses do not clearly identify the exclusive expression patterns between the subpopulations, specific differences could be observed. Together, these data demonstrate that SFB colonization induces a CD4+ T cell population producing IL-22 but not IL-17A or IFN-γ, which is also present under steady state conditions. They may represent a Th22 cell subset that releases IL-22 upon encountering specific cytokine signals in addition to TCR stimulation.



Segmented Filamentous Bacteria-Induced Th22 Cells Develop Independent of IL-17 Secretion and TGF-β Signaling

The concept of plasticity of the Th cell subsets has emerged to describe the conversion of one of the classical subsets of Th cells into another, e.g., the transdifferentiation of Th17 into T regulatory type 1 cells has been recently identified (40, 45). In order to address whether the subpopulation of IL-17-IL22+ CD4+ T cells derive from IL-17A producing cells in the SI, we utilized an IL-17 fate reporter system in which enhanced yellow fluorescent protein (YFP) permanently labels all cells that have temporarily expressed IL-17A (IL-17ACRE R26YFP) (40, 46). We crossed these mice with IL-17AGFP IL-22BFP Foxp3RFP reporter mice to obtain IL-17ACRE R26YFP IL-17AGFP IL-22BFP Foxp3RFP mice, which allow to identify whether IL-22 producing CD4+ T cells in the SI and cecum derive from cells that have formerly expressed IL-17A. Colonization of these mice with SFB induced the expression of YFP in 9% of CD4+ T cells, while in eSPF mice, only 0.6% were positive demonstrating that YFP+ cell are almost exclusively induced by SFB (Figure 7A). Nearly all CD4+ T cells producing IL-17A in situ in the SI of mice colonized with SFB expressed YFP (85%), which was absent from FoxP3+ T cells (Figure 7B). In line with our previous observations, no CD4+ T cells producing IL-22 in situ were observed, hence, LPL were restimulated under optimized conditions, which did not result in an increased YFP expression in CD4+ T cells itself (Figure 7C). While YFP expression was observed in a large fraction of IL-17A+ (54%) and IL-17+IL-22+ (67%) CD4+ T cells, IL-22+IL17A- CD4+ T cells expressed almost no YFP (Figure 7D). This indicates that SFB-induced IL-22+IL-17A- CD4+ T cells are likely not derived from an exTh17 population in the SI. Although YFP+ CD4+ T cells were substantially low in cecal LPL (Supplementary Figure S7A), similar to the restimulation of cells from the SI, IL-17-IL-22+ CD4+ T cells from the cecum after Salmonella did express low levels of YFP comparable to Foxp3+ CD4 T cells, while half of the IL-17+ cells expressed YFP (Supplementary Figure S7B). This strongly suggests that IL-22+IL-17A- CD4+ T cells do not derive from IL-17A+ population.




Figure 7 | SFB-induced Th-22 cells development is independent of IL-17 secretion. (A, B) CD3+CD4+ T cells from small intestinal LPL from eSPF and eSPF+SFB colonized IL-17ACRE R26YFP IL-17AGFP IL-22BFP Foxp3RFP (Fate reporter) mice were analyzed for YFP expression during baseline and 1d post S. tm. infection without ex vivo restimulation. YFP expression in total CD3+CD4+ cells (A). YFP expression in IL-17A+ and Foxp3+ cells from eSPF+SFB colonized mice (B) and in left, representative FACS plots and right, frequencies of YFP+ cells in CD4 T cells expressing IL-17A and Foxp3. (C, D) CD3+CD4+ T cells from small intestinal LPL from eSPF and eSPF+SFB colonized Fate reporter mice were stimulated ex vivo under stated condition and analyzed for YFP expression during baseline. YFP expression in total CD3+CD4+ cells (C). YFP expression in IL-17A+ and/or IL-22+ cells and Foxp3+ cells from eSPF+SFB colonized mice (D) and in left, representative FACS plots and right, frequencies of YFP+ cells in CD4 T cells expressing IL-17A and/or IL-22 and Foxp3 without any ex vivo restimulation. (E) CD3+CD4+ T cells from cecal LPL after 1d S. tm. infection from eSPF+SFB colonized Rag2-/- mice, that received CD4+ T cells from congenically labeled WT and CD4dnTGFβRII mice (1:1), were analyzed for expression of congenic markers in IL-17A+ and/or IL-22+ and Foxp3+ cells after restimulation. Left, representative FACS plots and right, frequencies of YFP+ cells in CD4 T cells expressing IL-17A and/or IL-22 and Foxp3. Data represent n = 5–17 mice/group as mean ± SEM from at least two independent experiments. P-values indicated represent an unpaired Student’s t test *p < 0,05; ***p < 0,001; ****p < 0,0001. See also Supplementary Figure S7.



We next questioned whether IL-22-producing cells develop independently from signals important for Th17 cell development. Hence, we addressed the role of transforming growth factor (TGF)-β, which plays an essential role for Th17 differentiation in both mouse models and human (31, 47, 48). To investigate whether SFB induced Th17 (22) and Th22 cells also require TGF-β signaling for their differentiation, we used transgenic mice expressing a dominant negative form of TGF-β receptor II under control of the Cd4 promoter (CD4dnTGFβRII mice) (49, 50). We transferred CD4+ T cells from both wild type (CD45.1, CD45.2) and CD4dnTGFβRII (CD45.2) mice in a 1:1 ratio into Rag2-/- mice harboring the eSPF+SFB microbiota. The recipient mice were infected with S. tm. after 4 weeks. Conventional cells from the small intestinal LPL showed an enrichment of Th17 cells from the wild type donor confirming the importance of TGF-β signaling for Th17 differentiation (Supplementary Figure S7C). Similar to our previous results, LPL isolated from the cecum of the Rag2-/- recipient mice contained IL-17A and IL-22 producing CD4+ T cells (data not shown). Similar to small intestinal Th17 cells, cecal Th17 and Th17 (22) cells were significantly enriched with cells from the WT donor (Figure 7E). In contrast, IL-17A-IL22+ CD4 T cells had developed even in the absence of TGF-β signaling (Figure 7E).

Together, these data demonstrate that SFB induces a subpopulation of CD4+ T cells with the ability to release IL-22 but not IL-17, which are not derived from IL-17-producing Th17 cells in the SI and unlike Th17 cells develop independent of TGF-β signaling suggesting that they are potentially bona fide Th22 cells.




Discussion

In the last decade, researchers have started to recognize that specific members of the intestinal microbiota have a disproportional influence on the development and function of immune cell subsets in the mucosa and beyond. Hence, understanding the contribution of specific members of the microbiota on immune homeostasis and inflammation has emerged as a central question in many physiological and inflammatory processes, including mucosal infections. Here, we demonstrate that colonization with SFB, a well-recognized de novo inducer of Th17 cells, results in an enhanced numbers of T cells with the potential to produce IL-22 but not IL-17. Moreover, we showed that these IL-22+IL-17- T cells, presumably Th22, develop independent of the signals required for classical Th17 differentiation and release these cytokines in the mucosa early during enteric Salmonella infection.

IL-22 plays an important role in the cross-talk between immune cells and non-immune cells in several tissues regulating tissue regeneration and anti-microbial immunity. Multiple cellular sources of IL-22 have been identified including ILC3s, γδ T cells and CD4+ T cells. Within the CD4+ T cells, multiple subsets including Th17 and Th1 cells have been identified as sources of IL-22 production. Additionally, the existence of a distinct subset of Th22 has been proposed, yet, its status is still being debated largely due to an overlap between IL-22 production with lineage signature cytokines such IL-17A and IFNγ. The hypothesis that potentially multiple subsets of CD4+ T cell including Th1, Th17, and Th22 cells are a source of IL-22 in vivo has been supported by the fate-mapping of IL-22 producing cells during inflammation models (51). These experiments revealed that many cells that produced IL-22 during their lifetime lost the ability to produce IL-22 or also acquired production of cytokines such as IL-17 or IFN-γ (51). Moreover, evidence of plasticity for these cell lineages both in vivo and in vitro depending on types of inflammation and culture conditions have been reported, respectively (44, 46, 52). Yet, many of these experiments required the restimulation of immune cells ex vivo, which has already been demonstrated in other experimental settings not to reflect in vivo cytokine production capabilities (53). Hence, to investigate the relation between IL-17A and IL-22 production in CD4+ T cells in vivo, we decided to utilize a novel IL-22BFP reporter allele (31) crossed with a previously developed IL-17AGFP reporter allele. We assessed cytokine production in the steady state and during early phases of enteric inflammation at which time CD4+ T cells have been demonstrated to produce IL-17 and IL-22 after bystander activation (26). In line with these previous reports that utilized the restimulation of T cells to measure cytokine production, CD4+ T cells produced little IL-22 in the steady state, but already at early time points after infection they are a significant source of IL-22, even in the absence of ex vivo restimulation. Memory or tissue-resident CD4+ T cells, identified by the expression of CD62L and CD44, are the major source of IL-17A and IL-22 cytokine production at this time point. In line with previous work, we could observe an increase in the number of these innate-like types of IL-17A+IL-22- and IL-17A+IL-22+ CD4+ T cells in cecal LPL from infected mice (26). Moreover, we also observed a significant increase in the numbers and frequencies in IL-17A-IL-22+ CD4+ T cells. However, in a steady state condition, our finding contrasted previous report of IL-22 reporter mice, since we did not detect any IL-22 production from intestinal LPLs from non-infected mice (54). This may reflect differences in microbiota and diet composition in animal colonies, since these factors have been demonstrated to modulate IL-22 production. Notably, IL-22 is not detectable in the colonic mucosa of healthy human subjects; however, IL-22 expression is readily detectable from CD4+ T cells in the colonic mucosa of IBD patients (55). Studies have demonstrated that the frequency of IL-22-producing cells is increased in UC patients as well as CD patients, indicating a possible pro-inflammatory role in the etiology of IBD or an attempt of the cells to contribute to tissue repair (55, 56). To investigate the involvement of specific microbiota modulating such innate-like CD4+ T cells, we rederived our reporter mice into an eSPF barrier lacking many known potential pathobionts i.e., SFB, Helicobacter spp., Prevotellaceae, murine Norovirus, and protozoa that have previously been reported to modulate host adaptive immunity (28). Strikingly, mice from this eSPF barrier almost completely lost their ability to induce innate IL-17A and IL-22 producing CD4+ T cells upon Salmonella infection and cytokine production ability was successfully restored upon colonization with SFB. Notably, at early stages of Salmonella infection enhanced numbers of CD4+ T cells producing only IL-22 are observed in SFB colonized mice, which to our knowledge is the first report to observe microbiota modulation of Th22 cells in mice. Under steady state conditions only classical IL-17A producing Th17 were observed in small intestinal LPLs suggesting that IL-22 production is not directly linked to IL-17 production, either stemming from a different subset of cell or requiring different induction signals.

In order to characterize the interrelation between IL-17A-IL-22+ and IL-17+ CD4+ T cells, we performed several additional analyses. First, analysis of Vβ14 TCR enrichment, a TCR chain enriched in CD4 T cells specific for SFB (24), showed a comparably increased ratios in IL-17A-IL-22+ and IL-17+IL-22+ CD4+ T cells compared to other subsets suggesting that they may recognize similar SFB-derived antigens. However, these experiments fall short of directly demonstrating antigen specificity and require further experimentation using SFB-derived antigens and full TCR analysis on the level of single cells rather than only analyzing specific TCR chains in bulk populations. Second, cytokine fate mapping is a sophisticated method extensively used in recent years to described T cell plasticity in different studies (40, 45). Using IL-17 fate mapping mice, we demonstrated that SFB induced Th22 cells have not secreted IL-17A during their development indicating a distinct development of these cell subsets compared to classical SFB-induced Th17. This hypothesis is further supported by a third analysis, i.e., of mice with altered TGF-β signaling, demonstrating that SFB induced Th22 develop independently of TGF-β signaling which is, in contrast, required for Th17 cells. Of note, similar observations have been made for IL-22-producing CD4+ T cells in colitis-associated colon cancer (31). Together, these findings suggest that in vivo SFB is not only essential to induce steady-state Th17 cells in the small intestine, but also provide signals resulting in the development of CD4+ T cell subsets characterized by the distinct combinations of IL-22 and IL-17A production rapidly after infection in the intestine.

To complement the characterization of SFB-induced rapid or “innate-like” CD4+ T cells based on their cytokine production, we employed a transcriptional profiling of these distinct cell subsets directly isolated from intestinal LPLs without any restimulation. Strikingly, IL-17A+IL-22+ CD4+ T cells isolated from S. tm. infected mice demonstrated distinct gene expression profiles compared to ileal Th17 cells isolated from the SI of SFB colonized mice at baseline and clustered more closely to IL-22 only producing CD4+ T cells. Strikingly, these differences were mainly due to the significantly increased expression of Ifnγ and Il17f by IL-17A-IL-22+ and IL-17A+IL-22+ CD4+ T cells compared to ileal Th17 cells. Increases in Ifnγ expression might benefit the host via diverse mechanisms such as controlling pathogen loads in the intestinal tissue and regulating mucin release by goblet cells or other so far unknown effects (57–59). Ifnγ expression by Th22 subsets questioned whether SFB induces Th1 cells that are able to secret IL-22 upon infection. Previous reports regarding the role of SFB to induce IFN-γ producing CD4+ T (Th1) cells were contradictory demonstrating no Th1 induction to significant Th1 induction in presence of SFB (22, 38). Using a combination of cytokine reporter mice, we demonstrated a direct influence of SFB on IL-22 producing cell subset but not on only IFN-γ−producing cells. Cytokine expression analysis were complemented with an analysis of transcription factors using RNAseq and flow cytometry. For instance, RNAseq analysis revealed only a minor increase in Tbx21 expression in these innate like CD4+ cells compared to classical Th17 cells. Flow cytometry-based analysis of transcription factors of IL-17A-IL-22+ and IL-17A+IL-22+ CD4+ T cells further identified differences in Ahr and RORγt expression between the two subsets, but without a clearly distinct pattern, i.e., a significant fraction of cells within the subsets share Ahr and RORγt expression. Hence, further detailed studies regarding the transcriptional regulation of these specific Th cell subsets are still necessary, ideally on the level of single cells in combination with TCR analysis to analyze interrelations between the subsets. An additional question that stills remain to be clarified is the role of cytokines in the induction of IL-22 expression in comparison to IL-17. Our experiments have identified that IL-6 and IL-23 assist in IL-22 induction from CD4+ T cells, yet, the contribution of additional cytokine such as IL-1b, which enhances IL-22 production in ILC3s (60), has not been tested.

In conclusion, our study allowed us to to identify a population of CD4+ T cells producing IL-22 and quantitatively assess the effect of de novo colonization of SFB on the differentiation of this subset using using gnotobiotic mice. The exact role of adaptive immune cell derived IL-22 during antimicrobial immunity remains to be investigated, including potential reduncies to ILC-derived IL-22 in the induction of antimicrobial peptides and tissue repair. While this and several observations will require additional experiments as discussed above, we believe that this knowledge will eventually allow identifying the sources of pathogenic memory cells that alter disease susceptibility upon bystander activation during inflammatory responses.
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Supplementary Figure S1 | CD4+ T cells contribute to mucosal IL-17A and IL-22 secretion upon bacterial infection (A) Experimental procedure for infection with Salmonella enterica serovar Typhimurium (S. Tm.), briefly Streptomycin-pretreated mice were orally infected with 105 of S. Tm. Lamina propria leukocytes (LPL) were isolated from small intestine of non-infected (baseline) and 1 day after S. Tm. (S. Tm. 1d p. i.) infected IL-17AGFP IL-22BFP Foxp3RFP (conventionally raised) mice and analyzed by FACS without any ex vivo restimulation. (B) Gating strategy of FACS data is displayed. (C–D) Representative FACS plots showing IL-17A and IL-22 frequencies gated on total CD3+CD4+ cells (C) and relative frequencies of indicated cell subsets (D). Data represent n=4-10 mice/group as mean ± SEM from at least two independent experiments. P values indicated represent a unpaired Student’s t test *p < 0,05; **p < 0,01; ***p > 0,001; ****p > 0,0001.

Supplementary Figure S2 |  Anti-bacterial IL-17A and IL-22 responses by CD4+ T cells are dependent on SFB (A) Experimental procedure: eSPF RORγtGFP FoxP3RFP or IL-17AGFP IL-22BFP FoxP3RFP mice were cohoused with SFB monocolonized mice for 3 weeks followed by S. Tm. infection described in Supplementary Figure S1. (B–C) LPL were isolated during baseline from small intestine and cecum of IL-17AGFP IL-22BFP FoxP3RFP mice harboring eSPF or eSPF+SFB. Representative FACS plots (B) and percentages and absolute numbers (C) of CD3+CD4+ cells expressing IL-17A and IL-22 without any ex vivo restimulation. Data represent n=5-13 mice/group as mean ± SEM from at least two independent experiments. P values indicated represent a unpaired Student’s t test *p < 0,05; **p < 0,01; ***p < 0,001; ****p < 0,0001.

Supplementary Figure S3 | Anti-bacterial IL-17A and IL-22 responses by CD4+ T cells are SFB specific (A–B) LPL were isolated during baseline from small intestine and cecum of IL-17AGFP IL-22BFP FoxP3RFP mice harboring GF or GF+SFB. Representative FACS plots (E) and percentages and absolute numbers (F) of CD3+CD4+ cells expressing IL-17A and IL-22 without any ex vivo restimulation. (C) CD3+CD4+ T cells from small intestinal LPL 1d after S. Tm. infection from GF+SFB were analyzed for Vβ14 expression in IL-17A+ and Foxp3+ cells. Left, representative FACS plots and right, specific enrichment of Vβ14 TCRs in CD4 T cells expressing IL-17A and Foxp3 without any ex vivo restimulation. (D) CD3+CD4+ T cells from cecal LPL 1d after S. Tm. infection from GF+SFB were analyzed for Vβ14 expression in IL-17A and/or IL-22 and Foxp3+ cells. Left, representative FACS plots and right, specific enrichment of Vβ14 TCRs in CD4 T cells expressing IL-17A and/or IL-22 and Foxp3 without any ex vivo restimulation. Data represent n=4-10 mice/group as mean ± SEM from at least two independent experiments. P values indicated represent a unpaired Student’s t test *p < 0,05; **p < 0,01; ***p < 0,001; ****p < 0,0001.

Supplementary Figure S4 | Distinct properties of SFB modulated CD4 T cells (A) CD3+CD4+ T cells from small intestinal and cecal LPL from GF+SFB mice during baseline and after 1d S. Tm. infection were analyzed for their effector memory (CD44hiCD62Llo) properties and CCR6 expression in IL-17A+ and/or IL-22+ and IL-17A-IL-22- cells in absence of any ex vivo restimulation. (B) Gating strategy demonstrating sorting of cytokine producing CD3+CD4+ LPL isolated from non-infected and infected eSPF+SFB colonized mice. (C–D) Quantitative PCR to detect relative expression of specific gene of interest from cytokine producing CD3+CD4+ cell subsets sorted in S4B. The cells were not restimulated. Data represent n=4-6 mice/group as mean ± SEM from at least two independent experiments. P values indicated represent a unpaired Student’s t test *p < 0,05; **p < 0,01; ***p <  0,001; ****p < 0,0001.

Supplementary Figure S5 | IL-22 producing CD4 T cells are induced by SFB independent of IFNg+ CD4 T cells (A–B) LPL were isolated from baseline and 1d post S. Tm. infection from small intestine of IL-17AGFP IFN-γKatushka FoxP3RFP mice harboring eSPF or eSPF+SFB. Representative FACS plots (A) and percentages and absolute numbers (B) of CD3+CD4+ cells expressing IL-17A and IFN-γ without any ex vivo restimulation. Data represent n=6-9 mice/group as mean ± SEM from at least two independent experiments. P values indicated represent a unpaired Student’s t test *p < 0,05; **p < 0,01; ***p < 0,001; ****p< 0,0001.

Supplementary Figure S6 | SFB induced CD4 T cells during steady state require cytokine stimulation to secret IL-22 (A) Cecal LPL were isolated from baseline of IL-17AGFP IL-22BFP FoxP3RFP mice harboring eSPF+SFB. Isolated LPL were stimulated for 5hrs upon indicated conditions and analyzed by FACS. (B–C) Leukocytes were isolated from mesenteric lymphnode from IL-17AGFP IL-22BFP FoxP3RFP mice harboring eSPF or eSPF+SFB. Isolated LPL were stimulated for 5hrs in presence of IL-6, IL-23, PMA and inomycin and analyzed by FACS. Left, representative FACS plots (B) and right, frequencies (C) of CD3+CD4+ cells expressing IL-17A and IL-22. Data represent n=4-5 mice/group as mean ± SEM from at least two independent experiments. P values indicated represent a unpaired Student’s t test *p < 0,05; **p < 0,01; ***p< 0,001; ****p < 0,0001.

Supplementary Figure S7 | SFB induced Th-22 cells development is independent of IL-17 secretion (A–B) CD3+CD4+ T cells from cecal LPL from eSPF and eSPF+SFB colonized Fate reporter mice were isolated 1d post S. Tm infection and analyzed for YFP expression during baseline. YFP expression in total CD3+CD4+ cells (A). YFP expression in IL-17A+ and/or IL-22+ cells and Foxp3+ cells from eSPF+SFB colonized mice (B) and in left, representative FACS plots and right, frequencies of YFP+ cells in CD4 T cells expressing IL-17A and/or IL-22 and Foxp3 without any ex vivo restimulation. (C) CD3+CD4+ T cells from small intestinal LPL after 1d S. Tm. infection from eSPF+SFB colonized Rag2-/- mice, that received CD4+ T cells from congenically labeled WT and CD4dnTGFβRII mice (1 : 1), were analyzed for expression of congenic markers in IL-17A+ and Foxp3+ cells. Left, representative FACS plots and right, frequencies of YFP+ cells in CD4 T cells expressing IL-17A and/or IL-22 and Foxp3 without any ex vivo restimulation. Data represent n=5-8 mice/group as mean ± SEM from at least two independent experiments. P values indicated represent an unpaired Student’s t test *p < 0,05; **p < 0,01; ***p< 0,001; ****p< 0,0001.



References

1. Veldhoen, M. Interleukin 17 Is a Chief Orchestrator of Immunity. Nat Immunol (2017) 18:612–21. doi: 10.1038/ni.3742

2. McGeachy, MJ, Cua, DJ, and Gaffen, SL. The IL-17 Family of Cytokines in Health and Disease. Immunity (2019) 50:892–906. doi: 10.1016/j.immuni.2019.03.021

3. Veldhoen, M, Hocking, RJ, Flavell, RA, and Stockinger, B. Signals Mediated by Transforming Growth Factor-β Initiate Autoimmune Encephalomyelitis, But Chronic Inflammation Is Needed to Sustain Disease. Nat Immunol (2006) 7:1151–6. doi: 10.1038/ni1391

4. McGinley, AM, Sutton, CE, Edwards, SC, Leane, CM, DeCourcey, J, Teijeiro, A, et al. Interleukin-17a Serves a Priming Role in Autoimmunity by Recruiting IL-1β-Producing Myeloid Cells That Promote Pathogenic T Cells. Immunity (2020) 52:342–56.e6. doi: 10.1016/j.immuni.2020.01.002

5. Regen, T, Isaac, S, Amorim, A, Núñez, NG, Hauptmann, J, Shanmugavadivu, A, et al. IL-17 Controls Central Nervous System Autoimmunity Through the Intestinal Microbiome. Sci Immunol (2021) 6:eaaz6563. doi: 10.1126/sciimmunol.aaz6563

6. Hirota, K, Yoshitomi, H, Hashimoto, M, Maeda, S, Teradaira, S, Sugimoto, N, et al. Preferential Recruitment of CCR6-Expressing Th17 Cells to Inflamed Joints via CCL20 in Rheumatoid Arthritis and Its Animal Model. J Exp Med (2007) 204:2803–12. doi: 10.1084/jem.20071397

7. Yang, P, Qian, FY, Zhang, MF, Xu, AL, Wang, X, Jiang, BP, et al. Th17 Cell Pathogenicity and Plasticity in Rheumatoid Arthritis. J Leukoc Biol (2019) 106:1233–40. doi: 10.1002/JLB.4RU0619-197R

8. van der Fits, L, Mourits, S, Voerman, JSA, Kant, M, Boon, L, Laman, JD, et al. Imiquimod-Induced Psoriasis-Like Skin Inflammation in Mice Is Mediated via the IL-23/IL-17 Axis. J Immunol (2009) 182:5836–45. doi: 10.4049/jimmunol.0802999

9. Brembilla, NC, Senra, L, and Boehncke, WH. The IL-17 Family of Cytokines in Psoriasis: IL-17A and Beyond. Front Immunol (2018) 9:1682. doi: 10.3389/fimmu.2018.01682

10. Fletcher, JM, Lonergan, R, Costelloe, L, Kinsella, K, Moran, B, O’Farrelly, C, et al. CD39_Foxp3_ Regulatory T Cells Suppress Pathogenic Th17 Cells and Are Impaired in Multiple Sclerosis. J Immunol (2009) 183:7602–10. doi: 10.4049/jimmunol.0901881

11. Cosorich, I, Dalla-Costa, G, Sorini, C, Ferrarese, R, Messina, MJ, Dolpady, J, et al. High Frequency of Intestinal TH17 Cells Correlates With Microbiota Alterations and Disease Activity in Multiple Sclerosis. Sci Adv (2017) 3:e1700492. doi: 10.1126/sciadv.1700492

12. Zenewicz, LA, Yancopoulos, GD, Valenzuela, DM, Murphy, AJ, Stevens, S, and Flavell, RA. Innate and Adaptive Interleukin-22 Protects Mice From Inflammatory Bowel Disease. Immunity (2008) 29:947–57. doi: 10.1016/j.immuni.2008.11.003

13. Britton, GJ, Contijoch, EJ, Mogno, I, Vennaro, OH, Llewellyn, SR, Ng, R, et al. Microbiotas From Humans With Inflammatory Bowel Disease Alter the Balance of Gut Th17 and Rorγt+ Regulatory T Cells and Exacerbate Colitis in Mice. Immunity (2019) 50:212–24.e4. doi: 10.1016/j.immuni.2018.12.015

14. Lee, JY, Hall, JA, Kroehling, L, Wu, L, Najar, T, Nguyen, HH, et al. Serum Amyloid A Proteins Induce Pathogenic Th17 Cells and Promote Inflammatory Disease. Cell (2020) 180:79–91.e16. doi: 10.1016/j.cell.2019.11.026

15. Trifari, S, Kaplan, CD, Tran, EH, Crellin, NK, and Spits, H. Identification of a Human Helper T Cell Population That has Abundant Production of Interleukin 22 and is Distinct From TH-17, TH1 and TH2 Cells. Nat Immunol (2009) 10:864–71. doi: 10.1038/ni.1770

16. Dudakov, JA, Hanash, AM, and Van Den Brink, MRM. Interleukin-22: Immunobiology and Pathology. Annu Rev Immunol (2015) 33:747–85. doi: 10.1146/annurev-immunol-032414-112123

17. Sonnenberg, GF, Nair, MG, Kirn, TJ, Zaph, C, Fouser, LA, and Artis, D. Pathological Versus Protective Functions of IL-22 in Airway Inflammation Are Regulated by IL-17a. J Exp Med (2010) 207:1293–305. doi: 10.1084/jem.20092054

18. Besnard, A-G, Sabat, R, Dumoutier, L, Renauld, J-C, Willart, M, Lambrecht, B, et al. Dual Role of IL-22 in Allergic Airway Inflammation and its Cross-Talk With IL-17a. Am J Respir Crit Care Med (2011) 183:1153–63. doi: 10.1164/rccm.201008-1383OC

19. Omenetti, S, Bussi, C, Metidji, A, Iseppon, A, Lee, S, Tolaini, M, et al. The Intestine Harbors Functionally Distinct Homeostatic Tissue-Resident and Inflammatory Th17 Cells. Immunity (2019) 51:77–89. doi: 10.1016/j.immuni.2019.05.004

20. Kiner, E, Willie, E, Vijaykumar, B, Chowdhary, K, Schmutz, H, Chandler, J, et al. Gut CD4+ T Cell Phenotypes are a Continuum Molded by Microbes, Not by TH Archetypes. Nat Immunol (2021) 22:216–28. doi: 10.1038/s41590-020-00836-7

21. Wong, MT, Ong, DEH, Lim, FSH, Teng, KWW, McGovern, N, Narayanan, S, et al. A High-Dimensional Atlas of Human T Cell Diversity Reveals Tissue-Specific Trafficking and Cytokine Signatures. Immunity (2016) 45:442–56. doi: 10.1016/j.immuni.2016.07.007

22. Ivanov, IIII, Atarashi, K, Manel, N, Brodie, EEL, Shima, T, Karaoz, U, et al. Induction of Intestinal Th17 Cells by Segmented Filamentous Bacteria. Cell (2009) 139:485–98. doi: 10.1016/j.cell.2009.09.033

23. Klaasen, HL, van der Heijden, PJ, Stok, W, Poelma, FG, Koopman, JP, Van den Brink, ME, et al. Apathogenic, Intestinal, Segmented, Filamentous Bacteria Stimulate the Mucosal Immune System of Mice. Infect Immun (1993) 61:303–6. doi: 10.1128/IAI.61.1.303-306.1993

24. Yang, Y, Torchinsky, MB, Gobert, M, Xiong, H, Xu, M, Linehan, JL, et al. Focused Specificity of Intestinal TH17 Cells Towards Commensal Bacterial Antigens. Nature (2014) 510:152–6. doi: 10.1038/nature13279

25. Atarashi, K, Tanoue, T, Ando, M, Kamada, N, Nagano, Y, Narushima, S, et al. Th17 Cell Induction by Adhesion of Microbes to Intestinal Epithelial Cells. Cell (2015) 163(2):1–14. doi: 10.1016/j.cell.2015.08.058

26. Geddes, K, Rubino, SJ, Magalhaes, JG, Streutker, C, Le Bourhis, L, Cho, JH, et al. Identification of an Innate T Helper Type 17 Response to Intestinal Bacterial Pathogens. Nat Med (2011) 17:837–44. doi: 10.1038/nm.2391

27. Bradley, CP, Teng, F, Felix, KM, Sano, T, Naskar, D, Block, KE, et al. Segmented Filamentous Bacteria Provoke Lung Autoimmunity by Inducing Gut-Lung Axis Th17 Cells Expressing Dual TCRs. Cell Host Microbe (2017) 22:697–704.e4. doi: 10.1016/j.chom.2017.10.007

28. Thiemann, S, Smit, N, Roy, U, Lesker, TR, Gálvez, EJC, Helmecke, J, et al. Enhancement of Ifnγ Production by Distinct Commensals Ameliorates Salmonella -Induced Disease. Cell Host Microbe (2017) 21:682–94. doi: 10.1016/j.chom.2017.05.005

29. Turnbaugh, PJ, Ridaura, VK, Faith, JJ, Rey, FE, Knight, R, and Gordon, JI. The Effect of Diet on the Human Gut Microbiome: A Metagenomic Analysis in Humanized Gnotobiotic Mice. Sci Transl Med (2009) 1:6ra14–4. doi: 10.1126/scitranslmed.3000322

30. Weigmann, B, Tubbe, I, Seidel, D, Nicolaev, A, Becker, C, and Neurath, MF. Isolation and Subsequent Analysis of Murine Lamina Propria Mononuclear Cells From Colonic Tissue. Nat Protoc (2007) 2:2307–11. doi: 10.1038/nprot.2007.315

31. Perez, LG, Kempski, J, McGee, HM, Pelzcar, P, Agalioti, T, Giannou, A, et al. TGF-β Signaling in Th17 Cells Promotes IL-22 Production and Colitis-Associated Colon Cancer. Nat Commun (2020) 11:2608. doi: 10.1038/s41467-020-16363-w

32. Barthel, M, Hapfelmeier, S, Quintanilla-Martínez, L, Kremer, M, Rohde, M, Hogardt, M, et al. Pretreatment of Mice With Streptomycin Provides a Salmonella Enterica Serovar Typhimurium Colitis Model That Allows Analysis of Both Pathogen and Host. Infect Immun (2003) 71:2839–58. doi: 10.1128/IAI.71.5.2839-2858.2003

33. O’Donnell, H, and McSorley, SJ. Salmonella as a Model for Non-Cognate Th1 Cell Stimulation. Front Immunol (2014) 5:621. doi: 10.3389/fimmu.2014.00621

34. Sano, T, Huang, W, Hall, JA, Yang, Y, Chen, A, Gavzy, SJ, et al. An IL-23r/IL-22 Circuit Regulates Epithelial Serum Amyloid A to Promote Local Effector Th17 Responses. Cell (2015) 163:381–93. doi: 10.1016/j.cell.2015.08.061

35. Yang, B-H, Hagemann, S, Mamareli, P, Lauer, U, Hoffmann, U, Beckstette, M, et al. Foxp3+ T Cells Expressing Rorγt Represent a Stable Regulatory T-Cell Effector Lineage With Enhanced Suppressive Capacity During Intestinal Inflammation. Mucosal Immunol (2016) 9:444–57. doi: 10.1038/mi.2015.74

36. Wilck, N, Matus, MG, Kearney, SM, Olesen, SW, Forslund, K, Bartolomaeus, H, et al. Salt-Responsive Gut Commensal Modulates TH17 Axis and Disease. Nature (2017) 551:585–9. doi: 10.1038/nature24628

37. Yu, Q, Sharma, A, Ghosh, A, and Sen, JM. T Cell Factor-1 Negatively Regulates Expression of IL-17 Family of Cytokines and Protects Mice From Experimental Autoimmune Encephalomyelitis. J Immunol (2011) 186:3946–52. doi: 10.4049/jimmunol.1003497

38. Gaboriau-Routhiau, V, Rakotobe, S, Lécuyer, E, Mulder, I, Lan, A, Bridonneau, C, et al. The Key Role of Segmented Filamentous Bacteria in the Coordinated Maturation of Gut Helper T Cell Responses. Immunity (2009) 31:677–89. doi: 10.1016/j.immuni.2009.08.020

39. Teng, F, Klinger, CN, Felix, KM, Bradley, CP, Wu, E, Tran, NL, et al. Gut Microbiota Drive Autoimmune Arthritis by Promoting Differentiation and Migration of Peyer’s Patch T Follicular Helper Cells. Immunity (2016) 44:875–88. doi: 10.1016/j.immuni.2016.03.013

40. Gagliani, N, Vesely, MCA, Iseppon, A, Brockmann, L, Xu, H, Palm, NW, et al. Th17 Cells Transdifferentiate Into Regulatory T Cells During Resolution of Inflammation. Nature (2015) 523(7559):1–5. doi: 10.1038/nature14452

41. Duhen, T, Geiger, R, Jarrossay, D, Lanzavecchia, A, and Sallusto, F. Production of Interleukin 22 But Not Interleukin 17 by a Subset of Human Skin-Homing Memory T Cells. Nat Immunol (2009) 10:857–63. doi: 10.1038/ni.1767

42. Basu, R, O’Quinn, DB, Silberger, DJ, Schoeb, TR, Fouser, L, Ouyang, W, et al. Th22 Cells Are an Important Source of IL-22 for Host Protection Against Enteropathogenic Bacteria. Immunity (2012) 37:1061–75. doi: 10.1016/j.immuni.2012.08.024

43. Ghoreschi, K, Laurence, A, Yang, XP, Tato, CM, McGeachy, MJ, Konkel, JE, et al. Generation of Pathogenic TH 17 Cells in the Absence of TGF-β 2 Signalling. Nature (2010) 467:967–71. doi: 10.1038/nature09447

44. Plank, MW, Kaiko, GE, Maltby, S, Weaver, J, Tay, HL, Shen, W, et al. Th22 Cells Form a Distinct Th Lineage From Th17 Cells In Vitro With Unique Transcriptional Properties and Tbet-Dependent Th1 Plasticity. J Immunol (2017) 198:2182–90. doi: 10.4049/jimmunol.1601480

45. Xu, H, Agalioti, T, Zhao, J, Steglich, B, Wahib, R, Vesely, MCA, et al. The Induction and Function of the Anti-Inflammatory Fate of TH17 Cells. Nat Commun (2020) 11:1–13. doi: 10.1038/s41467-020-17097-5

46. Hirota, K, Duarte, JH, Veldhoen, M, Hornsby, E, Li, Y, Cua, DJ, et al. Fate Mapping of IL-17-Producing T Cells in Inflammatory Responses. Nat Immunol (2011) 12:255–63. doi: 10.1038/ni.1993

47. Bettelli, E, Carrier, Y, Gao, W, Korn, T, Strom, TB, Oukka, M, et al. Reciprocal Developmental Pathways for the Generation of Pathogenic Effector TH17 and Regulatory T Cells. Nature (2006) 441:235–8. doi: 10.1038/nature04753

48. Volpe, E, Servant, N, Zollinger, R, Bogiatzi, SI, Hupé, P, Barillot, E, et al. A Critical Function for Transforming Growth Factor-β, Interleukin 23 and Proinflammatory Cytokines in Driving and Modulating Human TH-17 Responses. Nat Immunol (2008) 9:650–7. doi: 10.1038/ni.1613

49. Gorelik, L, and Flavell, RA. Abrogation of Tgfβ Signaling in T Cells Leads to Spontaneous T Cell Differentiation and Autoimmune Disease. Immunity (2000) 12:171–81. doi: 10.1016/S1074-7613(00)80170-3

50. Huber, S, Stahl, FR, Schrader, J, Lüth, S, Presser, K, Carambia, A, et al. Activin A Promotes the TGF-β-Induced Conversion of CD4 + CD25 – T Cells Into Foxp3 + Induced Regulatory T Cells. J Immunol (2009) 182:4633–40. doi: 10.4049/jimmunol.0803143

51. Ahlfors, H, Morrison, PJ, Duarte, JH, Li, Y, Biro, J, Tolaini, M, et al. IL-22 Fate Reporter Reveals Origin and Control of IL-22 Production in Homeostasis and Infection. J Immunol (2014) 193:4602–13. doi: 10.4049/jimmunol.1401244

52. Nistala, K, Adams, S, Cambrook, H, Ursu, S, Olivito, B, de Jager, W, et al. Th17 Plasticity in Human Autoimmune Arthritis is Driven by the Inflammatory Environment. Proc Natl Acad Sci (2010) 107:14751–6. doi: 10.1073/pnas.1003852107

53. Esplugues, E, Huber, S, Gagliani, N, Hauser, AE, Town, T, Wan, YY, et al. Control of TH17 Cells Occurs in the Small Intestine. Nature (2011) 475:514–8. doi: 10.1038/nature10228

54. Shen, W, Hixon, JA, McLean, MH, Li, WQ, and Durum, SK. IL-22-Expressing Murine Lymphocytes Display Plasticity and Pathogenicity in Reporter Mice. Front Immunol (2016) 6:662. doi: 10.3389/fimmu.2015.00662

55. Andoh, A, Zhang, Z, Inatomi, O, Fujino, S, Deguchi, Y, Araki, Y, et al. Interleukin-22, A Member of the IL-10 Subfamily, Induces Inflammatory Responses in Colonic Subepithelial Myofibroblasts. Gastroenterology (2005) 129:969–84. doi: 10.1053/j.gastro.2005.06.071

56. Brand, S. IL-22 is Increased in Active Crohn’s Disease and Promotes Proinflammatory Gene Expression and Intestinal Epithelial Cell Migration. AJP Gastrointest Liver Physiol (2006) 290:G827–38. doi: 10.1152/ajpgi.00513.2005

57. Godinez, I, Haneda, T, Raffatellu, M, George, MD, Paixao, TA, Rolan, HG, et al. T Cells Help To Amplify Inflammatory Responses Induced by Salmonella Enterica Serotype Typhimurium in the Intestinal Mucosa. Infect Immun (2008) 76:2008–17. doi: 10.1128/IAI.01691-07

58. Rhee, SJ, Walker, WA, and Cherayil, BJ. Developmentally Regulated Intestinal Expression of IFN-Gamma and Its Target Genes and the Age-Specific Response to Enteric Salmonella Infection. J Immunol (2005) 175:1127–36. doi: 10.4049/jimmunol.175.2.1127

59. Songhet, P, Barthel, M, Stecher, B, Müller, AJ, Kremer, M, Hansson, GC, et al. Stromal IFN-γr-Signaling Modulates Goblet Cell Function During Salmonella Typhimurium Infection. PloS One (2011) 6:e22459. doi: 10.1371/journal.pone.0022459

60. Killig, M, Glatzer, T, and Romagnani, C. Recognition Strategies of Group 3 Innate Lymphoid Cells. Front Immunol (2014) 5:142. doi: 10.3389/fimmu.2014.00142




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Roy, de Oliveira, Galvez, Gronow, Basic, Perez, Gagliani, Bleich, Huber and Strowig. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 23 September 2021

doi: 10.3389/fimmu.2021.726472

[image: image2]


Endocervical Regulatory T Cells Are Associated With Decreased Genital Inflammation and Lower HIV Target Cell Abundance


Aloysious Ssemaganda 1*, Francois Cholette 1,2, Michelle Perner 1, Cheli Kambaran 1, Wendy Adhiambo 3, Peter M. Wambugu 3, Henok Gebrebrhan 1, Amy Lee 1, Faisal Nuhu 1, Ruth S. Mwatelah 1, Naima Jahan 1, Tosin E. Omole 1, Tabitha Wanjiru 3, Apollo Gitau 3, Joshua Kimani 1,3 and Lyle R. McKinnon 1,2,4*


1 Department of Medical Microbiology and Infectious Diseases, University of Manitoba, Winnipeg, MN, Canada, 2 JC Wilt Infectious Diseases Research Centre, Public Health Agency of Canada, Winnipeg, MN, Canada, 3 Department of Medical Microbiology, University of Nairobi, Nairobi, Kenya, 4 Centre for the AIDS Program of Research in South Africa (CAPRISA), Durban, South Africa




Edited by: 

Christoph Siegfried Niki Klose, Charité–Universitätsmedizin Berlin, Germany

Reviewed by: 

Yogesh Singh, Tübingen University Hospital, Germany

Pam Kozlowski, Louisiana State University, United States

*Correspondence: 

Lyle R. McKinnon
 lyle.mckinnon@umanitoba.ca 

Aloysious Ssemaganda
 aloysious.ssemaganda@umanitoba.ca

Specialty section: 
 This article was submitted to Mucosal Immunity, a section of the journal Frontiers in Immunology


Received: 16 June 2021

Accepted: 06 September 2021

Published: 23 September 2021

Citation:
Ssemaganda A, Cholette F, Perner M, Kambaran C, Adhiambo W, Wambugu PM, Gebrebrhan H, Lee A, Nuhu F, Mwatelah RS, Jahan N, Omole TE, Wanjiru T, Gitau A, Kimani J and McKinnon LR (2021) Endocervical Regulatory T Cells Are Associated With Decreased Genital Inflammation and Lower HIV Target Cell Abundance. Front. Immunol. 12:726472. doi: 10.3389/fimmu.2021.726472



Regulatory T cells (Tregs) play important roles in tissue homeostasis, but few studies have investigated tissue Tregs in the context of genital inflammation, HIV target cell density, and vaginal microbiota in humans. In women from Nairobi (n=64), the proportion of CD4+ CD25+ CD127low Tregs in the endocervix correlated with those in blood (r=0.31, p=0.01), with a higher Treg frequency observed in the endocervix (median 3.8 vs 2.0%, p<0.0001). Most Tregs expressed FOXP3 in both compartments, and CTLA-4 expression was higher on endocervical Tregs compared to blood (median 50.8 vs 6.0%, p<0.0001). More than half (34/62, 55%) of participants displayed a non-Lactobacillus dominant vaginal microbiota, which was not associated with endocervical Tregs or CD4+ T cell abundance. In a multivariable linear regression, endocervical Treg proportions were inversely associated with the number of elevated pro-inflammatory cytokines (p=0.03). Inverse Treg associations were also observed for specific cytokines including IL-1β, G-CSF, Eotaxin, IL-1RA, IL-8, and MIP-1 β. Higher endocervical Treg proportions were associated with lower abundance of endocervical CD4+ T cells (0.30 log10 CD4+ T cells per log10 Treg, p=0.00028), with a similar trend for Th17 cells (p=0.09). Selectively increasing endocervical Tregs may represent a pathway to reduce genital tract inflammation in women.
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Introduction

Genital inflammation defined by elevated levels of proinflammatory cytokines in mucosal secretions has been associated with ~3-fold increased HIV acquisition and diminished topical PrEP efficacy in women (1, 2). Additional work by our group has demonstrated that elevated cervicovaginal cytokines coincide with higher numbers of HIV target cells and a decrease in proteins associated with mucosal barrier function, providing a potential mechanism linking genital inflammation with HIV acquisition (3). In this model, inflammatory cytokines recruit immune cells, which in turn secrete proteins that contribute toward mucosal tissue damage and further cytokine release, perpetuating a cycle of impaired barrier function and more target cell recruitment for HIV to establish a localized infection (4). To disrupt this cycle, it is critical to understand the mechanisms that regulate inflammation and its pathogenic effects, which might contribute to interventions that can reduce the risk of HIV acquisition. While more attention has been directed toward the activation and memory status of CD4+ T cell subsets such as Th17 cells in the context of tissue inflammation in the cervix (5–9), little is known about regulatory T cells (Tregs) in this tissue, and the roles they might play in reducing inflammation and maintaining tissue homeostasis.

Tregs play a vital role in limiting excess immune responses and maintaining tissue immune tolerance and homeostasis (10). Tregs are generally characterized on the basis of their origin, with natural Treg (nTreg) developing in the thymus and induced Treg (iTreg) derived from conventional CD4+ T cells in blood (11, 12). Tregs are defined by their memory and activation status, their phenotype, defined by expression of soluble and cell surface markers linked to their function, such as CTLA-4, PD-1, TGF-β, IL-10, and IL-35, their antigen specificity, and their relationship to other T helper subsets (13). While iTregs often predominate in tissues and mature through interactions with cytokines and commensal flora, the general consensus is the provenance of tissue Tregs is dependent on the tissue examined (14, 15). Therefore, the balance and distribution of Tregs could have important implications for inhibition of specific inflammatory processes in tissues.

Fewer studies have focused on endocervical Tregs, with most focusing on their role in pregnancy/fertility outcomes (16–18). This is in part because Treg frequency may be influenced by sex hormones; with FOXP3 expression being increased in the ovulatory phase of the menstrual cycle (19), to increase odds of implantation. At the onset of fetal development, FOXP3+ Tregs migrate from peripheral blood to the maternal/fetal interface and mediate immune suppression (19). Three nTreg and iTreg subsets; CD25hi FOXP3+, PD1hi IL-10+, and TIGIT+ FOXP3dim were observed in the decidua and these contribute to tolerance during pregnancy (20).

Taken together, these data suggest there are many knowledge gaps regarding Tregs and the genital inflammatory milieu. We hypothesized that increased frequency of cervicovaginal Tregs would correspond to a reduction of genital inflammation. We tested this hypothesis amongst female sex workers in Nairobi, correlating endocervical Tregs to inflammatory surrogates of HIV susceptibility and adverse reproductive health outcomes. We found that cervicovaginal Tregs were associated with decreased genital inflammation and reduced frequencies of HIV target cell abundance, suggesting that increasing this cell population may represent a mechanism for better control of genital inflammation.



Results


Participant Characteristics

HIV uninfected women were enrolled from the Sex Workers Outreach Program (SWOP) clinic in Nairobi (n=64, Table 1). The median age was 28 years (IQR: 25-30), and median time in sex work was 3 years (IQR: 2-6). Most (86%) reported sex work as their primary mode of income, and nearly three-quarters (72%) had completed secondary or tertiary education. Participants reported a median of one sex act with both repeat (IQR: 0-2) and casual clients (IQR: 0-3) in the week prior to enrolment. Condom use was quite common with casual and repeat clients, with >90% reporting always using condoms with these types of sexual partners. Just under half of participants (42%) reported having a husband or boyfriend, and ‘always’ condom use was much lower in this context (15%). Over half (53%) reported vaginal douching, and 67% reported use of enhancing substances during sex. Prior pre-exposure prophylaxis (PrEP) access was relatively common at 55% (35/64), and approximately one-quarter (17/64, 27%) had reported being previously diagnosed with a sexually transmitted infection. More than half (56%) reported have sex while under the influence of alcohol. Nearly half of participants (31/64, 48%) reported use of any form of contraception, with depot medroxyprogesterone acetate (DMPA) and implants being most commonly reported. The median number of pregnancies was 2 (IQR, 1-3) and 20% of the women reported a history of still birth, spontaneous abortion or miscarriage.


Table 1 | Behavioral, reproductive and demographic characteristics of study participants.





Treg Characterization in the Female Reproductive Tract and Blood

Tregs were defined by flow cytometry as live, single CD3+ CD4+ T cells expressing CD25 but not CD127 (Figure 1A). Tregs were then gated separately to measure Treg-specific FOXP3+ and CTLA-4 expression. Th17 cells were characterized as CD4+ T cells expressing both CD161 and CCR6, as previously described (21). Treg frequency was higher in the cervix compared to blood (median 3.8%, IQR: 2.2 to 7.1 vs 2.0%, IQR 1.3 to 2.9; p<0.0001, Figure 1B), with similar findings when FOXP3 or CTLA4 were included in the gating that defined Tregs (Figures 1C, D). Most endocervical and peripheral Tregs expressed FOXP3 (median 45.3%, IQR: 27.1 to 60.0; and 45.3%, IQR: 25.9 to 58.8, respectively), with no difference between compartments (p=0.4, Figure 1E). Endocervical Tregs expressed higher levels of CTLA-4 compared to blood (50.8%, IQR: 32.1 to 71.3 vs 6.04%, IQR: 2.2 to 10.7; p<0.0001, Figure 1F). Despite increased Tregs in the endocervix, the proportion of Tregs in the endocervix correlated with frequencies in blood (r=0.31, p=0.01, Figure 1G).




Figure 1 | Treg and Th17 phenotyping in blood and endocervix. (A) Representative flow cytometry plots showing the gating strategy used to define Tregs as CD4+ T cells expressing CD25 and low CD127. CD25+CD127lo cells were then gated for FOXP3 or CTLA-4 expression. Th17 cells were defined by the co-expression of CD161 and CCR6. (B) Proportions of CD25+CD127lo CD4+ T cells in the blood and cervix. (C) Proportions of CD25+CD127lo FOXP3+ CD4+ T cells. (D) Proportions of CD25+ CD127lo CTLA-4+ CD4+ T cells, (E) %FOXP3 expression within CD25hi CD127 lo CD4+ T cells, (F) %CTLA4 expression within CD25hi CD127 lo CD4+ T cells, (G) CD25+CD127lo Tregs in the endocervix correlated with peripheral blood Tregs.





Endocervical Treg Associations With Behavioral and Reproductive Variables

We next correlated Tregs with sexual behavioural, demographic and reproductive health variables. Endocervical Tregs correlated inversely with duration of sex work (r=-0.277, p=0.027, Table 2). The frequency of sex with repeat (r= -0.35, p=0.005) but not casual (r=0.038, p=0.766) sex partners correlated inversely with cervical Treg. History of stillbirth, miscarriage or spontaneous abortion was associated with lower frequencies of cervical Tregs (p=0.043). Lower Tregs were observed amongst women who used DMPA for contraception, compared to other methods, while the use of oral pills as contraception trended toward more endocervical Tregs; neither comparison was statistically significant. No other sociodemographic, clinical or behavioural associations with Tregs were observed.


Table 2 | Correlation of cervicovaginal Tregs with sexual behavioral and reproductive variables.





Cervicovaginal Microbiome Profiles and Associations With Tregs

The relative abundance of cervicovaginal microbial communities was characterized by 16S rRNA sequencing of menstrual cup cell pellets. A majority of participants had a non-Lactobacillus dominant profile (n = 34, 55%, Figure 2A). Unsupervised hierarchical clustering differentiated the OTUs into three clusters, with Lactobacillus dominant as branch 1 (n = 28, 45%), a mixture Sneathia, Prevotella, and Gardnerella as branch 2 (n = 25, 40%), and a predominance of Gardnerella as branch 3 (n = 9, 15%). The most common Lactobacillus species in branch 1 was L. iners. The alpha diversity of branches 2 and 3 were significantly higher than branch 1 (not shown). No associations were observed between vaginal microbial cluster or diversity with any endocervical cell variable, including Treg frequency and absolute CD4+ T cell abundance (Figures 2B, C). We further measured correlations between the abundance of individual bacterial taxa and Tregs (Supplemental Data); only Prevotella spp. abundance was inversely correlated with Treg frequency (r= -0.27, p=0.045).




Figure 2 | Cervicovaginal microbial profiles amongst female sex workers from Nairobi, Kenya (n = 62). (A) Unsupervised clustering of relative abundance of microbial communities summarized by taxa with 45% being Lactobacillus dominant, 40% a mixture Sneathia, Prevotella, and Gardnerella and 15% predominantly Gardnerella spp. (B) Association of microbial clusters 1, 2 and 3 with Treg frequency and (C) absolute CD4 T cell count.





Endocervical Tregs and Genital Inflammation

We have previously defined genital inflammation based on the number of pro-inflammatory cytokines in the upper quartile (1, 2). In this study, we quantified cytokine concentrations in cervical secretions collected via menstrual cups and found that approximately one-quarter (24%, n=15/62) had ≥ 3 pro-inflammatory cytokines in the upper quartile. We modeled number of elevated cytokines as a continuous variable. Although the number of elevated genital cytokines was not associated with endocervical Tregs prior to adjustment, an inverse correlation was observed in an adjusted linear regression model with endocervical Treg as the outcome (beta = -0.07, 95% CI: -0.13 to -0.01, p = 0.028, Table 3). To better understand which cytokines in the multiplex panel were most associated with endocervical Treg, we correlated each cytokine as a log10 pg/ml with normalized Treg frequency; six cytokines were inversely associated with Treg in a multivariable analysis (Table 3), the strongest of which were the pro-inflammatory cytokine IL-1β (p = 0.00019) and its related antagonist IL-1RA (p = 0.005), the growth factor G-CSF (p = 0.00022), and the chemokines IL-8 (p = 0.02), MIP-1β (p = 0.031) and Eotaxin (p = 0.002). Clear step-wise decreases in concentration of each of these cytokines was observed by endocervical Treg tertile (Figure 3).


Table 3 | Multivariable models of endocervical Treg frequency.






Figure 3 | Correlation of the cervicovaginal Treg frequency with genital cytokine/chemokine concentrations. Concentrations of (A) IL-8 (B) IL-1β (C) IL-1RA (D) G-CSF, (E) Eotaxin and (F) MIP-1β by endocervical Treg tertile with 1 consisting of participants with the lowest Treg cell counts and 3 with the highest Treg cell counts. For statistical analysis, see Table 3.





Endocervical Tregs and HIV Target Cells

We also measured associations between Tregs and other T cell subsets in the same endocervical samples, particularly cells that have been described as highly susceptible to HIV infection (22). In the endocervix, higher Treg proportions were associated with lower abundance of CD3+ T cells (data not shown), CD4+ T cells, and Th17 cells defined by CCR6 and CD161 expression (Figure 4). Endocervical CD4+ T cell abundance was inversely associated with endocervical Treg frequency in both unadjusted (p=0.000099) and adjusted models (beta = -0.27, 95% CI: -0.41 to -0.13, p=0.00028, Table 3). Similar associations were observed in models that adjusted for sexual exposure to different types of partners (not shown). The mean number of endocervical CD4+ T cells declined step-wise, from 3.1 to 2.7 to 2.3 log10 CD4+ T cell abundance, a nearly 10-fold reduction in the number of CD4+ T cells from highest to lowest Treg tertile. Endocervical Th17 abundance showed an inverse trend with endocervical Tregs in unadjusted models (p=0.054), and remained as a similar trend in multivariable analysis (p=0.092).




Figure 4 | Correlation of cervicovaginal Treg frequencies with absolute counts of HIV target cells per cytobrush, including: (A) CD4 and (B) Th17 cell counts per brush in the female genital tract. For statistical analysis, see Table 3.






Discussion

Despite efforts to reduce HIV incidence using the currently available prevention, UNAIDS estimates that over 1.5 million new infections continue to occur annually, further underscoring the need to develop new tools meet UN targets to reduce HIV incidence by 90% by 2030 (23). Many of the biological factors implicated in HIV transmission have genital inflammation as a central feature (4). While the causes and consequences of inflammation have been the focus of many studies, less attention has been paid to natural regulatory mechanisms that might restrain inflammatory responses despite exposure to inflammatory stimuli. Here we show that Tregs are more frequent in the endocervix than the blood, and display high expression of both FOXP3 and CTLA-4. Furthermore, their frequency correlates inversely with both the concentrations of inflammatory cytokines and the abundance of HIV target cells in the genital tract. While it is not possible to determine causal relationships in this cross-sectional study, one interpretation of these data is that increased Tregs in tissue are able to control the inflammatory responses generated by epithelial and/or immune cells in response to inflammatory stimuli. If confirmed, inducing Treg using interventions such as low dose IL-2 could reduce genital inflammation (24, 25), with important implications for preventing STIs and improving reproductive health.

Epidemiological associations of endocervical Tregs involved reproductive health variables, in particular a history of miscarriage or stillbirth. Although the study was not designed for this purpose, the inflammation-reducing potential of Treg could be investigated further, as inflammation has been associated with adverse reproductive health outcomes in addition to HIV (26). Sexual intercourse with repeat but not casual clients was also associated inversely with endocervical Tregs. The reason for this difference is unclear and requires further investigation. We were unable to evaluate condom use, as this is reported to be quite high (>90% ‘always’ with both client types). Understanding natural variation in endocervical Tregs between women is an important further research objective.

Our findings add to the literature around reproductive tract Tregs outside of the context of reproductive variables. Similar to previous work, we find Treg are proportionally increased in the endocervix compared to the blood, by approximately two-fold (27). Interestingly, with respect to pathogens, a balance is required between Tregs that protect against excess inflammation, facilitating protective immunity [as is the case with HSV-2 (28, 29)] versus those that can be co-opted to limit host immunity as a persistence strategy, as has been suggested for gonorrhea (30). In the HIV acquisition context, the finding that women whose CD4+ T cell populations contained proportionally higher Treg had lower concentrations of inflammatory cytokines and HIV target cells suggests that Tregs may play a protective role by limiting HIV’s ability to cross the mucosal barrier and establish local infection, both thought to be critical events in transmission success. Experiments to test this hypothesis formally are needed.

While Tregs may protect against HIV by limiting inflammation, they also regulate frequencies of Th17 cells (31), which we and others have shown to be preferential targets for HIV in the mucosa (5, 7, 8). In the present study, we observed an inverse trend between endocervical Treg and Th17; a larger, prospective study that induces Treg would be needed to determine the impact of increasing Treg on Th17 cells in this tissue.

We did not observe any associations between endocervical Treg and vaginal microbiota. While this needs to be confirmed in a larger, prospective study, one explanation is that Treg regulate the inflammatory response to non-optimal, bacterial vaginosis (BV) associated bacteria like Sneathia, Gardnerella, and Prevotella, rather than their presence in the mucosa. This could be an important consideration, as bacterial vaginosis, a condition marked by depletion of vaginal health associated Lactobacillus, is associated with increased risk of STI acquisition (32–35), reproductive complications (36–38), and is highly recalcitrant to existing treatments (39), so modulating the detrimental effects of bacteria could be an alternative or additional approach to minimize the impact of BV. Similar to what we have previously shown in a cohort of adolescent girls and young women in Mombasa, Kenya (40), our current data also indicates that involvement in sex work might be associated with non-optimal vaginal microbiomes. Most women in SWOP displayed a non-Lactobacillus microbial profile characterized predominantly by Sneathia, Prevotella, and Gardnerella. Previous studies have shown that Lactobacillus crispatus induces an anti-inflammatory phenotype that included increased Tregs in the female reproductive tract (FRT) (41). However, this could not be confirmed in this study due to the infrequency of these ‘optimal’ bacteria in our study population. These data underscore the need to improve vaginal and reproductive health in key populations at risk of HIV acquisition.

Our study had some important limitations. The cross-sectional design and modest sample size were sufficient to test associations between Treg and other variables including those related to inflammation, but cannot infer causation and provide limited opportunity to stratify the data extensively. Literature on tissue Tregs is expanding, and our flow cytometry panel was unable to fully phenotype emerging subsets, such as those co-expressing RORC, which regulate Th17 cells in the gut (42), or that co-express GATA3, which are important in repairing fibrosis in the skin. We did not collect ectocervical biopsies in this study, and Tregs in this tissue may differ from those recovered using endocervical cytobrushes.

In summary, our data provide important insights into mechanisms that may be critical in regulating inflammation and its pathogenic effects. Since the causes of genital inflammation are quite broad, with sources including sexual intercourse (40), intravaginal practices, bacterial/viral sexually transmitted infections (STIs) (43, 44), and non-Lactobacillus vaginal microbiota associated with bacterial vaginosis (45), one advantage of inducing regulatory mechanisms to reduce inflammation is that this regulation could protect against inflammation regardless of the cause. The strongest immune associations with endocervical Treg included overall CD4+ T cell abundance, which are believed to be required for HIV to establish itself in the mucosa, and a number of cytokines including those that attract immune cells to the site. Further exploration of associations between Treg and other immune cell subsets may be critical to understand precise mechanisms by which these effects are manifested. These data suggest that inducing Tregs in the FRT might limit inflammation, and by extension, reduce HIV acquisition risk and improve reproductive health. This hypothesis would need to be evaluated in a clinical trial that also assessed safety and immunological/microbiological endpoints in parallel.



Methods


Study Population and Ethics Statement

Female HIV sero-negative women (n=68) accessing care at Sex Workers Outreach Program (SWOP) clinic, Nairobi City, were enrolled in the study. The study was approved by the Kenyatta National Hospital - University of Nairobi Ethics and Research Committee. Prior to enrolment, written informed consent was obtained from all volunteers. A comprehensive questionnaire was then administered to establish each participant’s socio-demographic, reproductive and behavioural characteristics.



Sample Collection and Processing

Cervicovaginal secretions were collected by insertion of a menstrual cup (SoftCup™) into the vagina during administration of the study questionnaire for at least 1 hour. On removal, the menstrual cup was transferred to a 50ml tube and kept on ice. In the laboratory, the Soft Cup secretions were resuspended in a 1:4 ratio in cold phosphate buffered saline (PBS), centrifuged, supernatant aliquoted in cryovials and the pellet resuspended in RNA-Later. Both the supernatant and pellet were stored - 80°C for cytokine and microbiome profiling respectively. Paired blood (10ml), in Acid Citrate Dextrose (ACD) tubes and cervical cytobrushes were collected from all enrolled volunteers for peripheral blood mononuclear cells (PBMC) and Cervical Mononuclear Cells (CMC) isolation respectively. Two cytobrushes were serially inserted into the endocervix, rotated through 360° transferred into a conical tube containing 3ml of PBS and placed on ice for processing within 2 hours of collection. In the laboratory, the tube containing cytobrushes was vigorously vortexed to dissociate the cells and mucus from the brushes, rinsed with R-10 medium (10% Foetal Bovine Serum (FBS) in RPMI containing penicillin and streptomycin) and filtered through 100-micron nylon cell strainer (Becton Dickinson) fitted into a 50 ml tube. Cells were washed twice by centrifugation at 1600rpm and pellet resuspended in washing buffer (PBS 2% FBS). PBMCs were isolated by Ficoll density separation and reconstituted in washing buffer. Ex vivo phenotyping of regulatory T cells (Tregs) and Th17 cells by flow cytometry was then performed on fresh CMC and PBMC.



Flow Cytometry

Cells were stained with viability exclusion dye, Fixable Aqua Live/Dead Stain (Life Technologies) in PBS at 4°C for 20 min. Cells were washed and surface stained for 30 min at 4°C with an optimized panel of fluorochrome labeled antibodies specific for the following antigens: CD3 Alexa-flour 700 (UCHT1), CD4 PerCP (OKT4), CD8 APC-Cy7 (RPA-T8), CCR6 BV421 (11A9), CD25 BB515 (M-A251), CD127 PE (A019D5), CD161 PE-eFluor 610 (HP-3G10) and CTLA-4 APC (L3D10). Cells were subsequently washed, permeabilized using the eBioscience fixation/permeabilization solution (eBiosciences; San Diego, CA, USA) and stained with FOXP3 PE-Cy7 (PCH101) monoclonal antibody. The cells were washed again and resuspended in perm/wash buffer (eBioscience; San Diego, CA, USA). Data were acquired using an LSRII flow cytometer (BD Biosciences) and analyzed using FlowJo™ version 10.6.1 (Becton Dickinson Life Sciences).



﻿Cytokine/Chemokine Analysis

As previously described (2), cytokine/chemokine concentrations were examined from 50μL of undiluted cervical secretions using the Bio-Plex Pro™ Human multiplex kit (IL-1β, IL-6, TNF-α, IL-8, IP-10, MCP-1, MIP-1α, MIP-1β, IL-1RA, G-CSF and Eotaxin; Bio-Rad Laboratories Inc.) following the manufacturer’s instructions. The plate was read using the Bio-Plex 200 Array instrument (Bio-Rad Laboratories) and data analysed using Bio-Plex Manager software version 6.1.1, to determine cytokine concentrations in pg/ml from the standard curve.



Microbiome Analysis

We performed 16S rRNA sequencing of bacterial DNA isolated from menstrual cup cell pellets according to Illumina’s 16S metagenomics sequencing library preparation guide using the MiSeq Reagent Kit v3 (600-cycle) and MiSeq sequencing platform according to the manufacturer’s instructions (https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf). DNA was extracted using the DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany). Prior to DNA isolation, cell pellets were homogenized in approximately 200 µL of PBS using pre-filled silica bead tubes (VWR, Radnor, Pennsylvania) and a Bead Ruptor Elite homogenizer (OMNI International, Kennesaw, Georgia) using the following settings: 3 cycles of bead beating at 6 m/s for 45 seconds followed by a 2 min dwell period. PCR amplification verification and library validation was done using a TapeStation electrophoresis system and D1000 ScreenTape reagents (Agilent, Santa Clara, California). Libraries were quantified using a Qubit 4 Fluorometer and the Qubit dsDNA HS assay kit (ThermoFisher Scientific, Waltham, Massachusetts). The QIIME2 platform was used to process sequence data, perform quality control, and generate a table representing the number of reads that mapped to specific operational taxonomic units (OTUs).



Statistical Analysis

Descriptive statistics including medians and interquartile ranges, and proportions, were used to summarize continuous and categorical variables. These clinical, sociodemographic, behavioural and reproductive health variables were also correlated to the proportion of endocervical Treg and Th17, and the abundance of Treg, Th17, and CD4+ T cells, using Spearman rank correlation and Chi-squared tests. Vaginal microbiome data, using genera relative proportions, were grouped based on unsupervised hierarchical Euclidean clustering, and results were visualized with R (package ‘ggplot2’, Wickham, v3.3.2, 2016), and correlated to Treg proportions. Centered log ratio (CLR) transformations of proportional cellular data (Cell proportions and bacterial relative proportions) were performed in R (package ‘clr’, Pierrot, v0.1.2, 2019) before Spearman rank correlation calculations with PRISM (v9.0.0). Unmapped bacterial sequences were removed from analysis, and the lowest abundance 52 taxa were grouped into “other” for visualization (average=0.4±0.7% per sample).

Associations with other immune variables were tested using multivariable linear regression, with log10 transformed endocervical Treg proportions as the outcome. Separate models were used for each immune variable (number of cytokines, log10 concentration of genital cytokines, and log10 endocervical cell counts), adjusting for covariates associated with inflammation and/or Tregs, either in this study or in the literature. Models were adjusted for duration of sex work and not age, as the former was associated with endocervical Treg. Immune variables were graphed by Treg tertile for visualization purposes, but analysed as continuous variables. Graphing and visualization was performed using Prism version 9 (GraphPad Software, LLC), with additional analyses performed using R and SPSS v. 27.0.
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Type 3 Innate lymphoid cells (ILC3s) have been described as tissue-resident cells and characterized throughout the body, especially in mucosal sites and classical first barrier organs such as skin, gut and lungs, among others. A significant part of the research has focused on their role in combating pathogens, mainly extracellular pathogens, with the gut as the principal organ. However, some recent discoveries in the field have unveiled their activity in other organs, combating intracellular pathogens and as part of the response to viruses. In this review we have compiled the latest studies on the role of ILC3s and the molecular mechanisms involved in defending against different microbes at the mucosal surface, most of these studies have made use of conditional transgenic mice. The present review therefore attempts to provide an overview of the function of ILC3s in infections throughout the body, focusing on their specific activity in different organs.
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Introduction

Innate lymphoid cells (ILCs) are a subset of lymphocytes lacking the rearranged antigen receptors expressed by adaptive cells, and residing in peripheral tissues, particularly at barrier surfaces. It is now recognized that their location in peripheral tissues enables ILCs to respond promptly to tissue perturbation. Indeed, as a result of their location and effector phenotype, ILCs produce cytokines within hours of activation, as opposed to the number of days required for naive adaptive lymphocytes to be primed, expand, differentiate and enter tissues (1).

ILCs are found in both lymphoid and non-lymphoid tissues, although they are particularly abundant at mucosal surfaces as tissue-resident cells. The nomenclature for ILCs proposed in 2013 classified these cells into three groups based on their function, but recently the International Union of Immunological Societies proposed another classification, considering not only function but also development. Therefore, ILCs are divided into 5 groups: Natural Killer cells (NKs), ILC1, ILC2, ILC3 and Lymphoid tissue inducers (LTi) and they can be distinguished by different biomarkers expressed in each subset (2). Despite being identified as non-T, non-B lymphocytes, they can be considered as the innate counterparts of T lymphocytes. Therefore, regarding their function, ILC1s, ILC2s, and ILC3s mirror CD4+ T helper (Th)1, Th2, and Th17 cells, respectively, whereas natural killer (NK) cells mirror CD8+ cytotoxic T cells. Both ILCs and T cells work together to organize the most appropriate immune response to pathogens. ILC1s and Th1 cells react to intracellular pathogens, such as viruses, and to tumors; ILC2s and Th2 cells respond to large extracellular parasites and allergens; and ILC3s and Th17 cells mainly combat extracellular microbes, such as bacteria and fungi (1).

ILC3s express the nuclear factor retinoic acid–related orphan receptor γ t (RORγt) and the aryl hydrocarbon receptor (AhR) both of which are essential for their development and function (3, 4). Two subsets of ILC3s can be distinguished on the basis of the cell surface expression of Natural cytotoxicity receptors (NCR) and have been termed as NCR+ILC3s cells (Nkp46+ILC3s in mice and NKp44+ ILC3s) or NCR- ILC3s (3, 5). As the innate counterparts of T helper 17 (Th17), ILC3s are the early source of interleukin 17 (IL-17) and IL-22 during infections. They can also produce granulocyte-macrophage colony-stimulating factor GM-CSF, which plays a role in gut tolerance by inducing IL-10 secretion in macrophages and dendritic cells (DCs) that maintain the regulatory T (Treg) population (6). In mice, NKp46+ ILC3s are also dependent on T-box transcription factor TBX21 (T-bet) and can also produce interferon-gamma (IFN-γ) (7, 8). Ltis, previously included in ILC3s subset, are also strictly dependent on RORγt. Consequently, in many studies with conditional transgenic mice, which have depleted genes in RORγt-expressing cells, the function of the protein under study might also play a role in Ltis, rather than only in ILC3s. LTi cells were discovered in 1997 and identified as a discrete subset of lymphoid cells that are essential for the development of peripheral lymph nodes (LN) and Peyer’s patches during embryonic life (9). Embryonic LTis, which are involved in embryonic LN formation, are replaced in the adult by LTi cells derived from the bone marrow. In the adult mouse, LTi-like cells are present in high numbers within the adult gut mucosa; they express c-Kit and C-C-C chemokine receptor (CCR)6, but not NCRs. In recent years, some research has revealed that CCR6+ILC3s express MHC-II which, through antigen presentation, can induce apoptosis to commensal-specific CD4+T cells contributing to maintaining microbiome tolerance (10).

Cytokine release not only constitutes a defence mechanism but also helps maintain homeostasis and the mucosal barrier. IL-22 and IL-17 signaling promotes the production of antimicrobial peptides and regulates the expression of tight junction components in endothelial cells. Therefore, loss of IL-22 production gives rise to dissemination of intestinal bacteria, producing chronic body inflammation and resulting in susceptibility to infections, such as Citrobacter rodentium (4, 11, 12). IL-22, produced by ILC3s, is essential in the early phase of infection (11, 13). Furthermore, IL-17 production by ILC3s is also involved in combating fungal pathogens such as Candida albicans (14). The molecular mechanisms underlying ILC3 cytokine release for defence against pathogens have been well researched, and in the last few years ILC3s have been found to be regulated by different factors such as diet, the nervous system, circadian rhythms, microbiota and other immune cells (3, 4, 15, 16). Although ILC3 defence against pathogens has mostly been described in the gut, where they combat mostly extracellular bacteria, they also play an important role in other organs like lungs or skin. Therefore, the present paper discusses recent research on the role of ILC3s in infections by different pathogens, summarizing the cell signaling pathways involved in the activation of ILC3s, and analyzing each pathogen-specific tissue.



Defensive Function of ILC3s in the Skin


IL-17-Producing ILC3s Together With γδ T Cells Are Essential in the Defence Against the Epidermal Infection of Staphylococcus aureus

Staphylococcus aureus, a gram-positive bacterium, resides in 10–20% of healthy individuals, with the skin surface as its major infection site (17). The cutaneous immune response to S. aureus involves both the innate and adaptive immunity. Neutrophils represent the first-responder phagocytic cells that are recruited to the site of infection to help kill pathogens. IL-17A and IL-17F have been shown to promote neutrophil recruitment and previous research found that mice deficient in both cytokines developed spontaneous S. aureus skin infections but did not have an increased susceptibility to a systemic S. aureus challenge (18). Regarding the role of IL-17 against S. aureus cutaneous infections, mice deficient in γδ T cells (T cell receptor δ deficient; TCRδ−/−) developed larger skin lesions with higher bacterial counts, as well as an impaired neutrophil infiltration and induction of IL-17 compared with WT mice (19). Interestingly, when these TCRδ−/− mice were treated with an anti-CD90 monoclonal antibody (Mab), which depleted their ILCs, their disease scores were seen to be significantly lower in comparison with mice treated with control Mab, thus indicating that both ILCs and γδ T cells contributed to skin inflammation in response to S. aureus. Regarding the mechanism involved, the critical role of Myd88 for pathogen colonization was determined by means of Myd88−/− and Myd88fl/fl K14Cre mice [conditional deletion of Myd88 within keratinocytes (KCs)]. Remarkably, the induction of IL-1α and IL-36α produced by S. aureus in in vitro primary KCs from Myd88−/− mice was abolished compared with wild type (WT) cells. This provoked reduced IL-17A-producing cells (ILC3s and γδ T cells) infiltrating into the skin of Myd88−/− mice following epicutaneous infection. In conclusion, in order to combat the epidermal infection caused by S.aureus, there is an induction of IL-17-producing cells (ILC3s and γδ T cells) because of the Myd88-dependent IL-1α and IL-36α production by KCs (Figure 1) but further investigations are needed to determine the specific contribution of ILC3s in this model (20).




Figure 1 | Function of ILC3s against pathogens in oral mucosa. S. aureus causes the keratinocytes of the skin to produce IL-1α and IL-36α. These interleukins bind to their receptors in ILC3s and γδ T cells, inducing the production of IL-17, which promotes neutrophil infiltration.






Role of ILC3s in Oral Mucosa


Complementary IL-17 Response by ILC3s and T Cells Is Required to Combat Infection by Candida albicans

C. albicans is an opportunistic pathogenic fungus considered to be a common member of the human microflora. One of the tissues most frequently affected by C. albicans is the oral cavity (21). Previous data had proposed ILCs as the IL-17A secretory cells at the onset of oropharyngeal candidiasis (OPC) in C. albicans-infected mice, sufficing for protection in Rag1−/− mice but not in Rag1−/− mice treated with anti-CD90 Mab. Indeed, IL-17A mRNA expression in the tongue at 24 h post-infection did not differ between the WT mice and the mice lacking the MHC-II, γδ T cells or NKT cells; however it did decrease in the in IL-23–deficient mice, suggesting that the fungal control was due to ILC function (14). However, the susceptibility in the early response was not analyzed. These results were challenged when mouse models that could not rearrange the TCR were susceptible to OPC, a fact that highlights the importance of T cells in the defence against C. albicans. Nonetheless, both of these studies analyzed indirect IL-17 production by antibodies. This has recently been demonstrated ﻿by direct visualization of IL-17A and IL-17F cytokines ﻿in the infected tongue of three IL-17-producing cell types: ﻿αβ T cells, γδ T cells and ILC3s (22) with the use of reporter transgenic mice. Interestingly, selective lack of nTh17 (unprimed population of CD4+ T cells) or γδ T cells did not affect fungal control (23), but elimination of both T cells and ILC3s was seen to be necessary to produce the high degree of susceptibility to OPC as with the IL-17RA or IL-17RC-deficient mice. Finally, the mechanism proposed for the production of innate IL-17 in the oral mucosa was through the induction of IL-1β, IL-6 and IL-23 by Langerin+ DCs, which are ﻿tissue-resident ﻿mononuclear phagocytes (MNPs) (22). To conclude, the coexistence of these three different but complementary cell types (nTh17, ILC3s and γδ T cells) is essential for﻿ the IL-17 response to the fungus in oral mucosa.




Function of the Tissue-Resident ILC3s in Liver


ILC3s Play a Critical Role in Liver Fibrosis

A wide range of viruses can cause acute or chronic hepatitis and liver infections, for example, Adenovirus (Ad) or lymphocytic choriomeningitis virus (LCMV) which is a prototypical virus found throughout the world and used in animal models of acute and persistent hepatitis (24). It has been demonstrated that the source of the early IL-17A/F production in liver after Ad and LCMV infection in mice was γδ T cells and ILCs, mostly the NKp46− ILC3 population. Importantly, IL-17 source was mostly from ILC3s because Ad-induced hepatitis in ﻿γδ−/− (TCRδ−/−) mice did not affect early IL-17A production or Th1/cytotoxic T-lymphocyte responses (25). However, there is a need to use knockout (KO) mice depleting RORγt+ cells or NKp46+ cells in this model in order to confirm that specifically IL-17-producing ILC3s are critical for the defence against adenovirus infection.

Hepatitis can develop into fibrosis and subsequently to cirrhosis, the latter being responsible for liver morbidity and mortality. In this regard, it has previously been demonstrated that ILC3s can contact directly with the hepatic stellate cells (HSCs) (26), which might affect the progression of liver fibrosis. The frequencies of ILC3s, as well as their production of IL-17A and IL-22, were considerably higher in chronic hepatitis B (CHB) and Hepatitis B Virus (HBV)-related liver cirrhosis (LC) patient subgroups compared to the healthy control group (HC), correlating to a more severe phenotype. In order to study the mechanism at play, pre-stimulated sorted ILC3s were co-cultured with LX-2 cells (human HSC line) revealing a greater proliferation and a higher expression of fibrogenic genes in the LX-2 cells, both in direct and indirect contact, suggesting the critical role of secreted cytokines rather than direct cell contact. Indeed, neutralizing either IL-17A or IL-22 in the cell culture reverted the results, thus revealing a regulation of the expression of the TGF-β receptor and a STAT3 activation in the HSC cell line. In addition, in vitro experiments demonstrated that ILC3s had also an indirect mechanism towards fibrosis by producing IL-22 which in turn suppressed IFN-γ (a well-known anti-fibrotic cytokine) production by other immune cells. Finally, to determine the in vivo effects of ILC3s in liver fibrogenesis, the carbon tetrachloride (CCl4) murine model was studied in Rag1−/− mice treated with anti-CD90.2 Mab, showing significantly lower HSC activation and less accumulation of the extracellular matrix (ECM) in liver compared with the non-ILC-depleted mice. Remarkably, adoptive transfer of ILC3s from WT to ILC-depleted Rag1−/− mice augmented HSC activation and ECM accumulation in liver, thus providing the in vivo pro-fibrotic effects of ILC3s in CCl4-induced mouse liver fibrosis (27) (Figure 2). In summary ILC3-produced cytokines influence the HSC cells, which contributes to liver fibrosis.




Figure 2 | Role of ILC3s in the development of fibrosis induced by Hepatitis B (HBV) infection. In HBV infection, ILC3s can directly promote the expression of fibrogenic genes in hepatic stellate cells (HSC) in non-contact manners by producing IL-17A and IL-22. Additionally, ILC3s also have indirect fibrogenic effects by producing IL-22 to suppress interferon IFN-γ (an anti-fibrotic cytokine) production by other immune cells.






Innate Protection of ILC3s in Lung

ILC3s provide innate protection against pathogens within the lung, specifically against different primary or opportunistic pathogens (28) producing IL-17 and IL-22 upon stimulation (29).


IL-22 Producing Cells, Including ILC3s, Minimize Lung Inflammation During Influenza A Virus and Protect Against Secondary Bacterial Infections

The influenza viruses constitute some of the most predominant human respiratory pathogens, causing substantial seasonal and pandemic morbidity and mortality. ILC3s may play a role in the immune response to pulmonary viral infection due to the importance of the secretion of IL-22 and IL-17. Although IL-17-deficient mice present less lung injury following a viral infection (30). IL-17 has been shown to help to prevent secondary bacterial infections. Co-infection experiments with influenza and S. aureus showed that influenza triggered IFN-β production, which inhibited IL-17 production by T cells (31) and suppressed the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kβ) activation, thus increasing the chances of contracting a secondary pneumonia with S. aureus (32). However, there is a need for further research to establish the function of ILC3s, due to the fact that the role of only Th17 was demonstrated in this model. As for IL-22, a murine model of influenza A (IAV) viral infection followed by a secondary Streptococcus pneumoniae bacterial infection provoked an increase in RORγt+ cells and IL-22+ ILC3s in the lung. In addition, while IL-22-deficient mice exhibited no change in viral clearance, their survival was seen to be severely impaired after S. pneumoniae secondary infection (33). Indeed, a more recent study showed that infected transgenic IL-22 binding protein KO mice with influenza followed by S. aureus or S. pneumoniae infection exhibited greater bacterial clearance, a lower mortality rate from secondary bacterial infection, and enhanced airway epithelial integrity (34). In summary, IL-22 has been shown to reduce lung damage following an infection by influenza A infection and to protect against secondary bacterial infections. However, the specific contribution by ILC3s in this model should be demonstrated depleting CD90+ or RORγt+ cells in Rag−/− mice or NKp46+ cells.



ILC3s Produce IL-22 After Acute Aspergillus fumigatus Exposure

A. fumigatus is an environmental filamentous fungus which threatens the life of immunocompromised individuals, causing invasive aspergillosis and allergic disease (35). Genetic deficiency in or neutralization of IL-22 results in impaired clearance of A. fumigatus, indicating the critical role of IL-22 in pathogen elimination during acute infection (36); neutralization of IL-22 also improves lung function after chronic fungal exposure illustrating that IL-22 drives lung inflammatory responses that have a negative impact on lung function (37). Interestingly, it has been observed that innate and innate-like lymphocytes were involved in the production of IL-22 following 48h of A. fumigatus exposure in Il-22 Cre R26ReYFP reporter mice, in which yellow fluorescent protein (YFP) expression marks IL-22-producing cells. Moreover, lung IL-22 production was completely dependent on IL-7, partially dependent on IL-21, and negatively regulated by IL-15. Employing deficient mice for these interleukins, it was observed that IL-7 appeared to be essential with regard to maintaining invariant natural killer T (iNKT) cells and ﻿γδ T cells in the lung after fungal exposure; IL-21 for maintaining optimal numbers of iNKT cells and ILC3s and as a negative regulator of ﻿γδT cells; moreover, IL-15R signaling did not affect any of the absolute numbers of innate cells but iNKT cells and ﻿γδ T cells displayed higher levels of intracellular IL-22 in deficient mice of IL-15R but not in ILC3s (38) (Figure 3). In conclusion, the exposure to A. fumigatus can induce IL-22 in ILC3s and innate-like lymphocytes, which could drive lung inflammation; however, this should be demonstrated in mouse models depleting specifically RORγt+ cells, iNKT or ﻿γδ T cells in order to show the contribution of each population.




Figure 3 | Interleukins produced by ILC3s and the molecular mechanisms of their role to protect against lung pathogens. Production of IL-17 and IL-22 by ILC3s following influenza infection might decrease the susceptibility to Staphylococcus infections. Innate-like lymphocytes are involved in the production of IL-22 following A. fumigatus exposure, being IL-21 the interleukin required for the maintaining of optimal numbers of iNKT cells and ILC3s. Both IL-17 and IL-22 from ILC3s are involved in the formation of iBALT which helps fight against M. tuberculosis. Recruitment of IL-22-producing ILC3s to the lung is required for protection from S. pneumoniae infection. IL-17 production in P. aeruginosa infection might come from ILC3s and it is essential in the defense against this pathogen. The recruitment of monocytes producing TNF-α increases IL-17-secreting ILCs which has been demonstrated to be important in the clearance of K. pneumoniae. AhR is important for IDO expression within the dendritic cells (DCs) as well as their production of kynurenines (Kyn). One of Kyn’s roles is to promote the IL-22 and IL-17-producing ILC3 function in order to fight against P. brasiliensis.





ILC3s Regulate the Mycobacterium tuberculosis Burden During Infection Through the Formation of Inducible Bronchus-Associated Lymphoid Tissue in Lungs

M. tuberculosis (Mtb) is an aerobic bacillus belonging to the Mtb complex, which constitutes the group of mycobacterial pathogens that cause tuberculosis in mammalian species (39). A recently published article has highlighted for the first time the importance of ILC3s in the control of Mtb infection. Ardain et al. demonstrated that ILC3s accumulated rapidly in the lungs of Mtb-infected mice, coinciding with alveolar macrophage accumulation, which has been confirmed in humans through examination of lung tissue from Mtb patients. Importantly, mice lacking ILCs (Rag2−/− cγc−/− mice) exhibited less early alveolar macrophage accumulation and a lower level of Mtb than the control mice. Notably, an increased load of early Mtb in Rag2−/− cγc−/− mice could be reverted by adoptive transfer of sorted lung ILCs from M. tuberculosis-infected control mice that expressed CCR6, RORγt and AhR. These results were further confirmed in mice with specific depletion of ILC3s (Ahrfl/fl Rorc Cre and Cbfbfl/fl Nkp46 Cre mice), which exhibited higher, early and late, Mtb burdens. In order to investigate the possible mechanisms, the migration of mouse ILC3s in response to C-X-C Motif Chemokine Ligand 13 (CXCL13) was confirmed by means of in vitro assays. The receptor C-X-C motif chemokine receptor 5 (CXCR5) expressed in ILC3s is important for the formation of inducible bronchus-associated lymphoid tissue (iBALT), the formation of which showed a decrease in ILC3-depleted, Il-17−/− Il-22−/− and IL-23-depleted M. tuberculosis-infected mice. However, iBALT formation was not entirely via ILC3s, as it was also observed in neonatal Rorc−/− mice. Similarly, Cxcr5−/− mice also exhibited an increase in lung Mtb colony forming units (CFUs) and decreased accumulation of ILC3s within lymphoid follicles, as well as reduced formation of iBALT structures. All these data support a protective role for ILC3s in regulating early Mtb control through the production of IL-17 and IL-22 with the formation of iBALT structures in a CXCR5-dependent manner (40) (Figure 3). Other published studies have confirmed the importance of both NKp46+ ILC3s and Ltis in Mtb infection, which were found to have accumulated in the lungs of mice challenged with aerosolized Mtb (41). In short, ILC3s are important not only for the defence against extracellular pathogens, as has previously been shown, they are also essential for controlling infection by the intracellular bacterium M. tuberculosis.



IL-22-Producing ILC3s in the Gut Are Essential to Fight Against Streptococcus pneumoniae

S. pneumoniae is a gram-positive bacterium that is a common cause of pneumonia, septicaemia, and meningitis. As for IL-22, during S. pneumoniae infection, it has been seen to be produced by CCR6+ ILC3s in a MyD88 dependent manner and triggered by DCs (42). Interestingly, IL-22 has recently been found to be essential in neonate mice, because recruitment of IL-22-producing ILC3s to the lung, by commensal microbes in the gut, was required for protection from S. pneumoniae infection. Treatment of RORγt diphtheria toxin receptor (DTR) newborn mice (Rorc Cre mice crossed with Rosa26-iDTR mice; RorγtiDTR) with DT diminished the number of ILC3s in the lungs and reduced IL-22 in bronchial lavage fluid (BAL), making them more susceptible to pneumonia. Importantly, it was reversed by transferring lung ILC3s. Indeed, reduced concentrations of IL-22 as well as lower numbers of lung IL-22+ ILC3s in BAL were found in human newborns exposed to prolonged durations of antibiotics, thus contributing to increased susceptibility to pneumonia, which was reversed by transfer of commensal bacteria after birth. Intestinal CD103+CD11b+ DCs were able to capture antigens from commensal bacteria to induce the expression of the lung homing signal CCR4 in ILC3s (43). Later on, transgenic Rorc GFP/+ newborn mice were used to confirm the need for pulmonary IL-22-producing ILC3s as a defence against S. pneumoniae infection. Furthermore, part of the development of this population in the lungs is generated by ILC precursors expressing the transcription factor promyelocytic leukemia zinc finger (ZBTB16), because their absence reduced ILC3 numbers from birth and throughout adulthood. The expansion and maturation of pulmonary ILC precursors was mediated by the insulin-like growth factor 1 (IGF-1) from alveolar fibroblasts; consequently, co-transplanting the common lymphoid precursors from newborns lacking IGF1R on ZBTB16+ ILC precursors in Rag2−/− cγc−/− mice (lacking all ILC subsets) made them susceptible to S. pneumoniae intratracheal challenge (44) (Figure 3). More recently, prophylactic intranasal administration of IL-7, an important factor for RORγt+ cell survival and homeostasis, has been found to increase the number of RORγt+ innate T cells in the lung (NKT, γδT cells and mucosal-associated invariant T (MAIT) cells) and to enhance expression of IL-17A, resulting in a reduction of bacterial burdens upon S. pneumoniae challenge (45). In general terms, this brings us to conclude that some of the factors for the generation of pulmonary IL-22-producing ILC3s involve: the commensal microbes in the gut, ZBTB16+ ILC precursors, and the expression of IGF-1 by the alveolar fibroblasts. IL-22-producing ILC3s are important both in the newbornhood and adulthood to control a S. pneumoniae infection and prevent pneumonia.



IL-17 and IL-22 From ILC3s Are Essential for Combating Against Klebsiella pneumoniae Infection

K. pneumoniae is a gram-negative bacterium, found in the normal flora. It can cause different clinical diseases including pneumonia. In recent years, Klebsiella species have become relevant pathogens in nosocomial infections (46). A mouse model of K. pneumoniae infection was used to describe how the recruitment of monocytes producing TNF-α increased IL-17-secreting ILCs which potentiated reactive oxygen species (ROS) production and, therefore enhanced bacteria killing by monocytes. Indeed, both T cell deficient and WT mice exhibited a similar bacterial clearance, but Rag2−/−cγc−/− mice and Rag2−/− depleted of ILCs by means of an anti-CD90 MAb led to increased bacterial burden and mortality. Exogenous IL-17 in K. pneumoniae-infected Rag2−/−cγc−/− mice were able to clear the pathogen. Remarkably, an adoptive transfer of ILCs from Rag2−/− (but not Il-17a−/−Rag2−/−) mice reduced the bacterial burden in the lungs of recipient Rag2−/− cγc−/− mice, thus demonstrating the importance of innate IL-17-producing cells in the defence against K. pneumoniae (Figure 3). Moreover, IL-22 did not seem to be significant in the early defence against K. pneumoniae since its clearance was similar both in Il-22−/− and in the WT mice (47). However, the lung burdens of infected Rag2−/− cγc−/− mice were significantly reduced through addition of exogenous IL-22. Indeed, a distinct group of IL-17+, IL-22+ and inducible T cell costimulatory molecule–positive (ICOS+) ILC3s was detected to be essential for host resistance against K. pneumoniae in lungs from infected Rag2−/− mice, using single cell RNA sequencing (48). In conclusion, IL-17 from ILC3s potentiates the bacterial clearance of K. pneumoniae; furthermore, production of IL-22 by ILC3s could also help to control the infection.



IL-17 from ILC3s Could Be Important in the Fight Against Pseudomonas aeruginosa Infection

P. aeruginosa is a common gram-negative bacterium capable of colonizing a wide range of ecological niches (49). It was previously discovered that exposing mice to C. albicans reduced lung injury and bacterial burden from a posterior P. aeruginosa infection (50), mainly because C. albicans increased the production of IL-22 from ILCs, promoting production of antimicrobial peptides and thus, P. aeruginosa protection (51). Moreover, it has recently been demonstrated in a murine P. aeruginosa pneumonia model that IL-22 upregulated IFN-λ expression and reduced recruitment of neutrophils, which provided a better outcome in the lung pathology of the mice compared with the exacerbated lung inflammation and pathology in mice with IFN-λ or IL-22 neutralization (52). In addition, further data showed that 90% of IL-17 production in P. aeruginosa infection appeared to come from ILC3s rather than CD3+ lineages, including γδ T cells (Figure 3). IL-17 was shown to be important for this infection since Il-17ra−/− mice presented greater pulmonary bacterial loads at 2 weeks following infection by YH5 strain, and with the NH57388A strain, all of which died. However, there is a need for further characterization with CD127 and RORγt as ILC3 markers, in order to be sure of the identity of these IL-17+ CD3low-int CD19- CD11c- NK1.1- cells (53). To conclude, in a P. aeruginosa infection, IL-22 is important for a controlled response and IL-17 is necessary in order to reduce the bacterial load. However, there is still a need to characterize ILC3s in this regard.



Reduced Numbers of ILC3s Provoke a Greater Paracoccidioides brasiliensis Load in Ahr−/− Mice

The genus paracoccidioides (P. brasiliensis and P. lutzii) is a dimorphic fungus that causes paracoccidioidomycosis (PCM), which is a systemic granulomatous mycosis (54). Recent studies of P. brasiliensis infection in Ahr−/− mice have revealed a reduction of the cytokines, indoleamine 2,3-dioxygenase 1 (IDO-1) expression and kyneurine (Kyn) synthesis by pulmonary DCs. This altered pulmonary microenvironment provided a poorer outcome, a greater fungal load and a decrease in the number of NK and ILC3s, with no differences in the ILC1 or ILC2 populations (55) (Figure 3). However, there exists a need to address the potential role of ILC3s in defending against P. brasiliensis with the use of more specific transgenic mice.




The Repercussion of Blood or Systemic Infections in ILC3 Population


Immunodeficiency Viruses Reduce ILC3s in Infected Subjects

Human immunodeficiency virus (HIV) is a retroviral RNA virus that attacks the immune system; it is characterized by a systemic chronic inflammation and if not treated, it can lead to the development of acquired immunodeficiency syndrome (AIDS) (56). Studies published to date on HIV and Simian Immunodeficiency Virus (SIV) infections suggest that there is an early and sustained reduction of ILC numbers, as well as diminished function thereof, most notably ILC3s in the gut; this causes disruption of the mucosal barrier and immune dysregulation. A better understanding of the mechanisms of loss and dysfunction is relevant with regard to designing new immunotherapies for restoring these cells. Different mucosal NK-cell subpopulations were studied in rectal tissue of macaques chronically infected with SIV, finding a reduction of the NKp44+ NK (ILC3s) population and alteration of its functional profile resulting from diminished IL-17 secretion due to IDO1 catabolites, which were secreted by DCs (57). In a subsequent investigation with an HIV model of humanized mice, ILC3s became depleted as a result of CD95 induction in ILC3s by HIV, via a plasmacytoid DC- and IFN-I-dependent mechanism that sensitized ILC3s to undergo CD95/FasL-mediated apoptosis. It was therefore hypothesized that the lack of IL-22 was one of the reasons why the intestinal barrier function was impaired in HIV patients (58–60). On the other hand, other studies suggest that the loss of ILC3s in lymphoid tissues during SIV infection might be due to the induction of apoptosis by microbial products through the toll-like receptor 2 (TLR2) (lipoteichoic acid) and TLR4 (LPS) pathways (61). More recently a study of simian-human immunodeficiency viruses (SHIV), which explored breastfeeding-related HIV infection in newborns, found that infection caused depletion of ILC3s in the gut. The infection altered the trafficking and chemokine receptors in ILC3s, reducing the expression of α4β7 integrin in colonic ILC3s and consequently minimizing IL-22 secretion in colon and oral mucosa. The aforementioned study corroborated the premise that the lentivirus infection could have significant effects on the frequency, phenotype, and function of innate cells in the oral and gut mucosa such as the reduction of ILC3 IL-22+ which might be particularly relevant in infants infected through breastfeeding, because their immune system is not fully functional (62). Importantly, it has recently been demonstrated that NKp44+ ILCs play a protective role in the progression of the disease, as their higher frequency in the mucosa was associated with delayed SIV acquisition and decreased viremia in vaccinated macaques (63), thus confirming previous published data (64).

In human subjects it was found that all ILCs in blood were depleted during infection, but surprisingly a reduction of ILC numbers in the gut was not detected (65). Recently, however, depletion of ILCs has been found in the blood, but this has also been detected in the gut of people with HIV-1, even with effective antiretroviral therapy (ART). It was demonstrated ex vivo that inflammatory cytokines associated with HIV-1 infection irreversibly disrupted ILCs and expanded Transcription Factor 7 (TCF7)-dependent memory NK cells, thus explaining the chronic inflammation in people with HIV-1 (66). Interestingly, preterm birth was also associated with lower levels of all three peripheral ILC subsets in pregnant HIV positive women (67). Moreover, vertically HIV-infected children also exhibited a loss of all circulating ILCs which, unlike CD4+ T cells, were not restored by long-term ART if not initiated at birth (68). Further research is required in order to study the specific consequences of the lack of ILC3s in HIV-infected patients. In summary, ILC3s are depleted in the blood and gut of HIV and SIV infected human and macaque subjects potentially via the CD95 induction or TLRs pathway.




Defensive Role of ILC3s in Gut


Several Transcription Factors Expressed in ILC3s Are Essential in the Fight Against Salmonella and the Possible Subsequent Development of Intestinal Fibrosis

Salmonella enterica serovar Typhimurium (S. typhimurium) is an enteropathogenic bacterium that causes inflammation in both the small and large intestine (69). Salmonellosis comprises major food-borne gastrointestinal diseases caused by the Salmonella species, and most infectious serovars cause enterocolitis or diarrhea. Mice lacking hematopoietic expression of RORα were protected from intestinal fibrosis in a Crohn’s disease model of S. typhimurium because ILC3s produced less IL-17A. Reconstituting lethally irradiated mice with equal numbers of bone marrow (BM) cells from Rag1−/− mice combined with either WT or Rora sg/sg BM cells, showed that RORα-expressing ILC3s were sufficient to cause fibrosis (70) (Figure 4). In addition, diminished expression of a number of ILC3-defining transcripts in the cecum and mLN was observed in Salmonella-infected Rora sg/sg BM transplant chimeric mice using single-cell RNA sequence analysis compared with their WT counterparts. These cells, known as ex-RORγt ILC3s, were similar to ILC1s and promoted Salmonella and IFN-γ–mediated enterocolitis. Therefore, even after chronic Salmonella infection, RORα is still essential with regard to conserving the role of ILC3s in peripheral tissues and their lineage fate (71). In summary, these results show that expression of RORα promotes susceptibility to ﻿intestinal fibrosis due to an increase in ILC3 responses.




Figure 4 | Role of ILC3s in the response against gut pathogens. The expression of RORα in ILC3s leads to intestinal fibrosis in a Crohn’s disease model of S. Typhimurium. At the same time, an up-regulation of RUNX3 expression in ILC3s promotes the IL-12/STAT4/IFN-γ signaling pathway, which is also involved in the fight against this pathogen. Cytokines produced by ILC3s promote the NFkB and STAT3 pathway, both of which are involved in the production of lipocalin-2 (LCN-2) by intestinal epithelial cells (IECs), inhibiting the growth of K. pneumoniae. The binding between LIGHT and its receptor HVEM in ILC3s promotes IFN-γ production which is involved in the defence against Y. enterocolitica. In the defence against C. difficile, acetate promotes the production of IL-1β in neutrophils via the FFAR2-NLRP3 inflammasome axis, activating ILC3s via IL-1R to produce IL-22.



Following oral infection with S. typhimurium a significant increase was observed in the number and percentage of Nkp46+ILC3 cells in the lamina propria (LP) of the murine small intestine, with elevated levels of Runx3 (Runt-related transcription factor 3). To study the role of this transcription factor during infection in these cells, Runx3fl/fl Plzf Cre (Runx3 cKO) mice were generated; these proved to be much more susceptible to S. typhimurium intracellular bacterial infection. Promyelocytic leukemia zinc finger protein (PLZf) is expressed by ILCs during their development, as well as in Th1, CD8+ T cells and several invariant T cells. Flow cytometry was employed to demonstrate that part of the inability to control the infection was because IFN-γ secretion decreased in Nkp46+ILC3s. Previously, it was reported that after binding IL-12 to IL-12R, STAT4 proteins were phosphorylated and accumulated in the promoter areas of IFN-γ to induce its expression. Thus, to analyze the role of this axis, sorted Nkp46+ILC3s from Runx3 cKO mice were stimulated with IL-12; by means of flow cytometry a decrease was seen in pSTAT4 compared with WT, which demonstrated that these cells had impaired the IL-12/STAT4 signaling. Moreover, in order to understand the underlying mechanism, chromatin immunoprecipitation (CHIP) analysis was used to show that RUNX3 was directly bound to the promoter region and intron 8 of the IL12Rβ2 gene (72). In conclusion, upon infection with S. typhimurium, Nkp46+ILC3s upregulated Runx3 expression, which promotes the IL-12/STAT4/IFN-γ signaling pathway, and which would in turn limit intracellular bacterial infection (Figure 4).



Giardia Lamblia Infection Produces IL-17-Expressing ILC3s in Gut

Giardia lamblia is an extracellular protozoan pathogen that inhabits the human small intestine, causing diarrhea (73), which is mainly due to food contamination; it can cause foodborne diseases including giardiasis (74). It has been found that G. lamblia increased the secretion of IL-17A, IL-17F, IL-1β of isolated ILCs from the LP of mouse small intestine in vitro. Moreover, mice inoculated with G. lamblia trophozoites showed more IL-17-expressing ILC3s in the LP of mouse small intestine. Therefore, IL-17-producing ILC3s could be key players upon infection with G. lamblia (75) but further research studying this model in Rag−/− mice with the depletion of Il-17 gene in the RORγt+ cells is required to demonstrate this hypothesis.



ILC3-Derived Cytokines Induce Lipocalin-2 Expression in Epithelial Cells Which Inhibits the Growth of Klebsiella pneumoniae

K. pneumoniae is an opportunistic pathogen commonly related to lung infections, and studies in recent years are beginning to associate it with gastrointestinal tract-related diseases (76). As a response to this infection in the gut, a release occurs of epithelial-derived antimicrobial factors produced by intestinal epithelial cells (IECs). In particular, lipocalin-2 (LCN-2) provides a specific protection against the Enterobacteriaceae family. Furthermore, one of the cell types playing an important role in the regulation of antimicrobial responses in IECs involves ILC3s; in particular, these act by secreting IL-22 during enterobacteriaceae infections. It was demonstrated that IL-22 regulated the expression and production of LCN-2 in IECs which was capable of inhibiting the growth of K. pneumoniae in vitro. The supernatant of NKp44+ and NKp44- ILC3s culture isolated from human tonsil samples and stimulated with IL-2, IL-1β, and IL-23, was able to increase expression of LCN-2 in an epithelial cell line in vitro. The importance of IL-22 has been confirmed by the use of anti-IL-22 Mab, which reverted LCN-2 expression and protein release in IECs in vitro. All these data supported the premise that ILC3-derived IL-22 could enhance the expression of LCN-2 in human IECs (77) (Figure 4). The role of other cells in this mechanism remains to be established, and the next step should involve demonstrating this mechanism in an in vivo model. To this end, neonatal mice exposed to a short (SE) or long (LE) exposure of broad-spectrum antibiotics were examined, thus observing that the LE mice were more susceptible to K. pneumoniae-induced sepsis at 2 weeks of life. Appreciably, the percentage of ILC3s and their capacity to produce IL-17A in the LP showed a decrease in the LE mice and were capable of partially rescuing the physiological phenotype by means of reconstitution with mature microbiota (78). This study supported a role for microbiota dependent suppression of IL-17A-producing ILC3s in increasing susceptibility to late-onset sepsis. In conclusion, cytokines produced by ILC3s can regulate the intestinal epithelial cells in order to defend against K. pneumoniae.



ILC3-Derived IFN-γ Production Protects Against Yersinia enterocolitica Infection

Y. enterocolitica is a gram-negative bacterium that produces enterocolitis and can cause infection by ingestion of contaminated food, particularly raw or undercooked pork products, and of unpasteurized milk (79). Remarkably, Ahrfl/flRorc Cre mice were used to demonstrate that ILC3s play a significant role in the defence against Y. enterocolitica. In order to investigate which ILC3 subset was necessary, Rorcfl/flNkp46 Cre mice were infected. This showed that the NKp46+ ILC3 subset was not required to mediate early host defence. Interestingly, the survival, weight loss and areas of necrosis were rescued by performing an adoptive transfer of NKp46- ILC3 into Rag2−/−cγc−/− infected with Y. enterocolitica. However, the same result was obtained transferring equal numbers of NKp46+ ILC3s, indicating that these cells also had a protective capacity in immunosuppressive mice but were redundant in immuno-competent mice [also demonstrated in C. rodentium infection model (80)]. By contrast, recipient mice injected with CCR6+ ILC3s sorted from LP of the small intestine (LTi-like cells) were not protected. In addition, bacterial translocation in Ifng−/−, IL-17Rra−/−, and IL-22−/− mice after oral Y. enterocolitica infection showed that IFN-γ was required for host defence, especially those produced by NKp46- ILC3. An adoptive transfer of CCR6− ILC3s from Ifng−/− or WT mice in Rag2−/− cγc−/− mice confirmed the importance of IFN-γ production by ILC3s, but, surprisingly, IL-17 and IL-22 cytokines had little effect on the outcome. Previous work suggested that the herpesvirus entry mediator (HVEM) expression was important as a regulator of the mucosal immune system in multiple cell types (81); it was expressed by all small intestine ILC subsets in mice and all ILCs in human peripheral blood. Therefore, Hvem−/−, Hvemfl/fl Rorc Cre, and Hvemfl/fl Cd4 Cre mice were infected, showing that ILC3s (but not CD4+T cells expressing HVEM) were essential for the early protection of Y. enterocolitica. Indeed, RORγt-mediated deletion of HVEM only decreased IFN-γ secretion from ILC3s. The essential role of HVEM in ILC3s was confirmed by the poorer outcome of an adoptive transfer of Hvem−/− ILC3s into Rag2−/− cγc−/− mice infected with Y. enterocolitica, in comparison with the adoptive transfer of WT ILC3s. IFN-γ production by ILC3s increased through a HVEM ligand known as LIGHT, at both the transcript and protein levels. All these data showed that HVEM signaling mediated by LIGHT plays a critical role in regulating ILC3-derived IFN-γ production for protection against Y. enterocolitica following infection (82) (Figure 4). In summary, the signature ILC3 cytokines, IL-22 and IL-17A, are not important for protection against Y. enterocolitica, but the IFN-γ produced by these cells does play an important role.



Acetate-Induced IL-22 Secretion by ILC3s Could Help to Defend Against Clostridium difficile

C. difficile is an opportunistic anaerobic gram-positive bacterium that causes most nosocomial antibiotic–associated diarrheas and colitis. During colonization, pathogenic strains of C. difficile produce 2 exotoxins that induce acute inflammation, cell necrosis, and fluid secretion in/into the gastrointestinal tract (83). The role of ILC3s in the defence against C. difficile was studied in the murine model and although upregulation of the expression of ILC1- or ILC3-associated proteins in the large intestine was detected following C. difficile infection; selective loss of ILC3s (Rorc−/− mice) or ILC3 effector molecules (Il-22−/− and Il-17−/− mice) did not affect the survival or the severity of the infection. This would appear to suggest that ILC3s made a minor contribution to resistance, while the loss of IFN-γ or T-bet-expressing ILC1s in Rag1−/− mice increased susceptibility to C. difficile (84). However, according to the research conducted by J. L. Fachi, who investigated whether hypoxia could regulate the activation of ILC3s, hypoxia inducible factor-1α (HIF-1α)-deficient RORγt mice infected with C. difficile presented more severe infection compared with their WT counterparts, although they displayed significantly lower numbers of gut ILC3 and higher numbers of ILC1s (85). The aforementioned group previously investigated previously the mechanism through which oral administration of acetate enhanced the host’s resistance to C. difficile. Acetate-treated mice showed a moderate increase in the number of ILC3s (but not that of other ILCs) in the gut and increased expression of RORγt and IL-22 specifically in colon. In addition, free fatty acid receptor (Ffar)2−/− and Rag2−/− cγc−/− transgenic mice presented a more severe infection, although acetate was not triggering the expression of IL-22 through FFAR2 directly in ILC3s in vitro. As neutrophils also expressed FFAR2, acetate actually stimulated production of IL-1β through the FFAR2-NLRP3 inflammasome axis in these cells, thus activating ILC3s through IL-1R (86) (Figure 4). Therefore, acetate supplementation improves protection against C. difficile in colon by inducing the production of IL-22 in ILC3s via FFAR2/IL1-β axis in neutrophils. Considering the controversy of the possible role of ILC3s in the defense against C. difficile, there is a need for further study with other transgenic mice in order to elucidate the role play by ILC3s in this infection model.



An Increase in IL-22-Producing ILC3 Cells Following Exposure of Dectin-3−/− Mice to Candida albicans Promotes Colitis-Associated Colon Cancer

Among the fungi that resides in the gastrointestinal tract of healthy individuals, Candida is the dominant one. In order to sense a fungi infection and induce an activation of downstream signaling, on their surface pattern innate immune cells have recognition receptors such as mammalian C-type lectin receptors. In particular, Dectin-3 receptors recognize α-mannans on the surface of multiple fungi such as C.albicans, Paracoccidioides brasiliensis, and Cryptococcus. Interestingly, Dectin-3−/− mice have recently been found to present enhanced colitis-associated colon cancer (CAC) correlating with an increase in the C. albicans burden. The Dectin-3−/− mice recruited more macrophages and ILC3s to mesenteric LNs and LP tissues than the WT tumor-bearing mice. Regarding the mechanism, it was shown that an elevated C. albicans load triggered glycolysis and IL-7 production through a HIF-1α-dependent pathway in macrophages from LP in Dectin-3−/− mice. Importantly, IL-7 induced IL-22 secretion in sorted ILC3s in vitro via AhR and STAT3. In conclusion, an increase in IL-22 production by ILC3s through STAT3 and AhR promotes CAC progression as a result of a Dectin-3 deficiency in macrophages, which increases IL-7 production through HIF-1α-dependent glycolysis (87) (Figure 5).




Figure 5 | Function of IL-22-producing ILC3 cells in the development of colitis-associated colon cancer (CAC) following exposure of Candida albicans. Dectin-3, expressed by myeloid cells, recognizes this fungus and down-regulates the production of IL-7. In Dectin-3-deficient mice, macrophages display a HIF-1α-dependent glycolysis which brings ILC3s to produce IL-22 (through STAT3 and AhR), leading to the progression of CAC.





Several Signals Can Regulate ILC3 Responses Against Citrobacter rodentium

C. rodentium is a gram-negative mucosal pathogen that shares several pathogenic mechanisms with enteropathogenic Escherichia coli (EPEC) and enterohemorrhagic E. coli (EHEC); it therefore constitutes a useful murine model for investigating infectious colitis as well as intestinal bowel disease (IBD), enabling an assessment of the mucosal immune responses, host-pathogen interactions and wound healing, among others (88). Previous field studies have demonstrated that ILC3s plays a key role in the control of C. rodentium infection by secreting large amounts of IL-22 and IL-17 (11, 13, 89). However, some studies support the idea that Nkp46+ ILC3s prove to be redundant for control of C. rodentium infection in the presence of T cells; these studies involved the use of transgenic mice with conditional deletion of the key ILC3 genes Stat3, Il-22, Tbx21 and Mcl1 in Nkp46-expressing cells (80). In recent years, different signals have been found to regulate ILC3 responses against C. rodentium.

Hypoxia: ILC3s have been observed to undergo metabolic reprogramming combining glycolysis with mitochondrial ROS production to fight C. rodentium infection. Rag1−/− mice lacking the gene for the mTOR complex 1 (mTORC1) subunit Raptor in RORγt-expressing cells, or WT mice treated with rapamycin, showed greater susceptibility to C. rodentium infection. Significantly, Raptorfl/fl Rorc Cre mice presented much lower numbers of ILC3s at steady state suggesting a possible role in haematopoiesis although this possibility was not addressed in the aforementioned research. To study whether mTORC1-HIF-1α could drive an impact in ILC3 function, ILC3 cell line MNK3 and primary intestinal ILC3s were activated in vitro and incubated with mTORC1 and HIF-1α inhibitors, showing a decrease in IL-17A and IL-22 production, as well as proliferation. Therefore, the mTORC1 pathway could sustain ILC3s activation, cytokine production, and proliferation, but there is a need to conduct further studies in order establish the function of mTORC1-HIF-1α pathway in C. rodentium infection in vivo (90).

Microbiota: Microbiota-derived short-chain fatty acids (SCFAs) promoted IL-22 production by CD4+ T cells and ILC3s both in vitro and in vivo, resulting in a significant inhibition of C. rodentium-colitis. In addition, in vitro assays with G protein-coupled receptor (GPR)41(FFAR3)-specific agonist and other inhibitors showed that butyrate promoted IL-22 production through the FFAR3, activating HIF-1α, AhR, STAT3 and mTOR proteins. In contrast, IL-22 was induced by butyrate at similar levels in WT and GPR109a-deficient or GPR43(FFAR2)-deficient CD4+ T cells, suggesting that it was particularly dependent on GPR41 (91). However, the deficiency of FFAR2 in RORγt-expressing cells caused a decrease in in situ proliferation and IL-22 production, specifically in colonic CCR6+ILC3s (and not in Nkp46+ ILC3s) which led to increased susceptibility to C. rodentium infection in Ffar2fl/fl Rorc Cre mice. Additionally, FFAR2 agonists increased ILC3-derived IL-22 via an AKT and STAT3 axis in vitro (92). Interestingly, neither alterations in cell frequency nor IL-22 nor IL-17A production in colonic RORγt+ CD4+ T cells from Ffar2fl/fl Rorc Cre mice were observed, as suggested the data published by Yang in CD4+ T cells (91). In this regard, it has recently been published that SCFAs, produced by the commensal microbiota from dietary fibres (DF), supported optimal expansion of all ILCs via both FFAR2 and FFAR3 receptors. Mice fed with a DF diet increased the number of ILC3s in the gut but not in the lymphoid organs, improving intestinal immunity to C. rodentium infection. In addition, the signaling triggered by SCFAs on ILCs was analyzed in vitro, showing an activation of Phosphoinositide 3-kinase (PI3K), STAT3, STAT5, and mTOR, which is important for ILC proliferation. Furthermore, FFAR2 was required for normal expansion of ILC1s and ILC3s both in the intestine and in systemic tissues following C. rodentium infection; this was demonstrated with the use of Ffar2−/− mice (93) (Figure 6). To summarize, the protection against C. rodentium provided by IL-22 secreting-ILC3 cells can be activated by FFAR2 and FFAR3 triggered by microbiota-derived SCFAs.




Figure 6 | Role of ILC3s in the response against C. rodentium. Vasoactive intestinal peptide (VIP), released by neurons in lymphoid patches in close contact with CCR6+ ILC3s, inhibits their IL-22 secretion. Simultaneously, ILC3s have a negative intrinsic modulation, expressing both RANK and RANKL, which suppresses the induction of IL-22 and IL-17. Susceptibility to C. rodentium infection is caused by these inhibitory mechanisms. The interaction between CCR6+ ILC3 and TfH cells through MHC-II in the mesenteric lymph nodes limits the TfH responses as well as pathogen specific-IgA. Simultaneously, ILC3s expression of TL1A receptor DR3 confers protection against C. rodentium. SCFAs produced by the commensal microbiota from dietary fibers increase IL-22 secretion in ILC3s via the FFAR2/FFAR3-AKT/mTOR/STAT3 molecular pathway, thus contributing to the elimination of the infection. Moreover, ILC3-derived GM-CSF production can improve antimicrobial responses by increasing the expression of IL-1β and MHC-II in macrophages (M1-like macrophages). Furthermore, Vitamins D and A in the diet increase ILC3’s synthesis of IL-22, which protects against C. rodentium; vitamin A’s molecular mechanism is via HIC (Hypermethylated in cancer 1).



Diet: Vitamins can also regulate innate responses to infections. Vitamin A metabolite all-trans-retinoic acid (atRA) has been implicated in the regulation of immune tolerance to food antigens, partially by regulating ILC responses in the intestine. The role of the transcription factor Hypermethylated in cancer 1 (HIC1), previously identified as an all-trans retinoic acid (atRA) responsive gene in intestinal Th cells, was essential for the regulation of ILC3s in the defence against C. rodentium, because Hic1flflRorc Cre mice treated with depleted anti-CD4 Mab were more susceptible to the infection and showed less RORγt+ T-bet+ ILC3s in LP (94). The role of vitamin D in the clearance of C. rodentium infection was tested in Cyp27B1 (vitamin D 1α-hydroxylase mimicking Vitamin D deficiency) KO mice previously fed with a low vitamin D diet (D-), making them more susceptible due to lower levels of IL-22 from both ILC3s and Th17 than mice with a vitamin D supplemented diet (D+). ILC3s were important with regard to maintaining the defence against C. rodentium, because Rag−/− mice on a D- diet presented lower levels of IL-22 from ILC3, and therefore had more severe colitis and a higher mortality than their D+ diet littermates. Furthermore, this phenotype was rescued by administering 1,25D which raise ILC3s and IL-22 levels, or by administering IL-22Fc fusion protein IL-22 in vivo, thus proving that vitamin D was required for healthy regulation of ILC3 response against C. rodentium (95) (Figure 6). In short, vitamins A and D are are needed to maintain suitable levels of IL-22 secretion from ILC3s in order to enhance the protection against C. rodentium.

Nervous system: Previous studies have associated ILC3s with the mucosal neural system (16). It was demonstrated that ILC3s expressed circadian clock genes and IL-17/IL-22-producing ILC3s diminished significantly in Arntlfl/fl Vav1 Cre and the Arntlfl/fl Rorc Cre mice (conditional deletion of the master circadian activator aryl hydrocarbon receptor nuclear translocator-like gene Arntl in hematopoietic cells and RORγt-expressing cells respectively), showing greater susceptibility to C. rodentium. This ILC3 reduction in the gut was not due to an alteration of the numbers of common lymphoid progenitors but rather involved an impairment of the migration of ILC3s to LP, because ILC3s from Arntlfl/fl Rorc Cre mice displayed reduced expression of CCR9, an essential chemokine receptor for intestinal LP migration. In general terms, circadian clock genes play a significant role in the migration and regulation of ILC3s for fighting against C. rodentium (96).

As for the modulation of ILC3s by the nervous system, CCR6+ ILC3 which expressed neural-related genes such as the vasoactive intestinal peptide receptor 2 (VIPR2) were in close proximity with VIP+ neurons in the cryptopatches and lymphoid patches of ileum and colon. VIPR2−/− CCR6+ ILC3s generated more IL-22, which was inhibited by using VIPR2 agonists, suggesting that VIP inhibited the production of IL-22 in ILC3s. Additionally, with the use of DREADD mice (designer receptors exclusively activated by designer drugs in VIP+ cells), VIP neurons were shown to modulate CCR6+ ILC3 cytokine secretion through VIPR2, which is key in the protection against C. rodentium. The DREADD inhibition of VIP+ neurons provided protection against C. rodentium; this is in contrast with DREADD activation in the presence of C. rodentium, which led to severe disease that could be reversed with the administration of recombinant mouse IL-22, indicating that activation of VIPergic neurons may be contributing to intestinal barrier malfunction (97) (Figure 6). Thus, the neuron system regulates ILC3 response to C. rodentium by the modulation of Vipergic neurons.

Cytokines or chemoattractant: The primary source of tumor necrosis factor-like cytokine 1A (TL1A) in the gut are CX3CR1+ MNPs and interestingly, Rag2−/− Tnfsf25fl/fl Rorc Cre (RORγt+ cells deficient for TL1A receptor DR3) mice infected with C. rodentium lost more weight and presented lower survival rates compared to their littermate controls, thus revealing a protective mechanism of TL1A in ILC3s during acute colitis (98) (Figure 6). As for chemotactic receptors, it has been shown that GPR183, which is normally expressed by follicular B cells, DCs and CD4+ T cells, was also highly expressed in ILC3s. Additionally, GPR183 was found to be an important receptor for the migration of ILC3s towards its ligand 7a,25-OHC (produced by stromal cells); this was revealed by means of a transwell migration assay in vitro with sorted GPR183−/− ILC3s. Moreover, Gpr183LacZ/+ (KO reporter mice) mice exhibited lower numbers of ILC3s and fewer cryptopatches, a fact which made them more susceptible to colitis by C. rodentium infection, demonstrating that GPR183 and 7a,25-OHC controlled the distribution and accumulation of ILC3s in the mLNs and Peyer’s patches (99). Therefore, GPR183 plays an essential role in terms of migration and distribution of ILC3 and consequently in a C. rodentium infection. As for TL1A, it would be of general interest to study in greater depth the molecular pathway involved in the protection against C. rodentium.

Membrane proteins: NKR-P1A, expressed in human NKs, is a type II transmembrane protein belonging to the C-type lectin superfamily and which can recognize C-type lectin-related (Clr) proteins. E. Abou-Samra et al. found that ILC3s in the gut also expressed NKR-P1B (homologue of NKR-1PA in mice). Although NKR-P1B-deficient mice showed higher numbers of ILCs and γδT cells in steady state, lower levels of IL-22 were observed. Moreover, upon C. rodentium infection NKR-P1B-deficient mice had more CFUs showing lower levels of IL-22 production from CCR6+ ILC3s than their control WT mice. Similar results were obtained in Rag1−/−Nkr-p1b−/− mice demonstrating the importance of NKR-P1B in ILC3s in the context of infection (100). As a result, the NKR-P1B ILC3 membrane protein is required to regulate ILC3 numbers and function, although further research on the molecular mechanism is needed.

Another molecular regulation of ILC3s is based on the receptor activator of nuclear factor κ B (RANK) interaction with RANK Ligand (RANKL). A novel negative intrinsic regulation of production of IL-22 and IL-17 by ILC3s was discovered by generating Tnfrsf11afl/fl Rorc Cre (RANK ligand deficient mice in RORγt-expressing cells) and Tnfrsf11fl/fl Rorc Cre (RANK deficient mice in RORγt+ cells). Tnfrsf11fl/fl Rorc Cre mice exhibited hyperresponsive CCR6+ ILC3s and increased IL-17/IL-22 production, presenting less severe colitis upon C. rodentium infection. Rag1−/− Tnfrsf11fl/fl Rorc Cre mice had a similar outcome of the disease demonstrating that the regulation of RANK-RANKL was in ILC3s and not in T cells (101) (Figure 6). Several years ago, AhR was shown to constitute a relevant transcription factor relevant for combating C. rodentium, as knocking out AhR resulted in a loss of IL-22+ ILC3s (4, 102, 103). It has recently been determined that AhR expression in RORγt+ cells alone was sufficient with regard to maintaining a functional ILC3 compartment and controlling C. rodentium infection; this was demonstrated by the complete protection of AhrCAIR/CAIR Rorc Cre mice, an AhR-knockin mouse model that expressed a constitutively active form of AhR (CA-AhR) only in RORγt+ cells (104). Conclusively, AhR is required for ILC3 to produce IL-22 in the presence of C. rodentium, and ILC3s possess intrinsic self-regulation of their immune response, which is mediated via the RANK-RANKL interaction

ILC3s can regulate other immune cells during C. rodentium infection through GM-CSF secretion. Mice lacking ILCs and T cells (Rag1/2−/− treated with CD90.2 Mab) were more susceptible to C. rodentium infection; they presented an accumulation of immature monocyte in gut following dextran sulfate sodium colitis and a reduction of pro-IL-1β expression in intestinal mononuclear phagocytes. As ILC3s were the major GM-CSF-producing cell type in the colon during colitis, sorted RORγt+ ILC3s or ILC3-conditioned media were co-cultured with BMDM, resulting in an enhancement of the IL-1β, MHC-II expression in BMDM and suppression of IL-10 (characteristics of M1 macrophage). Importantly, these effects were inhibited by the addition of a GM-CSF-neutralizing antibody. In addition, an increase was also observed in the expression of genes associated with M2 macrophage activation in colonic macrophages of ILC-depleted mice in vivo. Consequently, these data reveal that GM-CSF-mediated ILC3-macrophage crosstalk play a vital role in calibrating the intestinal macrophage phenotype to enhance anti-bacterial responses (105) (Figure 6).

It has been shown that Lti-like ILC3s might also be interacting with follicular T helper cells (TfH) in the interfollicular region of mesenteric lymph nodes, thus limiting the TfH response and B cell-derived IgA production against mucosal microbiota as well as B cell class switching through MHC-II antigen presentation in steady state. This interaction between Lti-like ILC3s and TfH cells was also relevant in C. rodentium infection, which was demonstrated with the use of mice lacking MHC-II in ILC3s, observing greater numbers of TfH cells and pathogen-specific IgA after infection with C. rodentium. Further studies are required to determine the function of Lti-like ILC3 interactions with TfH and the consequences on TfH function in infection (106) (Figure 6).




Discussion

The importance of cytokine release for combatting pathogens has long been extensively described. The present review addresses the latest studies on ILC3s in the early release of cytokines in various organs of the body in mice and humans - in particular the secretion of IL-17 and IL-22, and their role in the early response to a wide range of pathogens. Although ILC3s have previously been described to be important for defending against extracellular bacteria, recent evidence suggests they can also provide defence against parasites or even viruses. And apart from playing an essential role in the gut, they also have an important function in other organs. Furthermore, the present review highlights the new molecular pathways that have recently been described for the different roles ILC3s play in each organ (Table 1); this renders our review a useful tool for further investigation in the field. It is important to highlight that the methodology employed to study the molecular mechanisms involved in the function of ILC3s during infections in vivo, entails generating conditional transgenic mice, usually in RORγt-expressing cells, and in order to avoid the contribution of T cells, these mice are crossed with Rag−/− mice. Consequently, the function of RORγt-expressing cells, which include not only Nkp46+ ILC3s or Nkp46- but also Lti cells, has been studied in immunosuppressive mice. Other experimental approaches involve depleting genes in Nkp46+ cells; this has led to some groups discovering that Nkp46+ ILC3s are redundant during infection in the presence of T cells (immunocompetent mice). In general terms, there is a need for further study of ILC3s and their molecular mechanisms at play in the different diseases of each organ in order to develop new therapies or to make earlier diagnoses.


Table 1 | Main results of the function and molecular mechanism described in each research article divided by tissue and pathogen.
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Allergic conjunctivitis (AC) is the most prevalent form of mucosal allergy, and the conditioned medium (CM) from mesenchymal stem cells has been reported to attenuate some allergic diseases. However, the therapeutic effects of CM from different tissue stem cells (TSC-CM) on allergic diseases have not been tested. Here, we studied the effects of topical administration of different human TSC-CM on experimental AC (EAC) mice. Only human amniotic epithelial cell-CM (AECM) significantly attenuated allergic eye symptoms and reduced the infiltration of immune cells and the levels of local inflammatory factors in the conjunctiva compared to EAC mice. In addition, AECM treatment decreased immunoglobulin E (IgE) release, histamine production, and the hyperpermeability of conjunctival vessels. Protein chip assays revealed that the levels of anti-inflammatory factors, interleukin-1 receptor antagonist (IL-1ra) and IL-10, were higher in AECM compared to other TSC-CM. Furthermore, the anti-allergic effects of AECM on EAC mice were abrogated when neutralized with IL-1ra or IL-10 antibody, and the similar phenomenon was for the activation and function of B cells and mast cells. Together, the present study demonstrated that AECM alleviates EAC symptoms by multiple anti-allergic mechanisms mainly via IL-1ra and IL-10. Such topical AECM therapy may represent a novel and feasible strategy for treating AC.
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Introduction

Allergic diseases have become a worldwide health problem and are increasing in prevalence. Among allergic diseases, allergic conjunctivitis (AC) is the most prevalent form of mucosal allergy and currently affects many people in the world (1), with symptoms of itching, redness of the mucosa, swelling of the eyelids, chemosis, and tearing (2). It is commonly believed that the allergen-driven T helper type 2 (Th2) immune response and type I hypersensitivity play crucial roles in the pathogenesis of AC (3). Current drugs for treating AC include antihistamines, mast cell (MC) stabilizers, or antihistamine/MC stabilizer combination, corticosteroids, and immunotherapy. However, long-term administration of antihistamine/MC stabilizers and corticosteroids may cause a variety of side effects, drug resistance, and intolerance (4, 5). For example, long-term use of olopatadine results in a 7% incidence of headache (6). Topical steroids can cause cataracts and glaucoma (5), as well as a risk of fungal infection and delayed healing of corneal epithelium (7). Although allergen immunotherapy is a safe and effective treatment for patients with AC (1), its effects on improving symptoms and clinical scores in allergic diseases are short term (8). Therefore, novel therapies for AC are required.

Tissue stem cells (TSC), including mesenchymal stem cells (MSC) and epithelial-shaped amniotic epithelial cells (AEC), possess the potential of self-renewal and multidirectional differentiation (9, 10), contribute to the regeneration of many tissues damaged by various diseases (11, 12), and exhibit immunomodulatory functions and inflammatory inhibitory effects in many immune-related diseases and inflammatory diseases in preclinical and clinical trials (11–14). In addition, previous studies have reported that MSC attenuate allergic diseases, such as asthma, allergic rhinitis, rheumatoid arthritis, and allergic skin disease (14, 15). Moreover, a recent study has shown that human AEC (hAEC) was effective in treating experimental allergic airway disease (16). Several molecular mechanisms have been reported for these phenomena: 1) immunomodulatory effects on immune cells, including inhibition of effector T cells, B cells, neutrophils, dendritic cells, and MCs; 2) promotion of the polarization of macrophages from type 1 to type 2 and upregulation of regulatory T (Treg) cell percentages (12, 17–19); and 3) the beneficial function of paracrine factors (20, 21).

Of note, TSC secrete many paracrine factors, including neurotrophic factors, growth factors, cytokines, receptors, chemokines, and anti-inflammatory factors to facilitate cell survival and regeneration and reduce inflammation response (20, 22). Mounting evidence has demonstrated that the immunomodulatory effects of TSC on immune cells are dependent on various soluble paracrine factors, including interleukin-1 receptor antagonist (IL-1ra), IL-10, transforming growth factor-β (TGF-β), indoleamine 2,3-dioxygenase (IDO), prostaglandin E2(PGE2) and C-C Motif chemokine Ligand 2 (CCL2) (15, 17, 23, 24). Therefore, application of conditioned medium (CM) from tissue stem cells (TSC-CM) on various diseases is reasonable. For allergic diseases, previous studies showed that the CM from MSC ameliorates allergic airway inflammation (25) and asthmatic pathological changes in asthmatic rats (26). Regarding AC, the CM from tumor necrosis factor-α (TNF-α)-pretreated mouse bone marrow MSC attenuates AC symptoms in the AC model (27). However, the pretreatment procedure with inflammatory factors may increase the complexity of the production process and bring safety concerns for clinical use. Therefore, exploring an appropriate CM without pretreatment process for the clinical treatment of AC and other allergic diseases is required.

On the other hand, preclinical and clinical trials have shown that TSC were effective in the treatment of ocular surface disorders by various transplantation methods, including intrastromal injection (28), subconjunctival injection (29), and cotransplantation with the amniotic membrane (30). However, from a clinical point of view, these cell transplantation methods are not appropriate for patients with AC. In contrast, topical administration is a common and acceptable method for patients with AC. Therefore, topical administration of CM was used in the study.

In the present study, we compared the therapeutic effects of topical administration of CM from human amniotic MSC (AMSCM), human bone marrow-derived MSC (BMSCM), human umbilical cord-derived MSC (UMSCM), human adipose-derived stem cells (ADSCM), and hAEC [amniotic epithelial cell-CM (AECM)] without pretreatment on AC model to find an efficient CM for the treatment of AC. Moreover, we investigated the underlying anti-allergic mechanisms of the effective CM and the vital paracrine factors in the CM for treating AC.



Materials and Methods


Isolation and Culture of TSC and Preparation of CM

hAEC, human amniotic MSC (hAMSC), human bone marrow-derived MSC (hBMSC), human umbilical cord-derived MSC (hUMSC), and human adipose-derived stem cells (hADSC) were isolated from different human tissues and cultured in the corresponding medium with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S) (all from Life Technology). The detailed protocol information is in the supplementary materials and methods. The collection and subsequent use of adult tissues were approved by the Human and Animal Research Ethics Committee of Renji Hospital, School of Medicine, Shanghai Jiaotong University. The people gave informed consent for sample collection.

For collecting the TSC-CM the cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)/F12 medium at passage 2 up to 90% confluency, washed with phosphate-buffered saline (PBS) three times, changed to basic medium DMEM/F12 and cultured for 24 h, and lastly harvested the CM and centrifuged at 2,000 rpm for 10 min at 4°C to remove cell debris. Next, we used a Pierce™ BCA protein assay kit (Thermo Fisher, USA) to measure total protein concentration of the CM and then normalized to the same concentration according to total protein concentration for the following experiments. Lastly, the normalized CM was aliquoted and stored at -80°C for use.



Flow Cytometry

The stem cells were dissociated with trypsin, washed with cold PBS, and then separately stained with immunoglobulin G (IgG) or the following monoclonal antibodies conjugated to PE, PerCP, APC, or FITC: Epcam-PE, CD44-FITC, CD29-FITC, CD49f-FITC, CD73-FITC, CD105-APC, CD90-FITC, CD34-PerCP, CD31-FITC, CD45-FITC, and HLA-DR-FITC (all from eBioscience, USA). Upon being washed with PBS, the labeled cells were resuspended, and at least 105 events were acquired by using a BD Accuri™ C6 flow cytometer (BD, USA).



Adipogenic and Osteogenic Differentiation

The cells were cultured up to 80%–90% confluence and changed to the osteogenic differentiation medium or the adipogenic differentiation medium (STEMCELL Technologies, Vancouver, BC, Canada). Osteoblastic differentiation was analyzed by alizarin red staining. Adipocytic differentiation was identified by Oil Red-O staining.



Topical Administration of the TSC-CM on Experimental Allergic Conjunctivitis (EAC) Mice 

Six-week-old BALB/c mice were purchased from Shanghai SLAC Co. Ltd. (Shanghai, China). All animal experiments were approved by the Committee on the Ethics of Animal Experiments of Tongji University (Permit Number: TJAA09620101). All procedures including animal eye studies were conducted in accordance with the “Statement for the use of animals in ophthalmic and vision research” of the Association for Research in Vision and Ophthalmology. The mice were randomly grouped into eight mice for each group. The groups were as follows: CON (normal control without administration of pollen and albumin, DMEM/F12 basic medium), EAC (experimental allergic conjunctivitis) (EAC, DMEM/F12 basic medium), DEX (EAC, TobraDex® Dexamethasone Eye Drops from Alcon®), EAC+AECM, EAC+AMSCM, EAC+BMSCM, EAC+UMSCM, and EAC+ADSCM. The EAC model was induced according to previously reported methods with minor modification (31–33). In brief, BALB/c mice were immunized with 50 μg of short ragweed (SRW) pollen (Greer Lab, USA) and 5 μl albumin (Thermo Scientific, USA) by footpad injection on day 0 and day 5. The mice were then challenged with topical application of 10 μl SRW pollen solution (1.5 mg SRW pollen in PBS) in both eyes from days 10 to 14. Here, 10 μl CM was topically administered on both ocular surfaces of EAC mice four times daily from days 10 to 14 before challenge with SRW pollen solution (27). The clinical symptoms were given scores according to the standard previously described (31, 32), which includes conjunctival redness, eyelid edema, and mucus secretion under a slit lamp. The scratching response was defined as rapid movements of the paws toward the eye, as shown in Supplementary Video 1. The scratching times of each mouse 15 min after the challenge were also counted by observers who are blind to the treatment.



Analysis of Soluble Factors in the TSC-CM

To measure the soluble factors in the TSC-CM, a protein antibody array was performed with a Raybiotech L-series human Antibody Array 507 (Raybiotech, Atlanta, GA, USA). The expression levels of 507 human target proteins including cytokines, chemokines, adipokines, growth factors, angiogenic factors, proteases, soluble receptors, soluble adhesion molecules, and other proteins in the TSC-CM were simultaneously detected (Supplementary Tables 1–3). CM from adult human foreskin fibroblasts (HEFCM) was used as control. The procedure was performed according to the manufacturer’s instructions. Finally, the glass slide was dried, and fluorescent signals were scanned with GenePix 4000B (Axon Instruments, GenePix version 5.0). For each array, the background was subtracted from the protein intensity values, and the values were scaled to the internal control and floored at 1 unit.



Enzyme-Linked Immunosorbent Assay (ELISA)

The concentrations of IL-1ra and IL-10 in the AECM were measured by using human IL-1ra and IL-10 ELISA kit (R&D, USA). And the concentrations of IgE in ophthalmic lavage fluid or serum were tested by using mouse IgE ELISA kit (Elabscience, China). The histamine ELISA kit is from Elabscience. For ELISA kits, the assay range was 5–500 pg/ml.



Testing the Function of IL-1ra and IL-10 in the EAC Mice

Based on the ELISA assay of AECM, we applied exogenous human recombinant IL-1ra and IL-10 with the concentration of 1,000 pg/ml and 200 pg/ml, respectively, on EAC mice. Moreover, we neutralized IL-1ra or IL-10 in AECM with IL-1ra and IL-10 antibodies, then administered on EAC mice. The groups were as follows: EAC, EAC+AECM, EAC+AECM+IL-1ra Ab, EAC+IL-1ra, EAC+AECM+IL-10 Ab, EAC+IL-10, and EAC+IL-1ra+IL-10. The EAC model and treatment were performed as described above.



Histopathological Analysis

Fifteen days after sensitization, the mice were sacrificed, and the eyelid and conjunctival tissue were fixed and embedded in paraffin, then cut into sections with a thickness of 5 μm. For histopathological analysis, the sections were stained with hematoxylin and eosin (H&E), Giemsa, and toluidine blue, respectively. The sections were visualized with a microscope. For qualification analysis, at least six representative sections of the conjunctiva were counted. At least three mice were used in each group. Image J (Media Cybernetics, USA) was used for image analysis.



Culture and Activation of B Cells

For collecting and isolating B cells, BALB/c mice were first immunized with 50 μg of SRW pollen and 5 μl albumin by footpad injection on day 0 and day 5, then splenocytes were isolated from mice at day 10, and red blood cells were lysed using RBC Lysis Buffer (Yeasen, China). Then, splenic B cells were isolated by B220+ antibody (BD Biosciences, USA) by positive selection according to the manufacturer’s instructions. Isolated B cells were cultured in RPMI 1640 (Sigma-Aldrich, USA) containing 10% FBS, 2 mM L-glutamine, 55 mM 2-mercaptoethanol, and 1% P/S. Then, B cells (1 × 106/ml) were stimulated by the addition of IL-4 (50 ng/ml, Novoprotein, China) plus lipopolysaccharide (LPS; 10 mg/ml, Beyotime, China) to the culture medium for 5 days. The supernatants were collected for IgE analysis, and B cells were collected to measure cell viability.



Culture and Activation of MC

The human MC line HMC-1 was obtained from the ATCC and were cultured in RPMI 1640 medium supplemented with 10% FBS and 1% P/S. For HMC-1 activation, the cells (1 × 106/ml) were stimulated with phorbol 12-myristate 13-acetate (PMA, 20 nM, Selleck, USA) and calcium ionophore (A23187, 1 μM, Aladdin, China) (PMACI) (34) for 16 h. The cell supernatants were collected for ELISA analysis, and the cells were collected for real-time PCR and Western blot analysis.



Intracellular Calcium Measurement

The intracellular calcium levels were measured according to the method described (35). In brief, (Ca2+i) the HMC-1 cells (5 × 106 cells/ml) were preincubated with 1 mM of Fluo-8-AM (Keygen, China) for 30 min at 37°C. After washing twice with calcium-free medium (media with 3 mM EGTA), the cells were treated with CM for 24 h. Then, the cells were replated in a black 96-well plate to test Ca2+i. After stimulating with PMACI, the dynamic change of the Ca2+i recorded every 10 s using a fluorescent Microplate Reader (SpectraMax iD3, Molecular Devices, USA) at an excitation wavelength of 494 nm and an emission wavelength of 516 nm.



Culture and Activation of Human Umbilical Vein Endothelial Cells

The HUVECs were cultured with endothelial cell medium (ECM, ScienCell, USA) supplemented with 10% FBS, 1% endothelial cell growth supplement, and 1% P/S. For HUVECs activation, the monolayer cells were stimulated by histamine (100 mM, Sigma-Aldrich, USA) for 30 min, then collected for Western blot analysis.



Quantitative Real-Time PCR (RT-PCR)

The total RNA of cells was extracted using TRIzol reagent (Takara, Japan) and reverse transcribed into cDNA using the PrimeScript RT reagent kit (Takara, Japan). RT-PCR was performed with SYBR Green PCR Master Mix (Tiangen Biotech, China) and the following cycling parameters: denaturation at 95°C for 5 min followed by 40 cycles of 95°C for 30 s and 60°C for 30 s using BioRad CFX96TM RT-PCR detection system (BioRad, USA). It was normalized by the expression of GAPDH. The relative amount of each gene was measured using the 2-ΔΔCT method. All quantitative RT-PCR experiments were performed at least three independent experiments. For mouse sample, the samples were harvested from at least three mice and the RT-PCR experiments were repeated three times. The information of the primers was listed in Supplementary Table 4.



Western Blot Analysis

The cells were lysed using  RIPA lysis buffer (Beyotime, China) containing protease and phosphatase inhibitor cocktails (Merck, USA). The protein concentration was determined by BCA protein assay kit. The PVDF membranes (Millipore, USA) were blocked with 5% nonfat milk or 5% bovine serum albumin (BSA) and incubated with primary antibodies overnight at 4°C. After washing with TBST, the membranes were incubated with corresponding HRP-conjugated secondary antibodies (Proteintech, China) for 1 h at room temperature. Densitometric analysis of proteins was performed by Tanon 5200S (Tanon, China). GAPDH antibody was used as an internal control, while Lamin B was used as internal control of nuclear protein. Primary antibodies used are listed in Supplementary Table 5.



In Vivo and In Vitro Vascular Permeability Assay

In vivo vascular permeability assays were performed according to previously reported methods (36) with minor modification. First, the mice were injected through the tail vein with 0.5% Evans blue dye solution in PBS (12 ml/kg); the mice were then photographed 1 h after injection. Next, the eyelid and conjunctival tissue were incubated in formamide at 55°C for 2 days to extract Evans blue dye. The extract was centrifuged twice at 10,000 ×g for 20 min at 4°C. The concentration of Evans blue dye in the extract was tested at 620 nm to evaluate the vascular permeability.

In vitro vascular permeability assays were performed as previously described (37). In brief, HUVECs were grown in 24-well Transwell filters (Millipore, USA) in 500 μl medium to form a cell monolayer. After adding 7.5 μl of streptavidin-HRP (1.5 mg/ml, Beyotime, China) to the upper chamber for 8 h, the monolayer permeability of the cells was tested by stimulation with 100 mM histamine for 30 min. Finally, streptavidin-HRP was added to the upper cell monolayer for 5 min, and the lower cell supernatant (500 μl) was collected. HRP activity was detected with TMB substrate. HRP activity was measured at OD 450 nm to evaluate the permeability of the cells.



Determination of Transendothelial Electrical Resistance (TEER)

The TEER of HUVECs was determined by Millicell-ERS2 Volt-Ohm Meter (Millipore, USA) according to the manufacturer’s protocol. Briefly, HUVECs (2 × 104 cells per well) were plated onto 24-well Transwell filters to form a cell monolayer. The TEER values of the monolayers were measured with electrodes. TEER values (Ω·cm2) were calculated by subtracting the resistance of cell-free filter and then corrected according to the culture surface area.



Statistical Analysis

The data are presented as mean ± SEM of at least three independent experiments, statistical analysis was assessed by SPSS software 22.0, and statistical significance was determined using Student’s t-test for comparison of three groups and one-way ANOVA with Tukey’s multiple comparison test for multiple comparisons. Statistical significance was set as *P < 0.05, **P < 0.01, and ***P < 0.001, unless otherwise indicated.




Results


Comparison of the Effects of the TSC-CM on EAC

First, human different types of TSC were isolated and cultured according to the protocol in the Materials and Methods section. The tested TSC were identified by flow cytometry (Supplementary Figure 1), and the differentiation ability of the TSC was evaluated by their adipogenic and osteogenic potentials. Supplementary Figure 2 shows that the adipogenic and osteogenic potentials were comparable, except for hADSC and hBMSC. hADSC produced more adipose globelets, and hBMSC formed more bone-like nodules, revealing that the differentiation potentials of TSC are related to tissue origin of stem cells. These results demonstrated that the TSC had high purity and good viability, indicating that CM could be collected from the TSC for the subsequent experiments.

EAC was induced by SRW pollen as previously described (31–33). Mice were then challenged with SRW solution daily from day 10 to day 14 when different treatments were given. In the CM-treated groups, TSC-CM was applied to the ocular surface of EAC mice before the daily challenge (Figure 1A). The CM remained on the ocular surface for approximately 15 min. The severity of EAC symptoms was assessed by the chemosis, conjunctival redness, eyelid edema, and mucus secretion scores (Figure 1B) as well as scratching response times according to previous reports (31–33). All clinical scores and scratching response times were significantly increased in the EAC group compared to the control group without SRW induction (Figure 1C). AECM treatment significantly reduced the times of scratching responses and the severity of clinical scores compared to those of the EAC group with basic medium instead of CM (P < 0.01). Moreover, the reduction of scratching response times was comparable in AECM group to that of the DEX group (used as a positive control); however, the reduction of clinical scores in AECM group was slightly worse than that of DEX group, indicating that the therapeutic effect of AECM is slightly weaker than that of DEX. In addition, although AMSCM, BMSCM, UMSCM, and ADSCM slightly reduced clinical scores compared to the EAC group, but not scratching responses, their effects were weaker than those of AECM group.




Figure 1 | Comparison of the therapeutic effects of the TSC-CM on EAC mice. (A) A schematic illustration of the experimental design. Mice were first immunized with 5 μl SRW solution at day 0 and day 5, then challenged with 10 μl SRW solution daily from day 10 to day 14. At the same time, the mice were pretreated with 10 μl TSC-CM four times per day. (B) Clinical score was used to evaluate the severity of chemosis, conjunctival redness, eyelid edema, and mucus secretion under slit lamp. (C) The times of scratching response (left Y axis, solid points) and clinical scores (right Y axis, hollow points) of the severity of EAC symptoms were evaluated at the indicated time points after challenge with SRW solution in different groups. CON represents the normal control mice pretreated with DMEM/F12 medium without SRW pollen treatment. Solid points represent the times of scratching response. Hollow points represent clinical scores. The data are expressed as mean ± SEM, n = 8. **P < 0.01 in scratching times. ##P < 0.01 in clinical scores. (D) Representative images of ocular symptoms in each group photographed by slit lamp microscopy 24 h after the last challenge. White arrows represent chemosis, red arrows represent conjunctival redness, and black arrows represent eyelid edema.



To record and analyze the symptoms of EAC mice, mouse eyes were photographed on day 15. As shown in Figure 1D, mice in EAC group displayed severe signs of AC, such as evident hyperemia and edema in the conjunctiva compared to the control group. Consistent with the above observations, AECM significantly reduced conjunctival redness and eyelid edema of mice in AECM-treatment EAC mice compared to EAC mice, while AMSCM and BMSCM only slightly alleviated AC symptoms of the mice. The above results indicated that AECM significantly ameliorates AC induced by SRW pollen. Thus, we focused on AECM in subsequent experiments.



AECM Reduces Inflammatory Response in EAC Mice

To investigate the involvement of inflammation in the EAC model and the effects of AECM in its intervention, we performed histopathological examination of the conjunctiva of EAC mice. As shown in Figures 2A–D, the infiltration of eosinophils and other immune cells in the conjunctiva increased in EAC mice but significantly decreased in the AECM-treatment EAC mice compared to basic medium-treatment EAC mice. When treated with AECM, the immune cells and eosinophils in the conjunctival tissue of mice were reduced by 28.23% ± 5.1% and 60% ± 4.5%, respectively, compared to EAC mice (Figure 2D). When conjunctival goblet cells (one typical type of mucus-secreting cells) (38–40) were examined, similar patterns of the SRW-induced increase in EAC group and the inhibitory effects of AECM were observed (Figures 2E, F).




Figure 2 | AECM treatment alleviated inflammatory response in EAC mice. (A) Representative image of H&E staining of the conjunctiva in mice in different treatment groups. Scale bar, 50 μm. (B) Quantification of cell density in the conjunctiva of mice in each group. The data are expressed as the mean ± SEM. At least six representative sections of the conjunctiva were counted. At least three mice were used in each group. (C) Giemsa staining conjunctiva of mice in different treatment groups. Red arrows indicate eosinophils. Scale bar, 50 μm. The magnification black box at the bottom of the middle pattern represents a large eosinophil with bilobed nucleus. (D) Quantification of eosinophil density of the conjunctiva of mice in each group. (E) H&E staining of conjunctiva of mice in different treatment groups. Red arrows indicate goblet cells with vacuole. Scale bar, 100 μm. The magnification black box of the middle pattern represents a magnification image of goblet cells with vacuole. (F) Quantification of goblet cell density in the conjunctiva of mice in each group. (G) Real-time PCR analysis of mRNA levels of cytokines and marker genes of immune cells in conjunctiva of mice in different groups. The mRNA levels of genes in CON group were set as 1, and the data are expressed as the mean ± SEM, n = 3. *P < 0.05, **P < 0.01, and ***P < 0.001.



To determine whether AECM treatment affects the local inflammatory environment in the conjunctiva of EAC mice, we examined the conjunctiva from different groups by real-time PCR. Compared to the control group, the SRW challenge increased the expression of marker genes associated with inflammatory subsets of CD4+ T cells, such as Th2 (GATA3) and Th17 (RorC), and the corresponding inflammatory cytokines, including TNF-α, IL-1β, IL-4, IL-6, and IL-13, in the conjunctiva of mice, but AECM treatment significantly reduced the expressions of these marker genes and cytokines (Figure 2G). In contrast, AECM treatment significantly increased the levels of the anti-inflammatory factors IL-10 and TGF-β, as well as the expression of Foxp3 (Figure 2G). In addition, we also detected the expression of the genes related to the inflammatory milieu in cervical lymph nodes of mice and obtained similar results to those of the conjunctiva (Supplementary Figure 3). The above results demonstrated that AECM significantly reduces the allergic inflammatory response by reducing the infiltration of inflammatory immune cells, decreasing the levels of inflammatory factors and increasing the levels of anti-inflammatory factors.



IL-1ra and IL-10 Anti-Inflammatory Factors Are Abundant in AECM

To understand the molecular mechanism of AECM in ameliorating EAC, we performed a protein chip assay of 507 protein factors (Supplementary Table 1) to analyze the CM tested in this study, and the HEFCM was used as a control. The relative expression levels of the paracrine factors in the CM are shown as a heat map in Figure 3A. The paracrine factors in AECM were generally higher than those in other TSC-CM and the control HEFCM. In addition, we also noticed that many growth factors and cell adhesive molecules in AECM have similar phenomena (Figure 3B). Focusing on the anti-inflammatory factors, TGF-β and CCL2, which is related to the anti-allergic function of the stem cells (15), we observed that the relative levels of IL-1ra and IL-10 were higher in AECM than those in the other TSC-CM with concentrations of 1,007 ± 105 pg/ml and 200 ± 15.8 pg/ml, respectively (Figures 3C, D). Thus, we applied exogenous human recombinant IL-1ra and IL-10 with the same concentrations 1,000 pg/ml and 200 pg/ml, respectively, in the subsequent experiments. Moreover, we confirmed that IL-1ra and IL-10 antibodies did neutralize IL-1ra and IL-10 in AECM (Figure 3D). These data revealed that IL-1ra and IL-10 are abundant in AECM, and they may be important paracrine factors in AECM that mediate its inhibitory effects on EAC.




Figure 3 | Analysis of paracrine factors secreted by TSC. (A) Soluble factor in the AECM, MSC, AMSCM, BMSCM, UMSCM, and ADSCM were analyzed by a human antibody array 507. HEFCM was used as a control. The normalized array data of 507 proteins in the CM of different tissue stem cells were analyzed by SAM, and the relative concentrations of these factors were shown as a “heat map”. (B) The relative concentrations of growth factors were shown as a “heat map”. (C) The relative concentrations of anti-allergic-related factors including anti-inflammatory factors and TGF-β were shown as a heat map. (D) ELISA analysis of the concentration of IL-1ra and IL-10 in the AECM and their levels when neutralized with their antibodies.





AECM Inhibits Immunoglobulin E Release by B Cells

Considering the possible role of B cell activation and IgE production in allergic diseases (41, 42), we examined the recruitment and activation of B cells and IgE production in EAC mice with or without AECM treatment. As shown in Figure 4A, both CXCL13 (a potent chemokine for B cells) (43) and Tnfsf13b (a potent B cell-activating factor) were highly expressed in the EAC group, indicating that B cells could be activated and then release effective chemokines. However, AECM treatment decreased the expression of CXCL13 and Tnfsf13b. Additionally, AECM also inhibited the expression of CXCL13, Tnfsf13b, and Tnfsf13 (a potent B cell-proliferative factor) in cervical lymph nodes (Figure 4B), suggesting that AECM treatment inhibits B-cell proliferation and maturation in cervical lymph nodes, leading to B-cell migration into the conjunctiva of EAC mice. When the ophthalmic lavage fluid and the serum of mice in each group were collected and analyzed by ELISA, the IgE concentration in the ophthalmic lavage fluid and the serum of EAC mice increased but were both significantly reduced by AECM treatment (Figures 4C, D). In an in vitro experimental system, the level of IgE released from isolated B cells derived from BALB/c mice immunized with SRW was increased after stimulation with LPS+IL-4 but was maintained at a low level when cells were pretreated with AECM (Figure 4E), while B-cell viability remained unaffected (Figure 4F).




Figure 4 | AECM inhibited IgE release by B cells. (A, B) Real-time PCR analysis of mRNA levels of marker genes of B cells in conjunctiva (A) and cervical lymph nodes (B) of mice in each group. The expression levels of genes in CON group were set as 1, and the data are expressed as the mean ± SEM, n = 3. (C, D) IgE levels in the ophthalmic lavage fluid (C) and serum (D) of mice in each group. The data are expressed as the mean ± SEM, n = 3. (E) IgE levels in the supernatant of purified B cells activated by IL-4 (50 ng/ml) plus LPS (10 mg/ml) for 5 days in each group. Data were collected from at least three separate experiments, and the data are expressed as the mean ± SEM. (F) The cell viability of purified B cells was assayed by trypan blue exclusion. *P < 0.05, **P < 0.01, and ***P < 0.001.



As a continuous effort to explore the roles of IL-1ra and IL-10 in the intervention of AECM in EAC mice, the effects of IL-1ra and IL-10 on B-cell activation and function were examined. As shown in Figure 4E, the addition of either recombinant IL-1ra or IL-10 at the concentration of 1,000 pg/ml and 200 pg/ml, respectively, mimicked the inhibitory effect of AECM on IgE production, but adding anti-IL-1ra or IL-10 antibodies to AECM partially neutralized the inhibitory effects of AECM on IgE production. It is worth noting that the B-cell viability was not affected by any of the treatments (Figure 4F). These results suggested that IL-1ra and IL-10 may be the key factors in AECM due to their inhibitory effects on the activation and function of B cells.



AECM Inhibits MC Activation and Function

We next investigated the effect of AECM on MC activation and functions. Toluidine blue staining showed that the numbers of MC and percentages of degranulated MC in the conjunctiva were increased in EAC mice compared to those in the control group and reduced by AECM treatment compared to those in EAC group (Figures 5A–C). These data indicated that AECM treatment significantly reduces the enrichment and activation of MC in the conjunctiva of EAC mice. Furthermore, we investigated the mechanism of AECM in an in vitro system using HMC-1 cells, an immortalized MC line. After 24 h of pretreatment with AECM, HMC-1 cells were stimulated with PMACI (34) for an additional 16 h. As shown in Figure 5D, the mRNA levels of TNF-α, IL-1β, IL-4, IL-6, IL-13, and IL-33 inflammatory factors were increased under PMACI stimulation, and AECM treatment significantly decreased the levels of these inflammatory factors. The addition of recombinant IL-1ra and IL-10 showed AECM-like inhibitory effects, and the addition of their neutralizing antibodies to AECM significantly abrogated the inhibitory effects of AECM. Similar to the patterns of AECM effects on the expression of inflammatory factors, histamine release by activated HMC-1 cells increased three-fold under PMACI stimulation but was reduced by AECM treatment (Figure 5E). When either IL-1ra or IL-10 was added to the PMACI-treated cells, a similar reduction in histamine release of AECM-treatment cells was observed. Furthermore, this effect of AECM was significantly offset when treated with AECM neutralized by IL-1ra or IL-10 antibodies (Figure 5E). Similar to the B-cell results, the MC viability was not affected (Supplementary Figure 4). These data suggested that AECM also inhibits the activation and function of MC.




Figure 5 | AECM inhibited MC function. (A) Representative images of toluidine blue staining of MC in the conjunctiva of mice in different groups. The red arrows represent the dark blue staining of the degranulated MC, surrounded by many small dark particles (black arrow). Scale bar, 50 μm. (B, C) Quantification of the MC (B) and degranulated MC (C) in the conjunctiva of mice in each group. At least six representative sections of the conjunctiva were counted. At least three mice were used in each group. (D) The mRNA levels of cytokines in HMC-1 cells in each group as indicated. Data were collected from at least three separate experiments, and the data are expressed as the mean ± SEM. (E) Histamine concentration in the supernatant of HMC-1 cells in different groups as indicated by ELISA. (F) Ca2+i response in HMC-1 cells in different groups. (G) Qualification of dynamic changes of Ca2+i in HMC-1 cells in different groups over 180 s. (H) Western blot analysis of the protein levels of nuclear and total NF-κB, p-P38 and P38, p-JNK and JNK, p-Erk1/2 and Erk1/2 in different treated HMC-1 cells. The level of Lamin B was used as an internal control of nuclear protein, and GAPDH was used as an internal control of the total protein of the cell lysate. N-NF-κB represents nuclear NF-κB. (I) Qualification of relative protein levels of N-NF-κB, p-P38, p-JNK, and p-Erk1/2. *P < 0.05, **P < 0.01, and ***P < 0.001.



We next investigated the molecular mechanisms of AECM-mediating MC inhibition. Previous studies have demonstrated that IgE binds to the surface receptor (FcεRI) of MC and induces calcium mobilization, leading to MC degranulation and histamine release (35, 39, 44). Consistently, exposure to PMACI resulted in increased Ca2+i in HMC-1 cells, while AECM pretreatment maintained the Ca2+i concentration at the control level (9.68 ± 0.19 vs. 27.37 ± 0.29 RFU × 105, P < 0.01; Figures 5F, G). Nevertheless, the inhibitory effects of AECM were weakened by adding anti-IL-1ra or IL-10 antibodies to AECM. In addition, human recombinant IL-1ra and IL-10 also showed an inhibitory effect on Ca2+ mobilization, although weaker than that of AECM, suggesting that IL-1ra and IL-10 also participate in the suppressive effect of AECM on MC calcium mobilization.

Despite previous reports on the relationship between Ca2+i/ NF-κB signaling and inflammatory/allergic responses (45–47), we hypothesized whether the regulatory effect of AECM on MC is mediated by NF-κB signaling. Thus, we performed Western blotting to examine NF-κB signaling and related signaling molecules. As shown in Figures 5H, I, the level of NF-κB was increased in MC exposed to PMACI but decreased when treated with AECM. Adding IL-1ra or IL-10 antibody to AECM impaired the effects of AECM on NF-κB signaling, while only recombinant IL-1ra or IL-10 could not completely counteract the effects of PMACI. In addition, the MAPK signaling pathway has been reported to be related to inflammatory/allergic responses (48). Similar to the effects of AECM on NF-κB signaling, AECM treatment downregulated the expression of p-P38, p-JNK, and p-Erk activated by PMACI. However, such downregulation was abrogated in the presence of IL-ra or IL-10 antibody in AECM. Furthermore, recombinant IL-1ra or IL-10 could reduce the expression of p-P38, p-JNK, and p-Erk expression compared to that in the PMACI group. Taken together, these finding suggested that AECM inhibits MC function by regulating Ca2+i/NF-κB and MAPK signaling pathways.



Antihistamine Effects and Mechanism of AECM in Ameliorating EAC

To further understand the potential molecular mechanism of AECM, we investigated the possible effects of AECM on histamine. As expected, SRW activated histamine production in the ophthalmic lavage fluid of EAC mice (Figure 6A). Furthermore, AECM treatment decreased the histamine levels in the ophthalmic lavage fluid samples of mice. Conjunctival vascular permeability was also examined using Evans blue dye (36). The results showed that the conjunctival vascular permeability was significantly increased in EAC mice, but AECM treatment maintained permeability at the same low level as that of the control mice (Figures 6B, C). We also used HUVECs to evaluate permeability according to a previous method (37). Exposure to histamine increased the permeability of HUVECs, and this increase was prevented by AECM treatment (Figure 6D). In addition, recombinant IL-1ra and IL-10 significantly reduced the permeability of HUVECs stimulated by histamine, while the addition of IL-1ra or IL-10 antibody to AECM counteracted the effect of AECM (Figure 6D). To confirm this observation, TEER was also used to evaluate vascular permeability and integrity. As shown in Figure 6E, exposure to histamine decreased the TEER levels in HUVECs, while AECM restored the TEER levels. However, recombinant IL-1ra or IL-10 only showed a mild effect in restoring the TEER levels, and the effects of AECM with the IL-1ra or IL-10 antibodies were also mild.




Figure 6 | Antihistamine effects of AECM. (A) Histamine levels in ophthalmic lavage fluid of mice in different groups measured by ELISA. (B) Conjunctival vascular permeability of EAC mice was tested by Evans blue. Representative images were represented. (C) Quantification of conjunctival vascular permeability of EAC mice in different groups. n = 3. (D) Relative permeability of HUVECs in different treatment groups as indicated. (E) The TEER level of HUVECs in different groups. (F) Western blot analysis of protein level of p-Erk1/2 and Erk1/2, p-VE-cadherin and VE-cadherin in different treated HUVECs. The level of GAPDH was used as an internal control of the total protein of the cell lysate. (G) Qualification of relative protein levels of p-Erk and p-VE-cadherin. *P < 0.05, **P < 0.01, and ***P < 0.001.



To understand the molecular mechanism of AECM in maintaining vascular permeability and integrity, we examined signaling molecules potentially related to AECM, such as VE-cadherin and Erk, in HUVECs under different treatments (49). As shown in Figures 6F, G, histamine significantly increased phosphorylated VE-cadherin of HUVECs, which was reduced by AECM. Similarly, phosphorylated Erk was also increased in the cells under histamine treatment but was significantly decreased by AECM. Furthermore, the phosphorylation levels of VE-cadherin and Erk increased after AECM treatment with IL-1ra or IL-10 antibody and decreased after treatment with recombinant IL-1ra and IL-10. Overall, these results demonstrated that AECM inhibited histamine production and reduces vascular permeability by inhibiting the Erk/VE-cadherin pathway partially mediated by IL-ra and IL-10.



IL-1ra and IL-10 Are Necessary for AECM to Alleviate EAC

Based on the above findings that IL-1ra and IL-10 mediate the inhibitory effects of AECM on B-cell and MC functions, we next examined whether IL-1ra and IL-10 are involved in the effects of AECM on EAC. As shown in Figure 7, the beneficial effects of AECM on EAC mice were completely reversed when mice were treated with AECM containing an IL-1ra or IL-10 neutralizing antibody, as evidenced by significantly increased scratching response times, clinical scores, conjunctival redness, and eyelid edema of mice (Figures 7A, B). Topical administration of either IL-1ra or IL-10 or IL-1ra+IL-10 partly mimicked the effects of AECM because the reduction in scratching response times was comparable to that of AECM group, but the reduction in clinical scores, conjunctival redness, and eyelid edema was worse than those of AECM (Figures 7A, B).




Figure 7 | Anti-inflammatory factors IL-1ra and IL-10 are necessary for AECM-mediated amelioration on AC symptoms of EAC mice. (A) The times of scratching response (left Y axis, solid points) and clinical scores (right Y axis, hollow points) of the severity of AC symptoms of EAC mice in different groups were evaluated at the indicated time points after challenge with SRW solution. Solid points represent the times of scratching response. Hollow points represent clinical scores. The results are expressed as mean ± SEM. n = 8. **P < 0.01 in scratching times. #P < 0.05 and ##P < 0.01 in clinical scores. (B) Representative images of ocular symptoms evaluated by slit lamp microscopy for each group at 24 h after the last challenge. White arrows represent chemosis, red arrows represent conjunctival redness, and black arrows represent eyelid edema.



Finally, we examined the inflammatory profiles and the activation of MC in the conjunctiva of the mice under different treatments. As shown in Figure 8, inflammatory cell infiltration (Figures 8A, B), eosinophil accumulation (Figures 8C, D), MC enrichment and activation (Figures 8E–G), and goblet enrichment (Figures 8H, I) in the conjunctiva of EAC mice were all increased. Such increases were all reduced by AECM treatment. Administration of IL-1ra or IL-10 or IL-1ra+IL-10 showed less inhibitory effects than AECM, and the effects of AECM were reversed by treatment with AECM containing IL-1ra or IL-10 antibodies. Of note, the inhibitory effects of combination of IL-1ra and IL-10 were like that of IL-1ra or IL-10 on EAC and inflammatory cells, indicating there is no synergic effect between IL-1ra and IL-10 (Figures 7, 8). These results indicated that the beneficial effects of AECM on EAC may be mainly due to its higher levels of IL-1ra and IL-10.




Figure 8 | Anti-inflammatory factor IL-1ra and IL-10 are necessary for AECM-mediated reduction on the inflammation response in EAC mice. (A) Representative image of H&E staining of the conjunctiva of mice in different treatment groups. Scale bar, 50 μm. (B) Quantification of cell density in the conjunctiva of mice in different groups. The data are expressed as the mean ± SEM. At least six representative sections of the conjunctiva were counted. At least three mice were used in each group. (C) Giemsa staining of conjunctiva of mice in different treatment groups. Red arrows indicate eosinophils. Scale bar, 50 μm. (D) Quantification of eosinophil density in the conjunctiva of mice in different groups. (E) Representative images of toluidine blue staining of MCs in the conjunctiva of mice in different groups. Scale bar, 50 μm. (F, G) Quantification of the MC (F) and degranulated MC (G) in the conjunctiva of mice in different groups. (H) H&E staining of the conjunctiva of mice in different treatment groups. Red arrows indicate goblet cells with vacuole. Scale bar, 100 μm. (I) Quantification of goblet cell density in the conjunctiva of mice. *P < 0.05, **P < 0.01, and ***P < 0.001.






Discussion

Researchers have found that MSC and AEC have anti-allergic effects on allergic diseases (15, 16), and the paracrine factors secreted by these TSC play important roles in immunoregulation or anti-inflammation (12, 22, 24–26, 50). Previous studies showed that MSC-CM is effective on some allergic diseases (25, 26). As for AC, topical administration of CM from TNF-α-stimulated mouse bone marrow MSC attenuates EAC (27). However, TNF-α-stimulated MSC increases the complexity of CM collection process and cost, including the addition of TNF-α and removal of TNF-α using a TNF-α antibody. In the present study, we evaluated the AECM and several types of MSC for their effects on EAC mice and found that only AECM significantly ameliorated AC symptoms than EAC group and AMSCM, BMSCM, UMSCM, and ADSCM. However, all the tested MSC-CM only slightly alleviated AC symptom of EAC mice, and their effects are evidently weaker than those of the AECM. As for the anti-allergic mechanism, AECM reduced the infiltration of inflammatory cells, including Th2 cells, B cells, eosinophils, and MC, and it suppressed the release of inflammatory factors. Of note, AECM treatment increased the levels of the anti-inflammatory factors IL-10 and TGF-β, as well as the expression of Foxp3. In addition, AECM also  reduced the IgE production, histamine release, and vascular hyperpermeability. Because IgE plays important roles in the early phase of allergic diseases and vascular hyperpermeability, which is involved in the late inflammatory response (3, 41, 42, 51), the effects of AECM in this study suggested that AECM is effective in both the early phase and the late stage. In addition, AECM also inhibited goblet cell mucus secretion in EAC mice. Therefore, these finding suggested that AECM may be a better option for the treatment of AC or other allergic diseases.

Intriguingly, among all TSC tested, only AECM effectively attenuated allergic eye symptoms, which may be related to the function of the amniotic membrane. The amniotic membrane protects the developing embryo against various stimuli from the surroundings and suppresses the semiallogeneic immune response of the mother’s immune system (52). Due to its anti-inflammatory and immunosuppressive properties, human amniotic membrane tissue has long been used in the clinical treatment of burns and skin ulcers (52, 53). Moreover, hAEC is derived from the epithelial layer of the amniotic membrane, which is the layer closest to the embryo, and thus may have a strong immunosuppressive ability.

As for the molecular mechanism of AECM, we found that the relative levels of IL-1ra and IL-10 are higher in AECM than in the CM from other TSC and are the most abundant anti-inflammatory factors in the AECM, which may play crucial roles in mediating the anti-allergic effects of AECM on EAC. This conclusion was strongly supported by both in vivo and in vitro evidence in this study. Recombinant IL-1ra and IL-10 partially mimicked the effects of AECM on EAC, B cell, and MC function. In contrast, antibodies against IL-1ra or IL-10 significantly reduced the therapeutic effect of AECM on EAC mice and the inhibitory effects of AECM on B-cell IgE secretion and MC histamine release. Of note, IL-1ra and IL-10 could partially inhibit elevated Ca2+i stimulated by PMACI and Ca2+-induced responses in MC. As for the possible molecular mechanism, previous studies have shown that IL-1 binds to its receptor and activates numerous signaling pathways, including PLC, PKC, NF-κB, and MAPK pathway (54–56). While PLC and PKC can promote Ca2+ mobilization, leading to increased Ca2+i (57). Thus, IL-1ra competitively binds IL-1 receptor, thereby reducing IL-1-induced Ca2+ mobilization and activation of downstream NF-κB and MAPK pathway. Regarding IL-10, it is found to suppress the expression of FcϵRI, the allergen-specific IgE receptor on MC, thus inhibiting the activation of FcϵRI-binding tyrosine kinase Lyn and Syk and inhibiting Ca2+ mobilization (58). In addition, IL-10 can inhibit the generation of IL-1β (59), accordingly inhibiting IL-1-induced Ca2+ mobilization. However, more research is required to figure out the molecular mechanism. Taken together, IL-1ra and IL-10 may mediate the inhibitory functions of AECM on EAC.

The above conclusions were also supported by other studies. For example, IL-1ra has been reported to suppress corneal transplant rejection and ocular inflammation (60–62) as well as to alleviate clinical symptoms in allergic eye disease (63). In addition, adenovirus-expressed IL-1ra relieves airway hyperresponsiveness symptoms and reduces allergic airway inflammation in asthmatic mice (64). A molecular mechanism study has indicated that IL-1ra, as a natural IL-1 receptor antagonist, downregulates the activity of IL-1 and APC function, thus preventing the activation and proliferation of antigen-stimulated CD4+ T cells, including Th2 cells, and inhibiting the subsequent allergic response (65, 66). The other anti-inflammatory factor, IL-10, is the main cytokine produced by Treg cells in allergic diseases. In asthmatic mice, adenovirus-expressed IL-10 inhibits airway inflammation (67). Furthermore, IL-10 has been reported to inhibit the proliferation of mitogen-induced T cells and the production of IL-1β and TNF-α pro-inflammatory cytokines (59).

It is worthy to point out that the effect of AECM on EAC mice is better than that of IL-ra or IL-10 or IL-1ra+IL-10, including the inhibitory effects on IgE release and MC activation and function, which needs further study. We think that other anti-inflammatory factors and immunomodulatory factors are also involved in the anti-allergic effects of AECM on EAC. In addition, the trophic factors, which are abundant in the AECM, may contribute to the repair of the damaged conjunctiva and thus provide additional treatment benefits.

Regarding the prospective applications of AECM, first, in terms of cell resource, hAEC are easily available, as they are derived from discarded term placenta, do not require invasive surgery, and have no ethical issues (68). In addition, hAEC have good proliferation ability and activity because the amniotic membrane originates from pluripotent epiblasts. Second, previous preclinical and clinical trials indicated that hAEC are safe; intravenous administration of hAEC does not result in hemolysis, allergic reactions, toxicity, or tumor formation (69). Third, such treatment using non-living cells has many advantages, such as ease of preparation, ease of preservation, low safety concerns, few ethical issues, and simple quality control process. AECM collection does not require pre-stimulation with TNF-α. More importantly, IL-1ra and IL-10 are effective and important paracrine factors in AECM, which provides a basis for quality control for future clinical applications of AECM. In addition, topical drug administration is a common and easy clinical administration route for the treatment of ocular disorders. Because AECM simultaneously targets multiple inflammatory signaling mediators with no side effect, it may represent a promising option for treating allergic diseases. Taken together, these unique properties suggest that AECM may represent a multitarget “drug” superior to a single immunosuppressive or anti-allergic drug. However, more clinical trials are required to assess and determine the safety and clinical benefits of AECM-based therapy on AC and other allergic diseases.

In summary, our findings demonstrated that AECM attenuates EAC symptoms and pathology in EAC mice. The anti-allergic effects of AECM are attributed to its inhibition of B-cell and MC activation and reduction of IgE and histamine release. At the molecular level, IL-1ra and IL-10 are potential crucial effectors in AECM for treating EAC. Such topical AECM therapy represents a novel strategy for treating AC and perhaps other allergic diseases.
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Endometrial immune response is highly associated with the homeostatic balance of the uterus and embryo development; however, the underlying molecular regulatory mechanisms are not fully elucidated. Herein, the porcine endometrium showed significant variation in mucosal immunity in proliferative and secretory phases by single-cell RNA sequencing. The loose arrangement and high motility of the uterine epithelium in the proliferative phase gave opportunities for epithelial cells and dendritic cells to cross talk with colonizing microbial community, guiding lymphocyte migration into the mucosal and glandular epithelium. The migrating lymphocytes were primarily NK and CD8+ T cells, which were robustly modulated by the chemokine signaling. In the secretory phase, the significantly strengthened mechanical mucosal barrier and increased immunoglobulin A alleviated the migration of lymphocytes into the epithelium when the neuro-modulation, mineral uptake, and amino acid metabolism were strongly upregulated. The noticeably increased intraepithelial lymphocytes were positively modulated by the bacteria in the uterine cavity. Our findings illustrated that significant mucosal immunity variation in the endometrium in the proliferative and secretory phases was closely related to intraepithelial lymphocyte migration, which could be modulated by the colonizing bacteria after cross talk with epithelial cells with higher expressions of chemokine.




Keywords: mucosal immunity, intraepithelial lymphocyte, reproduction, macrophage, cell migration



Introduction

As an important reproductive organ, the uterus contributes to providing an appropriate site for embryonic implantation and development. However, pregnancy failure and defective embryonic development are becoming more prevalent, often resulting from untoward changes in the uterine microenvironment (1, 2). During follicular and luteal phases of the ovarian cycle, the uterine mucosa is programmed to undergo various physiological changes in order to facilitate the implantation of the embryonic blastocyst (3, 4), while the mucosal epithelial cells (MEC) are transformed from pseudo-stratified columnar to simple columnar. In addition, the immune status of the uterine mucosa is closely related to successful embryo implantation, and an inhibited immune response is considered beneficial for implantation success (5). Regarding rodents and humans, researchers have found that natural killer cells assist in embryonic implantation into the endometrium, but non-inflammatory responses are induced during this process (2, 6, 7). Thus, although immune responses in the uterus vary at different times of the reproductive cycle, the underlying mechanisms are not yet fully understood.

Concerning mucosal immunity, several leukocyte populations comprise the important sentinel cells, including eosinophils, innate lymphocytes, and antigen-presenting cells. However, intraepithelial lymphocytes (IELs) constitute a large and highly conserved T-cell compartment and reduce the chances for pathogen invasion (8–10). The IELs in rodents and humans are identified as “natural”/thymic-derived IELs (nIELs) and as “induced”/peripheral IELs (pIELs) (11). The nIELs categorized as αβ and γδ T cells are present at birth and carry αβ and γδ T-cell receptors (TCR). pIELs arise from conventional TCRαβ+ cells after exposure to tissue-derived antigens (12). IELs exhibit a wide distribution and reside in the epithelium of all mucosal barrier sites, such as the skin, digestive tract, respiratory tract, and genital tract (13–16); Kobayashi et al. found that lymphocytes in the skin could inhibit sebaceous gland proliferation that produces antimicrobial peptides to reduce the colonization of commensal gram-positive bacteria (17). The IELs in the gut are also highly associated with pathogen resistance and mucosal barrier maintenance. It has been found the endometrial receptivity was closely related to the immune response and inflammation, and the lymphocytes and macrophages were the main immune cell populations in the human endometria across the menstrual cycle (18, 19). Due to various morphologies and motilities, the functions of different IEL populations and their underlying migratory mechanisms in different mucosal tissues remain to be clearly elucidated.

Commensal bacteria in mucosal tissues have been widely investigated and are reported to play significant roles in mucosal immunity by modulating the function of IEL (20–23). Hoytema van Konijnenburg et al. reported that the commensal luminal microbes recruited IEL into the epithelium by cross talk with epithelial cells, so as to maintain the intestinal epithelial barrier during infection (8). In the respiratory tract, the local microbiotas activate the lung-resident T cells and are involved in inflammation and tumor cell proliferation in lung cancer (24). These studies suggest that commensal bacteria play crucial roles in the homeostasis of the respiratory and gastrointestinal tracts. In view of particular physiological changes involved, we hypothesize that the composition of colonizing bacteria in the uterus might vary during different times of the estrous or menstrual cycle. In pigs, embryonic implantation depends upon the establishment of a relationship between the chorionic membrane and maternal endometrium—especially the epithelial cells—such that the IELs are very important for successful implantation. Thus, this study aims to investigate the various mucosal immune levels at proliferation and secretory phases and their molecular modulatory mechanisms involved.



Results


More Lymphocytes Migrated Into the Endometrium in the Proliferative Phase

After dissection, obvious fingerlike plicae were observed in the uterus in the proliferative phase (PU; Figure 1A), and in the secretory phase (SU), we observed an enlarged uterine lumen, disappearance of the plicae, and angiogenesis (Figure 1B). In the PU, the mucosal and glandular epithelial cells were pseudostratified and columnar in configuration, which was loosely arranged with more intraepithelial lymphocyte migration in the mucosal and glandular epithelium (Figures 1A, C and Figures S1A–C). In the SU, in addition to significant arterial blood vessels and uterine gland proliferation, the epithelial cells transformed into simple columnar epithelium with increased basal membrane integrity and surfactant in the mucosal surface (Figure 1B and Figures S1D–F). The lymphocyte migration into the epithelium was only observed in the lamina propria of the endometrium (Figure 1B and Figures S1D–F). Moreover, we found more adipocytes located around the capillaries in the endometrium of SU (Figure 1B and Figure S1F). These results indicated that obvious differences of mucosal barrier were in the endometrium between PU and SU.




Figure 1 | Obvious different histology and enriched pathways from differentially expressed genes (DEGs) of the endometrium at different phases. (A) Finger-like endometrium fold, pseudostratified columnar epithelium, and migrated lymphocytes in mucosal and glandular epithelium were obviously observed in the proliferative phase (PU). (B) Obvious vascular and uterine gland proliferation, endometrium fold reduction, and simple columnar epithelium were in the secretory phase (SU). (C) More intraepithelial lymphocytes (IELs) were significantly calculated in the mucosal epithelium in the PU under ×200 magnification. **p < 0.01. (D) A total of 1,274 upregulated genes and 798 downregulated genes were identified between the PU and SU. (E) The enriched pathways from the DEGs were closely related to chemotaxis, immune activation and cell migration in the PU, and obvious metabolism in the SU.



To investigate the possible pathways involved in the mechanism of different mucosal immunity especially IEL migration in the PU, we performed RNA sequencing (RNA-seq) to identify the differentially expressed genes (DEGs) in the endometrium. A total of 2,072 DEGs were identified, including 1,274 upregulated genes and 798 downregulated genes (Figure 1D and Figure S2A). By analyzing the enriched pathways in the PU, elevated expressions of genes were highly associated with chemotaxis, the chemokine-mediated signaling pathway, immune response, cellular response to lipopolysaccharide (LPS), positive regulation of chemokine production, and microtubule-based movement (Figure 1E, Figure S2 and Table S2, S3), such as B2M, BPI, CCL26, CCL4, CCL5, CCR1, CCR4, CCR5, FASLG, IFNG, IL15, IL6, IRF8, LTB, SMAD6, TLR7, TNFSF10, TNFSF15, XCL1, and XCR1 (Figure S2B), while the highly expressed genes in the SU were closely related to extracellular matrix (ECM), stress fibers, regulation of smooth muscle contraction, the oxidation–reduction process, and sodium ion trans-membrane transport (Figure 1E, Figure S2C and Table S4) including FGF7, FGFR4, IGF1, TGFBI, TGFB1L1, and TFRC (Figure S2B and Table S2). After analyzing the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of the DEGs, we demonstrated that the top pathways in the PU were primarily related to infection, graft versus host disease, allograft rejection, chemokine signaling, immune cell differentiation, IgA production, natural killer cell-mediated cytotoxicity, and leukocyte trans-endothelial migration (Figure S2D and Table S5). In the SU, the top pathways were focal adhesion, ECM–receptor interaction, protein digestion and absorption, dilated cardiomyopathy, vascular smooth muscle contraction, ovarian steroidogenesis, metabolism, long-term depression, and mineral absorption (Figure S2D and Table S6). All the results indicated that the immune statuses between the PU and SU were very different when more lymphocytes migrated into the epithelium of the PU; and their migration was closely related to enhanced immune response and chemokine gene expressions in the endometrium.



Mucosal Immunity Difference Highly Associated With Cell Population Variation

On account of the histological variation and DEGs in the endometrium of PU and SU, we conducted single-cell RNA-seq (scRNA-seq) to analyze the differences in cell populations and gene expressions in specific cells. The endometrium in the proliferative and secretory phases was dissociated into single cells, which were captured using the droplet-based microfluidic system chromium (10× Genomics) (Figure S3A). We obtained 13,544 good-quality cells, 6,422 in the PU and 7,122 in the SU, and conducted aggregating multiple GEM groups (AGGR) to reanalyze the cell clusters and expressed genes (Figures S3B, C). The cells from the PU and SU were divided into 10 clusters visualized after tSNE projection according to the correlation of identified cell populations (Figure 2A). According to gene expressions (Figure 2B), the cell types were characterized by the expression of marker genes, and 10 cellular populations were characterized by the expressions of CD3G, MS4A1, CSF3R, CD80, CD163, KRT19, LUM, and CFAP161 (Figure 2C). We found the cell populations between the PU and SU varied significantly with greater gene expressions in the epithelial cells, monocytes, and lymphocytes in the PU; and epithelial cells, macrophages, and fibroblasts in the SU (Figure S3C). In the PU, the T lymphocytes (49.8%), monocytes, and dendritic cells (15.8%) were the major cellular populations, whereas granulocytes (26.5%), macrophages (9.9%), and fibroblasts (20.6%) constituted the primary cell clusters in the SU (Figure 2D). It is interesting to note that a few MEC were clustered as ciliated cells, especially in the PU, which highly expressed specific genes including ROPN1, ROPN1L, CFAP45, CFAP161, ODF3B, DTHD1, and MORN5 (Figure 2B).




Figure 2 | Different cell populations in the endometrium of proliferative phase (PU) and secretory phase (SU). (A) Cell populations of the endometrium were counted and could be divided into 10 clusters, and the mucosal and glandular epithelial cells of PU and SU were significantly separated. (B) Specific gene expressions in the 10 cell populations identified from single-cell RNA-seq (scRNA-seq). (C) The different cell populations were identified according to their marker gene expressions. (D) More numbers of lymphocytes, monocytes, and dendritic cells were identified in the PU; and more granulocytes, fibroblasts, and macrophages were in the SU.



According to the identified cell populations, it is strongly consistent that more IELs were observed in the mucosal and uterine glandular epithelium of the PU (Figure 1A). Moreover, in the SU, more granulocytes were observed in the submucosal epithelium, and more macrophages were distributed in the lamina propria of the endometrium, which was in line with the scRNA-seq results (Figure 3A). In view of the significant differences in histology of the MEC between PU and SU, we found the proliferating cell nuclear antigen (PCNA) expressions were only observed in the mucosal and uterine glandular epithelial cells in the PU, whereas in vascular endothelial cells and fibroblasts in the SU (Figure 3B). By analyzing the expressed genes associated with cell recruitment, we found in macrophages that chemokines CXCL9, CXCL10, and CXCL16 were highly identified in PU when higher HMOX1, SOD2, MRC1, MSR1, CTSL, CD163, IL1A, IL1B, IL10, CXCL2, CCL2, and CCL14, were in SU (Figure 3C).




Figure 3 | Major cell population identification and gene expression in epithelial cell and macrophages. (A) Cell populations of macrophages (brown) and granulocytes (red granules in cytoplasm) in the endometrium of proliferative phase (PU) and secretory phase (SU), and more numbers were identified in the SU. **p < 0.01. (B) Obvious proliferating cell nuclear antigen (PCNA) expressions (brown) were observed in the mucosal and glandular epithelial cells of PU when those were only observed in the vascular endothelial cells and stromal cells in the SU. More PCNA expressions were calculated in the PU. **p < 0.01. (C) Significant differences of gene expressions in the macrophages were identified between the PU and SU when CXCL9 and CXCL10 were highly detected in the PU and IL10, FCGR2B, CCL2, CCL14, CXCL2, CD163, CTSL, and MSR1 in the SU.





Intraepithelial Lymphocyte Migration Obviously Modulated by Epithelial Cells

On account of the significant variation in IELs, we further analyzed the cell–interaction networks to elucidate what types of cells were involved in the modulation of IEL migration in the PU. We found the epithelial cells, macrophages, monocytes, and dendritic cells were closely interacted with T and B lymphocytes (Figure 4A), while chemokine genes CXCL9, CXCL10, CXCL11, CX3CL1, and IL15 were mainly detected in the MEC, monocytes, and dendritic cells in the PU (Figure 4B and Figure S4A). Moreover, CCR4, CXCR3, CXCR6, CX3CR1, IL2RB, and IL2RG were highly detected in the lymphocytes (Figure 4B and Figure S4A). By immunohistochemistry analysis, we detected a higher expression of CCL4 in the MEC in the PU (Figure 4C). Gene expressions in the MEC revealed that regulation of cell migration, cell-substrate adhesion, movement of cell or subcellular component, and microtubule-based process were highly enriched in the PU (Figure 4D and Table S7), whereas bicellular tight junction, occluding junction, cell–cell junction, apical junction, endopeptidase and peptidase inhibitor activities, and negative regulation of proteolysis were highly enriched in the SU (Figure 4D), demonstrating that the MEC had played different roles during proliferative and secretory phases.




Figure 4 | The epithelial cells in the proliferative phase (PU) and secretory phase (SU) show differential morphologies. (A) Interaction network between different cell populations were analyzed, and significant interactions between the epithelial cells and macrophages, monocytes, and dendritic cells were identified in the PU. (B) Chemokine genes and related receptor gene expressions were obviously detected in the epithelial cells, monocytes, dendritic cells, and lymphocytes. (C) Higher expressions of CCL4 in the mucosal epithelial cells were detected in the PU by immunohistochemistry. (D) The enriched Gene Ontology (GO) terms for highly expressed genes in the epithelial cells of PU and SU were significantly different.



By observing the MEC morphology, we found that in the PU they appeared foamy with a loose arrangement, programed into intermediate cells that are shown as two significant morphologies with significant surfactant in the mucosal surface and then transformed into a tight single-cell layer with a small amount of cytoplasm (Figure 5A). Due to the characteristic physiological changes occurring from the PU to SU, the mucosal and glandular epithelial cells in PU and SU were divided into different clusters according to their gene expression (Figure 5B). Using Monocle trajectory analysis, we noticed that the intermediate epithelial cell population transited from the proliferative phase to the secretory phase, with higher expressions of ribosomal protein genes (Figures 5B, C). In the SU, the epithelial cells showed different physiological functions, with a higher expression of related genes, such as MUC4, KRT19, VIM, CLAN4, S100A2, S100A10, MMP7, and SOD3 (Figure 5B), which were very related to mucus, structural integrity of epithelial cells, cell cycle progression and differentiation, and anti-oxidation. Commensurate with the great variation in the number of migrating lymphocytes, we found that gene expression also varied between lymphocytes in the PU and SU. The lymphocytes in the PU were identified as primarily CD8+ T cells and natural killer cells, which showed a high expression of CCL5, LTB, and GPR183 (Figure S4B). According to the results of RNA-seq, we found that the G-protein-coupled receptor genes, including GPR171, GPR183, GPR31, GPR34, GPR65, and GPR85, showed a significantly higher expression in the PU (Table S2), which were highly detectable in the lymphocytes, granulocytes, and macrophages by the scRNA-seq (Figure S6). These results presented above provided clues that the MEC in the proliferative and secretory phases manifested very different physiological functions, which were closely related to modulate lymphocyte migration.




Figure 5 | The differences of mucosal epithelial cells (MEC) with different gene expressions in the proliferative phase (PU) and secretory phase (SU). (A) Morphological changes of MEC were obviously identified from pseudostratified columnar epithelium in the PU to simple columnar epithelium in the SU. (B) During morphological changes of the MEC, they could be significantly divided into distinct two populations with specific gene expressions when one population of intermediate mucosal epithelial cell was identified. (C) The Monocle trajectory analysis showed that the identified mucosal epithelial cell populations changed from PU to SU with one intermediate cell population.





Colonizing Bacteria Guide Intraepithelial Lymphocyte Recruitment Through Chemokine Signaling Pathway

Based on the important roles of commensal bacteria in mucosal immunity by modulating IEL function, we postulated that the presence of colonizing bacteria in the uterine lumen might be involved in the recruitment of lymphocytes to the epithelium in the PU. To elucidate it, we firstly collected the luminal bacteria and conducted 16S rRNA full-length sequencing (Figure 6A). anonis/permanova analysis indicated that the compositions of colonizing bacteria were significantly different between the PU and SU (p = 0.006, Table S8). The result of linear discriminant analysis (LDA) effect size (LEfSe) analysis indicated that the different species in the PU belonged to Firmicutes and Bacteroidia. By contrast, in the SU, they were species of Proteobacteria (Figure 6B and Figure S6A). The relative abundance of Firmicutes and Bacteroidia, such as Ureibacillus_thermophilus, Streptococcus alactolyticus, Christensenella minuta, Caloramator australicus, Proteocatella sphenisci, Bacteroides zoogleoformans, Parabacteroides distasonis, Paraprevotella clara, and Prevotella copri, in the PU was higher than in the SU (p = 0.011, Table S8), whereas in the SU, Proteobacteria, including Brevundimonas terrae, Kluyvera intermedia, Serratia proteamaculans, Acinetobacter guillouiae, and Pseudomonas proteolytica, were higher than in the PU (p = 0.007, Table S8). We chose the top 50 species to analyze the cluster variation, and we discovered that the species were divided into two branches, which suggested that there were obvious differences in the dominant species between the PU and SU (Figure 6C). By analyzing the functions of the commensal bacteria, we observed that cell motility and environmental adaptation were highly enriched in the PU (Figure S6B). Furthermore, RNA-seq analysis indicated that the genes associated with responses to bacteria and cellular responses to LPS were only highly detected in the PU, including LBP, BPI, NOD1, TLR2, TLR3, LTF, LYZ, NLRP3, NLRC5, CASP1, LCN2, FCER1G, FCGR1A, and CHGA (Figure 6D).




Figure 6 | The differences of colonizing bacteria and upregulated immune genes in the proliferative phase (PU) and secretory phase (SU). (A) The colonizing bacteria in the PU and SU were obviously grouped. (B) The compositions of colonizing bacteria were significantly different between the PU and SU. (C) The top clusters of bacterial species in the PU and SU were significantly different and could be divided into specific clusters. (D) Upregulated genes associated with immune responses to bacteria were only highly detected in the PU.



To investigate how the resident bacteria upregulated immune gene expression and modulated IEL migration in the PU, we isolated primary uterine MEC (UMEC; Figure 7A) and splenic lymphocytes. When the UMEC were exposed to LPS or collected colonizing bacteria, their culture supernatant could induce significant lymphocyte migration (Figure 7B). It should be noted that gene expressions for TLR2, CXC3L, and CCL4 significantly increased in the UMEC, and the recruited lymphocytes highly expressed CCL5, CXCR3, and CCR1 (Figure 7C). Thus, these results indicated that colonizing bacteria in the uterine lumen could communicate with the MEC and be involved in modulating lymphocyte migration in the endometrium. Moreover, we observed knock-down chemokine CCL4 expression in the UMEC (Figure 7D); after exposure to collected colonizing bacteria or LPS, their culture supernatant significantly inhibited lymphocyte migration (Figure 7E). Herein, we demonstrated that the MEC in the PU strongly modulated lymphocyte migration into the epithelium through a chemokine signaling pathway, which is closely related to the colonizing bacteria.




Figure 7 | The colonizing bacteria guided lymphocyte migration by upregulating chemokine gene expressions in the mucosal epithelial cells. (A) Primary uterine mucosal epithelial cells (UMEC) were isolated and cultured in vitro. (B) The colonizing bacteria were collected from the proliferative phase (PU) and secretory phase (SU) and exposed to the UMEC. Like lipopolysaccharide (LPS), the supernatant from the colonizing bacteria-treated UMEC significantly recruited lymphocyte migration. **p < 0.01; ##p < 0.01. (C) LPS and colonizing bacteria induced higher expressions of TLR3, CXCL3, and CCL4 in the UMEC, and migrated lymphocytes increased expressions of CCL5, CXC3R, and CCR1. *p < 0.05; **p < 0.01; #p < 0.05; ##p < 0.01. (D) The UMEC were efficiently transfected with CCL4 RNAi (red fluorescence). (E) Downregulation of CCL4 expression in the UMEC significantly reduced the lymphocyte migration after being treated with LPS and colonizing bacteria. *p < 0.05; **p < 0.01.





Strengthened Mucosal Barrier Inhibits Lymphocyte Migration in the Secretory Phase

Different from more IELs and an enhanced immune response in the mucosal immunity of the PU, what is the underlying mechanism of mucosal immunity in the SU, and what prevents lymphocyte migration? The DEGs identified from RNA-seq showed that upregulated genes in the SU were highly associated with focal adhesion, ECM, actin binding, collagen trimer, actin cytoskeleton, stress fibers, and regulation of smooth muscle contraction (Table S4, S6). Compared with those in the PU, a higher expression of NLRP3, IL1β, TNF, and IL10 in macrophages; CSF3R and TGFβ in granulocytes; and IL17B, IL6, BMP7, and IGF1 in fibroblasts were detected (Figure S7). According to the highly expressed genes in the MEC of the SU were considerably enriched for the mechanical barrier of bicellular tight junction, occludin junction, cell–cell junction, apical junction complex, endopeptidase inhibitor activity, peptidase inhibitor activity, and negative regulation of proteolysis, we discovered that a higher expression of toll-like receptor 4 (TLR4), secretory immunoglobulin A (sIgA), tight junction proteins ZO-1, claudin, and occludin was present in the mucosa of the SU (Figure S8). These results indicated the mucosal immunity in the PU and SU was markedly different and could be positively modulated by the colonizing bacteria (Figure 8).




Figure 8 | The variation of mucosal immunity in the endometrium of proliferative phase (PU) and secretory phase (SU). (A) The loosely arranged epithelial cells give the opportunity for the colonizing bacteria to cross talk with epithelial cells, macrophages, and dendritic cells and then guide intraepithelial lymphocyte (IEL) migration into the epithelium by upregulation of chemokine expressions. (B) The endometrium epithelium of SU programmed tightly arranged epithelial cells and integrated basal membrane, and more sIgA and tight junction proteins prohibited luminal bacteria colonization, reducing lymphocyte migration.






Discussion

As for intestinal mucosal immunity, IELs serve a pivotal immunologic surveillance function for the mucosal barrier (25–28). In the present study, we found in swine endometrium during the proliferative phase that more IELs are distributed in the mucosal and glandular epithelium. Also, the epithelium of the PU with increased permeability provided opportunities for lymphocyte migration, which were recruited by epithelial cells after cross talk with constitutively colonizing bacteria. A previous study showed that lymphocyte recruitment in the skin was regulated by CCR6 and that this lymphocyte inhibited sebaceous gland proliferation, which can produce antimicrobial peptides to reduce the colonization of commensal gram-positive bacteria (17). In this study, we noticed that lymphocyte migration in the PU was closely related to a higher expression of chemokine genes that were principally from the MEC, macrophages, and dendritic cells when the colonizing bacteria are engaged in this process. Additionally, it has been reported that interleukin 15 (IL15) plays important immunologic surveillance roles in modulating the residential lymphocyte response that entails a higher expression of NK1.1, CD49a, and CD103 (11, 29, 30). In our work, we revealed that IL15 was highly expressed in the MEC of PU and that the lymphocytes showed a commensurately high expression of IL2RB and IL2RG, indicating that the MEC might modulate lymphocyte proliferation and immune responses by the IL15 signaling pathway. Many studies reported that bacteria and their metabolic products interacted with epithelial cell-modulating lymphocyte migration and function in order to maintain homeostasis (30–34), which could then drive and activate T cells to promote tumor cell proliferation (35). Herein, we found that in the PU, the types of colonizing bacteria were significantly different from those in the SU and that the genes associated with immune response, natural killer cell-mediated cytotoxicity, T-cell differentiation, and inflammatory response were only detected in the PU. The luminal colonizing bacteria from the PU upregulated chemokine gene expression in epithelial cells to recruit lymphocytes that allowed their migration. In addition, higher proliferation capabilities were only detected in epithelial cells of the PU. Therefore, we concluded that the migrated lymphocytes might be involved in mucosal barrier formation and be closely related to proliferation of the mucosal epithelium and uterine gland in the proliferative phase.

In contrast, the secretory phase reflects vigorous secretion of the uterine glands. We observed an abundance of secreted sIgA on the mucosal surface, which might inhibit the colonization of bacteria and reduce its communication with the MEC. Moreover, the tight arrangement of the MEC with higher expressions of tight junction proteins further strengthened mechanical mucosal barrier to prevent the recognition of commensal bacteria by epithelial cells, macrophages, and dendritic cells, which reduced the immune response in the endometrium and hindered lymphocyte migration. Because the SU provides a specific place for embryonic implantation, the reduced resident bacteria, presence of fewer IEL, and inhibited immune responses allow for the appropriate physiological changes to take place in epithelial cells, thus providing an adequate site for implantation and subsequent development of the embryo. According to previous studies, endometrial decidualization was shown to be important for embryo implantation when the MEC played key roles (2, 36, 37). Although the placenta of the pig does not program a decidual response before implantation, we also found genes corresponded with endometrium-programmed decidualization highly expressed in the SU. These genes were involved in macrophages, granulocytes, and fibroblasts, including IL1β, IL6, IL10, TNF, CSF3R, TGFβ, BMP7, and IGF1. The principal cell populations in the endometrium of SU were the MEC, fibroblasts, granulocytes, and macrophages, so we inferred that they played important roles in embryo implantation in pregnant pigs. An in-depth investigation of their roles and related molecular mechanism would further help us to better understand the endometrial decidualization. Additionally, we noted that macrophage was the principal cell population in the SU with higher expressions of folate receptor (FOLR), HMOX1, TFRC, GPX1, and SOD2, which might be closely related to nutritional immunity, heme metabolism, and ferric iron absorption and utilization. Moreover, we found IL10 highly expressed in macrophages and other anti-inflammatory cytokines that increased in the endometrium of the SU, which would build weak immune microenvironment to help embryo implantation.

As for some specific reproductive diseases, we speculated that their pathogenesis would be noticeably associated with the different cellular populations in the endometrium, which may provide different opportunities for the invasion of specific pathogens. We explored that the PU had a greater number of lymphocytes with enhanced CCR5 expression, which would aid in their migration and increase the chance of infection with specific pathogen, such as the human immunodeficiency virus (38, 39). It is known that CD163 is a key gene for pigs infected with the porcine reproductive and respiratory syndrome virus. Hence, we found more macrophages in the SU with increased CD163 expression, which could be linked to reproductive failure in pregnant sows (40). Additionally, it has been reported that the increased permeability of the intestinal barrier might lead to secretory IgA leakage and IgA–C3 complex deposition in cardiovascular lesions (41). We can thus deduce that if the strengthened mechanical mucosal barrier was destroyed during the secretory phase, accompanied by increased permeability, this would result in greater sIgA leakage and provide an opportunity for bacteria invasion, thereby inducing a severe inflammatory response that would result in embryo implantation failure, abortion, or stillbirth in pregnant sows.

In conclusion, our work illustrated that the architecture and function of the immune barrier of the uterine mucosa were very different between proliferative and secretory phases. The mechanical mucosal barrier in the secretory phase was less permeable relative to the increased permeability of the mucosal epithelium during the proliferative phase, which allowed for opportunities of cross talk between the colonizing bacteria and epithelial cells. We demonstrated that their cross talk could upregulate chemokine CCL4 production in the MEC by TLR signaling pathway, thus recruiting lymphocytes to migrate into the epithelium.



Materials and Methods


Animals and Sample Collection

The uteri were collected from healthy 6-month-old Large White pigs at the animal farm of China Agricultural University, Beijing. Before sampling, the pigs’ sera were isolated and evaluated negative for porcine reproductive and respiratory syndrome virus, porcine pseudorabies virus, swine fever virus, porcine parvovirus, and porcine circovirus. The uteri in the proliferative phase (PU) were identified as all ovarian follicles with no corpus luteum, and the uteri in the secretory phase (SU) were identified with obvious three to four corpora lutea. Twelve pigs in the proliferative phase and 12 pigs in the secretory phase were chosen and anesthetized by carbon dioxide. After ligation of portio vaginalis, the uteri were isolated and sampled. As shown in Figure 1, on one side of the uterine horn, nearly 5 cm was cut into five pieces: one was fixed in 4% paraformaldehyde for histological analysis, two were stored in liquid nitrogen for quantitative PCR and transcriptome analysis, and one was dissociated for scRNA-seq. The other side of the uterine horn was washed with sterile phosphate-buffered saline (PBS) and then prepared for 16S rRNA sequencing and colonizing bacteria collection. Three specific pathogen free (SPF) Large White pigs aged at 4 weeks were obtained from the Beijing Centre for SPF Swine Breeding & Management to isolate primary cells. The protocols for animal use and experimentation were approved by the Beijing Association for Science and Technology (approval ID, SYXK [Beijing] 2007–0023) and were in compliance with the Beijing Laboratory Animal Welfare and Ethics guidelines. All animal research work was also approved by the Beijing Administration Committee of Laboratory Animals and was in accordance with the China Agricultural University (CAU) Institutional Animal Care and Use Committee guidelines (ID: SKLAB-B-2010-003).



Histology

After fixation in 4% paraformaldehyde for at least 24 h, the uteri (n = 12 for each phase) were then trimmed of fat and connective tissue, dehydrated using a graded series of alcohols, embedded in paraffin, and cut into 5-µm sections. For histological observation, the sections were dewaxed, rehydrated, and stained with hematoxylin (Zhongshan Golden Bridge Biotechnology Co. Ltd, Beijing, China) for 5 min. After being rinsed with distilled water, the sections were treated with 1% HCl in 75% alcohol for 20 s and then incubated in PBS for 10 min. The sections were incubated in 70% and then 80% alcohol for 2 min each and then stained with eosin (Zhongshan Golden Bridge Biotechnology Co. Ltd, Beijing, China) for 30 s. After destaining in 95% alcohol for 1 min, the sections were dehydrated in 100% alcohol followed by xylene and were mounted for light microscopic observations. The numbers of IELs and granulocytes in the PU and SU were counted under microscope at ×200 and ×400 magnification, respectively, by one investigator.



RNA Sequencing

Based on the histological observation, the uteri (n = 3 for each phase) were chosen for transcriptome analysis. Total RNA was isolated using the TRIZOL® reagent (Invitrogen, Shanghai, China) according to the manufacturer’s instructions. RNA degradation and contamination on 1% agarose gels were visualized; RNA purity was checked using a NanoPhotometer® spectrophotometer (IMPLEN, CA, USA); and concentrations were determined using the Qubit® RNA Assay Kit in Qubit® 2.0 Fluorometer (Life Technologies, CA, USA). RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, Shanghai, China), and a total of 3 µg of RNA from each sample was used as the input material for RNA sample preparations. The ribosomal RNA was removed using an Epicentre Ribo-zero™ rRNA Removal Kit (Epicentre), and the mRNA sequencing libraries were constructed using an NEBNext® Ultra™ Directional RNA Library Prep Kit for Illumina® (NEB), according to the manufacturer’s recommendations. The mRNA libraries were then sequenced on an Illumina HiSeq 2000 platform, and 100-bp paired-end reads were generated.

The transcriptome sequencing and analysis were conducted by OE biotech Co., Ltd. (Shanghai, China). Raw data (raw reads) were processed using Trimmomatic. The reads containing poly-N and the low-quality reads were removed to obtain the clean reads. The clean reads were mapped to Sus scrofa (pig) genome (ftp://ftp.ensembl.org/pub/release-90/fasta/sus_scrofa/dna/) using hisat2. The Fragments Per Kilobase per Million mapped reads (FPKM) value of each gene was calculated using cufflinks, and the read counts of each gene were obtained by htseq-count. FPKM and the read count value of each transcript (protein coding) were calculated using Bowtie2 and eXpress. DEGs were identified using the DESeq. R package functions estimateSizeFactors and nbinomTest. p-Value <0.05 and foldChange >2 or foldChange <0.5 were set as the threshold for significantly differential expression. Hierarchical cluster analysis of DEGs was performed to explore gene expression pattern. Gene Ontology (GO) enrichment and KEGG pathway enrichment analysis of DEGs were performed using R based on the hypergeometric distribution.



Preparation of Single-Cell Suspensions

According to the histological observation, as shown in Figure 1, three uterine horns from each phase were sampled and transferred into Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco, Shanghai, China) containing 10% fetal bovine serum (FBS) (Gibco, Shanghai, China) on ice. the uterine horn was then washed with PBS three times and transferred to pre-warmed digestion medium containing 100 mg/ml of DNase I (Sigma-Aldrich, Shanghai, China) and 0.1 g/ml of collagenase I (Sigma-Aldrich, Shanghai, China) in RPMI1640. The amount of enzyme used depended upon the size of the uterine horn: 1 ml of enzyme mix was added for 1 cm2 of tissue. Tissues were shaken vigorously for 30 s and further incubated at 37°C for 30 min in an incubator, with general shaking every 6 min to release cells. The released cells passed through a 70-mm cell strainer (BD, Shanghai, China) and were collected in 15-ml tubes containing 4 ml of fluorescence-activated cell sorting (FACS) buffer to neutralize enzymes. Cells were then collected by spinning at 500 g for 6 min and suspended in FACS buffer [1× PBS with 1% bovine serum albumin (BSA)] for subsequent staining.



Single-Cell RNA Sequencing and Data Analysis

With the use of single-cell 3′ Library and Gel Bead Kit V3 (10x Genomics) and Chromium Single Cell B Chip Kit (10x Genomics), the cell suspension (300–600 living cells per microliter as determined by Count Star) was loaded onto the Chromium single-cell controller (10x Genomics) to generate single-cell gel beads in the emulsion according to the manufacturer’s protocol. In brief, single cells were suspended in PBS containing 0.04% BSA, and approximately 13,544 cells were added to each channel; the target cells recovered were estimated to be about 1,138 cells. Captured cells were lysed, and the released RNA was barcoded through reverse transcription in individual GEMs. Reverse transcription was performed on a S1000TM Touch Thermal Cycler (Bio-Rad, Shanghai, China) at 53°C for 45 min, followed by 85°C for 5 min, and held at 4°C. The cDNA was generated and then amplified, and quality was assessed using an Agilent 4200 (performed by CapitalBio Technology, Beijing, China). According to the manufacturer’s instructions, scRNA-seq libraries were constructed using a Single Cell 3′ Library and Gel Bead Kit V3. The libraries were ultimately sequenced using an Illumina Novaseq6000 sequencer with a sequencing depth of at least 48,594 reads per cell with a paired-ends 150 bp (PE150) reading strategy (performed by CapitalBio Technology, Beijing, China).

The Cell Ranger software was obtained from the 10x Genomics website https://support.10xgenomics.com/single-cell-gene-expression/software/downloads/latest. Alignment, filtering, barcode counting, and UMI counting were performed with a cellranger count module to generate feature-barcode matrix and to determine clusters. Dimensionality reduction was performed using principal component analysis (PCA), and the first 10 principal components were used to generate clusters by a K-means algorithm and graph-based algorithm. GO enrichment and KEGG enrichment of cluster markers were performed using KOBAS software with the Benjamini–Hochberg multiple-testing adjustment, using the top 20 marker genes of the cluster. The results were visualized using the R package.

Our single-cell trajectories were built with Monocle (R package), which introduced pseudotime. Genes were filtered by the following criteria: expression in more than 10 cells; an average expression value greater than 0.1; and Qval less than 0.01 in different analyses.

Weighted correlation network analysis (WGCNA) was performed using the WGCNA R software package; and according to clustering results, every cluster was divided into sub-clusters, and the average expression of a gene in a sub-cluster was calculated. Parameters were set to default. Cell types were annotated by singleR (https://bioconductor.org/packages/devel/bioc/html/SingleR.html), which performs unbiased cell-type recognition from scRNA-seq data by leveraging reference transcriptomic datasets of pure cell types and inferring the cell of origin for each single cell independently.



Immunohistochemistry

The 4% paraformaldehyde-fixed uteri (n = 12 for each phase) were trimmed and dehydrated using 30% and 50% sucrose solution, respectively, and then embedded in optimal cutting temperature compound (Sakura, CA, USA), and frozen sections were cut at 5 µm. The frozen sections with distilled water were washed and then treated with 3% hydrogen peroxide for 15 min at room temperature. After being washed with PBS, the sections were treated with goat serum at room temperature for 30 min and then incubated with the indicated antibodies (Table S1) at 4°C overnight. After being washed three times in PBS, the sections were stained with the corresponding secondary antibodies (horseradish peroxidase (HRP)-conjugated goat anti-mouse antibody [1:200, Abcam, Shanghai, China] or HRP-conjugated goat anti-rabbit antibody [1:200, Abcam, Shanghai, China]) for 2 h at room temperature. After being washed three times in PBS, the sections were visualized with diaminobenzidine staining for 10 min at room temperature and counterstained with hematoxylin. The sections were ultimately dehydrated and mounted with neutral balsam. The numbers of macrophages in the PU and SU were counted under microscope at ×400 magnification by one investigator. According to the integrated optical density (IOD), the expressions of PCNA in the PU and SU were collected using Image-Pro Plus 9.0 under the microscope magnified at ×200. The sections of each sample in 10 random sights were selected to conduct the IOD analysis by only one investigator to minimize bias.



16S rRNA Full-Length Sequencing and Data Analysis

As shown in Figure 7B, both ends of the cornua uteri were ligated (n = 12 for each phase) and injected into the cervix with 50 ml of sterile PBS. The PBS washes were collected, and 20 ml was filtered using a 0.22-μm bacterial membrane filter to obtain the colonizing bacteria. Total microbial genomic DNA samples were extracted using the OMEGA DNA isolation kit (Omega, D5625-01, USA) following the manufacturer’s instructions and stored at −20°C prior to further analysis. The quantity and quality of extracted DNAs were measured using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, MA, USA) and agarose gel electrophoresis, respectively. The extracted DNA was amplified with two-step PCR, with sample-specific 16-bp barcodes incorporated into the forward and reverse primers for multiplex sequencing in the second PCR step. PCR amplification of the full-length bacterial 16S rRNA genes was performed using the forward primer 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and the reverse primer 1492R (5′-ACCTTGTTACGACTT-3′).

All PCR amplicons were purified with Agencourt AMPure Beads (Beckman Coulter, Indianapolis, IN) and quantified using the PicoGreen dsDNA Assay Kit (Invitrogen, CA, USA). Raw sequences were initially processed through the PacBio SMRT Link portal (version 5.0.1.9585), and sequences were filtered for a minimum of three passes, with a minimal predicted accuracy of 99% (minfullpass = 3, minPredictedAccuracy = 99). The predicted accuracy of 99% was defined as the threshold below, and a CCS was considered to be noise. The files generated by the PacBio platform were then used for amplicon size trimming to remove sequences with lengths longer than 2,000 bp.

The Quantitative Insights Into Microbial Ecology (QIIME, v1.8.0) pipeline was employed to process the sequencing data as previously described (42–44). Sequence data analyses were primarily performed using QIIME and R packages (v3.2.0). Operational taxonomic unit (OTU)-level alpha diversity indices (such as Chao1 richness estimator, ACE metric [Abundance-based Coverage Estimator], Shannon diversity index, and Simpson index) were calculated using the OTU table in QIIME. OTU-level ranked abundance curves were generated to compare the richness and evenness of OTUs among samples. Beta-diversity analysis was performed to investigate the structural variation of microbial communities across samples using UniFrac distance metrics (45) and visualized via principal coordinates analysis (PCoA), non-metric multidimensional scaling (NMDS), and the unweighted pair-group method with arithmetic mean (UPGMA) for hierarchical clustering (46). Differences in the UniFrac distances for pairwise comparisons among groups were determined using Student’s t-test and the Monte Carlo permutation test with 1,000 permutations and visualized through box-and-whiskers plots. PCA was also conducted based on genus-level compositional profiles. The significance of differentiation of microbiota structure among groups was assessed by permutational multivariate ANOVA (PERMANOVA) and analysis of similarities (ANOSIM) using the R package “vegan”. The taxonomy compositions and abundances were visualized using MEGAN and GraPhlAn. A Venn diagram was generated to visualize the shared and unique OTUs among samples or groups using the R package “VennDiagram,” based on the occurrence of OTUs across samples/groups regardless of their relative abundance. Taxa abundances at the phylum, class, order, family, genus, and species levels were statistically compared among samples or groups using Metastats and visualized as violin plots. LEfSe was used to detect differentially abundant taxa across groups using the default parameters. Partial least squares discriminant analysis (PLS-DA) was also introduced as a supervised model to reveal the variations in microbiotas among groups, using the “plsda” function in the R package “mixOmics.” Random forest analysis was applied in order to discriminate the samples from different groups using the R package “randomForest,” with 1,000 trees and all default settings. The generalization error was estimated using a 10-fold cross-validation; and the expected “baseline” error was also included, which was obtained by a classifier that simply predicted the most common category label. Co-occurrence analysis was performed by calculating Spearman’s rank correlations between/among predominant taxa. Correlations with |RHO| > 0.6 and p < 0.01 were visualized as a co-occurrence network using Cytoscape. Microbial functions with PICRUSt (phylogenetic investigation of communities by reconstruction of unobserved states) was predicted based on high-quality sequences.



Isolation of Primary Uterine Mucosal Epithelial Cells

After anesthetization, three SPF-weaned pigs were sacrificed, and their uteri were sampled to dissociate the primary uterine MEC. The uterine mucosa was dissected and washed in sterile PBS three times at room temperature to remove mucus. Specimens were digested for 2 h in 0.1 mg/ml of collagenase A solution, and the digests were filtered through a cell strainer and then were centrifuged for 15 min at 500 g. The cell pellets were re-suspended with modified DMEM/F12 medium (50 ml of fetal bovine serum, 1.25 ml of 1,000 mg/L insulin, 50 μl of 100 g/ml EGF, 2 ml of 25 mg/ml heparin sodium, and 10 ml of penicillin–streptomycin in 450 ml of medium). The primary uterine MEC were purified according to the various digestion and adherence times during their passages in culture.



Isolation of Splenic Lymphocytes

Three SPF-weaned pigs were anesthetized and sacrificed, and their spleens were sampled. After the tunica was removed, the spleens were washed three times with sterile PBS and then cut into pieces. The pieces were transferred to a stainless cell strainer incubated in RPMI1640 medium and then ground to obtain single-cell suspensions. After filtration through the cell strainer, the suspensions were centrifuged at 400 g, and the cell pellets were re-suspended and washed with sterile PBS. After being washed three times, the cellular pellet was re-suspended with lysis buffer to discard the red blood cells; and after centrifugation, the cell pellet was re-suspended and washed twice with RPMI1640 medium. The lymphocytes were then cultured in the modified RPMI1640 medium with 10% FBS, and 200 IU of penicillin–streptomycin was added for the subsequent assay.



Co-Culture Assay and siRNA Transfection

In order to analyze the modulation mechanism of lymphocyte migration, a co-culture assay was performed for UMEC to recruit splenic lymphocyte migration. Transwell plates were chosen, and then the Matrigel (1:8 in PBS) was prepared on the bottom of the upper cell in 37°C for 30 min. After being hydrated in PBS for 10 min at room temperature, the UMEC were cultured in the lower chamber and exposed to LPS (1 μg/ml) or 800 μl of collected colonizing bacteria. The colonizing bacteria were collected as described above and shown in Figure 7B; both ends of the cornua uteri were ligated, and 50 ml of sterile PBS was injected into the cervix. All the washes were collected, and 20 ml of PBS was filtered using a 0.22-μm bacterial membrane. Then the membrane was washed in 5 ml of sterile PBS at room temperature on rotary shaker for 1 h to obtain the colonizing bacteria. At 24 and 48 h after exposure, splenic lymphocytes were added in the upper cell, and then the numbers of migrated lymphocytes were counted at 24 and 48 h, respectively. To detect gene expressions by UMEC and migrated lymphocytes, the UMEC and lymphocytes at 24 h and 48 h were collected, and then total RNA for quantitative real-time PCR was prepared as described above.

To investigate the role of CCL4 in the modulation of lymphocyte migration, as shown in Figure 7, the UMEC were transfected with interfering RNA (RNAi) to downregulate CCL4 expression, then were cultured in the bottom of the lower well, and exposed to LPS or colonizing bacteria collected from 0.22-μm bacterial membrane filtration. At 24 and 48 h after exposure, the splenic lymphocytes were cultured in the upper cell, and the numbers of migrated lymphocytes were counted at 24 and 48 h.



RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted according to the manufacturer’s instructions using the TRIZOL® reagent (Invitrogen, CA, USA). RNA (0.5 µg) was transcribed into cDNA using the Fast Quant RT Kit (with gDNase) (TIANGEN Biotech Co. Ltd, Beijing, China) according to the manufacturer’s instructions. The expression levels of the genes were quantified with quantitative real-time PCR (RT-qPCR) using the SYBR Green Real-time PCR Master Mix (TIANGEN Biotech Co. Ltd, Beijing, China). The primers were designed using the Primer Premier 5 software (PREMIER Biosoft, Palo Alto, CA) and were subsequently synthesized (Sangon Biotech Co. Ltd, Beijing, China). The detected genes and primers are listed in Table S9. The cycling parameters used for qPCR amplification were as follows: initial heat denaturation at 95°C for 4 min; 40 cycles of 95°C for 30 s, 59°C for 30 s, and 72°C for 30 s; and a final extension at 72°C for 5 min. A melting curve analysis was performed to exclude genomic DNA contamination and to confirm primer specificities. Gene expression was normalized using the 2−ΔΔCT method with the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene used as an internal standard. Each biological duplicate was controlled in three technical replicates.



Statistical Analysis

All statistical analyses were performed using Prism 9.0 (GraphPad Software). Data are expressed as means ± standard error of the mean (SEM). Statistical significance was evaluated using Student’s t-test. Asterisk coding is indicated in the figure legends: *, # indicate p < 0.05; and **, ## indicate p < 0.01.
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Infants affected by Hirschsprung disease (HSCR), a neurodevelopmental congenital disorder, lack ganglia of the intrinsic enteric nervous system (aganglionosis) in a variable length of the colon, and are prone to developing severe Hirschsprung-associated enterocolitis (HAEC). HSCR patients typically show abnormal dense innervation of extrinsic cholinergic nerve fibers throughout the aganglionic rectosigmoid. Cholinergic signaling has been reported to reduce inflammatory response. Consequently, a sparse extrinsic cholinergic innervation in the mucosa of the rectosigmoid correlates with increased inflammatory immune cell frequencies and higher incidence of HAEC in HSCR patients. However, whether cholinergic signals influence the pro-inflammatory immune response of intestinal epithelial cells (IEC) is unknown. Here, we analyzed colonic IEC isolated from 43 HSCR patients with either a low or high mucosal cholinergic innervation density (fiber-low versus fiber-high) as well as from control tissue. Compared to fiber-high samples, IEC purified from fiber-low rectosigmoid expressed significantly higher levels of IL-8 but not TNF-α, IL-10, TGF-β1, Muc-2 or tight junction proteins. IEC from fiber-low rectosigmoid showed higher IL-8 protein concentrations in cell lysates as well as prominent IL-8 immunoreactivity compared to IEC from fiber-high tissue. Using the human colonic IEC cell line SW480 we demonstrated that cholinergic signals suppress lipopolysaccharide-induced IL-8 secretion via the alpha 7 nicotinic acetylcholine receptor (a7nAChR). In conclusion, we showed for the first time that the presence of a dense mucosal cholinergic innervation is associated with decreased secretion of IEC-derived pro-inflammatory IL-8 in the rectosigmoid of HSCR patients likely dependent on a7nAChR activation. Owing to the association between IL-8 and enterocolitis-prone, fiber-low HSCR patients, targeted therapies against IL-8 might be a promising immunotherapy candidate for HAEC treatment.
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Introduction

Hirschsprung disease (HSCR) is a multi-genetic congenital malformation of the colon characterized by the absence of enteric ganglia (aganglionosis) (1–4). Defects in genes involved in neuronal migration prevent neural crest cells from reaching the colon during fetal development. Consequently, aganglionosis affects a distal intestinal segment of variable length resulting in disturbed peristalsis, leading to chronic stool obstruction and formation of a megacolon. Most newborn HSCR-patients are diagnosed within 48h after birth, due to failing to pass the meconium. Therapeutic pull-through surgery is usually performed in the first month of life and involves resection of affected aganglionic tissue followed by the pull-through and distal anastomosis of healthy tissue (5). Hirschsprung-associated enterocolitis (HAEC) is the most severe complication and leading cause of morbidity in Hirschsprung disease (1, 6, 7). The underlying pathogenesis is not fully explored but involves changes in innate and adaptive immune cells (4, 8–10), microbial composition (4, 11–14) and epithelial barrier functions (2, 15–17).

In aganglionic rectosigmoid tissue from HSCR patients, acetylcholinesterase (AChE) activity is increased due to the presence of extrinsic AChE-positive nerve fibers innervating the muscularis, submucosa and the mucosa (4, 5, 18–20). Their histopathological evaluation in a rectal biopsy is supportively used to diagnose HSCR (5, 21). AChE is an enzyme responsible for the degradation of acetylcholine, the primary neurotransmitter of the parasympathetic nervous system as well as different types of enteric neurons. Acetylcholine (ACh) binds to two groups of receptors: the muscarinic and nicotinic ACh receptors (mAChR and nAChR). A variety of both are found in multiple cells including immune cells and intestinal epithelial cells (22, 23). Borovikova and colleagues described an anti-inflammatory effect of cholinergic signaling and introduced the term “cholinergic anti-inflammatory pathway” (CAIP) (24, 25). In a model of systemic inflammation, vagus nerve stimulation triggered the release of ACh which bound to alpha-7 nAChR (a7nAChR)-positive splenic macrophages and significantly attenuated the release of pro-inflammatory cytokines. This concept was extended to intestinal inflammation models using vagus nerve stimulation or pharmacological targeting of a7nAChR (26–29).

The gastrointestinal epithelial lining represents the frontline of host defence. Intestinal epithelial cells (IEC) are exposed to pathogenic and non-pathogenic antigens derived from harmful invaders or harmless commensals or food. Towards the luminal side IEC protect the host by the secretion of mucus and antimicrobial peptides. To maintain mucosal homeostasis, IEC sense intestinal signals via pattern-recognition receptors and coordinate the underlying immune system towards tolerance or activation (30). The recognition of commensal-derived antigens leads to an anti-inflammatory immune response establishing anti-commensal tolerance. This involves the secretion of anti-inflammatory cytokines [e.g., interleukin (IL)-10 and TGF-β1]. Loss of the epithelial barrier leads to the trespassing of pathogens, triggering an inflammatory immune response (e.g., IL-8 and TNFα). IL-8 (CXCL8) is a polymorphonuclear leukocyte chemokine that is rapidly secreted from IEC in response to bacterial stimuli and initiates influx of neutrophil into the mucosa, supporting T helper 17 (TH17) CD4 T cell differentiation (31, 32). IL-8 has been used in multiple studies as an indicator of intestinal inflammatory response (33–36). Consequently, dysregulated expression of IL-8 might contribute to the pathophysiology of HAEC, thus its targeting may have therapeutic benefit.

Previous work from our group uncovered a before-unknown correlation between the mucosal fiber innervation density and the onset of enterocolitis in HSCR patients (4). HSCR patients showing prominent colonic mucosal AChE+ nerve fibers (fiber-high) had decreased inflammatory cytokines and TH17 T cells as well as lower incidence of enterocolitis development compared to HSCR patients with only sparse mucosal innervation (fiber-low) (4, 37). AChE+ nerve fibers were closely associated with bipolar tissue-resident macrophages and their presence correlated with lower macrophage-dependent expression of the TH17-promoting cytokine IL-23. Macrophage-specific nicotinic (CHRNA7, CHRNA5, CHRNA1) and muscarinic (CHRM3) cholinergic receptors might be involved in neuronal immune cell modulation (4).

IEC have been reported to express cholinergic receptors and their essential role in maintaining barrier functions has been described (38). However, the impact of ACh signaling on epithelial cytokine production is not known.

Here we investigated the association of mucosal cholinergic innervation with cytokine expression of HSCR and Non-HSCR derived IEC and identified in vitro possibly involved cholinergic receptors and signaling pathways using the human SW480 IEC cell line.



Materials and Methods


Patients and Human Specimen

Pediatric patients with Hirschsprung disease as well as miscellaneous intestinal diseases were enrolled in a prospective Swiss- and German-wide multicenter study approved by the North-West Switzerland Ethics Commission (EKNZ 2015-049) and the Medical Faculty of Heidelberg (S-388/2015). The study is registered at www.clinicaltrials.gov under access number NCT03617640 and is performed according to the Declaration of Helsinki. Colonic tissue from consenting patients was collected freshly in the operating room. For histological analysis a longitudinal strip of resected colonic tissue was immediately snap-frozen. Tissue for epithelial cell isolation was kept on ice in transport medium (Hank’s Balanced Salt Solution (HBSS) supplemented with 10% Foetal Calf Serum (FCS, BioConcept AG, Allschwil, Switzerland), 10mM Hepes (ThermoFisher Scientific, Waltham, MA, USA), 1% Penicillin-Streptomycin, 0.5µg/ml amphotericin B, 80µg/ml gentamicin [all from Merck, Darmstadt, Germany)] and was processed in less than 24h. Demographic and clinical patient data were extracted from medical records. The Non-HSCR patient group included five patients with anal atresia and one misdiagnosed HSCR patient. Tissue was collected during ostomy and pull-through resection, respectively. The control tissue showed the presence of an ENS and the absence of inflammation as defined by the local pathologists. A detailed patients characteristic is available in Keck et al. (4).



Isolation of Intestinal Epithelial Cells

Colonic tissue was separated into anatomical segments according to rectosigmoid and descending colon (distal to proximal) and muscle layers stripped from mucosa. Mucosa was minced and digested with collagenase D (1mg/ml) and DNase I (4µg/ml, both Roche Diagnostics, Basel, Switzerland) in complete medium (RPMI 1640 (BioConcept AG, Allschwil, Switzerland) supplemented with 10% FCS, 1% Penicillin-Streptomycin, 0.5µg/ml amphotericin B, 80µg/ml gentamicin, 10mM Hepes) at 37°C for 1h under vigorous shaking. Digestion suspension was filtered through a 100µm-cell strainer, and cells were washed in complete medium. Suspension cells were resuspended in 20% Percoll (Merck, Darmstadt, Germany) and underlaid with 40% Percoll (3ml of each). Epithelial cells were purified from the 20%/40% Percoll interface. Cells were washed and used freshly for Fluorescence-activated cell sorting (FACS) analysis or immediately resuspended in RLT Lysis buffer and cryo-stored until further analysis.



Fluorescence-Activated Cell Sorting

Viability was determined using the LIVE/DEAD Fixable Near-IR Dead cell stain (ThermoFisher Scientific, Waltham, MA, USA). Epithelial purity was determined using human specific antibodies against CD45 (1:100; PerCP, HI30, Biolegend, San Diego, CA, USA) and EpCAM (1:500, Alexa 488, VU1D9, Cell Signaling Technology, Danvers, MA, USA). Cell surface markers were stained extracellular in 50µl FACS buffer (PBS supplemented with 2% FCS) for 15min on ice. Unspecific Fcγ receptor binding was blocked by human Fc block (CD16/CD32, BD Bioscience, Franklin Lakes, New Jersey, USA). Cells were analyzed using a FACS Canto II (BD Bioscience, Franklin Lakes, New Jersey, USA) and FlowJo software (TreeStar Inc.).



RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction

Total RNA from cells was isolated using the RNAeasy Plus mini kit (QiAgen, Hilden, Germany) and reverse transcribed using GoScript Reverse Transcription System (Promega, Madison, Wisconsin, USA). Quantitative Real-Time PCR (qRT-PCR) was done using the ViiA7 RT-PCR System (Thermo Fisher Scientific, Waltham, MA, USA) and FastStart Universal SYBR Green Master (Roche, Basel, Switzerland) according to manufacturer’s instruction. Relative gene expression was calculated using the 2-ΔCT method, with β2-microglobulin as the housekeeping gene, and results were multiplied by 1000. Primer pairs were designed using the clone manager software (Sci-Ed Software). The following primer pairs were used (all from Microsynth, Balgach, Switzerland): β2-microglobulin: Forward: 5’-CAG CGT ACT CCA AAG ATT CA-3’ Reverse: 5’-GAA TGC TCC ACT TTT TCA AT-3’; IL-8: Forward: 5’-GTG CAG TTT TGC CAA GGA GT-3’ Reverse: 5’-CTC TGC ACC CAG TTT TCC TT-3’; TNFα: Forward: 5’-GCT GCA CTT TGG AGT GAT CG-3’ Reverse: 5’-GGG CTA CAG GCT TGT CAC TC-3’; TGFβ1: Forward: 5’-ATT GAG GGC TTT CGC CTT AG-3’ Reverse: 5’-AAT GGT GGC CAG GTC ACC TC-3’; IL10: Forward: 5’-GCC TTC AGC AGA GTG AAG AC-3’ Reverse: 5’-GGC TTG GCA ACC CAG GTA AC-3’; MUC2: Forward: 5’-GCC CTT GCG TCC ATA ACA AC-3’ Reverse: 5’-GTA GTA CTT CCC GTC AAA GG-3’; Occludin: Forward: 5’-ATG GAC TGC GTC ACG CAG AG-3’ Reverse: 5’-CCA CAA ACA TGG CCA GGA AG-3’; ZO-1: Forward: 5’-AGC ACA GCA ATG GAG GAA AC-3’ Reverse: 5’-GGT CCT CCT TTC AGC ACA TC-3’; CHRNA3: Forward: 5’- TGC TGT CTC TGC TGC GAC TG-3’ Reverse: 5’-ACA TGG ACA CCT CGA AAT GG-3’; CHRNA4: Forward: 5’-GGA GCG GCT CCT GAA GAA AC-3’ Reverse: 5’-CAC TCC TGC TTC ACC CAT AC-3’; CHRNA5: Forward: 5’-CAC ACT CAG TGC TCC ATT CC-3’ Reverse: 5’-CGA ACC CAT CTT TCG TAG TC-3’; CHRNA7: Forward: 5’-GAT GGC CAG ATT TGG AAA CC-3’ Reverse: 5’-CGA TGT AGC AGG AAC TCT TG-3’; CHRM1: Forward: 5’-GGC AGT GCT ACA TCC AGT TC-3’ Reverse: 5’-CGT GCT CGG TTC TCT GTC TC-3’; CHRM3: Forward: 5’- TCC GAG CAG ATG GAC CAA GAC-3’ Reverse: 5’- CTG TGA CCC GGA AGC TTG AG-3’.



Immunohistochemistry

Longitudinal colonic strips were washed in ice-cold PBS and embedded as a Swiss Roll in Tissue-Tek O.C.T. Compound (Sakura, Osaka, Japan). Cholinergic nerve fibers were visualized in 5µm cryosections using a purified mouse IgG2b anti-human acetylcholinesterase antibody (HR2, Abcam) or a purified mouse IgG2a anti-human β3tubulin (2G10, Abcam, Cambridge, England) together with an anti-mouse HRP-AEC staining kit (R&D Systems, Minneapolis, Canada) according to the instruction manual. Slides were scanned with an Olympus BX63 Light microscope. The density of cholinergic fibers in epithelial regions of the rectosigmoid was evaluated by four double-blinded individuals and has been previously described in detail (4).



Immunofluorescence

Between all steps, tissue was washed three times with PBS supplemented with 0.2% Tween-20 (Merck, Darmstadt, Germany). Cryosections (5µm) were fixed with 4% paraformaldehyde (PFA, ThermoFisher Scientific, Waltham, MA, USA) for 5min, followed by a blocking step with goat serum (40min). Primary human antibodies, purified mouse IgG1 anti-IL-8 (1:500; 3IL8-H10, ThermoFisher Scientific, Waltham, MA, USA), purified mouse IgG1 anti-alpha7nAchR (1:200; 836701, Biolegend, San Diego, CA, USA) and FITC-labeled mouse IgG2b anti-EpCAM (1:100; 9c4, BioLegend, San Diego, CA, USA) were incubated for 1h at room temperature. Purified primary antibodies were detected by secondary antibody goat anti-mouse IgG1 A555 (1:2000; ThermoFisher Scientific, Waltham, MA, USA) for 40min. Antibodies were diluted in Antibody-Diluent (Agilent, Santa Clara, CA, USA). Finally, nuclei were visualized by 4′,6-Diamidin-2-phenylindol (DAPI) staining (3min; 0.5µg/mL; ThermoFisher Scientific, Waltham, MA, USA), and slides were mounted using Prolong Diamond Antifade Mountant (ThermoFisher Scientific, Waltham, MA, USA). Secondary antibody controls were included as negative controls. Images were taken with a fluorescence microscope (BX43, Olympus, Shinjuku, Japan) and analyzed using CellSense software (Olympus).

For the quantification of IL-8, images were analyzed using Cellprofiler-3.1.9 software. To quantify IL-8 expression in epithelial cells in the two patient groups (fiber-low versus fiber-high, n=3), 4 to 8 epithelial regions (in average 1500 IEC) per patient from the rectosigmoid were examined. Primary objects were defined by nuclear DAPI staining. Secondary objects were defined by extracellular EpCam expression using the watershed propagation module after applying a global threshold to identify epithelial cells. IL-8-positive cells were identified as a second primary object using Three Classes Otsu thresholding method, and subsequently related to EpCam+ cells. Frequencies of IL-8+ EpCam+ cells were shown as the percentage of total EpCam+ cells. Patients included into the analysis had the following ages (in month) and HSRC presentations (or clinical presentations for Non-HSCR): Fiber-low: 3/S-HSCR; 5/L-HSCR; 3/S-HSCR. Fiber-high: 3/S-HSCR; 4/S-HSCR; 3/S-HSCR. CD G (Non-HSCR): 5/anal atresia; 6/anal atresia; 7/anal atresia.



Stimulation of SW480 Cells

The human epithelial colorectal adenocarcinoma cell line SW480 (ATCC, LGC Standards, France) was maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, ThermoFisher Scientific, Waltham, MA, USA) supplemented with 10% FCS and 1% Penicillin-Streptomycin (Merck, Darmstadt, Germany) under humidifying conditions (5x104-x105 cells/ml at 37°C and 5% CO2). For cytokine induction cells were seeded into 96-well flat-bottom plates (2.5 x 105/ml, Corning, New York, NY, USA). Next day, the medium was exchanged, and cells were stimulated with 100ng/ml lipopolysaccharide (LPS, E.coli, Merck, Darmstadt, Germany) in the presence or absence of agonists and antagonists/inhibitors. Antagonists and inhibitors were added 20min prior to AChR agonists and thus 20min prior to LPS stimulation. The following agonists/antagonists were used: acetylcholine chloride (10µM, AChR agonist, Merck, Darmstadt, Germany), nicotine (10µM, nAChR agonist, Merck, Darmstadt, Germany), muscarine chloride hydrate (10µM, mAChR agonist, Merck, Darmstadt, Germany), GTS-21 (100µM, a7nAChR agonist, Merck, Darmstadt, Germany), mecamylamine HCL (100µM, nAChR antagonist, Merck, Darmstadt, Germany), alpha-Bungarotoxin (100µM, a7nAChR antagonist, Alomone labs, Jerusalem, Israel), tyrphostin AG490 (1µM, blocking Janus kinase (Jak) 2, Merck, Darmstadt, Germany), and wortmannin (1µM, blocking phosphoinositide 3-kinase (PI3K), Merck, Darmstadt, Germany). After 20h, cell-free supernatants were collected for IL-8 analysis and cell viability was analyzed using CellTiter 96 Aqueous One Solution Cell Proliferation Assay (MTS; Promega, Dubendorf, Switzerland). For phospho (p) NFĸB -p65 and RNA extraction cells were stimulated for 4h prior to cell lysis. Supernatants and cell lysates were stored at -80.



Human IL-8 and Phospho NFĸB-p65 ELISA

IL-8 was determined in cell culture supernatants and IEC lysates using a human IL-8 ELISA Ready-SET-Go Kit (eBioscience, San Diego, CA, USA) according to the instruction manual. Patient-derived IEC were lysed in Cell Extraction Buffer (5 x 105 cells/100µl, ThermoFisher Scientific, Waltham, MA, USA) containing protease inhibitor cocktail (Merck, Darmstadt, Germany). Patients included into the analysis had the following ages (in month) and HSRC presentations: Fiber-low: 3/S-HSCR; 5/L-HSCR; 3/S-HSCR; 3/S-HSCR; 2/S-HSCR. Fiber-high: 3/S-HSCR; 4/S-HSCR; 3/S-HSCR; 3/S-HSCR; 4/L-HSCR. CD AG: 5/TCA; 11/L-HSCR; 5/TCA; 5/L-HSCR. CD G: 3/S-HSCR; 5/S-HSCR; 2/S-HSCR.

Phospho (p)-p65 was determined in SW480 cells using a human NFĸB p65 Human InstantOne™ ELISA Kit (ThermoFisher Scientific, Waltham, MA, USA) according to the instruction manual. ELISA plates were measured using a Synergy H4 Hybrid Reader and GEN5 2.00 software (BioTeK).



Statistical Analysis

Data were analyzed using Prism GraphPad 6.0 software. Data are reported as the mean ±standard error of the mean (SEM). Statistical significance was determined using the Kruskal-Wallis test, one-way ANOVA multiple comparison analysis as well as paired t test and considered statistically significant with * p≤ 0.05; ** p≤ 0.01; *** p≤ 0.001 and **** p≤ 0.0001. Unless otherwise noted, figures showed pooled patient data from several independent experiments or a representative of independent repeated experiments tested in triplicates.




Results


Colonic Mucosal Innervation and Characteristics of HSCR Patients

We enrolled 43 pediatric HSCR patients, undergoing therapeutic pull-through surgery, as well as 6 control patients (non-HSCR), undergoing surgery for miscellaneous reasons, from the prospective, multicenter NIG (Neuroimmune Interactions in the Gut) study. In rectosigmoid tissue of non-HSCR patients AChE activity is limited to the myenteric plexus located between the longitudinal and transverse muscle layers (5). The aganglionic colons of HSCR patients lack the myenteric and submucosal plexus but show the characteristic prominent AChE activity in the rectosigmoid. In the muscularis and submucosa, thick AChE+ fiber bundles can be detected while the mucosa is innervated by thin fiber ramification. We recently discovered that HSCR patients differ in the density of mucosal cholinergic innervation in the rectosigmoid and established a semi-quantitative scoring system (4). This allowed us to allocate HSCR patient tissue into fiber-low and fiber-high tissue phenotypes according to the presence of thin fibers in the mucosa of the rectosigmoid (4). Of note, increased cholinergic activity is limited to the aganglionic rectosigmoid and decreases in caudocranial direction. As a consequence, no extrinsic mucosal AChE+ nerve fibers can be detected in the proximal aganglionic descending colon (DC) (Figure 1A) (5). Depending on the length of aganglionosis, the proximal DC segment of HSCR patients can be ganglionic or aganglionic. Consequently, for further analysis, aganglionic and ganglionic segments with variable mucosal innervation were defined as illustrated by anti-AChE (cholinergic marker) and anti-β3 tubulin (pan neuronal marker) immunohistochemistry (Figure 1B). Aganglionic rectosigmoid fiber-low tissues were those lacking an intrinsic ENS and showing only sparse mucosal extrinsic AChE+ innervation. Aganglionic rectosigmoid fiber-high tissues were those lacking an intrinsic ENS but showing dense mucosal extrinsic AChE+ innervation. Aganglionic DC tissues lacked an intrinsic ENS as well as extrinsic mucosal innervation due to anatomical restriction of AChE+ nerve fibers to the rectosigmoid. Ganglionic DC sections from HSCR and non-HSCR patients showed the presence of intrinsic AChE+ enteric ganglia located in the muscle region (asterisk) and tubulin+ (arrow) but AChE- nerve fibers in the mucosa and submucosa (Figure 1B) (4).




Figure 1 | Neuronal innervation of the lower colon track in HSCR and non-HSCR patients. Schematic representation of extrinsic AChE+ nerve fiber innervation (A). Anatomically, extrinsic innervation derived from sacral roots S2–4 is limited to the rectosigmoid and does not reach the descending colon. Rec (1), rectum; SC (2), sigmoid colon; DC (3), descending colon; AChE, acetylcholinesterase; S2–4, sacral roots S2–4. Cryosections (5µm) of aganglionic and ganglionic colonic tissue from HSCR and non-HSCR patients showing anti-AChE immunohistochemistry and anti-ß3 tubulin immunofluorescence (B). Five different colonic tissue types were distinguished, and each showed different expression of ENS (aganglionic versus ganglionic) and mucosal nerve fiber innervation. Scale bar: 50µm. IHC, immunohistochemistry; IF, immunofluorescence; ENS, enteric nervous system.



Table 1 summarizes the demographic and clinical parameters of the patient cohort. The median age of HSCR patients was 5.7 months with a range of 1–127.5, while the median age of non-HSCR patients was 6.35 months with a range of 0.4–11.9. Male patients were more common in HSCR (35:8), while the male to female ratio was 5 to 1 in non-HSCR. Ten clinics participated in the study and 5 different surgical approaches were used for the surgical treatment of HSCR patients. Most frequently the transanal Soave technique was applied (n=34), while other surgical techniques were only used occasionally. HSCR patients presented with ultrashort or short-segmented (n=28), long-segmented (n=8) and total (n=7) colonic aganglionosis. Of our 43 HSCR patients, 13 (30%) showed a fiber-high tissue phenotype in the aganglionic rectosigmoid segments while the other 30 patients were categorized as fiber-low (70%). Descending colon tissue was available from 22 patients: 10 tissue samples (45%) were aganglionic (8 from fiber-high and 2 from fiber-low patients) and 12 (55%) were ganglionic (equally distributed among fiber-high and fiber-low patient tissue).


Table 1 | Patient characteristics.





Lack of Mucosal Cholinergic Fibers Is Associated With Elevated IL-8 in IEC

To investigate a possible correlation between mucosal AChE+ fiber density and IEC cytokine production we performed Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) analysis of isolated IEC from surgically removed colonic tissue of HSCR and non-HSCR patients. IEC purity (EpCam+CD45-cells) was confirmed by FACS analysis (Figure 2A).




Figure 2 | Expression of cytokines, mucin, and tight junctions in patient-derived IEC. FACS analysis of isolated IEC. Cells were isolated by digestion and purified using a 20%/40% Percoll gradient. Purity was determined by flow cytometric analysis using antibodies against human CD45-PerCP and EpCam-Alexa488. Unstained controls were used to determine the negative population (A). Purified epithelial cells were immediately lysed, total RNA isolated and cDNA synthesized. Relative gene expression was calculated using the 2-ΔCT method, with β2-microglobulin as the housekeeping gene (B–E). Scatter plots with bar show mean ± SEM. Significance was determined using the Kruskal-Wallis test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). Fiber-low (n=30); Fiber-high (n=13); DC AG (n=10); DC G, HSCR (n=12); DC G, non-HSCR (n=6). Not detectable samples: Fiber-low: TNF-α (n=2); IL-10 (n=6); TGF-β (n=1); Muc2 (n=2); ZO-1 (n=4); occludin (n=2). Fiber-high: IL-10 (n=4); ZO-1 (n=1). DC AG: IL-8 (n=1); TNF-α (n=1); IL-10 (n=3). DC G, HSCR: IL-8 (n=1); TNF-α (n=1); IL-10 (n=3); ZO-1 (n=2); occludin (n=2). DC G, non-HSCR: IL-10 (n=2); ZO-1 (n=1); occludin (n=1). DC, descending colon; AG, aganglionic; G, ganglionic.



IEC were tested for the expression of pro-inflammatory (IL-8 and TNFα) and anti-inflammatory cytokines (IL-10 and TGFβ1). In aganglionic rectosigmoid tissues, IEC isolated from fiber-low segments expressed significantly higher IL-8 levels compared to the fiber-high group (Figure 2B). No differences were detected between aganglionic and ganglionic (HSCR and non-HSCR) DC segments. TNFα expression was significantly increased in fiber-low segments compared to DC control segments (Figure 2B). For IL-10 and TGFβ1 expression no significant difference could be observed between the groups (Figure 2C).

Next, we investigated a possible impact of neuronal innervation on mucus secretion and tight junction proteins. The human mucus barrier consists mainly of MUC2 and is produced by specialized epithelial cells, the goblet cells. We observed an increased expression of MUC2 in IEC isolated from fiber-low and fiber-high colonic segments compared to aganglionic DC (Figure 2D). The tight junction proteins zona occludens-1 (ZO-1) and occludin play critical roles in maintaining the epithelial barrier to prevent invasion of luminal microbes. We observed increased expression of ZO-1 and occludin in IEC isolated from fiber-high compared to ganglionic DC and aganglionic DC, respectively (Figure 2E) (4).

To investigate IL-8 protein levels, we performed immunofluorescence analysis on cryosections from aganglionic rectosigmoid fiber-low, fiber-high and DC segments. Representative images of epithelial crypt regions show prominent IL-8+EpCAM+ IEC in rectosigmoid tissue from fiber-low but not from fiber-high and DC control tissue (Figure 3A). We quantified IL-8+EpCAM+ IEC in 4–8 epithelial regions (containing on average 1500 IEC) of 3 fiber-low and 3 fiber-high patient tissue samples using the Cellprofiler-3.1.9 software. We detected increased frequencies of IL-8-positive IEC in fiber-low compared to fiber-high and DC tissue (Figure 3B). In addition, we detected IL-8 protein levels in IEC cell lysates and found significantly higher IL-8 concentrations in IEC derived from fiber-low compared to fiber-high or aganglionic DC segments (Figure 3C). In conclusion, the presence of mucosal AChE+ nerve fibers correlated with decreased IL-8 expression in IEC, while mucus production and tight junctions were not affected.




Figure 3 | IL-8 protein expression in patient-derived IEC. Immunofluorescence (5µm cryosections) of rectosigmoid using human antibodies against EpCAM (Alexa488, green) and IL-8 (Alexa555, red). DAPI (blue) shows cell nuclei. Secondary antibody goat anti-mouse IgG1 Alexa 555 was used as the negative control. Scale bars 50µm (A). Quantification of IL-8 using Cellprofiler-3.1.9 software. IL-8 expression in EpCAM+ IEC (n=3) was quantified in 4 to 8 epithelial regions (on average 1500 IEC) per patient from fiber-low and fiber-high rectosigmoid tissue. Frequencies of IL-8+ EpCam+ cells were shown as the percentage of total EpCam+ epithelial cells. (B). Patient-derived IEC were lysed, and IL-8 was determined using human IL-8 ELISA Ready-SET-Go Kit. (C) Significance was determined using the Kruskal-Wallis test (*p ≤ 0.05, **p ≤ 0.01). Scatter plots show means ± SEM. AG, aganglionic; G, ganglionic; DC, descending colon.





IEC From Distal Aganglionic Colon Express Several AChRs

We aimed to identify IEC-specific AChRs possibly involved in neuronal modulation. According to the literature, intestinal epithelial cells express preferentially muscarinic M1 (CHRM1) and M3 (CHRM3) receptors as well as nicotinic α3 (CHRNA3), α4 (CHRNA4), α5 (CHRNA5) and α7 (CHRNA7) subunits (38). We performed qRT-PCR on isolated patient-derived IEC and checked for the expression of the receptors. Among the muscarinic receptors CHRM1 was less prominently expressed than CHRM3 (Figure 4A). IEC isolated from fiber-low and fiber-high rectosigmoid showed higher expression of CHRM1 compared to ganglionic HSCR DC tissue. Further, CHRM1 expression was significantly higher in IEC isolated from fiber-high tissue compared to aganglionic DC tissue. No difference in CHRM3 expression was observed between the different groups (Figure 4A). Among nicotinic subunits, the CHRNA4 and CHRNA5 were expressed in lower levels than CHRNA3 and CHRNA7 and not detectable in most of the samples (see figure legend) (Figure 4B). We could not detect significant differences for CHRNA4 and CHRNA5 expression between the diverse sample groups. CHRNA3 expression was significantly elevated in ganglionic DC samples from non-HSCR patients compared to aganglionic and ganglionic DC samples from HSCR patients. Interestingly, the CHRNA7 expression was significantly higher in samples from rectosigmoid fiber-low and fiber-high samples compared to ganglionic DC samples. In conclusion we found elevated expression levels of the muscarinic M1 and nicotinic alpa 7 AChRs in IEC isolated from aganglionic fiber-low and fiber-high rectosigmoid compared to ganglionic control tissue. Using anti-a7AChR immunofluorescence we further demonstrated comparable protein expression in epithelial crypts of fiber-low and fiber-high colonic HSCR tissue (Figure 4C).




Figure 4 | Expression of IEC-specific cholinergic receptors. Purified epithelial cells were immediately lysed, total RNA isolated and cDNA synthesized. Relative gene expression was calculated using the 2-ΔCT method, with β2-microglobulin as the housekeeping gene (A, B). Scatter plots with bar show mean ± SEM. Significance was determined using the Kruskal-Wallis test (*p ≤ 0.05, **p ≤ 0.01). Fiber-low (n=30); Fiber-high (n=13); DC AG (n=10); DC G, HSCR (n=12); DC G, non-HSCR (n=6). Not detectable samples: Fiber-low: CHRM1 (n=1); CHRNA3 (n=2); CHRNA4 (n=23); CHRNA5 (n=14); CHRNA7 (n=2). Fiber-high: CHRNA3 (n=6); CHRNA4 (n=10); CHRNA5 (n=8); CHRNA7 (n=1). DC AG: CHRNA3 (n=3); CHRNA4 (n=10); CHRNA5 (n=8); CHRNA7 (n=2). DC G, HSCR: CHRM1 (n=1); CHRM3 (n=1); CHRNA3 (n=6); CHRNA4 (n=9); CHRNA5 (n=8); CHRNA7 (n=4). DC G, non-HSCR: CHRNA3 (n=2); CHRNA4 (n=6); CHRNA5 (n=4); CHRNA7 (n=1). nd: not detectable. CHRNA7 Immunofluorescence (5µm cryosections) from fiber-low and fiber-high rectosigmoid using purified mouse IgG1 anti-alpha7nAchR antibody (green) (C). DAPI (blue) shows cell nuclei. Secondary antibody goat anti-mouse IgG1 Alexa 555 was used as the negative control. Scale bar 50µm.





Cholinergic Stimulation Attenuates LPS-Induced IL-8 Response in SW480 Cells via a7nAChR

To identify the cholinergic receptor involved in suppression of epithelial IL-8 response, we performed functional studies using the human colorectal adenocarcinoma cell line SW480. The expression pattern of ACHRs was comparable to patient-derived IEC except the expression of CHRNA5 which was only weakly expressed in IEC (Figure 5A). To induce an IL-8 response, SW480 cells were stimulated with Lipopolysaccharide (LPS), a component of the outer membrane of gram-negative bacteria, and supernatants were tested for IL-8 concentrations using ELISA. First, cells were stimulated with LPS in the presence of acetylcholine (stimulating both, mAChR and nAChRs), nicotine (activating nACHRs) or muscarine (activating mAChRs) (Figure 5B). Compared to muscarine, the presence of acetylcholine or nicotine significantly decreased LPS-induced IL-8 response (Figure 5B). Further, the suppressive effect of acetylcholine was reversed by mecamylamine, a non-selective nAChR antagonist, suggesting nicotinic receptor involvement (Figure 5C). The a7nAChR has been described to suppress inflammatory cytokine production in several cell types (39). Since we found a significant elevation of a7nAChR in IEC isolated from the distal aganglionic colon we tested its involvement in regulation of LPS-induced IL-8 response. We stimulated SW480 cells with LPS in the presence of GTS-21, a selective a7nAChR agonist (Figure 5C). Addition of GTS-21 significantly decreased LPS-induced IL-8 response, which could be reversed by adding α-Bungarotoxin, a selective a7nAChR antagonist (Figure 5D). LPS-induced IL-8 production is induced via the activation and phosphorylation of the transcription factor subunit nuclear factor ‘kappa light chain enhancer’ of activated B cells (NF-ĸB) p65 (40, 41). We stimulated SW480 cells with LPS in the presence and absence of GTS-21 and measured phosho (p)-p65 in cell lysates (Figure 5E). LPS stimulation induced phosphorylation of p65 which significantly decreased in the presence of GTS-21. Dependent on the cell type, the JAK2/signal transducer and activator of transcription 3 (Stat3) as well as the PI3K/protein kinase B (Akt) signaling pathway have been reported to mediate the cholinergic anti-inflammatory mechanism (42–48). To identify involved signaling components leading to LPS-induced IL-8 suppression after a7nAChR stimulation we used selective inhibitors specific for Jak2/3 (tyrphostin AG490) and PI3K (wortmannin). GTS-21-mediated suppression of IL-8 was unaffected in the presence of wortmannin but was abrogated in the presence of tyrphostin AG490 (Figure 5F) while cell viability was not affected by the inhibitors (Figure 5G). These results suggest that activation of the a7AChR attenuated LPS-induced IL-8 in SW480 cells involving activation of the JAK2/3 signaling pathway.




Figure 5 | Cholinergic stimulation attenuates LPS-induced IL-8 response in SW480 cells via a7nAChR. Expression of ACHRs in SW480 cells (A). SW480 cells (5 x 104/200µl) were stimulated with LPS (100ng/ml) in the presence of different agonist and antagonists. IL-8 was measured in cell-free supernatants 20h after LPS stimulation. Cells were stimulated with LPS 20min prior to acetylcholine (ACh, 10µM), nicotine (10µM), and muscarine (10µM) stimulation (B). Cells were pretreated (20min) with the non-selective nAChR antagonist Mecamylamine (Mec, 100µM) followed by treatment with ACh (10µM), 20min prior to LPS stimulation (C). Cells were pretreated (20min) with the selective a7nAChR antagonist alpha-Bungarotoxin (a-BTX, 100µM) followed by treatment with GTS-21 (100µM), 20min prior to LPS stimulation (D). Cells were pretreated (20min) with GTS-21 (100µM) followed by stimulation with LPS. Phospho (p)-NFĸB-p65 was measured 4h after LPS stimulation (E). Cells were pretreated (20min) with DMSO (0.01%, control) or tyrphostin AG490 (1µM) or wortmannin (1µM) followed by stimulation with LPS (100ng/ml), 20min prior to treatment with a7nAChR agonist GTS-21 (20min) (F). Cell viability was assessed by colorimetric MTS assay (G). Each point in the scatter plots with bar represent triplicates or quadruplicates ± SEM. Data are representative of three independent experiments. Significance was determined using one-way ANOVA multiple comparison analysis (A–D) and paired t test (E, F) with *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.005. ns, not significant. n.d., not detectable.






Discussion

Here, we classified the aganglionic rectosigmoid of HSCR patients dependent on a prominent (fiber-high) or sparse (fiber-low) mucosal cholinergic innervation and showed that the presence of cholinergic innervation is associated with decreased pro-inflammatory IL-8 levels in patient-derived IEC. Muscarinic 1 as well as nicotinic alpha-7 AChRs were upregulated in IEC isolated from aganglionic rectosigmoid compared to IEC isolated from ganglionic control tissue. Using the human IEC cell line SW480, we demonstrated that activation of a7nAChR suppressed LPS-induced IL-8 response involving the JAK2/3 signaling molecule.

IL-8 is a classical marker of colonic inflammation secreted in response to inflammatory cytokines or bacterial stimuli (33, 49). It is mainly produced by epithelial/endothelial cells, monocytes, and fibroblasts to recruit neutrophils to inflammatory sites. Daig and colleagues demonstrated increased IL-8 expression in the colonic mucosa of inflammatory bowel disease (IBD) patients (34). However, they identified IL-8-positive cells in the lamina propria but not in epithelial cells. We have clearly demonstrated an IEC-specific expression of IL-8 on both, at mRNA and protein level. We used an isolation protocol based on density gradient typically reaching a purity of EpCAM+ cells of 90% with less than 2% contamination with CD45+ cells. Using qRT-PCR and ELISA analysis we showed elevated expression as well as protein levels in IEC isolated from fiber-low compared to fiber-high aganglionic rectosigmoid. IL-8 immunofluorescence verified the expression in EpCAM+ IEC. We found elevated TNF-α levels in IEC derived from fiber-low compared to aganglionic and ganglionic DC. Comparable expression levels among all groups were detected for IL-10 and TGF-β. Borovikova’s study on the effect of CAIP in LPS-stimulated human macrophages showed that cholinergic signaling preferentially acts on the diminishment of pro-inflammatory cytokines without affecting the anti-inflammatory response (24, 25, 50). We have detected elevated expression of Muc2 as well a tight junction proteins ZO-1 and occludin in fiber-low tissue excluding an alteration in mucus production and epithelial barrier function. In the literature, alteration in mucin composition and turnover was reported as leading to altered epithelial barrier function and consequently to a higher risk of developing HSCR-associated enterocolitis (HAEC) (16, 51–53). In fact, in HSCR patients developing HAEC, mucus production and turnover is markedly reduced compared to HSCR patients without HAEC (54, 55). A recent study using a piglet model of chemical-induced aganglionosis showed increased epithelial permeability, with decreased ZO-1 protein expression, in hypoganglionic colonic segments (56). However, it is not clear if the reported alterations in mucus and tight junction expression is due to a direct or indirect effect of underlying aganglionosis. Further, a decrease in tight junction proteins might be only detectable prior to or at the time of enterocolitis onset.

As possible receptors mediating cholinergic signals, we identified CHRNA7 and CHRM1 in patient-derived IEC. Expression levels were elevated in IEC isolated from aganglionic rectosigmoid of both fiber-low and fiber-high phenotypes, compared to IEC isolated from ganglionic descending colon specimens. Cholinergic signals are critical in controlling epithelial ion transport (23), but also contribute to immune homeostasis and barrier function (57). Gahring et al. showed that smoking (nicotine) exerts an anti-inflammatory modulation of lung epithelium in mice—an effect that seems to be mediated via the a7nAChR (58). Other authors investigated the effect of cholinergic signaling on colitis: Lakhan et al. postulated that the anti-inflammatory effect of smoking on ulcerative colitis was due to nicotine signaling involving the a7nAChR (59). Muscarinic receptor activation protects colonic epithelial cell lines from cytokine-induced barrier dysfunction (60, 61) and increases epithelial cell layer tightness (62).

To identify possible underlying mechanisms of cholinergic regulation of epithelial IL-8 secretions we performed functional studies using the human colonic epithelial cell line SW480. Using selective agonists and antagonists for muscarinic, nicotinic and a7 nicotinic AChRs, we identified the a7nAChR as mediating the cholinergic anti-inflammatory effect on LPS-induced IL-8 secretion. The a7nAChR has been described as the main receptor mediating the cholinergic anti-inflammatory effect by decreasing NF-ĸB activity followed by lower cytokine response (39). LPS binds to Toll-like receptor 4 (TLR4) to activate the transcription factor NF-ĸB leading to secretion of inflammatory IL-8. Several signaling pathways contribute to NF-ĸB inhibition after a7nAChR activation. In monocytes/macrophages a7nAChR signaling involves the activation of the JAK2-STAT3 signaling pathway (43, 44). Dependent on the cell type, several signaling cascades in response to a7nAChR have been suggested, mainly including the activation of negative regulators of TLR signaling. Myeloid differentiation factor 88 (MyD88) is an adaptor protein of TLR receptors essential for the initiation of downstream signaling. In HBE16 airway epithelial cells, nicotine decreased the expression of MyD88 and subsequent NF-ĸB activation (63). MyD88 is associated with Interleukin-1 receptor-associated kinases (IRAK) 1 and 4, which after activation dissociate from MyD88 to activate TNF receptor-associated factor 6 (TRAF6). In human macrophages, Maldifassi et al. uncovered that nicotine triggers IRAK-M activation, preventing the dissociation of active IRAKs from MyD88 (39, 64). Another negative regulator of the TLR4 signaling pathway is PI3K (65). In a murine model of LPS-induced neuroinflammation, treatment with Donepezil—an inhibitor of ACh degrading enzyme acetylcholinesterase—improved sepsis survival. The effect was mediated via PI3K-Akt activation leading to decreased TLR4 expression and lower inflammatory cytokine production (46). In renal inflammation, proximal tubular a7nAChR activation protected against acute kidney injury and tubular cell death through PI3K-Akt and PKC signaling (47). Xue et al. demonstrated in a model of neuroinflammation that administration of a7nAChR agonist induced activation of PI3K-Akt to reduce inflammatory cytokine response (48). Using human intestinal epithelial cells, we showed that GTS-21-mediated suppression of LPS-induced IL-8 in SW480 cells was sensitive to tyrphostin AG490 treatment, assuming the involvement of JAK2/3 in a7nAChR downstream signaling. However, further a7nAChR signaling pathway molecules remain to be identified. Interestingly, inflammatory mediators induce the upregulation of a7nAChR to counter-regulate pro-inflammatory cytokines and protect the host from excessive inflammation and tissue pathology (66, 67).

HAEC is the most frequent life-threatening complication in HSCR, both before and after therapeutic pull-through surgery. However, currently no targeted therapies for HAEC are available. A hallmark of HAEC histopathology is the infiltration of neutrophils and the subsequent initiation of a TH17-mediated immune response (1, 4). IL-8 is a chemoattractant for neutrophils and consequently is essential in the induction of early leukocyte recruitment and inflammatory processes. Increased levels of IL-8 have been described in the mucosa of IBD patients (34, 68, 69) and IL-8 gene polymorphism is associated with IBD predisposition (36, 70). We found elevated IL-8 levels in IEC isolated from the rectosigmoid of HSCR patients showing a fiber-low compared to a fiber-high phenotype. Recently, we demonstrated in the same HSCR patient cohort that enterocolitis was more prevalent in patients with a sparse mucosal nerve fiber innervation density (4). After one year, 9 out of 42 HSCR patients developed HAEC, of which 7 patients had a fiber-low (78%) and 2 a fiber-high (22%) phenotype. The results were validated in a large retrospective HSCR cohort including 104 patients (Moesch et al., under review). Therefore, IL-8 might serve as a novel target for early HAEC therapy (71). Currently, two IL-8 targeting antibodies, ABX-CXCL8 and HuMax-CXCL8, are being used in preclinical studies including patients with severe bronchitis and chronic obstructive pulmonary disease (COPD) (NCT00035828) as well as patients with advanced malignant solid tumors (NCT02536469; NCT03689699) (72). However, in this study we analyzed IL-8 at the time of pull-through surgery when none of the patients had yet experienced an enterocolitis. Due to limited cases of HAEC, further investigations and validations are needed to confirm an association of IL-8 levels with the onset of enterocolitis.

We suggest that the presence of neuronal cholinergic innervation in the colon might help to maintain a tolerogenic anti-inflammatory immune cell status to prevent excessive immune responses and tissue pathology. We recently showed that the fiber-high phenotype correlated with reduced inflammatory T-helper-17 cytokines and cell frequencies (4). In fiber-high tissue, nerve fibers colocalized with anti-inflammatory macrophages expressing significantly less interleukin-23 (a TH17-inducing cytokine) than macrophages from fiber-low tissue. It has been reported that colonic inflammatory TH17 cells migrate to neighboring mesenteric lymph nodes, triggering subsequent enterocolitis development (73). Since the mesentery is generally not removed during surgery and reconnects to the neo rectosigmoid, primed immune cells might repopulate the tissue possibly explaining why patients can develop enterocolitis even after removal of the affected aganglionic colon segments.

In summary, we have shown for the first time that the presence of mucosal cholinergic innervation is associated with decreased secretion of IEC-derived pro-inflammatory IL-8 in the rectosigmoid of HSCR patients likely dependent on activation of a7nAChR. Since patients lacking a dense mucosal cholinergic innervation are at high risk of developing enterocolitis, these results suggest a possible involvement of IL-8 in the early onset of HAEC, presenting IL-8 as a novel target for immunotherapy.
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Altering T cell trafficking to mucosal regions can enhance immune responses towards pathogenic infections and cancers at these sites, leading to better outcomes. All-trans-retinoic acid (ATRA) promotes T cell migration to mucosal surfaces by inducing transcription of the mucosal-homing receptors CCR9 and α4β7 via binding to retinoic acid receptors (RARs), which heterodimerize with retinoid X receptors (RXRs) to function. However, the unstable nature and toxicity of ATRA limit its use as a widespread treatment modality for mucosal diseases. Therefore, identifying alternatives that could reduce or eliminate the use of ATRA are needed. Rexinoids are synthetically derived compounds structurally similar to ATRA. Originally named for their ability to bind RXRs, rexinoids can enhance RAR-mediated gene transcription. Furthermore, rexinoids are more stable than ATRA and possess an improved safety profile, making them attractive candidates for use in clinical settings. Here we show that select novel rexinoids act as ATRA mimics, as they cause increased CCR9 and α4β7 expression and enhanced migration to the CCR9 ligand, CCL25 in vitro, even in the absence of ATRA. Conversely, other rexinoids act synergistically with ATRA, as culturing cells with suboptimal doses of both compounds resulted in CCR9 expression and migration to CCL25. Overall, our findings show that rexinoids can be used independently or synergistically with ATRA to promote mucosal homing of T cells in vitro, and lends support for the prospective clinical use of these compounds in immunotherapeutic approaches for pathogenic infections or cancers at mucosal surfaces.
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Introduction

Mucosal surfaces represent a main entryway for pathogens to anatomic access and are common sites for cancer development. Enhancing immunity at these regions can provide better protection and improve strategies for treating these diseases. Our previous work in mouse models has shown that increasing the migration of vaccinia virus (VACV)-specific memory T cells to mucosal regions during vaccination boosts protection at these sites during VACV challenge (1). Correlative evidence also exists in non-human primate models; in rhesus macaques, the use of an attenuated cytomegalovirus (CMV) vaccine vector for simian immunodeficiency virus (SIV) increases effector T cell numbers at mucosal regions, resulting in vastly improved control and clearance of SIV following viral challenge (2, 3). In humans, clinical evidence further suggests that enhancing immune presence at mucosal sites corresponds positively with protection (4–9). Individuals with vitamin A deficiencies exhibit severely impaired mucosal immunity, resulting in increased susceptibility to infections (10–13). As the heightened immune protection seen is predominantly a result of increased effector T cell presence in the mucosal regions, identifying ways to promote T cell migration to these areas is likely to improve resistance to diseases affecting these areas (1, 14, 15).

Effector T cell trafficking to and entry into mucosal regions is governed by their expression of receptors that instigate mucosal homing, including C-C chemokine receptor type 9 (CCR9) and α4β7 integrin (α4β7) (1, 15–17). Upregulation of these mucosal homing receptors during T cell activation is dependent on signaling via retinoic acid receptor, a type II nuclear receptor that heterodimerizes with another nuclear receptor, the retinoid X receptor, to mediate transcription (12, 15, 17). Both the RAR and RXR possess α, β, and γ isotypes, with activation of the RARα/RXRα heterodimer implicated in transcription of CCR9 and the α4 subunit of α4β7, via cooperation NFATc2 (12, 15, 16, 18–21). Binding of all-trans retinoic acid (ATRA), a biologically active vitamin A metabolite and the most abundant naturally occurring pan-RAR ligand, to the ligand-binding pocket (LBP) of the RAR triggers activation of the heterodimer, ultimately resulting in RAR-mediated transcription (22–24).

Like the RAR, the RXR also possesses an LBP, and ligand bound to both the RAR and RXR has been shown to enhance transcription of retinoid-dependent genes (18, 23, 25, 26). However, identification of endogenously occurring RXR ligands has remained limited. 9-cis-retinoic acid (9cRA), a naturally occurring stereoisomer of ATRA, has been reported as a high affinity RXR ligand, however its detection in vivo remains elusive (27–29). Fatty acids such as docosahexaenoic acid and phytanic acid are also capable of binding the RXR, however endogenously occurring levels are likely too low to activate the receptor under most physiologic scenarios (28, 29). The challenge to conclusively identify naturally occurring RXR ligands has led many groups to utilize synthetic agonists, which have since been coined ‘rexinoids’.

Despite studies showing that ATRA can promote the expression of mucosal T cell homing proteins and subsequent migration to mucosal sites in vivo, resulting in better protection against mucosal infection, little is known about the effect of rexinoids on effector T cells. The functional similarity seen between rexinoids and ATRA in experimental models indicates that these synthetic small molecules may be able to exert similar effects as ATRA on effector T cells, by influencing their migration to mucosal-associated regions (30, 31). The ability of rexinoids to bind the RXR suggests that they may improve the impact of endogenous ATRA on T cell mucosal-related function. Additionally, reports that some rexinoids bind to the RAR indicates they may be able to mimic the effect ATRA has on T cell activity (30, 32).

Here we assessed the ability of a panel of rexinoids (Figure 1) to induce expression of CCR9 and α4β7 and to promote T cell migration in vitro. These rexinoids include a fluorobexarotene analog, A18, halogenated bexarotene analogs A20-A22, rexinoids A30-A41 which are described in our previous work and references therein, and rexinoids A52-A63 which are again described in our prior work and citations therein (33–36). A subset of rexinoids (A18, A20, and A41) were capable of exerting this effect independently of ATRA, suggesting these compounds can act as ATRA mimics while retaining lower toxicity and enhanced stability. Conversely, other rexinoids (A55, A56, and A57) displayed synergy with suboptimal doses of ATRA to enhance CCR9 expression. Moreover, treatment with ATRA mimics induced T cell migration in vitro towards the CCR9 ligand CCL25, while treatment with the ATRA cooperating rexinoids also resulted in improved migration. Furthermore, preliminary in vivo data suggest rexinoid treatment is accompanied by reduced toxicity compared to ATRA. Together, these data suggest that rexinoids may have potential to be used as a novel immunotherapeutic treatment modality for mucosal diseases by either replacing ATRA-based strategies or by being used in conjunction with non-toxic ATRA levels to bolster efficacy.




Figure 1 | Structures of select rexinoids from the tested panel of rexinoids.





Materials and Methods


Rexinoid and ATRA Preparation

A panel of novel rexinoids and bexarotene (BEX) were generously donated by the Wagner, Marshall, and Jurutka labs at 1mM and diluted in 95% ethanol (Koptec) or DMSO (Sigma-Aldrich) to 2x105 nM. Powdered all-trans retinoic acid (Sigma-Aldrich) was dissolved in DMSO and stored in the dark at -20C.



Lymphocyte Isolation and Culture

Spleens were harvested from B6.Cg-Tcratm1MomTg(TcrLCMV)327Sdz/TacMmjax (P14), B6.Cg-PtprcaPepcbTg(TcrLCMV)1Aox/PpmJ (SMARTA), or C57BL/6-Tg(TcraTcrb)1100Mjb/J (OT-1) transgenic mice (Jackson Labs) and mechanically dissociated into a single cell suspension using a 70μm nylon mesh strainer (Fisherbrand). All mouse experiments were conducted under institutional care and use committee approval. T cells were stimulated with 1μg/mL of appropriate viral peptide (LCMV gp33-41, LCMV gp61-80, or OVA257-264, respectively) (GenScript; Anaspec). Cells were cultured in a 96-well plate for 8 days using RPMI complete medium (10% FBS, 1% PSG 100X) supplemented with 2.5x10-5 μg/μL IL-2 (Gibco) and 100nM of indicated rexinoid treatment or ATRA in a final volume of 200μL. 8 day treatment timeframe was determined using a time course assay (Supplementary Figure 1). Fresh culture medium with IL-2 and rexinoid or ATRA was replaced every 48 hours. Vitamin A deficient media was made using charcoal-stripped FBS (ThermoFisher).



Flow Cytometry

Expression of mucosal homing receptors was determined using flow cytometry. Cells were stained with a 1:100 dilution of the following fluorochrome-conjugated anti-mouse monoclonal antibodies: CCR9 (CW-1.2) and α4β7 (DATK32). P14 cells were further stained with Thy1.1 (HIS51) and CD8α (53-6.7); SMARTA cells were further stained with CD4 (GK1.5) and Vα2 (B20.1); OT-1 cells were further stained with CD8α (53-6.7)and Vα2 (B20.1). All antibodies were purchased from ThermoFisher. Flow cytometry data were collected using a BD LSR Fortessa flow cytometer (BD Biosciences) and analyzed using FlowJo 8.8.7 software. Graphs were created using Prism 8 software (GraphPad). Error bars indicate SD from the mean. Data from SMARTA mice included in Supporting Information.



In Vitro Migration Assay

P14 or SMARTA splenocytes, processed and cultured as described above for 7 days, were plated into the upper chamber of a 96 well HTS Transwell plate insert with 3.0um pore size (Corning) at a concentration of 5x105 cells in 75 μL of chemotaxis buffer (RPMI medium containing 0.1% FBS). Recombinant mouse CCL25/TECK protein (R&D Systems) was reconstituted to 10 μg/mL in 1X PBS (GenClone) containing 0.1% FBS, resuspended in 235 μL chemotaxis buffer at a concentration of 250nM, and plated into the lower chamber. Control wells received no chemokine. Cells were incubated for 6 hours at 37C in 5% CO2. Live cells that migrated into the lower chamber were subjected to a 1:2 trypan blue stain and manually quantified using a Neubauer improved C-Chip hemocytometer (INCYTO). Assays using P14 splenocytes were performed in triplicate, while those using SMARTA splenocytes were performed in duplicate. Graphs were created using Prism 8 software. Statistical significance calculated using 2-way ANOVA. Data from SMARTA mice included in Supporting Information.



In Vivo Toxicity

6-12 week old female Balb/cJ mice (Jackson Labs) were inoculated via the tail vein with 1x106 K7M2 cells (ATCC; cells not tested for mycoplasma) at day 0, and treated daily for 14 days with either 40mg/kg of vehicle control (n=4), ATRA (n=5), or rexinoid A55 (n=5) delivered via intraperitoneal (i.p.) injection, or 100mg/kg vehicle control (n=5), ATRA (n=5), or rexinoid A41 (n=6) delivered via oral gavage. Treatment timeframe was determined using previous unpublished data showing lung tumor establishment by Day 14 (data not shown). K7M2 cells were cultured using DMEM complete medium (10% FBS, 1% PSG 100X) under sterile conditions. Vehicle control, ATRA, and rexinoids were dissolved using DMSO and diluted to working concentrations using soybean oil (Sigma-Aldrich). Mouse weights were taken every 24 hours during the course of treatment. For liver toxicity, serum used to measure alanine transaminase (ALT) levels was obtained following cardiac puncture at Day 14, and analyzed using liquid ALT reagent kits (Pointe Scientific). Graphs created using Prism 8 software.



Statistical Analyses

One-way and two-way Analysis of Variance (ANOVA) were used for data analysis to establish the impacts of rexinoid and/or ATRA on the percentage of CCR9 and α4β7 expression. Follow-up tests for pairwise comparisons among groups were also performed post-ANOVA using Fisher’s Least Significant Difference (LSD) test. All tests were performed at the α = 0.05 significance level in JMP Pro 16, a statistical software package.




Results


Effector CD8+ T Cells Increase Expression of CCR9 and α4β7 In Vitro Following Rexinoid Treatment

ATRA is capable of modifying T cell expression of the mucosal homing markers CCR9 and α4β7. As rexinoids have displayed functional similarity to ATRA in other studies, we sought to determine if our panel of novel rexinoids could also modulate T cell expression of CCR9 and α4β7. To do this, splenocytes isolated from naïve P14 mice, expressing a transgenic TCR specific for the H-2Db restricted GP33-41 peptide of LCMV, were activated in vitro and cultured with a panel of 40 rexinoids for 8 days. Many rexinoids administered at 100nM were able to significantly enhance CD8+ T cell expression of CCR9, compared to negative controls (Figures 2A–C). Culture with the FDA approved rexinoid bexarotene (BEX) also significantly enhanced CCR9 expression on responding T cells compared to negative controls (Figure 2C). Interestingly, rexinoid A41 improved T cell expression of CCR9 better than BEX, identifying a candidate that may possess improved functional efficacy compared to a current existing treatment. Rexinoid treatment also significantly enhanced α4β7 expression at day 8 of activation compared to negative controls, with A41 again outperforming BEX (Figure 2D).




Figure 2 | Rexinoid treatment enhances CCR9 and α4β7 expression on effector CD8+ T cells in vitro. Splenocytes obtained from a naïve P14 mouse were stimulated with GP33-41 peptide and cultured for 8 days with a large panel of novel rexinoids delivered at a 100nM concentration (treatment every 48 hours). Cells were then analyzed for changes in expression of CCR9 and α4β7. Analysis was performed using flow cytometry. (A) Antigen-specific effector CD8+ T cells gated using appropriate markers. (B) CCR9 expression is upregulated on antigen-specific effector CD8+ T cells following ATRA treatment given over an 8 day time course. (C) shows % positive CCR9 expression on antigen-specific effector CD8+ T cells following 8 day rexinoid treatment. Experiment performed in triplicate. (D) α4β7 expression on antigen-specific effector CD8+ T cells following 8 day rexinoid treatment. Experiment performed in duplicate. Connecting letters report used to determine statistical significance, with ordered differences report used to compare p-values between groups (* = p < 0.05, ** = p < 0.005, **** = p < 0.0001). All error bars represent SD from the mean.





The Ability of Rexinoids to Enhance CCR9 Expression on Effector T Cells Is Independent of Antigen and MHC Specificity

As rexinoids had a pronounced effect on CCR9 expression, our subsequent experiments focused primarily on the expression of this chemokine receptor as an indicator of mucosal homing protein expression. To determine if the change in T cell expression of CCR9 was antigen or MHC specific, we cultured T cells from either SMARTA and OT-1 mice, TCR transgenic mice expressing TCR specific for different peptide (LCMV GP61-80 and OVA257-264, respectively) presented in the context of a different MHC (H2-IAb and H-2Kb, respectively). Rexinoid treatment of T cells from these other TCR transgenic mouse strains also resulted in increased CCR9 expression (Figures 3A, B). Moreover, the patterns of increased expression were similar to that obtained for T cells from P14 mice, with no significant differences seen between CD8 and CD4 T cells (p= >0.05). These data suggest that the ability of rexinoids to modulate T cell expression of CCR9 is not limited by antigen specificity or MHC. Moreover, both CD4 and CD8 T cells are able to increase expression of mucosal homing proteins.




Figure 3 | Rexinoid treatment enhances CCR9 expression on effector T cells of different antigen specificity in vitro. Splenocytes obtained from naïve SMARTA and OT-1 mice were stimulated with GP61-80 peptide and OVA257-264, respectively, and cultured for 8 days with the same panel of novel rexinoids delivered at a 100nM concentration (treatment every 48 hours). Cells were then analyzed for changes in expression of CCR9. Analysis was performed using flow cytometry. (A) CCR9 expression on antigen-specific effector CD4+ T cells from SMARTA mice following rexinoid treatment (black circles) superimposed onto results from Figure 2C (gray squares). SMARTA experiment performed in duplicate. (B) CCR9 expression on antigen-specific effector CD8+ T cells from OT-1 mice following rexinoid treatment (black circles) superimposed onto results from Figure 2C (gray squares). OT-1 experiment performed in duplicate. All error bars represent SD from the mean.





Some Rexinoids Act Independently of ATRA to Enhance T Cell Expression of CCR9

We next sought to determine which rexinoids were capable of altering CCR9 expression independently of ATRA. As charcoal stripping FBS removes lipophilic substances from the serum, including ATRA and other vitamin A derivatives, we supplemented RPMI medium with charcoal stripped FBS in place of standard FBS to create appropriate ATRA deficient culture conditions. P14 T cells were cultured as described above with the indicated rexinoids but without ATRA. The ability of a majority of the rexinoids to alter T cell expression of CCR9 declined to background levels when vitamin A/ATRA was removed from the medium, indicating their dependence on ATRA for increased expression of mucosal homing proteins (Figure 4A and Supplementary Figure 2). However, some rexinoids (A18, A20, A41) retained their ability to enhance CCR9 expression, despite the lack of vitamin A/ATRA in the culture medium. Overall, these findings demonstrate that select rexinoids can mimic the effects of ATRA in enhancing T cell expression of CCR9, while retaining enhanced safety and stability profiles.




Figure 4 | Rexinoids can enhance effector CD8+ T cell expression of CCR9 independently or in combination with ATRA. Splenocytes obtained from P14 mice were stimulated with GP33-41 peptide and cultured either with 100nM rexinoids in vitamin A deficient media (top), or in vitamin A deficient media supplemented with suboptimal doses of rexinoids and ATRA. After 8 day culture, effector CD8+ T cells were analyzed for expression of CCR9 using flow cytometry. (A) Rexinoids A18, A20, A41 and BEX are able to significantly enhance CCR9 expression independent of ATRA presence, compared to no treatment. Rexinoids A18 and A41 also significantly enhance CCR9 expression, compared to BEX. Experiment performed in triplicate. Connecting letters report used to determine statistical significance, with ordered differences report used to compare p-values between groups (* = p < 0.05, ** = p < 0.005, **** = p < 0.0001). (B) Suboptimal doses of several rexinoids cooperate with suboptimal doses of ATRA to enhance CCR9 expression. Boxed region identifies rexinoids that had minimal effect on CCR9 expression when previously delivered at 100nM. (boxed region 3A; graph representative of one experiment). (C) Replicate data obtained from culturing cells with suboptimal doses of rexinoid and ATRA. Rexinoids selected were those that showed high cooperativity with ATRA from 3B (boxed region). Suboptimal doses of selected rexinoid combined with suboptimal ATRA significantly improved CCR9 expression, compared to suboptimal ATRA alone (** = p < 0.005, **** = p < 0.0001). Rexinoid dosages lower than 1nM did not result in enhanced CCR9 expression. Experiment performed in triplicate. All error bars represent SD from the mean.





Some Rexinoids Act Synergistically With ATRA to Enhance T Cell Expression of CCR9

In order to test whether other rexinoids may act synergistically with ATRA, we cultured T cells from P14 mice as described above in charcoal-stripped media that had been supplemented with suboptimal amounts of ATRA (0.1nM) and rexinoids (1nM); neither ATRA nor rexinoids at these concentrations caused expression of CCR9 above background levels (rexinoids only Figure 4A, ATRA only Figure 4B). T cells cultured with selected rexinoids and ATRA at suboptimal concentrations showed significantly improved expression of CCR9 (boxed region Figures 4B, C) compared to treatment with an equivalent dose of ATRA alone (Figure 4B) or rexinoid alone (Figure 4A). These data suggest that select rexinoids act synergistically with ATRA to promote CCR9 expression. This is supported by previously published in vitro data that shows low activation of RAR (Table 1). The ability of these rexinoids to cooperate with lower concentrations of ATRA in vitro suggests a potential strategy to use these compounds in cooperation with physiological levels of vitamin A levels in vivo to promote T cell migration to mucosal regions.


Table 1 | RXR EC50 values in nM and % RAR activation at 100nM selected rexinoids.





Rexinoid Treatment Improves Chemokine-Mediated Migration of Effector T Cells

To evaluate the ability of rexinoid-treated T cells to migrate towards chemokine, we performed an in vitro transwell migration assay using the CCR9 ligand CCL25. P14 or SMARTA splenocytes were cultured as described above with selected rexinoids that showed the potential to act as an ATRA mimic (A18, A20, A41), or rexinoids that showed synergistic activity with ATRA (A55, A56, A57). Following culture, cells were seeded into the upper well of a transwell plate and incubated to allow for migration through the cell-permeable membrane towards CCL25 in the lower chamber. CD8+ T cells treated with the ATRA mimicking rexinoids A18 and A41 displayed significant migration towards CCL25 (Figure 5A). Notably, A41 treatment significantly increased CD8+ T cell migration compared to ATRA treatment (Figure 5A). CD8+ T cells treated with the ATRA cooperating rexinoids A55, A56, or A57 also showed significantly better migration towards CCL25 (Figure 5B). These results indicate that treatment with ATRA mimicking or ATRA cooperating rexinoids induces effector T cell migration, with some rexinoids outperforming ATRA and BEX. Rexinoid-treated CD4+ T cells displayed increased migration when treated with A41 and A56 (Supplementary Figure 3).




Figure 5 | Treatment with ATRA independent and ATRA cooperating rexinoids enhances effector CD8+ T cell migration towards the mucosally expressed chemokine CCL25 in vitro. Splenocytes obtained from P14 mice were stimulated with GP33-41 peptide and cultured for 7 days with 100nM selected rexinoids or 10nM ATRA. Cells were then subjected to a Boyden chamber assay. 5x105 splenocytes resuspended in chemotaxis buffer were seeded into the top insert of a 96 well HTS Transwell plate and allowed 6 hours to migrate through a membrane (3.0um pore size) towards CCL25 (250nM concentration) plated in the lower chamber. Cells were then isolated from the bottom chamber and manually counted using a hemocytometer. (A) Migration following cell culture with ATRA independent rexinoids or ATRA. T cell migration towards CCL25 was significantly improved when cells were cultured with A18 and A41 (adjusted p values = 0.0009 and < 0.0001, respectively). Treatment with A18 or A41 also significantly improved migration towards CCL25 compared to no treatment given (adjusted p values = 0.004 and 0.0001, respectively). Treatment with A41 also significantly improved migration compared to treatment with ATRA (adjusted p value = 0.0008). All ATRA independent rexinoids and ATRA tested in triplicate. (B) Migration following cell culture with ATRA cooperating rexinoids or BEX. Migration towards CCL25 was significantly improved when cells were cultured with A55, A56, and A57 (adjusted p values = 0.001, 0.01, and 0.02, respectively). Treatment with A55 or A56 significantly improved migration towards CCL25 compared to no treatment given (adjusted p values = 0.01 and 0.02, respectively). A55, A56, and BEX rexinoids tested in duplicate, A57 rexinoid tested in triplicate. Statistics were calculated using a two-way ANOVA (* = p < 0.05, ** = p < 0.005, *** = p < 0.0005, **** = p < 0.0001). All error bars represent SD from the mean. ns, not significant.





Rexinoid Treatment Displays Lower Toxicity Potential In Vivo Compared to ATRA

To measure the in vivo toxicity of rexinoid treatment, we used an established metastatic osteosarcoma (mOS) mouse model for which ATRA has previously been used. Briefly, Balb/cJ mice were inoculated with K7M2 cells via tail vein injection prior to daily i.p. treatment with vehicle control or a previously established effective dose of 40mg/kg ATRA or 40mg/kg rexinoid A55. As a measure of toxicity, mouse weights were taken every 24 hours over the course of treatment. Mice that were treated with vehicle control or rexinoid A55 displayed minimal weight changes during the course of treatment, while mice treated with ATRA had significantly higher weight loss (Figure 6A), skin erythema, and fur loss (images not shown). In vivo toxicity was further examined using a high concentration of treatment delivered orally. Balb/cJ mice were similarly inoculated with K7M2 cells, and treated daily with a predetermined dose of 100mg/kg vehicle control, ATRA, or rexinoid A41, delivered via oral gavage. Mice treated with vehicle control or rexinoid A41 displayed minimal weight changes, while ATRA-treated mice displayed significant losses following treatment onset (Figure 6B). ATRA-treated mice were removed from study after 5 days treatment, due to rapid physical decompensation. Balb/cJ mice treated with an oral dose of 40mg/kg ATRA also showed greater elevation of the liver enzyme ALT at day 14 compared to mice treated with 40mg/kg vehicle control, A55, or A41 (Supplementary Figure 4). Together, these findings suggest that rexinoids are better tolerated and less toxic than ATRA when delivered as a therapeutic modality.




Figure 6 | Mice inoculated with K7M2 cells were treated daily with either vehicle control (n=4), rexinoid A55 (n=5), or ATRA (n=4), delivered i.p. at a previously determined concentration of 40mg/kg for 14 days, or with vehicle control (n=5), rexinoid A41 (n=6), or ATRA (n=5) delivered orally at 100mg/kg for 14 days. (A) Mice that received A55 treatment i.p. had weight loss similar to negative control mice, while mice that received ATRA treatment displayed significantly larger weight losses during treatment (** = p < 0.005, **** = p < 0.0001). (B) Mice that received high dose oral A41 treatment showed slight weight gain, while ATRA-treated mice displayed significant weight loss that necessitated removal from study (** = p < 0.005, **** = p < 0.001). All error bars represent SD from the mean.






Discussion

Identifying compounds that can favorably alter T cell migration to mucosal surfaces has the potential to improve immune responses towards diseases at these surfaces. Here we tested a panel of novel rexinoids for their ability to both influence effector T cell expression of mucosal homing markers CCR9 and α4β7 and to affect their migration towards a mucosally expressed chemokine in vitro. Our results show that many rexinoids are capable of enhancing CCR9 and α4β7 expression on responding T cells. Several rexinoids induced T cell expression of CCR9 independently, mimicking the naturally occurring biologic ATRA, while others worked synergistically with subtoxic doses of ATRA to enhance expression, indicating a potential to cooperate with vitamin A present in vivo. Furthermore, both ATRA mimicking and ATRA cooperating rexinoids were seen to improve T cell migration towards the CCR9 ligand CCL25, with some outperforming bexarotene and ATRA. These findings introduce several rexinoids that can imprint T cells with a mucosal homing phenotype and influence their migration, and may have clinical relevance in treating mucosal diseases.

In addition to CCR9 and α4β7, the expression of a myriad of other genes have also been shown to be under the control of RAR signaling, including those that inhibit cell cycle progression and promote apoptosis (37–42). These discoveries have led to ATRA being used clinically as an anti-cancer drug; combination treatments that include ATRA have been successful in inducing cancer remission, most notably with acute promyelocytic leukemia (APL), a disease marked by an RARα translocation (43–45). Unfortunately, these favorable results are dampened by adverse side effects attributed to ATRA usage. Various toxicities, including hepatotoxicity due to retinyl ester buildup in hepatic stellate cells (HSCs), and mucocutaneous toxicity, have been reported in cancer patients receiving ATRA treatment (46–49). Here we confirmed that mice treated with ATRA fare poorly, as evidenced by their severe weight loss, physical appearance, and higher ALT levels. An additional complication seen with ATRA use is differentiation syndrome (DS), which can be life-threatening (49–52). Surprisingly, similar adverse health effects have also been reported following the use of synthetic vitamin A derivatives such as isotretinoin and acitretin, which has led us to postulate that the toxicities seen may be due to aberrant activation of the other RAR isoforms (53–55). This is supported by the finding that RARγ deficient mice show resistance to ATRA-mediated toxicity (56). Additionally, activation of all three RAR isoforms have been shown to display teratogenic potential (57). As the ATRA cooperating rexinoids demonstrate high selectivity for the RXR, their use could avoid such toxicity. Furthermore, the widespread use of ATRA is limited due to its instability when exposed to ubiquitous elements such as ultraviolet (UV) light, ambient temperatures, and oxygen (49, 58). The improved stability of rexinoids compared to ATRA is another attractive characteristic; their long shelf life and resistance to fluctuations in temperature, UV light, or oxygen presence makes them more durable treatment options.

In animal models of lung cancer, rexinoid use has been seen to mediate similar antiproliferative and proapoptotic effects on cancer cells as is observed with ATRA (59, 60). Importantly, rexinoid treatment has been shown to be better tolerated than ATRA in both animal and human models. Clinical trial results show that bexarotene, which is currently used as a treatment modality for patients with cutaneous T cell lymphoma (CTCL), can be safely administered at dosages of 300mg/m2/day, while side effects are seen with ATRA dosages higher than 45mg/m2/day (49, 61–67). However, it is currently unknown for most rexinoids whether they are behaving as ATRA mimics or acting in synergy with ATRA. Here we have not only identified RXR ligands that act similarly to ATRA in altering mucosal homing capabilities, but we have further determined if this effect is dependent on ATRA or not. The rexinoids capable of exerting their effect independently of ATRA have the potential to replace ATRA in therapeutic settings, as they could provide a similar efficacy with a considerably reduced ability to induce toxicity. ATRA cooperating rexinoids also have potential for use in treatment settings; combining these compounds with a much lower dose of ATRA may enhance ATRA mediated effects while minimizing toxicity side effects.

It is well-established that effector T cell infiltration into affected tissues positively correlates with protection from viral infection and tumor regression, therefore identifying methods that can specifically impact their migratory ability may improve immune responses in these microenvironments (1, 14, 68, 69). Our discovery of several rexinoids that favorably modulate T cell mucosal homing abilities in vitro indicates that they may be useful as an adjuvant during vaccination towards viruses that infect mucosal surfaces, and in immunotherapies targeting tumors that form at mucosal sites. We have previously shown in mouse models that ATRA has the potential to function as an adjuvant; i.p. injection of ATRA during vaccination increases the number of virus specific T cells to mucosal regions and boosts protection during viral challenge (1). However, this treatment is physically taxing to the mice, resulting in weight loss and inflammation at the injection site. Changing the route of delivery may improve tolerability, however the tradeoff is a reduction in ATRA bioavailability. Our preliminary in vivo work has shown that mice are not subject to the same physical discomforts following rexinoid treatment delivered via i.p. injection, as observed by their minimal weight loss during treatment (Figure 6A). Furthermore, high dose rexinoid delivered orally was well-tolerated, which could compensate for reduced bioavailability when delivered a more preferable route, unlike high dose ATRA (Figure 6B). Thus, administering either the ATRA mimicking or ATRA cooperating rexinoids via the same route as ATRA may result in similar immune modulating activity, without the associated pathology.

Adoptive cell transfer (ACT) and immune checkpoint blockade (ICB) are immunotherapies currently showing great promise as cancer treatment modalities (70–73). The ability of our rexinoids to modulate T cell migration suggests that their use in tandem with either ACT or ICB therapy may enhance the efficacy of these treatments by directing more effector T cells to tumors at mucosal sites. With ACT, the treatment of ex vivo expanded tumor-specific T cells with rexinoids prior to re-infusion can result in more T cells effectively homing to the mucosal tumor, which would result in tumor reduction and possible elimination while avoiding the majority of toxicity issues associated with ATRA use in vivo. ICB therapy using a combination of PD-L1 and CTLA-4 blocking antibodies has been shown to reverse tumor-specific effector T cell exhaustion and increase the number of tumor-infiltrating lymphocytes (TILs) present, resulting in improved anti-tumor immune responses (68, 72, 74). Inhibitory interactions between TILs and tumor cells are blocked by anti-PD-L1, while the use of anti-CTLA-4 likely both promotes the activation of new tumor-specific T cells and overcomes regulatory T cell inhibitory pathways. Although promising, this approach currently displays limited efficacy in a subset of patients (69, 75, 76). This may be due to the newly activated T cells ineffectively migrating to the tumor site, resulting in the current TILs becoming overwhelmed, and subsequent re-loss of function. Coupling this ICB approach with our identified rexinoids may ameliorate treatment efficacy towards mucosal cancers by better directing the migration of newly activated tumor-specific T cells to these sites. This would result in larger numbers of functional effector T cells present in the mucosal tumors, resulting in improved cancer control and patient survival.

While this work focuses on immune function resulting from interactions between the RXR and RAR, it should be noted that the RXR is promiscuous. It is an essential partner for a multitude of other receptors, all of which require heterodimeric formation with the RXR to exert their function (26, 77). Rexinoids that did not affect RAR/RXR mediated transcription in terms of CCR9 and α4β7 expression may play a role in mediating expression of non-immune RAR/RXR dependent genes, or may influence the expression of genes under the control of other RXR heterodimers. The potential of rexinoid treatment to beneficially regulate a variety of biological processes is an exciting and growing research area.
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The role of the endocrine system on the immune response, especially in the lung, remains poorly understood. Hormones play a crucial role in the development, homeostasis, metabolism, and response to the environment of cells and tissues. Major infectious and metabolic diseases, such as tuberculosis and diabetes, continue to converge, necessitating the development of a clearer understanding of the immune and endocrine interactions that occur in the lung. Research in bacterial respiratory infections is at a critical point, where the limitations in identifying and developing antibiotics is becoming more profound. Hormone receptors on alveolar and immune cells may provide a plethora of targets for host-directed therapy. This review discusses the interactions between the immune and endocrine systems in the lung. We describe hormone receptors currently identified in the lungs, focusing on the effect hormones have on the pulmonary immune response. Altered endocrine responses in the lung affect the balance between pro- and anti-inflammatory immune responses and play a role in the response to infection in the lung. While some hormones, such as leptin, resistin and lipocalin-2 promote pro-inflammatory responses and immune cell infiltration, others including adiponectin and ghrelin reduce inflammation and promote anti-inflammatory cell responses. Furthermore, type 2 diabetes as a major endocrine disease presents with altered immune responses leading to susceptibility to lung infections, such as tuberculosis. A better understanding of these interactions will expand our knowledge of the mechanisms at play in susceptibility to infectious diseases and may reveal opportunities for the development of host-directed therapies.
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Introduction

There is a growing interest in the relationship between the immune and endocrine systems (1). Bidirectional communication between the immune and endocrine systems facilitates optimal host responses during infection and homeostasis. This communication is possible since endocrine organs express cytokine receptors and cells of the immune system express hormone receptors (2). Metabolic, nutritional, psychosocial, and genetic factors influence the immune response via endocrine signaling. During infection, cytokines produced by immune cells directly or indirectly alter hormonal responses, developing a feedback response between the endocrine and immune systems. Cytokines induce alterations in hormone production, by directly affecting endocrine organ function, such as IL-1, IL-6, and TNF-α. These cytokines increase the activity of the hypothalamus-pituitary-adrenal (HPA) and hypothalamus-pituitary-thyroidal (HPT) axes, and reduce that of the hypothalamus-pituitary-gonadal (HPG) axis (3–6), or indirectly by promoting cellular destruction of endocrine cells, as in the pancreatic dysfunction of type 2 diabetes (T2D) (7).

Hormones exert a profound effect on the functions of the immune system, exemplified by the anti-inflammatory functions of glucocorticoids (GCs) and androgens (8). While acute stress may be beneficial for the immune system during fight or flight, chronic stress is harmful. Chronic inflammation signal cortisol release through inflammatory signaling as well as the HPA axis and can drive HPA axis dysfunction if left unchecked. Stress-induced activation of the HPA axis results in the secretion of corticotropin releasing hormone (CRH) from the hypothalamus, which stimulates the production of adrenocorticotropic hormone (ACTH) from the anterior pituitary gland. ACTH stimulates the adrenal glands to produce cortisol, a potent anti-inflammatory hormone. To limit long-term exposure of tissues and cells to the immunosuppressive actions of cortisol, a negative feedback loop allows cortisol to regulate its own secretion. Long-term exposure to elevated levels of cortisol may lead to adaptations in HPA axis function, resulting in an initial increase in cortisol production (hypercortisolism) followed by a decrease in the production of the hormone (hypocortisolism) or cortisol resistance (9). Thus, chronic inflammatory responses and a dysregulated HPA axis result in altered cytokine signals and immune cell function (10).

Type 2 diabetes is a metabolic disease that presents with numerous alterations in hormone levels, including increased insulin and cortisol levels, and reduced free triiodothyronine (fT3) and testosterone levels (11–14) (Table 1). Common comorbidities of T2D include depression, asthma, and chronic obstructive pulmonary disease, which are co-prevalent and may indicate a relationship between stress-related hormonal alterations and lung function, as well as hypothyroidism (34). Altered endocrine responses in T2D are, in part, related to dysregulation of the HPA, HPT, and HPG axes, having downstream effects on immune functions within various organs (35–37).


Table 1 | Inflammatory Properties of hormones and their relative levels measured in the periphery.



Although the lungs are a major site of acquired infections, the effects of hormonal dysregulation on the immune response within the lung are still largely unknown. This review discusses hormones with immune modulatory potential in the lung and their influence on the immune response therein (summarized in Figure 1). Implications for susceptibility to tuberculosis (TB) are highlighted, drawing on examples of endocrine dysregulation in the form of T2D.




Figure 1 | Effects of hormones on the lung environment. Hormones influence inflammatory responses, necessitating a clear understanding of their role in infectious disease. Pro-inflammatory adipokines, such as resistin, leptin, lipocalin-2, and DHEA collectively stimulate migration of immune cells into the lung and promote a pro-inflammatory signaling environment, with lipocalin-2 stimulating macrophage activation and M1 polarization. Anti-inflammatory hormones, including glucocorticoids, testosterone, glucagon, thyroxine, ghrelin, adiponectin, and aldosterone, reduce inflammatory signaling, immune cell recruitment, and polarize macrophages to anti-inflammatory phenotypes. Whether these combined effects are beneficial or detrimental to infectious disease response in the lung require further investigation. Additionally, agonists and antagonists (*) provide a future opportunity to regulate these processes. DHEA, dehydroepiandrosterone; α-MSH, alpha-melanocyte-stimulating hormone; T4, Thyroxine; T3, triiodothyronine; Mθ, macrophage. This figure was created with BioRender.com.





Central Endocrine (Hypothalamic and Pituitary) Hormones


Corticotropin Releasing Hormone (CRH)

CRH is primarily produced by the hypothalamus, but can also be expressed at peripheral sites where it acts as an autocrine or paracrine inflammatory modulator (38, 39). CRH binds with a high affinity to CRH receptor 1 (CRHR1) and CRH-like peptides with a high affinity to CRHR2. CRHR2 is the major receptor expressed in human lungs, however compared to other tissues (heart, stomach, liver and adrenal), the lung and skeletal muscle express the highest levels of CRHR1 (40). In mice, the CRHR1/R2 ratio changes in response to stress in different immune cell types in the lung (41). CRHR1 mRNA increases and CRHR2 decreases in dendritic cells, whereas CRHR2 increases in macrophages in response to stress. Furthermore, CRHR2 is found to be preferentially expressed in neutrophils in the lungs of mice (42).

Differential expression of CRHR1 and CRHR2 in phagocytic cells in the lungs could affect innate cell function, potentially leading to altered adaptive immune responses. Limited information is available on how targeting CRH and CRHR activity in the respiratory tract impacts bacterial disease outcome. In a murine respiratory Streptococcus pneumoniae infection model, Burnley and Jones (2017) demonstrated that intranasal CRH administration reduces the pulmonary inflammatory response, and the subsequent recruitment of neutrophils and monocytes to the lung, improving survival in these animals (43). Moffat et al. (2006) demonstrated that, urocortin, a structurally related peptide to CRH, causes bronchorelaxation and limits lipopolysaccharide (LPS)-induced pulmonary inflammation (specifically neutrophil recruitment) to a greater extent than CRH (44). During S. pneumoniae infection in the lungs of CD-1 mice, an outbred strain of albino mice, prior CRHR2 antagonist (astressin 2B) treatment reduces pulmonary bacterial growth and prevents sepsis, while CRHR1 antagonism (antalarmin) provided no benefit (39). Stimulation of CRHR in the lung, therefore, provides a promising approach for reducing excessive inflammation in the lungs and should be studied further.



Adrenocorticotropic Hormone (ACTH)

ACTH is a pituitary hormone that signals via melanocortin receptors (MCRs), of which there are five. They are expressed on a wide range of tissues, including nervous, intestinal, adipose, skeletal, and lung tissues. Among these receptors, MC1R and MC5R are expressed in lung tissues. MC1R, MC3R, and MC5R are expressed on macrophages and lymphocytes, while MC2R and MC4R are expressed on lymphocytes (45). Cleavage of the first 13 amino acids of ACTH yields alpha melanocyte-stimulating hormone (α-MSH).

ACTH and α-MSH exert broad anti-inflammatory effects in a variety of tissues by signaling through the MCRs, with the major receptor exerting these effects being MC1R (45). Additionally, numerous anti-inflammatory melanocortin-based therapies are in clinical trials for the treatment of inflammatory conditions (46). In allergic mice, intraperitoneal α-MSH reduced peribronchial airway inflammation, altering leukocyte populations in bronchoalveolar lavage (BAL) fluid, and reduced IL-4 and IL-13 levels, effects dependent on IL-10 signaling downstream of α-MSH treatment (47). In acute lung injury mouse models, α-MSH treated mice displayed reduced edema; IL-6, TNF-α, and TGF-β gene expression; and leukocyte infiltration in the lung (48, 49). Thus, MCR stimulation in the lung may provide a novel target for its anti-inflammatory properties, providing repurposing potential for current agonists used to treat obesity (setmelanotide), porphyria (afamelanotide), and reduced sexual desire in women (bremelanotide) (50).



Growth Hormone-Releasing Hormone (GHRH) and Growth Hormone (GH)

GHRH is secreted predominantly by the hypothalamus and stimulates the secretion of GH by the pituitary gland and regulates hepatic insulin-like growth factor-1 (IGF-1) production through the GH/hepatic IGF-1 axis (51). Other tissues, including the lungs also produce GHRH locally and express the receptor of GHRH (GHRHR) as well as the GHRHR splice variant 1 (SV1) (52). In normal mouse lung tissue, type 2 cells, club cells and fibroblasts, lymphocytes, and dendritic cells express GHRH (52). GHRH is involved in lung homeostasis, inflammation and fibrosis (51). Antagonists for GHRHR have anti-inflammatory, pro-apoptotic, anti-oxidative and anti-fibrotic effects in the lung. The GHRH antagonist MIA-602, frequently used in bleomycin-induced lung fibrosis models, suppresses ERK1/2 and JAK2/STAT3 pathway activation and increases P53 and pAMK levels (53). At mRNA level MIA-602 downregulates pathways involved in adaptive immune responses including T cell activation and differentiation, T cell signaling and cytokine production (54). In a sarcoidosis granuloma model, GHRHR inhibition results in reduced IL-12 and IL-17A production (54, 55). Thus, MIA-602 demonstrates the contribution of GHRHR to adaptive immunity and T cell function, and that GHRHR is a potential candidate for managing these responses when they are excessive, such as in granulomatous diseases.

The ability of GHRHR signaling to modulate lung immune responses was further demonstrated in a study assessing the vaccine-induced immune responses of GHRH knock-out mice against S. pneumoniae. Knock-out mice were significantly more susceptible to infection after vaccination than wild-type mice, with vast infiltration of neutrophils and monocytes, and reduced B cells and T cells in the lung post infection (56). These knock-out mice were unable to mount a pneumococcal vaccine-induced response, a deficiency restored by GH treatment, highlighting the importance of GH signaling in the lung immune response. The pro-inflammatory characteristics of GH have been demonstrated by exacerbating LPS-induced inflammation and cecal ligation and puncture (CLP)-induced sepsis by increasing neutrophil NF-κB activity, neutrophil presence, microvascular injury, and neutrophil CD11b expression in the lungs of rats (57, 58). In contrast, others have found GH treatment to prevent acute lung injury by reducing ICAM-1 expression and NF-κB activity in lungs (59, 60). The two studies displaying the pro-inflammatory effects of GH administered the GH subcutaneously to male Wistar rats, while the latter studies observing anti-inflammatory effects administered the GH intramuscularly in Sprague-Dawley rats and pathogen-free Kun Ming mice, respectively. Considering endocrine differences between Wistar and Sprague-Dawley rats (61), hormone-induced responses may differ and validation of observations across model organisms is key for avoiding model specific interpretations.




Adrenal Hormones


Glucocorticoids (GCs) and Mineralocorticoids

Cortisol is a known immune modulator and synthetic GCs have been used clinically to control inflammatory conditions, such as asthma, for decades. Cortisol is produced from cholesterol that is converted to pregnenolone before the steroidogenic pathway diverges toward the formation of this major class of steroid hormones. It signals via the glucocorticoid receptor (GR) and mineralocorticoid receptor (MR), which are ubiquitously expressed, including in the lung (62).

High doses of GCs reduce the number of macrophages in the respiratory tract and impair the functional activity of resident lung macrophages (63). GCs are produced in T-cells and macrophages of the lung upon stimulation with inflammatory mediators, including TNF-α, LPS, and anti-CD3, acting as an immunoregulatory mechanism to limit uncontrolled inflammatory responses in the lung. This GC stimulatory effect was promoted by intranasal leptin pretreatment in mice with LPS-induced acute lung injury (64, 65). More recently Marin-Luevano et al. (2021) demonstrated that cortisol promotes the intracellular growth of Mycobacterium tuberculosis in A549 type 2 pneumocytes and THP-1–derived macrophages, but not airway bronchial epithelial cells (66), highlighting the immunosuppressive effects of GCs in the lung. Long-term (>1 year) treatment with inhaled corticosteroids is implicated in increased risk of developing pneumonia (risk ratio of 1.41) and is associated with the risk of mycobacterial diseases, such as TB (67).



Androgens

Dehydroepiandrosterone (DHEA) is produced from cholesterol, predominantly in the zona reticularis of the adrenal glands upon ACTH stimulation, and in the gonads upon luteinizing hormone and follicle-stimulating hormone stimulation. Receptors for DHEA include the androgen receptor (AR), estrogen receptor (ER), peroxisome proliferator activated receptor-alpha (PPARα), pregnane X receptor, and neurotransmitter receptors, such as the N-methyl-D-aspartate (NMDA) receptor (68, 69).

DHEA treatment is associated with reduced pulmonary hypertension by upregulating soluble guanylate cyclase and by inhibiting src/STAT3 pathway activation, a key pathway in cytokine-induced cell activation and proliferation (70, 71). Generally DHEA counteracts the effect of cortisol, and more specifically in alveolar macrophages, restores the expression of the receptor for activated C kinase (RACK-1) and LPS-induced TNF-α and IL-8 production that is reduced due to aging in rats (72). When added to alveolar macrophages from non-smoking asbestos workers in vitro, DHEA reduces the release of superoxide anion (73), which is consistent with its role in limiting Th2 responses (74). Intratracheal administration of 16α-bromoepiandrosterone (BEA; a DHEA-related synthetic sterol) reduces the bacterial load and inflammation in the lungs of diabetic mice who are infected with M. tuberculosis (75). BEA decreases the expression of the enzyme 11-β-hydroxysteroid dehydrogenase type 1, which catalyzes the conversion of inactive cortisone into active cortisol in humans and inactive dehydrocorticosterone into active corticosterone in mice. At the same time, it increases the expression of 11-β-hydroxysteroid dehydrogenase type 2, which again converts active cortisol/corticosterone into inactive cortisone/dehydrocorticosterone. This could increase IFN-γ and TNF-α response resulting in lower bacterial loads in the lungs of these animals. The ability of DHEA and BEA to improve immune and metabolic (as shown in the TB-T2D mouse model) responses suggests that they could potentially be used as therapeutic agents, which will benefit the host’s immune, endocrine and metabolic functions.




Thyroid Hormones: Thyroxine (T4) and Triiodothyronine (T3)

The lungs express lower levels of the thyroid hormone receptors THRA1, THRA2, and THRB1 mRNA than other tissues, however the relative protein expression of THRA2 and THRB1 in lung tissue is higher than in other human tissues (76). Furthermore, THRA expression in the lung is highest in alveolar type 1 epithelial cells, while their expression is similar in lung T cells, granulocytes, type 2 alveolar cells, and macrophages. THRB on the other hand is expressed predominantly in type 2 alveolar cells (77). In rats, thyroid hormone receptors were also found in lung type 2 alveolar cells, and promote GC responses and adenylate cyclase activity in the lung (78–80). Additionally, T3 activates the MAPK/ERK1/2 pathway in rat alveolar epithelial cells and increases their sodium-potassium-ATPase pump content and activity (81).

More recently, Ning et al. (2018) described the ability of T4 to reduce the inflammatory response and senescence in an oxidized low-density lipoprotein-induced foamy macrophage model (82). In a type 2 deiodinase-knockout mouse model, active thyroid hormones are not produced in the thyroid gland. Type 2 deiodinase-knockout mice have a greater susceptibility to ventilator-induced lung injury, with increased Cxcl1, Tnf, Il1b, and Cxcl2 gene expression. Treatment with T3 ameliorated the higher cytokine and chemokine expression in knockout mice (83). Although it remains unclear whether these effects were mediated by the THR, this highlights the anti-inflammatory effects of T3 and potentiates a relevance for T3 signaling in the lung. Studies assessing the influence of thyroid hormones on lung function during infection would provide valuable information against infections.



Gonadal Hormones


Testosterone

Differences between male and female responses in disease are common, highlighting a potential role for sex hormones in disease. Testosterone acts via the AR, which is expressed in human lungs primarily in endothelial cells and club cells, fibroblasts, and type 2 alveolar cells, with lower expression in macrophages, T cells, and granulocytes (84). Testosterone exposure in mouse lungs upregulates genes involved in iron binding and oxygen transport while downregulating genes involved in DNA repair and recombination (85). In an asthma mouse model, ovalbumin sensitized male mice displayed lower susceptibility to inflammation due to lower Th2 cytokine production and lung lymphocyte levels compared to female mice (86). Becerra-Diaz et al. (2018) investigated the immune modulatory functions of AR signaling in the lungs, and found that dihydrotestosterone reconstitution in castrated mice reduced lung inflammation and enhanced M2 polarization of alveolar macrophages via IL-4 stimulation (87). Similarly, gonadectomized male mice infected with influenza A virus and treated orally with testosterone have reduced pulmonary monocyte and virus-specific CD8+ T cell infiltration resulting in improved disease outcomes (88). Testosterone decreases pro-inflammatory cytokine release from monocytes and macrophages, and increases the accumulation of cholesterol esters in human monocyte-derived macrophages (89). Additionally, type 2 innate lymphoid cells express AR, the signaling of which inhibits their maturation and IL-33–mediated lung inflammation.



Estrogen

Estrogens comprise three major forms, estrone, estradiol, and estriol. Their proportions fluctuate depending on the processes occurring in the body, with estradiol predominating most of the time. During pregnancy, enzymes in the placenta transform 16α-hydroxy-dehydroepiandrosterone sulfate (16a-OH-DHEAS) to estriol. Estrone is produced mostly during menopause. Signaling of these hormones is mediated by the α and β forms of the ER. Both ER forms are expressed in human and mouse lungs, and human lung cell lines; although in humans, ER-α presence varies among individuals (90). ER-α predominates in lung fibroblasts, with low expression in endothelial cells, granulocytes and macrophages, while ER-β predominates in human lung alveolar type 1 cells, ciliated cells, and granulocytes (84). Histological analysis in CD-1® IGS mouse and porcine lung show no ERα expression (91, 92), while RT-PCR in BALB/c mice shows expression of both receptors in the lung, with lower ERα expression (93). Kan et al. (2008) investigated the effect of 17β-estradiol (E2) on trauma-hemorrhage–induced lung injury in Sprague-Dawley rats. E2 administration induced higher endothelial nitric oxide synthase (eNOS) expression and phosphorylation, protein kinase G-1 activation, and VASP expression, resulting in reduced lung injury (94). These anti-inflammatory properties were also demonstrated in seawater induced acute lung injury in rats, which was reduced by E2 treatment (95). Despite ERβ predominance, ER-α is reported to be responsible for the anti-inflammatory effects of ER stimulation (96).




Hormones of the Gastro-Intestinal Tract


Gastric Inhibitory Polypeptide (GIP) and Glucagon-Like Peptide-1 (GLP-1)

The GIP receptor (GIPR) is present in airway ciliated and club cells, alveolar pneumocytes and lung macrophages (77). In atherosclerosis mouse models, GIP has been shown to prevent monocyte and macrophage activation (97, 98). Studies into the immune regulatory roles of GIP are scarce and may reveal additional functions of this hormone on the lung immune response.

The GLP-1 receptor (GLP-1R) is expressed in the lungs of mice and humans at a higher level than other tissues (99, 100). Numerous studies, as reviewed by Lee and Jun (2016), describe the anti-inflammatory effects of GLP-1 and the potential of GLP-1–based therapies (101). In a BALB/c mouse model of ovalbumin-induced asthma, protein kinase A (PKA) phosphorylation was inhibited and NF-κB p65 upregulated in the lung. GLP-1 agonist treatment in these mice led to PKA activation and downstream inhibition of NF-κB, mediating anti-inflammatory responses in the lung by reducing the infiltration of inflammatory cells, tissue pathology, Th2-associated cytokines in BAL fluid, and E-selectin expression (102). Gou et al. (2014) showed that bleomycin-induced pulmonary fibrosis in mice presents with an increase in macrophages and lymphocytes, as well as TGF-β1 concentrations in the BAL fluid, and VCAM-1 expression and NF-κB activation in the lung. GLP-1 agonist liraglutide, when administered intraperitoneally, reduces these characteristics of bleomycin-induced lung inflammation and fibrosis (103). Although subcutaneous liraglutide improved lung function in a chronic obstructive pulmonary disease mouse model, this effect was not accompanied by a reduction in lung inflammation. Additionally, liraglutide did not alter inflammatory cytokine responses in another study by the same group (100, 104). These differences in observations suggest that intraperitoneal administration may be required to produce the anti-inflammatory effects of GLP-1R in the lung. Other possible immunomodulatory mechanisms of GLP-1 may involve alteration of T cell function by reducing CD28 and CD86 expression, and reducing tissue factor and PAI-1 production (105). While GIPR function in the lung immune response requires further investigation, GLP-1R may reduce inflammation by mediating immune cell recruitment and activation in the lung, although it is not crucial for a balance between pro- and anti-inflammatory responses.



Ghrelin

Since its discovery in 1999, numerous actions of ghrelin have been described ranging from metabolic homeostasis, circadian rhythms, learning and memory to immune modulation. Ghrelin binds to the growth-hormone secretagogue receptor 1a (GHSR-1a), inducing GH release from anterior pituitary cells in a process distinct from that of GHRH (106). In Hartley guinea-pigs, Wistar rats and male C57BL6/J mice, the expression of GHSR-1a mRNA was very low in the lung (107, 108), with the lung also having the highest ghrelin expression in Wistar rats (109). In two studies assessing human lungs, mRNA and protein expression of ghrelin and biologically inactive GHSR-1b was detectable, while those of GHSR-1a were not (110–112).

Despite this, ghrelin treatment is associated with alterations in inflammatory responses in lung tissues, including a reduction in inflammatory cytokine release, NF-κB pathway activation, neutrophil infiltration, and improved survival in rats with CLP-induced lung injury (113). Additionally, these anti-inflammatory effects may be related to the acylation status of ghrelin, since only acyl ghrelin and not des-acyl ghrelin binds to GHSR-1a (114). Interestingly, it has been proposed that GHSR-1a is not required for the anti-inflammatory actions of ghrelin, suggesting another as yet unknown signaling mechanism mediating these effects (115). LPS-induced apoptosis of alveolar macrophages is attenuated by ghrelin, with GHSR-1a–mediated JNK inhibition and Wnt/B-catenin activation, promoting alveolar macrophage survival and their anti-inflammatory responses. In GHRS-1a knockdown mediated by siRNA, these effects were abrogated, highlighting the need for GHRS-1a signaling in these anti-inflammatory and anti-apoptotic responses (116). In a CLP-induced Sprague Dawley rat sepsis model, ghrelin treatment improved survival and reduced peritoneal bacterial load and pulmonary TNF-α and IL-6. Signaling via the GSHR-1a receptor was responsible for improving mortality. Additionally, the CLP-treated group without ghrelin administration had significantly lower ghrelin content in the lung (117). A more recent study also noted that in the lung with elastase-induced emphysema, ghrelin polarized alveolar macrophages to the M2 phenotype, decreased keratinocyte-derived chemokine (a mouse IL-8 analogue), TGF-β, and TNF-α, increased IL-10 levels, and promoted lung tissue recovery in C57BL/6 mice (118). Exogenous administration of ghrelin reduced pulmonary hypertension in a monocrotaline-induced mouse model (119). Ghrelin may play a key role in altering the immune response, possibly linking gastro-intestinal tract function and metabolism to immunity in the lung. Further, studying the effects of ghrelin receptor agonists on the lung may provide an important avenue for host-directed therapy during lung infection and inflammatory conditions.




Pancreatic Hormones


C-Peptide

C-peptide is a 31 amino acid peptide that links the insulin A and B subunits and is cleaved from proinsulin to form insulin. Despite evidence of C-peptide–induced intracellular signaling activity in KATOII cells (a human gastric tumor cell line), a specific receptor for C-peptide has been elusive and a proposed receptor, GPR146, remains contentious (120, 121). However, its chemotactic properties were noted when in vitro experiments showed that C-peptide increases human monocyte chemotaxis in a concentration dependent manner (122). Several studies identified beneficial effects of C-peptide in the lungs. C-peptide treatment ameliorates the inflammatory response and lung inflammation resulting from hemorrhagic shock in male Wistar rats, reducing plasma IL-1, IL-6, MIP-1α, and CXCL1 (123). Jeon et al. (2019) found that C-peptide prevents vascular leakage by inhibiting VEGF-induced transglutaminase 2 activation in the lungs of streptozotocin-treated mice and human pulmonary microvascular endothelial cells (124). These findings were also corroborated in C57BL/6 mice treated with C-peptide after hemorrhagic shock and resuscitation, showing a reduction in inflammatory markers and pulmonary protein leakage (125). Furthermore, Vish et al. (2007) used a Swiss albino mouse model with LPS-induced endotoxic shock to investigate the effects of C-peptide treatment. LPS treatment in the lungs of mice reduced PPARγ gene expression, stimulated ERK1/2 activation, and induced lung injury. These effects were reversed by C-peptide treatment (126). While PPARγ has been shown to have anti-inflammatory effects, ERK1/2 activation is involved in developing a pro-inflammatory response. These findings indicate an anti-inflammatory nature of C-peptide signaling in the lung, though further studies in this field are required to determine insights in its pulmonary effects and influence during infection. The identification and characterization of the signaling mechanisms of C-peptide are key to understanding its effects and potential applications.



Insulin

The insulin receptor (IR) is expressed in varying degrees across diverse tissues, including the lungs. In the lungs, IR gene expression predominates in endothelial cells, club cells and ciliated cells, and alveolar type 1 and type 2 cells, with lower expression in lung immune cells (84). The two IR isoforms, IR-A and IR-B, and IGF-1R bind their ligands, insulin, proinsulin, IGF-1, and IGF-2, with differing potencies (EC50). IR-A displays the lowest EC50 values for insulin, proinsulin, and IGF-2 (127). IR-B predominates in the liver and adipose tissue, while leukocytes only express the IR-A isoform (128). Different pathways are activated by the two IR isoforms (129) indicating that an altered ratio of the isoforms can alter the outcomes of insulin signaling.

GC treatment increases IR expression, while hypothyroidism induction reduces the IR expression in fetal rabbit lung, indicating the influence of other hormones on the lung’s insulin response (130). During allergic lung inflammation in rats, insulin secretion and IR expression is increased on infiltrating inflammatory cells, predominantly monocytes and macrophages (131). In an elastase-induced emphysema Wistar rat model with alloxan-induced diabetes, diabetic rats had significantly lower leukocyte infiltration into the lungs, which was significantly increased upon subcutaneous treatment with insulin (132). While suggesting that insulin treatment improves the deficient immune cell migration in diabetes, it also may indicate pro-inflammatory effects due to leukocyte recruitment, although this study did not use a vehicle treatment control to compare with the insulin treated group.

Martins et al. (2008) isolated alveolar macrophages by BAL from male Wistar rats and stimulated them with LPS to assess the inflammatory response. In the insulin treated cells after LPS-stimulation, there was a significant reduction in the LPS-induced p38 MAPK, PKC, and Akt activation, and TNF-α secretion (133). A similar study in specific-pathogen-free C57BL/6 mice with alloxan induced diabetes found that insulin treatment of alveolar macrophages decreased LPS-induced TNF-α and IL-6 production ex vivo (134). Thus, the response of the lung tissue to insulin is still unclear, although some studies indicate anti-inflammatory changes in gene and cytokine expression in alveolar macrophages treated with insulin, others suggest that insulin treatment promotes leukocyte migration to the lung. There is however limited information available regarding the effects of insulin resistance and hyperinsulinemia on immune function in the lung, despite numerous studies on respiratory function in these cases. Understanding these lung responses to insulin is crucial in the application of insulin treatments, including inhalants and injectables, and understanding the pathogenesis of infection in the lungs of patients with diabetes mellitus.



Glucagon

Reports of glucagon receptor (GCGR) expression and function in the lung are scarce. While two studies suggest little to no expression of GCGR in the lungs of rats, another study suggests its predominant expression in mouse lungs, liver, kidney, adrenal glands, and stomach (135–137). Glucagon receptors have been identified in lymphocytic cells from mice and rats, and in lymphoid cell lines (138).

Nebulized glucagon delivery to the lung improves the forced expiratory volume by 22% in asthmatic patients with methacholine-induced bronchospasm (139). This indicates responsiveness of the lung smooth muscle to glucagon. It was later shown that glucagon induces smooth muscle relaxation in the lungs of male A/J mice by inducing cAMP response element binding protein (CREB), eNOS, and cyclooxygenase 1 (COX-1) activity, and the subsequent release of second messengers nitric oxide and prostaglandin E2 (140). In this study, glucagon treatment one hour before LPS administration limited LPS-induced lung inflammation and airway hyperreactivity, preventing increases in TNF-α levels. Unlike neutrophils, LPS-induced monocyte infiltration was not reduced by glucagon pretreatment, indicating that glucagon may not influence monocyte migration and chemotaxis. This group further assessed the anti-inflammatory properties of glucagon in ovalbumin-induced lung inflammation and airway hyperreactivity (141). Glucagon treatment prevented airway hyperreactivity and eosinophilia, and reduced IL-4, IL-5, IL-13, TNF-α, CCL11, and CCL24 levels in lung tissue.




Adipose Hormones


Adiponectin

As summarized in Ye et al. (2013), adiponectin affects metabolic functions, such as glucose metabolism, insulin sensitivity, oxidative stress, and inflammation, in numerous systems, including adipose tissue, B cells, and macrophages (142). The mRNA expression of adiponectin receptors AdipoR1 and AdipoR2 have been demonstrated by Northern blot in mouse and human lung tissues, although a considerably lower expression was observed in human lung tissue compared to other tissues (143). Constant adiponectin infusion (using osmotic pumps) in BALB/cJ mice reduces allergic airway inflammation and hyperresponsiveness induced by ovalbumin challenge, while the lack of adiponectin in knockout mice promotes greater allergic airway inflammation (144). Additionally, adiponectin knockout mice have a higher frequency of TNF-α producing alveolar macrophages, which is reduced upon adiponectin supplementation, and increased transcription of IL-1α, IL-6, IL-12β, IL-17, and TNF-α in their lungs during aspergillosis, than wild type mice (145).

In humans, several studies report an inverse association of serum adiponectin and asthma prevalence and severity (146). Adiponectin promotes an anti-inflammatory M2 macrophage phenotype, while inhibiting an M1 phenotype. This was observed when adiponectin deficient mice displayed a predominance of M1-polarized macrophages and fewer M2-polarized macrophages in the peritoneum and adipose tissue. Treatment with adiponectin reversed this observation, promoting an M2 phenotype in human monocyte-derived macrophages and adipose tissue cells, and reducing LPS-stimulated TNF-α, iNOS, and MCP-1 gene expression (147). Agonist therapy of the adiponectin receptor shows promise against inflammatory conditions such as systemic sclerosis, obesity-related disorders, and T2D. This was shown using the adiponectin agonist, AdipoRon, which ameliorated signs of diabetes in db/db and high fat diet fed mice, and ameliorated dermal fibrosis in mice, also promoting a Th2/Th17 immune response (148, 149). While adiponectin is an abundant adipokine and displays anti-inflammatory functions, more information is needed on whether its levels are altered to compensate for inflammation. Additionally, the applications of adiponectin agonist therapy against lung inflammatory responses require further investigation.



Leptin

Leptin regulates innate and adaptive functions of immune cells. Leptin upregulates phagocytosis and pro-inflammatory cytokine production via phospholipase activation, and stimulates lineage marker expression, including HLA-DR, CD11b, and CD11c in monocytes (150). Thus, leptin is an important pro-inflammatory mediator predominantly produced in adipose tissue. Leptin receptor mRNA, including OB-Ra, -Rb, and -Re subtypes, are expressed in the mouse lung (151, 152).

Leptin receptor deficient db/db mice infected with M. tuberculosis have a higher lung bacterial load, disorganized granulomas, and abnormalities in lung cytokine production, with delayed IFN-γ production as compared to wild-type mice (153). Similarly, leptin deficient ob/ob mice with pulmonary infection by Klebsiella pneumoniae, S. pneumoniae, or M. abscessus have reduced survival (154). Suzukawa et al. (2015) used bronchial cells in ex vivo cultures to assess the effects of leptin stimulation on lung cells, notably these specimens were obtained from lung with localized tumors. Leptin treatment increased CCL11, G-CSF, VEGF, and IL-6 production and upregulated ICAM-1 expression, a change that coincided with activation of NF-κB, highlighting the pro-inflammatory potential of leptin and its ability to induce migration and chemotaxis of immune cells (155). This has implications for increasing the inflammatory response and leukocyte infiltration into the lung in individuals with increased leptin levels, such as during obesity. Additionally, OB-R expression was upregulated by IFN-y and IL-1β, implying that during type 1 inflammatory responses, the lung epithelial cells are more sensitive to these pro-inflammatory effects of leptin. These effects were recapitulated in later work by the same group in a lung fibroblast cell line (156).

Thus, although leptin presence may be required for a functional immune response to infection, higher levels may promote excessive inflammation. These effects require further investigation given the importance of increased leptin during obesity and T2D, which display higher prevalence of comorbid lung diseases (157).



Lipocalin-2

Lipocalin-2, or neutrophil gelatinase associated lipocalin (NGAL), is an adipokine with broad tissue expression. Zhang et al. (2012) investigated this using tissue microarray technology across humans tissues from embryos, fetuses, neonates, and adults (158). This study demonstrated expression of NGAL and its receptor (NGALR) in nervous, renal, adrenal, pituitary, spleen, lymph node, and skin tissues, with NGALR additionally expressed in lung and pancreatic tissues in adults.

NGAL influences the immune response by polarizing macrophages to an M1 phenotype (159), and altering neutrophil chemotaxis and cytokine secretion (160). Wang et al. (2019) investigated these immune modulating capabilities of NGAL, finding defective neutrophil chemotaxis, and reduced inflammatory cytokine and chemokine production in neutrophils and macrophages in NGAL deficient mice infected with E. coli, and increased macrophage migration and phagocytosis upon in vitro NGAL treatment (161). These findings were recapitulated in pulmonary M. tuberculosis infection in mice, whereby NGAL promoted neutrophil recruitment and alveolar macrophage G-CSF and CXCL1 production, while reducing T cell recruitment and CXCL9 production. NGAL deficiency resulted in larger granuloma size in chronic M. tuberculosis infection, coinciding with elevated lung T cell and CXCL9 presence (162). Furthermore, NGAL is important in the lung mucosal immunity against K. pneumoniae infection, playing a role in bacterial clearance (163). This study showed that NGAL is expressed on human bronchial epithelial cells in response to in vitro stimulation with IL-1β, IL-17A, IL-17F, or TNF-α, and in vivo upon K. pneumoniae infection in the lungs of C57BL/6 mice in a TLR4-dependent manner via the MyD88 signaling pathway. TLR4 knockout and NGAL knockout mice had significantly higher lung bacterial loads at 12 hours post infection, which was reduced significantly by exogenous NGAL administration 4 hours prior to sacrifice. Expression of NGAL is critical to the immune response in the lung and demonstrates essential functions during infection.



Resistin

Resistin is an adipokine that binds to TLR4 and channel-activating protease 1 (CAP1), a serine protease. Two studies demonstrated resistin binding to TLR4, with resistin activating TLR4 in porcine alveolar macrophages and competing with LPS for TLR4 in human monocytes (164, 165). TLR4 and CAP1 are expressed on human alveolar macrophages and type 2 alveolar cells, indicating that resistin could play a role in the lung immune response during infection (77, 166). Resistin binds to decorin and ROR1 in mice with a lower affinity, though these are rarely expressed on human monocytes and macrophages (167), ROR1 is expressed on human alveolar type 1 cells and decorin is expressed on human lung fibroblasts and endothelial cells.

Using a humanized mouse model, Jiang et al. (2014) demonstrated that resistin expression exacerbated LPS-induced lung injury via neutrophil recruitment to the lung during LPS treatment and promoted their activation in the lung, with increased TNF-α and MIP-2 release, and increased neutrophil extracellular trap formation (168). Additionally, resistin-like molecules (RELMs) are homologues of resistin and have immunomodulatory effects, demonstrated in lung tissue, with pro-inflammatory and tissue remodeling capabilities (169, 170). Inflammation-mediated lung injury can occur via activation of TLR4/NF-κB pathways (171, 172). However, further studies are necessary to assess the effects of resistin signaling on lung immune function during infection.




Type 2 Diabetes Impacts Lung Immune-Endocrine Interactions: Implications for TB

Endocrine alterations play a crucial role in the development and progression of T2D. Alterations in hormone levels have been identified in the plasma of T2D patients, implicating endocrine signaling in the dysregulation of inflammatory responses in T2D patients (173). Hormones with suggested pro-inflammatory properties in the lung are increased in the blood of T2D patients, such as TSH, leptin, resistin, and insulin (Table 1). Conversely, many hormones with potential anti-inflammatory effects are reduced during T2D, such as CRH, DHEA, T4, testosterone, adiponectin, NGAL, GIP, GLP-1, and ghrelin, while ACTH, cortisol, glucagon, and C-peptide also have anti-inflammatory potential but are raised in T2D patient blood plasma. This shift toward pro-inflammatory hormone signaling in T2D may be a mechanism for the low-grade chronic inflammation in T2D patients and provides an impetus for investigating immune-endocrine alterations in the lungs of these patients. It also indicates that a complex interaction between these hormones and the immune system is at play, requiring deconvolution before useful and exploitable insights can be gained.

Under the influence of diet and GIT function, gastric hormones contribute to the control of systemic inflammatory responses. Although GIP may play a role in compensating for insulin resistance, lower GLP-1 and ghrelin may indicate a predominance of inflammatory molecules and downregulation of anti-inflammatory mechanisms. Additionally, a role for the gut microbiome in influencing the immune response via gastric hormones lays an intriguing path for further research into T2D immune responses.

Foamy macrophage formation, which provides a niche for mycobacterial survival and supply crucial lipid nutrients to the bacilli, is suppressed by GIP and GLP-1 (174). During T2D, GLP-1 and GIP are reduced and dyslipidemia typically presents with higher levels of triglycerides (175), which accumulate in foamy macrophages (176).

TB is a leading cause of death worldwide, with an incidence of 10 million and a mortality between 1.1 and 1.3 million in 2019 (177). T2D is a highly prevalent risk factor for increased disease severity, poor treatment outcomes, relapse, and death in TB patients, and is projected to rise from an estimated 9.3% in 2019 to 10.9% by 2045 (178). Pleural fluid of TB patients contains elevated levels of GH and cortisol compared to healthy controls (18, 179), while DHEA concentration is reportedly lower in the plasma of TB patients compared to that of healthy controls (3, 18).

Hormone levels change differently over the course of TB treatment between treatment failure and cured patients. These include cortisol, T4, and total amylin levels, which are higher in treatment failure compared to cured patients at month 6 of TB treatment, and decrease over the course of treatment in the cured patients only (1). These hormones may promote immunosuppression during treatment, reducing the function of immune cells to work synergistically with antibiotics to clear mycobacteria from the lung.

Santucci et al. (2011) and Fernandez et al. (2020) found lower leptin levels and higher cortisol levels in TB patients compared to controls, coinciding with higher inflammatory biomarkers, such as CRP, IL-6, and IL-1β (16, 31). Furthermore, Santucci et al. (2011) found leptin and cortisol changes to be more extreme in severe TB disease than in mild disease. OB gene knockout experiments in mice show that leptin is necessary for mycobacterial control and IFN-y response (180). Characterising the effects of hormones on lung homeostasis and immune responses to infection is paramount. Experiments including overexpression and knockout of hormones and their receptor may highlight such effects.

The immune response to infection, such as during TB, involves recognition and phagocytosis of pathogens by macrophages and dendritic cells, killing by phagolysosome fusion, and presentation on major histocompatibility complexes allowing the activation of adaptive immune responses (181–183). However, T2D alters the immune response to M. tuberculosis, having reduced pathogen recognition, phagocytosis, killing, and presentation due to reduced pattern recognition receptor and major histocompatibility complex expression on macrophages. Altered macrophage lipid trafficking results in the formation of foam cells, with reduced phagocytic function and increased apoptosis, a cholesterol rich environment develops, providing nutrients to persisting mycobacteria. Lymphocytes dictate the developing immune response and altered lymphocyte levels in T2D include higher anti-inflammatory responses (Th2 and Treg) and reduced pathogen specific memory Th17 and Th1 responses, additionally natural killer cells are increased but their responses are reduced (184–186). The influence of hormones in determining these altered immune responses requires further investigation and their alteration during T2D provides a useful model for these altered immune responses (Figure 2).




Figure 2 | Altered endocrine signaling affects the appropriate immune response to infection. In an otherwise healthy immune system, the response to Mycobacterium tuberculosis includes several essential functions. 1, PAMP-PRR interaction (e.g. TLR4 and CD206) and phagocytosis. 2, Phagosome-lysosome fusion and presentation (MHCII). 3, Activation of adaptive immune responses (CD40-CD40L) enhances the innate killing response via cytokines (e.g. IFNγ). 4, Th1 and Th17 predominate, stimulating mycobacterial control and immune cell influx via cytokine and chemokine release. 5, NK cells induce apoptosis, allowing efferocytosis by macrophages, and enhance killing by IFNγ release. 6, DCs also promote killing, antigen presentation, and immune cell chemotaxis. The immune response is influenced by sex hormone production, diet-induced gastric hormones, stress-related responses from the brain stem, thyroid dysfunction, and the development of chronic metabolic diseases such as T2D and obesity. Thus, the immune response to M. tuberculosis is altered during T2D. 7, Macrophage PRR expression (e.g. CD64 and CD206), phagocytosis, and killing is diminished. 8, Expression of antigen presenting proteins is reduced. 9, Expression of cholesterol efflux transporters (ABC) is reduced, leading to cholesterol accumulation and foam cell formation. Foam cells have reduced migratory capacity and increased rate of apoptosis. 10, Reduced efferocytosis results in a cholesterol rich environment and providing a niche for mycobacterial growth. 11, Additionally, altered ratios of Th cell subsets and dendritic cells influence cytokine levels. PAMP, pathogen-associated molecular pattern; PRR, pattern recognition receptor; TLR, toll-like receptor; MHC, major histocompatibility complex; Mφ, macrophage; DC, Dendritic cell; Th, CD4+ helper T cell; PRF, perforin; GRZ, granzyme; Treg, regulatory T cell; ABC, ATP-binding cassette cholesterol transporter; T2D, Type 2 Diabetes; TB, Tuberculosis; CRH, corticotropin-releasing hormone; GH, growth hormone; GnRH, gonadotropin-releasing hormone; TRH, thyrotropin -releasing hormone; ACTH, adrenocorticotropic hormone; T4, Thyroxine; T3, triiodothyronine; TSH, thyroid-stimulating hormone; PTH, parathyroid hormone; GIP, gastric insulinotropic peptide; GLP-1, glucagon-like peptide 1; TSH, thyroid-stimulating hormone; DHEA, dehydroepiandrosterone; This figure was created with BioRender.com.



Clinically, T2D delays TB treatment response, while also increasing the risk of poor TB treatment outcomes, relapse, and death (187–189). In addition, more severe presentations of TB are seen in T2D patients (190). Comorbid T2D alters TB and latent TB infection adipokine levels, with the pro-inflammatory adipokine leptin levels increased, while anti-inflammatory adiponectin levels decreased compared to those of TB patients without T2D (23), Kumar et al. (2016) found this change to be independent of BMI (23, 31). However, others have found opposite results, for example, Zheng et al. (2013) found higher leptin levels in TB patients and lower levels in TB-T2D patients. This result is unexpected, since wasting during TB disease is usually accompanied by decreased adiposity and leptin levels (26). This study also found lower ghrelin levels in TB patients with and without T2D. These disparities may be due to different genetic and socio-economic backgrounds within the study populations. Clarity regarding these hormones may require larger studies in participants from diverse genetic backgrounds.



Discussion

Endocrine alterations contribute to changes in immune responses. While some hormones have been studied extensively for their immune-regulatory properties, few have been sufficiently investigated in the lung immune response to infection and compared to their effects outside the lung. Fewer still have been assessed in the lungs during T2D, a major endocrine dysregulating disease, and TB, a bacterial lung disease. While we have discussed more defined hormones in this review, others including progesterone, thyroid-stimulating hormone, parathyroid hormone, epinephrine, norepinephrine, melotonin, adipsin, require further investigation. Additionally, while some evidence suggests that receptors for hormones are not expressed in the lung tissue, such as C-peptide and ghrelin, other studies have described responses of lung tissue or immune cells to these hormones, indicating that alternative pathways of stimulation may be responsible for these effects or more sensitive methods are required for their evaluation in lung tissue. Elucidating the role of these hormones in modulating immune cell function in the lung will bridge a critical gap in our understanding of immune responses in the lungs.

Many studies thus far have investigated hormone-induced cellular responses in cell lines, peripheral blood cells, and in mouse and rat models. Cells under specific environmental conditions respond to hormonal stimulation differently. Thus, interpretation of these studies must be considered according to the cellular compartment or animal model they were performed in. While providing informative results, the relevance of these results to disease in the human lung remains to be validated with studies based on the human lung. Future studies assessing endocrine driven immune responses in the lung should incorporate human tissues or cells, like lung biopsies or resections and BALF, to build on current knowledge in this field with more relevance to human disease.

Understanding the factors contributing to the development, progression, and treatment response of lung diseases is crucial for improving the avenues of treatment, such as host-directed therapies, especially since antibiotics in development are deemed a short-term solution needing supplementation by other means of treatment (191). Hormone receptors may provide improved adjunctive therapeutic targets, given an improvement in our understanding of their functions in the lung under disease.



Author Contributions

TW and LK conceived the idea for the review. TW, LK, and KR reviewed the current literature. TW and LK wrote the manuscript. TW, LK, MCS, and KR critically reviewed the manuscript.



Funding

This study was supported by the National Institutes of Health (NIH), National Institute of Allergy and Infectious Diseases (NIAID) and the South African Medical Research Council under the US-South African Program for Collaborative Biomedical Research (grant number R01AI116039). TW was funded by the National Research Foundation of South Africa. The content is solely the responsibility of the authors and does not necessarily represent the official views of any of the funding agencies.



References

1. Kleynhans, L, Ruzive, S, Ehlers, L, Thiart, L, Chegou, NN, Conradie, M, et al. Changes in Host Immune–Endocrine Relationships During Tuberculosis Treatment in Patients With Cured and Failed Treatment Outcomes. Front Immunol (2017) 8:690. doi: 10.3389/fimmu.2017.00690

2. Csaba, G. Hormones in the Immune System and Their Possible Role. A Critical Review. Acta Microbiol Immunol Hung (2014) 61:241–60. doi: 10.1556/AMicr.61.2014.3.1

3. Del Rey, A, Mahuad, CV, Bozza, VV, Bogue, C, Farroni, MA, Bay, ML, et al. Endocrine and Cytokine Responses in Humans With Pulmonary Tuberculosis. Brain Behav Immun (2007) 21:171–9. doi: 10.1016/j.bbi.2006.06.005

4. Besedovsky, HO, del Rey, A, Klusman, I, Furukawa, H, Monge Arditi, G, and Kabiersch, A. Cytokines as Modulators of the Hypothalamus-Pituitary-Adrenal Axis. J Steroid Biochem Mol Biol (1991) 40:613–8. doi: 10.1016/0960-0760(91)90284-c

5. Valentino, R, Savastano, S, Tommaselli, AP, Riccio, A, Mariniello, P, Pronesti, G, et al. Hormonal Pattern in Women Affected by Rheumatoid Arthritis. J Endocrinol Invest (1993) 16:619–24. doi: 10.1007/BF03347683

6. Guzmán, C, Hernández-Bello, R, and Morales-Montor, J. Regulation of Steroidogenesis in Reproductive, Adrenal and Neural Tissues by Cytokines. Open Neuroendocrinol J (2010) 3:161–9. doi: 10.2174/1876528901003010161

7. Tsoli, M, Boutzios, G, and Kaltsas, G. Immune System Effects on the Endocrine System.  KR Feingold, B Anawalt, A Boyce, G Chrousos, K Dungan, A Grossman, JM Hershman, G Kaltsas, C Koch, P Kopp, et al, editors. Endotext. South Dartmouth (MA: MDText.com, Inc (2000).


8. Bereshchenko, O, Bruscoli, S, and Riccardi, C. Glucocorticoids, Sex Hormones, and Immunity. Front Immunol (2018) 9:1332. doi: 10.3389/fimmu.2018.01332

9. Fries, E, Hesse, J, Hellhammer, J, and Hellhammer, DH. A New View on Hypocortisolism. Psychoneuroendocrinology (2005) 30:1010–6. doi: 10.1016/j.psyneuen.2005.04.006

10. Dhabhar, FS. Effects of Stress on Immune Function: The Good, the Bad, and the Beautiful. Immunol Res (2014) 58:193–210. doi: 10.1007/s12026-014-8517-0

11. Reynolds, RM, Labad, J, Strachan, MWJ, Braun, A, Fowkes, FGR, Lee, AJ, et al. Elevated Fasting Plasma Cortisol Is Associated With Ischemic Heart Disease and Its Risk Factors in People With Type 2 Diabetes: The Edinburgh Type 2 Diabetes Study. J Clin Endocrinol Metab (2010) 95:1602–8. doi: 10.1210/jc.2009-2112

12. Dias, JP, Joseph, JJ, Kluwe, B, Zhao, S, Shardell, M, Seeman, T, et al. The Longitudinal Association of Changes in Diurnal Cortisol Features With Fasting Glucose: MESA. Psychoneuroendocrinology (2020) 119:104698. doi: 10.1016/j.psyneuen.2020.104698

13. Islam, S, Yesmine, S, Khan, SA, Alam, NH, and Islam, S. A Comparative Study of Thyroid Hormone Levels in Diabetic and Non-Diabetic Patients. Southeast Asian J Trop Med Public Health (2008) 39:913–6.


14. Cheung, KKT, Luk, AOY, So, WY, Ma, RCW, Kong, APS, Chow, FCC, et al. Testosterone Level in Men With Type 2 Diabetes Mellitus and Related Metabolic Effects: A Review of Current Evidence. J Diabetes Investig (2015) 6:112–23. doi: 10.1111/jdi.12288

15. Hashimoto, K, Nishioka, T, Takao, T, and Numata, Y. Low Plasma Corticotropin-Releasin Hormone (CRH) Levels in Patients With Non-Insulin Dependent Diabetes Mellitus (NIDDM). Endocr J (1993) 40:705–9. doi: 10.1507/endocrj.40.705

16. Santucci, N, D’Attilio, L, Kovalevski, L, Bozza, V, Besedovsky, H, del Rey, A, et al. A Multifaceted Analysis of Immune-Endocrine-Metabolic Alterations in Patients With Pulmonary Tuberculosis. PLoS One (2011) 6:e26363. doi: 10.1371/journal.pone.0026363

17. Cho, JH, Kim, HJ, Lee, JH, Park, IR, Moon, JS, Yoon, JS, et al. Poor Glycemic Control Is Associated With the Risk of Subclinical Hypothyroidism in Patients With Type 2 Diabetes Mellitus. Korean J Intern Med (2016) 31:703–11. doi: 10.3904/kjim.2015.198

18. Fernández, R, Díaz, A, D’Attilio, L, Bongiovanni, B, Santucci, N, Bertola, D, et al. An Adverse Immune-Endocrine Profile in Patients With Tuberculosis and Type 2 Diabetes. Tuberculosis (2016) 101:95–101. doi: 10.1016/j.tube.2016.09.001

19. Al Hayek, AA, Khader, YS, Jafal, S, Khawaja, N, Robert, AA, and Ajlouni, K. Prevalence of Low Testosterone Levels in Men With Type 2 Diabetes Mellitus: A Cross-Sectional Study. J Fam Community Med (2013) 20:179–86. doi: 10.4103/2230-8229.122006

20. Hofman, A, Darwish Murad, S, van Duijn, CM, Franco, OH, Goedegebure, A, Ikram, MA, et al. The Rotterdam Study: 2014 Objectives and Design Update. Eur J Epidemiol (2013) 28:889–926. doi: 10.1007/s10654-013-9866-z

21. Erbay, G, Senol, G, Anar, C, Meral, AR, and Tuzel, O. Relationship Between Tuberculosis and Female Hormone Levels in Post-Menopausal. Southeast Asian J Trop Med Public Health (2016) 47:78–83.


22. De la Chesnaye, E, Manuel-Apolinar, L, Zarate, A, Damasio, L, Espino, N, Revilla-Monsalve, MC, et al. Lipocalin-2 Plasmatic Levels Are Reduced in Patients With Long-Term Type 2 Diabetes Mellitus. Int J Clin Exp Med (2015) 8:2853–9.


23. Pavan Kumar, N, Nair, D, Banurekha, VV, Dolla, C, Kumaran, P, Sridhar, R, et al. Type 2 Diabetes Mellitus Coincident With Pulmonary or Latent Tuberculosis Results in Modulation of Adipocytokines. Cytokine (2016) 79:74–81. doi: 10.1016/j.cyto.2015.12.026

24. Chia, CW, Odetunde, JO, Kim, W, Carlson, OD, Ferrucci, L, and Egan, JM. GIP Contributes to Islet Trihormonal Abnormalities in Type 2 Diabetes. J Clin Endocrinol Metab (2014) 99:2477–85. doi: 10.1210/jc.2013-3994

25. Pöykkö, SM, Kellokoski, E, Hörkkö, S, Kauma, H, Kesäniemi, YA, and Ukkola, O. Low Plasma Ghrelin Is Associated With Insulin Resistance, Hypertension, and the Prevalence of Type 2 Diabetes. Diabetes (2003) 52:2546–53. doi: 10.2337/diabetes.52.10.2546

26. Zheng, Y, Ma, A, Wang, Q, Han, X, Cai, J, Schouten, EG, et al. Relation of Leptin, Ghrelin and Inflammatory Cytokines With Body Mass Index in Pulmonary Tuberculosis Patients With and Without Type 2 Diabetes Mellitus. PLoS One (2013) 8:e80122. doi: 10.1371/journal.pone.0080122

27. Chang, SW, Pan, WS, Beltran, DL, Baldelomar, LO, Solano, MA, Tuero, I, et al. Gut Hormones, Appetite Suppression and Cachexia in Patients With Pulmonary TB. PLoS One (2013) 8:e54564. doi: 10.1371/journal.pone.0054564

28. Omar-Hmeadi, M, Lund, P-E, Gandasi, NR, Tengholm, A, and Barg, S. Paracrine Control of α-Cell Glucagon Exocytosis Is Compromised in Human Type-2 Diabetes. Nat Commun (2020) 11:1896. doi: 10.1038/s41467-020-15717-8

29. Handelsman, Y, Bloomgarden, ZT, Grunberger, G, Umpierrez, G, Zimmerman, RS, Bailey, TS, et al. American Association of Clinical Endocrinologists and American College of Endocrinology – Clinical Practice Guidelines for Developing A Diabetes Mellitus Comprehensive Care Plan – 2015 — Executive Summary. Endocr Pract (2015) 21:413–37. doi: 10.4158/EP15672.GL

30. Kumari, UR, and Padma, K. Dehydroepiandrosterone Levels in Type 2 Diabetes. Int J Med Res Health Sci (2014) 3:411–5. doi: 10.5958/j.2319-5886.3.2.083

31. Fernández, RDV, Díaz, A, Bongiovanni, B, Gallucci, G, Bértola, D, Gardeñez, W, et al. Evidence for a More Disrupted Immune-Endocrine Relation and Cortisol Immunologic Influences in the Context of Tuberculosis and Type 2 Diabetes Comorbidity. Front Endocrinol (2020) 11:126. doi: 10.3389/fendo.2020.00126

32. Kahn, SE, Cooper, ME, and Del Prato, S. Pathophysiology and Treatment of Type 2 Diabetes: Perspectives on the Past, Present and Future. Lancet (2014) 383:1068–83. doi: 10.1016/S0140-6736(13)62154-6

33. Lee, ZS, Chan, JC, Yeung, VT, Chow, CC, Lau, MS, Ko, GT, et al. Plasma Insulin, Growth Hormone, Cortisol, and Central Obesity Among Young Chinese Type 2 Diabetic Patients. Diabetes Care (1999) 22:1450–7. doi: 10.2337/diacare.22.9.1450

34. Nowakowska, M, Zghebi, SS, Ashcroft, DM, Buchan, I, Chew-Graham, C, Holt, T, et al. The Comorbidity Burden of Type 2 Diabetes Mellitus: Patterns, Clusters and Predictions From a Large English Primary Care Cohort. BMC Med (2019) 17:145. doi: 10.1186/s12916-019-1373-y

35. Champaneri, S, Wand, GS, Malhotra, SS, Casagrande, SS, and Golden, SH. Biological Basis of Depression in Adults With Diabetes. Curr Diabetes Rep (2010) 10:396–405. doi: 10.1007/s11892-010-0148-9

36. Costanzo, PR, and Knoblovits, P. Male Gonadal Axis Function in Patients With Type 2 Diabetes. Horm Mol Biol Clin Investig (2016) 26:129–34. doi: 10.1515/hmbci-2016-0014

37. Biondi, B, Kahaly, GJ, and Robertson, RP. Thyroid Dysfunction and Diabetes Mellitus: Two Closely Associated Disorders. Endocr Rev (2019) 40:789–824. doi: 10.1210/er.2018-00163

38. Kalantaridou, S, Makrigiannakis, A, Zoumakis, E, and Chrousos, GP. Peripheral Corticotropin-Releasing Hormone Is Produced in the Immune and Reproductive Systems: Actions, Potential Roles and Clinical Implications. Front Biosci J Virtual Libr (2007) 12:572–80. doi: 10.2741/2083

39. Webster, EL, Lewis, DB, Torpy, DJ, Zachman, EK, Rice, KC, and Chrousos, GP. In Vivo and In Vitro Characterization of Antalarmin, a Nonpeptide Corticotropin-Releasing Hormone (CRH) Receptor Antagonist: Suppression of Pituitary ACTH Release and Peripheral Inflammation. Endocrinology (1996) 137:5747–50. doi: 10.1210/endo.137.12.8940412

40. Hiroi, N, Wong, ML, Licinio, J, Park, C, Young, M, Gold, PW, et al. Expression of Corticotropin Releasing Hormone Receptors Type I and Type II mRNA in Suicide Victims and Controls. Mol Psychiatry (2001) 6:540–6. doi: 10.1038/sj.mp.4000908

41. Gonzales, XF, Deshmukh, A, Pulse, M, Johnson, K, and Jones, HP. Stress-Induced Differences in Primary and Secondary Resistance Against Bacterial Sepsis Corresponds With Diverse Corticotropin Releasing Hormone Receptor Expression by Pulmonary CD11c+ MHC II+ and CD11c- MHC II+ APCs. Brain Behav Immun (2008) 22:552–64. doi: 10.1016/j.bbi.2007.11.005

42. Kim, B-J, Kayembe, K, Simecka, JW, Pulse, M, and Jones, HP. Corticotropin-Releasing Hormone Receptor-1 and 2 Activity Produces Divergent Resistance Against Stress-Induced Pulmonary Streptococcus Pneumoniae Infection. J Neuroimmunol (2011) 237:57–65. doi: 10.1016/j.jneuroim.2011.06.016

43. Burnley B, P, and Jones, H. Corticotropin-Releasing Hormone Improves Survival in Pneumococcal Pneumonia by Reducing Pulmonary Inflammation. Physiol Rep (2017) 5:e13000. doi: 10.14814/phy2.13000

44. Moffatt, JD, Lever, R, and Page, CP. Activation of Corticotropin-Releasing Factor Receptor-2 Causes Bronchorelaxation and Inhibits Pulmonary Inflammation in Mice. FASEB J (2006) 20:1877–9. doi: 10.1096/fj.05-5315fje

45. Brzoska, T, Luger, TA, Maaser, C, Abels, C, and Böhm, M. α-Melanocyte-Stimulating Hormone and Related Tripeptides: Biochemistry, Antiinflammatory and Protective Effects In Vitro and In Vivo, and Future Perspectives for the Treatment of Immune-Mediated Inflammatory Diseases. Endocr Rev (2008) 29:581–602. doi: 10.1210/er.2007-0027

46. Montero-Melendez, T. ACTH: The Forgotten Therapy. Semin Immunol (2015) 27:216–26. doi: 10.1016/j.smim.2015.02.003

47. Raap, U, Brzoska, T, Sohl, S, Päth, G, Emmel, J, Herz, U, et al. α-Melanocyte-Stimulating Hormone Inhibits Allergic Airway Inflammation. J Immunol (2003) 171:353–9. doi: 10.4049/jimmunol.171.1.353

48. Colombo, G, Gatti, S, Sordi, A, Turcatti, F, Carlin, A, Rossi, C, et al. Production and Effects of α-Melanocyte-Stimulating Hormone During Acute Lung Injury. Shock (2007) 27:326–33. doi: 10.1097/01.shk.0000239764.80033.7e

49. Deng, J, Hu, X, Yuen, PST, and Star, RA. Alpha-Melanocyte-Stimulating Hormone Inhibits Lung Injury After Renal Ischemia/Reperfusion. Am J Respir Crit Care Med (2004) 169:749–56. doi: 10.1164/rccm.200303-372OC

50. Ericson, MD, Lensing, CJ, Fleming, KA, Schlasner, KN, Doering, SR, and Haskell-Luevano, C. Bench-Top to Clinical Therapies: A Review of Melanocortin Ligands From 1954 to 2016. Biochim Biophys Acta BBA Mol Basis Dis (2017) 1863:2414–35. doi: 10.1016/j.bbadis.2017.03.020

51. Zhang, C, Cui, T, Cai, R, Wangpaichitr, M, Mirsaeidi, M, Schally, AV, et al. Growth Hormone-Releasing Hormone in Lung Physiology and Pulmonary Disease. Cells (2020) 9:2331. doi: 10.3390/cells9102331

52. Christodoulou, C, Schally, AV, Chatzistamou, I, Kondi-Pafiti, A, Lamnissou, K, Kouloheri, S, et al. Expression of Growth Hormone-Releasing Hormone (GHRH) and Splice Variant of GHRH Receptors in Normal Mouse Tissues. Regul Pept (2006) 136:105–8. doi: 10.1016/j.regpep.2006.05.001

53. Uddin, MA, Akhter, MS, Singh, SS, Kubra, K-T, Schally, AV, Jois, S, et al. GHRH Antagonists Support Lung Endothelial Barrier Function. Tissue Barriers (2019) 7:1669989. doi: 10.1080/21688370.2019.1669989

54. Zhang, C, Cai, R, Lazerson, A, Delcroix, G, Wangpaichitr, M, Mirsaeidi, M, et al. Growth Hormone-Releasing Hormone Receptor Antagonist Modulates Lung Inflammation and Fibrosis Due to Bleomycin. Lung (2019) 197:541–9. doi: 10.1007/s00408-019-00257-w

55. Zhang, C, Tian, R, Dreifus, EM, Holt, G, Cai, R, Griswold, A, et al. Activity of the GHRH Antagonist MIA602 and Its Underlying Mechanisms of Action in Sarcoidosis. Clin Transl immunol (2021) 5:e1310. doi: 10.1002/cti2.1310

56. Farhat, K, Bodart, G, Charlet-Renard, C, Desmet, CJ, Moutschen, M, Beguin, Y, et al. Growth Hormone (GH) Deficient Mice With GHRH Gene Ablation Are Severely Deficient in Vaccine and Immune Responses Against Streptococcus Pneumoniae. Front Immunol (2018) 9:2175. doi: 10.3389/fimmu.2018.02175

57. Liu, Z, Yu, Y, Jiang, Y, and Li, J. Growth Hormone Increases Circulating Neutrophil Activation and Provokes Lung Microvascular Injury in Septic Peritonitis Rats. J Surg Res (2002) 105:195–9. doi: 10.1006/jsre.2002.6374

58. Liu, Z-H, Yu, Y-Q, Li, W-Q, and Li, J-S. Growth Hormone Increases Lung Microvascular Injury in Lipopolysaccharide Peritonitis Rats: Possible Involvement of NF-kappaB Activation in Circulating Neutrophils. Acta Pharmacol Sin (2002) 23:887–92.


59. Yi, C, Wang, SR, Zhang, SY, Yu, SJ, Jiang, CX, Zhi, MH, et al. Effects of Recombinant Human Growth Hormone on Acute Lung Injury in Endotoxemic Rats. Inflammation Res (2006) 55:491–7. doi: 10.1007/s00011-006-6011-4

60. Yi, C, Cao, Y, Mao, SH, Liu, H, Ji, LL, Xu, SY, et al. Recombinant Human Growth Hormone Improves Survival and Protects Against Acute Lung Injury in Murine Staphylococcus Aureus Sepsis. Inflamm Res (2009) 58:855–62. doi: 10.1007/s00011-009-0056-0

61. Kühn, ER, Bellon, K, Huybrechts, L, and Heyns, W. Endocrine Differences Between the Wistar and Sprague-Dawley Laboratory Rat: Influence of Cold Adaptation. Horm Metab Res Horm Stoffwechselforschung Horm Metab (1983) 15:491–8. doi: 10.1055/s-2007-1018767

62. Suzuki, T, Sasano, H, Suzuki, S, Hirasawa, G, Takeyama, J, Muramatsu, Y, et al. 11Beta-Hydroxysteroid Dehydrogenase Type 2 in Human Lung: Possible Regulator of Mineralocorticoid Action. J Clin Endocrinol Metab (1998) 83:4022–5. doi: 10.1210/jcem.83.11.5227

63. Gudewicz, PW, Ferguson, JL, Kapin, MA, and Jaffe, RC. The Effects of Cortisone Treatment and Burn Injury on Plasma and Lung Lavage Cortisol Concentrations and Alveolar Macrophage Activity. Adv Shock Res (1981) 5:123–32.


64. Hostettler, N, Bianchi, P, Gennari-Moser, C, Kassahn, D, Schoonjans, K, Corazza, N, et al. Local Glucocorticoid Production in the Mouse Lung Is Induced by Immune Cell Stimulation. Allergy (2012) 67:227–34. doi: 10.1111/j.1398-9995.2011.02749.x

65. Landgraf, MA, Silva, RC, Corrêa-Costa, M, Hiyane, MI, Carvalho, MHC, Landgraf, RG, et al. Leptin Downregulates LPS-Induced Lung Injury: Role of Corticosterone and Insulin. Cell Physiol Biochem (2014) 33:835–46. doi: 10.1159/000358656

66. Marin-Luevano, SP, Rodriguez-Carlos, A, Jacobo-Delgado, Y, Valdez-Miramontes, C, Enciso-Moreno, JA, and Rivas-Santiago, B. Steroid Hormone Modulates the Production of Cathelicidin and Human β-Defensins in Lung Epithelial Cells and Macrophages Promoting Mycobacterium Tuberculosis Killing. Tuberc Edinb Scotl (2021) 128:102080. doi: 10.1016/j.tube.2021.102080

67. Miravitlles, M, Auladell-Rispau, A, Monteagudo, M, Vázquez-Niebla, JC, Mohammed, J, Nuñez, A, et al. Systematic Review on Long-Term Adverse Effects of Inhaled Corticosteroids in the Treatment of COPD. Eur Respir Rev (2021) 30:210075. doi: 10.1183/16000617.0075-2021

68. Lu, S-F, Mo, Q, Hu, S, Garippa, C, and Simon, NG. Dehydroepiandrosterone Upregulates Neural Androgen Receptor Level and Transcriptional Activity. J Neurobiol (2003) 57:163–71. doi: 10.1002/neu.10260

69. Webb, SJ, Geoghegan, TE, Prough, RA, and Miller, KKM. The Biological Actions of Dehydroepiandrosterone Involves Multiple Receptors. Drug Metab Rev (2006) 38:89–116. doi: 10.1080/03602530600569877

70. Oka, M, Karoor, V, Homma, N, Nagaoka, T, Sakao, E, Golembeski, SM, et al. Dehydroepiandrosterone Upregulates Soluble Guanylate Cyclase and Inhibits Hypoxic Pulmonary Hypertension. Cardiovasc Res (2007) 74:377–87. doi: 10.1016/j.cardiores.2007.01.021

71. Paulin, R, Meloche, J, Jacob, MH, Bisserier, M, Courboulin, A, and Bonnet, S. Dehydroepiandrosterone Inhibits the Src/STAT3 Constitutive Activation in Pulmonary Arterial Hypertension. Am J Physiol Heart Circ Physiol (2011) 301:H1798–1809. doi: 10.1152/ajpheart.00654.2011

72. Corsini, E, Lucchi, L, Meroni, M, Racchi, M, Solerte, B, Fioravanti, M, et al. In Vivo Dehydroepiandrosterone Restores Age-Associated Defects in the Protein Kinase C Signal Transduction Pathway and Related Functional Responses. J Immunol (2002) 168:1753–8. doi: 10.4049/jimmunol.168.4.1753

73. Rom, WN, and Harkin, T. Dehydroepiandrosterone Inhibits the Spontaneous Release of Superoxide Radical by Alveolar Macrophages In Vitro in Asbestosis. Environ Res (1991) 55:145–56. doi: 10.1016/S0013-9351(05)80171-9

74. Choi, IS, Cui, Y, Koh, Y-A, Lee, H-C, Cho, Y-B, and Won, Y-H. Effects of Dehydroepiandrosterone on Th2 Cytokine Production in Peripheral Blood Mononuclear Cells From Asthmatics. Korean J Intern Med (2008) 23:176–81. doi: 10.3904/kjim.2008.23.4.176

75. López-Torres, MO, Marquina-Castillo, B, Ramos-Espinosa, O, Mata-Espinosa, D, Barrios-Payan, JA, Baay-Guzman, G, et al. 16α-Bromoepiandrosterone as a New Candidate for Experimental Diabetes-Tuberculosis Co-Morbidity Treatment. Clin Exp Immunol (2021) 205:232–45. doi: 10.1111/cei.13603

76. Shahrara, S, Drvota, V, and Sylven, C. Organ Specific Expression of Thyroid Hormone Receptor mRNA and Protein in Different Human Tissues. Biol Pharm Bull (1999) 22:1027–33. doi: 10.1248/bpb.22.1027

77. Uhlén, M, Fagerberg, L, Hallström, BM, Lindskog, C, Oksvold, P, Mardinoglu, A, et al. Proteomics. Tissue-Based Map of the Human Proteome. Science (2015) 347:1260419. doi: 10.1126/science.1260419

78. Smith, DM, and Hitchcock, KR. Thyroid Hormone Binding to Adult Rat Alveolar Type II Cells. An Autoradiographic Study. Exp Lung Res (1983) 5:141–53. doi: 10.3109/01902148309061510

79. Morishige, WK. Thyroid Hormone Influences Glucocorticoid Receptor Levels in the Neonatal Rat Lung. Endocrinology (1982) 111:1017–9. doi: 10.1210/endo-111-3-1017

80. Scarpace, PJ, and Abrass, IB. Thyroid Hormone Regulation of Rat Heart, Lymphocyte, and Lung β-Adrenergic Receptors. Endocrinology (1981) 108:1007–11. doi: 10.1210/endo-108-3-1007

81. Lei, J, Mariash, CN, Bhargava, M, Wattenberg, EV, and Ingbar, DH. T3 Increases Na-K-ATPase Activity via a MAPK/ERK1/2-Dependent Pathway in Rat Adult Alveolar Epithelial Cells. Am J Physiol-Lung Cell Mol Physiol (2008) 294:L749–54. doi: 10.1152/ajplung.00335.2007

82. Ning, Y, Zhang, M, Du, Y-H, Zhang, H-N, Li, L-Y, Qin, Y-W, et al. [Effects of Thyroid Hormone on Macrophage Dysfunction Induced by Oxidized Low-Density Lipoprotein]. Sheng Li Xue Bao (2018) 70:141–8.


83. Barca-Mayo, O, Liao, X-H, DiCosmo, C, Dumitrescu, A, Moreno-Vinasco, L, Wade, MS, et al. Role of Type 2 Deiodinase in Response to Acute Lung Injury (ALI) in Mice. Proc Natl Acad Sci U S A (2011) 108:E1321–9. doi: 10.1073/pnas.1109926108

84. Vieira Braga, FA, Kar, G, Berg, M, Carpaij, OA, Polanski, K, Simon, LM, et al. A Cellular Census of Human Lungs Identifies Novel Cell States in Health and in Asthma. Nat Med (2019) 25:1153–63. doi: 10.1038/s41591-019-0468-5

85. Mikkonen, L, Pihlajamaa, P, Sahu, B, Zhang, F-P, and Jänne, OA. Androgen Receptor and Androgen-Dependent Gene Expression in Lung. Mol Cell Endocrinol (2010) 317:14–24. doi: 10.1016/j.mce.2009.12.022

86. Melgert, BN, Postma, DS, Kuipers, I, Geerlings, M, Luinge, MA, van der Strate, BWA, et al. Female Mice are More Susceptible to the Development of Allergic Airway Inflammation Than Male Mice. Clin Exp Allergy J Br Soc Allergy Clin Immunol (2005) 35:1496–503. doi: 10.1111/j.1365-2222.2005.02362.x

87. Becerra-Díaz, M, Strickland, AB, Keselman, A, and Heller, NM. Androgen and Androgen Receptor as Enhancers of M2 Macrophage Polarization in Allergic Lung Inflammation. J Immunol (2018) 201:2923–33. doi: 10.4049/jimmunol.1800352

88. vom Steeg, LG, Dhakal, S, Woldetsadik, YA, Park, H-S, Mulka, KR, Reilly, EC, et al. Androgen Receptor Signaling in the Lungs Mitigates Inflammation and Improves the Outcome of Influenza in Mice. PLoS Pathog (2020) 16:e1008506. doi: 10.1371/journal.ppat.1008506

89. Becerra-Diaz, M, Song, M, and Heller, N. Androgen and Androgen Receptors as Regulators of Monocyte and Macrophage Biology in the Healthy and Diseased Lung. Front Immunol (2020) 11:1698. doi: 10.3389/fimmu.2020.01698

90. Mollerup, S, Jørgensen, K, Berge, G, and Haugen, A. Expression of Estrogen Receptors Alpha and Beta in Human Lung Tissue and Cell Lines. Lung Cancer Amst Neth (2002) 37:153–9. doi: 10.1016/s0169-5002(02)00039-9

91. Carvalho, O, and Gonçalves, C. Expression of Oestrogen Receptors in Foetal Lung Tissue of Mice: Expression of Oestrogen Receptors. Anat Histol Embryol (2012) 41:1–6. doi: 10.1111/j.1439-0264.2011.01096.x

92. Knapczyk, K, Duda, M, Szafranska, B, Wolsza, K, Panasiewicz, G, Koziorowski, M, et al. Immunolocalisation of Oestrogen Receptors Alpha (Erα) and Beta (Erβ) in Porcine Embryos and Fetuses at Different Stages of Gestation. Acta Vet Hung (2008) 56:221–33. doi: 10.1556/avet.56.2008.2.10

93. Beyer, C, Küppers, E, Karolczak, M, and Trotter, A. Ontogenetic Expression of Estrogen and Progesterone Receptors in the Mouse Lung. Neonatology (2003) 84:59–63. doi: 10.1159/000071445

94. Kan, W-H, Hsu, J-T, Schwacha, MG, Choudhry, MA, Bland, KI, and Chaudry, IH. Estrogen Ameliorates Trauma-Hemorrhage–Induced Lung Injury via Endothelial Nitric Oxide Synthase-Dependent Activation of Protein Kinase G. Ann Surg (2008) 248:294–302. doi: 10.1097/SLA.0b013e318180a3db

95. Fan, Q, Zhao, P, Li, J, Xie, X, Xu, M, Zhang, Y, et al. 17β-Estradiol Administration Attenuates Seawater Aspiration-Induced Acute Lung Injury in Rats. Pulm Pharmacol Ther (2011) 24:673–81. doi: 10.1016/j.pupt.2011.07.002

96. Vegeto, E, Cuzzocrea, S, Crisafulli, C, Mazzon, E, Sala, A, Krust, A, et al. Estrogen Receptor-α as a Drug Target Candidate for Preventing Lung Inflammation. Endocrinology (2010) 151:174–84. doi: 10.1210/en.2009-0876

97. Nogi, Y, Nagashima, M, Terasaki, M, Nohtomi, K, Watanabe, T, and Hirano, T. Glucose-Dependent Insulinotropic Polypeptide Prevents the Progression of Macrophage-Driven Atherosclerosis in Diabetic Apolipoprotein E-Null Mice. PLoS One (2012) 7:e35683. doi: 10.1371/journal.pone.0035683

98. Kahles, F, Liberman, A, Halim, C, Rau, M, Möllmann, J, Mertens, RW, et al. The Incretin Hormone GIP Is Upregulated in Patients With Atherosclerosis and Stabilizes Plaques in ApoE-/- Mice by Blocking Monocyte/Macrophage Activation. Mol Metab (2018) 14:150–7. doi: 10.1016/j.molmet.2018.05.014

99. Dunphy, JL, Taylor, RG, and Fuller, PJ. Tissue Distribution of Rat Glucagon Receptor and GLP-1 Receptor Gene Expression. Mol Cell Endocrinol (1998) 141:179–86. doi: 10.1016/s0303-7207(98)00096-3

100. Viby, N-E, Isidor, MS, Buggeskov, KB, Poulsen, SS, Hansen, JB, and Kissow, H. Glucagon-Like Peptide-1 (GLP-1) Reduces Mortality and Improves Lung Function in a Model of Experimental Obstructive Lung Disease in Female Mice. Endocrinology (2013) 154:4503–11. doi: 10.1210/en.2013-1666

101. Lee, Y-S, and Jun, H-S. Anti-Inflammatory Effects of GLP-1-Based Therapies Beyond Glucose Control. Mediators Inflamm (2016) 2016:e3094642. doi: 10.1155/2016/3094642

102. Zhu, T, Wu, X, Zhang, W, and Xiao, M. Glucagon Like Peptide-1 (GLP-1) Modulates OVA-Induced Airway Inflammation and Mucus Secretion Involving a Protein Kinase A (PKA)-Dependent Nuclear Factor-κb (NF-κb) Signaling Pathway in Mice. Int J Mol Sci (2015) 16:20195–211. doi: 10.3390/ijms160920195

103. Gou, S, Zhu, T, Wang, W, Xiao, M, Wang, X, and Chen, Z. Glucagon Like Peptide-1 Attenuates Bleomycin-Induced Pulmonary Fibrosis, Involving the Inactivation of NF-κb in Mice. Int Immunopharmacol (2014) 22:498–504. doi: 10.1016/j.intimp.2014.07.010

104. Balk-Møller, E, Windeløv, JA, Svendsen, B, Hunt, J, Ghiasi, SM, Sørensen, CM, et al. Glucagon-Like Peptide 1 and Atrial Natriuretic Peptide in a Female Mouse Model of Obstructive Pulmonary Disease. J Endocr Soc (2019) 4:bvz034. doi: 10.1210/jendso/bvz034

105. Hosokawa, S, Haraguchi, G, Maejima, Y, Doi, S, and Isobe, M. Abstract 13535: The Synergistic Effects of Incretin-Related Drugs for the Treatment of Pulmonary Arterial Hypertension. Circulation (2014) 130:A13535–5. doi: 10.1161/circ.130.suppl_2.13535

106. Kojima, M, Hosoda, H, Date, Y, Nakazato, M, Matsuo, H, and Kangawa, K. Ghrelin Is a Growth-Hormone-Releasing Acylated Peptide From Stomach. Nature (1999) 402:656–60. doi: 10.1038/45230

107. Kitazawa, T, Nakamura, T, Saeki, A, Teraoka, H, Hiraga, T, and Kaiya, H. Molecular Identification of Ghrelin Receptor (GHS-R1a) and Its Functional Role in the Gastrointestinal Tract of the Guinea-Pig. Peptides (2011) 32:1876–86. doi: 10.1016/j.peptides.2011.07.026

108. Sun, Y, Garcia, JM, and Smith, RG. Ghrelin and Growth Hormone Secretagogue Receptor Expression in Mice During Aging. Endocrinology (2007) 148:1323–9. doi: 10.1210/en.2006-0782

109. Ghelardoni, S, Carnicelli, V, Frascarelli, S, Ronca-Testoni, S, and Zucchi, R. Ghrelin Tissue Distribution: Comparison Between Gene and Protein Expression. J Endocrinol Invest (2006) 29:115–21. doi: 10.1007/BF03344083

110. Gnanapavan, S, Kola, B, Bustin, SA, Morris, DG, McGee, P, Fairclough, P, et al. The Tissue Distribution of the mRNA of Ghrelin and Subtypes of Its Receptor, GHS-R, in Humans. J Clin Endocrinol Metab (2002) 87:2988–91. doi: 10.1210/jcem.87.6.8739

111. Volante, M, Fulcheri, E, Allìa, E, Cerrato, M, Pucci, A, and Papotti, M. Ghrelin Expression in Fetal, Infant, and Adult Human Lung. J Histochem Cytochem (2002) 50:1013–21. doi: 10.1177/002215540205000803

112. Ueberberg, B, Unger, N, Saeger, W, Mann, K, and Petersenn, S. Expression of Ghrelin and Its Receptor in Human Tissues. Horm Metab Res (2009) 41:814–21. doi: 10.1055/s-0029-1233462

113. Peng, Z, Zhu, Y, Zhang, Y, Wilhelmsen, K, Jia, C, Jin, J, et al. Effects of Ghrelin on Pulmonary NOD2 mRNA Expression and NF-κb Activation When Protects Against Acute Lung Injury in Rats Challenged With Cecal Ligation and Puncture. Int Immunopharmacol (2012) 13:440–5. doi: 10.1016/j.intimp.2012.04.006

114. Harvey, RE, Howard, VG, Lemus, MB, Jois, T, Andrews, ZB, and Sleeman, MW. The Ghrelin/GOAT System Regulates Obesity-Induced Inflammation in Male Mice. Endocrinology (2017) 158:2179–89. doi: 10.1210/en.2016-1832

115. Liu, H, Luo, J, Guillory, B, Chen, J, Zang, P, Yoeli, JK, et al. (In-Gi), Anderson B, Storie M, Et al. Ghrelin Ameliorates Tumor-Induced Adipose Tissue Atrophy and Inflammation via Ghrelin Receptor-Dependent and -Independent Pathways. Oncotarget (2020) 11:3286–302. doi: 10.18632/oncotarget.27705

116. Li, B, Zeng, M, He, W, Huang, X, Luo, L, Zhang, H, et al. Ghrelin Protects Alveolar Macrophages Against Lipopolysaccharide-Induced Apoptosis Through Growth Hormone Secretagogue Receptor 1a-Dependent C-Jun N-Terminal Kinase and Wnt/β-Catenin Signaling and Suppresses Lung Inflammation. Endocrinology (2015) 156:203–17. doi: 10.1210/en.2014-1539

117. Wu, R, Dong, W, Zhou, M, Zhang, F, Marini, CP, Ravikumar, TS, et al. Ghrelin Attenuates Sepsis-Induced Acute Lung Injury and Mortality in Rats. Am J Respir Crit Care Med (2007) 176:805–13. doi: 10.1164/rccm.200604-511OC

118. Rocha N de, N, de Oliveira, MV, Braga, CL, Guimarães, G, de Albuquerque Maia, L, de Araújo Padilha, G, et al. Ghrelin Therapy Improves Lung and Cardiovascular Function in Experimental Emphysema. Respir Res (2017) 18:185. doi: 10.1186/s12931-017-0668-9

119. Henriques-Coelho, T, Correia-Pinto, J, Roncon-Albuquerque, R, Baptista, MJ, Lourenço, AP, Oliveira, SM, et al. Endogenous Production of Ghrelin and Beneficial Effects of its Exogenous Administration in Monocrotaline-Induced Pulmonary Hypertension. Am J Physiol-Heart Circ Physiol (2004) 287:H2885–90. doi: 10.1152/ajpheart.01122.2003

120. Yosten, GLC, Kolar, GR, Redlinger, LJ, and Samson, WK. Evidence for an Interaction Between Proinsulin C-Peptide and GPR146. J Endocrinol (2013) 218:B1–8. doi: 10.1530/JOE-13-0203

121. Lindfors, L, Sundström, L, Fröderberg Roth, L, Meuller, J, Andersson, S, and Kihlberg, J. Is GPR146 Really the Receptor for Proinsulin C-Peptide? Bioorg Med Chem Lett (2020) 30:127208. doi: 10.1016/j.bmcl.2020.127208

122. Marx, N, Walcher, D, Raichle, C, Aleksic, M, Bach,, Grüb,, et al. C-Peptide Colocalizes With Macrophages in Early Arteriosclerotic Lesions of Diabetic Subjects and Induces Monocyte Chemotaxis. In Vitro Arterioscler Thromb Vasc Biol (2004) 24:540–5. doi: 10.1161/01.ATV.0000116027.81513.68

123. Chima, RS, LaMontagne, T, Piraino, G, Hake, PW, Denenberg, A, and Zingarelli, B. C-Peptide, a Novel Inhibitor of Lung Inflammation Following Hemorrhagic Shock. Am J Physiol-Lung Cell Mol Physiol (2011) 300:L730–9. doi: 10.1152/ajplung.00308.2010

124. Jeon, H-Y, Lee, Y-J, Kim, Y-S, Kim, S-Y, Han, E-T, Park, WS, et al. Proinsulin C-Peptide Prevents Hyperglycemia-Induced Vascular Leakage and Metastasis of Melanoma Cells in the Lungs of Diabetic Mice. FASEB J (2019) 33:750–62. doi: 10.1096/fj.201800723R

125. Kao, RLC, Xu, X, Xenocostas, A, Parry, N, Mele, T, Martin, CM, et al. C-Peptide Attenuates Acute Lung Inflammation in a Murine Model of Hemorrhagic Shock and Resuscitation by Reducing Gut Injury. J Trauma Acute Care Surg (2017) 83:256–62. doi: 10.1097/TA.0000000000001539

126. Vish, MG, Mangeshkar, P, Piraino, G, Denenberg, A, Hake, PW, O’Connor, M, et al. Proinsulin C-Peptide Exerts Beneficial Effects in Endotoxic Shock in Mice. Crit Care Med (2007) 35:1348–55. doi: 10.1097/01.CCM.0000260245.61343.B3

127. Belfiore, A, Malaguarnera, R, Vella, V, Lawrence, MC, Sciacca, L, Frasca, F, et al. Insulin Receptor Isoforms in Physiology and Disease: An Updated View. Endocr Rev (2017) 38:379–431. doi: 10.1210/er.2017-00073

128. Benecke, H, Flier, JS, and Moller, DE. Alternatively Spliced Variants of the Insulin Receptor Protein. Expression in Normal and Diabetic Human Tissues. J Clin Invest (1992) 89:2066–70. doi: 10.1172/JCI115819

129. Leibiger, B, Leibiger, IB, Moede, T, Kemper, S, Kulkarni, RN, Kahn, CR, et al. Selective Insulin Signaling Through A and B Insulin Receptors Regulates Transcription of Insulin and Glucokinase Genes in Pancreatic β Cells. Mol Cell (2001) 7:559–70. doi: 10.1016/S1097-2765(01)00203-9

130. Devaskar, SU, Ganguli, S, Devaskar, UP, and Sperling, MA. Glucocorticoids and Hypothyroidism Modulate Development of Fetal Lung Insulin Receptors. Am J Physiol-Endocrinol Metab (1982) 242:E384–91. doi: 10.1152/ajpendo.1982.242.6.E384

131. Ma, Y, and He, Q. [Study of the Role of Insulin and Insulin Receptor in Allergic Airway Inflammation of Rats]. Zhonghua Yi Xue Za Zhi (2005) 85:3419–24.


132. Di Petta, A, Greco, KV, Castro, EO, Lopes, FDTQS, Martins, MA, Capelozzi, VL, et al. Insulin Modulates Inflammatory and Repair Responses to Elastase-Induced Emphysema in Diabetic Rats. Int J Exp Pathol (2011) 92:392–9. doi: 10.1111/j.1365-2613.2011.00787.x

133. Martins, J, Ferracini, M, Ravanelli, N, Landgraf, RG, and Jancar, S. Insulin Inhibits LPS-Induced Signaling Pathways in Alveolar Macrophages. Cell Physiol Biochem (2008) 21:297–304. doi: 10.1159/000129388

134. Tessaro, FHG, Ayala, TS, Nolasco, EL, Bella, LM, and Martins, JO. Insulin Influences LPS-Induced TNF-α and IL-6 Release Through Distinct Pathways in Mouse Macrophages From Different Compartments. Cell Physiol Biochem (2017) 42:2093–104. doi: 10.1159/000479904

135. Iwanij, V, and Vincent, AC. Characterization of the Glucagon Receptor and Its Functional Domains Using Monoclonal Antibodies. J Biol Chem (1990) 265:21302–8.


136. Svoboda, M, Tastenoy, M, Vertongen, P, and Robberecht, P. Relative Quantitative Analysis of Glucagon Receptor mRNA in Rat Tissues. Mol Cell Endocrinol (1994) 105:131–7. doi: 10.1016/0303-7207(94)90162-7

137. Burcelin, R, Li, J, and Charron, MJ. Cloning and Sequence Analysis of the Murine Glucagon Receptor-Encoding Gene. Gene (1995) 164:305–10. doi: 10.1016/0378-1119(95)00472-I

138. Koh, WS, Lee, M, Yang, K-H, and Kaminski, NE. Expression of Functional Glucagon Receptors on Lymphoid Cells. Life Sci (1996) 58:741–51. doi: 10.1016/0024-3205(95)02352-6

139. Melanson, SW, Bonfante, G, and Heller, MB. Nebulized Glucagon in the Treatment of Bronchospasm in Asthmatic Patients. Am J Emerg Med (1998) 16:272–5. doi: 10.1016/S0735-6757(98)90100-0

140. Insuela, DBR, Daleprane, JB, Coelho, LP, Silva, AR, Silva, PMRe, Martins, MA, et al. Glucagon Induces Airway Smooth Muscle Relaxation by Nitric Oxide and Prostaglandin E2. J Endocrinol (2015) 225:205–17. doi: 10.1530/JOE-14-0648

141. Insuela, DBR, Azevedo, CT, Coutinho, DS, Magalhães, NS, Ferrero, MR, Ferreira, TPT, et al. Glucagon Reduces Airway Hyperreactivity, Inflammation, and Remodeling Induced by Ovalbumin. Sci Rep (2019) 9:6478. doi: 10.1038/s41598-019-42981-6

142. Ye, R, and Scherer, PE. Adiponectin, Driver or Passenger on the Road to Insulin Sensitivity? Mol Metab (2013) 2:133–41. doi: 10.1016/j.molmet.2013.04.001

143. Yamauchi, T, Kamon, J, Ito, Y, Tsuchida, A, Yokomizo, T, Kita, S, et al. Cloning of Adiponectin Receptors That Mediate Antidiabetic Metabolic Effects. Nature (2003) 423:762–9. doi: 10.1038/nature01705

144. Shore, SA, Terry, RD, Flynt, L, Xu, A, Hug, C, and Kong, H. Adiponectin Attenuates Allergen-Induced Airway Inflammation and Hyperresponsiveness in Mice. J Allergy Clin Immunol (2006) 118:389–95. doi: 10.1016/j.jaci.2006.04.021

145. Amarsaikhan, N, Tsoggerel, A, Hug, C, and Templeton, SP. The Metabolic Cytokine Adiponectin Inhibits Inflammatory Lung Pathology in Invasive Aspergillosis. J Immunol (2019) 203:956–63. doi: 10.4049/jimmunol.1900174

146. Garcia, P, and Sood, A. Adiponectin in Pulmonary Disease and Critically Ill Patients. Curr Med Chem (2012) 19:5493–500. doi: 10.2174/092986712803833263

147. Ohashi, K, Parker, JL, Ouchi, N, Higuchi, A, Vita, JA, Gokce, N, et al. Adiponectin Promotes Macrophage Polarization Toward an Anti-Inflammatory Phenotype*. J Biol Chem (2010) 285:6153–60. doi: 10.1074/jbc.M109.088708

148. Yamashita, T, Lakota, K, Taniguchi, T, Yoshizaki, A, Sato, S, Hong, W, et al. An Orally-Active Adiponectin Receptor Agonist Mitigates Cutaneous Fibrosis, Inflammation and Microvascular Pathology in a Murine Model of Systemic Sclerosis. Sci Rep (2018) 8:11843. doi: 10.1038/s41598-018-29901-w

149. Okada-Iwabu, M, Yamauchi, T, Iwabu, M, Honma, T, Hamagami, K, Matsuda, K, et al. A Small-Molecule AdipoR Agonist for Type 2 Diabetes and Short Life in Obesity. Nature (2013) 503:493–9. doi: 10.1038/nature12656

150. Pérez-Pérez, A, Vilariño-García, T, Fernández-Riejos, P, Martín-González, J, Segura-Egea, JJ, and Sánchez-Margalet, V. Role of Leptin as a Link Between Metabolism and the Immune System. Cytokine Growth Factor Rev (2017) 35:71–84. doi: 10.1016/j.cytogfr.2017.03.001

151. Löllmann, B, Grüninger, S, Stricker-Krongrad, A, and Chiesi, M. Detection and Quantification of the Leptin Receptor Splice Variants Ob-Ra, B, and, E in Different Mouse Tissues. Biochem Biophys Res Commun (1997) 238:648–52. doi: 10.1006/bbrc.1997.7205

152. Tsuchiya, T, Shimizu, H, Horie, T, and Mori, M. Expression of Leptin Receptor in Lung: Leptin as a Growth Factor. Eur J Pharmacol (1999) 365:273–9. doi: 10.1016/S0014-2999(98)00884-X

153. Lemos, MP, Rhee, KY, and McKinney, JD. Expression of the Leptin Receptor Outside of Bone Marrow-Derived Cells Regulates Tuberculosis Control and Lung Macrophage MHC Expression. J Immunol (2011) 187:3776–84. doi: 10.4049/jimmunol.1003226

154. Vernooy, JHJ, Ubags, NDJ, Brusselle, GG, Tavernier, J, Suratt, BT, Joos, GF, et al. Leptin as Regulator of Pulmonary Immune Responses: Involvement in Respiratory Diseases. Pulm Pharmacol Ther (2013) 26:464–72. doi: 10.1016/j.pupt.2013.03.016

155. Suzukawa, M, Koketsu, R, Baba, S, Igarashi, S, Nagase, H, Yamaguchi, M, et al. Leptin Enhances ICAM-1 Expression, Induces Migration and Cytokine Synthesis, and Prolongs Survival of Human Airway Epithelial Cells. Am J Physiol Lung Cell Mol Physiol (2015) 309:L801–811. doi: 10.1152/ajplung.00365.2014

156. Watanabe, K, Suzukawa, M, Arakawa, S, Kobayashi, K, Igarashi, S, Tashimo, H, et al. Leptin Enhances Cytokine/Chemokine Production by Normal Lung Fibroblasts by Binding to Leptin Receptor. Allergol Int (2019) 68S:S3–8. doi: 10.1016/j.alit.2019.04.002

157. Zammit, C, Liddicoat, H, Moonsie, I, and Makker, H. Obesity and Respiratory Diseases. Int J Gen Med (2010) 3:335–43. doi: 10.2147/IJGM.S11926

158. Zhang, P-X, Zhang, F-R, Xie, J-J, Tao, L-H, Lü, Z, Xu, X-E, et al. Expression of NGAL and NGALR in Human Embryonic, Fetal and Normal Adult Tissues. Mol Med Rep (2012) 6:716–22. doi: 10.3892/mmr.2012.980

159. Guo, H, Jin, D, and Chen, X. Lipocalin 2 Is a Regulator Of Macrophage Polarization and NF-κb/STAT3 Pathway Activation. Mol Endocrinol (2014) 28:1616–28. doi: 10.1210/me.2014-1092

160. Shao, S, Cao, T, Jin, L, Li, B, Fang, H, Zhang, J, et al. Increased Lipocalin-2 Contributes to the Pathogenesis of Psoriasis by Modulating Neutrophil Chemotaxis and Cytokine Secretion. J Invest Dermatol (2016) 136:1418–28. doi: 10.1016/j.jid.2016.03.002

161. Wang, Q, Li, S, Tang, X, Liang, L, Wang, F, and Du, H. Lipocalin 2 Protects Against Escherichia Coli Infection by Modulating Neutrophil and Macrophage Function. Front Immunol (2019) 10:2594. doi: 10.3389/fimmu.2019.02594

162. Guglani, L, Gopal, R, Rangel-Moreno, J, Junecko, BF, Lin, Y, Berger, T, et al. Lipocalin 2 Regulates Inflammation During Pulmonary Mycobacterial Infections. PLoS One (2012) 7:e50052. doi: 10.1371/journal.pone.0050052

163. Chan, YR, Liu, JS, Pociask, DA, Zheng, M, Mietzner, TA, Berger, T, et al. Lipocalin 2 Is Required for Pulmonary Host Defense Against Klebsiella Infection. J Immunol (2009) 182:4947–56. doi: 10.4049/jimmunol.0803282

164. Li, B, Fang, J, Zuo, Z, Yin, S, He, T, Yang, M, et al. Activation of the Porcine Alveolar Macrophages via Toll-Like Receptor 4/NF-κb Mediated Pathway Provides a Mechanism of Resistin Leading to Inflammation. Cytokine (2018) 110:357–66. doi: 10.1016/j.cyto.2018.04.002

165. Tarkowski, A, Bjersing, J, Shestakov, A, and Bokarewa, MI. Resistin Competes With Lipopolysaccharide for Binding to Toll-Like Receptor 4. J Cell Mol Med (2010) 14:1419–31. doi: 10.1111/j.1582-4934.2009.00899.x

166. Planès, C, Leyvraz, C, Uchida, T, Angelova, MA, Vuagniaux, G, Hummler, E, et al. In Vitro and In Vivo Regulation of Transepithelial Lung Alveolar Sodium Transport by Serine Proteases. Am J Physiol-Lung Cell Mol Physiol (2005) 288:L1099–109. doi: 10.1152/ajplung.00332.2004

167. Zhao, C-W, Gao, Y-H, Song, W-X, Liu, B, Ding, L, Dong, N, et al. An Update on the Emerging Role of Resistin on the Pathogenesis of Osteoarthritis. Mediators Inflammation (2019) 2019:e1532164. doi: 10.1155/2019/1532164

168. Jiang, S, Park, DW, Tadie, J-M, Gregoire, M, Deshane, J, Pittet, JF, et al. Human Resistin Promotes Neutrophil Pro-Inflammatory Activation, Neutrophil Extracellular Trap Formation, and Increases Severity of Acute Lung Injury. J Immunol (2014) 192:4795–803. doi: 10.4049/jimmunol.1302764

169. Wang, W-Y, Chen, Y, Su, X, Tang, D, Ben, Q-W, Yao, W-Y, et al. Resistin-Like Molecule-α Causes Lung Injury in Rats With Acute Pancreatitis by Activating the PI-3k/Akt-NF-κb Pathway and Promoting Inflammatory Cytokine Release. Curr Mol Med (2016) 16:677–87. doi: 10.2174/1566524016666160802145700

170. Mishra, A, Wang, M, Schlotman, J, Nikolaidis, NM, DeBrosse, CW, Karow, ML, et al. Resistin-Like Molecule-Beta is an Allergen-Induced Cytokine With Inflammatory and Remodeling Activity in the Murine Lung. Am J Physiol Lung Cell Mol Physiol (2007) 293:L305–313. doi: 10.1152/ajplung.00147.2007

171. Meng, L, Li, L, Lu, S, Li, K, Su, Z, Wang, Y, et al. The Protective Effect of Dexmedetomidine on LPS-Induced Acute Lung Injury Through the HMGB1-Mediated TLR4/NF-κb and PI3K/Akt/mTOR Pathways. Mol Immunol (2018) 94:7–17. doi: 10.1016/j.molimm.2017.12.008

172. Ye, R, and Liu, Z. ACE2 Exhibits Protective Effects Against LPS-Induced Acute Lung Injury in Mice by Inhibiting the LPS-TLR4 Pathway. Exp Mol Pathol (2020) 113:104350. doi: 10.1016/j.yexmp.2019.104350

173. Fuentes, N, and Silveyra, P. Endocrine Regulation of Lung Disease and Inflammation. Exp Biol Med (2018) 243:1313–22. doi: 10.1177/1535370218816653

174. Tashiro, Y, Sato, K, Watanabe, T, Nohtomi, K, Terasaki, M, Nagashima, M, et al. A Glucagon-Like Peptide-1 Analog Liraglutide Suppresses Macrophage Foam Cell Formation and Atherosclerosis. Peptides (2014) 54:19–26. doi: 10.1016/j.peptides.2013.12.015

175. Mooradian, AD. Dyslipidemia in Type 2 Diabetes Mellitus. Nat Clin Pract Endocrinol Metab (2009) 5:150–9. doi: 10.1038/ncpendmet1066

176. Guerrini, V, Prideaux, B, Blanc, L, Bruiners, N, Arrigucci, R, Singh, S, et al. Storage Lipid Studies in Tuberculosis Reveal That Foam Cell Biogenesis Is Disease-Specific. PLoS Pathog (2018) 14:e1007223. doi: 10.1371/journal.ppat.1007223

177. World Health Organization. Global Tuberculosis Report 2020. Geneva: World Health Organization (2020).


178. Saeedi, P, Petersohn, I, Salpea, P, Malanda, B, Karuranga, S, Unwin, N, et al. Global and Regional Diabetes Prevalence Estimates for 2019 and Projections for 2030 and 2045: Results From the International Diabetes Federation Diabetes Atlas, 9th Edition. Diabetes Res Clin Pract (2019) 157:107483. doi: 10.1016/j.diabres.2019.107843

179. D’Attilio, L, Díaz, A, Fernández, RDV, Bongiovanni, B, Santucci, N, Dídoli, G, et al. The Neuro-Endocrine-Immune Relationship in Pulmonary and Pleural Tuberculosis: A Better Local Profile in Pleural Fluid. Int J Tuberc Lung Dis (2018) 22:321–7. doi: 10.5588/ijtld.17.0270

180. Wieland, CW, Florquin, S, Chan, ED, Leemans, JC, Weijer, S, Verbon, A, et al. Pulmonary Mycobacterium Tuberculosis Infection in Leptin-Deficient Ob/Ob Mice. Int Immunol (2005) 17:1399–408. doi: 10.1093/intimm/dxh317

181. Mihret, A. The Role of Dendritic Cells in Mycobacterium Tuberculosis Infection. Virulence (2012) 3:654–9. doi: 10.4161/viru.22586

182. Handzel, ZT. The Immune Response to Mycobacterium Tuberculosis Infection in Humans. London: IntechOpen (2013). doi: 10.5772/54986

183. de Martino, M, Lodi, L, Galli, L, and Chiappini, E. Immune Response to Mycobacterium Tuberculosis: A Narrative Review. Front Pediatr (2019) 7:350. doi: 10.3389/fped.2019.00350

184. Kumar Nathella, P, and Babu, S. Influence of Diabetes Mellitus on Immunity to Human Tuberculosis. Immunology (2017) 152:13–24. doi: 10.1111/imm.12762

185. Ayelign, B, Negash, M, Genetu, M, Wondmagegn, T, and Shibabaw, T. Immunological Impacts of Diabetes on the Susceptibility of Mycobacterium Tuberculosis. J Immunol Res (2019) 2019:e6196532. doi: 10.1155/2019/6196532

186. Daryabor, G, Atashzar, MR, Kabelitz, D, Meri, S, and Kalantar, K. The Effects of Type 2 Diabetes Mellitus on Organ Metabolism and the Immune System. Front Immunol (2020) 11:1582. doi: 10.3389/fimmu.2020.01582

187. Jiménez-Corona, ME, Cruz-Hervert, LP, García-García, L, Ferreyra-Reyes, L, Delgado-Sánchez, G, Bobadilla-del-Valle, M, et al. Association of Diabetes and Tuberculosis: Impact on Treatment and Post-Treatment Outcomes. Thorax (2013) 68:214–20. doi: 10.1136/thoraxjnl-2012-201756

188. Alisjahbana, B, Sahiratmadja, E, Nelwan, EJ, Purwa, AM, Ahmad, Y, Ottenhoff, THM, et al. The Effect of Type 2 Diabetes Mellitus on the Presentation and Treatment Response of Pulmonary Tuberculosis. Clin Infect Dis (2007) 45:428–35. doi: 10.1086/519841

189. Baker, MA, Harries, AD, Jeon, CY, Hart, JE, Kapur, A, Lönnroth, K, et al. The Impact of Diabetes on Tuberculosis Treatment Outcomes: A Systematic Review. BMC Med (2011) 9:81. doi: 10.1186/1741-7015-9-81

190. Gil-Santana, L, Almeida-Junior, JL, Oliveira, CAM, Hickson, LS, Daltro, C, Castro, S, et al. Diabetes Is Associated With Worse Clinical Presentation in Tuberculosis Patients From Brazil: A Retrospective Cohort Study. PLoS One (2016) 11:e0146876. doi: 10.1371/journal.pone.0146876

191. World Health Organization. WHO Report on Surveillance of Antibiotic Consumption Vol. 45. Geneva: World Health Organization (2018).





Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Webber, Ronacher, Conradie-Smit and Kleynhans. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 23 February 2022

doi: 10.3389/fimmu.2022.798346

[image: image2]


Molecular Characteristics and Distribution of Adult Human Corneal Immune Cell Types


Yanxiu Li 1,2,3, Joyce Jeong 4 and Weitao Song 1,2,3*


1 National Clinical Research Center for Geriatric Diseases, Xiangya Hospital of Central South University, Changsha, China, 2 Eye Center of Xiangya Hospital, Central South University, Changsha, China, 3 Hunan Key Laboratory of Ophthalmology, Changsha, Hunan, China, 4 College of Literature, Science, and the Arts, University of Michigan, Ann Arbor, MI, United States




Edited by: 

Rosa Del Campo, Ramón y Cajal Institute for Health Research, Spain

Reviewed by: 

Chen Yu, Duke University, United States

Carolina Gutiérrez, Hospital Universitario Quirónsalud Madrid, Spain

*Correspondence: 
Weitao Song
 wtsong1980@126.com


Received: 20 October 2021

Accepted: 19 January 2022

Published: 23 February 2022

Citation:
Li Y, Jeong J and Song W (2022) Molecular Characteristics and Distribution of Adult Human Corneal Immune Cell Types. Front. Immunol. 13:798346. doi: 10.3389/fimmu.2022.798346




Background

The limbus is located at a 2-mm-wide area between the bulbar conjunctiva and the cornea and has been suggested to be the niche of corneal epithelial stem cells and immune cells. Like the skin and intestines, the cornea is also an important mucosal surface, and immune cells on the cornea play critical roles in immune surveillance to ensure barrier surface homeostasis and protection from various environmental damage and infections. Single-cell RNA sequencing (scRNA-seq) analysis of protein tyrosine phosphatase receptor type C positive (PTPRC+) hematopoietic cells from the corneal limbus could provide a single cell atlas of all the immune cell subsets.



Methods

We performed single-cell RNA sequencing to generate transcriptomic profile for 804 sort-purified hematopoietic cells from the corneal limbus of three healthy donors.



Results

Our analysis identified a primary transcriptomic pattern for multiple immune cell subtypes, including naive T cells, antiviral effector CD8+ T cells, and innate immune cells such as IDO1+ mature regulatory dendritic cells (mregDCs), macrophages, monocytes, and basophils in the human corneal limbus.



Conclusion

Overall, single-cell transcriptomic analysis of limbal immune cells suggested the possible contribution of these cells on the adaptive and innate immune response of the human cornea.
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Introduction

Ocular surface diseases represent a huge medical need and are a substantial burden to many families (1). Due to the limited treatments for these diseases, investigation of the immune system of the ocular surface is crucial. The ocular surface, which comprises the cornea, limbus conjunctiva, and tear film, plays a key role in the visual system. Among these structures, the cornea is an avascular and transparent anterior surface that, together with the lens focus, allows light to be transmitted to the retina for visual processing (2). Like other mucosal surfaces, the cornea is the surface between the inner tissue and the external environment. It is responsible for protecting the eyes against microbes through innate and adaptive immune systems. The cornea has five distinctive layers, and the corneal limbus is considered an important niche of epithelial cells and immune cells on the ocular surface (3). Generally, the physical barrier formed by corneal epithelial cells can prevent pathogens from invading, while the flow of tears along with blinking washes pathogens away. Most importantly, the immune cells on the human cornea provide crucial mucosal immune response to prevent infections and damage.

Human and animal studies have observed altered immune cell distributions or functions in particular eye diseases, such as dry eye and eye allergies (4–7). The ocular surface, like other mucosal tissues, can recruit a variety of immune cells to render protection and homeostatic regulation (8, 9). However, dysfunction of the immune cells on the ocular surface would cause disruption of the corneal epithelial barrier function and ocular surface homeostasis (7, 10, 11). Therefore, ocular surface immune profiling studies are important to understand ocular surface homeostasis and related diseases. So far, the immune cell types on the cornea of mice have been covered and investigated well. T cells, dendritic cells (DCs), macrophages, mast cells, natural killer cells, γδ T cells, and innate lymphoid cells (ILCs) have been investigated on murine cornea (12). However, the present knowledge surrounding corneal immune cells has been primarily limited to murine data, while the composition of immune cells on the human cornea requires more investigation. Due to the rich distribution of capillaries and lymphatic vessels that serve as the entry and exit portals for various immune cells, the corneal limbus is home to immune cells that reside in both the central and peripheral corneal regions (13). In the present study, to better investigate the immune cell types on the human cornea, we performed single-cell RNA sequencing(scRNA-seq) to generate transcriptomic profile for sort-purifiedhematopoietic cells from the corneal limbus of three healthy donors. Unbiased analyses identified seven immune cell types, including innate and adaptive immune cell types. This transcriptomic map of healthy human corneal immune cells can be utilized to better understand the immune response and regulation of the human cornea and help lead toward potential cellular and immunotherapy approaches. Furthermore, transcriptomic information can provide functional insight into the mechanisms of diseases such as viral infections, wound repair, and autoimmune diseases like allergies.



Materials and Methods


Human Samples and Single-Cell Isolation

The collection of human corneal tissue was approved by the Ethics Committee of Xiangya Hospital. Fresh corneal tissue was peeled gently from three healthy adults using surgical forceps under a stereoscope. To isolate the corneal limbus, the central cornea was carefully removed. After isolating the corneal limbus tissues, we dissociated the tissues and obtained single-cell suspensions based on a previous protocol (14). The corneas were briefly chopped in the media and then digested using collagenase A, dispase II, and DNAse I at 37°C for 20 min. The cell suspension was then sorted for live PTPRC+ cells using a FACSAria III cell sorter (BD Biosciences, Franklin Lakes, NJ, USA) at 4°C into 1.5-ml DNA low-binding Eppendorf tubes containing medium. Sorted purified samples were collected and pelleted for processing with 10X Genomics v2.



Genomics scRNA-seq and Data Analysis

Single cells suspended in phosphate-buffered saline (PBS) were loaded into a single-cell instrument from the 10X Genomics system. A barcoded cDNA library was constructed using Single-Cell 3′ mRNA Kit (v2, 10X Genomics). On the Illumina NovaSeq 6000 platform, all libraries (paired-end) were sequenced after passing quality tests. The 10X Genomics single-cell transcriptome sequencing data were integrated from the pooled cells of three donors and processed with the Cell Ranger Single Cell software suite version 1.3 (https://support.10xgenomics.com) as described previously (15). The output data were analyzed using the SeqGeq genomic tool version 9.0 (FlowJo, LLC, Ashland, OR, USA). Principal component analysis (PCA) reduction (15 dimensions) was performed, followed by an unbiased t-distributed stochastic neighbor embedding (t-SNE) dimensionality reduction. We then performed clustering with a k-means filtering of k = 57 to cluster the cells into seven populations based on the variability in the PCA. The PhenoGraph algorithm (16) was used to identify the distinct ILC progenitor clusters. The seven clusters identified by PhenoGraph were overlaid onto the t-SNE map. The Cluster Explorer plug-in was used to characterize the immunophenotype of each cluster. Mean cluster transcript expression plots and expression heatmaps of differentially expressed genes were acquired by conducting the Color Mapping program. Gene Ontology (GO) (molecular function) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed using Metascape (http://metascape.org) (17) and Reactome (https://reactome.org).



Flow Cytometry Analysis and Reagents

For the validation of individual markers, the cells were analyzed on a NovoCyte flow cytometer (Agilent Technologies, Santa Clara, CA, USA). Hematopoietic cells were isolated as PTPRC+ (anti-human CD45 and QA17A19) cells using a FACSAria III cell sorter (BD Biosciences). All the antibodies used in this study were from BioLegend (San Diego, CA, USA), unless specified otherwise: anti-human CD3 (UCHT1), anti-human CD8 (SK1), anti-human CD4 (A161A1), anti-human IFN-γ (MD-1), anti-human granzyme B (GB11), anti-human granzyme A (CB9), anti-human CD96 (NK92.39), anti-human CD74 (LN2), anti-human CCR7 (G043H7), anti-human IDO1 (V50-1886; BD Biosciences), anti-human HLA-A, HLA-B, and HLA-C (W6/32), anti-human HLA-DR (L243), anti-human HLA-DQ (HLADQ1), anti-human CD164 (67D2), anti-human IL-10 (JES3-19F1), anti-human CXCL16 (22-19-12), anti-human TGF-β1 (TW4-9E7; BD Biosciences), anti-human perforin 1 (DG9; antibodies-online Inc., Pottstown, PA, USA), anti-human IL-32 (373821; R&D Systems, Minneapolis, MN, USA), and anti-human CXCL2 (rabbit IgG polyclonal; biorbyt, Cambridge, UK). Anti-human CXCR6 monoclonal antibody and recombinant human CXCL16 were purchased from R&D System. For intracellular cytokine staining, freshly isolated cells were stained with surface markers and then reactivated for 4 h with 10 ng/ml phorbol myristate acetate (PMA) and 1 µM ionomycin (Sigma, St. Louis, MO, USA) prior to fixation and permeabilization with cytokine staining. The data were then analyzed using FlowJo version 10 (TreeStar) and GraphPad Prism.



Chemotaxis Assay

Human corneal T-cell migration was evaluated using a 24-well Transwell plate (5.0-μm pore size; Corning, Corning, NY, USA) as described previously (18). Freshly sorted purified corneal CD3+ T cells were washed once with RPMI 1640 medium and then placed in 100 μl T-cell medium in the top chamber of the Transwell plate with or without the addition of 1 μg/ml of anti-human CXCR6 antibody. The bottom chamber of the Transwell plate contained chemokine CXCL16 (100 ng/ml) or the supernatant from the CD164+ corneal innate immune cell culture medium (600 μl). After 90 min incubation at 37°C in a 5% CO2 atmosphere, the top chamber was removed and the number of T cells that had migrated into the bottom chamber was counted using flow cytometry. Migration rate was determined by calculating the percentage of input cells that migrated into the lower chamber.



Statistical Analysis

For statistical analysis of normally distributed continuous variables between two groups, an unpaired Student’s t-test was used. Significance between multiple groups was determined using one-way ANOVA. A p-value <0.05 was considered to be significant in this study. All data were presented as the mean ± standard error of the mean (SEM).



Available Data

Processed data from scRNA-seq are available at the ArrayExpress database in the European Nucleotide Archive EMBL-EBI, with accession ID E-MTAB-11027.




Results


Identification of Immune Cell Populations in the Corneal Limbus

To determine the transcriptome profiles of all immune cell subsets in the cornea, we decided to perform transcriptomic analysis on the sorted purified hematopoietic cells from the human corneal limbus. As our focus is primarily on immune cells, we used PTPRC, a marker for hematopoietic cells, to distinguish immune cells from other cell types such as epithelial and stromal cells in the cornea. We performed fluorescence-activated cell sorting (FACS) to isolate PTPRC+ hematopoietic cells from the corneal limbus after removal of the corneal endothelium and central cornea. Human adult corneas were excised from three healthy male donors (18, 50, and 78 years old). The collected cells were dissociated and subjected to the 10X Genomics platform for scRNA-seq (Figures 1A, B). Transcriptome profiling of 804 cells was performed after passing quality control. These cells were embedded, and seven major cell clusters were revealed using unsupervised t-SNE and unbiased clustering (Figure 1C). Clusters 1–7 were determined to comprise macrophages, naive T cells, double-negative (DN) T cells, CD8+ T cells, monocytes, basophils, and DCs, respectively, based on specific marker genes (Figure 1D). For instance, macrophages and monocytes were identified by CD68, while DCs were identified by the high expressions of the HLA subtypes and CD74. The percentage of each immune cell cluster was determined (Figure 1C). The data suggested that innate immune cells occupied around half of the clusters, while the other half was identified as T lymphocytes. Specifically, CD8+ T cells (19.1%) and macrophages (16.5%) were the predominant subsets in adaptive and innate immune cells, respectively. To gain more insight into the function of corneal immune cells, a total of 1,217 most differentially expressed genes were used to generate enriched ontology clusters with Metascape (Figures 1E, F). Two major clustering trees were visualized, and biological pathways such as response to cytokine, hormone, and lipid were associated with inflammatory response. Another putative biological function is cellular movement and development regulation. Overall, the genes expressed on the corneal immune cells were enriched in inflammatory response and cellular development. In addition, pathway analysis using Reactome also supported these differentially expressed genes being enriched in multiple immune response pathways such as cytokine regulation, MHC class II antigen presentation, and neutrophil degranulation (Supplementary Figures S1A, B).




Figure 1 | Identification of immune cell types in the cornea limbus. (A) Schematic of the single-cell RNA sequencing (scRNA-seq) workflow. The corneal limbus was gently digested to a single-cell suspension, enriched for hematopoietic cells by sorting PTPRC+ cells, and then scRNA-seq was performed. The data were then analyzed. (B) Gating strategy for sorting. Live CD45+ cells were selected. (C) Unbiased t-distributed stochastic neighbor embedding (t-SNE) clustering was used to determine the cell types and the frequency of the different immune cell types. (D) Heatmap of the specific marker genes for each cell type in scRNA-seq. (E) Network of enriched terms colored by cluster identity, where nodes that share the same cluster identity are typically close to each other. (F) Network of enriched terms colored by p-value, where terms containing more genes tend to have a more significant p-value.





Antiviral Effector CD8+ T Cells Are the Predominant T-Lymphocyte Subset

Three clusters of T lymphocytes were identified by the high expressions of specific T-lymphocyte markers: CD3E, CD3D, and LCK (Figure 2A). However, B lymphocytes were barely detected on the corneal limbus (Supplementary Figure S1C). Among the clusters, three T-lymphocyte subsets—naive T cells, DN T cells, and CD8+ T cells—were identified based on specific markers (Figures 2A–C). In line with a previous study (19), CD4 mRNA was hardly detected on the corneal limbus, according to our scRNA-seq data. However, it has been reported that the mRNA expression of CD4 did not match the protein expression (20), and detectable protein levels of CD4 were confirmed by flow cytometry (Figure 2D). Interestingly, the antiviral capacity of the CD8 T cell subset was identified based on the high expressions of the activation markers CD69 and Lag3 and the antiviral genes GZMA, GZMB, PRF1, IFNG, and IL32 (Figures 2B, C). Additionally, corneal limbal CD8+ T cells expressed the surface receptor CD96, which has been considered as a co-stimulatory receptor that enhances CD8+ T-cell activation in humans (21). We subsequently confirmed the expressions of IFN-γ, granzyme A, granzyme B, IL-32, perforin 1, and CD96 from the corneal limbal CD8+ T cells based on protein level by flow cytometry (Figure 2E). Therefore, we proposed that CD8+ T cells specifically act as functional effectors in controlling viral spread on the cornea. Another important T-lymphocyte subset is naive T cells, which expressed CD28, CD27, and IL7R (Figures 2A, B). Furthermore, naive T cells also specifically expressed an important pioneer chromatin modifier, BATF, which is an essential transcriptional factor in regulating the differentiation of effector CD8+ T cells (22). Therefore, we suggested that corneal limbal BATF+ naive T cells could differentiate into antiviral effector CD8+ T cells. Unexpectedly, we also found a DN T-cell subset located in the corneal limbus that contained a few γδ T cells (Supplementary Figure S1C), which requires further investigation in the future. In summary, we proposed that corneal limbal CD8 T cells are the major subset of immune cells preventing the corneal tissue from becoming virally infected by producing cytokines and cytotoxic granules, including IFN-γ, granzyme A, granzyme B, IL-32, and perforin 1. Furthermore, effector CD8+ T cells are likely to be differentiated from BATF-expressing naive T cells.




Figure 2 | Antiviral effector CD8+ T cells are a predominant lymphocyte subset on the cornea. (A) Feature t-distributed stochastic neighbor embedding (t-SNE) plot showing the expressions of marker genes enriched on corneal T cells. (B) Heatmap of the top expressed genes in the corneal T-cell subsets. (C) Dot plot showing the expressions of genes of the different cytokines (rows) on each cluster (columns). The color of each dot represents the average log-scaled expression of each gene across all cells of a given cluster. The size of the dot represents the fraction of cells in the cluster in which transcripts for that gene were detected. (D) Expressions of CD8 and CD4 proteins on corneal CD3+ T cells by flow cytometry (E) Expressions of selected cytokines and surface proteins on corneal CD8+ T cells by flow cytometry.





Anti-Inflammatory Macrophages and Monocytes Recruit Naive T Cells by Secreting CXCL16

Accordingly, four distinct clusters of innate immune cells—monocytes, macrophages, basophils, and DCs—were observed and annotated through specific markers (Figures 1D, 3A, and Table 1). Among these cell subsets, basophils were identified by the high expressions of Lamp1/2 and CD164. Macrophages expressed specific genes such as CD14, CD68, and FCGR2A/B. Interestingly, various chemokines from the C–X–C motif ligand family, including CXCL1, CXLC2, CXCL3, CXCL5, CXCL8, and CXCL16, were expressed on these innate immune cell types, especially monocytes and macrophages (Figures 3A, B). Among the CXCL chemokine family, CXCL16 is the ligand for CXCR6 which is also highly expressed on corneal naive T cells. It has been reported that CXCL16 could induce the chemoattraction of CXCR6+ human skin T cells (23), so we were eager to investigate whether corneal innate immune cells could recruit naive T cells by generating CXCL16. Additionally, all three innate immune cells highly expressed CD164 mRNA, which is generally expressed by granulocytes, based on the scRNA-seq data (Figure 1D). We also confirmed the production of CXCL16 from corneal limbal CD164+ cells by flow cytometry (Figure 3C). To conduct an in vitro chemotaxis assay, we placed the recombinant CXCL16 or supernatant from the CD164+ corneal limbal immune cell culture medium in the lower chambers and the sorted purified corneal CD3+ T cells in the presence of isotype or anti-CXCR6 antibody in the upper chambers. The chemotaxis data (Figure 3D) suggested that both recombinant CXCL16 and the cell culture supernatant can attract T cells from the upper chamber. In addition, blocking CXCR6 using antibodies could significantly inhibit the chemoattraction of T cells toward the recombinant CXCL16 or the cell culture supernatant in the lower chamber. Therefore, the data indicated that corneal limbal innate immune cells can potentially recruit naive T cells into the corneal limbus and generate antiviral effector CD8+ T cells downstream. Furthermore, the generation of anti-inflammatory cytokines such as IL-10 and TGF-β from monocytes and macrophages indicated that they play an immunoregulatory role in the immune response of the human corneal limbus (Figures 2C and 3A, B). Wound healing of the cornea is a multistep process with four overlapping but distinct stages: hemostasis, inflammation, proliferation, and remodeling. Corneal limbal macrophages and monocytes produced the chemokines CXCL1, CXCL2, and CXCL8, which are important for the inflammation and proliferation stages of wound healing (Figures 3B, C). Furthermore, both macrophages and monocytes could respond to wounding based on the KEGG pathway and GO annotation analyses (Figure 3E). It also suggested that corneal macrophages, monocytes, and basophils are capable of the degranulation and regulation of cytokine production. Thus, besides attracting naive T cells, cornea limbal innate immune cells also have the potential to suppress the immune response and aid in wound healing.




Figure 3 | Immunoregulatory macrophages and monocytes recruit naive T cells by secreting CXCL16. (A) Heatmap of the top expressed genes in corneal macrophages, basophils, and monocytes. (B) Violin plot of the expressions of chemokine (C–X–C motif) ligands and chemokine (C–X–C motif) receptors in each cluster. (C) Expressions of IL-10, TGF-β, CXCL16, and CXCL12 on CD164+ corneal innate immune cells by flow cytometry. (D) Chemotactic activity of corneal CD3+ T cells to 100 ng/ml CXCL16 or the cell culture supernatant was determined with the Transwell migration system. (E) Pathway enrichment analysis of the differentially expressed genes in corneal macrophages, basophils, and monocytes. *Significant differences (P < 0.05, Student’s t test) from control groups.)




Table 1 | Gene list of each cluster from Figure 3A.





Corneal Limbal Dendritic Cells Are IDO1+ mregDCs

DCs comprise the unique cell type among the corneal innate immune cells. Although other immune cells such as macrophages and monocytes could express the major HLA subtypes, such as HLA-A/B/C/E, HLA-DRA, and HLA-DRB1, corneal limbal DCs expressed various other subtypes, including HLA-DPB1, DPA1, DQB1, DQA1/2, and DMA (Figures 4A, B). Therefore, it is suggested that DCs function as the major antigen-presenting cells connecting the innate and adaptive immune systems on the human cornea. The KEGG pathway and GO annotation analyses were performed by using Metascape and showed that corneal DCs participate in cytokine signaling in the immune system and regulate leukocyte activation (Figure 4C). Surprisingly, we found that the corneal limbal DCs are mregDCs, which displayed high expressions of the markers LAMP3 and BIRC3 (24) (Figure 4B and Supplementary Figure S2A). This new subset of DCs has recently been identified in human skin mucosal tissues. To better compare the mregDCs between the corneal limbus and the skin, we reanalyzed other publicly available skin datasets (GEO accession no. GSE176509) (24) and identified skin mregDCs using the same methods of t-SNE analysis and clustering. We found that, except for LAMP3 and BIRC3, both corneal and skin mregDCs highly expressed CCR7, CD74, ID2, GPR183, CCL22, IL4l1, CD40, and TXN (Figure 4D and Supplementary Figure S2). In addition, corneal limbal mregDCs also expressed high levels of the pro-inflammatory cytokines IL1B, IL-15, and IL-23A, which are associated with mucosal inflammation (24). MregDCs have also been found to be involved in cytokine signaling and regulation of leukocyte activation (Figures 2C and 4C, D). The analysis indicated that mregDCs potentially play a pro-inflammatory role in the immune response of the cornea. Interestingly, consistent with recent papers (25), we also found that the mregDCs in both the skin and corneal limbus specifically expressed indoleamine-2,3-dioxygenase (IDO1), a counter-regulatory and tolerogenic molecule (Figure 4D). Although there were several subsets of DCs identified in the skin, only one corneal limbal DC subset was detected on the cornea limbus, and this DC subset belongs to mregDCs. Furthermore, corneal limbal mregDCs do not only act as antigen-presenting cells but also participate in regulating immune tolerance by coordinating with other innate immune cells.




Figure 4 | IDO1+ mature regulatory dendritic cells (mregDCs) are the major antigen-presenting cells on the cornea. (A) Dot plot showing the expressions of genes of the HLA subtypes (rows) in each cluster (columns). The color of each dot represents the average log-scaled expression of each gene across all cells of a given cluster. The size of the dot represents the fraction of cells in the cluster in which transcripts for that gene were detected. (B) Heatmap of the top expressed genes in corneal dendritic cells. (C) Pathway enrichment analysis of the differentially expressed genes in corneal dendritic cells. (D) The t-distributed stochastic neighbor embedding (t-SNE) plot showing comparative expressions of mregDC-specific signature genes from our data and those of Nakamizo et al. (20).






Discussion

On the ocular surface, the cornea is a unique and highly specialized tissue that is avascular and transparent in order to allow light to be transmitted for vision. Recent studies have identified cell types in the cornea using scRNA-seq; however, they primarily paid attention to epithelial and stromal cells, the major cell types in the cornea (19, 25, 26). In this study, we concentrated on the immune cell types and observed seven distinct immune cell clusters that differed in function. Overall, we reported a primary scRNA-seq analysis of the human corneal innate and adaptive immune cell types, including antiviral effector CD8+ T cells, naive T cells, and innate immune cells such as IDO1+ mregDCs, macrophages, monocytes, and basophils, providing a detailed map of corneal immune cell function. It should be noted that, because aging could lead to changes in the immune system, such as the distribution and number of immune cells (27, 28), despite using similar numbers of cells from each donor, the wide donor-to-donor age variation could affect the results to a certain extent. We identified subtype-specific transcriptional factors and surface markers for the different immune cell types. Through flow cytometry, but not scRNA-seq, a few CD4+ T cells were detected on the human cornea in a steady state. In addition, human corneal naive T cells highly expressed BATF, which has been proven to be crucial for the differentiation of effector CD8+ T cells in a steady state (22) and during viral infection (29). Therefore, BATF is likely to be an important regulator for the differentiation of naive T cells into antiviral effector CD8+ T cells in the human cornea. The co-stimulatory receptor CD96 and the activation markers Lag3 and CD69 were highly expressed on CD8+ T cells (21, 30, 31). Furthermore, several antiviral cytokines and cytotoxic granules, such as IFN-γ, granzyme A, granzyme B, perforin 1, and IL-32, were produced by corneal CD8+ T cells, which further confirmed that CD8+ T cells in the human cornea have the ability to fight against viruses even at a steady state. Therefore, we believe that CD8+ T cells are a significant immune cell type that prevents virus infection in the human cornea, which is consistent with a previous finding on mouse corneas (32). Furthermore, it has been proven that severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was detected on the human cornea (33, 34). As is known, CD8+ T cells are crucial to the prevention of SARS-CoV-2 infection (35), so it can be considered that corneal CD8+ T cells may also contribute to protecting the eyes from SARS-CoV-2 infection. We also proved that, from in vitro studies, CXCR6-expressing naive T cells are attracted by the specific chemokine CXCL16 produced by corneal innate immune cell types, including macrophages, DCs, and monocytes. This result indicated that CXCL16 is not only required for the colon’s immune system (36) but is also important in maintaining the immune response of the cornea. Because we did not detect regulatory T cells in the cornea, we were eager to search for other immunoregulatory immune cell types. Interestingly, sequencing and flow cytometry data indicated that macrophages and monocytes are dominant cell types that produce IL-10 and TGF-β, which are known anti-inflammatory cytokines that suppress the immune response. Meanwhile, they also express various chemokine genes such as CCL3, CCL20, CCL4, CC3L1, CCL4L2, CXCL2, CXCL8, and CXCL5. We believe that these innate immune cells can recruit and regulate distinct cell types by generating chemokines. Analyses of KEGG pathway and GO annotation also indicated that macrophages, monocytes, and basophils could degranulate and be involved in wound healing. Another interesting innate immune cell type comprise DCs, the major antigen-presenting cells in the cornea. DCs displayed their ability to present antigens by highly expressing various HLA subtype genes such as HLA-DQA, HLA-DPA, and HLA-DPB. Recently, researchers have identified a small subset of skin DCs called mregDCs with high expressions of BIRC3, LAMP3, IL15, CD40, and CCR7, and this subset has been thought to be associated with wound healing and the exacerbation of atopic dermatitis (24, 37, 38). It is surprising to find that corneal DCs also belong to mregDCs, with high expressions of the unique markers BIRC3 and LAMP3. Furthermore, we compared the corneal and skin mregDCs by reanalyzing the data from public scRNA-seq and unexpectedly found that there are high levels of similarity between the mregDCs from these two mucosal tissues. The three major pro-inflammatory cytokine genes expressed on corneal DCs were IL1B, IL-15, and IL-23A. Consistently, all three cytokines were produced by skin DCs and considered to be associated with atopic dermatitis and psoriasis. Additionally, GO enrichment analysis of the upregulated genes in DCs suggested that corneal DCs participate in cytokine signaling and regulation of leukocyte activation. Consequently, we suggested that the cytokines IL-1β, IL-15, and IL-23a produced by corneal mregDCs could be crucial to ocular inflammation. Intriguingly, both corneal and skin mregDCs also expressed IDO1, which is a heme-containing enzyme that can suppress T-cell response. Additionally, IDO1-expressing DCs may provide an immunoregulatory network by promoting the development of regulatory T cells (39). Therefore, DCs could play a crucial role in maintaining and regulating a dynamic balance between pro- and anti-inflammatory signals.

In summary, the goal of this study was to provide crucial information regarding all the immune cell types located in the adult human cornea limbus. Identification of the different corneal immune cell types using transcriptomic analysis can help in understanding the eye immune network. In addition, this study revealed the genes/pathways of immune cells that could lead to improvements in immunotherapies for corneal disease and wound repair of the corneal limbus.
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Supplementary Figure S1 | Supporting data for cluster analysis. (A) Overview of relevant pathways involved in the immune system obtained from Reactome. (B) Most relevant pathways sorted by p-value for differentially expressed genes. (C) Feature t-SNE plot showing expression of other important marker genes.

Supplementary Figure S2 | The expression of DCs signature genes and chemokine receptors. (A) Violin plot of expression of DCs signature genes in each cluster. (B) Violin plot of expression of CC chemokine receptor genes in each cluster.
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Helicobacter pylori causes gastrointestinal diseases, the manifestations of diseases are more serious in adults than in children. Lewis antigen expressions on the gastric epithelium serves as receptors targeted by H. pylori. Moreover, the MAPK signaling pathway involves glycoprotein synthesis of Lewis antigens. We aimed to investigate whether differences in H. pylori-induced MAPK responses mediate gastric Lewis antigens expression and colonization density differently in children and adults. We used human stomach fetal epithelium (HSFE) and SV40-immortalized human normal gastric epithelial (GES-1) cell lines to mimic primary gastric epithelium of children and adults, respectively. H. pylori colonization intensity and Lewis antigens were significantly higher in GES-1 than in HSFE cells, whereas IL-8 and IL-6 levels were significantly higher in HSFE than in GES-1 cells after infection. c-Jun N-terminal kinase (JNK) siRNA and inhibitor (SP600125) experiments showed that Lewis antigen expression and H. pylori colonization were reduced in GES-1 cells but increased in HSFE cells. Furthermore, p-p38 intensity was significantly higher in the superficial epithelium of the children than in the adults with/without H. pylori infection. The overexpression of p38 in GES-1 cells downregulated H. pylori-induced JNK activity mimicking H. pylori infection in children. In conclusion, a higher p38 expression in gastric epithelium counteracting JNK activity in children may contribute to lower Lewis antigen expression and colonization density than in adults after H. pylori infection.
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Introduction

Helicobacter pylori infection causes chronic gastritis, peptic ulcer disease, and adenocarcinoma in humans (1, 2). The cross-talk of bacteria and host immunity mediates the pathogenesis of subsequent disease (3), and the adhesion and colonization of H. pylori to the gastric epithelium is the key step in establishing the infectious process (4, 5). Adhesion molecules such as BabA and SabA proteins are produced by H. pylori and have been shown to adhere to the glycan-rich domains of the gastric epithelium (5–7). The BabA protein recognizes both H-type 1 and Lewis b (Leb) antigens expressed on gastric mucosa leading to the initial step of infection (5). Subsequently, SabA adhesin mediates H. pylori binding to inflamed gastric mucosa by recognizing sialyl-Lewis a (sLea) and sialyl-Lewis x (sLex) antigens to establish persistent colonization (6). Therefore, factors that can regulate the intensity of Lewis antigens are responsible for H. pylori colonization density on the gastric epithelium.

Acquisition of H. pylori infection occurs mainly in early childhood. Several competitive studies have shown different immune responses between children and adults with H. pylori infection (8–12). In addition, the bacterial load and presence of virulence factors have been shown to play major roles in the differences in H. pylori-associated clinical diseases between children and adults (13). In our previous study, we found that H. pylori-infected adults had a significantly higher bacterial density and Leb intensity over the corpus than H. pylori-infected children (14). In addition, Nogueira et al. reported that human gastric Leb antigen expression was associated with increased age (15). We also previously found that the gastric sLex expression in mice was age dependent (16). However, little is known about differences in the acute responses of cytokine production, Lewis antigen expression, and subsequent colonization density related to mitogen-activated protein kinase (MAPK) signaling on gastric epithelium between children and adults.

H. pylori has been shown to activate extracellular signal-regulated kinases (ERK), p38, and c-Jun N-terminal kinase (JNK) MAPKs in gastric epithelial cells (17). Kim et al. reported that H. pylori induces p38 MAPK activation, which may reduce mucin synthesis and apoptosis on gastric epithelial cells (18). Another study demonstrated that p38 and ERK MAPK are involved in reducing mucin synthesis, which is induced by the lipopolysaccharide of H. pylori (19). It is therefore reasonable to hypothesize that the differences in infectious consequences between children and adults are mediated by differences in MAPK activation and Lewis antigen synthesis after H. pylori infection. The aim of this study was to investigate differences in the MAPK-Lewis antigen-adhesion pathway between mature and immature gastric epithelium.



Methods


Cells and Culture

Human gastric epithelial immortalized GES-1 cells representing the mature (adult) gastric epithelium (a gift from Prof. Jia, Shandong University, China) were cultured in DMEM medium (Corning, Tewksbury, MA, USA) supplemented with 10% FBS with 5% CO2 at 37°C. The cells were subcultured every second day. Prior to the bacterial infection study, the cells were incubated in FBS‐free DMEM medium overnight at 37°C in 5% CO2. Human fetal stomach cells (HFSC, Innoprot, USA) were purchased from Smartec Scientific Corp., Taiwan. The HFSC cells were cultured in Epithelial Pro-Conditioned Cellutions Medium (D‐PRO‐015, DV Biologics, CA) with 5% CO2 at 37°C. The medium was changed every second day, and the cells were subcultured before they overgrew until they were induced to human stomach fetal epithelium (HSFE) cells, a cell line to represent immature (child) gastric epithelium. Before the study conduction, the cells were incubated in D‐PRO medium and DMEM (1:1 mix) with 10% FBS. Prior to the bacterial infection study, the cells were starved in FBS‐free DMEM medium overnight at 37°C in 5% CO2.



Bacterial Culture Method and Infection

H. pylori strain HP238 isolated from a clinical patient was used, which has been shown to express CagA, VacA, and BabA proteins in previous studies (20). The bacteria were maintained on CDC blood agar (BBL, Microbiology Systems, Cockeysville, MD) or in Brucella broth containing 10% horse serum (Gibco BRL, Life Technologies, Rockville, MD) at 37°C and incubated under micro‐aerophilic conditions (10% CO2, 5% O2 and 85% N2) for 24-48 hours. The bacteria were transferred to phosphate-buffered saline (PBS) before infecting the cells. Growth density was measured spectrophotometrically at 600 nm. The infectious dose of bacteria was 1×108 bacteria/ml at an OD of 1. Cells were infected at a multiplicity of infection (MOI) of 100:1.

GES-1 and HSFE cells (1 x 106/well) were grown in 6-well culture dishes until approximately 80% confluence. After washing with PBS, H. pylori (HP238, MOI 100) was added to the wells without centrifugation and incubated for 30 minutes to 8 hours. The culture supernatant of each well was collected and stored for further use.



Inhibitors and siRNA Transfection Target for MAPK Activity

Cells were pretreated with pharmacological MAPK inhibitors for p38 (SB203580), JNK (SP600125), and ERK (PD98059) (all from Cell Signaling Technology) with variable concentrations, and DMSO as a negative control for 1 hour before H. pylori infection. siRNA against p38, ERK, JNK and control siRNA (scrambled siRNA, all from Life Technologies, Thermo Fisher Scientific, Carlsbad, CA, USA) (Table 1) were transfected into the GES-1 and HSFE cells, respectively, with Lipofectamine RNAi MAX according to the manufacturer’s instructions.


Table 1 | The siRNA sequence of MAPK for transfection.





Flow Cytometry for Bacterial Adhesion and Receptor Expression Assay

After H. pylori infection, each well with GES-1 and HSFE cells was washed three times with PBS to remove unbound bacteria. The HSFE and GES‐1 cells were detached by 0.2% EDTA at 37°C for 5 minutes, then fixed with 70% alcohol at 4°C. The cells were incubated with each primary antibody (B0471: anti-H. pylori, Dako; 2-25LE: anti-Lewis b, abcan; CD15s: anti-sialyl‐Lewis x, BD) at 4°C for 30 minutes, and then incubated with the secondary antibody Alexa Fluor 488, 555 (abcan, Invitrogen) at 4°C for 30 minutes. After washing with DPBS, fluorescence was measured using BD FACSCalibur (Cell Quest). The percentage or mean fluorescence intensity was measured using FlowJo v10 (Genetech Biotech Co. Ltd. Tw). In brief, observation of adhesion intensity for H. pylori was based on flow detection of one cell at a time to measure its anti-H. pylori fluorescence value. We used infectious dose MOI 100 in each test and assumed the mean intensity could be represented the bacterial adhesion amount. All tests were done in triplicate.



Enzyme-Linked Immunosorbent Assay (ELISA) for Cellular Cytokine Expression

The culture supernatants were centrifuged at 35,000 rpm for 5 minutes to remove bacteria and cell debris, and then stored at -80°C until use. The concentrations of IL-6 and IL-8 were measured at 0-4 hours by ELISA (R & D System) according to the manufacturer’s instructions. The absorbance of each micro-plate was read on a spectrophotometer using 450 nm as the primary wavelength and 570 nm as the reference.



Western Blotting to Detect MAPK Phosphorylation

GES-1 and HSFE cells were cocultured with H. pylori for the appropriate times (0.5-8 hours). Total protein of the cells was lysed using RIPA (Millipore), and the protein concentration was quantified using a BCATM Protein Assay Kit (PIERCE). Samples containing equal amounts of total protein were subjected to SDS-PAGE (Bio-Rad system). Proteins were transferred to a 0.25-μm Transblot nitrocellulose membranes (Bio-Rad), and the membranes were blocked using 5% (w/v) milk in TBST. Immunodetection of phosphorylated or total MAPKs was performed by incubating the membranes with anti-p-p38, anti-p-ERK1/2, anti-p-JNK, anti-p38, anti-ERK, and anti-JNK primary antibodies (all from Cell Signaling Technology) at a dilution of 1/1000, except for anti-actin antibody (Millipore) which was used at a dilution of 1/2000 in 5% (w/v) milk in TBST. Secondary goat anti-rabbit and anti-mouse (Chemicon/Millipore) antibodies were used at a dilution of 1/10000 in 5% milk in TBST. Western blots were developed using ECL detection reagent (Millipore) and exposed to Amersham HyperfilmTM MP (GE Healthcare). The quantification of MAPK activity was measured by densitometry from 0.5 to 4 hours.



Plasmid DNA Transfection to Generate GES-1 Cells Overexpressing p38

The p38 (CRK) (NM_016823) Human Tagged ORF Clone was purchased from OriGene Technologies Inc. (Rockville, MD, USA). The procedure for generating GES-1 cells overexpressing p38 was conducted following the manufacturer’s instructions. In brief, the TransIT-X2 was warmed to room temperature and gently vortexed before use. A total of 1.5 ml serum-free culture medium was added to a sterile test tube, followed by the addition of 15 μl plasma DNA (1 μg/μl) and gentle pipetting to mix thoroughly. Next, 45 μl TransIT-X2 was added to the diluted DNA mixture and mixed thoroughly. The mixture was incubated at room temperature for 15 to 30 minutes, and then drops of the TransIT-X2/DNA complex were added to each area of the dish, with gentle shaking to allow for even distribution. The dishes were then incubated for 24-72 hours. The cells were collected for tests in vitro.



Immunohistochemical Staining and Scoring for Gastric MAPK Activity

Patients with dyspepsia receiving esophagogastroduodenoscopy examination with biopsies for H. pylori infection were enrolled. Topographical specimens from the gastric antrum, body and cardia of each H. pylori-infected or non-infected child and adult (each group n=4) were used to analyze the expression of MAPK activity, which was determined by immunohistochemical staining. We selected only for patients with chronic gastritis and excluded who had peptic ulcers or gastric cancers. The age and sex were matched between H. pylori-infected and non-infected children and adults. Tissue sections were treated with primary antibodies against p-p38 (1:100), p-JNK (1:400), and p-ERK (1:500) (all from Cell Signaling Technology) at 4°C overnight in a humidified chamber. Setting step followed the manufacturer’s instructions (ECL System, Millipore Corporation, USA). Specifically bound peroxidase was detected by Chemiluminescent HRP Substrate (Max Polymer Detection System, NovolinkTM), and then exposed to X-rays (GE Healthcare, UK) for an optimal duration.

MAPK expression was analyzed in SE cells, DG cells, and LP mononuclear cells and stromal cells. The intensity of each MAPK expression was scored (range 0–4) according to the distribution of positively stained SE cells, DG cells, and LP mononuclear cells and stromal cells. The quantitative score of each MAPK expression on the topographic portion was as follows: score 0, negative or less than 1% of the stained cells; score 1, 1% to 25% of the stained cells; score 2, 25% to 50% of the stained cells; score 3, 50% to 75% of the stained cells; and score 4, 75% to 100% of the stained cells (Supplemental Figure 1).



Statistics and Figure

The statistics and figure were performed by software Prism6. The Student’s t-test was applied as appropriate for the parametric differences. The differences were considered to be significant at P<0.05.




Results


Induction of Human Stomach Fetal Epithelium (HSFE) Cells

HSFE cells were induced using Epithelial Pro‐Conditioned Cellutions Medium from human fetal stomach cells (HFSC) according to the manufacturer’s instructions (DV Biologics, Costa Mesa, CA). Figure 1 shows the primary cultures of HFSC cells after seeding under a phase contrast microscope at 10X at 24 and 96 hours. The cell morphology was characterized by an elongated cytoplasm and stratification with D Pro-Conditioned Medium (Figure 1A) and modified 2/3 E-Pro and 1/3 DMEM Medium (Figure 1B). Most of the cells were positive for anti-MUC5AC (pink) monoclonal antibodies, a marker of gastric epithelial cells, with Ber-EP4 (blue) nuclear staining (Figure 1C) and negative for vimentin (data not shown).




Figure 1 | Establishment of human stomach fetal epithelium (HSFE) cells from human fetal stomach cells (HFSC). Human fetal stomach cells (HFSC) were cultured in (A) D‐PRO‐015 and (B) modified 2/3 E-Pro and 1/3 DMEM Medium with 5% CO2 at 37°C for 24 and 96 hours under a 10X phase contrast microscope. The D‐PRO medium was changed every second day, and the cells were subcultured before they overgrew until they were induced to HSFE cells. (C) Most of the cells were positive for anti-MUC5AC (pink) monoclonal antibodies, a marker of gastric epithelial cells, with Ber-EP4 (blue) nuclear staining and negative for vimentin (not shown).





The H. pylori Colonization Rates Were Significantly Higher in the GES-1 Cells Than in the HSFE Cells

Comparisons of the cell colonization rate and bacterial density between the GES-1 and HSFE cells after H. pylori challenge at various time periods are shown in Figure 2. The results showed that both bacterial colonization rate and density were positively correlated with incubation period. Moreover, both H. pylori colonization rate (Figure 2A) and density (Figure 2B) were significantly higher in the GES-1 cells than in the HSFE cells (P < 0.001).




Figure 2 | H. pylori colonization rate and intensity between GES-1 and HSFE cells over time. GES-1 (black triangles) and HSFE (gray squares) cells were challenged with H. pylori (MOI 100) for 0, 0.5, 1, 2, and 4 hours. The cells were washed thrice with PBS to remove unadhered H. pylori. The adherent rates of H. pylori (A) percentage and (B) intensity were detected using specific antibodies by flow cytometry. Data are expressed as means ± SD (in triplicate). Statistical analysis was performed for each measurement with comparisons with the HSFE cells at each time period (***P < 0.001).





Higher Lewis b and Sialyl-Lewis x Antigen Expressions in the GES-1 Cells Than in the HSFE Cells After H. pylori Challenge

Figure 3 shows Lewis b (Leb) and sialyl-Lewis x (sLex) antigen expressions after H. pylori challenge in the GES-1 and HSFE cells at 0-4 hours over time. H. pylori infection induced Leb and sLex antigen expressions in both GES-1 and HSFE cells in a time-dependent manner (Figures 3A–D). The percentage of Leb antigen expression in the GES-1 cells rapidly increased to a full expression (100%) after H. pylori challenge, however this was slower in the HSFE cells (Figure 3A). Moreover, the intensity of Leb antigen expression after challenge was significantly higher in the GES-1 cells than in the HSFE cells at each time period (Figure 3B). In addition, H. pylori induced a time-dependent increases in the percentage and intensity of sLex antigen expression in the GES-1 cells. However, the sLex antigen expression after challenge was significantly lower in the HSFE cells than in the GES-1 cells (Figures 3C, D).




Figure 3 | Lewis b (Leb) and sialyl-Lewis x (sLex) antigen expressions after H. pylori infection between GES-1 and HSFE cells over time. GES-1 (black triangles) and HSFE (gray squares) cells were challenged with H. pylori (MOI 100) for 0, 0.5, 1, 2, and 4 hours. The cells were washed thrice with PBS to remove unadhered H. pylori. The percentage and intensity of Leb (A, B) and sLex (C, D) expressions were detected using specific antibodies by flow cytometry. Data are expressed as means ± SD (in triplicate). Statistical analysis was performed for each measurement with comparisons with the HSFE cells at each time period (*P<0.05, **P < 0.01, ***P < 0.001).





Differential Cytokine and MAPK Induction Between the GES-1 and HSFE Cells by H. pylori

H. pylori infection induced the expressions of IL-8 and IL-6 cytokines in both the GES-1 and HSFE cells (Figures 4A, B). Interestingly, the cytokine levels induced by H. pylori were much higher in the HSFE cells than in the GES-1 cells. In addition, the Western blot results showed that H. pylori-induced MAPK phosphorylation activity reached the highest level at 1 hour, and that the induction levels were different between the GES-1 and HSFE cells (Figures 4C, D). In the GES-1 cells, H. pylori induced a persistently high p-JNK/JNK ratio, however the p-p38/p38 ratio was only transiently activated at 1 hour. The phosphorylation of ERK was not obviously induced (Figure 4E). However, in the HSFE cells, H. pylori activated MAPK activity at 1 hour, and then the levels decreased (Figure 4F). Comparing MAPK activity between the GES-1 and HSFE cells, H. pylori induced a significantly higher p-JNK/JNK ratio in the GES-1 cells than in the HSFE cells (Figure 4G). However, H. pylori induced higher p-p38/p38 (Figure 4H) and p-ERK/ERK (Figure 4I) ratios in the HSFE cells than in the GES-1 cells.




Figure 4 | Differences in H. pylori-induced cytokine expressions and phosphorylation of MAPK signaling between GES-1 and HSFE cells over time. GES-1 (black triangles) and HSFE (gray squares) cells were infected (solid) or not infected (hollow) with H. pylori (MOI 100) for 0, 0.5, 1, 2, and 4 hours. The levels of IL-8 (A) and IL-6 (B) were detected by ELISA. The phosphorylation of JNK, p-38, and ERK in GES-1 (C) and HSFE (D) cells after H. pylori challenging were measured by Western blot and were quantitated in (E, F), respectively. For comparisons of the differential MAPK activation between GES-1 and HSFE cells after H. pylori infection, the ratios of (G) p-JNK/JNK, (H) p-p-38/p-38, and (I) p-ERK/ERK are shown between GES-1 and HSFE cells. (*P < 0.05, **P < 0.01).





MAPK Activity Impacted the Intensity of H. pylori Colonization Differently in the GES-1 and HSFE Cells

We then evaluated whether H. pylori colonization intensity was associated with the differential phosphorylation activity of MAPKs between the GES-1 and HSFE cells. Figure 5 shows the impact of MAPK activation after H. pylori challenge on the colonization intensity in the GES-1 and HSFE cells. The GES-1 and HSFE cells were transfected with 10 ρg siRNA of p38, JNK, and ERK, with 8 μl RNAi MAX Lipofectamine. The siRNA transfection efficiency was confirmed by Western blot (Figure 5A). In the GES-1 cells, knockdown of JNK and ERK activity significantly impaired the H. pylori colonization density. However, p38 knockdown in the GES-1 did not affect H. pylori colonization density. In contrast to the GES-1 cells, knockdown of ERK, JNK, and p38 activity significantly increased H. pylori colonization intensity in the HSFE cells (Figure 5B).




Figure 5 | The impact of MAPK activation after H. pylori challenge on the colonization intensity between GES-1 and HSFE cells. GES-1 and HSFE cells were transfected with ERK, JNK, p38, and negative control (Neg) siRNA 10 ρg with 8 μl RNAi MAX Lipofectamine. The cells were then challenged with H. pylori (MOI 100) for 1 hour. (A) SiRNA transfection efficiency was confirmed by Western blot. (B) The intensity of H. pylori colonization was detected by flow cytometry using specific antibodies. Each test was in triplicate. Data are expressed as means ± SD. Statistical analysis was performed for each measurement with comparisons to the negative control. **P < 0.01, ***P < 0.001).





p-JNK Activity Affected the Intensity of Gastric Lewis Antigen Expression

As p-JNK activity was shown to have the greatest impact on the difference in H. pylori colonization density between the GES-1 and HSFE cells, we further investigated whether p-JNK activity affected differences in Lewis antigen expressions between the GES-1 and HSFE cells using siRNA and a p-JNK inhibitor (Figures 6A, B). Knockdown of JNK activity significantly decreased Leb antigen intensity in GES-1 cells after H. pylori challenge but significantly increased the Leb antigen intensity in HSFE cells (Figure 6A). However, only sLex antigen intensity was significantly upregulated in the HSFE cells after H. pylori challenge by JNK knockdown (Figure 6B). Moreover, pretreatment with a p-JNK inhibitor also decreased Leb and H. pylori colonization intensities in GES-1 cells (Figure 6C) and increased the Leb, sLex, and H. pylori colonization intensities in HSFE cells (Figure 6D). Both effects displayed a dose-dependent manner.




Figure 6 | The impact of p-JNK activity on the intensity of Lewis antigen expression in GES-1 and HSFE cells. GES-1 and HSFE cells were transfected with JNK (black) and negative control (white) siRNA 10 ρg with 8 μl RNAi MAX Lipofectamine. The cells were challenged with H. pylori (MOI 100) for 1 hour. The intensity of (A) Leb and (B) sLex antigen expressions were detected using specific antibodies by flow cytometry. Pretreatment with a p-JNK inhibitor in (C) GES-1 and (D) HSFE cells at different doses (0, white; 12.5 μM, gray; 25 μM, black) for 1 hour. The cells then were co-cultured with H. pylori (MOI 100) for 1 hour. The intensity of H. pylori colonization, Leb, and sLex antigen expressions were detected using specific antibodies by flow cytometry. Data are expressed as means ± SD (in triplicate). Statistical analysis was performed with each measurement with comparisons to the negative control. (*P < 0.05, **P < 0.01, ***P < 0.001).





Differential MAPK Activation in Gastric Biopsies After H. pylori Infection Between Adults and Children

To confirm that H. pylori activates different gastric MAPK expressions in children and adults, we investigated the intensity of MAPK expressions in gastric biopsies using immunohistochemistry staining. Figure 7 shows the mean intensity scores of p-JNK, p-p38, and p-ERK on gastric antrum between children and adults with and without H. pylori infection (each n = 4). The intensity scores were compared topographically in superficial epithelium (SE), deep glandular (DG), and lamina propria (LP) cells. The results showed that the children without H. pylori infection had higher antral p-p38 scores in SE, DG, and LP cells than adults without infection (Figure 7B). The p-JNK scores in children were also higher than those in adults in DG and LP cells. Importantly, the mean p-JNK score in the SE cells was equivalent between the children and adults (Figure 7A). In addition, the mean p-ERK score was not different between the adults and children topographically (Figure 7C). In adults with H. pylori infection, the mean p-JNK score was significantly higher in the DG cells compared to those without infection (Figure 7A). Furthermore, H. pylori-infected adults also had a higher p-p38 score in the SE cells than non-infected subjects (Figure 7B). In children, H. pylori infection did not significantly upregulate p-JNK, p-p38, or p-ERK scores, except for a significantly higher p-JNK score in the LP cells than in those without infection (Figure 7A). There were no significant differences in p-ERK scores between the adults and children with and without H. pylori infection (Figure 7C).




Figure 7 | The intensity scores of p-JNK, p-p38, and p-ERK in gastric biopsy samples between children and adults with and without H. pylori infection. Tissue sections including topographical specimens from the antrum in adults and children with and without H. pylori infection (each group, n = 4), were subject to immunohistochemical staining to analyze the intensity of (A) p-JNK, (B) p-p38, and (C) p-ERK MAPK expressions. The sores were stratified into superficial epithelium cells (SE), deep glandular cells (DG), and lamina propria (LP) mononuclear and stromal cells in the nucleus. (*P < 0.05, **P < 0.01).





Overexpression of p38 Repressed H. pylori-Induced p-JNK in the GES-1 Cells

As the pediatric gastric biopsies generally expressed higher p38 activity than those of the adults, and as H. pylori induced higher p38 phosphorylation in the HSFE cells than in the GES-1 cells, we further investigated whether the overexpression of p38 in GES-1 cells (GES-1p38+) could abolish H. pylori-induced JNK phosphorylation (Figure 8). The results showed that GES-1 cells infected with H. pylori had a significantly higher p-JNK/JNK ratio than the controls at 0.5 hours (P<0.001) and 1 hour (P<0.001). Moreover, we confirmed again that H. pylori-infected GES-1p38+ cells significantly reduced p-JNK activity at 0.5 hours (P<0.001) and 1 hour (P<0.001) compared to GES-1 cells after H. pylori infection (Figure 8). These results indicated that the higher gastric p38 activity in children counteracted the JNK phosphorylation after H. pylori infection, and that this may contribute to the lower gastric Lewis antigen expression and bacterial density in children than in adults with H. pylori infection.




Figure 8 | The translation levels of p-JNK, p-p38, and p-ERK in GES-1 and GES-1p38+ (GES-1 overexpression of p38) after H. pylori infection. p38 Human Tagged ORF Clone was transfected using TransIT-X2 into GES-1 cells. The TransIT-X2/DNA complex was then added to each area of the dish. The ratios of p-JNK/JNK in GES-1 and GES-1p38+ cells after H. pylori infection over time are shown. Each ratio was compared to the results at 0.5 hours in the controls. Each test was performed in triplicate. (****P < 0.0001).






Discussion

In this study, we found that H. pylori induced JNK phosphorylation in vivo and in vitro, which then upregulated the expressions of gastric Lewis antigens and subsequent bacterial colonization density. The differences in p-JNK indication may explain the variety in bacterial colonization density between adults and children after H. pylori infection. These findings clearly show that although H. pylori initiates colonization in childhood, as the age increases, H. pylori induces vigorous JNK activity which upregulates gastric Lewis antigen expressions and higher bacterial load in the host. This is the reason why H. pylori-infected adults have more severe gastric inflammation and disease than children.

In this study, we used HSFE cells, which are derived from prenatal stomach tissue (HFSC) to represent immature (child) gastric epithelium. We also confirmed the property of gastric epithelial cells according to the presence of MUC5AC mucin. Consistent with clinical findings (14–16), the adult primary epithelial cell (GES-1) in the current study had a higher bacteria density than the HSFE cells after H. pylori infection. Moreover, the percentage and intensity of H. pylori load in the GES-1 cells increased rapidly than in the infected HSFE cells (Figure 2). Moreover, the percentage of H. pylori adherence was consistent with the Leb and sLex expressions in both the GES-1 and HSFE cells after H. pylori infection (Figure 3). Thus, our in vitro study conformed again that a higher H. pylori-induced Lewis antigen expression in adults could contribute to the higher H. pylori load than in children.

Several previous studies have shown that H. pylori induces gastric Th1 and Th17 immune responses, and that these responses vary according to age and may determine the differences in outcomes between children and adults after H. pylori infection (8–12). In our previous studies, we found differences in H. pylori-induced Leb and sLex antigen expressions between adults and children in human and animal studies (14–16). In the current study, the IL-8 and IL-6 cytokine levels induced by H. pylori were much higher in the HSFE cells than in the GES-1 cells. This is consistent with a previous study which reported that the gastric concentration of IL-6 was usually higher in H. pylori-infected children than in adults (8). In addition, Padró et al. found that the expressions of fucosyltransferases involved in the synthesis of Lewis antigens in gastric cancer cells could be specifically modulated by IL-1β and IL-6 inflammatory cytokines (21). Moreover, inflammatory cytokines have been shown to modulate the glycosylation pattern of pancreatic tumor cells, leading to increased expressions of tumor-associated sialylated antigens such as sLex (22). However, it is unclear whether the gastric inflammatory signaling pathway-related Lewis antigen induction after H. pylori infection is age-dependent, and whether it mediates the difference in H. pylori colonization density between children and adults.

H. pylori infection has been reported to induce MAPK activation in primary gastric cells (23). In the current study, we not only confirmed this finding but also clarified that the MAPK responses were different between infected children and adults (Figure 4). Both p-38 and ERK activations were higher in the HSFE cells than in the GES-1 cells after H. pylori infection. In contrast, H. pylori-infected GES-1 cells had significantly higher JNK activation than HSFE cells. Previous studies have shown that H. pylori-induced p38 and ERK MAPK activation can affect gastric mucin synthesis (18, 19). Therefore, we hypothesize that the higher p-38 expression in children counteracting the JNK activity after H. pylori infection results in lower Lewis antigen production and H. pylori density than in adults. We used MAPK inhibitors to investigate the effect of MAPK activation on colonization density. Interesting, JNK inhibition significantly decreased colonization density in GES-1 cells but increased colonization density in HSFE cells. Furthermore, p-38 inhibition significantly increased colonization density in HSFE cells, but did not alter colonization density in GES-1 cells (Figure 5). Our in vitro findings are the first to identify the different consequences of MAPK activation on differences in bacterial and Lewis antigen densities in children and adults after H. pylori infection.

In comparisons of the phosphorylation of MAPKs between gastric biopsies of children and adults, this study is the first to find higher activations of JNK and p-38 in children than in adults without H. pylori infection. Because both the children and adults were dyspeptic, factors other than H. pylori-induced MAPK activation in those without H. pylori infection were unknown. Consistent with the in vitro study, the H. pylori-infected adults had significantly upregulated JNK activity compared to the infected children. However, the results were different to the in vitro study for p-38 and ERK activation. In the transfection study, the overexpression of p38 could inhibit JNK activity in the GES-1 cells. This confirmed that a higher p38 activity in the gastric epithelium could suppress JNK expression and possibly lead to the lower Leb/bacterial density in children than in adults. Taken together, our results imply that JNK activation is the key factor for the differences in cytokine induction, Lewis antigen expression, and colonization load between children and adults after H. pylori infection.

In conclusion, our findings show that differences in the H. pylori-induced MAPK signaling pathway, which regulates Lewis antigen expression and bacterial density, may be responsible for the differences in clinical outcomes between children and adults.
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EpCAM deficiency causes congenital tufting enteropathy (CTE) which is considered as one kinds of very early onset inflammatory bowel disease (IBD). However, functions of EpCAM on regulating the immunity of intestines are still unclear. To study the mechanism of EpCAM on maintaining the intestinal immune homeostasis, the intestines of WT and EpCAM-/- mice at E18.5, P0 and P3 stages were collected for morphological, histological and gene expression tests. Serious inflammation was detected in the small intestines of P3 EpCAM-/- mice. Compared to WT mice, genes related to inflammatory factors and immunity cells, including TNFα, IL-1β, IL-6, IL-8rb, MIP2, MCP1, Ly6d and Ly6g, were all significantly upregulated and the expression of intestinal abundance matrix metalloproteinases (MMPs) was also significantly increased in the intestines of EpCAM-/- mice at E18.5, P0 and P3 stages. Signals of p38, ERK1/2 and JNK were hyper-activated in the intestines of EpCAM-/- mice. The expression of pIgR was significantly decreased and the expression and activation of transcriptional factors which promote the expression of pIgR were also reduced in the intestines of EpCAM-/- mice compared to WT controls. In conclusion, EpCAM could maintain the immune homeostasis of intestines via keeping the expression of pIgR in the intestinal epithelium.
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Introduction

EpCAM is highly expressed in the intestinal epithelium, and the mutation of loss of function of EpCAM is associated with congenital tufting enteropathy (CTE) (1–4). CTE causes lethal diarrhea in newborns, and it is considered as one kinds of very early onset inflammatory bowel disease (5, 6). Previous studies demonstrated that impaired tight junctions in the intestinal epithelium of EpCAM mutant mice and patients was one of the important mechanisms of the severe diarrhea of them (7, 8). However, the inflammatory situation in EpCAM mutant mice and patients is still controversial. In some early clinical studies, histological results only showed mild to no inflammatory change in intestines of CTE patients (9). However, some researchers found significant increased plasma cells, eosinophils and lymphocytes in both small and large intestines of all the 8 CTE patients that they studied (10). Several reports confirmed that Claudin-7 was nearly lost at the protein level in the intestinal epithelium of EpCAM deficient mice and patients (2, 7, 8, 11, 12), and knockout of Claudin-7 caused inflammation in the intestines of mice (13–15). One previous study reported the inflammatory infiltration in intestines of EpCAM-/- mice at postnatal day 4 (P4) (8). Hence, it is still essential to analyze the inflammatory situation and related mechanisms in EpCAM mutant mice and patients.

The dysregulation of intestinal immune homeostasis is one of the important mechanisms on the occurrence of inflammation in the mammalian gut (16, 17). The specialized innate and adaptive immune components are tightly regulating the immune response to various challenges in the intestines (18). Among these immune components, immunoglobulin A (IgA) and IgM are the first specific immunological defenses against infection in the intestinal lumen (19). IgA and IgM are produced by plasma cells under the intestinal epithelium (20), and are transported across the intestinal epithelial cells (IECs) by the polymeric immunoglobulin receptor (pIgR) localized at the basolateral surface of IECs (21). The transepithelial transport of IgA was found to be severely blocked in pIgR-/- mice (22). Recent study reported that pIgR-/- mice showed delayed growth and low-grade gut inflammation (23). Several transcriptional factors function to regulate the transcription of pIgR under the control of multiple signal pathways. IRF1 induces the transcription of pIgR through binding to the cognate element in intron 1 of it, and STAT1 mediates the function of IFNγ on the de novo transcription of IRF1 (24, 25). STAT6 binds to the cognate element in intron 1 of pIgR gene and mediates the function of IL-4 on regulating the transcription of pIgR (24, 25). NF-κB also can induce the transcription of pIgR via binding to the element in the intron 1 of it (24, 25). EpCAM is also enriched at the basolateral membrane of IECs, and it interacts with components of several signaling pathways on membrane of cells (2, 26). However, the relationship between EpCAM and pIgR is still unclear.

In the present study, the inflammatory situation in intestines of EpCAM-/- mice was confirmed at both tissue and molecular levels. The downregulation of pIgR and transcriptional factors which control the expression of pIgR in the intestinal epithelium might be the important mechanism of the occurrence of inflammation in the intestines of EpCAM-/- mice. Our discovery encouraged the exploration for mechanisms on maintaining the immune homeostasis of the mammalian intestines.



Materials and Methods


Mice

All animal experimental procedures were approved by the Experimental Animal Ethics Committee of Guangdong Pharmaceutical University. WT and EpCAM-/- embryos and pups were got from mating the EpCAM+/- parental mice previously generated (27). EpCAM+/- mice were maintained on C57BL/6 background. Mice were housed in the SPF mouse facility, at 25°C, 12hr light-dark cycle, 60-65% humidity, with free access to water and food.



Hematoxylin and Eosin (H&E) Staining

The duodenum, jejunum, ileum and colon which were collected from mouse embryos and pups were fixed in 4% paraformaldehyde in PBS at 4°C for overnight and then were embedded in paraffin for H&E staining. The 4-µm-thick paraffin sections were stained with hematoxylin (H9627, Sigma-Aldrich) for 3 min and then followed with eosin (E4009, Sigma-Aldrich) for 20 sec at room temperature. The images of the sections were taken with the PerkinElmer Automated Quantitative Pathology System (PerkinElmer, Inc.).



Immunostaining

For immunostaining, intestinal tissues were fixed in 4% paraformaldehyde in PBS at 4°C for overnight and then were embedded in optimal cutting temperature compound (OCT) (Sakura Finetek). 7-µm-thick frozen sections were boiled in 50 mM sodium citrate buffer solution (pH=6.0) for antigen retrieval, then were blocked using 1% BSA in PBS at room temperature for 1 hour. Subsequently, the sections were incubated with primary antibodies in PBS with 1% BSA at 4°C for overnight, and then incubated with secondary antibodies in PBS with 1% BSA at room temperature for 1 hour. The primary antibodies included rabbit anti-EpCAM (1:200; ab71916; Abcam), rabbit anti-mouse IgA secondary antibody (1:1000; NB7506; Novus) and rabbit anti-Claudin-7 (1:200; 34-9100; Thermo Fisher Scientific, Inc.). Immunohistochemical analysis was performed with biotin-conjugated goat-anti-rabbit secondary antibody (JAC-111-065-144, Jackson ImmunoResearch), HRP-ABC complex (CA 94010, VECTASTAIN) and DAB (LF778, DOJINDO Laboratories), and immunofluorescence analysis was performed with Alex Fluor 488-labeled secondary antibodies (Invitrogen). The immunostaining images were observed using the PerkinElmer Automated Quantitative Pathology System.



qRT-PCR

Total RNA was extracted from each small or large intestinal tissue from embryos and pups using Trizol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), and then was subjected to reverse transcription using the PrimeScript™ RT Reagent kit (Takara Bio, Inc.) at 37°C for 15 min and then 85°C for 5 sec. qPCR was performed using the SYBR Premix Ex Taq kit (Takara Bio, Inc.) in the LightCycler 480II System (Roche, Inc.). The processes of cycling were as followed: 95°C for 30 sec; and then 40 cycles of 95°C for 5 sec, 60°C for 20 sec and 65°C for 15 sec. GAPDH was used as the reference. All primers used for qPCR in the present study were listed in Table S1.



Western Blot

The small or large intestinal tissues from embryos and pups were lysed in Radio-Immunoprecipitation Assay lysis buffer (Dalian Meilun Biotechnology co., Ltd.), and then were centrifuged at 13,680 x g, at 4°C, for 30 min, and then the supernatant was harvested. Protein concentration was measured using BCA kit (P0011, Beyotime). After that, equal amounts of protein were separated using the SDS-PAGE (8-12% gel), and subsequently were transferred to PVDF membrane. The PVDF membrane was blocked with 5% skimmed milk in TBST buffer at room temperature for 1 hour, then was incubated with primary antibodies at 4°C for overnight, and then was incubated with HRP (horseradish peroxidase)-labeled secondary antibodies, the signals were detected using enhanced chemiluminescence reagent. The quantification of WB bands was analyzed using the ImageJ software (version 1.53a). The primary and secondary antibodies used for WB were listed in Table S2.



Statistical Analysis

Statistical analysis was determined via the SPSS software (version 23.0; IBM Corp.). Mean ± SEM was used to express data. Mann–Whitney U test was conducted to compare difference between two groups, and the P-value <0.05 was considered to be significant.




Results


EpCAM Deficiency Caused Serious Intestinal Inflammation in Postnatal Mice

To test if the mutation of EpCAM could induce inflammation in the intestines, embryos and pups at E18.5, P0 and p3 stages from EpCAM+/- parental mice were harvested and both WT and EpCAM-/- individuals were selected for experiments. The EpCAM-/- pups at P0 stage still looked no significant difference with the WT and heterozygotes pups from the same littermates (Supplementary Figure 1A). However, the body size of EpCAM-/- pups at P3 stage was significantly smaller than that of WT and EpCAM+/- pups from the same littermates (Figure 1A). The morphology of intestines from the P0 EpCAM-/- pups was still normal (Supplementary Figure 1B). The length of small intestines from EpCAM-/- pups at P0 stage was slightly but significantly shorter than that from WT pups (Supplementary Figure 1C). The intestines from P3 EpCAM-/- pups were significantly shorter than that from the WT pups at the same stages, especially for the small intestines; and blood could be found in the lumen of intestines of the P3 EpCAM-/- pups (Figure 1B and Supplementary Figure 1C). The tufting of villi could be observed in the intestines of EpCAM-/- pups at both P0 and P3 stages (Figure 1C and Supplementary Figure 1D). Proteins of EpCAM could not be detected in the intestinal epithelium of EpCAM-/- pups (Figure 1D). The Claudin-7 proteins also could not be detected in the intestines of EpCAM-/- embryos (Supplementary Figure 1E). These results demonstrated that the EpCAM-/- mice in the present study could be used as animal models of CTE.




Figure 1 | EpCAM deficiency caused inflammation in the intestines of postnatal mice. (A) A littermate of P3 pups from one pair of EpCAM+/- parental mice. (B) The images of intestines from WT and EpCAM-/- pups at P3 stage. (C) Images of H&E staining of duodenum, jejunum, ileum and colon from WT and EpCAM-/- pups at P3 stage. (D) Images of the immunohistochemical staining of EpCAM in the sections of duodenum, jejunum, ileum and colon from WT and EpCAM-/- pups at P0 stage.



The H&E staining results showed that the small intestines of EpCAM-/- pups were slightly damaged at P0 stage and numbers of inflammatory cells were also slightly increased in the small intestines of EpCAM-/- pups at this stage, especially for the jejunum sections (Supplementary Figure 1D). At P3 stage, the small intestines of EpCAM-/- pups were seriously damaged and numbers of infiltrated inflammatory cells were also significantly increased in these sections (Figure 1C). However, colons of EpCAM-/- pups still looked normal at both P0 and P3 stages (Figure 1C and Supplementary Figure 1D). These results indicated the occurrence of serious inflammation in small intestines of postnatal EpCAM-/- mice.



EpCAM Deficiency Induced the Upregulation of Genes Related to Inflammatory Factors and Immunity Cells in the Intestines of Mice

To confirm the occurrence of inflammation in the intestines of EpCAM-/- mice, the mRNA levels of genes related to inflammatory factors and immunity cells were checked. At E18.5 stage, the mRNA levels of IL-1β, IL-6, IL-8rb, MIP-2 and MCP-1 were all significantly increased to 2-3 folds in the small intestines of EpCAM-/- embryos compared to the WT mice (Figure 2A). The mRNA level of F4/80, which is the cell surface marker of macrophages (15, 28), increased to around 2 folds and the transcriptional level of the marker of neutrophils Ly6g (15) was increased to around 30 folds in the small intestines of EpCAM-/- embryos compared to WT embryonic small intestines, and the mRNA level of Ly6d, which is one of the novel inflammation markers (29), was also increased nearly 30 folds in the small intestines of EpCAM-/- mice (Figure 2E). In the large intestines of E18.5 EpCAM-/- mice, the mRNA levels of IL-1β, MIP2 and MCP-1were all significantly higher than WT embryos (Figure 2B). The mRNA levels of Ly6d and Ly6g were also increased nearly 50 folds in the large intestines of EpCAM-/- embryos at E18.5 stage, although the mRNA level of F4/80 was significantly decreased in the large intestines of EpCAM-/- E18.5 embryos (Figure 2E). At P3 stage, the mRNA levels of TNFα, IL-1β, IL-6, IL-8rb, COX-2, MIP-2 and MCP-1 were all significantly increased from 2 to nearly 7 folds in the small intestines of EpCAM-/- mice (Figure 2C). Although the mRNA level of F4/80 was significantly decreased in the small intestines of P3 EpCAM-/- mice, the mRNA levels of Ly6d and Ly6g were all significantly increased in small intestines of EpCAM-/- pups at P3 stages compared to P3 WT pups (Figure 2E). In large intestines of P3 pups, the mRNA levels of TNFα, IL-1β, IL-6, IL-8rb, MIP-2 and MCP-1 were all significantly increased (Figure 2D). The mRNA levels of Ly6d and Ly6g in the large intestines of P3 EpCAM-/- pups were 5-fold and nearly 100-fold higher than those of WT pups, respectively; although the mRNA level of F4/80 had no significant change in the large intestines of EpCAM-/- pups at P3 stage (Figure 2E). The changes of mRNA levels of these genes in the intestines of EpCAM-/- mice at P0 stage were shown in Supplementary Figure 2. These results confirmed that EpCAM deficiency induced severe inflammation in the intestines of mice.




Figure 2 | EpCAM deficiency induced the upregulation of genes related to inflammatory factors and the infiltration of inflammatory cells in the intestines of mice. (A, B) Graphs showed the relative mRNA expression levels of TNF-α, IL-1β, IL-4, IL-6, IL-8rb, COX-2, MIP-2 and MCP-1 in the (A) small and (B) large intestines from WT and EpCAM-/- embryos at E18.5 stage (n=6). (C, D) Graphs showed the relative mRNA expression levels of TNF-α, IL-1β, IL-4, IL-6, IL-8rb, COX-2, MIP-2 and MCP-1 in the (C) small and (D) large intestines from WT and EpCAM-/- pups at P3 stage (n=6). (E) qPCR results of F4/80, Ly6d and Ly6g from the small and large intestines of WT and EpCAM-/- mice at E18.5 and P3 stages, respectively (n=6). *p < 0.05, **p < 0.01, as determined by Mann–Whitney U test. All error bars represent SDs.





EpCAM Deficiency Caused the Hyper-Activation of MAPK Signal Pathways in the Intestines of Mice

Signal pathways related to inflammatory response were subsequently tested for further confirm of the occurrence of inflammation in the intestines of EpCAM-/- mice at molecular levels. The phosphorylation levels of JNK were significantly elevated in small intestines of EpCAM-/- mice at E18.5, P0 and P3 stages compared to the WT mice, although there was no significant difference of the total protein of JNK in the small intestines between WT and EpCAM-/- mice at these stages (Figures 3A, C, E). The p-JNK levels were also significantly increased in the large intestines of EpCAM-/- mice at both E18.5 and P0 stages compared to WT mice at the same stages, and the total protein levels of JNK were similar between EpCAM-/- and WT mice at these two stages (Figures 3B, D). However, the total protein level of JNK was reduced in the large intestines of EpCAM-/- mice compared to WT mice at P3 stage, and the level of p-JNK was only slightly increased in the large intestines of P3 EpCAM-/- mice compared to WT pups (Figure 3F). The levels of phosphorylated p38 were elevated in both small and large intestines of EpCAM-/- mice at E18.5 stage compared to WT embryos, and the total protein had no significant change in small intestines of EpCAM-/- mice although it was increased in the large intestines of EpCAM-/- mice at E18.5 stage (Figures 3A, B). The phosphorylation levels of p38 were significantly elevated in both small and large intestines of EpCAM-/- pups at P0 and P3 stages compared to WT pups, and the levels of total protein of p38 showed no significant change in both small and large intestines of EpCAM-/- pups at these stages (Figures 3C–F). The phosphorylation levels of ERK1/2 were all significantly increased in both small and large intestines of EpCAM-/- mice at E18.5, P0 and P3 stages compared to WT mice at same stages, and the levels of total protein of ERK1/2 were similar in the intestines of both WT and EpCAM-/- mice at these stages (Figures 3A–F). These results indicated that the inflammation related MAPK signals were hyper-activated in both small and large intestines of EpCAM-/- mice at E18.5, P0 and P3 stages.




Figure 3 | EpCAM deficiency caused the hyper-activation of inflammation related MAPK signal pathways in the intestines of mice. (A, B) Western blot results of p-p38, p38, p-JNK, JNK, p-ERK1/2 and ERK1/2 in (A) the small intestines and (B) large intestines from WT and EpCAM-/- embryos at E18.5 stage (n=3). (C, D). Western blot results of p-p38, p38, p-JNK, JNK, p-ERK1/2 and ERK1/2 in (C) the small intestines and (D) large intestines from WT and EpCAM-/- pups at P0 stage (n=3). (E, F) Western blot results of p-p38, p38, p-JNK, JNK, p-ERK1/2 and ERK1/2 in (E) the small intestines and (F) large intestines from WT and EpCAM-/- pups at P3 stage (n=3).





EpCAM Deficiency Upregulated the Expression of Genes for Matrix Metalloproteinases in the Intestines of Mice

To study the molecular mechanism on inducing the serious damage of the intestines of EpCAM-/- mice, the expression levels of intestinal abundant matrix metalloproteinases (MMPs) were checked. Although the mRNA level of MMP8 was only significantly higher in the small intestines of P3 EpCAM-/- pups than that of WT mice, the protein levels of it were clearly elevated in both small and large intestines of EpCAM-/- mice at E18.5, P0 and P3 stages compared to WT mice (Figures 4A–F). Both mRNA and protein levels of MMP7 were all clearly increased in the small and large intestines of EpCAM-/- mice at E18.5 and P3 stages compared to the WT mice at these two stages (Figures 4A, B, E, F). The mRNA levels of MMP7 were also significantly increased in both small and large intestines of P0 EpCAM-/- pups compared to WT pups, but the protein levels of MMP7 showed no significant difference in both small and large intestines of WT and EpCAM-/- pups at P0 stage (Figures 4C, D). The mRNA level of MMP3 was also increased from 3 to nearly 100 folds in the intestines of EpCAM-/- mice at E18.5, P0 and P3 stages compared to WT mice, and proteins of MMP3 elevated in small intestines of P0 EpCAM-/- pups and in both small and large intestines of P3 EpCAM-/- pups compared to WT mice (Figures 4A–F). The mRNA levels of MMP10, 12, 13 and 19 were also significantly upregulated in most parts of intestines from EpCAM-/- mice (Figures 4A–F). These results indicated that the increase of MMPs might be one of the important reasons for the damage of intestines from EpCAM-/- pups.




Figure 4 | EpCAM deficiency induced the overexpression of genes for matrix metalloproteinases in the intestines of mice. (A, B) The relative mRNA expression levels of Mmp2, 3, 8, 10, 12, 13 and 19 (n=6) and the Western blot results of MMP3, 7 and 8 (n=3) in the (A) small and (B) large intestines from WT and EpCAM-/- embryos at E18.5 stage. (C, D) The relative mRNA expression levels of Mmp2, 3, 8, 10, 12, 13 and 19 (n=6) and the Western blot results of MMP3, 7 and 8 (n=3) in the (C) small and (D) large intestines from WT and EpCAM-/- pups at P0 stage. (E, F) The relative mRNA expression levels of Mmp2, 3, 8, 10, 12, 13 (n=6) and 19 and the Western blot results of MMP3, 7 and 8 in the (E) small and (F) large intestines from WT and EpCAM-/- pups at P3 stage (n=3). *p < 0.05, **p < 0.01, as determined by Mann–Whitney U test. All error bars represent SDs.





EpCAM Deficiency Downregulated the Expression of pIgR in the Intestines of Mice

In order to analyze the mechanism on causing the inflammation in the intestines of EpCAM-/- mice, the expression levels of IgA, IgM and pIgR related genes were first checked. The mRNA levels of Igha and Ighm were tested, and there was no significant difference of Igha in small intestines between WT and EpCAM-/- mice at E18.5 and P0 stages (Supplementary Figure 3A). However, the transcriptional level of Igha was significantly reduced in the small intestines of P3 EpCAM-/- mice (Supplementary Figure 3A). The mRNA level of Igha showed no significant change in large intestines of EpCAM-/- mice at E18.5 and P3 stages, but it was significantly reduced in the large intestines of EpCAM-/- mice at P0 stage (Supplementary Figure 3A). The transcriptional levels of Ighm had no significant change in both small and large intestines of EpCAM-/- mice at E18.5 and P0 stages, but they were significantly reduced in both small and large intestines of EpCAM-/- mice at P3 stage compared to WT pups (Supplementary Figure 3B). The immunostaining results showed no clear difference of the protein levels of IgA in both small and large intestines between WT and EpCAM-/- mice at E18.5 and P3 stages (Supplementary Figure 3C).

The proteins of pIgR were hard to be detected in both small and large intestines of EpCAM-/- mice at E18.5, P0 and P3 stages, although they are highly expressed in the intestines of WT mice (Figures 5A–F). The mRNA levels of pIgR were also significantly lower in the small intestines of EpCAM-/- mice at E18.5, P0 and P3 stages than that of WT mice, but there was no significant change of the transcriptional expression of pIgR in the large intestines of EpCAM-/- mice at these stages (Figures 5A–F). These results demonstrated that the reduction of pIgR might be one of the important mechanisms of the occurrence of inflammation in the intestines of EpCAM-/- mice.




Figure 5 | EpCAM deficiency caused the downregulation of pIgR in the intestines of mice. (A) The mRNA (n=6) and protein (n=3) expression levels of pIgR in the small intestines from WT and EpCAM-/- embryos at E18.5 stage. (B) The mRNA (n=6) and protein (n=3) expression levels of pIgR in the large intestines from WT and EpCAM-/- embryos at E18.5 stage. (C) The mRNA (n=6) and protein (n=3) expression levels of pIgR in the small intestines from WT and EpCAM-/- pups at P0 stage. (D) The mRNA (n=6) and protein (n=3) expression levels of pIgR in the large intestines from WT and EpCAM-/- pups at P0 stage. (E) The mRNA (n=6) and protein (n=3) expression levels of pIgR in the small intestines from WT and EpCAM-/- pups at P3 stage. (F) The mRNA (n=6) and protein (n=3) expression levels of pIgR in the large intestines from WT and EpCAM-/- pups at P3 stage. **p < 0.01, as determined by Mann–Whitney U test. All error bars represent SDs.





EpCAM Deficiency Downregulated the Transcriptional Factors Which Regulated the Expression of pIgR in the Intestinal Epithelium of Mice

The transcriptional levels of most genes related to signaling pathways which regulate the transcription of pIgR, including TLR2, TLR4, Myd88, Stat1, Stat6, IFNγ, IRF1, p50, p100, JAK1 and JAK3, were not significantly changed in both small and large intestines of EpCAM-/- mice at E18.5 stage compared to WT mice, although the mRNA of p65 was significantly increased in the small intestines and the mRNA of Relb and TLR4 was also significantly increased around 3 folds in the large intestines of EpCAM-/- mice at E18.5 stage (Figure 6A and Supplementary Figure 4A). However, at P3 stage, the mRNA levels of IRF1, Stat1, Stat6, Myd88, IFNγ, JAK1 and JAK3 were all significantly reduced in the small intestines of EpCAM-/- mice compared to WT pups, but the mRNA levels of Relb, TLR2 and TLR4 were 2-3 folds higher in the small intestines of EpCAM-/- mice than that of WT pups (Figure 6B). The mRNA levels of most of these genes showed no significant change in the large intestines of P3 EpCAM-/- mice except the slightly significant increase of TLR4 (Supplementary Figure 4B). The protein levels of IRF1 were significantly reduced in both small and large intestines of EpCAM-/- mice at E18.5 and P3 stages, and they were even hard to be detected in the small intestines of EpCAM-/- mice (Figures 6C, D and Supplementary Figures 4C, D). Both the activated and total proteins of STAT1were decreased in the small intestines of EpCAM-/- P3 pups and in the large intestines of EpCAM-/- E18.5 embryos, although there were no significant differences of them in the E18.5 small intestines and P3 large intestines between WT and EpCAM-/- mice (Figures 6C, D and Supplementary Figures 4C, D).




Figure 6 | EpCAM deficiency caused the changes of signaling pathways which regulate the expression of pIgR in the epithelial cells from the small intestines of mice. (A, B) Graphs showed the qPCR results of Irf1, Stat1, Stat6, p50, p65, p100, Relb, Tlr2, Tlr4, Myd88, IFNγ, Jak1 and Jak3 in the small intestines from WT and EpCAM-/- mice at (A) E18.5 and (B) P3 stages, respectively (n=6). (C, D) Western blot results of IRF1, p-STAT1, STAT1, p-JAK2, JAK2, MYD88, p-p65, p65, p-STAT6 and STAT6 in the small intestines from WT and EpCAM-/- mice at (C) E18.5 and (D) P3 stages, respectively (n=3). *p < 0.05, **p < 0.01, as determined by Mann–Whitney U test. All error bars represent SDs.



The levels of phosphorylated STAT6 were significantly reduced in the small intestines of EpCAM-/- mice at E18.5 and P3 stages, although the total protein of STAT6 showed no significant change in these small intestines (Figures 6C, D). However, both the total and phosphorylated proteins of STAT6 were all reduced in the large intestines of EpCAM-/- mice at E18.5 and P3 stages (Supplementary Figures 4C, D). Both the activated and total proteins of p65 were all clearly reduced in small and large intestines of EpCAM-/- mice at E18.5 and P3 stages (Figures 6C, D and Supplementary Figures 4C, D). The changes of the expression of these genes in EpCAM-/- mice at P0 stage were shown in Supplementary Figure 5.

The above results demonstrated that the expression and activation of transcriptional factors which induce the transcription of pIgR, including IRF1, Stat6 and NF-κB, were all downregulated in the intestinal epithelium of EpCAM-/- mice. The downregulation of these transcriptional factors might be the important reasons for the reduction of the expression of pIgR in the intestines of EpCM-/- mice.




Discussion

Herein, we uncovered a new role of EpCAM in maintaining the intestinal immune homeostasis. We first confirmed the occurrence of serious inflammation in the intestines of postnatal EpCAM-/- mice through morphological and histological methods. Then, qPCR results showed the significant increase of genes related to inflammatory factors and immunity cells in both small and large intestines of EpCAM-/- mice. After that, Western blot results demonstrated the hyper-activation of inflammation related MAPK signal pathways in the intestines of EpCAM-/- mice. Then, we found that several intestinal abundant MMPs were upregulated in the intestines of EpCAM-/- mice. Finally, we discovered that pIgR and transcriptional factors which induce the transcription of pIgR, including IRF1, STAT6 and NF-κB, were all downregulated in the intestines of EpCAM-/- mice. These results indicated the function and mechanism of EpCAM on maintaining the immune homeostasis of intestinal epithelium.

Because of the rarity and severity of CTE (3), it is difficult to analyze the inflammatory situation in each segments of intestines from patients at various stages. Most previous studies of EpCAM-/- mice focused on cell-cell junctions in the intestinal epithelium and detected the loss of Claudin-7 proteins in the intestinal tissue of them (7, 8). The Claudin-7 proteins were also nearly lost in the intestines of EpCAM-/- mice in the present study (Supplementary Figure 1E). The intestines of Claudin-7 knockout mice were still normal at P0 stage, but serious inflammation occurred in both small and large intestines within 3 to 5 days after birth (13). Previous study reported that the occurrence of edema and inflammatory infiltration in the small intestines of EpCAM-/- pups at P4 stage, but the colon of these mice was unaffected (8). However, knockdown of EpCAM in the colon of mice also could increase the severity of dextran sulfate sodium salt (DSS)-induced murine inflammatory bowel disease (IBD) (30). The infiltration of inflammatory cells could be detected at P0 stage in the small intestines of the EpCAM-/- mice in the present study, and the inflammation became very serious in the small intestines at P3 stage. Although the morphology of the colon in EpCAM-/- mice still looked normal at P3 stage, the mRNA levels of the inflammatory cells, including Ly6d and Ly6g, were significantly increased indicating the infiltration of inflammatory cells in the colon tissues. The increase of mRNA levels of Ly6d and Ly6g in both small and large intestines of EpCAM-/- mice at E18.5 stage firstly demonstrated the occurrence of inflammation in the intestines at the late embryonic stage. The mutant form of EpCAM protein was still expressed at much lower levels in the intestines of EpCAM-/- mice generated in the previous report (8). However, the EpCAM protein was completely lost in the present EpCAM-/- mice (Figure 1D). Therefore, the inflammation occurred very earlier in the intestines of the present EpCAM-/- mice than the previous study. The loss of Claudin-7 protein in the intestinal epithelium of EpCAM-/- mice might be one of the important reasons of the initiation of inflammation, but the mechanism of Claudin-7 on regulating the immune homeostasis of intestinal epithelium is not completely clear.

The hyper-activation of MAPKs had been found in the inflammatory intestinal tissues of patients and animal models. The increase of the phosphorylation of p38 MAPK was observed in intestinal samples from patients of both Crohn’s disease (CD) and ulcerative colitis (UC) (31). The increased levels of p-ERK1/2, p-p38 and p-JNK were also detected in DSS-induced UC intestinal tissues of mice (32). In present study, the hyper-activation of ERK1/2, p38 and JNK was found in both small and large intestines of EpCAM-/- mice at E18.5, P0 and P3 stages (Figure 3), and the hyper-activation of these MAPKs confirmed the inflammatory situation in both small and large intestines of EpCAM-/- mice which was consistent with the increase of the expression of genes related to inflammatory factors and markers of immunity cells in the intestines of these mice.

MMPs are produced in excess in inflamed intestinal tissues of IBD patients and causes mucosal degradation (33). Recent study showed that MMP12 mediated the degradation of basement membrane laminin and the transmigration across intestinal epithelial tight junctions of macrophages, and increased severity of DSS-induced colitis of mice (34). It was also found that the elevated MMP3 and MMP9 induced by serotonine might be associated with the serotonine-exacerbated DSS-induced colitis of mice (35), and the increased circulating MMP3 and MMP9 had been considered as biomarkers of the clinical activity of IBD (36, 37). In LPS-induced acute inflammation, the increased MMP7 showed pro-inflammatory effects in intestines of mice via activating macrophages and amplifying local inflammatory response (38). MMP8 was reported to exacerbate the intestinal ischemia-reperfusion injury of mice via increasing inflammation and reducing the expression of Claudin-3 (39). At present, the mRNA and protein levels of MMP3, MMP7 and MMP8 were all significantly increased in the intestines of EpCAM-/- mice (Figure 4). We speculated that the increase of MMPs might be one of the important reasons of the degradation of the intestinal tissues and the increase of the infiltration of inflammatory cells in the intestines of EpCAM-/- mice.

The PIGR gene was detected to be significantly affected by non-synonymous mutations in the intestinal epithelium of samples from patients with UC (40). It was reported that CD patients showed decreased median expression of PIGR in non-inflamed colonic mucosa and patients with UC also exhibited decreased expression of PIGR in colonic mucosa compared to the health (41). The expression of pIgR was reduced in the colonic epithelial cells of both DSS induced acute colitis and T-cell induced chronic colitis of mouse models (42). In the present study, the protein level of PIGR became very low in the intestines of EpCAM-/- mice (Figure 5), and the transport of IgA and IgM into the lumen of intestines might be severely blocked. So, the reduction of PIGR in the intestinal epithelium of EpCAM-/- mice might lead to the inflammatory response to stimulations in the intestinal lumen of these mice.

Multiple signaling pathways have been demonstrated to regulate the transcription of pIgR, including JAK-STAT and NF-κB signaling pathways (25). The interferon-stimulated response element (ISRE) in the exon 1 of PIGR gene in HT-29 human colon carcinoma cells binds IRF-1 following the stimulation of IFNγ to enhance the transcription of pIgR (43). It was confirmed that IRF-1 has important role in regulating the transcription of pIgR gene in intestinal epithelial cells both in vivo and in vitro stimulated by IFNγ (44, 45), and the mRNA level of pIgR was greatly reduced in the intestines and liver of IRF-1-deficient mice (44). IFNγ usually stimulates the transcription of IRF-1 through activating STAT1 in the intestinal epithelium (25, 46). Hence, the downregulation of STAT1 and IRF-1 in the intestines of EpCAM-/- mice might be one of the important mechanisms of the reduction of the expression of pIgR in the intestinal epithelium of EpCAM-/- mice. The activated STAT6 had been demonstrated to bind to a 554-bp IL-4 responsive enhancer in intron 1 of human PIGR gene in HT-29 cells to upregulate the expression of PIGR (47). It was reported that IL-4 mediated the transcription of pIgR via activating JAK1-STAT6 pathway in the intestines of mice (46, 48, 49). In present study, the levels of phosphorylated STAT6 were reduced in the intestines of EpCAM-/- mice, and the transcriptional levels of IL-4, Jak1 and Stat6 also reduced in the intestines of these mice. The reduction of the IL-4/JAK1/STAT6 pathway was another mechanism of the decrease of the transcription of pIgR in the intestines of EpCAM-/- mice.

Several TNFα-responsive regions which could bind with NF-κB had been identified in the promoter of PIGR gene in HT-29 cells including one site in intron 1 of this gene, and TNFα increased the expression of PIGR through the biding of NF-κB to these regions (50–52). The TLR3 and TLR4 signals had been found to stimulate the transcription of PIGR in HT-29 cells via NF-κB (53, 54), and the expression of pIgR was significantly reduced in colons of Myd88-/- mice indicating the role of TLRs/MYD88/NF-κB pathway in regulating the transcription of pIgR in vivo (53). It was confirmed that upregulation of PIGR gene in HT-29 cells required both RelA-dependent classical and RelB-dependent alternative pathways of NF-κB (55). Currently, the levels of p65 and p-p65 were all reduced in the intestines of EpCAM-/- mice indicating that the NF-κB signals became weak in the EpCAM-/- intestines. Our previous work reported that p65 and p-p65 reduced in the colon of mice treated with high dose of LiCl and the expression of pIgR was also downregulated in the colon of these mice (28). The reduction of NF-κB signals might also be the mechanism of the downregulation of the expression of pIgR in the intestines of EpCAM-/- mice.

The expression and activation of transcriptional factors, including STAT1, IRF1, STAT6 and NF-κB, were all reduced in both small and large intestines of EpCAM-/- mice, and the expression of pIgR was significantly down-regulated in small intestines of EpCAM-/- mice at both mRNA and protein levels. However, the mRNA of pIgR showed no significant change in the large intestines of EpCAM-/- mice demonstrating that there might be some other transcriptional factors which could regulate the transcription of pIgR in the large intestines of mice. However, the protein level of PIGR was significantly downregulated in large intestines of EpCAM-/- mice, demonstrating that EpCAM also could regulate the expression of pIgR at the post-transcriptional level in the large intestines of mice. The related mechanism of these regulations will be explored in our future work. Therefore, EpCAM might maintain the normal level of PIGR in the intestinal epithelium via interacting with multiple signal pathways in IECs.

In conclusion, EpCAM is essential to maintaining the immune homeostasis of intestines via keeping the normal level of PIGR in the intestinal epithelium. EpCAM deficiency induced the reductions of the expression and activation of transcriptional factors including STAT1, STAT6, NF-κB and IRF1, then caused the downregulation of pIgR gene in the intestinal epithelium, so IgA and IgM which were produced by plasma cells under the intestinal epithelium could not be transported into the lumen of intestines to remove pathogens there and then the damage of intestinal epithelium occurred because of the breakdown of the intestinal immune homeostasis (Figure 7).




Figure 7 | EpCAM deficiency induced the inflammation in the intestines of mice via downregulating the expression of pIgR in the intestinal epithelial cells. EpCAM deficiency caused the decrease of the expression and activation of the transcriptional factors including STAT1, STAT6, NF-κB and IRF1, then caused the downregulation of the expression of pIgR in the intestinal epithelial cells, so IgA and IgM which were produced by the plasma cells under the intestinal epithelium could not be transported into the lumen of the intestines to remove pathogens there and then the inflammation occurred in the intestines of these mice.
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Supplementary Figure 1 | The morphology and histology of the intestines of EpCAM mutant mice at P0 stage. (A) A littermate of P0 pups from one pair of EpCAM+/- parental mice. (B) The images of intestines from WT, EpCAM+/- and EpCAM-/- pups at P0 stage. (C) Graph showed the relative intestinal lengths of WT and EpCAM-/- pups at P0 and P3 stages, respectively (n=6). (D) Images of H&E staining of duodenum, jejunum, ileum and colon from WT and EpCAM-/- pups at P0 stage. (E) Images of the immuofluorescence staining of Claudin-7 in sections of jejunum from WT and EpCAM-/- embryos at E18.5 stage. *p < 0.05, **p < 0.01, as determined by Mann–Whitney U test. All error bars represent SDs.

Supplementary Figure 2 | The upregulation of genes related to inflammatory factors and the infiltration of inflammatory cells in the intestines of EpCAM-/- P0 pups. (A, B) Graphs showed the relative mRNA expression levels of TNF-α, IL-1β, IL-4, IL-6, IL-8rb, COX-2, MIP-2 and MCP-1 in the (A) small and (B) large intestines from WT and EpCAM-/- pups at P0 stage (n=6). (C, D) qPCR results of F4/80, Ly6d and Ly6g from the (C) small and (D) large intestines of WT and EpCAM-/- pups at P0 stage (n=6). *p < 0.05, **p < 0.01, as determined by Mann–Whitney U test. All error bars represent SDs.

Supplementary Figure 3 | The changes of the expression of IgA and IgM related genes and the localization of IgA proteins in the intestines of EpCAM knockout mice. (A, B) Graphs showed the relative mRNA expression levels of (A) Igha and (B) Ighm in the small and large intestines from WT and EpCAM-/- mice at E18.5, P0 and P3 stages, respectively (n=6). (C) The images of the immuofluorescence staining of IgA in sections of jejunum and colon from WT and EpCAM-/- mice at E18.5 and P3 stages, respectively (n=3). *p < 0.05, ***p < 0.001, as determined by Mann–Whitney U test. All error bars represent SDs.

Supplementary Figure 4 | The changes of signaling pathways that regulate the expression of pIgR in the epithelial cells of large intestines from EpCAM knockout mice. (A) The relative mRNA expression levels of Irf1, Stat1, Stat6, p50, p65, p100, Relb, Tlr2, Tlr4, Myd88, IFNγ, Jak1 and Jak3 in the large intestines from WT and EpCAM-/- embryos at E18.5 stage (n=6). (B) Graph showed the qPCR results of Irf1, Stat1, Stat6, p50, p65, p100, Relb, Tlr2, Tlr4, Myd88, IFNγ, Jak1 and Jak3 in the large intestines from WT and EpCAM-/- mice at P3 stage (n=6). (C, D) Western blot results of IRF1, p-STAT1, STAT1, p-JAK2, JAK2, MYD88, p-p65, p65, p-STAT6 and STAT6 in the large intestines from WT and EpCAM-/- mice at (C) E18.5 and (D) P3 stages, respectively (n=3). *p < 0.05, **p < 0.01, as determined by Mann–Whitney U test. All error bars represent SDs.

Supplementary Figure 5 | EpCAM deficiency caused the changes of signaling pathways which regulate the expression of pIgR in the intestinal epithelium of mice at P0 stage. (A, B) Graphs showed the qPCR results of Irf1, Stat1, Stat6, p50, p65, p100, Relb, Tlr2, Tlr4, Myd88, IFNγ, Jak1 and Jak3 in the (A) small and (B) large intestines from WT and EpCAM-/- mice at P0 stage, respectively (n=6). (C, D) Western blot results of IRF1, p-STAT1, STAT1, p-JAK2, JAK2, MYD88, p-p65, p65, p-STAT6 and STAT6 in the (C) small and (D) large intestines from WT and EpCAM-/- mice at P0 stage, respectively (n=3). *p < 0.05, **p < 0.01, as determined by Mann–Whitney U test. All error bars represent SDs.
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Saccharomyces cerevisiae is a commensal yeast colonizer of mucosal surfaces and an emerging opportunistic pathogen in the mucosa and bloodstream. The role of S. cerevisiae has been largely characterized in peripheral blood mononuclear cells and monocyte-derived dendritic cells, where yeast cells induce the production of inflammatory cytokines through the interaction with mannose receptors, chitin receptors, DC SIGN, and dectin1. However, the response of blood-circulating dendritic cells (DCs) to S. cerevisiae has never been investigated. Among blood DCs, conventional DCs (cDCs) are producers of inflammatory cytokines, while plasmacytoid DCs (pDCs) are a specialized population producing a large amount of interferon (IFN)-α, which is involved in the antiviral immune response. Here we report that both human DC subsets are able to sense S. cerevisiae. In particular, cDCs produce interleukin (IL)-6, express activation markers, and promotes T helper 17 cell polarization in response to yeasts, behaving similarly to monocyte-derived DCs as previously described. Interestingly, pDCs, not cDCs, sense fungal nucleic acids, leading to the generation of P1-pDCs (PD-L1+CD80–), a pDC subset characterized by the production of IFN-α and the induction of a Th profile producing IL-10. These results highlight a novel role of pDCs in response to S. cerevisiae that could be important for the regulation of the host microbiota–immune system balance and of anti-fungal immune response.




Keywords: microbiota, dendritic cells, Saccharomyces cerevisiae, T helper polarization, fungi



Introduction

In the last years, a crucial role of microbiota is emerging in the development of pathologies involving the immune system, such as allergies, inflammatory disorders, and autoimmune diseases.

Microbiota is the set of microbes, including viruses, bacteria, and fungi, living in the host organism. Microbiota is essential for the protection against pathogens, the synthesis of molecules, and the metabolism of substances derived from diet (1). In a healthy condition, all of these microbes are balanced with each other and are able to induce immune tolerance. However, an alteration in the number and/or localization of different microbes (dysbiosis) may promote diseases associated to immune dysregulation. The microbiota influences the immune system through the interaction with innate immune cells (2). In particular, dendritic cells (DCs) interact with microorganisms through a set of pattern recognition receptors, such as Toll-like receptor (TLR), and initiate the adaptive immune response by activating naïve T lymphocytes through the release of cytokines and the expression of co-stimulatory molecules (3). Blood DCs can be divided into conventional (cDCs) and plasmacytoid DCs (pDCs) (4, 5). pDCs predominantly recognize viruses and are IFN-α producers (6–9), while cDCs are involved in the recognition of several microorganisms, including bacteria and viruses, and produce inflammatory cytokines, such as interleukin (IL)-6 (10).

However, bacteria and viruses are not the unique microbes composing the microbiota. The fungi kingdom is an important component of the microbiota, called mycobiota. Interestingly, the composition of the mycobiota is particularly unstable compared with the rest of the microbiota (11). Thus, fungi derived from dietary or environmental sources may contribute to mycobiota diversity and may strongly influence innate immunity. The most common genus of fungi originating from food and environment and harboring the gastrointestinal tract is Saccharomyces. Many members of this genus are considered very important in food production, such as Saccharomyces cerevisiae, the bakers’ and brewers’ yeast (11).

However, S. cerevisiae is also an etiologic agent of opportunistic fungal infection in immunocompromised patients (12), and the ability to colonize and give rise to disease depends on the host immune response. Although immune response to Aspergillus fumigatus, Candida albicans, Cryptococcus neoformans, and Malassezia have been largely characterized (13), little is known about the interactions between S. cerevisiae and host defense cells. Previous studies reported that the wall components of S. cerevisiae activate human monocyte-derived DCs through mannose receptor, DC SIGN, dectin-1, and chitin receptor, thus leading to the production of IL-6 and other inflammatory cytokines (14–16). However, the ability of blood-circulating human DCs to respond to S. cerevisiae has never been investigated. Here we challenged human blood DC subtypes with S. cerevisiae, and we found a differential response of cDCs and pDCs, characterized by IL-6 and IFN-α production, with a consequent IL-17 and IL-10 induction in in vitro-differentiated Th cells, respectively. Thus, the exposition of S. cerevisiae as well as the prevalence of specific DC targets in situ may influence the development and the progression of diseases associated to microbiota-dependent immune dysregulation or fungal opportunistic infection.



Results


The Laboratory Strain of Saccharomyces cerevisiae SK-1 Promotes Activation of Human Blood DCs

In order to test blood DCs’ response to S. cerevisiae, human pDCs and cDCs were purified from the peripheral blood of healthy donors (Supplementary Figures S1, S2) and stimulated with a laboratory strain of S. cerevisiae, called SK-1. Specifically, we cultured DCs in the presence of SK-1 at multiplicity of infection (MOI) of 5 (colony-forming unit SK-1/DC). We used as positive control Resiquimod (R848), which is an imidazoquinoline compound known to be a potent immune activator of both pDCs and cDCs because it is an agonist of TLR7 and TLR8, expressed by pDCs and cDCs, respectively. Unstimulated DCs were used as negative control. We evaluated the levels of CD80 and CD86, two molecules binding CD28 on T cell surface and inducing T cell activation and proliferation, and the expression of programmed death-ligand 1 (PD-L1), which is a co-inhibitory molecule known to reduce T cell proliferation through the binding with PD-1 on T cell surface. Our results showed that SK-1 induces a significant increase of CD80 and CD86 expression by pDCs and cDCs (Figure 1A). Surprisingly, we also found a significant increase of PD-L1 expression induced by SK-1 in both DC subsets, especially in pDCs (Figure 1A). Consistently, the increase of CD80+, CD86+, and PD-L1+ cells in DCs is associated with an overall high median fluorescence intensity (MFI) (Figure 1B). In addition, we measured IFN-α and IL-6 production by SK-1-stimulated pDCs and cDCs, respectively. We found that SK-1 induces IFN-α production by pDCs (Figure 1C) and IL-6 production by cDCs (Figure 1D) compared with unstimulated DCs.




Figure 1 | The laboratory strain of Saccharomyces cerevisiae SK-1 promotes the activation of human blood dendritic cells. Human pDCs and cDCs purified from the peripheral blood of healthy donors were cultured for 48 h without stimulation (Unst.), with R848 (1 μg/ml) as positive control, or with the laboratory strain of Saccharomyces cerevisiae SK-1 at multiplicity of infection = 5 (colony-forming unit SK-1/DC). The expression of molecules CD80, CD86, and PD-L1 was analyzed by flow cytometry, and the percentage of positive cells (A) and median fluorescence intensity (B) were reported. The levels of IFN-α (C) and IL-6 (D) were measured in the culture supernatants by ELISA. Data are the mean of 11 independent experiments, each from different donors. Error bars represent SEM. One-way ANOVA was used to compare the different experimental conditions (*=p-value ≤ 0.05; **=p-value ≤ 0.01; ***=p-value ≤ 0.001; ****=p-value ≤ 0.0001).





SK-1 Induces the Differentiation of P1 Subpopulation of Human pDCs

To further gain insight into pDC activation by SK-1, we cultured pDCs in the presence of SK-1 at different MOI values. After 48 h of culture, we firstly evaluated the formation of cell clusters, which reflects pDC activation and pDC viability by optical microscopy. Our results showed that stimulation with SK-1 leads to cell cluster formation (Figure 2A). As expected, pDCs stimulated with the positive control (R848) form cell clusters, whereas unstimulated pDCs do not form any cell cluster (Figure 2A). Moreover, we found that different doses of SK-1 lead to a progressive increase of CD80, CD86, and PD-L1 within viable pDCs in a dose-dependent manner (Figure 2B). We found that SK-1 at MOI 5, not at MOI 10, induces the highest levels of IFN-α (Figure 2C), which is likely due to the lethal effect of a high dose of SK-1 (data not shown). These results confirm that SK-1 (MOI 5) promotes pDC activation and viability with the concomitant IFN-α production.




Figure 2 | SK-1 induces the differentiation of the P1 subpopulation of human plasmacytoid dendritic cells (pDCs). Human pDCs purified from the peripheral blood of healthy donors were cultured for 48 h without stimulation (Unst.), with R848 (1 μg/ml) as positive control, or with the laboratory strain of Saccharomyces cerevisiae SK-1 at different multiplicity of infection values (0.1–1–5–10; colony-forming unit SK-1/pDC). Photos by optical microscopy show cell clusters, indicated by arrows, formed by pDCs upon activation. The pictures are representative of three independent experiments, each from a different donor (A). The expression of molecules CD80, CD86, and PD-L1 was analyzed by flow cytometry and reported as the percentage of positive cells (B). Levels of IFN-α were measured in the culture supernatants by ELISA assay (C). The expression of PD-L1 and CD80 was analyzed by flow cytometry. Representative plots show the percentage of three pDC subpopulations (D), and the graphs show the corresponding quantification of more experiments (E). Data in (B, C, E) are the mean of six or more independent experiments, each from different donors. Error bars represent SEM. One-way ANOVA was used to compare different experimental conditions (*=p-value ≤ 0.05; **=p-value ≤ 0.01; ***=p-value ≤ 0.001; ****=p-value ≤ 0.0001). The percentages of P1 subpopulation, obtained from all experimental conditions of 4 independent experiments, were correlated to their IFN-α levels using Pearson correlation (F). The R value indicates the correlation coefficient.



Recently, it has been observed that the differential expression of the surface molecules PD-L1 and CD80 defines three specific pDC subpopulations with distinct functions: P1 (PD-L1+ CD80-), P2 (PD-L1+ CD80+), and P3 (PD-L1- CD80+) (17). Given the high expression of PD-L1 induced by SK-1 in pDCs, we hypothesized that the P1-pDC subpopulation is preferentially induced upon stimulation with the laboratory strain of S. cerevisiae. Thus, we analyzed pDC subpopulations in our experimental conditions by flow cytometry. Our results showed that SK-1 is able to induce P1-pDC subpopulation (Figures 2D, E). In particular, we observed a dose-dependent induction of the percentage of P1-pDCs at increasing doses of SK-1. The positive control R848 induces all three subpopulations (Figures 2D, E), as previously demonstrated (17). The fluorescence-minus-one experiment demonstrates the specificity of PD-L1 staining (Supplementary Figure S3).

Moreover, it has been reported that IFN-α-producing pDCs are mostly P1-pDCs (9). Therefore, we investigated whether the induction of P1-pDCs obtained upon stimulation with SK-1 was associated to IFN-α production in the same experimental conditions. To address this relationship, we correlated the levels of IFN-α and the percentage of P1-pDCs in several pDC-SK-1 cultures. Interestingly, we found a positive correlation between P1-pDCs and IFN-α (Figure 2F), suggesting that SK-1 induces PD-L1+ CD80- pDCs, which, in turn, produce IFN-α.



Fungal Nucleic Acids Activate Human pDCs

In order to investigate the mechanism inducing blood DC activation by S. cerevisiae, we firstly analyzed the involvement of TLR7 and TLR8, able to recognize microbial RNA, in SK-1-mediated DC activation. We performed a set of experiments in the presence of a synthetic antagonist inhibitor of TLR7 in pDCs and TLR8 in cDCs. First, human-purified DCs were pre-treated for 30 min with the inhibitor and then stimulated for 48 h with SK-1 at MOI 5. We analyzed the IFN-α production in pDCs and IL-6 production in cDCs, and we compared the results with those obtained in SK-1-stimulated DCs without inhibitor. Interestingly, IFN-α production in pDCs, not IL-6 in cDCs, is significantly reduced in the presence of TLR7-8 inhibitor (Figure 3A). Importantly, we tested different doses of TLR7-8 inhibitor, and the results confirmed that TLR8 is not involved in IL-6 production by cDCs stimulated with SK-1 (Supplementary Figure S4A), while it is involved in those stimulated with R848, which is the ligand of TLR7-8 (Supplementary Figure S4B). Since pDCs also express TLR9, which recognizes microbial DNA, we cultured SK-1-stimulated pDCs in the presence of TLR7-9 inhibitor. We observed a reduction of IFN-α levels in pDCs stimulated with SK-1 and pre-treated with TLR7-9 inhibitor (Figure 3B). However, we could not appreciate an additive effect due to the inhibition of both TLR7 and TLR9 signaling compared with the inhibition of TLR7 alone (Figure 3B). In contrast, the expression of CD80, CD86, and PD-L1 seems to be not mediated by fungal nucleic acids. In fact, PD-L1 expression in SK-1-stimulated pDCs and cDCs was not affected by the presence of TLR7-8-9 inhibitors (Figures 3C–F), and the CD80 and CD86 expression, respectively, were weakly increased in pDCs in the presence of TLR7-8 inhibitor (Figures 3C, D). These results suggest that IFN-α production in pDCs could be mediated by the interaction between yeast nucleic acids and TLR, while the upregulation of surface markers on the pDC surface depends on other pathways, which are further activated in response to TLR7 inhibition. On the other hand, recognition of whole SK-1 by cDCs occurs through other pathways independent of TLR8.




Figure 3 | IFN-α production by SK-1-stimulated plasmacytoid dendritic cells (pDCs) is mediated by sensors of nucleic acids. Human pDCs and conventional dendritic cells (cDCs) purified from the peripheral blood of healthy donors were pre-treated for 30 min with TLR 7/8 (1 μM) or with TLR 7/9 (1 μM) and cultured for 48 h without stimulation (Unst.) or with the laboratory strain of Saccharomyces cerevisiae SK-1 at multiplicity of infection = 5 (SK-1/DC). The levels of IFN-α or IL-6 were measured in the culture supernatants by ELISA (A, B). The expression of molecules CD80, CD86, and PD-L1 was analyzed by flow cytometry and reported as the percentage of positive cells and median fluorescence intensity (C–F). The graphs show the mean ± SEM of three or more independent experiments, each from different donors. Two-way ANOVA was used to compare different experimental conditions (*=p-value ≤ 0.05; **=p-value ≤ 0.01; ***=p-value ≤ 0.001; ****=p-value ≤ 0.0001).



In order to directly assess whether S. cerevisiae nuclei acids induce IFN-α production by pDCs, we stimulated blood pDCs with RNA and DNA extracted from SK-1. We found that both nucleic acids induce cell cluster formation typical of pDC activation (Figure 4A) and IFN-α production (Figure 4B). To further characterize this response, we performed experiments in the presence of nucleases specifically degrading single-strand (ss) or double-strand (ds) yeast nucleic acids. We found that degradation of ssRNA, ssDNA, and dsDNA of SK-1 nucleic acids inhibits IFN-α production by human pDCs (Figure 4C).




Figure 4 | RNA and DNA of SK-1 induce activation of human plasmacytoid dendritic cells (pDCs). Human pDCs purified from the peripheral blood of healthy donors were cultured for 48 h with RNA or DNA (0.2 μg) extracted from Saccharomyces cerevisiae SK-1 and pre-treated with Dotap (10 μl/μg of nucleic acids) for 30 min at 37°C without stimulation (Unst.) and with the laboratory strain of Saccharomyces cerevisiae SK-1 at multiplicity of infection = 5 (SK-1/pDC). Photos taken with an optical microscope show the cell clusters formed by pDCs upon activation highlighted by arrows (A). The pictures are representative of four experiments, each from a different donor. DNA and RNA were pre-treated with nucleases where indicated. The levels of IFN-α were measured in the culture supernatants by ELISA (B, C). The percentage of the P1-pDC subpopulation was evaluated by flow cytometry (D). The percentages and median fluorescence intensity of costimulatory molecules CD80, CD86, and PD-L1 were analyzed by flow cytometry (E, F). The graphs show the mean ± SEM of eight independent experiments, each from different donors. One-way ANOVA was used to compare different experimental conditions (*=p-value ≤ 0.05; **=p-value ≤ 0.01; ***=p-value ≤ 0.001; ****=p-value ≤ 0.0001).



Interestingly, nucleic acids from SK-1 do not induce the production of pro-inflammatory cytokine IL-6 by cDCs (Supplementary Figure S5). Moreover, RNA and DNA from SK-1 induce P1-pDC differentiation (Figure 4D), upregulation of the activation markers (CD80 and CD86), and the inhibitory marker PD-L1 at a similar extent to whole SK-1 (Figures 4E, F). These data collectively indicate that yeast nucleic acids specifically activate human pDCs, leading to IFN-α, CD80, CD86, and PD-L1 overexpression. In order to investigate the role of TLRs in recognizing SK-1 nucleic acid in pDCs, we used TLR inhibitors in yeast DNA- and yeast RNA-treated cells, and we found that TLR7 and TLR7/9 inhibitors partially reduce IFN-α production by SK-1 RNA and DNA, respectively (Figure 5A). The percentage of P1-pDC subpopulation (Figures 5B, C) and the expression of CD80, CD86, and PD-L1 are not affected by the presence of TLR7 and TLR9 inhibitors (Figures 5D, E).




Figure 5 | IFN-α production by human plasmacytoid dendritic cells (pDCs) stimulated with SK-1 nucleic acids is partially mediated by TLR7 and TLR9. Human pDCs purified from the peripheral blood of healthy donors were pre-treated for 30 min with TLR7/8 (1 μM) or with TLR7/9 (1 μM) and cultured for 48 h with RNA or DNA (0.2 μg) after incubation with Dotap (10 μl/μg of nucleic acids) for 30 min at 37°C without stimulation (Unst.). The levels of IFN-α were measured in the culture supernatants by ELISA (A). The percentage of the P1-pDC subpopulation was evaluated by flow cytometry (B, C). The percentages and median fluorescence intensity of costimulatory molecules CD80, CD86, and PD-L1 were analyzed by flow cytometry (D, E). The graphs show the mean ± SEM of three independent experiments, each from different donors. Two-way ANOVA was used to compare different experimental conditions (*=p-value ≤ 0.05; **=p-value ≤ 0.01; ***=p-value ≤ 0.001; ****=p-value ≤ 0.0001).





SK-1-Primed pDCs and cDCs Induce IL-10- and IL-17-Producing CD4 T Cells

Activated DCs perform important adaptive functions in naïve CD4 T cell priming and polarization. Given the differential response of pDCs and cDCs to S. cerevisiae in terms of cytokine production and costimulatory molecule expression, we hypothesized a functional specialization towards distinct T helper (Th) profiles. We stimulated naïve CD4 T cells with anti-CD3 to simulate antigen recognition and with SK-1-primed DCs to study the impact of the upregulation of their cytokines and co-stimulatory receptors on Th polarization. We analyzed the production of typical Th cytokines (IFN-γ for Th1, IL-4 for Th2, IL-17 for Th17, and IL-10 for T regulatory cells) in T cells co-cultured with SK-1-primed DCs compared with T cells co-cultured with unstimulated DCs and T cells stimulated with anti-CD3 and anti-CD28.

We found that IL-4 is not significantly modulated in the different experimental conditions (Figures 6A, B), while SK-1-primed cDCs induce significant IL-17 production compared with unstimulated cDCs (Figure 6B) and SK-1-primed pDCs induce significant IL-10 production compared with unstimulated pDCs (Figure 6A). Concomitantly to IL-17 production, we observed a significant reduction of IFN-γ by naïve CD4 T cells co-cultured with SK-1-primed cDCs (Figure 6B).




Figure 6 | Plasmacytoid dendritic cells (pDCs) and conventional dendritic cells (cDCs) primed with SK-1 induce IL-10- and IL-17-producing CD4 T cells, respectively. Human naïve CD4 T cells were cultured in the presence of anti-CD3/CD28 beads or placed in a co-culture for 5 days with unstimulated or SK-1-primed pDCs or cDCs in the presence of anti-CD3. After 5 days, the cells were re-stimulated with anti-CD3 (co-culture) or anti-CD3/CD28 beads (CD4 T cells alone). Supernatants were collected after 24 h of re-stimulation, and the levels of IFN-γ, IL-4, IL-17, and IL-10 in co-cultures with pDCs (A) and cDCs (B) were measured by ELISA. The graphs show the mean ± SEM of four or five independent experiments, each from different donors. Paired Student’s t-test was used to compare unstimulated and stimulated DCs (*=p-value ≤ 0.05; **=p-value ≤ 0.01).






Materials and Methods


Purification of DC Subpopulations (cDCs and pDCs) From Adult Blood

Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll gradient centrifugation (GE Healthcare) from the whole blood of healthy donors (Santa Lucia Foundation, Rome, Italy).

Approval by the ethics committee of the Santa Lucia Foundation, Rome (Italy), and written informed consent in accordance with the Declaration of Helsinki from all participants were obtained before the study was initiated. PBMCs (400 × 106) were enriched using the Human Pan-DC Pre-Enrichment Kit (Stemcell Technologies), specific for the purification of all DC type, by negative selection. After isolation, the cells were stained with the following antibodies: anti-human CD11c PE-Dazzle594 (BD Biosciences), anti-human CD4 PC7 (Beckman Coulter), anti-human CD3 PE (Beckman Coulter), anti-human CD14 PE (Immunological Science), anti-human CD16 PE (Miltenyi Biotec), anti-human CD56 PE (Beckman Coulter), anti-human CD19 PE (Miltenyi Biotec), and anti-human CD235α (eBioscience).

Highly purified pDC and cDC cells were selected and sorted by 6-way sorter MoFlo Astrios (Beckman Coulter) by using the following analysis as previously described (18): lineage (CD3, CD14, CD16, CD56, CD19, CD235α)-, CD4+, CD11c- for pDCs and lineage (CD3, CD14, CD16, CD56, CD19, CD235α)-, CD4+, CD11c+ for cDCs. The sorted cells had a purity of over 95 and 94%, respectively, for pDCs and cDCs, as confirmed by flow cytometry analysis (Supplementary Figures S1A, B). This gating strategy includes only pDCs CD123+ and cDCs HLA-DR+ cells (Supplementary Figure S2).



In Vitro Stimulation of pDCs and cDCs

pDCs and cDCs were cultured separately in 96-well flat-bottom half-area plates (Corning) at a density of 5 × 104 per well in RPMI 1640 with 5% of human serum for 48 h at 37°C with 5% of CO2, in the absence of stimuli or in the presence of R848 (InvivoGen; 100 ng/ml), SK-1 (Saccharomyces cerevisiae; MOI: 0.1–1–5–10 SK-1 cells/cDC or pDC). For the SK-1 nucleic acid stimulation experiments, the RNA and DNA (0.2 μg) were extracted from SK-1 as previously described (16), and their quality and purity were verified by agarose gel electrophoresis and using a Nanodrop 2000 spectrophotometer (Thermofisher; Supplementary Figure S6). SK-1 RNA and SK-1 DNA samples were used for pDC stimulation pre-treated with Dotap (Merck; 10 μl/μg of nucleic acids). Pre-treatment of nucleic acids with ezDNase or RNase III (Thermofisher) was performed to degrade dsDNA and dsRNA, respectively, while S1 nuclease (Thermofisher) was used to degrade ssDNA and ssRNA. For the TLR inhibition experiments, cDCs and pDCs were pre-treated for 30 min with TLR7/8 (Miltenyi Biotec ODN 2087) or TLR7/9 (Miltenyi Biotec ODN 2088) inhibitors (1 μM) and then stimulated with SK-1 (MOI 5).



Naïve CD4 T Cells and DC Subset Coculture

pDC and cDC subsets from healthy donors were cultured separately in 96-well flat-bottom half-area plates (Corning) at a density of 5 × 104 per well in RPMI 1640 with 5% of human serum in the absence of stimuli or in the presence of SK-1 (MOI 5). CD4 T lymphocytes were purified from the PBMCs of the same healthy donors by immunomagnetic selection using anti-Mouse IgG MicroBeads (Miltenyi Biotec). After isolation, the cells were stained with anti-human CD4 PC7 (Beckman Coulter), anti-human CD45RA BV421 (BD Biosciences), anti-human CD45RO PE (BD Biosciences), and anti-human CD27 APC (Beckman Coulter), and CD4 naïve T cells were sorted by Astrios high-speed cell sorter (Beckman Coulter) as CD4high, CD45RAhigh, CD45RO-, and CD27+. The sorted cells had a purity of over 97%, as shown by flow cytometry (Supplementary Figure S7).

After 24 h, the stimulated DCs were collected and cocultured with naive CD4 T cells at a density of 5 × 104 DCs and 5 × 104 lymphocytes (ratio 1:1) per well in X-VIVO 15 serum-free medium (Lonza) in 96-well round-bottom plates (Falcon) coated with anti-CD3 (BD Biosciences; 10 μg/ml). Naïve CD4 T cells stimulated with Dynabeads CD3/CD28 T cell expander (1 bead per cell; Life Technologies) were used as control. After 5 days, the cells were harvested and washed, and viability was determined by Trypan Blue exclusion. Then, the cells were resuspended in X-VIVO 15 serum-free medium (Lonza) at a concentration of 1 × 106 cells/ml and restimulated with anti-CD3 for 24 h in 96-well flat-bottom plates (Falcon). The conditions of incubation were stable (temperature at 37°C with 5% CO2).



Flow Cytometry Analysis

pDCs and cDCs were harvested after 48 h of culture, resuspended in an EDTA-containing medium, and then stained for 15 min at 4°C with the following antibodies: anti-human CD4 PC7 (Beckman Coulter), anti-human PD-L1 PE (Biolegend), anti-human CD86 APC (Miltenyi Biotec), and anti-human CD80 BV650 (BD Bioscience). The samples were washed in EDTA-containing medium, acquired using CytoFLEX cytometer (Beckman Coulter) and analyzed by FlowJo-10 software (version 10.3.0).



Analysis of Cytokine Production

Cytokines were measured in supernatants from pDC and cDC cultures, respectively, using IFN-α ELISA (Invitrogen, Human IFN alpha Antibody Pair Kit), IL-6 ELISA (R&D Systems, Human IL-6), IL-17 ELISA (R&D Systems, Human IL-17), IL-4 ELISA (R&D Systems, Human IL-4), IFN-γ ELISA (R&D Systems, Human IFN-γ), and IL-10 ELISA (R&D Systems, Human IL-10) according to the manufacturer’s instructions.



Statistical Analysis

Statistical analyses were performed using one-way ANOVA, two-way ANOVA, or Student’s t-test, depending on the number of experimental conditions and independent variables. We used GraphPad Prism software (version 6.01, GraphPad Software). Data were presented as mean ± standard error (SEM). The p-values of 0.05 or less were considered statistically significant.




Discussion

SK-1 is a fungus with phylogenetic similarity to yeasts isolated from fermentation in the African area (19) and is most likely one of the constituents of the human microbiota derived from the ingestion of fermentation products. However, S. cerevisiae has also been found in the bloodstream of immunocompromised patients (20–22), thus considering this fungus an emerging opportunistic pathogen (23). Therefore, our study is useful for understanding the interaction of mucosal DCs with intestinal microbiota and for the analysis of the anti-fungal immunity of blood DCs against pathogenic S. cerevisiae. The results from this study revealed that SK-1 is able to activate human blood pDCs and cDCs, indicating that both DC subsets have an important role in modulating the immune response following a fungal stimulus. Importantly, we observed a differential activation of pDCs and cDCs by SK-1, suggesting a distinct role of each DC subset in the anti-fungal immunity and in the interaction with intestinal microbiota.

Specifically, SK-1 induces a high induction of IFN-α and expansion of a subpopulation of pDCs, called P1, characterized by the expression of PD-L1 molecule on the cell surface. However, SK-1 does not stimulate a strong maturation process in these cells; in fact, the co-stimulatory molecules CD80 and CD86 are only weakly induced, unlike what happens as a consequence of their activation mediated by viruses (24), which, in our system, is simulated by R848. A robust IFN-α production associated to a weak induction of costimulatory molecules at the pDC surface is a typical response of CpG-A (25). Thus, similarly to CpG-A, fungal nucleic acids could form a large multimeric complex upon internalization that is retained in early endosomes and signals through MyD88 and IRF-7 (26).

We observed that SK-1 promotes the expansion of P1-pDC subpopulation (PD-L1+ CD80-), which is specialized in the production of IFN-α and in the induction of the anti-inflammatory cytokine IL-10 by T cell lymphocytes (17). Consistently, our data showed that pDCs stimulated with SK-1 induce IL-10-producing T cells. It is known that IL-10 and IFN-α synergistically promote the differentiation of a particular population of regulatory T lymphocytes known as Tr1 (IL-10+, IFN-γ+, IL-2-/low, and IL4-), which is capable of suppressing the proliferation of T lymphocytes (27). These results altogether suggest that SK-1, by inducing pDCs to produce IFN-α and the consequent generation of IL-10-producing T cells, may contribute to the generation of immunoregulatory T cells. The activation of a regulatory response by pDCs has been described in previous papers (7, 28–30), suggesting that this is a typical property of pDCs regardless of the nature of the activating stimulus.

Moreover, the immunosuppressive activity of T regulatory cells has been described in fungal infections (31–34). Specifically, the anti-inflammatory role of DCs in response to fungi is mediated by the enzyme indoleamine 2,3-dioxygenase (IDO) (35), which is associated with the induction of IL-10-producing T regulatory cells (33). Thus, the metabolic pathway involving tryptophan catabolism could be involved in pDC response to SK-1 and local tolerogenic responses. Given the importance of the anti-inflammatory responses in chronic autoimmune diseases, such as multiple sclerosis and Crohn’s disease, pDC response to SK-1 could play a protective role in these diseases.

In contrast to pDCs, cDCs express high levels of CD80 and CD86 in response to SK-1, produce high levels of the inflammatory cytokine IL-6, and promote a Th17 response, suggesting that the interaction between S. cerevisiae and cDCs in the gut contributes to mucosal inflammation and to mucosal host defense against fungal infection (36). Importantly, cDCs promote a simultaneous reduction of IFN-γ production by CD4 T cells that suggests a prominent role of S. cerevisiae and cDCs in regulating the balance between IL-17-producing (Th17) and IL-17/IFNγ-producing (Th1/17) cells.

It is already known that the yeast cell wall, characterized by galactose and glucosamine (chitin moieties), glucose (beta-glucan), and mannose (mannans), induces the inflammatory response in monocyte-derived DCs (14). Our data suggest that the components of the yeast cell wall are also involved in the activation of blood cDCs, cells which share numerous similarities with monocyte-derived DCs.

However, here, for the first time, we reported that the nucleic acids of S. cerevisiae specifically induce cell activation and IFN-α production in pDCs. In particular, ssRNA, ssDNA, and dsDNA derived from SK-1 are involved in pDC activation. Importantly, the induction of IFN-α is partially mediated by TLR7 and TLR9, while the upregulation of co-stimulatory molecules in pDCs is mediated by other pathways. Among the potential receptors of yeast PAMPs, we suppose that galectin-3 and Fc-γ receptor, recognizing yeast mannans, and DNA-PK, cGAS (CGAS), MRE11, DHX36, DHX9, DDX41, and DDX60, sensing yeast nuclei acids, may have a role in SK-1-mediated activation because they are expressed by human pDCs (Supplementary Figures S8A, B).

We do not observe an additive effect in IFN-α blocking due to the inhibition of both TLR7 and TLR9 signaling compared with the inhibition of TLR7 alone that could be due to a different effectiveness exerted by TLR7/8 and by TLR7/9 inhibitors on TLR7 or to the involvement of other DNA sensors in pDCs. In this context, it has been reported that pDCs express DHX36, DHX9 (37), and cGAS (38) (Supplementary Figure S8B), which are TLR9-independent DNA sensors.

Previous studies reported that nucleic acids induce the maturation of DCs and generate an anti-fungal immune response (39, 40). Specifically, DNA is recognized by TLR9 in C. albicans (41, 42), A. fumigatus (43), and C. neoformans (44) infection, while S. cerevisiae and C. albicans RNA are recognized by TLR7 (40, 45) and C. albicans and A. fumigatus RNA by MDA5 (39, 40, 46, 47).

Interestingly, our data indicate that TLR8 inhibitor does not reduce IL-6 production nor the upregulation of co-stimulatory molecules in cDCs, indicating that the SK-1 cell wall components are the main stimuli for cDCs and that the response to SK-1 nucleic acids is a typical feature of pDCs.

These results altogether indicate that the exposure to S. cerevisiae triggers pro- or anti-inflammatory responses depending on the interaction with cDCs or pDCs, respectively. Importantly, the nucleic acids of S. cerevisiae are a specific anti-inflammatory trigger for pDCs. This information indicates that the opposite role of pDCs and cDCs in response to S. cerevisiae could mediate the equilibrium between the pro-inflammatory and the anti-inflammatory immune responses in the gut, which is important either for gut homeostasis or during a S. cerevisiae opportunistic infection. The immune dysregulation, characterized by an imbalanced prevalence of cDCs or pDCs, could alter this equilibrium and could lead to the development of autoimmune diseases or exacerbation of fungal infections.

Future studies aimed to investigate the molecular mechanisms leading to IFN-α production by pDCs, such as the identification of the activating RNA or DNA sequence of S. cerevisiae, could open new perspectives towards therapeutic approaches for dysbiosis-related diseases, such as probiotic intervention. On the other side, the identification of the molecular mechanisms leading to the pro-inflammatory activity of cDCs by S. cerevisiae could be useful for the therapeutic targeting of chronic inflammatory diseases and for a better understanding of the mechanisms underlying the immune response during fungal infections in immunocompromised patients.
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Supplementary Figure 1 | Gating strategy for the purification of blood dendritic cells (DCs). Human peripheral blood mononuclear cells purified from the peripheral blood of healthy donors were enriched using the Human Pan-DC Pre-Enrichment Kit (EasySep) and then labeled with specific antibodies conjugated with a fluorochrome. Using a cell sorter, the plasmacytoid dendritic cells (pDCs) were isolated as lineage (CD3, CD14, CD16, CD19, CD56, CD235α)- CD4+, CD11c-, while conventional dendritic cells (cDCs) were isolated as lineage (CD3, CD14, CD16, CD19, CD56, CD235α)- CD4+, CD11c+ (A). The purity of the isolated pDCs and cDCs, evaluated by flow cytometry after purification, is more than 94% (B).

Supplementary Figure 2 | The human blood plasmacytoid dendritic cells (pDCs) and conventional dendritic cells (cDCs) used in this study are CD123+ and HLA-DR+ cells, respectively. Human peripheral blood mononuclear cells purified from the peripheral blood of healthy donors were labeled with specific antibodies conjugated with a fluorochrome. pDCs were identified as lineage (CD3, CD14, CD16, CD19, CD56, CD235α)- CD4+, CD11c-, while cDCs were identified as lineage (CD3, CD14, CD16, CD19, CD56, CD235α)- CD4+, CD11c+. Staining of CD123 and HLA-DR before (A) and after sorting (B) reveals that pDCs are CD123+ cells, while cDCs are HLA-DR+ cells. The plots show the data of a representative of more experiments.

Supplementary Figure 3 | Fluorescence-minus-one control (FMO) for PD-L1 staining. Human plasmacytoid dendritic cells (pDCs) purified from the peripheral blood of healthy donors were cultured for 48 h without stimulation (Unst.), with R848 (1 μg/ml), or with the laboratory strain of Saccharomyces cerevisiae SK-1 at multiplicity of infection = 5 (colony-forming unit SK-1/pDC). Cells were stained with anti-CD80 BV650 (FMO control) or anti-PD-L1 PE and anti-CD80 BV650 (PD-L1 staining). Percentage of PD-L1+ cells (A), MFI of PD-L1 (B), and percentage of P1, P2, P3 pDC subpopulations (C) were represented. Plots and histograms are from one representative of more experiments.

Supplementary Figure 4 | Human conventional dendritic cell (cDC) activation by SK-1 is not affected by TLR8. Human cDCs purified from the peripheral blood of healthy donors were cultured for 48 h without stimulation (Unst.) and pre-treated for 30 min with different doses of TLR inhibitor, as indicated, with the laboratory strain of Saccharomyces cerevisiae SK-1 at multiplicity of infection = 5 (SK-1/conventional dendritic cells) (A), or with 5 μg/ml TLR8 inhibitor and R848 (0.1 μg/ml) (B). The levels of IL-6 were measured in the culture supernatants by ELISA. The graphs show the mean ± SEM of 3 independent experiments, each from different donors. Two-way ANOVA was used to compare different experimental conditions (*p-value ≤ 0.05).

Supplementary Figure 5 | Nucleic acids from Saccharomyces cerevisiae SK-1 do not induce the production of IL-6 by conventional dendritic cells (cDCs). Human cDCs purified from the peripheral blood of healthy donors were cultured for 48 h with RNA or DNA (0.2 μg) extracted from S. cerevisiae SK-1 and pre-treated with Dotap (10 μl/μg of nucleic acids) for 30 min at 37°C without stimulation (Unst.) and with the laboratory strain of S. cerevisiae SK-1 at multiplicity of infection = 5 (SK-1/cDC). The levels of IL-6 were measured in the culture supernatants by ELISA. The graphs show the mean ± SEM of three independent experiments, each from different donors. One-way ANOVA was used to compare different experimental conditions (*p-value ≤ 0.05).

Supplementary Figure 6 | The quality and purity of DNA and RNA extracted from SK-1. The integrity of DNA and RNA samples isolated from SK-1 was analyzed by 1% agarose gel electrophoresis (A). The measurements of absorbance 260/280 ratio of DNA and RNA samples were performed by Nanodrop spectrophotometer (B).

Supplementary Figure 7 | Gating strategy for the purification of human blood naïve CD4 T cells. Human peripheral blood mononuclear cells purified from the peripheral blood of healthy donors were labeled with specific antibodies conjugated with a fluorochrome and, by using a cell sorter, naïve CD4 T cells were isolated as CD4high, CD45RAhigh, CD45RO-, and CD27+ (A). The purity of the isolated naïve CD4 T cells, evaluated by flow cytometry after purification, is more than 97% (B). The plots show the data of a representative of all experiments performed with dendritic cells or naïve CD4 T cells.

Supplementary Figure 8 | Expression of the yeast receptor in human plasmacytoid dendritic cells (pDCs). The expression values of yeast pattern recognition receptors, cell wall (A) and nucleic acid sensors (B), on pDCs freshly isolated from the blood of healthy donors were extracted from Affymetrix data (Human Genome U133 Plus 2.0 arrays) (48). The dashed line is the threshold of signal detection. White bars represent the mRNA levels of the receptors expressed on pDCs; gray bars indicate that the receptors were not detectable. The data are the mean of seven independent experiments, each from different donors. The error bars represent standard deviation.
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Ketone bodies are crucial intermediate metabolites widely associated with treating metabolic diseases. Accumulating evidence suggests that ketone bodies may act as immunoregulators in humans and animals to attenuate pathological inflammation through multiple strategies. Although the clues are scattered and untrimmed, the elevation of these ketone bodies in the circulation system and tissues induced by ketogenic diets was reported to affect the immunological barriers, an important part of innate immunity. Therefore, beta-hydroxybutyrate, a key ketone body, might also play a vital role in regulating the barrier immune systems. In this review, we retrospected the endogenous ketogenesis in animals and the dual roles of ketone bodies as energy carriers and signal molecules focusing on beta-hydroxybutyrate. In addition, the research regarding the effects of beta-hydroxybutyrate on the function of the immunological barrier, mainly on the microbiota, chemical, and physical barriers of the mucosa, were outlined and discussed. As an inducible endogenous metabolic small molecule, beta-hydroxybutyrate deserves delicate investigations focusing on its immunometabolic efficacy. Comprehending the connection between ketone bodies and the barrier immunological function and its underlining mechanisms may help exploit individualised approaches to treat various mucosa or skin-related diseases.
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Introduction

As a kind of indispensable spare metabolic fuel source, ketone bodies, including beta-hydroxybutyrate (BHB), acetone (Ac), and acetoacetate (AcAc), are accepted to play important roles in all realms of life and attract much attention by many researchers (1–5). Factors such as fasting, prolonged exercise, and feeding a ketogenic diet will increase the endogenous hepatic ketogenesis, which significantly raises the total concentration of ketone bodies in circulating blood and tissues. These ketone bodies are thought to participate in the overall energy metabolism within extrahepatic tissues and replenish energy (6) (Figure 1). For instance, humans and cows frequently undergo energy deficiency situations in which they utilize ketone bodies as the major energy fuel. In healthy humans, the concentration of total circulating ketone bodies exhibits circadian oscillations (0.1~0.2 mM), raises to approximately 1mM after 24 hours of fasting or prolonged exercise, and even up to 20 mM in pathological states like diabetic ketoacidosis (7). Since ketone bodies possess high permeability to the blood-brain barrier (BBB), especially during a low glucose accession period, they become the principal energy source for the brain because the glucose supplement is inadequate (8, 9). Dairy cows often suffer from serious starvation because of the massive metabolic demands to support their lactation needs. It was reported that approximately 45% of dairy cows had circulating BHB above thresholds associated with metabolic diseases, such as bovine subclinical ketosis (over 1.7 mM) (10, 11). However, it’s important to realize that elevated circulating BHB has complex physiological consequences and is considered an attractive strategy to treat multiple diseases by some researchers, which is why the ways to elevate circulating ketones exogenously have been developed. For example, oral administration of exogenous BHB supplements, such as D-β-hydroxybutyrate monoester and ketone ester (KE), has become an efficient avenue to elevate circulating BHB concentration (12). Intravenous BHB is also a new approach to boosting the circulation of BHB because it obviates the time delay of circulating BHB elevation induced by oral BHB supplements administration (1, 13).




Figure 1 | Diagrammatic sketch of endogenous generation and consumption of BHB. Any factors that elevate the ratio of glucagon to insulin, such as fasting, prolonged exercise, insisting on a ketone diet, lactation, diabetes, or alcoholism, can accelerate the process of steatolysis and release lots of FFAs. The released FFAs are transported to the liver by albumin and are condensed with free CoASH in hepatocyte plasma. Then the condensed FFAs are transported into the mitochondrion by CPT1. The forage and concentrate englobed by ruminants are fermented into butyrate by rumen microbes and absorbed by colonocytes. The condensed FFAs and butyrate transported into the mitochondrion of hepatocytes or colonocytes are β-oxidated into Ac-CoA, two of which are further condensed into an AcAc-CoA, releasing a CoASH. The Ac-CoA and AcAc-CoA are then catalyzed to condense into HMG-CoA by mHMGCS2, encoded by a strictly spatiotemporally controlled gene (mHMGCS2). The HMG-CoA is cleaved into Ac-CoA and AcAc by HMGCL. The AcAc is reduced into D-BHB by BDH1 (consuming NADH and releasing NAD+) or spontaneously decarboxylated to volatile acetone and CO2, released into the bloodstream by free diffusion and easily eliminated through the alveolar epithelial cells in the lung. Ac and AcAc are released into circulating blood. The D-BHB is transported across the mitochondrial intima through a yet-unknown mechanism and across the mitochondrial adventitia by SLC16A6 and released into the circulating blood. AcAc and BHB are absorbed by extrahepatic cells. BHB is oxidated to AcAc by BDH1 (consuming NAD+ and releasing NADH, a reversible reaction that also occurs in the generation process of BHB), and AcAc is activated into AcAc-CoA by SCOT1 (succinyl-CoA donates the CoA), and then split into Ac-CoA by mThiolase, consuming CoASH. The glucose derived from the glycogen is transported to and absorbed into the extrahepatic cells by GLUT. In the cytoplasm, the glucose is oxidated into pyruvate by glycolysis, inhibited by the BHB-derived Ac-CoA. Pyruvate is transported into the mitochondrion and then dehydrogenated to Ac-CoA by PDH, inhibited by the BHB-derived Ac-CoA. The BHB and pyruvate-derived Ac-CoA enter the TCA circle or act as signalling molecules. CoASH, coenzyme A; FFAs, free fatty acids; CPT1, carnitine palmitoyltransferase 1; FAO, fatty acids β-oxidation; Ac-CoA, acetyl-CoA; AcAc-CoA, acetoacetyl-CoA; mHMGCS2, mitochondrial 3-hydroxymethylglutaryl-coenzyme A synthase; HMG-CoA, hydroxymethylglutaryl-CoA; HMGCL, hydroxymethylglutaryl coenzyme A lyase; Ac, acetone; AcAc, acetoacetate; BHB, β-hydroxybutyrate; NADH/NAD+, nicotinamide adenine dinucleotide; SLC16A6, solute carrier family 16 member 6; MCT, monocarboxylate transporters; OXCT1, 3-oxoacid-CoA transferase 1; GLU, glucose; GLUT, glucose transporter; MPC, membrane permeation channel; CS, Citrate Synthase; TCA, tricarboxylic acid; ATP, adenosine triphosphate.



In recent years, elevated blood ketones concentration by endogenous and exogenous interventions has been widely studied in experimental and clinical research, showing great application potential, including applications in relieving epilepsy (14), Parkinson’s disease (15, 16), gout flares (17), respiratory tract influenza virus infections (18), and obesity (19, 20). Intriguing, almost all these applications are thought to involve immune systems regulations induced by energy and/or signal information carried by BHB (21). Recently, Simone and colleagues directly investigated the yet-unproven assumption that ketone bodies positively affect human immunity and found that a ketogenic diet markedly enhanced the capacities of CD4+, CD8+, and regulatory T cells, augmented Tmem cells formation, consequently improved overall human T-cell immunity (22) even though further deeply and specific studies are warranted. Besides, previous work also showed that intravenous injection of BHB significantly decreased the diversity of microbiota community of the yak nasopharynx mucosa and increased the abundance of some pathogenic bacteria, implying that ketone bodies might influence the function of mucosal barriers (13), which also needs to be further investigated. Although direct evidence is lacking, mounts of indirect testimonies could be collected to support the putative influence of ketone bodies on the immune system. Hence, we outlined and discussed the previous research regarding the effect of ketone bodies on the immunological barriers in this review.



Endogenous Ketogenesis

The ketone bodies are predominant lipid-derived metabolites produced by the hepatocytes through fatty acid oxidation (FAO) (23). They are also the key nodes connecting multiple metabolic pathways, including β-oxidation, the tricarboxylic acid (TCA) cycle, gluconeogenesis, and the biosynthesis of lipid and sterols (6, 7, 24). Non-hepatic peripheral tissues cannot directly utilize the free fatty acids (FFAs) derived from adipose tissues because of the lack of a key mitochondrial enzyme 3-hydroxymethylglutaryl-coenzyme A synthase (mHMGCS2), which is why they are transported by albumin to the liver, one of the only two tissues abundantly expressing mHMGCS2 (24, 25). In hepatocyte plasma, FFAs are condensed with free coenzyme A (CoASH) and activated (26). They are transported into the mitochondrial via carnitine palmitoyltransferase 1 (CPT1), where they are β-oxidated into Ac-CoA and AcAc-CoA. Then the mHMGCS2 catalyzes fatty acid-β-oxidation-derived Ac-CoA and AcAc-CoA condense into hydroxymethylglutaryl (HMG)-CoA, which is cleaved into Ac-CoA and AcAc later by hydroxymethylglutaryl coenzyme A lyase (HMGCL) (27). Most of the AcAc is reduced to D-β-hydroxybutyrate (D-BHB) by phosphatidylcholine-dependent mitochondrial D-BHB dehydrogenase (BDH1) (28–30). A very small part of AcAc can also be spontaneously decarboxylated to volatile acetone and CO2, released into the bloodstream by free diffusion and easily eliminated through the lung, explaining the rotten apple smell in the exhaled air from ketosis patients (31). Hence, BHB is the main ketone body in animal circulating blood (over 70%). AcAc and BHB cross the hepatocyte mitochondrial inner membrane through an unknown-yet mechanism and are then released into circulating blood by transporter solute carrier family 16 member 6 (SLC16A6) (32), a member of the monocarboxylate transporters (MCT) protein family (33). As small polar molecules, ketone bodies are soluble in blood, indicating that they can be transported to extrahepatic tissues through the circulation and then imported into extrahepatic cells by MCT1/2 to wield their energy/signaling carrier roles (34). The diagrammatic sketch of endogenous ketogenesis is shown in Figure 1.

Of note, it seems that intestinal epithelial cells also contribute to the local ketone bodies pool of animals (35, 36). In addition to the hepatocyte-dependent ketogenesis, as mentioned above, some intestinal epithelial cells were recently reported to abundantly express mHMGCS2 (37, 38), indicating its potential to produce ketone bodies. Indeed, butyrate from polysaccharides fermentation by some anaerobic bacteria is easily absorbed by colonocytes or transported to the liver for ketogenesis (36, 39). This process plays an important role in the differentiation of colonocytes (40). In ruminants, colonocytes-derived BHB affects the development of the rumen and is believed to be associated with the responsiveness to weaning and infections (10, 41, 42).

Fragmentary extrahepatic ketogenesis has been reported in tumour cells (43), astrocytes of the central nervous system (CNS) (44), renal cells (45), retinal pigment epithelium (46), or other cells with an unusual expression of mHMGCS2 (47, 48), ketogenesis was also observed. However, in the physiological state, no extrahepatic tissue presents a higher steady-state ketone body concentration than in the circulation (49), indicating that the extrahepatic ketogenesis does not influence the circulating ketone body concentration. Collectively, by controlling the substrate accession (mainly controlled by the ratio of insulin to glucagon) and strictly spatiotemporal expression of mHMGCS2 (primarily regulated by the fork-head transcription factor), endogenous ketogenesis is delicately controlled (50, 51). Previous work has reviewed the regulations of ketogenesis in detail (34, 52). For now, two queries are still needed to be studied. The first is how the AcAc and BHB cross the mitochondrial adventitia; the other is the physiological action of extrahepatic ketogenesis in bodies.



Energy and Signal Roles of BHB

Ketone bodies play extensive physiological roles in animal tissues (6). Because the proportion of AcAc and Ac in circulating ketone bodies is very low and their unstablebilities (6, 49), we will mainly focus on the physiological role of BHB. BHB was considered a passive energy carrier in the early stage (52). But, with the deepening of research in recent years, abundant evidence authenticated its signalling carrier roles, which affect various physiological processes by multiple mechanisms.


Alternative Energy Source

The glucose supply in animals does not meet the body’s energy requirement in many physiological states, such as neonatal period, fasting, prolonged exercise, pregnancy and lactation, and adherence to low-carbohydrate diets (53, 54). Under these conditions, the stored energy in muscle and liver glycogen and the fatty acids residing in adipose tissues will be mobilized. As the major form of energy storage, adipose tissues, which contain more than 80% stored energy of the body, are catabolized into FFAs through lipolysis and parts of these FFAs are transported to the liver for ketogenesis (7). The hepatic BHB is then distributed via blood circulation to metabolically active tissues, including muscle, brain, and heart, then metabolized into Ac-CoA, and eventually ATP in the TCA circle (34) (Figure 1). The liver can produce up to 300 g of ketone bodies per day in human bodies, which provides 5~20% of the total energy expenditure (34, 55). In addition, BHB has a higher H: C ratio than pyruvate (2 and 1.3, respectively) and higher reducibility, which means that it yields more free energy per mole of oxygen to fuel ATP production (56) and consequently was thought to produce fewer byproducts of reactive oxygen species (ROS) than glucose or FFAs (57). However, ROS was also thought to be more than a byproduct of mitochondrial terminal oxidation and play an important role in sustaining the function of T cells (58, 59), which might explain why pyruvate instead of BHB was chosen as the main substrate for mitochondrial terminal oxidation in normal state. In short, this alternative energy storage is considered a mechanism developed by animals to adapt to food availability and nutrient stress (34).



Direct and Indirect Regulators of Various Physiological Processes

Apart from passive energy carriers, BHB is also involved in multiple signalling functions at the cell surface and intracellular, affecting gene expression, lipid and protein metabolism, neuronal function, and metabolic rate by direct or indirect mechanisms (Table 1).


Table 1 | The roles of BHB as signal carriers.



BHB was found as a competitive inhibiting catalytic site, directly inhibiting class I histone deacetylases (HDACs) (83), which were thought to participate in the regulation of gene expression by deacetylating lysine residues on histone and nonhistone proteins, such as NF-κB, TP53, MYC, and MYOD1 et al., and consequently regulates corresponding gene expression (84, 85). Li and colleagues found that BHB upregulated claudin-5 gene expression and ameliorated the diabetes-associated cardiac endothelial hyperpermeability by inhibiting HDAC3 (60) (Figure 2A). By lysine β-hydroxybutyrylation, BHB can also directly modify proteins in multiple model organisms, including yeast, fly, rat, and human cells, and regulates gene expression (63). Zhang and colleagues found that the β-hydroxybutyrylation of Lys 9 of histone H3 (H3K9) upregulated the expression of foxo1 and ppargc1a, contributing to the development of CD8+ Tmem cells (64) (Figure 2B). BHB is also the ligand of two cell surface G-protein-coupled receptors, hydroxycarboxylic acid receptor 2 (HCAR2), also called GPR109A (86), and free fatty acid receptor (FFAR), which both were thought to play important roles in metabolism and metabolic diseases (66, 87, 88). Chen and colleagues found that BHB activated the HCAR2 signalling pathway, which increased M2-related gene transcription in intrahepatic macrophages and attenuated liver damage induced by alcohol hepatitis by lowering mitochondrial membrane potential (68) (Figure 2C). Liu and colleagues found that BHB activated HCAR2 and inhibited the activation of the NF-κB signaling pathway, which decreased the release of pro-inflammatory cytokines in primary rat microglial cells (15, 16) (Figure 2D). There is also evidence indicating that BHB affects the K+ channel and modulates potassium flux across the plasma membrane (71, 72), which probably explains why BHB inhibits the activation of NOD-like receptor protein 3 (NLRP3) inflammasome and ameliorates NLRP3 inflammasome-mediated inflammatory diseases (89) (Figure 2E). Interestingly, oxidation of BHB was found to close the mitochondrial permeability transition pore, which maintains the electrochemical potential gradient required for ATP generation of oxidative phosphorylation (56). This closure was thought to protect neurons against ROS-induced apoptosis (90, 91) (Figure 2F). Besides, by directly inhibiting the neuronal vesicular glutamate transporter (VGLUT), BHB reduces excitatory glutamate neurotransmission without affecting inhibitory gamma-aminobutyric acid (GABA) neurotransmission (92), which is believed to be involved in the process of lowering the seizure of epilepsy by utilizing a ketogenic diet (73). However, some nonnegligible evidence shows that BHB might increase the release of inflammatory factors. For instance, Neudorf et al. found that elevated circulating BHB by oral ketone supplementation significantly increased the levels of IL-1β and IL-6 but not TNF-α or IL-8, through a caspase-1 dependent manner in human monocytes (93). Li et al. also found that, by activating the NF-κB signal pathway, BHB increased the release of pro-inflammatory factors (94). These contradictory results indicate that elevated BHB might have anti-inflammatory or pro-inflammatory effects for different target cells or in a different trigger method (exogenous or endogenous). The mechanisms of these contradictory effects should be the most priority in studying BHB on cell physiology, which is urgent for researchers to solve as soon as possible.




Figure 2 | The physiological processes that BHB direct regulates. (A) BHB across the plasma membrane enters the nucleus and inhibits HDACs, which participate in the deacetylation of histone and nonhistone proteins, resulting in the increased expression of the claudin-5 gene in the cardiovascular endothelial cells. (B) BHB that enters the nucleus was activated into acetylated BHB and then β-hydroxybutyrates histone and nonhistone proteins, resulting in the increased expression of Foxo1 and Ppargc1a gene in the CD8+ T cells. (C) BHB holds back the K+ channel in the plasma membrane, which maintains the cytoplasmic K+ concentration and inhibits the activation of the NLRP3 inflammasome. BHB activates HCAR2, a seven-transmembrane G-protein coupled receptor of the Gi family, and inhibits the activity of the AC/cAMP/PKA signaling pathway. (D) the inhibition of the AC/cAMP/PKA signaling pathway decreases the mitochondrial membrane potential and promotes the transcription of M2-related genes in intrahepatic macrophages. (E) the inhibition of the AC/cAMP/PKA signaling pathway also inhibits the activation of NF-κB, consequently inhibiting the expression of pro-inflammatory genes in primary rat microglial cells. (F) the oxidation of BHB in the mitochondrion closes the channel proteins in the mitochondrial intima, which inhibits the outflow of ROS. BHB, β-hydroxybutyrate; BHBtion, β-hydroxybutyration; MCT, monocarboxylate transporter; HCAR2, hydroxycarboxylic acid receptor 2; HDACs, histone deacetylases; Ac, acetyl group; His/non-His, histone/nonhistone proteins; AC, adenylate cyclase; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; NF-κB, nuclear factor kappa-B; Ac-CoA, acetyl coenzyme A; TCA, tricarboxylic acid cycle; ROS, reactive oxygen species; ATP, adenosine triphosphate; ATPase, ATP synthase.



In addition to the above direct modulator roles, BHB also exerts indirect signalling effects by its metabolic intermediates, including but not limited to Ac-CoA, succinyl-CoA, and NAD+/NADH, during its catabolism to ATP (95). The catabolism of BHB increases the level of intracellular Ac-CoA (Figure 1), which was thought to post-transcriptionally modulate gene expression via both enzymatic and nonenzymatic protein acetylation (96). As the alternative energy source, by increasing cytoplasmic citrate and inhibiting the activities of phosphofructokinase (PFK) and pyruvate dehydrogenase (PDH), BHB inhibits glycolysis, the cytoplasmic steps of glucose utilization in many tissues (Figure 1), such as the heart, brain, skeletal muscle, and tumours (6, 55, 71, 75), maintaining blood glucose at a necessary level. Besides, Ac-CoA-derived acetylation has extremely extensive influences on multiple cellular compartments, particularly mitochondria and nucleus, which are very sensitive to acetyl-CoA concentration and whose gene expression is readily affected (85). The catabolism of BHB also consumes succinyl-CoA to donate the CoA to AcAc (97) (Figure 1). Like acetylation, lysine succinylation also plays an important role in the mitochondria of diverse organisms (76, 98). Its consumption affects the balance of lysine succinylation, which affects the expression of HMGCS2 and other genes (76, 99). NADH utilization during BHB metabolism is different from glucose metabolism. Considering that the cytoplasmic and mitochondrial NAD+: NADH equilibrium is thought to be crucial in metabolic disease and ageing (78), this alteration might also explain the anti-ageing effects of the ketone diet. Moreover, BHB also serves as a substrate for synthesizing glutamine and other amino acids in astrocytes (100), which further alters the biosynthesis of the inhibitory neurotransmitter GABA (101). On the whole, the signal molecule actions of BHB involve multiple molecules and pathways, which need to be further deeply investigated.

Referencing the term ‘RNA World’ proposed by Ádám et al. (102), we propose an analogical concept: ‘BHB World’. BHB is a more effective fuel molecular with fewer byproducts and a more regulative intermediate metabolite that regulates multiple metabolisms processes (52) (Figures 1, 2 and Table 1). In adipose tissues, which are crucial for animals’ survival, FFAs, the precursor of BHB, can be steadily and massively stored and quickly utilized. BHB also connects and regulates multiple physiological processes like a bridge (95). These functions are similar to the performance of RNA as genetic information storage and functional enzymes. Considering these seemingly coincidental similarities, we can speculate that BHB might also act as the main circulation fuel molecular rather than glucose in the early stage of the life evolution process. However, this theory has never been proposed before and needs to be discussed more.




Barrier Immunoregulatory Role of BHB

The energetic and signalling functions of BHB suggest its extensive physiological activities, such as an immunoregulator. Indeed, accumulating evidence corroborates the important role of BHB on immunoregulation by different mechanisms, including nutrition competition, metabolic reprogramming, immune microenvironment modification, and gene expression regulation, in various tissues, such as peripheral blood, brain, respiratory tract, and digestion tract, which have been well-summarized before (1, 3, 21, 103). However, there are mounts of reports regarding the effects of BHB on the function of the immunological barrier, which has never been reported before in literature. Hence, in this section of the review, we will outline and discuss the regulatory role of BHB on the immunological barrier, mainly mucosa.

Over 400 m2 of mucosa and skin in human bodies are constantly exposed to the environment, harbouring massive microorganisms since birth, and over 70% of immune cells resident in the mucosal system (104). These barriers maintain the equilibrium between the body and the external environment by constructing microbial, chemical, and physical protections (105) (Figure 3). Indubitably, these barrier immune systems are the first defence line against infections.




Figure 3 | The mucosal immunity of the intestine and the possible effects of BHB on intestinal mucosal immunity. BRC and circulating immune cells from bone marrow circulate in the blood and lymphatic system and then return to the bone marrow. BHB was found to accelerate the homing process of circulating naïve B cells, decrease the expression of CXCL13 (a chemokine that recruits naïve B cells) in the intestinal vascular endothelial cells and stromal cells, and increase the expression of adhesion proteins between vascular endothelial cells, indicating BHB might reduce the chance of circulating immune cells infiltrating into the intestinal mucosa. The germinal centre in the intestine tissue contains multiple kinds of follicular lymphocytes, which are released into the stromal participating in the immune defence process. BHB was found to inhibit the proliferation and differentiation of primary follicular lymphocytes, indicating BHB might reduce the number of follicular lymphocytes in the stromal. There are massive microbes on the surface of the small intestinal mucosa, which prevents the colonization of pathogens (Microbiota Barrier). BHB was found to inhibit the growth of Bifidobacterium and Lactobacillus in the intestine and alter the microflora community of the nasopharynx, indicating BHB affects the microbiota barrier of mucosal. Covering the surface of mucosal epithelium, a layer of mucus consists of kinds of chemical components (Chemical Barrier), including mucins secreted by goblet cells, antibacterial peptides secreted by epithelial types of cells, and sIgA secreted by plasma cells, et al. BHB was found to affect the thickness and viscosity of the mucosal layer, indicating BHB might affect the secretory function of these secretory cells. The mucosal epithelial cells are woven into a dense network by tight junctions and intermediate junctions, including occlaudin, claudin, E-cadherin, Ep-CAM, et al. This network prevents pathogens from invading the mucosal tissue and resulting in infection (Physical Barrier). BHB affects the expression of adhesion proteins between vascular endothelial cells, indicating that it might also affect the physical barrier of mucosal epithelium. Macrophages, DCs and other immune cells play important roles in recognizing and eliminating the invaded pathogens. BHB was found to decrease the pro-inflammatory activities of granulocytes and macrophages, indicating that BHB might also affect the activities of immune cells in the infected mucosal tissues. BRC, blood-red cell; BHB, β-hydroxybutyrate; sIgA, secretory immunoglobulin; E-cadherin A, epithelial cadherin; Ep-CAM, epithelial cell adhesion molecule; DCs, dendritic cells.




BHB Affects Microbiota Barrier

The mucosa and skin are colonized by massive commensal, opportunistic pathogenic, and pathogenic microorganisms, covering the epithelial cells and forming a layer of microbiota barrier (106). The commensal microflora competes for ecological niches and nutritional resources with pathogenic microflora, which is thought to inhibit the invasion and proliferation of the latter, indirectly protecting the tissues from infection (107). Importantly, the competition among these microorganisms is homeostatic, which was recently confirmed to be reproducibly influenced by BHB (Figure 3).

The mucosal microbiota of the gut is considered an important regulator of the immune system (108, 109). Paoli and colleagues systematically reviewed the relationship between ketogenic diets (KD) and the gut microbiome, showing common consequences: decreasing the α diversity and richness of the gut microflora community and decreasing some specific bacteria (110), indicating the gut microflora regulatory role of BHB. Newell and colleagues found that KD significantly decreased the gut microbiota α diversity of the B6 murine model of autism spectrum disorder, characteristically reducing the relative abundance of Bifidobacterium and Lactobacillus genera (111). Then Ang and colleagues observed very similar gut microbiome alterations in both human and B6 mice (35). To explore the underlying mechanism, they also conducted both in vivo and in vitro experiments, showing that BHB directly inhibited the proliferation of the Bifidobacterium and most gut-resident anaerobes (35). This direct bacteriostasis of BHB might explain the KD-induced gut microbiota alteration, at least partly. Considering that Bifidobacterium is proven to induce the proliferation of pro-inflammatory Th17 cells in the intestinal of mice and humans (35, 112), it’s believed that BHB might regulate the gut microflora through some indirect mechanisms, which needs to be verified in further investigations. Even though there seems to be a consensus that BHB has an important influence on the gut microbiome, very limited research directly studies its effects on the gut microflora, and its mechanism is not well characterized either.

The mucosal microbiota in the respiratory tract is also considered an important regulator of the immune system (107, 109). In previous work, by dietary restriction and intravenous injection of exogenous BHB, it was found that elevated circulating BHB significantly increased the α diversity and the richness of the yak nasopharyngeal mucosal microbiota community, contrary to the gut, with an unexpected increase of many bovine respiratory disease-related bacteria, indicating the increased risk of bovine respiratory diseases (13). The prominently changed genus in the experiment was also obviously distinct from those in the gut, suggesting that BHB has a different influence on the digestive and respiratory tract microflora community. This work also implied that hyperketonemia rather than dietary changes were more responsible for the nasopharyngeal mucosal microbiome alteration (13). It must be highlighted that yak is not a canonical model organism, and whether a similar BHB-induced nasopharynx-colonized microorganisms alteration will occur in mice and humans must be verified by further experiments. Based on these results, it can be analogously assumed that BHB also affected the microbiota of the lower respiratory tract. However, apart from this report, few references about the effect of BHB or KD on the respiratory tract can be found.

There are a few essentials to be noticed. Firstly, the short-chain fatty acids (SCFAs) represented by butyrate possess a similar bacteriostatic effect to BHB (108, 113), and they are also mucosal immunoregulatory molecules (113). Ang et al. observed no significant alteration in the level of SCFAs, including butyrate, in their experiment, indicating SCFAs were not involved in the gut microbiota growth inhibition of KD even though butyrate inhibits the growth of Bifidobacterium (35). However, more evidence is needed to distinguish the immunoregulatory effects of SCFAs and BHB. The second point is the extremely complex interreactions among these barrier-colonized microorganisms, and this equilibrium will be broken even though a slight alteration in a single kind of microorganism (106). This complexity makes it more difficult to identify the specific effects of BHB on the microbial community. Thirdly, the altered microorganism also affects the immune system where it colonizes. For instance, Tagliabue et al. found that three months of KD significantly decreased the abundance of Desulfovibrio spp in patients with Glucose Transporter 1 Deficiency Syndrome. Desulfovibrio spp participates in regulating mucus layer inflammatory status, indicating BHB could indirectly affect the immune system by exerting influence on the microflora (114). Finally, the microbiota in the gut and respiratory tract mucosa is important for inducing immune tolerance (109). It was noticed that fasting inhibited the induction of oral tolerance (115). However, whether the inhibition of microflora induced by BHB affects the induction of immune tolerance is uncertain and warrants attention. In short, according to the different effects of BHB on the intestinal and the nasopharynx, it’s reasonable to suspect that BHB exerts its barrier microbiota regulatory role in an unknown tissue-specific way via different mechanisms which warrant further investigation.



BHB Affects Chemical Barriers

The chemical components, such as mucins secreted by goblet cells, antibacterial peptides secreted by epithelial types of cells, and secretory immunoglobulin A (sIgA) secreted by plasma cells et al., are released into the mucosal secretions and form a dense viscoelastic barrier, covering the mucosal epithelial cells and resisting the adhesion and invasion of microorganisms (116, 117), like a city moat (Figure 3). Referencing previous works (118, 119), we named these barriers chemical barriers instead of mucus barriers because mucus barriers seem to be used to describe the mucosa only (does not include the skin). Prior works suggested that the richness decrease induced by carbohydrate restriction decreased the gut mucosal mucus layer (120, 121). Besides, Nagai and colleagues found that fasting significantly reduced the production of IgG, IgM, and antigen-specific sIgA (115). These works implied that BHB might also affect the generation of mucus. However, Ang and colleagues noticed KD neither reduced the expression of the muc2 gene nor the thickness of the mucus layer in gut mucosal (35). Intriguing, two randomized controlled trials also investigated the effect of KE oral administration on athletes’ immune response to exercise, focusing on sIgA secretion, indicating that elevated blood ketones slightly increased sIgA level in saliva (122, 123). Given that fasting and KD are usually accompanied by elevated blood BHB, these heterogeneous results implied that BHB might have complicated effects on the mucosal mucus layer. It’s proposed that the decreased consumption of mucins by microbiota, the altered quantities and activities of immune cells, and the modified secretion and transportation abilities of plasma cells and epithelial cells accounted for these complicated effects on the mucus layer (13, 115, 120). However, these conjectures all need to be further investigated.



BHB Affects Physical Barriers

The tissue barrier function of the mucosa is provided by the tightly interlaced cell-to-cell network of epithelial cells and intraepithelial lymphocytes (124) and the microvilli of epithelial cells (125). There are tight junctions and intermediate junctions among the epithelial cells and intraepithelial lymphocytes, such as occlaudin, claudin, epithelial cadherin (E-cadherin), and epithelial cell adhesion molecule (Ep-CAM), which weave these cells into a dense network, impeding microbiota invading epithelial tissues and wielding innate immunity function (125, 126) (Figure 3). Mounts of studies indicated that prolonged aerobic exercise increased intestinal permeability (127–129). Although no evidence indicated that ketone bodies were involved in the exercise-induced augmented intestinal permeability, it cannot be excluded that BHB contributed to the permeability augmentation. Serino and colleagues found that a high-fat diet-induced hyperketonemia increased the permeability of mice’s gut and resulted in a higher concentration of endotoxin in the blood (130). We hypothesize that the increased intestinal permeability allows more nutrient substances to be transported into the vein by a paracellular pathway to replenish the prolonged exercise-induced over energy consumption. In this process, it is inevitable that some antigens (bacteria) also pass through the epithelial barrier, which results in endotoxaemia. However, ketone bodies were also found to upregulate the expression of endothelial connexin 43 (Cx43) gap junctions of bovine vascular endothelium (131), which decreased the permeability. This contradiction could be explained by the different functions of these two types of mucosal. The intestinal epithelium absorbs nutrients from the outsides while the vascular provides tissues with nutrients. These contradictive responses to elevated BHB concentration have the same aim: maintaining a necessary blood glucose concentration. Anyway, these clues indicated that BHB affected the junctions among mucosal tissue cells. Although the direct evidence is lacking, it is an attractive research direction to investigate the different influences of BHB on the permeability between the digestive tract and respiratory tract mucosal epithelium, even between different sections. Furthermore, the mucociliary clearance produced by epithelial microvilli also wields an important role in the resistance against microbiota adhesion and invasion (125). However, there is no study regarding the effects of ketone bodies on epithelial microvilli function, which is worthy of investigating.

Apart from the mucosa, some other tissues also act as barriers, including the skin, BBB, blood-embryo barrier, blood-testis barrier, blood-ocular barrier, and vascular barrier endothelium, et al. Skin, a specific mucosal barrier, was reported to be influenced by KD, especially in the artificially induced murine psoriasis model (132, 133). A high-fat diet significantly reduced the expression levels of BBB transporters and tight-junction proteins (claudin-5, occludin) in mouse brain capillaries (134), which supported our previously mentioned explanation. Another study revealed that elevated BHB concentration also increased the retinal outer nuclear layer Cx43 expressions, which improved retinal permeability and homeostasis (69). The researches regarding the effect of ketone bodies on these specific barriers are quite limited and warrant more attention, especially on the blood-embryo barrier and vascular endothelium.

It’s important to realize that these three levels of barriers discussed above are just a part of the mucosal immune system, which also contains the innate immune cells in the stroma from the circulating blood or the germinal centre (Figure 3). Since these innate immune cells are also distributed in other non-mucosal tissues (22, 135), the effects of BHB on these cells were not discussed in this review. Collectively, BHB is an important regulator for the barrier immune system, but these mechanisms are still confusing.

Even though many eyes focused on the immunomodulatory roles of BHB and accumulating literature was published, this knowledge gap is still huge and needs to be deeply investigated. For instance, are there any differences between the effects of endogenous and exogenous BHB? Is it feasible to apply the immunomodulatory effect of BHB to the treatment of respiratory inflammation? Is the role of BHH consistent in the respiratory and digestive tract? All these queries need to be answered by the efforts of a large number of researchers.




Concluding Remarks

BHB is an endogenous natural small molecule that presents in almost all life realms, connecting glycometabolism, lipometabolism and proteinmetabolism. During its metabolism as energy molecular, NAD+ is oxidated to NADH, the succinyl-CoA is consumed, and lots of Ac-CoA is generated, inhibiting glycolysis and affecting the metabolic environment of extrahepatic cells. Together with its protein and gene modification function, BHB can alter the metabolism, gene expression, and post-transcriptional modification of cells, especially the immune cells. Because BHB is a signal of energy deficiency and a more reductive substrate molecule, elevated blood BHB concentration will guide the body to shut unnecessary physiological processes down, including altering the permeabilities of many endothelium and epithelium to support pivotal processes and reducing the activities of some high energy-consuming cells (plasma cells and goblet cells). These alterations consequently affect the mucosal immune systems, showing great potential in treating mucosal and skin-related diseases. However, the detailed mechanisms and progresses behind these alterations are not fully understood and deserve further investigation.
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Patient cohort characteristics HSCR non-HSCR

Total (n) 43 6
Age (month)

Mean 14 6.2
Median 5.7 6.35
Range 1-127.5 0.4-11.9
Sex

Male 35 (81%) 5 (83%)
Female 8 (19%) 1(17%)
Clinic

Basel (CH) 4 (9%) 4 (67%)
Bern (CH) 4 (9%) 0
Diisseldorf (DE) 2 (5%) 0
Freiburg (DE) 3 (7%) 0
Geneva (CH) 1(2%) 0
Heidelberg (DE) 3 (7%) 1(17%)
Karlsruhe (DE) 4 (9%) 0
Lausanne (CH) 5 (12%) 0
St. Gallen (CH) 6 (14%) 0
Ziirich (CH) 11 (26%) 1(17%)
Surgical technique

Swenson transanal 3 (7%)

Soave transanal 34 (79%)

Swenson transabdominal 1(2%)

Soave transabdominal 4 (9%)

Duhamel transanal 1(2%)

Length of aganglionosis

Ultrashort & short 28 (65%)

Long 8 (19%)

TCA 7 (16%)

Fiber phenotype

Fiber-high 13 (30%)

Fiber-low 30 (70%)

Descending colon control tissue

Total aganglionic DC 10 (23%)

from fiber-high patient 8 (19%)

from fiber-low patient 2 (5%)

Total ganglionic DC 12 (28%)

from fiber-high patient 6 (14%)

from fiber-low patient 6 (14%)

Characteristics of prospective HSCR patient cohort. Values are absolute numbers
(percentage %) for categorical variables and mean/median/range for continuous
variables. HSCR, Hirschsprung disease; CH, Switzerland; DE, Germany; TCA, total
colonic aganglionosis; DC, descending colon.
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Compound RXR ECso Value RAR % Activation at

(nM) +/- (SD) 100 nM +/- (SD)
A18 43 (5) 5 (6)
A20 90 (14) 3(2)
A4 71 (10) 48 (10)
A55 13.8 (1.5) 19 (9)
A56 40.9 (0.6) 21 (8)
AS7 18.2 (0.4) 16 (6)
BEX 53 (6) 23 (5)

Values obtained from previously published data (32, 34-36). % RAR activation determined
from measurements of RAR/RARE reporter activity in transfected cells, rexinoid activity
divided by ATRA activity (see ref). Rexinoids included in table were found in this study to
either mimic ATRA activity (A18, A20, A41) or cooperate with subtoxic dosages of ATRA
(A55, A56, A57) to enhance T cell activity.
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Function in lung Hormone

Anti-inflammatory CRH
ACTH
Cortisol
T4
Testosterone
Estradiol
Adiponectin
GIP
GLP-1
Ghrelin
Glucagon
C-peptide
Pro-inflammatory TSH
Lipocalin-2
DHEA
Leptin
Resistin
Insulin
Growth Hormone

T2D (vs healthy)

Low (15)
High (15)
High (15)
No change (17)
Low (19)
Low (20)

No change (17)
Low (22)
Low (30)

High (32, 33)
Low (33)

In TB (vs healthy)

Low (3), No change (18)
High (3, 21), No change (18)
No change (16)

Low (26), No change (16), High (27)

Low (3, 16)
Low (16, 27), High (26)
High (27)

High (3, 18)

TB-T2D (vs TB)

High (18)
No change (18)
High (18)
Low (23)

No change (26)

High (31), No change (18)

Low (26), High (23)

High (31), No change (18)

T2D, Type 2 Diabetes; TB, Tuberculosis; CRH, corticotropin-releasing hormone; ACTH, adrenocorticotropic hormone; T4, Thyroxine; GIP, gastric insulinotropic peptide; GLP-1, glucagon-
like peptide 1; TSH, thyroid-stimulating hormone; DHEA, dehydroepiandrosterone.
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Target Name Sequence (5’ > 3)

ERK-1 MAPK2 GGAAAAGCUCAAAGAACUALt

ERK-2 MAPK1 CCGGAUGUUAACCUUUAACHt

JNK-1 MAPK8  GGGAUUUGUUAUCCAAAAULt

INK-2 MAPK9 GGGAUUGUUUGUGCUGCAUtt

p38 MAPK14  GGAAUUCAAUGAUGAUGUGUAULt

Negative Negative ~ siRNA has no significant sequence similarity to mouse,
control Control #1  rat, or human gene sequences.
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MDR Trigger (dose)

Sterile Models
Sterile mesothelial injury
(surgery, laser)

Sterile Brewer's Thioglycollate
Antigen, migration inhibitory
factor, viruses or tumor cells

Egg Antigen (10ug), purified
protein derivate (10ug)
Tuberculin

Ova peptide (50ug) into mice
bearing antigen-primed T cells

Thrombin (20 Units)

RGES Peptide

Microbes or microbial products
E. coli (5x107 UV-inactivated)

S. aureus

Lipopolysaccharide

Zymosan

INF-y (100 U/mL) + LPS
(100ng/ml)

Synthethic Lipopetid
(Pam3CSK4)
Human studies
Bacterial peritonitis

Liver cirrhosis associated
events (Bacterial peritonitis,
encephalopathy, death)

Time between trigger and
complete MDR

3h

12-72h
1 to 96h

5h
25-6h

5h

1h -5h

48h

20d

2h (2 x 107)
3h (10 pg)
5h (1 ng)

3-4h (1mg)
4h (0.5mg)
3d (10 ug)

20h

12h

1 day

Postulated fate of disappeared
macrophages

Form stable cell-cell aggregates that
cover injury and induce post-surgical
adhesions

Macrophage cell death

Undergo activation during MDR in
delayed type hypersensitivity or acute
inflammatory reaction and then
reappear activated to regulate
responses toward pathogens or tumor
cells.

Macrophage activation

Not demonstrated

Macrophage adhesion

Macrophage adhesion

Macrophage bind the mesothelium
overlying draining lymphatics

Do not undergo fas-mediated apoptosis
Not demonstrated
Accumulation in the omentum

Form large clots to trap
microorganisms; adherence with tissue
and drained to lymph node

Binding to mesothelial cells

Not demonstrated

Shedding of surface CD206

Not demonstrated

Molecular mechanism

Scavenger receptors, can be blocked with
Heparin and Poly-()

Not demonstrated
MDR Inhibited by Heparin, L-Fucose,
Hyaluronidase

Desensitization suppress MDR, in
sensitized animals normal MDR

MDR completely inhibited by Heparin and
Warfarin

Suppressed in fibrinogen-

deficient mice, partially suppressed by
thrombin antagonist

MDR suppressed

in fibrinogen-deficient mice.
Integrin-mediated mechanisms involving
VLA-4 and VLA-5 that can be blocked by
RGD (Arg-Gly-Asp peptides) and VLA-4
and VLA-5 blocking antibodies.

No difference in fas-deficient mice.

Not demonstrated

Macrophage interaction with mesothelial
cells, mainly of the omentum, was
proposed to be a key step in MDR.
Partially inhibited by refludan.

MDR reversed completely with Heparin
and partially with Hirudin/loss Factor V
Expression/loss of Integrin activation
adaptor talin-1 Expression/TF deficiency
Monocyte activated by in vitro exposure to
LPS and INF-Y bound with increased
efficiency to mesothelial cells

Not demonstrated

Depletion of CD206+ LPM at day 1 of SPB
Peritonitis with normalization to steady
state after resolution of SPB

Severity of liver disease and liver cirrhosis
are correlated with reduced numbers of
Crlghi macrophages. Human crigh
macrophages were transcriptionally similar
to mouse F4/80hi peritoneal macrophages.

Reference

(44)

(50-52)
(63)

(64)
(49, 55)

(56)

(56)

67)

(58)
(59)
(19, 40,
56)

(21, 51,
60-62)

(40)

(59)

63)

(@5)
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Variable* Unadjusted Fully adjusted™

beta (95% CI) p-value beta (95% CI) p-value
Number of elevated genital pro-inflammatory cytokines -0.04 (-0.11 t0 0.02) 0.203 -0.07 (-0.13 to -0.01) 0.03
Genital IL-1f concentration (log10 pg/ml) -0.11 (-0.21 to -0.01) 0.026 -0.19 (-0.28 to -0.09) 0.00019
Genital IL-8 concentration (log10 pg/ml) -0.12 (-0.27 t0 0.04) 0.135 -0.18 (-0.32 to -0.03) 0.02
Genital MIP-1B concentration (log10 pg/mi) -0.12 (-0.24 t0 0.01) 0.06 -0.14 (-0.26 to 0.01) 0.031
Genital G-CSF concentration (log10 pg/ml) -0.09 (-0.16 to -0.02) 0.017 -0.12 (-0.18 to -0.06) 0.00022
Genital Eotaxin concentration (log10 pg/ml) -0.22 (-0.39 to -0.05) 0.014 -0.25 (-0.41 to -0.09) 0.002
Genital IL-1RA concentration (log10 pg/ml) -0.24 (-0.49 t0 0.01) 0.063 -0.33 (-0.56 to -0.11) 0.005
Log+o endocervical CD4+ T cells per cytobrush -0.30 (-0.45 to -0.16) 0.000099 -0.27 (-0.41 t0 -0.13) 0.00028
Log1o endocervical Th17 cells per cytobrush -0.13 (-0.27 to -0.00) 0.054 -0.11 (-0.24 to 0.02) 0.092

*Each variable was run in a separate model with log10 Treg proportion as the outcome, either unadjusted or adjusted as stipulated.
*Adjusted for # of recent sex acts with repeat clients, duration of sex work, parity, history of miscarriage or still birth, vaginal microbiota diversity, history of an STI or yeast infection, DMPA use.
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Variable Spearman P
rho value

Duration of sex work -0.277 0.027

No. of sex acts with repeat clients in the last week -0.349 0.005

No. of sex acts with casual clients in the last week 0.038 0.766

History of stillbirth, miscarriage or spontaneous abortion -0.26 0.043

Number of pregnancies -0.145 0.254
P value
(Mann-Whitney)

Use enhancers during sex (Y/N) 0.652

Practice vaginal douching (Y/N) 0.851

History of still birth, miscarriage or spontaneous 0.043

abortion (Y/N)

Use injectable contraceptive (Y/N) 0.152

Use an implant for contraception (Y/N) 0.291

Always use condoms with new clients 0.52

Always use condoms with repeat clients 0.724
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Variable Frequency
Age, median (IQR) 28 (25-30)
Duration of sex work in years, median (IQR) 3 (2-6)

Education, secondary school (or greater) completed
Earn most money from sex work

Have husband or boyfriend

Most recent sex, days ago, median (IQR)

Sex acts with casual clients last week, median (IQR)
Sex acts with repeat clients last week, median (IQR)
Practice vaginal douching

Use enhancing substances during sex

Ever taken pre-exposure prophylaxis

Have sex during menses with casual clients

Always use condoms with casual clients

Always use condoms with repeat clients

Always use condoms with boyfriends/husbands
Number of pregnancies, median (IQR)

Pregnancy resulting in still birth or miscarriage

Currently on contraceptives [DMPA (n=13), implant (n = 10), oral

pills (n = 5)]

Menstrual cycle phase at sample visit, 16-30 days from start of

menses (of those with regular cycles)

Ever diagnosed with a sexually transmitted infection
Ever exposed to physical violence

Ever exposed to sexual violence

Ever use recreational drugs (non-injection)

Ever have sex under influence of alcohol

46/64 (72%)
55/64 (86%)
27/64 (42%)
2(1-7)
1(0-9)
1(0-2)
34/64 (53%)
43/64 (67%)
35/64 (55%)
20/64 (31%)
51/52 (98%)
53/57 (93%)
4/27 (15%)
2(1-8)
13/64 (20%)
31/64 (48%)

22/57 (39%)

17/64 (27%)
16/64 (25%)
7/64 (11%)
17/64 (27%)
36/64 (56%)
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Health Individuals (= 50) COPD Subjects (n =79

Tota, n 50 7
Sex, Mae/Femao, n 020 a7

Age (mean  SO).years 678221187 71252968
B, kg’ 23892314 23652338
Cutent smokers Former smokers/Non-smokers 281012 2us77
Smoking (peckcyears) 233329988 3476 23547
Cinical variables (mean = SD)

Pre FEV, predicted (%) 11029+ 1975 512851776
Post FEV: predicted (%) NA 54431 1800
FVC predicted %) 9487+ 1558 6903+ 1852
FEVV/FVC (36) 9216+ 102 60832931
0LCD () 76022128 508522274
TG (%) 12398 2 1731 14954 2 1811
FEFSO%) N7t 23877 256621512
Duaton of COPD N 8062830
GOLD stage, 112734 N 117227328
Froquent exacerbalor phenotype, 5241 NA 0731090
mMRC dyspea Score NA 2002110
CAT Soore NA 15374723
SGRO Score. N 246821357
e sterods (56 NA 43%
Laboratory variables (mean = SD)

Leukooytes (10°4) 5992118 6522192
Neutrophis cols/) 2782164 4612163
Lympnocytes (celsu) 185060 157068
Eosiopnis calsh) 0142010 0201016
Monooyte (cals/u) 0372012 047017
Hemogiobin (/) 120,06 + 1808 13927 22026
ROW (%) 12962116 13252113
plaicets (10° i) 21691 25277 19976 2 6251
CRP leve (/) 6702827 8721237
ESR mvhou) 16172022 2724843
Co-morbid conditions, n (%)

Hypertenson 18(@8%) 2 (02%)
Corobrovascuiarcisoase ddisacisoasecoricostarods, YN 2% 453%)
Oiabetes moltus. 500%) 6%
Aergc hints 26% 810.7%

S0, standard deviation; COPD, chroni obsructv pulmonary saaso; B, body mass ndex: FEVT, foxced oxpiatory vokumen15:FVC, forcod vital capaciy: FEFS0, th orced
oxiatory fows betwoen 50% of tho FYC; GOLD, Global it for Chronic Obstctiva Lung Disoase; mMAC, mocifed MockcalRosearch Counc CAT, GOPD assessment
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Tissue Pathogen Mechanism Function Reference
SKIN Staphylococcus MyD88-dependent induction of IL-1o. and IL-360. by KCs. Skin inflammation and neutrophil Nakagawa et al. (20)
aureus Secretion of IL-17 by both v8 T cells and ILC3s infiltration
ORAL Candida albicans  Induction of IL-17 by nTh17s, ¥3 T cells, and ILC3s Protection Gladiator et al. (14),
MUCOSA Conti et al. (23),
Sparber et al. (22)
LIVER Adenovirus and Early IL-17A production by ILC3s Protection Jie et al. (25)
LCMV
Hepatitis B virus ~ Secretion of IL-17A and IL-22 by ILC3s. Activation of HSC Fibrosis Wang et al. (27)
(HBV) (regulating TGF-B receptor expression and STAT3 pathway)
LUNG Influenza virus IFN-B production. Inhibition of IL-17 production by T cells Prevention of secondary bacterial Li et al. (30), Kudva et al.
and potentially by ILC3s infections (31), Robinson et al. (32)
Induction of IL-22+ ILC3s in the lung Induction of epithelial regeneration Ivanov et al. (33), Abood
and protection against secondary etal. (34)
bacterial infections
Aspergillus Induction of IL-22-expressing cells Inflammation: negative impact on lung Reeder et al. (38)
fumigatus function
Mycobacterium CXCR5-dependent iBALT formation through IL-17 and IL-22 ~ Organization of protective immune Ardain et al. (40)
tuberculosis secreted by ILC3s responses
Streptococcus Induction of IL-22 by ILC3s Protection Van Maele et al. (42)
pneumoniae Expansion and maturation of pulmonary ILC precursors Protection Gray et al. (43), Oherle
mediated by IGF-1 from alveolar fibroblasts etal. (44)
IL-17A expression after IL-7 prophylactic stimulation Protection Hassane et al. (45)
Kilebsiella Recruitment of monocytes-producing TNF-o.. Induces IL-17-  Protection Xiong et al. (47)
pneumoniae secreting ILCs, which increase ROS in the monocytes
Secretion of IL-22 by IL-17+ IL-22+ ICOS+ ILC3s Protection Iwanaga et al. (48)
Pseudomonas Production of IL-22 by ILCs induced by previous exposure to  Induction of antimicrobial peptides Mear et al. (51)
aeruginosa C. albicans and protection against P.aeruginosa
IFN-A induction by IL-22 Protection Broquet et al. (52)
Induction of IL-17 by innate CD3-CD19- CD11c- NK1.1- Protection Bayes et al. (53)
cells
Paracoccidioides  1DO-1 expression and Kyn synthesis in DCs induced by AhR  Protection Aratijo et al. (55)
BLOOD OR Simian Reduction of IL-17 secretion due to NKp44+ NK (ILC3s) Not conclusive Reeves RK et al. (57)
SYSTEMIC immunodeficiency  depletion
INFECTIONS virus (SIV) Up-regulation of CD95 leads to ILC3s depletion and thus low  Intestinal barrier impairment Guo and Fu, (58); Shah
levels of IL-22 et al. (60); Zhang et al.
(59)
Induction of ILC3 apoptosis through TLRs Not conclusive Xuet al. (61)
Reduction of the expression of 47 integrin in colonic ILC3s  Not conclusive Hueber et al. (62)
Correlation between NKp44+ ILCs levels and delayed SIV Protection Rahman et al. (63)
acquisition with decreased viremia in vaccinated macaques.
Human Reduction of ILCs in ART treated people Not conclusive Wang et al. (66)
immunodeficiency ~ Correlation between lower levels of ILCs and preterm birth Not conclusive Akoto et al. (67)
virus (HIV) Recovery of ILCs in vertically HIV-infected children only when  Not conclusive Singh et al. (68)
ART is iniciated at birth
GUT Salmonella Formation of fibrosis regulated by RORa. in ILC3s Intestinal fibrosis Loetal (71)
typhimurium Activation of the IL-12/STAT4/IFN-y signaling pathway in Limitation of the intracellular bacterial ~ Yin et al. (72)
ILC3s by Runx3 infection
Giardia Lamblia Secretion of IL-17 by ILC3s Not conclusive Lee et al. (75)
Kilebsiella Secretion of IL-17, IL-22, and TNF by ILC3s produces Inhibition of K. pneumoniae growth in ~ Coorens et al. (77)
pneumoniae LCN-2 by intestinal epithelial cells vitro
Production of IL-17A by ILC3s Protection against sepsis by K. Niu, et al. (78)
pneumoniae in newborns
Yersinia Induction of IFNy by ILC3s induced by HVEM's ligand LIGHT  Protection Seo et al. (82)
enterocolitica
Clostridium difficile Regulation of ILC3s by hypoxia Protection Fachi et al. (85)
Production of IL-1B (FFAR2-NLRP3 inflammasome axis) in Protection Fachi et al. (86)
neutrophils triggered by acetate. Secretion of IL-22 by ILC3s
Candida albicans ~ Dectin-3 deficiency, IL-7 production, and HIF-1a-dependent  CAC (colitis-associated colon cancer)  Zhu et al. (87)
glycolysis in macrophages. Induction of IL-22 by ILC3s progression
through STAT3 and AhRR
Citrobacter Regulation of ILC3s by mTOR Protection Blanda Di Luccia et.al.
rodentium (90)
Induction of IL-22 via FFAR2 and FFARS in ILC3s by Protection W. Yang et al. (91)
butyrate E. Chun et al. (92),
A. Sepahi et al. (93)
Production of IL-22 in ILC3s modulated by atRA-HIC1 axis Protection K. Burrows et al. (94)
Production of IL-22 in ILC3s modulated by Vitamin D- Protection Y. Lin et al. (95)
Cyp27B1 axis
Regulation of ILC3 role and migration by ARNTL (master Protection Godinho-Silva et al. (96)

circadian activator)

Inhibition of IL-22 secretion by ILC3s through VIPR2

Regulation of ILC3s by TL1A

Regulation of ILC3 migration by the expression of GPR183
Secretion of IL-22 by ILC3s triggered by NKR-P1B

Inhibition of IL-17 and IL-22 secretion by ILC3s through

RANK-RANKL interaction
Regulation of ILC3 maintenance by AhR

M1 macrophage type induced by GM-CSF-mediated ILC3s

Pathogen-specific IgA limitation driven by CCR6+ILC3s and

TfH cells interaction through MHC-II

Susceptibility
Protection
Migration-Protection
Protection

Susceptibility

Protection
Protection

Checkpoint: Quality and magnitude
control of T-dependent IgA

J. Talbot et al. (97)
J.Castellanos et al. (98)
C. Chuet al. (99)

E. Abou-Samra et al.
(100)

J. Bando et al. (101)

S. Lietal. (104)

T. Castro-Dopico et al.
(108)

Melo-Gonzalez et al.
(106)






OPS/images/fimmu.2021.748851/fimmu-12-748851-g006.jpg
Fibre

Diet
preee l Citrobacter rodentium
Sl
Gut microbiota & ‘
ap @O G
SCFA’s C_ ) C O Vitamins

||| ][ u
® © © © o | oooo 0000

GPR43 —
* T Butyrate ®

Macrophage

Vit. A Vit. D

N

=
|
-

CCR6+ ILC3s IL-22

o
O
/ GM-CSF
® .0.

®9
IL-22

Follicule M1 Macrophage





OPS/images/fimmu.2021.645741/fimmu-12-645741-g004.jpg
01157 @ sy @ 170 163 @ 77
Lung (RORYCcels) — e
VAT Wi =] Y 100) W5 s

.
|
|
|
|
|
|
|
|
|
|
|
|
|

w

o

e smone
RORYt ypet7cals
e3888

o
e 34 ®
e | S5
52wl
EE o






OPS/images/fimmu.2021.774601/fimmu-12-774601-g008.jpg
EAC+AECM
EAC+AECM+IL-1ra Ab
EAC+IL-1ra
EAC+AECM+IL-10 Ab
EAC+IL-10
EAC+IL-1ra+IL-10

Cell density(#/mm?)
2
=3

o

MC density (#mm?)
Degranulated MC (%)






OPS/images/fimmu.2021.645741/fimmu-12-645741-g005.jpg
Pulmonary ewophs

e






OPS/images/fimmu.2021.645741/fimmu-12-645741-g006.jpg
BALF (CD11b"cels, 12 hours)






OPS/images/fimmu.2021.645741/fimmu-12-645741-g007.jpg
T sorom Terakop

€

B

[T r—
[ ———————






OPS/images/fimmu.2021.645741/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.645741/fimmu-12-645741-g001.jpg
Thymus

»oumsT e

10057 S U T g o e

Frequency (%)

o
565656565656565G5656

e
Tvs17
s oF

sor o s o sor o s o






OPS/images/fimmu.2021.645741/fimmu-12-645741-g002.jpg
0y 817

s s s

-
.
%
1= &
] F
i
5

<5





OPS/images/fimmu.2021.645741/fimmu-12-645741-g003.jpg
s

L Analysis.
ey
.
CD45.1/2 mouse (7wks)
= T —
{ o y s y o8 [ = ; a3 {0
e A e 1| e
’,J &) | zlgﬂi_;‘& |
TysN Tvé1 Tys2
[ P——
B 4 E 3 ireulating
g ]WWW W EWIHWWJ“W 5”1
4 ¥ w £
CRRVRPY  IRPBPAPY  IRBPRY @
"7 ks ey
w% b J—
....... ul M-
&m,ay»’fvvﬁi SIARGIIOEES SO
sorcr

ivcaetod

3mins TyBN cells Y61 cells

Y517 cells

Frequency (%)

Frequency (%)
Frequency (%)






OPS/images/fimmu-12-638725/fimmu-12-638725-g003.gif
{ B T |
(Wnt/ B-catenin|

Notch EGFR-MAPK

AR Ligands

1§13

N e i e e Tiwaon
N ! = !
o Gt s Mucn bosrthsisinGes
Py o poncn <l dosopment
ot gl
prosany riton

137

i Trnse ] [(Tee ] fruponead]
P s [eormamen | [ vorn
! [rommnor
: T N - oo
L ifones pcatera] OIS
@ semcer
cesien

@

Q owacr






