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Editorial on the Research Topic 


Molecular and Cellular Effectors in the Resolution of Inflammation


Acute inflammation is broadly defined as a protective response of the organism to invading pathogens and tissue injury. The reaction should ideally be localized and self-limited, enabling the elimination of pathogens and damaged cells, and resolve on its own, leading to tissue repair and restoration of normal tissue and organ function (1). Uncontrolled or excessive inflammation or failure of the initial response to resolve in a timely manner leads to nonresolving inflammation, which is often chronic, or transient and relapsing (2). This ongoing low-grade inflammation is thought to fail to activate the integrated process of resolution (3), which is increasingly being recognized as a critical component of numerous prevalent human diseases, including atherosclerosis, arthritis, pulmonary diseases, autoimmunity, diabetes and cancer (2, 4). The inflammatory response is a complex process, heterogeneous in nature and depends on the type of disease and organ in which it occurs. The sequence of events and signaling circuits activated during the initiation and resolution phase have received considerable attention, and are summarized in guiding maps for inflammation (5) and resolution pathways (6). Resolution is an active process governed by endogenous resolution programs driven by specialized pro-resolving mediators (SPMs) acting at pro-resolving receptors (7). As an example, lipoxins synthesized from arachidonic acid during the resolution of self-limited inflammation function as stop signals through the receptor ALX/FPR2 for neutrophil recruitment, facilitate neutrophil apoptosis and efferocytosis (4), pivotal events in efficient resolution. Given the dual nature of inflammation and the importance of the inflammatory response in survival, it is paramount to develop new treatments to overcome the limitations of currently available anti-inflammatory therapies, which are often accompanied with unwanted side effects and do not lead to repair of the affected tissues. Indeed, over the past few years a new branch of pharmacology termed “resolution pharmacology” (8, 9) has emerged, with the goal of developing strategies that promote resolution instead of blocking or inhibiting a mediator or pathway.

This Research Topic brings together thirty-two articles, both reviews and original research papers, which highlight recent advances in resolution biology, wound repair, metabolic disorders, and acquired immunity using a large variety of experimental models. Twenty-four articles report original research on molecular mechanisms that underpin processes that limit inflammation and autoimmune disorders and/or promote tissue repair and return to homeostasis. These studies also provide profiles of the resolution process at the molecular and cellular levels, and discuss new avenues for potential therapeutic interventions based on enhancing pro-resolving mechanisms. Eight reviews summarize current knowledge on the complex molecular and cellular interactions between various immune cells, lipid and protein mediators, and intracellular signaling circuits, which may orchestrate the resolution of a broad spectrum of diseases, including COVID-19, inflammatory and autoimmune diseases, cardiac remodeling, burns, and cancer.

Pro-resolving lipid mediators, including lipoxins, resolvins, maresins and protectins, play central roles in orchestrating efficient resolution (7). Extending previous research, ten articles in this Research Topic discuss recent advances on lipid SPMs, their molecular characteristics, biosynthesis and functions in various pathologies. Libreros et al. describe the synthesis of a new member of the resolvin (Rv) E family, RvE4, its stereochemistry, and capacity to facilitate of the uptake of apoptotic cells (efferocytosis), an essential process to remove damaged cells and inflammatory cells from the inflamed site. Walker et al. report that Protectin Conjugates in Tissue Regeneration 1 (PCTR1) and protectin D1 (PD1) are produced during the resolution of RSV infection and, in turn, reduce viral load while limiting lung type 2 immunity in response to viral infection. Miyata et al. show that during type 2 immunity, activation of 12/15-lipoxygenase is essential for the production of SPMs during IL-33-induced lung inflammation. The SPM products 14(S)-HDoHE and 10(S), 17(S)-diHDoHE markedly reduced ILC2 proliferation and cytokine production to limit IL-33-driven eosinophilic inflammation. Oner et al. report that the SPM RvE1 is a potent inhibitor of Th17 cell differentiation, as well as IL-17 production by acting directly on naïve T cells or indirectly through dendritic cells. Beegun et al. identify dysregulated generation of another potent SPM, maresin 1 during chronic rhino-sinusitis. Maresin 1 reduces expression of adhesion molecules on phagocytes to promote inflammation resolution. Borges et al. demonstrate that adenosine diphosphate, a metabolic product released mainly by platelets at injury sites, plays a role in diabetic wound repair signaling through its receptor P2Y12 to limit inflammatory outcomes. Perez-Hernandez et al. present a critical review on the dual roles of SPM in tilting the effector to regulatory T cell pendulum towards beneficial outcomes and the diagnostic and prognostic value of these mediators in various experimental models and human diseases. Lavy et al. elaborate on this theme by providing an overview on the role of SPMs in the regulation of cancer immunity, with particular emphasis on the role of tumor-associated macrophages. They also discuss the ability of SPMs to re-educate macrophages for combating tumors. Schmid and Brune discuss prostanoids and their emerging functions in resolving inflammation and how they can be used for therapeutic purposes. Paland et al. summarize recent clinical advances in understanding the pathogenesis of COVID-19 and the development of potentially lethal cytokine storm and speculate how phytocannabinoids could be harnessed to treat severe cases and reduce mortality.

In addition to lipid SPMs, protein and peptide mediators have long been recognized as important regulators of resolution. Expanding our knowledge on these mediators, eight publications are dedicated to novel resolution-associated proteins or peptides and provide insight into their function. Martin-Rodriguez et al. describe novel potential therapeutic applications for mediators released by macrophages following efferocytosis in T cell-driven colitis. This secretome, named SuperMApo, notably contains TGF-β, IGF-I, and VEGF that act on intestinal epithelial cells to enhance wound repair and limit tissue damage. SuperMApo single treatment allows the resolution of ongoing experimental colitis. Takahashi et al. report that another wound healing effector, the anti-bacterial peptide beta-defensin 3, can promote angiogenesis, fibroblast migration, and proliferation through FGFR1. Lyngstadaas et al. identified novel functions for the well-known pro-resolving protein annexin A1 acting on conjunctival goblet cells. They report annexin A1 facilitation of calcium influx and mucin secretion from these cells in vitro, suggesting a protective role for this protein in inflammatory conjunctival diseases. Pollenus et al. unveil a dichotomic role for the chemokine receptor CCR2 critical for monocyte migration to inflamed and resolving sites in malaria-associated ARDS. They report that while CCR2 is essential for migration of inflammatory and non-classical monocytes during the onset and resolution of inflammation, respectively, CCR2-deficiency has no impact on ARDS development or resolution. Efimova et al. describe obesity as an inflammatory disorder regulated by myeloid cells. They argue for a previously unappreciated role for the glucagon-induced peptide receptor (GIPR) in myeloid cells to maintain a beneficial type II immune response in white adipose tissue. The ECM component syndecan-1, which was previously described as critical for the resolution of inflammation, exerts opposing actions in type II immunity-associated airway remodeling. Zhang et al. show that syndecan-1 enhances the TGF-β/SMAD3 pathway to promote ECM production and myofibroblast generation. Jin et al. review the complex role of chemokines, such as CCL2/MCP-1, and their products in the resolution of inflammation. While most inflammatory chemokines were previously solely considered to be potent pro-inflammatory and autoimmunity-driving effectors, recent data on the genes they induce requires revisiting this notion. For instance, MCP-1-induced peptide 1 (MCPIP1) is highlighted as a key pro-resolving agent that limits NF-kB activation and regulates the stability of specific mRNAs to promote resolution and the clearance of virus-infected apoptotic cells.

The phenotypic and functional heterogeneity of myeloid cells and macrophage subsets in particular, in resolving inflammation and wound repair have received considerable attention during the past years. Tewari et al. describe a novel role for lymph node monocytes in limiting poly I:C-induced, dendritic cell-mediated, T cell cytotoxicity through the induction of IL-10 production and the generation of CD4+ suppressive T cells. Consistently, blocking IL-10 in a melanoma-targeted immune response improved the therapeutic potential of poly I:C. Li et al. document another macrophage-regulatory T-cell circuit. This cell-cell interaction limited type 2 immunity by supporting the proliferation of Treg through myeloid production of resistin-like molecule α. Luan et al. show that the pain reliever butorphanol through the opioid κ receptor reduces LPS-induced acute lung injury by shifting the M1-like to M2-like macrophage balance and limiting the function of inflammatory effectors. Krampert et al. report that high sodium environments may hamper the anti-bacterial functions of neutrophils without affecting neutrophil viability. This response is likely mediated through NADPH oxidase-generated ROS and underscores the health hazard associated with high sodium intake. Kemble and Croft discuss the intricate local cell-cell interactions in the inflamed joints. Their overview focuses on synovial resident macrophages and fibroblasts, their mutual regulatory properties, and how their breakdown can lead to persisting pathology. They also discuss how these mechanisms can be harnessed to develop potential therapies. Khan et al. review another regulatory axis between the central nervous system and the spleen. They suggest that this axis is critical in regulating immune responses to thermal injury, and argue that a better understanding of its mechanistic aspects could provide opportunities for new therapies. Kologrivova et al. discuss the role of immune cells in tissue repair with a particular focus on cardiac remodeling and repair following myocardial infarction, with myeloid cells and lymphocytes considered for their dichotomic roles in injury generation and healing.

Six reports provide novel insights into intracellular mechanisms that control key events in inflammation and resolution. Burkard et al. show that desmoglein 2 (Dsg2) regulates the expression of the tight junction protein claudin 2 in intestinal inflammation, and thereby blocks changes in intestinal epithelial barrier induced by inflammatory conditions and PI3 kinase. Dolling et al. document that hypoxia promotes neutrophil survival and reduces NET formation potential following myocardial infarction in humans. The hypoxia-responsive transcription factor HIF-1α seems to be critical in mediating these responses. Cao et al. describe a new axis that governs the inflammatory response in endotoxemia. They identify a critical role for the transcription factor FRA-1 for optimal expression of the anti-inflammatory protein lipocalin 2 during LPS tolerance. Conversely, mice deficient in FRA-1 show deficiencies in resolution. Tsai et al. present evidence supporting a role for aldehyde dehydrogenase 2 (ALDH2) in limiting heat shock-induced endothelial damage and lung injury. The pharmacological stimulator of ALDH2, alda-1, increased enzymatic activity leading to a reduction of ROS production and alleviation of heat exposure-induced damage. Wang et al. reveal that another heat shock protein, αB-crystalline, alleviates LPS-induced uveitis by reducing production of inflammatory cytokines, activation of microglia, autophagy, inflammatory features, and loss of function in the retina. Yan et al. show that the anti-inflammatory transcription factor PPAR-γ limits damage in IgG-immune complex-induced lung inflammation, likely through the inhibition of EGR-1-induced cytokine production.

To illustrate the translational potential of resolution pharmacology, two articles present data from recent clinical studies. In a pilot study, van Heerden et al. report that treatment of patients with mild-to-moderate sepsis with preparations from early apoptotic cells (termed Allocetra™-OTS) led to early resolution of the cytokine storm, and survival of all subjects, as compared with a mortality rate of 27% of historically matched controls. No adverse effects have been observed. Menarim et al. provide detailed transcriptomic and histochemical analysis of bone marrow mononuclear cells recovered during the resolution of osteoarthritis. This report highlights PPAR-γ as a key effector, and hence a promising therapeutic target in resolving synovitis.

In conclusion, this Research Topic presents a selection of articles that underscore the resolution of inflammation as a tightly regulated process involving various lipid and protein effectors predominantly acting through specific surface receptors on responding cells. These effectors, in turn, activate transcriptional cascades that affect gene signatures leading to robust responses. Immune cells, particularly of the myeloid lineage, are key cellular contributors to the resolution of inflammation by regulating their local migration, cytokine production, debris clearance, NETosis, and cell death. Gaining a comprehensive understanding of these processes and identifying novel mediators and pathways that facilitate resolution will likely identify potential targets for development of novel therapeutic approaches for autoimmune, inflammatory, tissue repair, and fibrotic diseases.
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The resolution of the acute inflammatory response is governed by phagocytes actively clearing apoptotic cells and pathogens. Biosynthesis of the specialized pro-resolving mediators (SPMs) is pivotal in the resolution of inflammation via their roles in innate immune cells. Resolvin E4 (RvE4: 5S,15S-dihydroxy-eicosapentaenoic acid) is a newly uncovered member of the E-series resolvins biosynthesized from eicosapentaenoic acid (EPA) recently elucidated in physiologic hypoxia. This new resolvin was termed RvE4 given its ability to increase efferocytosis of apoptotic cells by macrophages. Herein, we report on the total organic synthesis of RvE4 confirming its unique structure, complete stereochemistry assignment and function. This synthetic RvE4 matched the physical properties of biogenic RvE4 material, i.e. ultra-violet (UV) absorbance, chromatographic behavior, and tandem mass spectrometry (MS2) fragmentation, as well as bioactivity. We confirmed RvE4 potent responses with human M2 macrophage efferocytosis of human apoptotic neutrophils and senescent red blood cells. Together, these results provide direct evidence for the assignment of the complete stereochemistry of RvE4 as 5S,15S-dihydroxy-6E,8Z,11Z,13E,17Z-eicosapentaenoic acid and its bioactions in human phagocyte response.
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Introduction

The acute inflammatory response is a critical and dynamic immunological process during infection and tissue injury (1). Human phagocytes play a pivotal role in host defense and acute inflammation via the production of endogenous lipid mediators (LMs), e.g. prostaglandins and leukotrienes, that are potent pro-inflammatory mediators (2). In recent years a novel superfamily of potent endogenous LMs has emerged, coined specialized pro-resolving mediators (SPMs: resolvins, maresins, protectins and lipoxins), which are derived from the essential omega(ω)-3 (docosahexaenoic acid; DHA and eicosapentaenoic acid; EPA) and omega(ω)-6 (arachidonic acid; AA) polyunsaturated fatty acids (PUFAs) (3). SPMs play a fundamental role in the resolution of acute inflammation by governing the temporal and spatial regulation of leukocyte traffic and pro-inflammatory mediators, e.g. eicosanoids, cytokines, and chemokines (3). By definition, each SPM specifically limits neutrophil infiltration and increases the clearance of apoptotic cells by macrophages (3, 4). In this context, macrophages play a central function in the resolution phase of inflammation by actively clearing apoptotic cells (4) and biosynthesizing distinct families of LMs that can be either pro-inflammatory or anti-inflammatory and pro-resolving depending on the macrophage phenotypes and the specific agonists (5, 6). An example of this is with human macrophages: high-mobility group box 1 protein (HMGB1) stimulates the production of pro-inflammatory cytokines and leukotrienes, while high-mobility group box 1 protein together with complement component 1q (C1q) switches macrophages to produce SPMs (7).

EPA (8) is the precursor to the E-series resolvins. EPA’s potential role and use in reducing cardiovascular disease (CVD) has been subject to much debate (9). Recently, using good manufacturing practice production of EPA as a U.S. Food and Drug Administration-approved Icosapent ethyl ester, a human clinical trial reported a substantial reduction in the risk of cardiovascular disease (CVD) (10). While this is a significant advancement for the field of ω-3 based therapeutics, the mechanism of EPA efficacy in reducing CVD remains to be established and its potential role in the resolution of human disease is currently not appreciated. Earlier, we found that hypoxic human vascular endothelial cells released and converted EPA to a novel 18-hydroxyeicosapentaenoic acid (18-HEPE) that is the precursor to resolvin E1 (RvE1) with the complete stereochemistry of 5S,12R,18R-trihydroxy-6Z,8E,10E,14Z,16E-eicosapentaenoic acid (11, 12). RvE1 is produced via transcellular biosynthesis with human neutrophils via acetylated cyclooxygenase-2 (COX-2) (12) or microbial cytochrome P450 (13). RvE1 (12) and resolvin E2 (RvE2: 5S,18R-dihydroxy-6E,8Z,11Z,14Z,16E-eicosapentaenoic acid) (14) both possess potent anti-inflammatory and pro-resolving actions. Resolvin E3 (RvE3: 17R,18R-dihydroxy-5Z,8Z,11Z,13E,15E-eicosapentaenoic acid) is a vicinal diol that also blocks neutrophil migration (15). The E-series resolvin precursor, 18-HEPE, is also a bioactive mediator with potent actions on cardiovascular tissues (16).

Recently, we encountered and elucidated a new member of the EPA–derived E-series resolvins that we termed Resolvin E4 (RvE4). The stereochemistry of RvE4 was deduced and the double-bond geometry proposed based on the activity of 15-lipoxygenase (15-LOX), namely: 5S,15S-dihydroxy-6E,8Z,11Z,13E,17Z-eicosapentaenoic acid (see Illustration Scheme 1). RvE4 is produced in physiologic hypoxia by human neutrophils and macrophages, and since it stimulates efferocytosis of both senescent erythrocytes (sRBCs) and apoptotic neutrophils, it classifies as a resolving function and with EPA as precursor belongs to the E-series resolvins. Hence, this novel bioactive structure was named RvE4. RvE4 also enhances the resolution of hemorrhagic exudate in vivo (17). Recently the biosynthesis of RvE4 was confirmed with purified recombinant human enzymes using 5-lipoxygenase (5-LOX) and 15-LOX with EPA substrate in vitro (18). Herein, we establish and confirm the complete stereochemistry of RvE4 and its potent functions in human macrophage efferocytosis.




illustration scheme 1 | Proposed biosynthesis of Resolvin E4 (RvE4) by hypoxic human leukocytes. The proposed biosynthesis is initiated by lipoxygenation of EPA by 15-lipoxygenase (15-LOX) to 15S-hydroperoxy-EPE (15S-HpEPE); see (17). This intermediate can be further reduced to the corresponding hydroxyl intermediate 15S-HEPE. The resultant products are 15S-HpEPE or 15S-HEPE and can undergo a second enzymatic lipoxygenation to yield a hydroperoxyl group at the carbon C-5 position, which is reduced to form RvE4.





Material and Methods


Synthetic RvE4 Purification

The crude RvE4 was purified using an Agilent 1100 series Prep high-performance liquid chromatography (HPLC) system equipped with a G1315B diode array detector using a Phenomenex Gemini C18 column with 250x21.2 mm dimension, a particle size of 5 micron, and a pore size of 110 angstroms. Resolvin E4 was further purified using methanol (Supelco/Sigma-Aldrich, St. Louis, MO, HPLC grade) and water with 0.1% acetic acid (JT Baker, glacial) mobile phase (68/32 MeOH/water w/0.1% AcOH) at a flow rate of 20 ml/min. The G1315B detector was monitoring 240 nm (bandwidth of 30 nm), 220nm (bandwidth of 30 nm), and 200 nm (bandwidth of 10 nm). The average retention time in these conditions was approximately 15 min.



Liquid Chromatography-Tandem Mass Spectrometry

The liquid chromatography-tandem mass spectrometry (LC-MS/MS) consists of a 5500 QTRAP mass spectrometer (Sciex, Framingham, MA) equipped with a LC-20AD ultra-fast liquid chromatography (UFLC) system (Shimadzu, Japan). A Poroshell 120 EC-C18 (4.6x100 mm, 2.7 micron, Agilent Technologies, Santa Clara, CA) was kept in a column oven maintained at 50˚C. Resolvin E4 was eluted from this column with a gradient of LC-MS grade methanol (Thermo Fisher, Waltham, MA)/water (Thermo Fisher, Waltham, MA)/acetic acid (Sigma-Aldrich, St. Louis, MO) from 50/50/0.01% (vol/vol/vol) to 98/2/0.01% (vol/vol/vol) at a flow rate of 0.5 ml/min (19). Targeted multiple reaction monitoring (MRM) for m/z 333>115 and enhanced product ion (EPI) mass spectra in negative polarity were used with the following parameters to identify resolvin E4: Collision Energy= −22, Collision Cell Exit Potential= −13, Entrance Potential= −10V, Declustering Potential= −80V, Curtain Gas= 25, Collision Gas= Medium, Ion Spray Voltage= −4,000 V, Temperature= 500°C, Ion Source Gas1 = 60 pounds per square inch (psi), and Ion Source Gas2 = 60 psi. Data were acquired and analyzed with Analyst software version 1.6.2 (Sciex, Framingham, MA) as in (17). Data represented as screen captures from Analyst software.



Human M2 Macrophages

Human peripheral blood mononuclear cells (PBMC) were obtained from de-identified healthy human volunteers from the Boston Children’s Hospital Blood Bank under protocol # 1999-P-001297 approved by the Partners Human Research Committee. PBMCs were isolated by Ficoll-Histopaque-1077 density-gradient, followed by monocyte purification. Monocytes were then incubated for 7 days in RPMI-1640 medium (Lonza, NJ) containing 10% fetal calf serum, 2 mM L-glutamine, and 2 mM penicillin-streptomycin (Lonza, NJ) at 37°C and differentiated into macrophages through culturing with macrophage colony-stimulating factor (M-CSF) (20 ng/ml) (PeproTech, NJ), followed by polarization for 48 h with IL-4 (20 ng/ml) (PeproTech, NJ) (20, 21).



Human Neutrophil Purification

Human neutrophils were isolated by dextran sedimentation followed by Ficoll-Histopaque density centrifugation from human peripheral blood (22, 23). Whole blood was obtained from healthy human volunteers giving informed consent under protocol # 1999-P-001297 approved by the Partners Human Research Committee. Apoptotic neutrophils were prepared by plating 1 x 107 cells/ml in 5 ml DPBS (ThermoFisher Scientific, MA) for 24 h in a 100 mm X 20 mm petri dish (Corning, AZ). After 24 h, apoptotic neutrophils were removed from petri dishes with EDTA (5 mM) (Millipore Sigma, MO) and stained with Cell Trace™ Carboxyfluorescein succinimidyl ester (CFSE) at a concentration of 5µM for 30 min at 37°C (ThermoFisher Scientific, MA).



Human Erythrocyte Isolation

Human peripheral blood red blood cells (RBCs) from healthy human volunteers were isolated by centrifugation and aspiration of the platelet-rich plasma and buffy coat layer. Erythrocytes were purified by resuspension in RPMI-1640 (Lonza, NJ) [10% hematocrit] and centrifugation (500 X g) followed by aspiration of the top 10% of the erythrocyte layer (this purification procedure was carried out with six repetitions) (24). Purified erythrocytes were then resuspended (20% hematocrit) at 4°C for ~24–36 h to induce apoptosis. Erythrocytes were next washed twice with DPBS (ThermoFisher Scientific, MA) and then stained with Cell Trace™ Carboxyfluorescein succinimidyl ester (CFSE) at a concentration of 5mM for 30 min at 37°C (ThermoFisher Scientific, MA).



Human Efferocytosis of Apoptotic Neutrophils and Senescent Erythrocytes

Human M2 macrophages were seeded in a six-well Corning Costar Flat Bottom Cell culture plate (ThermoFisher Scientific, MA) at a cell density of 2 x 106 cells per well the night before the experiment. M2 macrophages were washed twice with DPBS (ThermoFisher Scientific, MA) to eliminate any cellular debris. Cells were treated with either synthetic RvE4 (10-11 M to 10-7M), biogenic RvE4 (10-8M) or vehicle control (0.01% ethanol vol/vol) 15 min before the addition of CFSE-labeled apoptotic neutrophils [1:3 (M2:apoptotic neutrophils) ratio] or CFSE-labeled senescent erythrocytes [1:50 (M2:sRBC) ratio]. After 60 min of co-incubation at 37°C, plates were washed thoroughly to remove non-ingested cells, and M2 macrophages were fixed with 4% paraformaldehyde for 15 min at 4°C. Cells were washed with DPBS and incubated with 5mM ethylenediaminetetraacetic acid (EDTA) for 15 min before cell scraping. These steps allowed for removal of undigested and membrane bound cells (25).

M2 macrophages were then permeabilized using the BD cytoperm™ permeabilization buffer (BD Biosciences, CA) for 45 min following the manufacturer’s protocol. M2 macrophages were washed twice with BD Perm/Wash buffer (BD Biosciences, CA) and then resuspended in FACS buffer (DPBS, 5% FBS, 2mM EDTA, 2mM NaN3). M2 macrophages were then taken to flow cytometry to assess efferocytosis (CFSE intensity). All flow cytometric samples were assessed using BD LSRFortessa (BD Biosciences, CA).



Software

Flow cytometric data was collected and then analyzed using FlowJo version X (BD Biosciences, CA) as in (17). The chemical structures of E-series resolvins and RvE4 were drawn using ChemDraw Level Professional (Version 16.0.1.4). RvE4 3D spatial filling was done using ChemBioDraw Level Ultra (Version 14.0.0.117) and ChemBio3D Level Ultra (Version 14.0.0.117) (PerkinElmer, Waltham, MA, USA). Graphs were prepared and non-linear regression carried out with Prism software version 8 (GraphPad, CA). Graphic illustrations were created with BioRender software (https://biorender.com/).



Statistical Analysis

Individual sample incubations were compared by one-way ANOVA with Bonferroni multiple comparisons test or two-tailed student’s t-test. The criterion for statistical significance was p < 0.05.




Results


RvE4 Total Organic Synthesis and Stereochemistry

To assign the complete stereochemistry of RvE4 and determine whether synthetic RvE4 shares reported physical and biological functions (17), it was critical to establish the spectroscopic and physical properties of the new synthetic RvE4. The structure and stereochemistry of synthetic RvE4 were precise on the basis of its total organic synthesis from chiral starting materials of known stereochemistry as well as stereocontrolled chemical reactions as outlined in Figure 1A. Synthetic RvE4 was prepared to target RvE4 structure deduced earlier using the isolated well studied 15-lipoxygenase (LOX) enzyme that inserts molecular oxygen into 1,4-cis pentadiene predominantly in the S configuration (17). The total synthesis was accomplished in 21 steps to afford stereochemically pure 5S,15S-dihydroxy-6E,8Z,11Z,13E,17Z-eicosapentaenoic acid, RvE4. The synthesis began with defined building blocks of known stereochemistry to furnish the carbons C1-C7 fragment (Figure 1A, black). Next, the carbons C8-C20 fragment (Figure 1A, blue) was generated from chirally pure (R)-(+)-glycidol to unambiguously install the carbon C-15 position S alcohol chirality. With both the carbon C1–C7 and carbon C8–C20 key intermediates at hand, these fragments were joined together using a carbon-carbon cross-coupling reaction to form the eicosapentaenoate carbon backbone of RvE4 methyl ester.




Figure 1 | Retrosynthetic strategy for total organic synthesis and spectroscopic properties of Resolvin E4. The synthesis of RvE4 was accomplished by total organic synthesis from stereochemically pure starting building blocks and was characterized using NMR spectroscopy. (A) Synthetic precursors were prepared from enantiomerically pure commercially available starting materials and assembled using carbon-carbon bond coupling reactions between precursors C1–C7 (black), and C8–C20 (blue) to ensure absolute regio- and stereochemical control. (B) Double-bond geometry was assigned using two-dimensional 1H-1H NMR using a JNM ECZ-400S NMR spectrometer with a 400MHz magnet at 20.7°C on a JEOL ROYALPROBETM and referenced to the methanol-d4 (CD3OD) internal standard. The purple plot depicts positive contours of cross-peaks along the diagonal axis allowing for the full and detailed proton assignment. The enlarged region highlights the Z/E olefinic protons H6-H9, H11-H14, and H17-H18. This, in addition to the full 1H-NMR spectrum of chemical shifts and coupling constants, confirmed the structure of Resolvin E4.



The methyl ester was further hydrolyzed to afford crude RvE4 (Figure 1A). The product was isolated as in Figure 1A using HPLC [Gemini C18, 5 micron, 250 x 21.2 mm, 110Å, monitored at 240 nm (bandwidth of 30 nm), 220nm (bandwidth of 30 nm), and 200 nm (bandwidth of 10 nm), methanol/water/acetic acid (AcOH) 68/32/0.1%, 20 ml/min]. Further evidence for structural verification was obtained for this product from its full 1H nuclear magnetic resonance (NMR) spectroscopy, and the Z/E configuration of the double bonds was determined and confirmed using 2D 1H NMR (COSY) as shown in Figure 1B and Supplementary Figure 1A.



RvE4 Physical Properties: Matching of Organic Synthetic to Biogenic Material

To determine whether synthetic RvE4 shares the identical physical and biological properties of biogenic RvE4, it was essential to establish the chromatographic behavior, ultra-violet (UV) absorbance, and structural composition of both molecules. Biogenic RvE4 was prepared by incubating EPA with soybean 15-LOX and purified by high-performance liquid chromatography with a chiral column (HPLC) (17). This biogenic preparation of RvE4 matched endogenously biosynthesized RvE4 by human M2 macrophage-neutrophil co-incubations (17). The ultraviolet (UV)-chromophore of the biogenic RvE4 showed a single broad absorption band at   (solvent, methanol) (Figure 2A, inset), which is characteristic of two separate conjugated diene double bond systems in the RvE4 carbon backbone. This UV absorbance max in methanol was in accordance with our earlier published results obtained from M2 macrophage-neutrophil co-incubations, i.e.  , that produced RvE4 from endogenous stores of EPA (17). We next assessed the chromatographic behavior of biogenic RvE4 using reverse-phase ultra-fast liquid chromatography. Biogenic RvE4 eluted at 12.9 min as a single and major peak (Figure 2A). Tandem mass spectrometry analysis (MS/MS screen capture) of biogenic RvE4 revealed a fragmentation pattern with a parent ion of m/z 333=M-H and daughter ions of m/z 315=M-H-H2O, m/z 271=M-H-H2O-CO2, m/z 253=M-H-2H2O-CO2, m/z 217 = 235-H2O, m/z 199 = 217-H2O, and m/z 173 = 235-H2O-CO2 as shown in Figure 2B.




Figure 2 | Matching physical properties of biogenic and synthetic RvE4. Screen captures of (A) Biogenic RvE4 monitored by liquid chromatography-tandem mass spectrometry (LC-MS/MS) in negative ion MRM mode for m/z 333>115. Inset: UV spectrum with  . (B) MS/MS fragmentation spectrum with ions matching RvE4. (C) Synthetic RvE4 monitored by LC-MS/MS in negative ion MRM mode for m/z 333>115. Inset: UV spectrum with  . (D) MS/MS fragmentation spectrum with ions matching RvE4. (E) Biogenic and synthetic RvE4 were co-injected and monitored by LC-MS/MS in negative ion MRM mode for m/z 333>115. Inset: RvE4 structure with proposed fragmentations. (F) MS/MS fragmentation spectrum with ions matching RvE4. Arrows on y-axes indicate threshold; 5% for chromatograms (A, C, E), 1% for spectrum (B, D, F).



Synthetic RvE4 demonstrated an essentially identical UV absorbance of  ; see Figure 2C, inset, as well as the chromatographic behavior by obtaining an identical retention time of 12.9 min (Figure 2C) as biogenic RvE4. MS/MS direct screen capture analysis of synthetic RvE4 gave essentially the same fragmentation pattern as biogenic RvE4, i.e. with a parent ion of m/z 333=M-H and daughter ions of m/z 315=M-H-H2O, m/z 271=M-H-H2O-CO2, m/z 253=M-H-2H2O-CO2, m/z 217 = 235-H2O, m/z 199 = 217-H2O, and m/z 173 = 235-H2O-CO2 (Figure 2D). This fragmentation pattern matches that of reported endogenous RvE4 isolated from human and murine leukocytes (17). Having matched these physical properties of biogenic RvE4 to those of the synthetic RvE4, we next sought evidence to determine if 50% co-injections of both compounds have identical physical properties in these same conditions. Co-injection of biogenic RvE4 with the synthetic RvE4 confirmed their identical chromatographic behavior, which co-eluted at 12.9 min beneath a single peak (Figure 2E). MS/MS direct screen capture analysis revealed that co-injection material has an identical fragmentation pattern (Figures 2B, D) as with parent ion of m/z 333=M-H and daughter ions of m/z 315=M-H-H2O, m/z 271=M-H-H2O-CO2, m/z 253=M-H-2H2O-CO2, m/z 217 = 235-H2O, m/z 199 = 217-H2O, and m/z 173 = 235-H2O-CO2 (Figure 2F). RvE4 structure with major fragmentation points (m/z 115, m/z 217, and m/z 235) is shown in Figure 2E, inset. The present results with both biogenic and synthetic RvE4 confirmed the original reported physical properties of RvE4 and further verified its unique stereochemistry (see Supplementary Figure 1).



RvE4 Increases Efferocytosis in Human M2 Macrophages

Macrophage efferocytosis is one of the hallmarks of the resolution of inflammation, and pro-resolving mediators are key bioactive regulators of efferocytosis (3, 4). RvE4 is a potent stimulator of macrophage efferocytosis of senescent red blood cells (sRBCs) (17). Macrophage erythrophagocytosis is an essential mechanism for the removal of sRBCs in the spleen as this organ is the largest filter of RBCs in the human body (26). Therefore, we next determined whether the synthetic RvE4 enhances macrophage efferocytosis of sRBCs. For this experiment, human M2 macrophages were incubated with synthetic RvE4 (0–100 nM) or vehicle control (0.01% ethanol vol/vol) prior to exposure with sRBCs to assess the direct actions on human M2 efferocytosis by flow cytometry. Representative flow cytometry gating strategy of M2 macrophages and histograms of intracellular CFSE-labeled sRBCs from vehicle control and synthetic RvE4 are reported in Figures 3A, B. Synthetic RvE4 increased macrophage efferocytosis of sRBCs in a concentration-dependent fashion with the highest statistically significant increase at 1nM and 10nM (Figure 3C) compared to vehicle, with an estimated EC50 of ~0.29 nM for synthetic RvE4. Since M2 macrophages treated with 10 nM of synthetic RvE4 had the highest increase in efferocytosis of sRBCs, we next examined if biogenic RvE4 at 10 nM had the same ability to stimulate efferocytosis in human M2 macrophages. Both synthetic RvE4 and biogenic RvE4 potently increased M2 efferocytosis of sRBCs by as much as ~40% at 10nM concentration (Figure 3D). There were no statistically significant differences noted between synthetic and biogenic RvE4 (p=0.73) by analysis of variance, indicating that both mediators gave an identical biological response. These results demonstrate that synthetic and biogenic RvE4 have essentially the same potencies in stimulating human macrophage efferocytosis of sRBCs.




Figure 3 | RvE4 increases human M2 macrophage efferocytosis of senescent red blood cells. Human M2 macrophages were plated on a 6-well plate (2 x 106 cells/well), incubated with synthetic RvE4 (10-11M to 10-7M), biogenic RvE4 (10-7 M), or vehicle (0.01% ethanol vol/vol) for 15 min followed by CFSE-labeled senescent red blood cells (sRBCs) (1:50, M2:sRBCs). After 60 min of co-incubation at 37°C, plates were washed thoroughly to remove non-ingested sRBCs, and cells were fixed with DPBS containing 4% paraformaldehyde for 15 min on ice. Cells were washed with DPBS and removed from plates with a cell scraper in DPBS. M2 macrophages were then taken to flow cytometry to assess efferocytosis. (A) Flow cytometry gating strategy for M2 macrophages. (B) Representative histogram of intracellular CFSE-labeled sRBCs. (C) Dose-Response: percent increase in M2 efferocytosis of sRBCs above vehicle by synthetic RvE4 (solid blue line). EC50 was estimated using non-linear regression (dashed gray line) with log (agonist) vs. response (three parameters). (D) Comparison between synthetic RvE4 (10 nM) and biogenic RvE4 (10 nM): percent increase of M2 efferocytosis of sRBCs above the vehicle (C, D). Results are the percent of efferocytosis above vehicle and expressed as mean ± SEM, n=5 (sRBCs). *p < 0.05, **p < 0.01, and ****p < 0.0001 when compared to vehicle (as control). † (p=0.73) no statistically significant differences when compared between synthetic and biogenic RvE4. Statistical analysis was carried out using one-way ANOVA with Bonferroni multiple comparisons test (C) or two-tailed Student’s t-test (D).



Neutrophils are often the first leukocytes to infiltrate an inflammatory site in large numbers and therefore their effective elimination is a prerequisite for the resolution of inflammation (3, 4, 27, 28). SPMs, including RvE4, enhance macrophage efferocytosis of apoptotic neutrophils in vitro and in vivo with both human cells and murine models of inflammation (3, 17). Given that RvE4 enhanced efferocytosis of sRBCs, we set out to determine if synthetic RvE4 enhances M2 macrophage efferocytosis of human apoptotic neutrophils. Human M2 macrophages were incubated with synthetic RvE4 (0–100 nM) or vehicle control (0.01% ethanol vol/vol) prior to exposure with CFSE-labeled apoptotic human neutrophils, and efferocytosis was assessed using flow cytometry. Representative flow cytometry gating strategy of M2 macrophages and histograms of intracellular CFSE-labeled apoptotic neutrophils from vehicle control and synthetic RvE4 are shown in Figures 4A, B. Synthetic RvE4 increased macrophage efferocytosis of apoptotic human neutrophils in a concentration-dependent fashion, with the highest statistically significant increase at 1nM and 10nM (Figure 4C) compared to vehicle control, with an estimated EC50 of ~0.23nM for synthetic RvE4. The increase of ~39% of M2 efferocytosis by the synthetic RvE4 at 10nM is in accordance with the published results of M2 macrophage efferocytosis of apoptotic neutrophils by the biogenic RvE4 (17). Taken together, these results demonstrate the potent biological actions of synthetic RvE4 in enhancing efferocytosis with human M2 macrophages.




Figure 4 | Synthetic RvE4 increases human M2 macrophage efferocytosis of apoptotic human neutrophils. Human M2 macrophages were plated on a 6-well plate (2 x 106 cells/well), incubated with synthetic RvE4 (10-11 to 10-7M) or vehicle (0.01% ethanol) for 15 min followed by CFSE-labeled apoptotic neutrophils (1:5 M2: apoptotic neutrophils). After 60 min of co-incubation at 37°C, plates were washed thoroughly to remove non-ingested neutrophils. M2 macrophages were fixed with DPBS containing 4% paraformaldehyde for 15 min on ice. Cells were washed with DPBS and removed from plates with a cell scraper in DPBS. Cells were then taken to flow cytometry to assess efferocytosis. (A) Flow cytometry gating strategy for M2 macrophages. (B) Representative histogram of intracellular CFSE-labeled apoptotic neutrophils. (C) Dose-Response: percent increases in M2 macrophage efferocytosis of apoptotic PMN above vehicle by synthetic RvE4 (solid black line). EC50 was estimated using non-linear regression (dashed gray line) with log (agonist) vs. response (three parameters). Results are represented as mean ± SEM. n=3 healthy human donors. ***p < 0.001 and ****p < 0.0001 compared to vehicle (as control). Statistical analysis was carried out using one-way ANOVA with Bonferroni multiple comparisons test.






Discussion

In the present report, we matched both the physical properties of RvE4 and its potent functions with human M2 macrophages to material produced via total organic synthesis permitting us to assign and confirm the proposed stereochemistry of RvE4 (17). Through matching studies using LC-MS/MS (co-elution and fragmentation), UV spectrum absorbance and biological actions, we have assigned the complete double-bond geometry of RvE4 as 5S,15S-dihydroxy-6E,8Z,11Z,13E,17Z-eicosapentaenoic acid (Figures 1 and 2). Therefore, synthetic RvE4 can be used as both a standard for LC-MS/MS-based mediator lipidomics as well as for further investigations to define potentially additional RvE4 functions in diverse biological systems.

RvE4 was uncovered from physiological hypoxic biosynthesis of EPA, via lipoxygenation, by human macrophages and neutrophils (17). M2 macrophages play critical roles in the resolution of inflammation by virtue of their capacity to carry out efferocytosis (3, 4), wound repair (3, 29), and production of SPMs (5). In the present experiments, RvE4 proved to be a potent agonist of M2 macrophage efferocytosis of neutrophils, giving an estimated EC50 ~0.23nM (Figure 4) and an EC50 ~0.29nM for the efferocytosis of sRBCs (Figure 3). In human macrophages and neutrophils, RvE4 biosynthesis is dependent on the substrate availability of EPA released from both phospholipases (PL) and triglycerides (17). EPA is converted by 15-LOX to 15S-HpEPE, which becomes a substrate for further lipoxygenation by either 5-LOX or a second enzymatic turn of 15-LOX to produce 15S-hydroxy-5S-HpETE; this is further reduced to RvE4 (Figure 5). This route of RvE4 biosynthesis by human phagocytes was recently confirmed by Kutzner et al. using recombinant human 5- and 15-LOX co-incubations in vitro (18). Recently, EPA was shown to be converted by wild type and recombinant engineered lipoxygenases to double dioxygenation products 5S,12S-diHEPE and RvE4 on large-scale studies (30). In addition, it is possible that the lipoxygenation of EPA is initiated via hydrogen abstraction at carbon position C7 by 5-LOX (Figure 5) to biosynthesize RvE4 in human neutrophils or by transcellular biosynthesis (31). Since earlier results demonstrate the conversion of EPA to 15R-HEPE via acetylated COX-2 (12, 13), it is plausible that lipoxygenation by 5-LOX and further conversion to the corresponding alcohol could give rise to 15R-RvE4. This 15R-RvE4 could be biosynthesized either from the acetylation of COX-2 by acetyl-CoA and sphingosine via sphingosine kinase 1 (SphK1) (32) or modified by S-nitrosylation by inducible nitric oxide synthase (33). Also, since 5-LOX can be phosphorylated to produce 15R-HETE and further converted to 15R-lipoxin A4 (LXA4) (34–36), it is likely that with EPA as a substitute phosphorylated 5-LOX can produce 15R-HEPE and subsequently be converted to 15R-RvE4.Therefore RvE4 can be biosynthesized from EPA potentially via multiple biosynthetic routes and now can be included in the E-series of pro-resolving mediators; see Table 1. The 15-LOX initiated route of RvE4 biosynthesis simplifies the production and biosynthesis of this mediator that can occur in the absence of enzyme modification (i.e. phosphorylation, acetylation, nitrosylation of COX-2) or aspirin therapy.




Figure 5 | Biosynthetic scheme for Resolvin E4 and E-series resolvins. Eicosapentaenoic acid (EPA) is converted to 18R-HEPE via acetylation of COX-2 by aspirin (12) or P450 (13), which is subsequently lipoxygenated by 5-LOX to produce the intermediate 5S-hydroperoxy-18R-HEPE. 5S-hydroperoxy-18R-HEPE can be either reduced to RvE2 (5S,18R-dihydroxy-6E,8Z,11Z,14Z,16E-eicosapentaenoic acid) (14) or to 5S,6S-epoxy-18R-HEPE by enzymatic epoxidation by 5-LOX confirmed by trapping experiments. 5S,6S-epoxy-18R-HEPE can be further hydrolyzed to produce RvE1 (5S,12R,18R-trihydroxy-6Z,8E,10E,14Z,16E-eicosapentaenoic acid) (11, 12). EPA can also be lipoxygenated by 15-LOX to produce RvE3 (17R,18R-dihydroxy-5Z,8Z,11Z,13E,15E-eicosapentaenoic acid) (15). Stereochemistry and proposed biosynthetic route of RvE4 and confirmed actions (❖ as demonstrated in the present paper) adding to the family of E-series resolvins derived from EPA.




Table 1 | Eicosapentaenoic acid (EPA) derived specialized pro-resolving mediators (SPMs) and stable analogs: actions and human production.




The main actions of RvE4 are to stimulate human macrophage efferocytosis of apoptotic neutrophils and senescent red blood cells, as well as reduce mouse hemorrhagic exudates by increasing efferocytosis and decreasing neutrophil infiltration in vivo (17). The ability of RvE4 to limit neutrophil tissue infiltration and to enhance efferocytosis are also functions shared by other members of the E-series resolvins (Table 1). For example, RvE1’s pro-resolving actions include stopping neutrophil (12, 14, 37–39) and dendritic cell migration (11, 40), reducing pro-inflammatory cytokines (41), enhancing macrophage phagocytosis and efferocytosis (37, 38), enhancing bacterial clearance (41), modulating T cell responses (42) and regenerating periodontal ligament stem cells (43). RvE1 has unique actions on platelets by inhibiting adenosine diphosphate (ADP)-activated mobilization of P-selectin to minimize platelet aggregation. In addition, RvE1 has potent actions in the nanogram range in vivo including: organ protection, clearing infections, and stimulating resolution in, e.g., peritonitis (11, 12, 14, 37, 38), sepsis (45), ischemia-reperfusion injury (46), diabetes (47), colitis (39, 49, 50), lung inflammation (51), obesity (48), atherosclerosis (55), tumor burden (58), dermatitis (59), Candida albicans (60), and herpes simplex virus infections (62) as well as in pain (61). In humans, RvE1 has been identified in the plasma of healthy individuals (63), plasma and synovial fluid from arthritic patients (64), plasma of type II diabetes mellitus patients (65), plasma of peripheral artery disease patients (66), cord blood (67), breast milk (68), and blisters induced by UV-killed E. coli (69). Recently, RvE1 was also found to be increased in human neutrophils from individuals with metabolic syndrome following weight loss upon stimulation (70). RvE1 analog 18-oxo-resolvin E1 was found to evoke anti-inflammatory actions by reducing neutrophil infiltration and pro-inflammatory cytokine/chemokine production in vivo (71). These results demonstrate tissue/organ- and cell type-specific actions of RvE1 in controlling a wide range of diseases where excessive or uncontrolled inflammation is an underlying pathobiology.

In the E-series cascade, RvE2 stops chemoattractant-induced PMN infiltration in vivo in murine peritonitis (14) and decreases depression-like behavior in mice (53). RvE2 has also been identified in the plasma of healthy individuals (63), plasma and synovial fluid of arthritis patients correlating with pain reduction in these patients (64), plasma of type II diabetes mellitus patients (65), plasma of peripheral artery disease patients, breast milk (68), and in human blisters induced by UV-killed E. coli (69). Of interest, RvE2 analog benzo-resolvin E2 was found to display exceptional potency in the femtomole range in reducing inflammation in vivo (73). RvE3 decreases allergic airway inflammation via the IL-23/IL-17A pathway (74), reduces depression-like behavior in mice (75), and lowers the incidence of preterm birth in lipopolysaccharide-exposed pregnant mice (76). RvE3 has been identified in the plasma and synovial fluid of arthritic patients (64), plasma of type II diabetes mellitus patients (65), cord blood (67), breast milk (68), and UV-killed E. coli-induced human blisters (69). Also, 18-HEPE, a precursor of the E-series resolvins, inhibits macrophage-mediated pro-inflammatory activation of cardiac fibroblasts and prevents overload-induced maladaptive cardiac remodeling in vivo, demonstrating its potent actions in cardiac tissue (16). This is further illustrated by the recent discovery of the potent bioactivity of 18-deoxy-resolvin E3 (18-deoxy-RvE3), which stops neutrophil infiltration and resolves peritonitis in mice (79). Of interest, recent results demonstrated that RvE3 is reduced in severe compared to moderate COVID-19 patients (77), highlighting the significance of SPMs in human disease. It has been shown that E-series resolvins are also endogenous anti-depressants (81). These findings from many investigators emphasize the potent structure-based functions and actions of the E-series resolvin members listed in Table 1. Further investigations are needed to fully appreciate the structure-activity relationships of RvE4 produced via these different biosynthetic pathways discussed above in biological systems.

In summation, the EPA cascade to the E-series bioactive metabolome of resolvins produces several potent mediators within this biosynthesis pathway (Table 1) that target diverse cell types relevant to inflammation, resolution, and resolution of vascular inflammation. This EPA precursor cascade is likely to contribute to the clinical impact of omega(ω)-3 supplementation as in recent results from cardiovascular disease patients (82). In recent human randomized trials, omega(ω)-3 supplementation lowered systemic levels of key pro-inflammatory cytokines associated with inflammaging (83). Also, in humans omega(ω)-3 supplements increase RvE1 in serum and plasma of healthy individuals, RvE3 in plasma of patients with peripheral artery disease (66), and circulating RvE1, RvE2, and RvE3 (84). Taken together, our present results establish the complete stereochemistry of the newest member of the E-series resolvins, Resolvin E4 (RvE4: 5S,15S-dihydroxy-6E,8Z,11Z,13E,17Z-eicosapentaenoic acid), and confirm its potent bioactions stimulating human macrophage efferocytosis. Moreover, these results provide evidence that synthetic RvE4 can now be used as a standard for LC-MS/MS-based profiling, lipidomics/metabolomic studies as well as help to further define RvE4 specific functions in biological systems and cellular function in vitro and in vivo.
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Coronavirus disease-19 caused by the novel RNA betacoronavirus SARS-CoV2 has first emerged in Wuhan, China in December 2019, and since then developed into a worldwide pandemic with >99 million people afflicted and >2.1 million fatal outcomes as of 24th January 2021. SARS-CoV2 targets the lower respiratory tract system leading to pneumonia with fever, cough, and dyspnea. Most patients develop only mild symptoms. However, a certain percentage develop severe symptoms with dyspnea, hypoxia, and lung involvement which can further progress to a critical stage where respiratory support due to respiratory failure is required. Most of the COVID-19 symptoms are related to hyperinflammation as seen in cytokine release syndrome and it is believed that fatalities are due to a COVID-19 related cytokine storm. Treatments with anti-inflammatory or anti-viral drugs are still in clinical trials or could not reduce mortality. This makes it necessary to develop novel anti-inflammatory therapies. Recently, the therapeutic potential of phytocannabinoids, the unique active compounds of the cannabis plant, has been discovered in the area of immunology. Phytocannabinoids are a group of terpenophenolic compounds which biological functions are conveyed by their interactions with the endocannabinoid system in humans. Here, we explore the anti-inflammatory function of cannabinoids in relation to inflammatory events that happen during severe COVID-19 disease, and how cannabinoids might help to prevent the progression from mild to severe disease.

Keywords: SARS-CoV2, COVID-19, cytokine release syndrome, cytokine storm, inflammation, cannabis, cannabinoids, cannabinoid receptors


INTRODUCTION

Coronavirus disease 19 (COVID-19) caused by the novel severe acute respiratory syndrome-coronavirus 2 (SARS-CoV2) firstly emerged in December 2019 in Wuhan in China and has, since then, evolved into a global pandemic (1). It is a novel enveloped RNA betacoronavirus, which binds with its spike surface protein (S-protein) to angiotensin-converting enzyme 2 (ACE2) on the cellular host's surface. Entry of the virus to the host cell by endocytosis requires cleavage of the S-protein by the host cell transmembrane protease serine-2 (TMPRSS-2) (2). ACE2 is expressed in a diverse array of cells including cells of the upper respiratory, central nervous and vasculature system as well as of the eye, lung, liver, heart, kidney, and intestine contributing to the diverse clinical pulmonary and extra-pulmonary manifestations of COVID-19 including gastrointestinal involvement of COVID-19 [(3–5); Figure 1].


[image: Figure 1]
FIGURE 1. Distribution of ACE2 in the human body. ACE2 is expressed in different cells of the eye, the upper airway, the lung, the liver, the gut, the central nervous system, the heart, the vasculature system, and of the kidneys.


SARS-CoV2 similarly to other coronavirus outbreaks SARS-CoV1 and Middle East Respiratory Syndrome (MERS) targets the lower respiratory tract system leading to pneumonia with fever, cough, and dyspnea (6). Most patients (80%) show only mild disease (either no or mild pneumonia), a smaller proportion (14%) develops severe symptoms with >50% pulmonary manifestations as observed on imaging tests including dyspnea and hypoxia. A small proportion (5%) develop a critical disease with respiratory failure, multi-organ failure or systemic shock. About 10–30% of hospitalized patients get into a critical stage where they require intensive care for respiratory support. Approximately 1% of all patients have a fatal outcome (7, 8). Patients who developed acute respiratory distress syndrome (ARDS) and required mechanical ventilation had a reported mortality rate of 88.1% in the New York City area in March 2020 (9). Interestingly, not only elderly, but also young patients with only mild comorbidities like hypertension, diabetes mellitus and obesity developed respiratory failure (10).

Epidemiological data show that differences in susceptibility and severity of COVID-19 widely depend on biological and socio-economic factors. A lower incidence of severe disease was observed in females with caucasian heritage (11, 12). This might be due to the fact that females are less susceptible to viral infections due to a higher macrophage and neutrophil activity and an increased antibody production and lower cytokine production (12). On the other hand seem ethnic minorities more susceptible to contract a SARS-CoV2 infection (11, 12). Ethnic minorities usually have less access to a functioning health care system, higher levels of medical comorbidities, and their lower socioeconomic status contributes to a weak cell-mediated immunity (11, 12).

Development of a severe disease progresses in two steps; mild symptoms at the start are followed by respiratory worsening after ~10 days after onset of initial symptoms. This deterioration is accompanied with clinical presentations of ground-glass lung opacities on chest imaging, lymphocytopenia, high D-dimer, and high prothrombin (1). In patients with moderate disease, a progressive reduction in inflammatory responses happens in convalescence while in patients with severe disease, these levels remain high and an additional cluster of inflammation appears (13) possibly due to a defective type I interferon response [(14); Figure 2]. Those systemic hyperinflammatory patterns in COVID-19 patients are similar to those in cytokine release syndrome (CRS) and the occurrence of CRS in severe disease was suggested (15).


[image: Figure 2]
FIGURE 2. Inflammatory responses in COVID-19 patients. Inflammatory responses to SARS-CoV2 comprise a “core” inflammatory response, which all COVID-19 patients experience. In patients with mild disease, the inflammatory response resolves on the way to convalescence. The appearance of additional inflammatory clusters is observed during progression to severe disease. This includes the release of a higher number of systemic pro-inflammatory cytokines, low numbers but over-reactive T cells, and infiltration of monocytes/macrophages to the sites of infection.


Although certain patterns for the susceptibility to develop severe COVID-19 are recognizable (13, 16), the inflammatory response and the immune dynamics of the infected patient are still not fully understood. This makes the exact course of a SARS-CoV2 infection and the correlation to a certain clinical manifestation highly unpredictable. Effective and specific anti-viral drugs against SARS-CoV2 are not yet available. The usage of available repurposed anti-inflammatory medicines (17) and antibody-based immunotherapeutics targeting viral clearance (18, 19) is still experimental and applied only for the treatment of severely and critically ill patients (20–22). Safe and efficient treatment options that have the potential to halt disease progression at an early stage are needed. Cannabis and cannabinoids with their well-known anti-inflammatory properties may hold this potential.

Cannabis comprises various strains termed Cannabis sativa, Cannabis ruderalis, and Cannabis indica. It is not sure if they are three different species or whether ruderalis and indica are subspecies of C. sativa. During the history of the mankind, the cannabis plant was grown for varied uses as for production of fabric, for food, for recreational purposes and for medicinal use. Medically useful substances are produced in the trichomes that sit on the leaves and buds of the plant (23).

The cannabis plant contains more than 550 different components, of which are about 150 belongs to C21 or C22 terpenophenolic phitochemicals, which are predominantly expressed in the cannabis plant thus termed cannabinoids. The other 400 components are terpenes and phenolic compounds (24). The cannabinoids components contains both psychoactive [as 9-tetrahydrocannabinolic acid (THCA)] and non-psychoactive [as cannabidiolic acid (CBDA)] substances (24). The biological properties of the cannabinoids rely on their interaction with the endocannabinoid system includes G-proteins coupled receptors and Transient receptor potential chanels (TRP) (25).

Most interestingly, the anti-inflammatory properties especially of the non-psychoactive cannabidiol were recently explored as anti-viral agents. These effects were shown for the treatment of HIV (26), viral hepatitis (27), or influenza (28, 29) as well as orthopoxvirus, borna disease virus or vaccinia virus (30).

Here, we will explore the anti-inflammatory qualities of phytocannabinoids and discuss the possibility of applying cannabinoids as a treatment option for COVID-19 patients. We will explore the recent literature and emphasize the anti-inflammatory properties in relation to the events occurring during cytokine release syndrome (CRS) in mild or severe COVID-19 disease.



CYTOKINE RELEASE SYNDROME IN COVID-19 PATIENTS

Each infection with SARS-CoV2 is closely related to excessive inflammatory events with monocytes/macrophages and T cells playing a special role (31). Diffuse alveolar damage, pulmonary thrombi and vasculitis occurring predominantly in monocytes and myeloid tissue and an excess of plasma cells in lymph nodes, spleen, and lung was observed (15, 32). This leads to a severe increase in white blood cells with concomitant decrease in CD4+ and CD8+ lymphocytes resulting in an impaired neutrophil to lymphocyte ratio (33). Inflammatory cells infiltrate the sites of infection at an early stage of the infection with SARS-CoV2 and cause a stormy release of pro-inflammatory cytokines like IL-6, IL-17A, TNFα, IFNγ, IL-1α/β, and chemokines like CC-chemokine ligand 2 (CCL2) as well as CXC-chemokine ligand 10 (CXCL10) (13). The release of IL-6 by circulating monocytes into the bloodstream leads to an increased activation of T cells with a concomitant reduced total number of T cells. Monocyte-derived FNC1+ macrophages were found in bronchoalveolar lavage fluid (BALF) (13, 34) probably contribute to the hyperinflammation phenomenon (35). CRS can develop at every stage of infection beginning with the entry of the virus into the host causing innate and adaptive immune responses.


Induction of CRS During SARS-CoV2-ACE2 Interaction

Binding of the virus to ACE2 leads to the internalization of ACE2 and activation of angiotensin II resulting in the activation of nuclear factor kappa B (NF-κB). Subsequently, cytokines IL-6, TNFα, IL-1β, and IL-10 will be produced which might lead to local lung dysfunction including a rise in blood pressure, which contributes to lung injury and deterioration of pulmonary function as occurs in ARDS (36, 37).



Induction of CRS by Innate Immune Cells

ACE2 was found on CD169+ macrophages in lymph nodes and spleen of COVID-19 patients and severe lymphocyte apoptosis was observed probably induced by viral antigens through Fas upregulation (38). CD169+ cells control viral replication via type I interferon, and expose viral antigens to recognition by adaptive immune cells (39). Infection of CD169+ macrophages enables the translocation of the virus to the spleen and lymph nodes, which contributes to the body-wide distribution of the virus resulting in accumulation of pro-inflammatory monocytes and macrophages at the sites of infection and at sites adjacent to the infection (40).

Monocyte derived FCN1+ macrophages that produce pro-inflammatory cytokines and chemokines were found in the BALF of patients with ARDS (34). This might contribute to the induction of T cell apoptosis, which might lead to pneumonia and disease progression to ARDS (41). Moreover, production of IL-6 in the spleen and lymph nodes, and of IL-6, TNFα, IL-10, and PD-1 by alveolar macrophages induces lymphocyte necrosis, further contributing to the development of lymphocytopenia and cytokine storm in the lung (38).

Monocytes and mononuclear cells in the peripheral blood and BALF are activated and secrete IL-6, IL-10, and TNFα, and chemoattractors of macrophages' IFN-induced protein 10 (IP-10), and MCP-1 (42). In peripheral blood mononuclear cells (PBMC) and BALF, high levels of neutrophil-attracting chemokines CXCL2 and CXCL8 attract neutrophils to the site of inflammation (43). Neutrophils secrete extracellular webs of DNA and histone to infectious particles, termed NETs, which are found aberrantly in patients with ARDS (44). They are believed to contribute to venous and arterial thrombosis in critical disease, multi-organ, and respiratory failure as well as coagulopathy due to their impact on the regulation of cytokine release (42).



Induction of CRS by Adaptive Immune Cells

Lymphocytopenia is a well-observed symptom in patients with severe COVID-19. It comprises a highly reduced number of circulating B and T cells combined with an increase in neutrophils and hyperactivation of monocytes and macrophages.

Patients with severe disease symptoms have low T cells and T helper cells, Th1, Th2, and Th17 numbers (45), either due to T cell apoptosis by high amounts of cytokines secreted by CD4+ T cells (46, 47) or due to the redistribution to other tissues resulting in the infiltration of mononuclear cells into the interstitial area of the lung contributing to the development of interstitial pneumonitis (48).

In patients with ARDS, CD4+, and CD8+ T cells were found in the peripheral blood 14 days after disease onset. While CD8+ T cells secrete primarily IFNγ, CD4+ T cells secrete cytokines related to Th1 (IFNγ, TNFα, IL-2) and Th2 (IL-5, IL-9, IL-10) at normal levels (49) albeit at reduced levels in severe COVID-19 (50). Patients with ARDS had low but over-activated CD8+ cells (51) leading to T cell exhaustion rendering the T cell response ineffective (50). In addition, activated T cells, including Th1 and Th17 helper cells, further stimulate the activation of monocytes enabling secretion of IL-1β, IL-6, and colony stimulating factor (CSF1 and CSF2) to contribute to the worsening of the cytokine storm resulting in organ failure (46).

Another important subset of T cells comprises regulatory T cells (Tregs). They are responsible for regulating the immune response to prevent hyperinflammation. To do so, they expand rapidly in antiviral immune responses (52). Inconsistent results have so far been obtained about the levels of Tregs in patients with severe COVID-19. Some observed higher levels of Tregs, while others reported reduced or unchanged levels (45).

As a result of the above, a significant elevation of a plethora of pro-inflammatory cytokine levels was reported. The most prominent elevated pro-inflammatory cytokine is IL-6 in patients with severe symptoms. This IL-6 production from CD14+ and CD16+ monocytes is driven by GM-CSF produced by Th1 cells (53) directly correlated with virus load (54). Moreover, IL-6 might influence lung-centric coagulopathy by inducing coagulation cascades (55).

Increased numbers of CCR4+ and CCR6+ Th17 cells were measured in COVID-19 patients with ARDS (56). Other cytokines IL-1, IL-17, TNFα, and GM-CSF were associated with Th17 immune responses (57). These observations might explain the occurrence of a Th17-type cytokine storm, and the onset of multiple organ damage in patients with severe COVID-19 (56). Similarly, production of IP-10, CCL5/RANTES41, CRP, and C-dimer were higher in patients with severe COVID-19 compared to mild COVID-19 (57). An increase of anti-inflammatory cytokines IL-10 and IL-4 hints to an elevated Th2 response, which might be involved in the development of pulmonary interstitial fibrosis (13, 58). Underlying bacterial infections might contribute to the development of CRS by exacerbating the inflammatory response (59).




TREATMENT OPTIONS FOR COVID-19 PATIENTS

No specific anti-viral drug for the successful treatment of COVID-19 is available. Several anti-inflammatory drugs are tested in pre-clinical and clinical trials as repurposed drugs for resolving CRS in patients with severe disease including steroids and corticosteroids like dexamethasone (60, 61), mono- and polyclonal antibodies normally used in rheumatology, i.e., the IL-6 inhibitor tocilizumab (62–65) including the “famous” monoclonal antibody cocktail REGN-COV2 (66), anti-viral drugs like remdesivir (67) or the HIV-drug combination lopinavir-ritonavir, the anti-parasitic drug hydroxychloroquine (68) as well as drugs against gastrointestinal diseases like famotidine (histamine-2 receptor antagonist), which showed antiviral properties for HIV or omeprazole (proton pump inhibitor) (69) in addition, the administration of convalescent plasma was tested (22).

Most of the drugs with the exception of remdesivir that was recently approved by the FDA, are still in clinical trials or could not reduce mortality (20–22). To prevent mortality, therapies halting disease progression at earlier stages are required. Cannabinoids with their anti-inflammatory function represent potential candidates to avoid CRS (70–72).



CANNABIS AND THE ENDOCANNABINOID SYSTEM

The cannabis plant comprises >550 different chemical constituents, ≈150 of these are cannabinoids and >400 non-cannabinoids. The main pharmacologically active compounds are the psychoactive tetrahydrocannabinols (THC), Δ8-THC and Δ9-THC, and other non-psychoactive cannabinoids like cannabinol (CBN), cannabidiol (CBD), or cannabigerol (CBG) to name only a few. CBN was the first cannabinoid that was isolated in 1899 (73). Non-cannabinoids are flavonoids, terpenes, and fatty acids [(23, 24); Figure 3].


[image: Figure 3]
FIGURE 3. Cannabinoids in Cannabis sativa spp. Depicted is the number of the compounds of the cannabis plant, which are >400 non-cannabinoids and ≈150 cannabinoids that are listed including their abbreviations.



Cannabinoid Receptors and Their Ligands

Cannabinoids convey their functions via cannabinoid receptors that are anchored in the cell membrane. Cannabinoid receptors bind to endo- (eCBs) and phytocannabinoids alike comprising the endocannabinoid system. The most studied endocannabinoids are 2-arachidonoylglycerol (2-AG) (74) and N-arachidonoylethanolamide (anandamide, AEA) (75). They belong to a group of lipid mediators that are either synthesized and released from membrane phospholipids “on demand” in response to physiological or pathological stimuli by many cell types in the brain or peripheral tissue or may be stored in organelles that might serve as potential platforms for trafficking and accumulation (76).

2-AG is a monoacylglycerol that serves as an intermediate in lipid metabolism (77). It is synthesized when needed by two major pathways, a signaling and a metabolic pathway. The signaling pathway starts from phosphatidylinositol-4,5-biphosphate (PIP2) and the metabolic pathway starts from triglycerides that contain 2-arachidonate (78). Two second messengers are synthesized from PIP2: diacylglycerol (DAG) and inositol-1,4,5-triphosphate (75). Triglycerides are hydrolyzed by hormone-sensitive lipase, other lipases, and carboxylesterase to diglycerides that contain 2-arachidonylglycerol (75). Diglycerides are then further processed by two isoforms of diacylglycerol lipase α and β (DAGL-α and -β) generating 2-AG and a fatty acid (79). Degradation of 2-AG is accomplished by the hydrolysis of the ester bond into arachidonic acid and glycerol by the enzyme monoacylglycerol lipase (MAGL) or α,β-hydrolase domain-containing proteins 12 and 6 (ABHD12 and ABHD6) (80).

The biosynthesis of AEA involves two steps: (i) the formation of N-arachidonoyl-phosphatidylethanolamine from phosphatidylethanolamine catalyzed by the calcium-dependent N-acyltransferase followed by (ii) the conversion of N-arachidonoylphosphatidylethanolamine to AEA or other N-acylethanolamines through five different metabolic pathways of which the most studied pathway involves N-acyl-phosphatidylethanolamine-hydrolyzing phospholipase D (76, 81). Degradation of AEA occurs through cleavage into arachidonic acid and ethanolamine by fatty acid amide hydrolase (FAAH) or N-acylethanolamine-hydrolyzing acid amidase (82).

Both, 2-AG and AEA, can be degraded by cyclooxygenase (COX), lipoxygenase (LOX), or cytochrome P450 resulting in the formation of oxidized compounds such as hydroxyl-anandamides and hydroxyeicosatetraenloyl-glycerol or prostaglandin-ethanolamines and prostaglandin-glyceryl esters; all of them with different biological functions (76).

Two different classes of receptors are assigned as putative cannabinoid receptors, G-protein-coupled receptors (GPCRs) and transient receptor potential channels (TRP), which we present in further detail in the following two sections and in Table 1.


Table 1. Cannabinoids receptors.
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G Protein-Coupled Receptors

G protein-coupled receptors are a family of membrane proteins. They are characterized by seven membrane-spanning α-helical domains that are separated by alternating intra- and extracellular loops. GPCRs mediate the cellular response to neurotransmitters and hormones and are mostly responsible for taste, vision, and olfaction. The most prominent GPCRs that mediate endo- and phytocannabinoid signaling believed to be involved in signal transduction of the immune system are CB1R, CB2R, GPCR18, and GPCR55 (121).



Transient Receptor Potential Channels

Transient receptor potential (TRP) channels are a family of ion channels. They are membrane proteins which consist of channel subunits built of six putative transmembrane-spanning segments (S1-S6) with a pore-forming loop between S5 and S6 which assemble into tetramers to form functional channels (122). TRPs are involved in the signal transduction of numerous chemical and physical stimuli and regulate many neural signaling processes and other physiological functions such as temperature sensation, smell, taste, vision, pressure, or pain perception (123). Thus, they are potentially attractive targets for the therapeutic use of phytocannabinoids in the treatment of sensory, inflammatory or dermatological pathologies (124). Most TRPs can cause channelopathies which are risk factors for many disease states (125).

TRPs that are putative cannabinoid receptors are TRPV1-4, TRPA1, and TRPM8 (126).




Anti-inflammatory Properties of Cannabinoids and Their Potential to Downregulate COVID-19 Related CRS

First indications that cannabis has the potential to influence the disease course of COVID-19 were already published 3 years before the outbreak of the current pandemic. Researchers from Italy examined the potential of a hemp seed protein isolate that was prepared from defatted hemp seed by alkaline solubilization/acid precipitation as inhibitors for ACE-2. Four potentially bioactive peptides GVLY, IEE, LGV, and RVR were identified in the tested fraction by mono- and bidimensional NMR and LC-MS analyses. All four peptides had ACE-inhibitory activity rendering hemp seeds a potential agent to inhibit entry of SARS-CoV2 into the cells (127).

Recently, Canadian researchers have tested CBD extracts of 800 different C. sativa lines on 3D human models of oral, airways, and intestinal tissues and found 13 low THC/high CBD lines that modulated ACE2 and TMPRSS2 levels, which might lower the virus load (128). ACE2-reducing activity of cannabis-derived products were confirmed by a different group. They extracted a CBD, CBG, and THCV-containing fraction of a C. sativa strain and tested it in vitro in comparison to a standard phytocannabinoid agent. Both products reduced the secretion of pro-inflammatory cytokines IL-6, IL-8, CCL2, and CCL7 from the alveolar epithelial cell line A549, induced polarization of the macrophage cell line KG1 and increased the phagocytosis. CD36 and type II receptor for the Fc region of IgG (FcγRII) were upregulated. The researchers reported a certain superiority of the standard phytocannabinoids compared to the cannabis-derived fraction but cannot give recommendations for usage of cannabis in the treatment of COVID-19 (129). Another recent study simulated viral infections using the synthetic RNA Poly I:C and could show that Poly I:C-induced ARDS could be prevented by CBD (130) through the upregulation of apelin, a peptide regulating central and peripheral immunity that was severely downregulated in a murine model of ARDS (131). In the following two sections we will present the processes of regulation of the immune responses of endo- and phytocannabinoids.


Regulation of Immune Responses by Endocannabinoids via CB1 and CB2

The endocannabinoid system has anti-inflammatory activities in innate and adaptive immunity. It regulates migration and trafficking of different immune cells dependent on its receptors. Experiments with human bone marrow cells obtained by aspiration from healthy donors showed that the migration of human hematopoietic stem and progenitor cells was modulated by endocannabinoids. Endocannabinoids receptors CB1 and CB2 were expressed by bone marrow derived hematopoietic stem cells and CD34+ cells. AEA and 2-AG were detected in the microenvironment of peripheral blood and bone marrow, which were secreted by bone marrow mesenchymal stem cells. Migration of hematopoietic stem cells was stimulated by AEA and 2-AG and blocked by CB receptor antagonists rendering endocannabinoids putative candidates for the enhancement of the migration of hematopoietic stem cells (132).

Cell trafficking of mature immune and effector cells, like lymphocytes, macrophages, neutrophils, and dendritic cells can be regulated by endocannabinoids [rev. in (133)]. It was reported that exogenously added 2-AG leads to the attenuation of lymphocyte proliferation through the decrease of Th1- and Th17-associated cytokines IL-6, IL-2, and TNFα. Moreover, activated B and T cells that produce high levels of 2-AG inhibit in a feedback loop T cell activation and proliferation, making exogenously applied 2-AG a putative candidate for therapeutic usage in Th1- or TH17-dependent diseases (134). Upon antigen activation by pathogens, macrophages, and dendritic cells produce and release 2-AG, which results in the upregulation of 2-AG levels in the serum and lymph nodes of mice during vaccination CB2 dependently. In a murine immunization model, transient administration of CB2 antagonist AM630 or inverse antagonist JTE907 increased the intensity of antigen-specific immune responses by upregulation of immunomodulatory genes in secondary lymphoid tissue (135). AEA inhibited macrophage-mediated killing of the TNFα-sensitive mouse alveolar macrophage cell line L929 (136). Correa et al. presented evidence that AEA inhibited expression of pro-inflammatory cytokines like IL-12 and IL-23 in in vitro models of immune disorders and increased the anti-inflammatory cytokine IL-10 in activated mouse microglia (137–139). In a model of acute intestinal inflammation it was shown that the transporter p-glycoprotein helped the influx of endocannabinoids into the intestinal lumen, which inhibited the migration of neutrophils by counteracting the pro-inflammatory neutrophil chemoattractant eicosanoid hepoxilin A3 (90). Similarly, the migration-related transcriptional profile of neutrophils was enhanced in CB2−/− mice. In response to Zymogen, the neutrophil, and lymphocyte antigen 6 complex was recruited to the dorsal air pouch and metalloproteinase 9 and CCL4 and CXCL10 increased (91).



Regulation of the Immune Response by Phytocannabinoids

Similarly, extracts of the phytocannabinoids CBD and THC could attenuate the proliferation of activated lymphocytes and the secretion of pro-inflammatory IL-17, thereby increasing secretion of the anti-inflammatory IL-10 (86). Additionally, the endocannabinoid AEA and the phytocannabinoid THC could also induce immunosuppression in B cells as was examined in both primary and secondary in vitro plaque-forming cell assays of antibody formation (93). Many reports have shown that exogenously applied CBD suppresses transcription factors involved in inflammation like NFAT, AP-1, and NF-κB, which results in a broad repression of cytokines like IL-6, IL-1β, IL-1α, GM-CSF, and TNFα in diverse cells and tissues (140). These cytokines have a central role in the development of CRS in COVID-19. IL-6 promotes the differentiation of Th17 cells, which was shown to be suppressed by CBD (141). Moreover, CBD was shown to inhibit IFNγ (142).

A plethora of pre-clinical studies show that cannabinoids of certain cannabis strains can have an impact on the inflammatory response in mouse models of lung or inflammatory diseases, thus halting their progression. In a murine model of LPS-induced acute lung injury, CBD suppressed the vigorous immune response by three mechanisms: (i) inhibition of infiltration of leukocytes and neutrophils into lung tissue, (ii) inhibition of secretion of pro-inflammatory cytokines TNFα, IL-6, and the chemokines MCP-1 and MIP-2 into the BALF, (iii) inhibition of the activity of myeloperoxidase, an enzyme with antimicrobial activity abundantly expressed in neutrophils (143). In murine models of chronic asthma, cytokine levels of IL-4, IL-5, IL-6, IL-13, and TNFα were decreased by CBD, probably exerting its effect via the CB1 receptor. This led to the reduction of airway inflammation and fibrosis (144, 145). Moreover, the production of regulatory T cells were increased in murine models of inflammatory diseases (146).

These anti-inflammatory actions of cannabis might be beneficial for the prevention of CRS before the host inflammatory response turns pathological during the transition from mild to critical disease in COVID-19 patients (Figure 4).
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FIGURE 4. Impact of cannabinoids on inflammatory responses during a SARS-CoV2 infection. The entry of the virus via ACE2 can be inhibited by CBD, reducing the virus load inside the cells. Infection with the virus triggers a cascade of inflammatory responses of the innate and adaptive immunity. Monocytes and macrophages secrete cytokines and chemokines. Activated macrophages secrete CXCL2 and CXCL8 which attract neutrophils, which release NETs to the site of infection. Infiltrating FCN1+ macrophages secrete IL-6, IL-10, and TNFα in the lung, which leads to T cell apoptosis. CD8+ T cells secrete IFNγ and TNFα. T helper cells Th1 and Th17 stimulate CD14+ and CD16+ monocytes to secrete IL-6, IL-1β, and CSF1 and CSF2. This leads to the development of the cytokine storm, which might culminate in ARDS or multi-organ failure. Cannabinoids have the potential to inhibit the secretion of several pro-inflammatory cytokines resulting in prevention of CRS.






CONCLUSION AND FUTURE PERSPECTIVES

According to the current state of available clinical data, most severe COVID-19 symptoms are related to CRS, which is also assumed to be responsible for the fatal outcome in COVID-19 patients. Here, we discuss the hypothesis that cannabinoids may have a great potential for the inhibition of hyperinflammation leading to CRS in COVID-19 patients. However, extensive evidence from pre-clinical and clinical trials are still missing but urgently needed. This is because in spite of the medicinal potential of cannabis, it may be used in harmful or abusive manner. Cannabis is the most widely used illicit drug in the world. The United Nations Office On Drugs and Crime World Drug Report (UNODC) from 2020 measured around 192 million users in 2018 (147). An increased use among older adults was seen in the US between after legalization 2015 and 2018 (148) and known cannabis users increased their usage during first lockdown in the Netherlands (149) and in the US (150). The most common route of cannabis administration is smoking with or without tobacco. This raises concern in relation to the development of a severe/critical disease state in COVID-19 patients because smoking tobacco upregulates ACE-2 which increases the entry rate of the virus into the cells and leads to a worse outcome (151). While in Europe still 77.2–90.9% prefer tobacco-based smoking (152), the use of alternative routes of cannabis administration like vaporizing or edibles have increased in the US since legalization (153). However, whether vaping has an advantage over smoking for the likelihood of an infection with SARS-CoV2 and its outcome are still unknown (154).

Moreover, severe cardiovascular events were reported after acute usage of herbal cannabis (155) including an elevated risk of myocardial infarction in the presence of Angina pectoris (156) and reported cardiovascular deaths in 26% of users between 2006 and 2010 (157). In adolescent users, regular herbal cannabis use can lead to irreversible cognitive decline including loss of short-term memory, mood disorders, and schizophrenia (158).

However, increasing evidence shows a positive impact of cannabidiol on chronic pain in adult patients, as an antiemetic in chemotherapy-induced nausea and vomiting and in improving spasticity in multiple sclerosis based on patient's reports as well as in sleep improvement and fibromyalgia (159). However, many more precisely targeted clinical studies need to be performed in order to evaluate the benefit/risk ratio for cannabinoids. All together, these concerns emphasize the need of deeper science-based data that will allow the appropriate use of cannabis for medicinal purposes. Our studies at the Medical Cannabis Research and Innovation Center follow this route. We aim to become more knowledgeable about the exact anti-inflammatory capability of the cannabinoid's components of a chosen strain with the lowest potential to drug abuse and the least adverse effects so that we can administer cannabinoids more accurately targeted to the patients.
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Malaria complications are often lethal, despite efficient killing of Plasmodium parasites with antimalarial drugs. This indicates the need to study the resolution and healing mechanisms involved in the recovery from these complications. Plasmodium berghei NK65-infected C57BL/6 mice develop malaria-associated acute respiratory distress syndrome (MA-ARDS) at 8 days post infection. Antimalarial treatment was started on this day and resulted in the recovery, as measured by the disappearance of the signs of pathology, in >80% of the mice. Therefore, this optimized model represents an asset in the study of mechanisms and leukocyte populations involved in the resolution of MA-ARDS. C-C chemokine receptor type 2 (CCR2) knock-out mice were used to investigate the role of monocytes and macrophages, since these cells are described to play an important role during the resolution of other inflammatory diseases. CCR2 deficiency was associated with significantly lower numbers of inflammatory monocytes in the lungs during infection and resolution and abolished the increase in non-classical monocytes during resolution. Surprisingly, CCR2 was dispensable for the development and the resolution of MA-ARDS, since no effect of the CCR2 knock-out was observed on any of the disease parameters. In contrast, the reappearance of eosinophils and interstitial macrophages during resolution was mitigated in the lungs of CCR2 knock-out mice. In conclusion, CCR2 is required for re-establishing the homeostasis of pulmonary leukocytes during recovery. Furthermore, the resolution of malaria-induced lung pathology is mediated by unknown CCR2-independent mechanisms.
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Introduction

Malaria is a global health disease that caused 229 million clinical cases and 409,000 deaths in 2019 (1). Most of these deaths are caused by complications, such as cerebral malaria, severe malarial anemia, placental malaria, and malaria-associated acute respiratory distress syndrome (MA-ARDS) (2). Despite efficient and rapid parasite killing with artemisinin combination therapies, 15% of patients with severe malaria still dies. Some complications, such as MA-ARDS, may even develop during or after treatment (3, 4). Artemisinins have a short half-life and act rapidly by generating free radicals inside the parasite (5). Artesunate is a highly soluble artemisinin derivative with excellent bioavailability, and is the preferred first-line treatment for severe malaria. It is often combined with other longer-acting antimalarial drugs, including quinolones such as chloroquine, which inhibit the detoxification of heme to hemozoin.

MA-ARDS mainly occurs in adults in low-transmission areas or in non-immune travellers (4). It results in a poor prognosis with mortality rates up to 80%, and it affects 2–25% of adults with severe malaria. Currently, 40% of patients with MA-ARDS succumb despite treatment with a combination of antimalarial drugs and mechanical ventilation. MA-ARDS is characterized by excessive pulmonary inflammation, resulting in the disruption of the alveolar-capillary membrane integrity and subsequent alveolar edema, microhemorrhages, and hypoxemia (2). An exaggerated Th1 immune response is proposed to be the cause of this complication (6–8). In mouse models, a pathogenic role of CD8+ T cells was identified, since depletion of CD8+ T cells resulted in the prevention of MA-ARDS (7, 9). In patients with MA-ARDS, lung endothelial cells are activated, resulting in the secretion of cytokines and chemokines and subsequent leukocyte accumulation in the lungs (7). In addition, the endothelial cells cross-present parasite antigens in an MHC-I context. Upon antigen recognition, CD8+ T cells produce interferon-γ (IFN-γ), granzyme B, and perforin, thereby causing apoptosis of endothelial cells and the breakdown of tight junctions of the alveolar-capillary membrane.

Resolution of inflammation is an active and coordinated process, which aims to restore normal functions of cells and tissues (10–12). During resolution, inflammatory cells such as neutrophils undergo apoptosis and are removed by phagocytosing macrophages, a process also known as efferocytosis (11). Wound healing mechanisms are crucial for the removal of debris and the restoration of tissue function. Monocytes and macrophages are thus suggested to play an important role during this resolution process (13). In the resolution process, monocytes may switch from an inflammatory phenotype (known as “M1” or Ly6C+) to a more reparative phenotype (known as “M2-like” or Ly6C−) or differentiate into macrophages or dendritic cells (DCs).

The study of resolution mechanisms is important, since new pro-resolving therapies might complement anti-inflammatory treatments (12, 14, 15). In fact, an adequate inflammatory response is often necessary for pathogen elimination and/or debris clearance. Pro-resolving approaches do not inhibit pathogen clearance in contrast to anti-inflammatory treatments. Pro-resolving agonists have a more broad mechanism of action involving modulation of the immune response and stimulation of repair, while anti-inflammatory molecules strongly inhibit the immune response (14, 15). Therefore, it is assumed that pro-resolving therapies are able to suppress inflammation with less unwanted side-effects, in comparison with anti-inflammatory treatments. At the same time, resolution processes promote the restoration of tissue function (14). Resolution of inflammation has been well-characterized in Th2-related diseases, such as helminth infections. Induction of the “M2-like” macrophage phenotype by interleukin-(IL-)4 and IL-13 does not only promote the control of helminth infection, but also the timely conversion of monocytes and macrophages from a pro-inflammatory “M1” to a reparative “M2-like” phenotype, which might be decisive in wound healing and tissue regeneration (16–19).

In contrast, much less is known about the resolution of Th1-related inflammation, in particular in malaria. The resolution mechanisms may be different in a Th1 versus a Th2-related disease. Only a few studies investigated the pro-resolving effects of exogenous molecules, such as lipoxin A4 and IL-33, in malaria (20–24). However, the complete resolution process and the endogenous players involved have not yet been studied in detail.

C-C chemokine receptor type 2 (CCR2) is crucial for the trafficking of monocytes in two ways (25). First, CCR2 is involved in the homeostatic release of monocytes from the bone marrow. Secondly, CCR2+ Ly6C+ inflammatory monocytes (iMOs) are recruited to the site of inflammation via the CCL2-CCR2 axis (25, 26). Therefore, CCR2 knock-out (KO) mice have lower numbers of circulating monocytes and are often used to study the roles of monocytes in vivo. In the development of MA-ARDS, the effect of CCR2 KO is limited (8, 27). In Plasmodium berghei ANKA-infected C57BL/6 mice, the wet:dry ratio of the lungs was slightly increased in CCR2 KO mice compared to wild-type (WT) mice, whereas no effect on alveolar edema was found (27). Also in Plasmodium berghei NK65 (PbNK65)-infected C57BL/6 mice, no difference in survival between the CCR2 WT and KO mice was found (8). Despite the limited effect on the development of pathology, the effect of CCR2 on the resolution remains to be established. Interestingly, CCR2 was shown to be crucial for debris clearance and healing in a sterile thermal liver injury and a skin wound mouse model (28, 29).

Here, we adapted our mouse model to study the resolution of inflammation in the otherwise lethal MA-ARDS complication. Starting antimalarial treatment on the day that the first clinical disease symptoms appeared in PbNK65-infected C57BL/6 mice, resulted in the efficient clearance of parasites followed by resolution of the inflammatory lung pathology. As 80% of the mice were rescued, this constitutes an excellent mouse model to study the mechanisms and leukocytes involved in the recovery from MA-ARDS. In addition, CCR2 KO mice were used to investigate the role of CCR2-dependent monocytes in the development and the resolution of malaria-induced lung pathology. Our data show that, although the CCR2 KO has no effect on the development nor the resolution of MA-ARDS, CCR2 is crucial to re-establish the homeostasis of pulmonary leukocytes, since the reappearance of eosinophils and interstitial macrophages was mitigated in the lungs of PbNK65-infected CCR2 KO mice.



Materials and Methods


Mice and Dissections

Seven to eight weeks old C57BL/6 mice were purchased from Janvier Labs (Le Genest-Saint-Isle, France) and housed in a specific pathogen-free (SPF) facility. Seven to nine weeks old SPF CCR2 KO and CCR2 WT mice were bred in the animal house of the Rega Institute for Medical Research, KU Leuven. CCR2 KO mice were originally bought from The Jackson Laboratory (B6.129S4-Ccr2tm1Ifc/J; #004999; Bar Harbor, ME, USA) and C57BL/6J mice from Charles River (JAX™ C57BL/6J SOPF Mice; #680; Lyon, France). The CCR2 KO mice were mated with the C57BL/6J mice in order to generate F1 heterozygotes. These heterozygotes were inter-crossed to create CCR2 KO and matched CCR2 WT mice. All mice were housed in individually ventilated cages and received ad libitum high energy food (Ssniff Spezialdiäte GMBH, Soest, Germany) and water, which was supplemented with 0.422 mg/ml 4-amino-benzoic acid sodium (PABA; Sigma-Aldrich, Bornem, Belgium). All experiments were performed at the KU Leuven according to the regulations of the European Union (directive 2010/63/EU) and the Belgian Royal Decree of 29 May 2013, and were approved by the Animal Ethics Committee of the KU Leuven (License LA1210186, project P049/2018, Belgium). Mice were euthanized by intraperitoneal (i.p.) injection of 100 µl of dolethal (Vétoquinol, Aartselaar, Belgium; 200 mg/ml). Murine blood samples were obtained by cardiac puncture in heparinized (LEO, Pharma, Lier, Belgium) syringes. To obtain broncho-alveolar lavage fluid (BALF), 500 µl or 750 µl of Dulbecco’s phosphate buffered saline was instilled through a catheter in the trachea in the right lungs after pinching off the left lung, or the complete lungs, respectively. After 30s the fluid was withdrawn. This was repeated and both lavages were pooled. The BALF was centrifuged (10 min, 314 g, 4°C) and the supernatant was collected for further analysis, whereas the cell pellet was combined with the cells isolated from the lungs for flow cytometry analysis. After transcardial perfusion, lungs and spleen were collected for analysis by flow cytometry or reverse transcriptase quantitative real time polymerase chain reaction (RT-qPCR).



Genotyping

DNA was isolated from the tails or ear snippets of CCR2 KO and CCR2 WT mice using the EZNA Tissue DNA Kit (Omega Bio-Tek, Norcross, GA, USA). PCR was performed followed by gel electrophoresis to confirm the CCR2 genotypes, according to the protocol of The Jackson Laboratory (WT primers: CCA CAG AAT CAA AGG AAA TGG and CAC AGC ATG AAC AAT AGC CAA G, KO primers: CCA CAG AAT CAA AGG AAA TGG and CCT TCT ATC GCC TTC TTG ACG). In order to confirm the effective C57BL/6J background in both the CCR2 KO and WT mice, background strain characterization through genome-wide SNP analysis was performed on tail or ear genomic DNA from two original CCR2 KO mice and two original C57BL/6J mice and from three CCR2 KO and 3 CCR2 WT mice after the backcross (Mouse Genome Scanning panel of 2050 SNPs, Taconic, Rensselaer, NY, USA).



Infection of Mice and Clinical Scoring

Mice were infected with PbNK65 [Edinburgh strain (30, 31)] by i.p. injection of 104 infected red blood cells. Non-infected controls from the same sex and age were included in each experiment. The disease severity of the mice was evaluated based on body weight, parasitemia, and clinical score. The clinical score was calculated on the basis of different parameters: social activity (SA), limb grasping (LG), body tone (BT), trunk curl (TC), pilo-erection (PE), shivering (Sh), abnormal breathing (AB), dehydration (D), incontinence (I), and paralysis (P). In case of TC, PE, Sh and AB, a disease score of 0 (absent) or 1 (present) was given, while the other parameters received a score of 0 (normal), 1 (intermediate) or 2 (serious). The formula used to calculate the total clinical score was: SA + LG + BT + TC + PE + 3*(Sh + AB + D + I + P). Parasitemia was determined by staining blood smears with 10% Giemsa’s Stain Improved R66 Solution (VWR, Heverlee, Belgium).



Antimalarial Treatment

Where indicated, mice were treated with antimalarial drugs. A combination of artesunate (ART, 10 mg/kg in 0.9% NaCl with 0.1% NaHCO3; Sigma-Aldrich) and chloroquine diphosphate salt (CQ, 30 mg/kg in 0.9% NaCl; Sigma-Aldrich) was i.p. injected daily in a volume of 200 µl, starting at 8 days p.i. for a maximum of 5 days. In the experiments described in Supplementary Figure 1, a higher dose of 40 mg/kg of ART (without CQ) and a combination of 10 mg/kg of ART with 3 mg/kg of dexamethasone sodium phosphate (in 0.9% NaCl; Sigma-Aldrich) were also used.



Quantification of BALF protein concentration

Edema formation was assessed by determination of the protein concentration in the supernatant of the BALF samples using Bradford assay (Bio-Rad, Hercules, CA, USA).



Determination of mRNA Expression Levels

mRNA expression levels in left lungs were quantified with RT-qPCR. Therefore, RNA extraction was performed on the left lung using the QIAGEN’s RNeasy Mini Kit (QIAGEN, Venlo, The Netherlands) according to the manufacturer’s protocol. Next, cDNA was synthesized from the extracted RNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Life Technologies). The TaqMan® Fast Universal PCR master mix (Applied Biosystems) was used for the detection of the amplification of the targeted gene in combination with specific primers (Supplementary Table 1). The relative mRNA expression was determined using the 2−ΔΔCt method (32), which reflected the fold change in gene expression compared to the mean of the uninfected controls and was further normalized to the 18S housekeeping gene.



Isolation of Leukocytes From the Spleen

During dissection, spleens were removed and collected in phosphate buffered saline (PBS) + 2% fetal calf serum (FCS, Gibco) at 4°C. Single cells were obtained after mashing the spleen through a 70 µm nylon cell strainer (VWR) followed by treatment with a RBC lysis buffer (0.83% ammonium chloride (NH4Cl; Acros Organics, Geel, Belgium)/10 mM Tris (Sigma) solution with pH 7.2) at 37°C. After washing with PBS + 2% FCS, cells were resuspended in PBS + 2% FCS and live leukocytes were counted in a Bürker chamber after 1/2 dilution in trypan blue (VWR).



Isolation of Leukocytes From the Lungs


Protocol 1

During dissection, lungs were removed and collected in HEPES buffer (10 mM HEPES-NaOH, 150 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, pH 7.4) at room temperature (RT) in gentle MACS C tubes (MACS Miltenyi Biotec, Leiden, The Netherlands). The lungs were homogenized in 5 ml of HEPES buffer with 2 mg/ml collagenase D (Sigma-Aldrich) and 0.04 mg/ml DNase I (Sigma-Aldrich) in the gentleMACS™ Dissociator (MACS Miltenyi Biotec) followed by incubation for 30 min at 37°C. After a second processing in the gentleMACS™ Dissociator, cells were passed through a 70 µm nylon cell strainer. After centrifugation (300 g, 7 min, RT), the non-leukocyte subsets were removed with a Percoll gradient [for 100% Percoll buffer: 90% Percoll (GE Healthcare, Upsala, Sweden)], 9 mM PBS, 0.01 M HEPES (Gibco, Thermo Fischer), and 0.005 N HCl). The cell pellet was resuspended in 40% Percoll buffer in PBS and dropwise added onto 72% Percoll buffer in PBS to get two distinct layers. After centrifugation (20 min, 491 g, RT, no break), leukocytes were collected from the interphase of the two Percoll layers. After washing with PBS + 2% FCS, cells were resuspended in PBS + 2% FCS and live leukocytes were counted in a Bürker chamber after 1/2 dilution in trypan blue.



Protocol 2

During dissection, lungs were removed and collected in RPMI buffer [RPMI GlutaMAX (Gibco) + 5% FCS + 1% penicillin/streptomycin (Gibco)] with 0.1% beta-mercaptoethanol at RT. Lungs were first minced with scissors and then incubated for 30 min at 37°C in digestion medium (2 mg/ml collagenase D and 0.1 mg/ml DNase I in RPMI buffer). Afterward, pieces of tissue were homogenized using a needle and syringe and fresh digestion medium was added for a second incubation at 37°C for 15 min. Lung tissue was homogenized again with the syringe and centrifuged (5 min, 708 g, RT). The cell pellet was resuspended using 10 mM EDTA and further diluted in PBS + 2% FCS. After a second centrifugation, cells were treated with 0.83% NH4Cl/10 mM Tris to lyse RBCs at 37°C and passed through a 70 µm nylon cell strainer. Cells were washed and resuspended in PBS + 2% FCS and live leukocytes were counted in a Bürker chamber after 1/2 dilution in trypan blue.




Staining and Flow Cytometry of Leukocytes

1.5–3 million leukocytes per sample were transferred to 96 well plates and washed with PBS. Cells were incubated for 15 min at RT in the dark with a viability dye, Zombie Aqua (1/1,000; BioLegend, San Diego, CA, USA) or Zombie UV (1/1,000; BioLegend), together with Mouse Fc block (MACS Miltenyi Biotec). After washing twice with cold PBS + 2% FCS + 2 mM EDTA, the cells were stained with a panel of monoclonal antibodies (Supplementary Table 2) dissolved in Brilliant stain buffer (BD Biosciences; Erembodegem, Belgium) for 20 min at 4°C in the dark. Cells were transferred to FACS tubes, washed twice with PBS, and fixed in PBS + 0.4% formaldehyde.

100,000 or 200,000 live single cells were analyzed per sample with a BD LSR Fortessa Flow cytometer (BD Biosciences), depending on the panel (Supplementary Table 2). Data were analyzed with FlowJo v10 software (FlowJo LLC, Ashland, OR, USA) and cells were gated according to the gating strategies in supplementary methods. In the myeloid cell panel and the CCR2 panel, cells positive for lineage-specific markers were excluded using a dumpgate (with CD3, CD19, and NK1.1 as exclusion markers). In order to calculate the absolute numbers of each cell type, the frequency of this cell type among CD45+ cells was multiplied by the total number of live leukocytes earlier counted using the Bürker chamber. In addition, uniform manifold approximation and projection (UMAP) plots were created of the flow cytometry data of the myeloid panel on the lungs. Here, cells of different samples were combined and unbiased clustering was performed using the FlowJo v10 software. Clusters were colored by cell class as defined in the figure legends.



Statistical Analysis

The data were analyzed using the GraphPad PRISM software (GraphPad, San Diego, California, USA, version 8.3.1). The non-parametric Mann-Whitney U test was performed followed by the Holm-Bonferroni correction. For the experiments in Figures 1–5 and Supplementary Figures 1-5, significance was determined for the comparison of all groups compared to the uninfected controls at 0 days p.i. and of all infected groups from 9 days until 15 days p.i. compared to the untreated mice at 8 days. In the experiments with CCR2 KO and CCR2 WT mice (Figures 6–9 and Supplementary Figures 7-16), significance was determined between each condition for the CCR2 WT and for the CCR2 KO mice and between the WT and KO mice within each condition. P-values were indicated as follows: *p<0.05, **p<0.01, ***p<0.001. The horizontal black line in each group indicates the median. Statistical differences compared to the corresponding uninfected control group are indicated with an asterisk above the individual data sets and horizontal lines with asterisk on top indicate significant differences between groups.




Figure 1 | A mouse model to study the resolution of malaria-associated acute respiratory distress syndrome (MA-ARDS) after antimalarial treatment. C57BL/6 mice were infected with PbNK65. Mice were injected daily from 8 until 12 days p.i. with 10 mg/kg ART + 30 mg/kg CQ (ART+CQ). (A) Schematic representation of the timing of infection and antimalarial treatments in the mouse model. (B) Parasitemia was determined using Giemsa-stained blood smears. (C) The clinical score was monitored daily starting at 6 days p.i. (D) The change in body weight was calculated compared to day 0 p.i. starting at 6 days p.i. (B, D) Compilation of two experiments. Data are means ± SEM. n=8 for uninfected controls (CON), n=8–16 for the infected untreated group (UT), n=7–21 for the infected ART+CQ-treated group. (E) The protein concentration in the BALF was determined as a measure of alveolar edema. Compilation of two experiments. Each symbol represents data of an individual mouse. n=8 for CON on day 0, UT at 8 and 9 days p.i and ART+CQ at 9 days p.i., n=6 for ART+CQ at 12 days p.i., n=7 for ART+CQ at 15 days p.i. (F) Representative pictures of the left lung.






Figure 2 | Dynamics of the lymphocyte populations in the lungs during resolution of malaria-associated acute respiratory distress syndrome (MA-ARDS). C57BL/6 mice were infected with PbNK65. Mice were injected daily from 8 until 12 days p.i. with 10 mg/kg ART + 30 mg/kg CQ. Mice were dissected at the indicated days p.i. Leukocytes were isolated from the lungs according to protocol 1 and flow cytometry was performed. (A, B) The absolute numbers of CD8+ T cells (CD45+ CD3+ NK1.1− CD8+) and CD4+ T cells (CD45+ CD3+ NK1.1− CD4+) and the proportions of Tnaive (CD44− CD62L+), Teff (CD44+ CD62L−), and Tcm (CD44+ CD62L+) of the total cell population are shown. Percentages of these subsets are shown in Supplementary Figure 3. (C–E) The absolute numbers of NK cells (CD45+ CD3− NK1.1+), NKT cells (CD45+ CD3+ NK1.1+), and B cells (CD45+ CD3− NK1.1− B220+) were calculated. Compilation of two experiments. Each symbol represents data of an individual mouse. n=8 for CON on day 0, UT at 8 and 9 days p.i and ART+CQ at 9 days p.i., n=6 for ART+CQ at 12 days p.i., n=7 for ART+CQ at 15 days p.i.






Figure 3 | Dynamics of the myeloid cell populations in the lungs during resolution of malaria-associated acute respiratory distress syndrome (MA-ARDS). C57BL/6 mice were infected with PbNK65. Mice were injected daily from 8 until 12 days p.i. with 10 mg/kg ART + 30 mg/kg CQ. Mice were dissected at the indicated days p.i. Leukocytes were isolated from the lungs according to protocol 1 and flow cytometry was performed. (A–F) The absolute numbers of alveolar macrophages (AM; CD45+ SiglecF+ CD11bint CD11c+), neutrophils (Neutros; CD45+ Lin− CD11b+ Ly6G+), Ly6C+ inflammatory monocytes (iMOs; CD45+ Lin− CD11bhi MHC-II− Ly6C+), Ly6C− non-classical monocytes (ncMOs; CD45+ Lin− CD11bhi MHC-II− Ly6C−), dendritic cells (DCs; CD45+ Lin− SiglecF− MHC-II+ CD11c+), and eosinophils (Eos; CD45+ CD11b+ SiglecF+ CD11c−) in the lungs were calculated. Compilation of two experiments. Each symbol represents data of an individual mouse. n=8 for CON on day 0, UT at 8 and 9 days p.i and ART+CQ at 9 days p.i., n=6 for ART+CQ at 12 days p.i., n=7 for ART+CQ at 15 days p.i. (G) Clustering of 24,000 cells combined from four representative samples per condition, except ART+CQ d15 from two representative samples. The plots show a two-dimensional representation (UMAP) of the protein expression. Clusters are colored by cell class as defined in (A–F).






Figure 4 | Dynamics of the splenic lymphocyte populations during resolution of malaria-associated acute respiratory distress syndrome (MA-ARDS). C57BL/6 mice were infected with PbNK65. Mice were injected daily from 8 until 12 days p.i. with 10 mg/kg ART + 30 mg/kg CQ. Mice were dissected at the indicated days p.i. Leukocytes were isolated from the spleen and flow cytometry was performed. (A, B) The absolute numbers of CD8+ T cells (CD45+ CD3+ NK1.1− CD8+) and CD4+ T cells (CD45+ CD3+ NK1.1− CD4+) and the proportions of Tnaive (CD44− CD62L+), Teff (CD44+ CD62L−), and Tcm (CD44+ CD62L+) of the total cell population are shown. Percentages of these subsets are shown in Supplementary Figure 5. (C–E) The absolute numbers of NK cells (CD45+ CD3− NK1.1+), NKT cells (CD45+ CD3+ NK1.1+), and B cells (CD45+ CD3− NK1.1− B220+) were calculated. Compilation of two experiments. Each symbol represents data of an individual mouse. n=8 for CON on day 0, UT at 8 and 9 days p.i and ART+CQ at 9 days p.i., n=6 for ART+CQ at 12 days p.i., n=7 for ART+CQ at 15 days p.i.






Figure 5 | Dynamics of the splenic myeloid cell populations during resolution of malaria-associated acute respiratory distress syndrome (MA-ARDS). C57BL/6 mice were infected with PbNK65. Mice were injected daily from 8 until 12 days p.i. with 10 mg/kg ART + 30 mg/kg CQ. Mice were dissected at the indicated days p.i. Leukocytes were isolated from the spleen and flow cytometry was performed. (A–F) The absolute numbers of dendritic cells (CD45+ Lin− MHC-II+ CD11c+), neutrophils (CD45+ Lin− CD11b+ Ly6G+), eosinophils (CD45+ CD11b+ MHC-II− CD11c− Ly6G− Ly6C− SSC-Ahi), Ly6C+ inflammatory monocytes (iMOs; CD45+ Lin− CD11b+ MHC-II− CD11c− SSC-Alo Ly6C+), Ly6C− non-classical monocytes (ncMOs; CD45+ Lin− CD11b+ MHC-II− CD11c− SSC-Alo Ly6C−), and red pulp macrophages [CD45+ Lin− MHC-II− CD11c− CD11b− F4/80+ (33)] present in the spleen were calculated. Compilation of two experiments. Each symbol represents data of an individual mouse. n=8 for CON on day 0, UT at 8 and 9 days p.i and ART+CQ at 9 days p.i., n=6 for ART+CQ at 12 days p.i., n=7 for ART+CQ at 15 days p.i.






Figure 6 | The CCR2 knock-out had no effect on the development and the resolution of malaria-associated acute respiratory distress syndrome (MA-ARDS). CCR2 WT and CCR2 KO C57BL/6 mice were infected with PbNK65. Mice were injected daily from 8 until 12 days p.i. with 10 mg/kg ART + 30 mg/kg CQ. (A) Parasitemia was determined daily using Giemsa-stained blood smears. (B) The clinical score was monitored daily starting at 6 days p.i. (C) The change in body weight was calculated compared to day 0 p.i. starting at 6 days p.i. (A–C) Compilation of five experiments. Data are shown as means ± SEM. n=6–12 for CON CCR2 WT, n=5–11 for CON CCR2 KO, n=15 for UT CCR2 WT, n=13 for UT CCR2 KO, n=10–32 for ART+CQ CCR2 WT, n=7–27 for ART+CQ CCR2 KO. (D, E) Lung pathology was quantified based on the protein concentration in the BALF (D) and the weight of the left lung (E) at 8 days p.i. for the UT group and at 12 and 14 days p.i. for the ART+CQ group. Compilation of five experiments. Each symbol represents data of an individual mouse. n=12–16 for CON CCR2 WT, n=11–15 for CON CCR2 KO, n=15–21 for UT CCR2 WT, n=13–18 for UT CCR2 KO, n=18 for ART+CQ CCR2 WT at 12 days p.i., n=17 for ART+CQ CCR2 KO at 12 days p.i., n=10–11 for ART+CQ CCR2 WT at 14 days p.i., n=9 for ART+CQ CCR2 KO at 14 days p.i. (F) Representative pictures of the left lung.






Figure 7 | The CCR2 knock-out resulted in less monocytes present in the lungs, but not in the spleen. CCR2 WT and CCR2 KO C57BL/6 mice were infected with PbNK65. Mice were injected daily from 8 until 12 days p.i. with 10 mg/kg ART + 30 mg/kg CQ. Mice were dissected at the indicated days p.i. Leukocytes were isolated from the lungs according to protocol 2 and from the spleen and flow cytometry was performed. (A–D) The absolute numbers of Ly6C+ iMOs (A, C) and Ly6C− ncMOs (B, D) present in the lungs (A, B) and spleen (C, D) were calculated. Compilation of two experiments. Each symbol represents data of an individual mouse. n=6 for CON CCR2 WT, n=5 for CON CCR2 KO, n=11 for UT CCR2 WT, n=11 for UT CCR2 KO, n=9 for ART+CQ CCR2 WT, n=10 for ART+CQ CCR2 KO.






Figure 8 | CCR2 knock-out does not affect the number of pulmonary lymphocytes. CCR2 WT and CCR2 KO C57BL/6 mice were infected with PbNK65. Mice were injected daily from 8 until 12 days p.i. with 10 mg/kg ART + 30 mg/kg CQ. Mice were dissected at the indicated days p.i. Leukocytes were isolated from the lungs according to protocol 2 and flow cytometry was performed. (A, B) The absolute numbers of CD8+ T cells (CD45+ CD3+ NK1.1− CD8+) and CD4+ T cells (CD45+ CD3+ NK1.1− CD4+) and the proportions of Tnaive (CD44− CD62L+), Teff (CD44+ CD62L−), and Tcm (CD44+ CD62L+) of the total cell population are shown. Percentages of these subsets are shown in Supplementary Figure 13. (C–E) The absolute numbers of NK cells (CD45+ CD3− NK1.1+), NKT cells (CD45+ CD3+ NK1.1+), and B cells (CD45+ CD3− NK1.1− B220+) were calculated. Compilation of two experiments. Each symbol represents data of an individual mouse. n=6 for CON CCR2 WT, n=6 for CON CCR2 KO, n=11 for UT CCR2 WT, n=11 for UT CCR2 KO, n=8 for ART+CQ CCR2 WT, n=10 for ART+CQ CCR2 KO.






Figure 9 | CCR2 is crucial for the return to homeostasis for the myeloid cell populations in the lungs. CCR2 WT and CCR2 KO C57BL/6 mice were infected with PbNK65. Mice were injected daily from 8 until 12 days p.i. with 10 mg/kg ART + 30 mg/kg CQ. Mice were dissected at the indicated days p.i. Leukocytes were isolated from the lungs according to protocol 2 and flow cytometry was performed. (A–F) The absolute numbers of alveolar macrophages (AM; CD45+ SiglecF+ CD11bint CD11c+), CD103+ dendritic cells (CD103+ DCs; CD45+ Lin− SiglecF− MHC-II+ CD11c+ CD103+ CD11b−), CD11b+ dendritic cells (CD11b+ DCs; CD45+ Lin− SiglecF− MHC-II+ CD11c+ CD103− CD11b+ CD24+ CD64−), neutrophils (Neutros; CD45+ Lin− CD11b+ Ly6G+), eosinophils (Eos; CD45+ CD11b+ SiglecF+ CD11c−), and interstitial macrophages (IM; CD45+ Lin− CD11bhi MHC-II+ CD64+ CD24−) in the lungs were calculated. Compilation of two experiments. Each symbol represents data of an individual mouse. n=6 for CON CCR2 WT, n=5 for CON CCR2 KO, n=11 for UT CCR2 WT, n=11 for UT CCR2 KO, n=9 for ART+CQ CCR2 WT, n=10 for ART+CQ CCR2 KO. (G, H) Representative flow cytometry plots showing the CCR2 expression of eosinophils (G), neutrophils (H), and iMOs (I) in the lungs of CCR2 WT mice at the different time-points. (J) Clustering of 24,000 cells combined from two representative samples per condition for the CON CCR2 WT and CON CCR2 KO and from three representative samples per condition for the others. The plots show a two-dimensional representation (UMAP) of the protein expression. Clusters are colored by cell class as defined in panels (A–F) and Figures 7A, B.






Results


Antimalarial Treatment Induces Resolution of Experimental MA-ARDS

C57BL/6 mice were infected with PbNK65, which resulted in the development of MA-ARDS (Figure 1). The first clinical disease symptoms appeared 8 days p.i. (Figure 1C). MA-ARDS is characterized by the development of alveolar edema, which was measured by an increased protein concentration in the BALF in the untreated, PbNK65-infected (UT) group compared to the uninfected controls (CON) on day 0 p.i. (Figure 1E) (31).

Artesunate (ART) is an antimalarial drug that efficiently and rapidly kills the parasites (5). To optimize the antimalarial treatment in our mouse model, two dosages of 40 mg/kg and 10 mg/kg ART (ART 40 and ART 10) were tested. At 8 days p.i., when the first disease symptoms appeared in the PbNK65-infected C57BL/6 mice, antimalarial treatment was started. Both dosages of ART significantly decreased parasitemias, clinical scores, and the levels of alveolar edema, resulting in survival rates of 80–100% from the otherwise lethal MA-ARDS complication (Supplementary Figure 1). A combination of 10 mg/kg of ART with 3 mg/kg of dexamethasone (DEX), a synthetic glucocorticoid, was also tested. This combination did not have a beneficial effect compared to ART alone, as parasites were cleared at a slower rate and the level of alveolar edema at 4 days post-treatment was not significantly decreased compared to the untreated group at 1 day post-treatment (Supplementary Figure 1). The efficiency of ART 10 was similar compared to ART 40. To limit the anti-inflammatory effects of ART, ART 10 was chosen as the preferred antimalarial treatment dosage. Besides clearing parasitemia, this treatment also resulted in a lower pulmonary mRNA expression of the inflammatory chemokines CCL2 and CXCL10, and of the cytokines tumor necrosis factor-α (TNF-α), IFN-γ, and IL-10 (Supplementary Figure 2).

Since recrudescences of parasitemia after the end of treatment with both ART dosages were often observed, for all subsequent experiments, treatment with ART 10 was combined with 30 mg/kg of chloroquine, a slower but longer-acting antimalarial drug (5). Starting this artesunate + chloroquine (ART+CQ) treatment for 5 days when the first disease symptoms appeared (8 days p.i.), resulted in a 60% decrease in parasitemia after one day of treatment (at day 9 p.i) and complete parasite clearance by the end of treatment (at day 12 p.i.) (Figures 1A, B). Upon antimalarial treatment, on average 80% of the mice were rescued from the otherwise lethal MA-ARDS complication (Supplementary Figure 1B). The clinical score still worsened from 8 to 9 days p.i., but started to decrease at 10 days p.i. until the mice appeared completely healthy again at 12 days p.i. (Figure 1C). The body weight recovered from 11 days p.i. onward (Figure 1D). An increase in the protein concentration in the BALF was observed at 8 and 9 days p.i. compared to the controls, showing that massive alveolar edema was present (Figure 1E). Thereafter, in the mice treated with ART+CQ, alveolar edema decreased and reached control levels at 15 days. Macroscopically, the development of the lung pathology and microhemorrhages were visible by the darkening of the lungs, which is due to microhemorrhages (31) (Figure 1F). These signs of pathology also resolved upon ART+CQ treatment.



Dynamics of Pulmonary Leukocyte Numbers and Activation During the Resolution of MA-ARDS

To determine the dynamics of leukocyte subpopulations in the lungs during the resolution of MA-ARDS, leukocytes were isolated from the lungs and analyzed by multicolor flow cytometry. CD8+ T cells are known to be pathogenic in MA-ARDS (7, 9, 31) and their number was significantly increased in the lungs of PbNK65-infected C57BL/6 mice at 8 and 9 days p.i. (Figure 2A). Interestingly, the absolute number of CD8+ T cells further increased at 12 days p.i. compared to 8 days. At 15 days p.i., their numbers were still higher compared to controls. In contrast, no significant differences in the number of CD4+ T cells were observed (Figure 2B). The activation phenotype of T cells in the lungs was investigated at 0, 8, 9, 12, and 15 days p.i. Both CD8+ and CD4+ T cells were activated during infection, resulting in an increased proportion of effector T (Teff) cells and a decreased proportion of naive T (Tnaive) cells (Figures 2A, B; Supplementary Figure 3). At 12 and 15 days p.i., the Teff cells remained the largest T cell subset in the lungs. No differences were found in the absolute number of NK cells (Figure 2C), whereas NKT cell counts were significantly increased after ART+CQ treatment (Figure 2D). Transient increases in B cell numbers were observed in ART+CQ-treated mice at 9 and 12 days p.i. compared to the uninfected controls (Figure 2E).

In these experiments, no differences in the number of alveolar macrophages (AM) were observed in the lungs (Figure 3A). The number of neutrophils increased in the lungs at 9 days p.i., irrespectively of the antimalarial treatment, and remained so at 12 days p.i. (Figure 3B). The Ly6C+ inflammatory monocytes (iMOs) were increased upon infection and remained increased until 12 days p.i. (Figure 3C). The numbers of Ly6C− non-classical monocytes (ncMOs) and dendritic cells (DCs) were increased during resolution (Figures 3D–E). Eosinophils largely disappeared from the lungs upon infection and gradually reappeared during resolution (Figure 3F). To analyze and depict the myeloid cell populations of the lungs in a more unbiased and gating-independent manner, UMAP plots were generated with the flow cytometry data (Figure 3G). The Ly6C+ iMOs, Ly6C− ncMOs, and DCs clustered closely together, while the AM, neutrophil, and eosinophil clusters were more distinct. Moreover, clustering alterations were observed for the Ly6C+ iMOs and AM upon infection and resolution. This was attributed to differences in the expression of specific markers, in particular CD64/FcγRI, which was increased at 8 days p.i. and decreased during resolution (Supplementary Figure 4). This reflects the activation of the monocytes during infection, which is also observed in humans (34, 35).

Overall, these data show that the first phase of resolution (at 12 days p.i.) was not characterized by a decrease of the infiltrating leukocytes. In fact, several leukocyte populations continued to increase during the first days of resolution, when both the alveolar edema and cytokines expression were already decreasing. At 15 days p.i., most leukocyte subpopulations were decreasing and approached control levels.



Dynamics of Splenic Leukocyte Numbers and Activation in the Resolution of MA-ARDS

The number of CD8+ T cells, CD4+ T cells, NK cells, and NKT cells were decreased in the spleens at 8 days p.i. compared to the uninfected controls (Figures 4A–D). During resolution, the absolute numbers of these cell types gradually increased. B cell numbers were slightly, but significantly downregulated after antimalarial treatment at 9 days p.i. compared to the untreated group at 8 days p.i. (Figure 4E). Similarly as in the lungs, the CD8+ and CD4+ T cells became activated in the spleen upon infection, as was shown by an increased proportion of Teff cells and a decreased proportion of Tnaive cells compared to the uninfected controls, without any change during resolution (Figures 4A, B; Supplementary Figure 5).

Most myeloid cell populations, such as DCs, eosinophils, iMOs, ncMOs, and red pulp macrophages, were also significantly depleted in the spleen upon infection and gradually increased again during resolution (Figure 5). The iMOs and ncMOs already reappeared at 12 days p.i., while it took until 15 days p.i. for the DCs, eosinophils, and red pulp macrophages to return. Splenic neutrophils were not depleted by the infection and gradually increased during resolution (Figure 5).

Altogether, in this mouse model, we were able to rescue >80% of the mice from the otherwise lethal MA-ARDS complication, by starting antimalarial treatment (ART+CQ) on the day that the first clinical signs of disease appeared (at 8 days p.i.). The mice completely recovered and the lung inflammation fully resolved upon antimalarial treatment, as was shown by alveolar edema quantification, cytokine and chemokine expression and infiltrating cell determination. These results showed that this mouse model was useful to study the mechanisms and leukocyte involvement in the resolution of inflammation and pathology in MA-ARDS.



CCR2 Gene Knock-Out Has No Effect on the Development Nor the Resolution of MA-ARDS

Since monocytes and macrophages play important roles in the resolution of many inflammatory pathologies (12), their role was investigated with CCR2 KO mice. We carefully checked the CCR2 KO status at the protein and DNA levels (Supplementary Figure 6), and also confirmed that the genetic background of both CCR2 WT and KO mice was >99.95% C57BL/6 (Supplementary Table 3).

Parasitemia, clinical score, and loss of body weight were similar in CCR2 KO mice compared to CCR2 WT mice, both during infection and during/after antimalarial treatment (Figures 6A–C). Lung pathology, i.e., the amount of alveolar edema and the weight of the left lung, was similarly increased in both the WT and KO mice at 8 days p.i. (Figures 6D–E). Moreover, at 9 days p.i., both in the UT as in the ART+CQ group, no difference in lung pathology was observed between the CCR2 KO and CCR2 WT mice (Supplementary Figure 7). During resolution, alveolar edema was cleared from the lungs in both the CCR2 KO and CCR2 WT mice, while the weight of the left lung was still increased (Figures 6D–E). Also macroscopically, no differences in lung pathology were observed between CCR2 WT and KO mice (Figure 6F). In conclusion, CCR2 is neither required for the development of MA-ARDS, nor for the resolution of the pathology upon antimalarial treatment.



Effect of CCR2 Gene Knock-Out on the Dynamics of Pulmonary and Splenic Leukocyte Populations

Compared to the experiments above (protocol 1), a different isolation protocol (protocol 2) for the pulmonary leukocytes was further used. This adapted protocol allowed for the quantitative detection of DCs, IMs, and a more detailed appreciation of the dynamics of ncMOs, since it resulted in a higher number of total isolated leukocytes without affecting the overall dynamics of pulmonary leukocytes during MA-ARDS development and resolution.

The number of pulmonary iMOs was significantly lower at each time point in the CCR2 KO mice compared to the WT mice (Figure 7A and Supplementary Figure 8). Except for day 12 p.i., the numbers of ncMO were not affected by the CCR2 KO (Figure 7B and Supplementary Figure 8). At 12 days p.i., both iMOs and ncMOs were strikingly increased in the lungs of PbNK65-infected WT mice, while this was largely abolished in the infected CCR2 KO group (Figures 7A, B). In the spleens of uninfected controls, a significant lower number of iMOs was found in the CCR2 KO compared to the WT mice, whereas no difference was observed for the ncMOs (Figures 7C, D and Supplementary Figure 8). The number of iMOs and ncMOs in the spleen similarly decreased in CCR2 KO and WT mice upon infection (8 and 9 days p.i.). The reappearance of both the iMOs and ncMOs in the spleen during resolution at 12 days p.i. was also similar in both the KO and WT mice, indicating that this is a CCR2-independent process.

In the spleens, except for the iMOs, none of the studied leukocyte populations showed significant differences between the CCR2 KO and WT mice at any time-point (Supplementary Figures 9-12).

In the lungs, no significant differences between the CCR2 KO and CCR2 WT mice were found, for any lymphocyte population at any of the analyzed time-points (Figure 8; Supplementary Figures 13 and 14). In addition, the CCR2 KO had no effect on the number of AM (Figure 9A and Supplementary Figure 15A). The CD103+ and CD11b+ DCs disappeared upon infection and reappeared during resolution, although it took until 9 days p.i. for the CD103+ DCs to decrease, whereas the CD11b+ DCs were already decreased at 8 days p.i. (Figures 9B, C and Supplementary Figures 15B, C). In CCR2 KO mice, a trend toward reduced numbers of CD103+ and CD11b+ DCs was observed compared to WT mice during resolution (at 12 days p.i.; Figures 9B, C; p = 0.0684 and p = 0.0532, respectively). Upon infection, the neutrophil numbers increased at 8 and 9 days p.i. in both the WT and KO group, whereas at 12 days p.i., less neutrophils were present in the lungs of the CCR2 KO mice compared to the WT mice (Figure 9D and Supplementary Figure 15D). The eosinophils disappeared from the lungs upon infection and reappeared during resolution in the CCR2 WT mice (Figure 9E and Supplementary Figure 15E). Interestingly, their reappearance did not occur as efficiently in the CCR2 KO mice. The CCR2 KO thus had an effect on the presence of neutrophils and eosinophils in the lungs during resolution, despite the fact that the neutrophils and eosinophils do not express CCR2 in CCR2 WT mice (Figures 9G, H), in contrast to the Ly6C+ iMOs (Figure 9I). This suggested that the mitigation of eosinophil reappearance during resolution was an indirect effect of the CCR2 KO, probably caused by the decreased numbers of monocytes present in the lungs. Interstitial macrophages decreased at 9 days p.i. and increased at 12 days p.i., but no increase occurred at 12 days p.i. in the CCR2 KO mice (Figure 9F and Supplementary Figure 15F). Also in the uninfected controls, reduced numbers of interstitial macrophages were observed in the lungs of CCR2 KO mice compared to WT mice. UMAP plots were generated to visualize these flow cytometry data (Figure 9J). Like before, the monocyte populations, the DC populations and the interstitial macrophages clustered closely, whereas the neutrophils, eosinophils, and AM clustered more separately. Also, shifts in the clusters between different time-points were observed for the AM and iMOs, and this was attributed to a change in expression of activation markers, in particular CD64. The expression of CD64 was increased on pulmonary iMOs and AM in both the WT and KO mice at 8 days p.i., and decreased again during resolution (Supplementary Figure 16).

In summary, the lower numbers of Ly6C+ iMOs in the lungs in CCR2 KO mice did not affect the development and the resolution of the lung pathology of MA-ARDS. In contrast, the CCR2 gene deletion had an effect on the return to leukocyte homeostasis in the lungs, as was shown by the mitigation of the reappearance of eosinophils and the lack of increase in interstitial macrophages in the CCR2 KO mice compared to the WT mice. In addition, the decrease in neutrophil numbers was more pronounced in the lungs of CCR2 KO mice compared to the WT mice. The overall changes in the composition of pulmonary leukocytes during inflammation and resolution in our MA-ARDS model and the effects of the CCR2 KO on these dynamics are summarized in Figure 10.




Figure 10 | CCR2-dependent dynamics of pulmonary leukocytes during inflammation and resolution. Upon infection with PbNK65 parasites, C57BL/6 mice develop malaria-associated acute respiratory distress syndrome (MA-ARDS). This development of pathology is accompanied by an increase in the number of neutrophils (Neutros) and pathogenic CD8+ T cells and a decrease in the number of eosinophils (Eos), dendritic cells (DCs), interstitial macrophages (IM), and non-classical Ly6C− monocytes (ncMOs) in the lungs. Late in the development of MA-ARDS, the number of pulmonary inflammatory Ly6C+ monocytes (iMOs) increased as well. Upon antimalarial treatment, mice recover from MA-ARDS with a decrease in clinical symptoms and lung pathology. During resolution, the number of CD8+ T cells further increased in the lungs, whereas the number of Neutros and iMOs remained high. In addition, the Eos, DCs, and IM reappeared in the lungs and the ncMOs increased even higher than in control mice during resolution. CCR2 gene KO inhibited several of these dynamic changes, and CCR2-dependent effects were indicated with dashed lines. The number of iMOs present in the lungs was decreased at each time-point in the CCR2 KO mice. In addition, the Neutros remained high during resolution in CCR2 WT mice, but decreased in the CCR2 KO mice. The Eos, DCs, IM, and ncMOs did not reappear or increase during resolution in the lungs of CCR2 KO mice. Created with BioRender.com.






Discussion

Pro-resolving therapies have a broad mechanism of action involving modulation of the immune response and stimulation of repair. This is in sharp contrast with anti-inflammatory treatments that merely induce a strong inhibition of the immune response (11, 12, 14). Therefore, pro-resolving therapies are considered to be more efficient than anti-inflammatory drugs to treat severe inflammatory pathologies. In this study, we developed a mouse model to study the resolution of MA-ARDS upon parasite killing. In this model, 80% of the PbNK65-infected mice were rescued from the otherwise lethal MA-ARDS complication when ART+CQ was started on the day that the first disease symptoms appeared. In these mice, parasites were cleared and alveolar edema was resolved. This model allows us to study the molecular mechanisms and leukocyte populations involved in this recovery process, possibly offering a great asset for exploring novel therapies for malaria complications.

Previously, it was shown that 80 mg/kg of DEX, a potent glucocorticoid, resulted in increased survival and decreased lung pathology in PbNK65-infected C57BL/6 (31). In the current study, we tested the effect of DEX on the resolution of MA-ARDS at a dosage of 3 mg/kg, in analogy with the maximum dosage for patients. The use of DEX in combination with ART was not beneficial in inducing resolution, as parasitemia and alveolar edema were cleared less efficiently. This is in line with the previous observation that DEX treatment increased parasitemia, which may explain the detrimental effect when combined with antimalarial treatment (31).

MA-ARDS is a Th1-mediated pathology in which CD8+ T cells are pathogenic. Depletion of these cells resulted in the absence of pathology (7, 9, 31). In general, resolution mechanisms of such Th1-mediated pathologies remain poorly understood. Therefore, we performed detailed flow cytometry analyses to characterize the dynamics of leukocyte populations and their activation in lungs and spleen. During infection, both CD4+ and CD8+ T cells became activated, as was shown by a downregulation of CD62L expression and an upregulation of CD44 expression, which corresponded with a Teff phenotype. In fact, CD8+ T cell numbers increased in the lungs during infection and further increased during resolution, while remaining activated. This was also observed by Claser et al. (7). They also demonstrated that IFN-γ is crucial to promote parasite antigen presentation in a MHC-I context by the endothelial cells. CD8+ T cells are also a main source of IFN-γ in the lungs (8). Interestingly, we observed that although the number of CD8+ T cells further increased during resolution, the expression of IFN-γ at 12 days p.i. was already decreased. Reduced parasite antigen presentation by the endothelial cells in the absence of IFN-γ may thus explain why lung pathology is already decreased at 12 days p.i.

In the lungs, Ly6C− ncMOs decreased during infection but increased during resolution, while Ly6C+ iMOs were upregulated both upon infection and during resolution. Moreover, CD64, an activation marker of monocytes, was increased on pulmonary Ly6C+ iMOs and alveolar macrophages after infection. Increased CD64 expression on monocytes was also observed in patients with malaria, systemic lupus erythematosus (SLE) and sepsis (34–37). In malaria patients, CD64 upregulation was observed on circulating classical, intermediate and non-classical monocytes of malaria patients (34). CD64 expression correlated with a more severe pathology, such as decreased renal function and high CRP levels, in SLE patients (36). Interestingly, in severe septic patients, the expression on monocytes was higher in patients who survived, compared to patients who died (35, 37). During resolution of MA-ARDS in our model, CD64 expression started decreasing at 12 days p.i., and was fully downregulated to control levels at 15 days p.i. Therefore, similarly to lupus, CD64 expression also parallels the inflammation in MA-ARDS and its subsequent resolution (36).

Our data indicate that CCR2+ Ly6C+ iMOs are neither involved in the development nor the resolution of MA-ARDS. In the absence of CCR2, monocytes are retained in the bone marrow during homeostatic conditions and cannot migrate to the site of inflammation during infection or inflammation (25). In other studies on the effect of the CCR2 KO on the development of MA-ARDS or malaria-associated acute lung injury, similarly no or only modest differences between CCR2 WT and KO mice are detected (8, 27). Our data correspond largely to the data of Galvao-Filho et al., who also observed that the number of Ly6C+ iMOs was lower in the lungs of PbNK65-infected CCR2 KO mice compared to WT mice. Only at 9 days p.i., they observed a reappearance of Ly6C+ iMOs in the CCR2 KO mice, which was not observed in our model (8). Our data indicate that during resolution (at 12 days p.i.), the number of Ly6C+ iMOs increased in the lungs of both the CCR2 WT and KO mice, although to a much lower extent in the CCR2 KO mice. This may be explained by several processes, such as CCR2-independent egress from the bone marrow, local proliferation, or extramedullary hematopoiesis in the spleen.

Although monocytes and macrophages are important producers of cytokines, we confirm previous studies showing that CCR2 is not crucial in the development of MA-ARDS. Interestingly, Galvao-Filho et al. showed that the pathogenesis is mediated by CCR4-dependent tumor necrosis factor α- and inducible nitric oxide synthase-producing DCs (tip-DCs) (8). Importantly, the absence of a role for CCR2 in the recovery from MA-ARDS is surprising. Monocytes and macrophages are often described as essential players during resolution (13). In fact, several studies have shown that the CCL2/CCR2 axis is crucial for the resolution of various pathologies. In particular, in atherosclerosis and myocardial infarction models, the use of siCCR2 and CCR2 KO mice resulted in a smaller necrotic area and delayed debris clearance with no occurrence of regression (28, 38, 39). The absence of CCR2 also prevented resolution in models of skin wounds, liver fibrosis, and post-operative ileus (29, 40, 41). CCL2 treatment, improved efferocytosis, and subsequent resolution in bacterial pneumonia and increased survival from bleomycin-induced lung injury (42, 43). This effect of CCL2 treatment was, at least in the bleomycin-induced lung injury model, mediated by CCR2, since CCR2 is the main receptor for CCL2 and CCL2 treatment was ineffective in CCR2 KO mice (43). Importantly, resolution of inflammation has been well-characterized in Th2-related diseases, such as helminth infections. In these studies, monocytes and macrophages are described to be crucial because of the switch in macrophage phenotype from the pro-inflammatory “M1” to the reparative “M2-like” phenotype. In contrast, much less is known about the resolution of Th1-related inflammation, in particular in malaria. Our results thus emphasize that different leukocyte populations and processes might be important for inducing resolution of Th1-related diseases, such as malaria, compared to Th2-related diseases. The CCR2 gene deletion resulted not only in reduced numbers of Ly6C+ iMOs, but also of Ly6C− ncMOs and interstitial macrophages, and a trend for reduced CD103+ and CD11b+ DCs during resolution in the lungs. In CCR2 WT mice, a significant proportion of Ly6C− ncMOs, interstitial macrophages and DCs expresses CCR2. Therefore, CCR2 deficiency may have a direct effect on the absolute number of these populations. Alternatively, it may also be an indirect effect caused by the lower numbers of Ly6C+ iMOs present in the lungs during resolution, since iMOs are considered precursors for DCs, ncMOs and monocyte-derived macrophages (44–46). Upregulation of Ly6C+ iMOs in the circulation and monocyte-derived macrophages in the tissues is observed during inflammatory responses (44). During inflammation, the Ly6C+ iMOs infiltrate the inflamed tissues to engulf dying cells and subsequently differentiate to Ly6C− ncMOs, which are involved in tissue repair mechanisms. Ly6C+ iMOs are also thought to differentiate into cells resembling Tip-DCs or “M1” macrophages, whereas the Ly6C− ncMOs differentiate into “M2” macrophage-like cells (44–46). In contrast to the effect on interstitial macrophages, the deletion of CCR2 did not affect the number of AM. AM are under steady-state conditions derived from the yolk sac of the embryo or differentiated from fetal liver- or bone marrow-derived monocytes (44, 45). They also have a self-renewing capacity regulated by colony stimulating factor-1 (CSF-1) and granulocyte-macrophage colony stimulating factor (GM-CSF), so they do not necessarily rely on replenishment by iMOs during homeostasis and inflammation. The red pulp macrophages in the spleen also do not rely on CCR2, since they reappeared during resolution in both the CCR2 WT and KO mice.

Interestingly, the reappearance of pulmonary eosinophils, after their decrease during infection, was mitigated in CCR2 KO mice. Since eosinophils do not express CCR2, the indirect effect of the CCR2 KO is likely caused by the diminished number of CCR2+ Ly6C+ iMOs present in the lungs. Reparative “M2-like” macrophages may provide an ideal environment to attract eosinophils to the lungs, thus the lack of these cells in the CCR2 KO may explain the mitigated reappearance of eosinophils. Eosinophils are described to play a role during resolution by producing specialized pro-resolving lipid mediators, such as protectin D1, and cytokines, IL-4 and IL-13, resulting in the inhibition of neutrophil infiltration and the modulation of the macrophage phenotype (47–49). More specifically, IL-4 and IL-13 induce the “M1” to “M2-like” phenotype switch of macrophages, whereas protectin D1 stimulates macrophage activity to clear the apoptotic neutrophils (47, 50). However, our data suggest that eosinophils are not essential for resolution, since their delayed reappearance in the lungs does not affect the resolution of pathology. In contrast to pulmonary eosinophils, splenic eosinophils did reappear in the spleen during resolution, independently of CCR2. The pulmonary neutrophil numbers were decreased in CCR2 KO mice during resolution. Similarly to the eosinophils, neutrophils did not express CCR2 in CCR2 WT mice, suggesting that the effect observed in the CCR2 KO mice is an indirect consequence.

In conclusion, a new mouse model to study the mechanisms and the involvement of leukocyte populations in the resolution of MA-ARDS was established. This model offers a great asset to elucidate resolution mechanisms and to explore novel therapies for malaria complications, as pro-resolving therapies may be superior over anti-inflammatory therapies. Our data with the CCR2 KO mice indicated that CCR2+ Ly6C+ iMOs were neither involved in the development nor the resolution of MA-ARDS. In contrast, these cells were important for the leukocytes to return to homeostasis during resolution in CCR2 KO mice. This was indicated by a delayed replenishment of eosinophils and interstitial macrophages.
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Background

The ligand-activated transcription factor peroxisome proliferator-activated receptor (PPAR) γ plays crucial roles in diverse biological processes including cellular metabolism, differentiation, development, and immune response. However, during IgG immune complex (IgG-IC)-induced acute lung inflammation, its expression and function in the pulmonary tissue remains unknown.



Objectives

The study is designed to determine the effect of PPARγ on IgG-IC-triggered acute lung inflammation, and the underlying mechanisms, which might provide theoretical basis for therapy of acute lung inflammation.



Setting

Department of Pathogenic Biology and Immunology, Medical School of Southeast University



Subjects

Mice with down-regulated/up-regulated PPARγ activity or down-regulation of Early growth response protein 1 (Egr-1) expression, and the corresponding controls.



Interventions

Acute lung inflammation is induced in the mice by airway deposition of IgG-IC. Activation of PPARγ is achieved by using its agonist Rosiglitazone or adenoviral vectors that could mediate overexpression of PPARγ. PPARγ activity is suppressed by application of its antagonist GW9662 or shRNA. Egr-1 expression is down-regulated by using the gene specific shRNA.



Measures and Main Results

We find that during IgG-IC-induced acute lung inflammation, PPARγ expression at both RNA and protein levels is repressed, which is consistent with the results obtained from macrophages treated with IgG-IC. Furthermore, both in vivo and in vitro data show that PPARγ activation reduces IgG-IC-mediated pro-inflammatory mediators’ production, thereby alleviating lung injury. In terms of mechanism, we observe that the generation of Egr-1 elicited by IgG-IC is inhibited by PPARγ. As an important transcription factor, Egr-1 transcription is substantially increased by IgG-IC in both in vivo and in vitro studies, leading to augmented protein expression, thus amplifying IgG-IC-triggered expressions of inflammatory factors via association with their promoters.



Conclusion

During IgG-IC-stimulated acute lung inflammation, PPARγ activation can relieve the inflammatory response by suppressing the expression of its downstream target Egr-1 that directly binds to the promoter regions of several inflammation-associated genes. Therefore, regulation of PPARγ-Egr-1-pro-inflammatory mediators axis by PPARγ agonist Rosiglitazone may represent a novel strategy for blockade of acute lung injury.
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Background

Excessive formation of IgG immune complexes in vivo has been demonstrated to be associated with a variety of diseases, such as systemic lupus erythematosus, rheumatoid arthritis, acute glomerulonephritis, mixed cryoglobulinemia and vasculitis (1–7). Moreover, the pulmonary diseases, such as acute lung injury (ALI) and its more severe form—acute respiratory distress syndrome (ARDS), are also reported to be related with deposition of immune complexes in the tissue (8, 9). During IgG-IC induction of ALI/ARDS, the local macrophages are firstly activated through engagement of Fcγ receptors with the ligands, resulting in the release of numerous cytokines and chemokines. Then, under the action of the inflammatory factors, alveolar epithelial cells are activated and neutrophils are recruited into the pulmonary tissue. Finally, acute lung injury is triggered by the severe inflammatory response. However, the molecular events responsible for productions of inflammation-associated mediators are poorly understood.

PPARγ is a type II nuclear receptor, which is rich in adipose tissue. Actually, other types of cells and tissues also generate PPARγ (10–12). A large number of studies focus on its roles in regulation of gene expressions associated with lipid uptake and adipogenesis, and find that PPARγ is involved in a broad spectrum of lipid metabolism disorder-mediated diseases, such as obesity, diabetes and atherosclerosis (13–15). However, the importance of PPARγ in immune regulations has also been recognized. For example, PPARγ is required for IL-9 production in TH2 cells, which might exert regulatory effects on acute allergic skin inflammatory response in human beings (16). Reddy et al. report that PPARγ activation has protective effects against cigarette smoke-stimulated inflammatory responses during chronic obstructive pulmonary disease (17). Except for its effect on chronic pulmonary disease, the role of PPARγ in acute lung injury has also been examined. There are data that ventilation- or LPS-induced acute lung injury is relieved by PPARγ, but the conclusions are obtained by using PPARγ antagonist or agonist (18–20). So, the nonspecific effects of the chemical reagents cannot be excluded. More importantly, the influence of PPARγ on IgG-IC-induced acute lung injury and the corresponding mechanism have not been elucidated.

Egr-1 also named as NGFI-A (nerve growth factor-induced protein A) is a nuclear protein acting as a transcription factor. Its expression can be induced by a variety of stimulus including cytokines, neurotransmitters and growth factors (21). However, the effect of IgG-IC treatment on its expression remains enigmatic. Aberrant Egr-1 expression or activity has been detected in various human diseases, such as atherosclerosis, cancer, ischemic injury and TGF-β-dependent pro-fibrotic responses (21). Notably, the role of Egr-1 in inflammatory responses has also been extensively investigated. For example, cigarette smoke-induced chemokine release from primary human lung fibroblasts is dependent on Egr-1 (22). In addition, the secretion of inflammatory cytokines induced by Mycoplasma pneumonia infection in vitro and in vivo is also positively regulated by Egr-1 (23). However, its influence on acute lung inflammation and the underlying mechanism after intrapulmonary deposition of IgG-IC remain mysterious.

Given the importance of PPARγ and Egr-1 in inflammatory responses, the present study intends to determine the roles of the two transcription factors in IgG-IC-induced acute lung injury, and the possible interaction between PPARγ and Egr-1. We find, for the first time, that PPARγ expression is downregulated, while Egr-1 expression is upregulated in IgG-IC-treated mouse lungs and macrophages. Furthermore, we prove that Egr-1 enhances IgG-IC-induced inflammatory response by directly binding to the promoter regions of the pro-inflammatory mediators, and PPARγ suppresses inflammation by inhibiting production of Egr-1. Taken together, the data show that during IgG-IC-induced acute lung injury, PPARγ may play an essential role in regulating inflammatory response by interfering with the expression of its downstream target Egr-1, and PPARγ agonist Rosiglitazone may be used clinically for blockade of acute lung injury in the future.



Materials and Methods


Animals, Cell Culture, and Reagents

Pathogen-free male C57BL/6 mice that are 8–12 weeks old are obtained from Model Animal Research Center of Nanjing University (Nanjing, China), and all animal experiments are performed according to the protocol approved by Southeast University. RAW264.7 cells and HEK293 cells are purchased from American Type Culture Collection and cultured in DMEM supplemented with 10% fetal bovine serum (Gibico). Bovine serum albumin (BSA) and rabbit anti-BSA IgG (α-BSA) are purchased from Invitrogen and MP Biomedicals, respectively. ELISA kit for mouse albumin is purchased from Bethyl Laboratories. ELISA kits for TNF-α, MCP-1, MIP-1α and MIP-2 are purchased from R&D Systems. PPARγ antagonist GW9662, PPARγ agonist Rosiglitazone (ROSI) and puromycin are purchased from Cayman Chemical.



IgG-IC-Induced Acute Lung Injury and Analysis of Bronchoalveolar Lavage Fluids (BALFs)

Mice are anesthetized by intraperitoneal injection of 1.5% sodium pentobarbital. Then rabbit anti-BSA antibodies are administrated into mouse lungs through the airways. Immediately after the operation, the mice are treated by intravenous injection of BSA dissolved in PBS. Four hours later, whole lungs or bronchoalveolar lavage fluids (BALFs) are collected.

BALFs are centrifuged at 3,000 rpm for 5 min at 4°C, and then cell-free supernatants are collected and subjected to analyze albumin, TNF-α, MCP-1, MIP-1α and MIP-2 levels by ELISA. Albumin contents derived from IgG-IC-treated mice are divided by those from the corresponding control mice to obtain values of lung permeability indexes. The remaining cell pellets are resuspended in HBSS containing 0.5% BSA. Total white blood cells are measured with hemocytometer. Cytospin centrifugation is used for preparation of samples for cell differentials. Samples are fixed and stained with Diff-Quik Stain (Solarbio® LIFE SCIENCES, China), which is followed by analysis of percentage of neutrophils.



Construction of Expression Vectors and Promoter-Driven Reporters

Adenoviral vectors promoting ectopic expression of PPARγ are constructed by following the instruction provided by BD Biosciences. Briefly, PPARγ-encoding sequences (Accession Number NM_001127330) are amplified from mouse lung cDNA library, and the DNA sequences are ligated with the shuttle vector—pShuttle2, to form the recombinational plasmids—pShuttle2-PPARγ. Enzyme-digested pShuttle2-PPARγ is extracted and linked with the adenoviral vector. Then the recombinational adenovirus vectors are linearized by the restriction enzyme PacI, which is followed by transfection of the linear DNA into HEK293 cells to make the infectious adenovirus (Ad-PPARγ). The obtained Ad-PPARγ is stored at –80°C, and tittered by utilizing the titer kit from BD Biosciences before use.

Control plasmid is constructed by ligating the amplified EGFP encoding fragment from pIRES-EGFP (Clontech) with pcDNA3.1-Myc-His (Invitrogen). Egr-1-encoding sequences (Accession Number NM_007913) are cloned from mouse lung cDNA library by PCR. The recombinational plasmids expressing Egr-1 are then formed by ligating the amplified DNA sequences with pcDNA3.1-Myc-His.

We firstly generate double-stranded oligos containing the PPARγ or Egr-1 interference sequence, and then link them to the vector—miRZip™ shRNA Expression Lentivector (System Biosciences). The transfer plasmids together with two other plasmids—pMD2.G and psPAX2 (Addgene plasmids 12259 and 12260) are co-transfected into HEK293 cells by using Lipofectamine 2000 (Invitrogen) to make mature viral particles that are titered by measuring GFP positivity after transduction.

The full length of TNF-α (Accession Number NC_000083)/MCP-1 (Accession Number NC_000077)/MIP-1α (Accession Number) promoter region is amplified by using mouse genomic DNA as the template. Then TNF-α Luc, MCP-1 Luc and MIP-1α Luc are constructed by ligating their corresponding promoter fragments with pGL4-basic vector (Promega). Mutations are introduced to the Egr-1 binding sites in TNF-α, MCP-1 and MIP-1α promoter regions by using the Mut Express II Fast Mutagenesis Kit V2 (Vazyme, China). pRL-TK plasmids used as internal references are obtained from Promega.



Airway Injection of Recombinational Viral Vectors

Ad-GFP (BD Biosciences) or Ad-PPARγ is intratracheally administrated into mice. Three days later, the infected mice are used for the subsequent experiments. Mice receiving airway administration of shRNA NC or Egr-1 shRNA are used 5 days after infection.



Construction of Stable Cell Line

RAW264.7 cells are infected by control or PPARγ/Egr-1 shRNA lentiviral particles at a MOI of 30. Seventy-two hours later, the cells are treated with 3 μg/ml puromycin. The survival cells are selected, and the knockdown efficiency is confirmed by qPCR.



Western Blot Analysis

Total cellular or tissue proteins are extracted by using radioimmune precipitation assay buffer from Beyotime Biotechnology (China). Then 30 μg of proteins are run on a 12% SDS-polyacrylamide gel and examined by using the following antibodies: goat anti-PPARγ (Santa Cruz, catalog number sc-1984X), mouse anti-Egr-1 (Santa Cruz, catalog number sc-515830), and mouse anti-GAPDH (Proteintech, catalog number 60004-1-Ig).



Quantitative RT-PCR Assay

Total RNAs are extracted with Trizol (Invitrogen), and reverse transcribed into cDNAs using PrimeScript™ RT reagent Kit obtained from TaKaRa. qPCR assays are conducted with the following protocol: an initial step at 95°C for 3 min followed by 40 cycles of 95°C for 5 s and 60°C for 30 s. The primers used are as follows: PPARγ, 5′ primer, 5′-agg gcg atc ttg aca gga aa-3′, and 3′ primer, 5′-cga aac tgg cac cct tga aa-3′; Egr-1, 5′ primer, 5′-cga gtt atc cca gcc aaa cg-3′, and 3′ primer, 5′-gaa gac gat gaa gca gct gg-3′; TNF-α, 5′ primer, 5′-CGT CAG CCG ATT TGC TAT CT-3′, and 3′ primer, 5′-CGG ACT CCG CAA AGT CTA AG-3′; MCP-1, 5′ primer, 5′-AGG TCC CTG TCA TGC TTC TG-3′, and 3′ primer, 5′-TCT GGA CCC ATT CCT TCT TG-3′; MIP-1α, 5′ primer, 5′-ATG AAG GTC TCC ACC ACT GC-3′, and 3′ primer, 5′-CCC AGG TCT CTT TGG AGT CA-3′; GAPDH: 5′ primer, 5′-GCC TCG TCT CAT AGA CAA GAT G-3′, and 3′ primer, 5′-CAG TAG ACT CCA CGA CAT AC-3′.



Measurement of Pulmonary Myeloperoxidase (MPO) Activity

Four hours after airway deposition of IgG-IC, mouse lungs are harvested and homogenized in the buffer containing the following components: 0.5% hexadecyltrimethylammonium bromide, 50 mM potassium phosphate buffer and 5 mM EDTA. Then the homogenates are subjected to sonication. Cell-free supernatants are mixed with the MPO analysis buffer consisted of 5 μg/ml H2O2, 100 mM potassium, and 167 μg/ml o-dianisidine dihydrochloride. MPO contents are determined by measuring the change in optical density (at 450 nm) per min using the 96-well plate reader.



Luciferase Assays

Cells are cultured in 12-well plates. Twelve hours later, the cells are transfected with total of 0.5 μg plasmids using Fugene®6 Transfection Reagent (Promega) according to the manufacturer’s guideline. Twenty-four hours after transfection, cells are lysed and the lysates are subjected to measurement of luciferase activities with the Dual-Luciferase Reporter Assay System purchased from Promega.



Statistical Assay

All data are represented as the mean ± S. E. M. Significance is indicated when p value is less than 0.05. Data sets are analyzed using Student’s t test or one-way ANOVA, with individual group means being compared with the Student-Newman-Keuls multiple comparison test.




Results


PPARγ Negatively Regulates IgG-IC-Induced Acute Lung Injury

The roles of PPARγ in pulmonary diseases have been extensively explored. However, during IgG-IC-stimulated acute lung injury, its expression and function have not been determined. So, we first examine if PPARγ production is changed in the mouse lung after intratracheal deposition of IgG-IC. As shown in Figure S1A, IgG-IC treatment leads to a 36% decrease in PPARγ production at mRNA level, which is consistent with the Western blot assay (Figure S1B).

We then investigate the role of PPARγ in IgG-IC-initiated acute lung injury which is reflected by lung permeability, and MPO activity—an indicator of neutrophil accumulation. Firstly, we overexpress PPARγ in the mouse pulmonary tissue by using adenovirus as the vector (24), and find that Ad-PPARγ greatly increases PPARγ expression even at a dose of 1 × 108 PFU (plaque forming unit) (Figure 1A). Importantly, mice receive intratracheal treatment of 1 × 108 PFU of adenoviral vectors do not show any signs of acute lung injury (Figure S2). Therefore, in the following studies, 1 × 108 PFU of Ad-PPARγ is applied to the animal experiments. As shown in Figure 1B, when compared with the control group, lung permeability index is increased by more than 2.5 folds after IgG-IC stimulation, which is almost reduced to basal level by ectopic expression of PPARγ. As expected, the increase in the pulmonary MPO activity caused by IgG-IC treatment is also significantly inhibited by PPARγ overexpression (Figure 1C).




Figure 1 | Ectopic expression of peroxisome proliferator-activated receptor (PPAR)γ in the lung inhibits IgG immune complex (IgG-IC)-induced acute lung injury. (A) Different doses of adenovirus are injected into lungs via airways. Seventy-two hours later, lungs are harvested and total proteins are extracted. Then Western blot assays are conducted by using antibodies recognizing PPARγ and GAPDH, respectively. Mice are treated by airway administration of 1 × 108 PFU of Ad-GFP or Ad-PPARγ. Three days later, acute lung injury is induced by treating the mice with IgG-IC. Four hours later, bronchoalveolar lavage (BAL) fluids and whole lungs are collected to analyze lung permeability indexes (B), measurement of pulmonary myeloperoxidase (MPO) contents (C), total white blood cells (D), and neutrophils counts (E) in BAL fluids, and levels of TNF-α (F), MCP-1 (G), MIP-1α (H), and MIP-2 (I) in BAL fluids, respectively. Data are expressed as means ± S. E. M. N=3 for α-BSA-treated mice, N=5 for Ad-GFP+IgG-IC group, and N=6 for Ad-PPARγ+IgG-IC group. *, ** and *** indicate statistically significant difference—p < 0.05, p < 0.01, and p < 0.001, respectively.



Recruitment of white blood cells, especially neutrophils, into alveolar spaces plays a critical role in acute lung injury. We observe that influxes of total leukocytes and neutrophils into alveolar compartments are greatly induced by IgG-IC treatment (Figures 1D, E). However, 4 h after initiation of IgG-IC-induced acute lung injury, the numbers of total white blood cells and neutrophils recovered from BAL fluids of Ad-PPARγ mice are obviously reduced as compared with the control (Figures 1D, E).

We further elucidate the influence of PPARγ on expressions of pro-inflammatory mediators that are pivotal initiators of acute lung injury. We find that upon IgG-IC stimulation, expressions of TNF-α, MCP-1, MIP-1α and MIP-2 are dramatically induced in BAL fluids (Figures 1F–I). However, ectopic expression of PPARγ in the lung decreases IgG-IC-stimulated expressions of TNF-α, MCP-1, MIP-1α and MIP-2 by 43%, 67%, 36%, and 43%, respectively (Figures 1F–I).

To further elucidate the important role of PPARγ in IgG-IC-induced acute lung injury, chemical reagent GW9662—an antagonist of PPARγ, is used to block PPARγ activation. As shown in Figure S3, IgG-IC-induced elevation of acute lung injury-related indicators including lung permeability, MPO activity, alveolar recruitment of leukocytes, especially neutrophils, and expressions of pro-inflammatory mediators are further exacerbated in mice receiving GW9662 treatment. However, acute lung injury induced by IgG-IC is alleviated by PPARγ agonist—ROSI (Figure S4)



Inflammation Is Relieved by PPARγ in IgG-IC-Treated Macrophages

During IgG-IC-induced acute lung injury, macrophage is one of the most important positive regulators of the severity of tissue damage. Therefore, the role of PPARγ in IgG-IC-induced inflammatory response in macrophages is analyzed. Firstly, we investigate whether PPARγ expression in macrophages is affected by IgG-IC at mRNA level. As shown in Figure 2A, PPARγ expression in macrophages is decreased in a time-dependent manner within 6 h after onset of IgG-IC treatment. Even after 24 h of IgG-IC stimulation, PPARγ maintains at low level (Figure 2A). Furthermore, the above qPCR results are consistent with the data obtained from Western blot analysis (Figure 2B).




Figure 2 | Peroxisome proliferator-activated receptor (PPAR)γ decreases IgG immune complex (IgG-IC)-stimulated inflammatory response in macrophages. RAW264.7 cells are treated with 100 μg/ml of IgG-IC for different time points. Then RNAs and proteins are extracted, and qPCR (A) and Western blot (B) are performed to verify PPARγ generation at mRNA and protein levels, respectively. RAW264.7 cells are pre-treated with DMSO or 10 μM Rosiglitazon–ROSI. One hour later, the cells are further treated with IgG-IC. Then total cellular RNAs are isolated 4 h later, and cell-free supernatants are harvested 8 h later. TNF-α (C, F), MCP-1 (D, G), and MIP-1α (E, H) expressions are examined at both RNA and protein levels. (I) RAW264.7 cells are infected by control or PPARγ shRNA lentiviral particles at a MOI of 30. Seventy-two hours later, the cells are treated with 3 μg/ml of puromycin. The survival cells are selected, and the knockdown efficiency is confirmed by qPCR. RAW264.7 cells expressing PPARγ shRNA are treated with DMSO or 10 μM ROSI for 1 h. Then the cells are treated with IgG-IC for 4 h, which is followed by measurement of TNF-α (J), MCP-1 (K), and MIP-1α (L) expressions. Data are expressed as means ± S. E. M. (N=3 for qPCR, and N=6 for ELISA). *, ** and *** indicate statistically significant difference—p < 0.05, p < 0.01, and p < 0.001, respectively.



We then determine the effect of PPARγ on IgG-IC-stimulated pro-inflammatory mediators’ generation by using PPARγ agonist Rosiglitasone (ROSI). We find that expressions of TNF-α, MCP-1 and MIP-1α at mRNA level are increased by 22-, 10-, and seven-folds, respectively in macrophages treated with IgG-IC (Figures 2C–E). ROSI treatment causes IgG-IC-mediated productions of TNF-α, MCP-1, and MIP-1α to decrease by 36%, 34%, and 32%, respectively (Figures 2C–E). We next verify the influence of ROSI on IgG-IC-initiated inflammatory reaction at protein level, and observe that the data obtained from ELISA are consistent with the qPCR results (Figures 2F–H).

To exclude the off-target effect of ROSI, we silence the expression of PPARγ in macrophages. As shown in Figure 2I, macrophages treated with PPARγ shRNA show a 73% decrease in PPARγ production when compared with the control cells. Of note, IgG-IC-mediated productions of TNF-α, MCP-1 and MIP-1α are no longer reduced by ROSI in macrophages expressing PPARγ specific shRNA (Figures 2J–L), indicating that ROSI negatively regulates IgG-IC-induced expressions of cytokine and chemokine via activating PPARγ.



Egr-1 Expression Is Reduced by PPARγ in Macrophages

To probe the mechanism by which PPARγ decreases IgG-IC-induced inflammatory response, we tend to find out a bridge molecule linking PPARγ with pro-inflammatory mediators. Time course experiment shows that Egr-1 mRNA level peaks after 6 h of IgG-IC stimulation, and then declines progressively (Figure 3A), which is consistent with Western blot results (Figure 3B). More importantly, we find that in the presence of IgG-IC, Egr-1 expression in ROSI-treated macrophages is only 37% of the control (Figure 3C). On the contrary, IgG-IC-stimulated Egr-1 expression is increased by approximately twofolds with downregulation of PPARγ production (Figure 3D), suggesting that Egr-1 might be the possible molecule connecting PPARγ with pro-inflammatory mediators.




Figure 3 | Early growth response protein 1 (Egr-1) production is negatively regulated by peroxisome proliferator-activated receptor (PPAR)γ in macrophages. RAW264.7 cells are challenged by IgG immune complex (IgG-IC) for distinct time points. Then RNAs and proteins are extracted, and qPCR (A) and Western blot (B) are conducted to analyze Egr-1 expression. (C) RAW264.7 cells are pre-treated with DMSO or 10 μM Rosiglitazone (ROSI) for 1 h. Then the cells are incubated with IgG-IC for 3 h, and Egr-1 expression is examined. (D) RAW264.7 cells expressing control or PPARγ shRNA are treated with IgG-IC for 3 h, which is followed by measurement of Egr-1 generation. Data are expressed as means ± S. E. M. (N=3). ** and *** indicate statistically significant difference—p < 0.01, and p < 0.001, respectively.





Egr-1 Amplifies IgG-IC-Induced Expressions of Pro-Inflammatory Mediators in Macrophages by Binding to Their Promoter Regions

Egr-1 expression is controlled by PPARγ, but its effect on IgG-IC-triggered pro-inflammatory mediators’ expressions remains elusive. Therefore, we first downregulate Egr-1 expression in macrophages by using lentivirus expressing Egr-1 specific shRNA (Figure 4A). In the presence of IgG-IC, TNF-α, MCP-1, and MIP-1α mRNA levels are increased by more than 20, 300, and 50 times, respectively (Figures 4B–D). Egr-1 shRNA treatment reduces the expressions of the above inflammatory mediators to 41%, 1%, and 74% of their respective controls (Figures 4B–D). Furthermore, the suppressive role of Egr-1 shRNA in inflammation is also confirmed at protein level in macrophages challenged by IgG-IC (Figures 4E–G).




Figure 4 | Early growth response protein 1 (Egr-1) positively regulates IgG immune complex (IgG-IC)-triggered expressions of TNF-α, MCP-1, and MIP-1α in macrophages by binding to their promoter regions. (A) RAW264.7 cells are infected by control or Egr-1 shRNA lentiviral particles at a MOI of 30. Seventy-two hours later, the cells are treated with 3 μg/ml of puromycin. The survival cells are selected, and the knockdown efficiency is confirmed by qPCR. RAW264.7 cells expressing control or Egr-1 shRNA are treated with IgG-IC. Then RNAs and cell-free supernatants are harvested 4 and 8 h later, respectively. qPCR and ELISA are performed to analyze TNF-α (B, E), MCP-1 (C, F), and MIP-1α (D, G) expressions. (H) Egr-1-overexpressing plasmids are constructed, and confirmed in HEK293 cells by Western blot. (I–N) HEK293 cells are transfected with the indicated plasmids. Twenty-four hours later, the cells are lysed, and the lysates are subjected to luciferase assays. The detailed information about the luciferase-expressing constructs is indicated in the figures. The data are calculated by dividing the value of the indicated promoter-driven firefly luciferase by the corresponding value of thymidine kinase promoter-driven renilla luciferase, and then set to 1 in control cells. Data are expressed as means ± S. E. M. (N=3 for qPCR and luciferase assays, and N=6 for ELISA). *, ** and *** indicate statistically significant difference—p < 0.05, p < 0.01, and p < 0.001, respectively.



To reveal the mechanism involved in Egr-1 regulation of pro-inflammatory mediators’ generation, we firstly construct Egr-1 overexpression plasmid (Figure 4H). Then we investigate if productions of pro-inflammatory mediators are influenced by ectopic expression of Egr-1. As shown in Figures 4I–K, TNF-α, MCP-1, and MIP-1α promoter-driven luciferase activities are increased by Egr-1 to 242%, 277%, and 126% of their respective controls. According to software prediction (JASPAR), there are potential Egr-1 binding sites in the promoter regions of the above pro-inflammatory mediators. Thus, we further introduce mutations to the Egr-1 sites of the above inflammatory mediators’ promoters, and find that Egr-1 site mutation causes TNF-α, MCP-1 and MIP-1α promoter-driven luciferase activities to decrease by 47%, 67%, and 47%, respectively (Figures 4L–N).



During IgG-IC-Induced Acute Lung Injury, Egr-1 Expression Is Reduced by PPARγ

To clarify the effect of PPARγ on Egr-1 expression in vivo, we first examine the production of Egr-1 during IgG-IC-induced acute lung injury. As shown in Figure 5A, Egr-1 mRNA level in the lung tissue is increased to 13.7-folds of the control group. Furthermore, IgG-IC also stimulates an obvious increase in Egr-1 protein expression when compared with the control treatment (Figure 5B). More importantly, during IgG-IC-induced acute lung injury, we find that mice receiving airway administration of Ad-PPARγ show a great reduction in Egr-1 generation when compared with their littermates treated by Ad-GFP (Figure 5C).




Figure 5 | IgG immune complex (IgG-IC)-mediated pulmonary early growth response protein 1 (Egr-1) expression is inhibited by ectopic production of peroxisome proliferator-activated receptor (PPAR)γ. Four hours after pulmonary deposition of IgG-IC, lungs are harvested. The tissue RNAs and proteins are isolated separately. Then the Egr-1 expression is examined by qPCR (A) and Western blot (B), respectively. (C) Mice are treated with airway injection of Ad-GFP or Ad-PPARγ at a dose of 1 × 108 PFU. Seventy-two hours later, the mice are intratracheally challenged by IgG-IC for 4 h. Then the lungs are harvested, and proteins are extracted for Western blot analysis by using antibodies against Egr-1 and GAPDH, respectively. Data are expressed as means ± S. E. M. (For qPCR, N=3 for α-BSA treated mice, and N=5 for IgG-IC-treated mice; N=3 for Western blot). ** indicates statistically significant difference—p < 0.01.





Egr-1 Aggravates IgG-IC-Induced Acute Lung Injury Through Amplifying Expressions of Pro-Inflammatory Mediators

Next, we analyze the role of Egr-1 in IgG-IC-induced acute lung injury by downregulating its expression with the lentiviral vector (25) (Figure 6A). Of note, lentiviral vector itself could not stimulate acute lung injury (Figure S5). We find that after airway deposition of IgG-IC, mice treated with Egr-1 shRNA display reduced tissue damage signs including lung permeability and MPO activity as compared with the control mice receiving shRNA NC treatment (Figures 6B, C). Additionally, IgG-IC-induced recruitment of white blood cells including neutrophils into the alveolar compartments is significantly relieved by downregulating Egr-1 expression in the lungs (Figures 6D, E).




Figure 6 | Downregulating early growth response protein 1 (Egr-1) expression attenuates IgG immune complex (IgG-IC)-mediated acute lung injury. (A) Lentiviruses (3 × 107 TU—transduction unit) expressing control or Egr-1 shRNA are injected into mouse lungs through airways. Five days later, the lungs are harvested, and RNAs are extracted, which is followed by verification of Egr-1 expression by qPCR. Mice infected by control or Egr-1 shRNA lentiviral particles are intratracheally treated by IgG-IC for 4 h. Then bronchoalveolar lavage (BAL) fluids and whole lungs are harvested. Lung permeability index (B), and measurement of pulmonary myeloperoxidase (MPO) activities (C) in whole lungs are measured. In addition, influxes of total leukocytes (D) and neutrophils (E) into alveolar spaces are counted. Also, productions of TNF-α (F), MCP-1 (G), MIP-1α (H), and MIP-2 (I) in BAL fluids are assayed. Data are expressed as means ± S. E. M. (N=3 for qPCR; For ELISA, N=3 for α-BSA-treated mice, N=5 for shRNA NC+IgG-IC group, and N=6 for Egr-1 shRNA+IgG-IC group). *, ** and *** indicate statistically significant difference—p < 0.05, p < 0.01, and p < 0.001, respectively.



Productions of pro-inflammatory mediators promote acute lung injury. So we examine the effect of Egr-1 on expressions of cytokine and chemokine. As shown in Figures 6F–I, IgG-IC stimulation dramatically elevates TNF-α, MCP-1, MIP-1α, and MIP-2 expressions in BAL fluids, which are significantly decreased with downregulation of Egr-1 generation in the lung tissue.




Discussion

Due to lacking of specific therapy methods in clinic, the mortality rates of ALI/ARDS in the United States can be as high as 60%, despite the recent development of protective lung ventilation strategies (26, 27). Thus, we should further investigate the molecular mechanisms of ALI/ARDS to promote the development of specific therapies. In the present study, we utilize IgG-IC-induced acute lung injury model to reveal the underlying mechanism of acute lung injury. We have proved that IgG-IC treatment causes an obviously acute inflammatory response, characterized by the infiltration of neutrophils into the pulmonary tissue, and the elevated expressions of cytokine and chemokine, which are similar to clinical symptoms. Furthermore, we find that PPARγ-Egr-1-pro-inflammatory mediators axis is involved in IgG-IC-triggered pulmonary damage, and intervention of the axis might be a useful strategy for treatment of patients suffering from ALI/ARDS.

After intrapulmonary deposition of IgG-IC, local macrophages expressing high levels of Fcγ receptors, but not alveolar epithelial cells first perceive the stimulation. Then early response cytokines including TNF-α and IL-1β are released from the macrophages, which are crucial for stimulating lung endothelial cells to express adhesion molecules (28, 29). Moreover, the early response cytokines promote chemokine secretion in the lung tissue (30–32). Finally, pulmonary injury and massive influx of neutrophils into the lung tissue are induced by the joint action of a variety of inflammation-related mediators including cytokines, chemokines and adhesion molecules. Actually, all the above processes are controlled by the network composed of various transcription factors. There are reports that the DNA binding activities of NF-κB and AP-1 are increased during IgG-IC-induced acute lung injury (31, 33). Both transcription factors can directly bind to a broad spectrum of pro-inflammatory mediators’ promoter regions, and increase their productions. In addition, our findings demonstrate that both C/EBPβ and C/EBPδ, which belong to C/EBP family members, can increase IgG-IC-induced inflammation via association with the C/EBP elements in the promoter regions of inflammatory genes (34, 35). In the present study, we find that PPARγ expression is significantly downregulated following IgG-IC treatment. However, as an important transcription factor, the role of PPARγ in IgG-IC-initiated inflammation has not been determined.

In the current paper, we find that PPARγ inhibits IgG-IC-induced TNF-α, MCP-1 and MIP-1α productions in vitro and in vivo. Previous studies have proved that PPARγ activation alleviates postoperative ileus-related gene expression through suppression of Egr-1 production (36). Also, Rosiglitazone-mediated PPARγ activation inhibits Egr-1 generation, leading to suppression of bleomycin-induced scleroderma and profibrotic responses (37). Thus, during IgG-IC-induced inflammatory responses, Egr-1 might be the potential bridge molecule linking PPARγ with pro-inflammatory mediators’ productions. We find that Egr-1 expressions in macrophages and lungs are greatly upregulated by IgG-IC treatment. In addition, we observe that activation of PPARγ decreases Egr-1 expression, while lowing PPARγ level increases its generation, indicating that Egr-1 is negatively regulated by PPARγ. Furthermore, we demonstrate that during IgG-IC-induced acute inflammatory response, expressions of pro-inflammatory mediators are positively regulated by Egr-1. Thus, during IgG-IC-induced acute lung injury, PPARγ can negatively regulate IgG-IC-induced inflammation through an indirect way, which is similar to the method used by STAT3 (38). Of note, during IgG-IC-mediated acute lung injury, whether there are other PPARγ-regulated transcription factors that directly control inflammation responses remains an open question.

Egr-1, a critical transcription factor, belongs to the EGR family of Cys2His2-type zinc finger proteins. It is composed of transactivation and inhibitory domains, as well as three DNA-binding zinc finger domains which interact with GC-rich regions in the promoters of target genes (39). Its roles in lung diseases, especially in chronic lung diseases have been widely reported. Lee et al. find that Egr-1-mediated cell apoptosis is crucial for TGF-β-elicited lung fibrosis (40), indicating that Egr-1 plays a detrimental role in the disease. In contrast, Kramer et al. report that the deficiency of Egr-1 obviously exacerbates TGF-α-induced pulmonary fibrosis, which is independent of the tissue inflammatory response (41), which manifests the protective effect of Egr-1 in the disease. The above contradictory phenomena might be explained by the distinct stimulus used in the model. Therefore, the role of Egr-1 is complicated, and should be discussed in specific contexts. In the present paper, we observe that Egr-1 accelerates inflammation induced by IgG-IC through association with the promoter regions of pro-inflammatory mediators including TNF-α, MCP-1 and MIP-1α. Our previous data have demonstrated that the activities of both p38 MAPK and ERK1/2 are elicited, and are essential for cytokine/chemokine expressions during IgG-IC-induced inflammation (34). Others find that p38 MAPK activation is required for Egr-1-dependent expressions of pro-inflammatory mediators (42). Moreover, there are data that the IL-33-ERK/JNK/p38/Egr-1/TSLP (thymic stromal lymphopoietin) axis is involved in allergic skin Th2 inflammation (43). Thus, we speculate that there may be crosstalk between MAPK signaling pathway and PPARγ-Egr-1 axis during inflammatory reactions triggered by IgG-IC. However, this remains an open question, which should be supported by more studies. Additionally, the role of the inhibitory domain of Egr-1 in IgG-IC-induced inflammation should also be examined in the future.

On the basis of our present data, we conclude that PPARγ protects against the development of IgG-IC-induced acute lung injury through the reduction of inflammatory responses. This protection afforded by PPARγ features reduced cytokine/chemokine expressions and accumulation of neutrophils in the lung tissue. Furthermore, the anti-inflammatory effects of PPARγ after intrapulmonary deposition of IgG-IC are mediated by inhibiting generation of Egr-1, which can bind to the promoter regions of pro-inflammatory mediators including TNF-α, MCP-1, and MIP-1α. Therefore, PPARγ activation might represent a promising therapeutic option for IgG-IC-induced acute lung injury. Though PPARγ agonist Rosiglitazone has been used for treatment of type 2 diabetes in clinic, whether the protective effects of PPARγ detected in the animal model could be extrapolated to the clinical application is subject to the future clinical trials.
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Glucose-dependent insulinotropic polypeptide (GIP) communicates information on energy availability from the gut to peripheral tissues. Disruption of its signaling in myeloid immune cells during high-fat diet (HFD)-induced obesity impairs energy homeostasis due to the unrestrained metabolically deleterious actions of S100A8/A9 alarmin. White adipose tissue (WAT) type 2 immune cell networks are important for maintaining metabolic and energy homeostasis and limiting obesity-induced inflammation. Nevertheless, the consequences of losing immune cell GIP receptor (GIPR) signaling on type 2 immunity in WAT remains unknown. Bone marrow (BM) chimerism was used to generate mice with GIPR (Gipr-/- BM) and GIPR/S100A8/A9 (Gipr-/-/S100a9-/- BM) deletion in immune cells. These mice were subjected to short (5 weeks) and progressive (14 weeks) HFD regimens. GIPR-deficiency was also targeted to myeloid cells by crossing Giprfl/fl mice and Lyz2cre/+ mice (LysMΔGipr). Under both short and progressive HFD regimens, Gipr-/- BM mice exhibited altered expression of key type 2 immune cytokines in the epididymal visceral WAT (epiWAT), but not in subcutaneous inguinal WAT. This was further linked to declined representation of type 2 immune cells in epiWAT, such as group 2 innate lymphoid cells (ILC2), eosinophils, and FOXP3+ regulatory T cells (Tregs). Co-deletion of S100A8/A9 in Gipr-/- immune cells reversed the impairment of type 2 cytokine expression in epiWAT, suggesting a mechanistic role for this alarmin in type 2 immune suppression. LysMΔGipr mice on HFD also displayed altered expression of type 2 immune mediators, highlighting that GIPR-deficiency in myeloid immune cells is responsible for the impairment of type 2 immune networks. Finally, abrogated GIPR signaling in immune cells also affected adipocyte fraction cells, inducing their increased production of the beiging interfering cytokine IL-10 and stress- related type 2 cytokine IL-13. Collectively, these findings attribute an important role for GIPR in myeloid immune cells in supporting WAT type 2 immunity.




Keywords: glucose-dependent insulinotropic polypeptide receptor, obesity, type 2 immunity, white adipose tissue, S100A8/A9



Introduction

Integrated immunometabolic responses couple dietary intake, energy utilization, and storage to immune regulation of tissue function, and are therefore essential for the maintenance and restoration of homeostasis (1). Enteroendocrine cells (EECs) are strategically positioned along the entire gastrointestinal tract, where upon sensing ingested food, they produce hormonal messengers that transmit signals of nutrient availability to the brain and to metabolically important peripheral sites to allow the host to prioritize storage and/or utilize substrates for tissue growth, maintenance, and immune responses (2). Two gut hormones, Glucagon-like Peptide-1 (GLP-1) and Glucose-Dependent Insulinotropic Polypeptide (GIP), secreted by gut L and K cells, respectively, have attracted great interest in view of their metabolic roles and therapeutic potential (3, 4). Both hormones are known for their glucose-dependent insulinotropic actions on the pancreas via G-protein coupled receptors expressed on pancreatic islet cells (the incretin effect) (3). In addition, they both perform extra-pancreatic actions and differentially control metabolic homeostasis by modulation of satiety and food intake, potentially affecting energy expenditure (5).

Multiple immune cell subsets express receptors for both GLP-1 and GIP, pinpointing the immune system as another target for incretin action (6, 7). However, there is comparatively little comprehension of the precise roles of incretins in the control of immunometabolism. Specifically, the directional importance of GIP in obesity-associated inflammatory responses is surrounded by controversy, with studies reporting both pro- (8, 9) and anti-inflammatory (10, 11) effects in the white adipose tissue (WAT). These opposing results likely reflect the integrated pleiotropic functions of GIP in different tissues and cells, and the utilization in many studies of GIP analogues that can serve as both agonists and antagonists (12). Therefore, studying GIP biology in a cell-specific manner can benefit our comprehension of its immunometabolic pathways. In this respect, we have recently discovered a direct role for GIP in myeloid immune cells critical for controlling inflammation and body weight (11, 13). In contrast to the overall metabolic protection of mice with stimuli global germline inactivation of the GIPR (14), bone marrow (BM) chimeric mice with immune cell-targeted GIPR-deficiency (Gipr-/- BM) display greater weight gain during HFD feeding, despite similar food intake, concomitantly with increased insulin resistance and hepatic steatosis (13).

Thermogenesis is a process that dissipates energy as heat, and takes place in brown adipose tissue (BAT) and also in brown-like adipocytes (termed “beige” cells) in the inguinal WAT (ingWAT). Beige cells are generated from precursors or mature adipocytes in response to certain stimuli like chronic cold exposure, prolonged β-adrenergic stimulation or increased calorie intake (15, 16). Non-shivering thermogenesis generated by brown adipocytes and beiging is recognized as a relevant human physiological mechanism to offset obesity. The increased weight gain displayed by HFD-fed Gipr-/- BM is a result of impaired energy expenditure due to reduced ingWAT beiging (13). Targeting GIPR-deficiency to myeloid immune cells further pinpointed a mechanistic role for GIP in restraining the production of the alarmin S100A8/A9 (calprotectin), which hampers adaptive thermogenesis and ingWAT beiging. Nevertheless, the precise comprehension of how disruption of GIPR signaling in immune cell impairs energy balance remains elusive.

Type 2 immune cell networks are important for maintaining metabolic homeostasis and energy balance (17). Accordingly, eosinophil-derived IL-4 was suggested to maintain alternative M2 activation of adipose tissue macrophages (ATMs) to facilitate ingWAT beiging (18, 19), though other studies have challenged the contribution of ATMs to adaptive thermogenesis (20). Group 2 innate lymphoid cells (ILC2s) residing in the lean WAT activate eosinophils via IL-5 secretion and polarize ATMs towards M2 phenotype via IL-13 production (21, 22). ILC2s have also been shown to directly promote adipocyte beiging via production of Methionine-Enkephalin (MetEnk) peptides that upregulate UCP1 expression in adipocytes. The alarmin IL-33 is critical for priming the pro-beiging activity of ILC2s in WAT (21, 23). This type 2 cytokine also promotes proliferation of ST2 (IL-33 receptor)-expressing Tregs (24, 25), and acts directly on adipocytes to promote beiging and thermogenesis, thereby offsetting obesity (24, 26). IL-33 is locally produced within the epididymal visceral adipose tissue (epiWAT) mainly by mesenchymal stromal cell subtypes (27, 28). In light of this imperative crosstalk between metabolism and type 2 immune cells within fat depots, we examined here whether deletion of GIPR signaling in immune cells, and the resulted impairment in energy homeostasis during obesity, is due to the alteration of fat depot type 2 immunity. Indeed, we show here that targeted immune cell GIPR-deficiency results in a significant reduction of type 2 immune cells and pro-beiging mediators in the obese epiWAT, mediated in part through the unrestrained activity of the pro-inflammatory alarmin S100A8/A9. These results highlight a gut-immune axis governed by GIP, coupling nutrient availability to the control of metabolically beneficial type 2 immune responses in the obese epiWAT.



Materials and Methods


Animals

C57BL/6J OlaHsd male mice (Envigo, Jerusalem, Israel), Gipr-/- mice (C57Bl/6 background, provided by Dr Y. Yamada, Akita University, Japan), S100a9-/- mice (C57Bl/6 background, provided by Prof. T. Vogl, Munster University, Germany), B6.129P2-Lyz2tm1(cre)Ifo (C57Bl/6 background, Jackson laboratory) and Giprfl/fl mice (C57Bl/6 background, provided by Prof. D J Drucker, Mt. Sinai Hospital, University of Toronto, Canada) were maintained in specific pathogen-free animal facility and experiments were performed according to protocols approved by the Animal Care Use Committee of the Sourasky Medical Center. All mice were housed with 12 h light cycles and a constant temperature of 22°C, with free access to standard rodent chow (Ctrl, 5% kcal fat, 5010, Lab Diets) and water. For the generation of BM chimeric mice, 6-week-old recipient C57BL/6J OlaHsd male mice were lethally irradiated with 950 rad using a TrueBeam linear accelerator (Varian Medical Systems). The next day, femurs were dissected from 6-weeks-old donor male mice (WT, Gipr-/- and Gipr-/-/S100a9-/- mice), all born and raised in the same facility. About 5x106 of respective BM cells were injected into the tail vein of the recipients, and mice were allowed to reconstitute their BM-derived immune cells for 6 weeks. After reconstitution, weight-matched mice were fed with HFD (60% kcal from fat, Research Diets, D12492) for the indicated period. Male mice were used to exclude the effect of female hormones and hormonal cycling on insulin secretion and metabolism.



Cell Isolation of Stromal Vascular and Mature Adipocyte Fractions

Epididymal fat pads (epiWAT) and inguinal subcutaneous fat (ingWAT) were surgically removed from mice, weighted, cut into small pieces and subsequently incubated in a 50 ml conical vial with digestion buffer [DMEM, 12.5 mM HEPES pH 7.4, 2% BSA and 10 mg collagenase type II] for 40 min at 370C in a shaking bath at 150 rpm. The digested tissues were filtered through a 100 μM metal mesh and centrifuged at 1,400 g for 5 min: the lipid-containing mature adipocytes floated to the top, and the stromal vascular fraction (SVF) pelleted at the bottom. Mature adipocyte fraction was collected and stored at -80°C. The SVF pellet was resuspended in red blood cell lysis solution, and recovered cells were washed with cold 2% fetal bovine serum in phosphate-buffered saline (PBS). The SVF pellet was used for flow cytometry analysis and RNA extraction. For RNA isolation, cells were suspended in 1 ml of TRI Reagent (Sigma-Aldrich) and then stored at 80°C until further analysis.



Flow Cytometry Analysis and Sorting of Adipose Tissue Macrophages

Flow cytometry analysis was performed using BD FACSCanto™ II Cell Analyzer (BD Biosciences), and ATMs were sort-purified using BD FACSAria™ Fusion Cell Sorter (BD Biosciences). After blocking the Fc receptors with CD16/CD32 antibody (Bio-Legend), cell suspensions of WAT were incubated on ice with fluorochrome-conjugated antibodies in FACS buffer. The following antibodies were used to stain cells from mouse tissues: CD45 (30-F11), CD25 (PC61), CD90.2 (30-H12), IL-33Rα/ST2 (DIH9), CD5 (53-7.3), CD19 (1D3/CD19), CD11b (M1/70), CD11c (N418), FcϵRI (MAR-1), NK1.1 (PK136), CD3ϵ (145-2C11), CD49b (DX5), SiglecF (E50-2440), CD31 (390), F4/80 (BM8), CD4 (RM4-5), CD8 (53-6.7), CD25 (PC61). Foxp3 (FJK-16S) was stained using the Foxp3 transcription factor staining buffer set (eBioscience). All antibodies used in flow cytometry were purchased from eBioscience, BioLegend, or BD Biosciences if not indicated otherwise above. Data were analyzed with FlowJo v10.4.1 software (TreeStar).



Intracellular Cytokine Analysis

To examine IL-10 production in immune cells, we cultured single-cell suspensions of SVF for 4 h ex vivo with phorbol 12-myristate 13-acetate (100 ng/ml; Sigma-Aldrich) and ionomycin (1 ug/ml; Sigma-Aldrich) in the presence of brefeldin A (10 μg/ml; Sigma-Aldrich) in a 37°C incubator (5% CO2). Cells were washed with cold PBS and surface-stained before fixation and permeabilization using the Cytofix/Cytoperm Fixation/Permeabilization solution and Perm/Wash buffer according to the manufacturer’s protocol (eBioscience). Intracellular staining was performed with IL-10 (JeS5-16E3) antibody (BioLegend).



Quantitative Real-Time Polymerase Chain Reaction

Frozen adipose tissue and mature adipocyte fraction were suspended in Qiazol (Qiagen) and homogenized using a Polytron (Kinematica). RNA was isolated using an RNeasy kit (Qiagen) following the manufacturer`s instructions. The SVF cells and sorted cells were homogenized in TRI Reagent (Sigma-Aldrich) and RNA-extracted according to the manufacturer`s protocol. Total RNA was reverse-transcribed using the High capacity cDNA RT kit (Applied Biosystems). Real time RT-PCR was performed with the Fast SYBR Green Master Mix (Applied Biosystems) using the Corbett rotor light cycler. Quantification of the PCR signals of each sample was performed by the ΔCt method and normalized to the housekeeping gene Rplp0. The following were the primer sets used: Il33 F, 5’-ATTTCCCCGGCAAAGTTC-3’; Il33 R, 5’- CTTATGGTGAGGCCAGAACG-3’; Penk F, 5’- GGAGGCTTCATGAAACGGTA -3’; Penk R, 5’-TTCAGCAGATCGGAGGAGTT-3’; Il5 F, 5’- CACCAGCTATGCATTGGAG A-3’; Il5 R, 5’- TAATCCAGGAACTGCCTCGT-3’; Il13 F, 5’-TCCAATTGCAATGCCATCT A-3’; Il13 R, 5’- TGGGCTACTTCGATTTTGGT-3’; Il10 F, 5’- TGCTATGCTGCCTGCTCT TA-3’; Il10 R, 5’-ATGTTGTCCAGCTGGTCCTT-3’; Atf4 F, 5’- CCTTCGACCAGTCGGGT TTG-3’; Atf4 R, 5’- CTGTCCCGGAAAAGGCAT-3’; Ddit3 F, 5’-CTGGAAGCCTGGTATG AGGAT-3’; Ddit3 R, 5’- CAGGGTCAAGAGTAGTGAAGGT -3’; Xbp1s F, 5’- GAGTCCGC AGCAGGTG-3’, Xbp1s R, 5’- GTGTCAGAGTCCATGGGA -3’; Rplp0 F, 5’- CAACCCAGC TCTGGAGAAAC-3’; Rplp0 R, 5’- GTTCTGAGCTGGCACAGTGA -3’.



Protein Immunoblots

Total protein from epiWAT tissue and epiWAT adipocyte fraction was extracted by homogenization in ice-cold RIPA buffer (PBS, 1% Igepal, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, protease and phosphatase inhibitors cocktails 1:100). Homogenates were centrifuged for 20 min at 14,000 g, supernatants were collected and extracts were normalized to total protein content. Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), blotted onto nitrocellulose and blots were blocked for 1 h in 5% milk. Blots were incubated overnight at 4°C with antibodies to pEIF2α (Cell Signaling #119A11), XBP1s (BioLegend #647501), pIRE (Cell Signaling #3294) or P97 (BioLegend #636801), and then incubated with horseradish peroxidase-conjugated secondary antibodies and subjected to chemi-luminescent detection using the Micro Chemiluminescent imaging system (DNR Bio Imaging Systems). Densitometry was performed using the Image J software and expression of the proteins normalized to the expression of housekeeping protein P97.



dAla2-GIP Administration

C57BL/6JOlaHsd 6 weeks old weight matched male mice were group-housed on 12:12 h light-dark cycle at 22°C, with free access to food and water. Mice were maintained on the HFD for 14 weeks and received a single daily i.p. injection of human dAla2-GIP analogue (60 nmol/kg body weight) (synthesized by Bio-Synthesis, Lewisville, Tx) or vehicle (saline) during the last 8 weeks of the obesogenic diet. Separate groups of mice were maintained on regular chow (RC) and received daily i.p. injections of human dAla2-GIP (60 nmol/kg body weight) or vehicle (saline) for 6 consecutive days. All injections were performed in the light cycle.



Cold Exposure

For cold-challenge experiments, individually housed mice with free access to chow were exposed to 40C in a temperature-controlled refrigerator (4–8°C) for 24 h. Rectal temperature was measured at indicated times (0 and 5 h) using a rectal thermometer (Vega Technologies, Taiwan). After completion of the challenge, mice were sacrificed, and their WAT samples were used for flow cytometry analysis or dissected and stored at -80°C.



Statistical Analysis

Statistical significance was determined between two groups using an unpaired two-tailed Student’s t-test using GraphPad Prism 6.0 and differences between more than two groups were examined by one-way ANOVA with a Tukey post-hoc test. Significance was defined if p-value was less than 0.05 as following: * p < 0.05; ** p < 0.01; *** p < 0.001. Date are routinely represented as mean ± SEM, and the number of replicates per experiment can be found in the figure legends.




Results


GIPR-Deficiency in Immune Cells Alters Expression of type 2 Immune Mediators in the Obese White Adipose Tissue

WAT is densely populated by various type 2 immune cells that maintain metabolic homeostasis and energy balance, but become dysregulated in obesity (17). Mice with targeted GIPR-deficiency to immune cells exhibit a deteriorated metabolic profile and significant myelopoiesis, concomitantly with impaired energy expenditure and ingWAT beiging under the setting of HFD-induced obesity (13). Hence, we hypothesized that their impaired beiging response may be due to the alteration in metabolically beneficial type 2 immune circuits. To explore this possibility, we implemented a BM chimerism approach to target GIPR-deficiency to immune cells. The BM of lethally irradiated wild type (WT) recipient mice was differentially reconstituted by transplantation of WT (WT BM) or Gipr-/- BM (Gipr-/- BM). Following immune cell reconstitution (6 weeks), weight-matched groups were subjected to 14 weeks of HFD (Figure 1A). In agreement with our previous findings (13), Gipr-/- BM mice displayed significantly increased weight gain starting already at the 3rd week of HFD feeding (Figure 1B), without a change in food consumption (Figure 1C). Further analysis revealed dysregulated gene expression of key type 2 immune mediators in the epiWAT of Gipr-/- BM mice. Notable was the impaired expression of IL-33 (Il33) and MetEnk (Penk) in epiWAT (Figure 1D), key pro-beiging mediators acting upstream on both adipocytes and local type 2 immune cells (21, 23–26). There was also a reduction of IL-5 mRNA (Il5) (Figure 1D), which was previously linked with the pro-beiging activity of ILC2 (23). In contrast, the expression of another type 2 immune mediator, IL-13, was upregulated in epiWAT (Figure 1D). These alterations were most prominent in epiWAT and were not observed in ingWAT (Figure 1E).




Figure 1 | Impaired production of type 2 immune mediators in the obese epiWAT of Gipr-/- BM mice. (A) Scheme illustrating experimental design. Lethally irradiated WT mice were reconstituted by transplantation of WT BM (gray circles) or Gipr-/- BM (red squares) for 6 weeks and then fed a HFD for 14 weeks. (B) Weekly measurements of body weight (g) (n≥6). (C) Average weekly food consumption (kcal) per mouse during a period of 14 weeks. (D–E) Expression of key type 2 immune mediators in (D) epiWAT (n ≥17) and (E) ingWAT (n=6) after 14 weeks of HFD, as analyzed by qRT-PCR and normalized to Rplp0. (F) Relative expression of Il10 in epiWAT and ingWAT as determined by qRT-PCR. Data is compiled from three individual experiments (D) or from single individual experiment (B, C, E, F), and presented as mean ± SEM with significance: *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001, unpaired two-tailed t-test, comparing between WT BM and Gipr-/- BM groups. WT, wild type mice; BM, bone marrow; HFD, high-fat diet; epiWAT, epididymal WAT; ingWAT, subcutaneous inguinal WAT.



IL-10 is a type 2 cytokine classically known for its immunosuppressive role in immunity. In WAT, it was suggested as an essential promotor of M2-alternatively activated phenotype of ATMs (29–32). Yet, emerging evidence points to IL-10 as a pivotal suppressor of adipocyte thermogenesis capable of directly repressing the transcription of thermogenic genes in adipocytes (33). In this respect, IL-10 gene expression (Il10) was increased in the Gipr-/- BM epiWAT, and also in the ingWAT at 14 weeks of HFD (Figure 1F). Overall, these results suggest a role for GIPR signaling in immune cells as a promoter of type 2 immunity in the epiWAT.



GIPR-Deficiency in Immune Cells Reduces the Representation of Type 2 Immune Cells in the Obese White Adipose Tissue

Given the impairment in the production of type 2 immune mediators in the epiWAT during HFD induced by GIPR-deficiency in immune cells (Figure 1), we next examined the representation of key associated type 2 immune cells in the epiWAT stromal vascular fracture (SVF) of WT BM vs. Gipr-/- BM mice. Gating strategy for the various immune populations is shown in Figure 2A. In agreement with our earlier studies (13), the fraction (%) of ATMs (defined as CD11b+F4/80+CD64+ cells) out of living CD45+ was increased by about 2-fold in the Gipr-/- BM epiWAT (Figure 2B). In contrast, the fraction of eosinophils (defined as CD11b+SiglecF+SSChi) was reduced by two-fold (Figure 2C). Previous studies indicated an important role for IL-33 in maintaining WAT ILC2 and Tregs (21, 23–25). In alignment with the reduction in IL-33 in the epiWAT of Gipr-/- BM mice at 14 weeks of HFD (Figure 1D), the representation of ILC2 (defined as Lin-CD25+CD90.2+IL-33R+) trended lower (Figure 2C), and there was a five-fold decline in the levels of Tregs (defined as CD4+CD8-CD25+FOXP3+) (Figure 2C). IL-10 is produced by multiple immune cells in the WAT SVF, including ATMs (34), dendritic cells (35), Tregs (36), and regulatory B cells (37). Intracellular staining revealed increased expression of IL-10 in F4/80+ ATMs in the epiWAT of Gipr-/- BM mice, while it was reduced among F4/80- immune cells (Figure 2D). Hence, the increased representation of ATMs in the Gipr-/- BM epiWAT (Figure 2B), and their expression of IL-10 (Figure 2D), can explain the upregulation of IL-10 in the Gipr-/- BM epiWAT SVF (Figure 1F).




Figure 2 | Reduced frequency of type 2 immune cells in the obese epiWAT of Gipr-/- BM mice. Mice were reconstituted with WT BM (gray circles) or Gipr-/- BM (red squares) for 6 weeks and then fed a HFD for 14 weeks (n≥6). (A) Representative flow cytometry dot plots showing gating strategy for immune cell populations first gated on living CD45+ cells from epiWAT. ATMs were identified as CD11b+F4/80+CD64+. Eosinophils were defined as CD11b+SiglecF+SSChi; ILC2 as Lin-CD25+CD90.2+IL-33R+ and Tregs as CD4+CD8-CD25+FOXP3+. (B) Graph showing flow cytometry assessment of ATMs fraction out of total CD45+. (C) Fraction of ILC2, Tregs and Eos out of total CD45+ cell population. (D) Proportion and numbers of IL-10+ cells among ATMs (F4/80+) and non-ATMs (F4/80-) cell populations, normalized to tissue mass in the epiWAT of HFD-fed chimeras. Right panel, representative flow cytometry images depicting the IL-10+F4/80+ and IL-10+F4/80- immune cells. Data are analyzed by unpaired, two-tailed t-test, comparing between WT BM and Gipr-/- BM groups, and are presented as mean ± SEM. *p ≤ 0.05, **p ≤ 0.01 and ***p < 0.001 ATMs, adipose tissue macrophages; ILC2, innate lymphoid cells type 2; Eos, eosinophils; Tregs, T-regulatory cells.





Immune Cell-Derived S100A8/A9 Contributes to the Impairment of White Adipose Tissue Type 2 Immune Circuits in Gipr−/− Bone Marrow Mice

The pro-inflammatory dysregulated metabolic phenotype of Gipr-/- BM mice has been linked with the unrestrained activity of myeloid cell-derived S100A8/A9 (13). Hence, we next sought to investigate a possible mechanistic link between the alterations in type 2 immunity in the Gipr-/- BM epiWAT and the hyper-production of S100A8/A9 by GIPR-deficient BM-derived myeloid cells. To test this hypothesis, we studied a group of BM chimera mice reconstituted with BM from Gipr−/−S100a9−/− double knockout mice (Gipr−/−S100a9−/− BM) (Figure 3A). S100a9−/− mice were chosen given the lack of mature S100A8/A9 protein expression in these mice (38). Co-deletion of GIPR and S100A8/A9 reversed the decline in Il33 and Penk expression detected in the epiWAT of Gipr-/- BM mice at 14 weeks of HFD feeding (Figure 3B). S100A8/A9 deletion also restored expression of Il10 and Il13 in the epiWAT of Gipr-/- BM mice to the levels observed in the control WT BM epiWAT (Figure 3C).




Figure 3 | Unrestrained production of S100A8/A9 by Gipr-/- immune cells impedes WAT type 2 immune circuits. (A) Scheme illustrating experimental design. Lethally irradiated WT mice were reconstituted with WT BM (gray circles), Gipr-/- BM (red squares) and Gipr-/-/S100a9-/- BM (blue triangles) for 6 weeks and then fed with a HFD regime as indicated for (B, C) long-term (14 weeks) or (D–J) short-term (5 weeks). (B, C) qRT-PCR assessment of the expression of the indicated mediators normalized to Rplp0 in epiWAT after 14 weeks of HFD (n=6). (D, E) Weekly measurements of body weight and food consumption (kcal/mouse/week) during 5 weeks HFD feeding (n≥6). (F) Body core temperature response (°C) to acute cold challenge after 5 h. (G) Expression of S100a8 gene in epiWAT and ingWAT as determined by qRT-PCR. (H, I) Gene expression of indicated mediators in epiWAT after 5 weeks of a HFD as analyzed by qRT–PCR and normalized to Rplp0. (J) Graphs showing flow cytometry assessment of ILC2, eosinophils and ATMs fractions out of total CD45+ cell population (defined as shown in Figure 2A). (K) Scheme illustrating experimental design. WT mice were subjected to HFD feeding for 14 weeks and received daily i.p. injections of dAla2-GIP analogue (60 nmol/kg body weight) or vehicle (saline) during the last eight weeks (n= 8). Left panel, qRT-PCR analysis of S100a8 expression in ATMs sorted from epiWAT of these mice. Data are from single experiment. Data are presented as mean ± SEM. Statistical analyses were conducted using one-way ANOVA followed by post-hoc Tukey test (B, C) or by unpaired two-tailed t-test (K) with significance: *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001. Red or blue stars represent significance of Gipr-/- BM or Gipr-/-/S100a9-/- BM groups vs. WT BM, respectively.



Time-resolved single cell characterization has recently discovered massive reorganization of the immune cell compartment in mouse epiWAT between 6 and 12 weeks of HFD feeding, with the most prominent changes including an expansion of ATMs and a reduction in type 2 immune cells, including Tregs and ILC2 (39). Hence, we next examined the effect of immune cell-GIPR-deficiency on type 2 immunity at an earlier time point, at 5 weeks of HFD feeding, followed by 5 h cold challenge at 40C to boost thermogenesis activity. Corroborating our earlier findings (Figure 1A), Gipr-/- BM mice exhibited increased body weight starting already at 4 weeks of HFD feeding (Figure 3D), despite similar food intake (Figure 3E). The co-deletion of S100A8/A9 (Gipr-/-S100a9-/-BM) normalized weight gain to that of the control group (Figure 3D). We have previously shown that S100A8/A9 directly impairs beiging (13). Indeed, Gipr-/- BM chimeric mice displayed reduced core temperature after 5 h of cold challenge, in comparison to the control group, and this defect was ameliorated by the co-deletion of S100A8/A9 (Figure 3F), indicating an etiologic role for S100A8/A9 in the failure of these mice to properly adapt thermogenesis. In support of this, the expression of S100A8 (S100a8) was profoundly elevated in the epiWAT, and also trended higher in the ingWAT of Gipr-/- BM mice, already at this early phase of HFD feeding (Figure 3G). Similar to the results obtained during the development of obesity (Figure 3B), the reduced expression of Il33 and Penk in the epiWAT of Gipr-/- BM mice was restored to WT BM control levels in Gipr-/-S100a9-/-BM mice (Figure 3H). Il10 was expressed at similar levels in the epiWAT of WT BM, Gipr-/- BM and Gipr-/-S100a9-/-BM mice after several weeks of HFD feeding. In contrast, Il13 was profoundly upregulated in Gipr-/- BM group, and co-deletion of S100A8/A9 partially reverted Il13 levels towards normal (Figure 3I). Flow cytometry analysis revealed a reduction in the fraction of ILC2 and eosinophils in the Gipr-/- BM epiWAT, while ATMs were similarly represented at this early phase (Figure 3J). We have previously shown that S100A8/A9 originates in the epiWAT SVF cells from ATMs and neutrophils. In line with the role of S100A8/A9 in driving impaired type 2 immunity in the Gipr-/- BM epiWAT, we next examined whether treatment with the long-acting GIP analogue (dAla2-GIP) can reduce the S100A8/A9 production in the epiWAT ATMs following 14 weeks of HFD (Figure 3K). Indeed, dAla2-GIP administration reduced S100a8 gene expression in the epiWAT ATMs (Figure 3K). Altogether, these results outline a pivotal role for GIP in balancing fat depot type 2 immune networks during the development of obesity, at least partially through its restraining of the immune cell-derived S100A8/A9.



GIPR-Deficiency in Myeloid Immune Cells Drives the Impairment of Type 2 Immune Networks in the Obese White Adipose Tissue

Myeloid immune cells are the main source of S100A8/A9 during inflammation (40). In the epiWAT from mice with obesity, GIP plays an important role in restraining the production of S100A8/A9 in ATMs (Figure 3K) (13), and the deficiency in GIPR in myeloid cells augments myelopoiesis and accumulation of S100A8/A9+ neutrophils and ATMs in the epiWAT (13). Therefore, we next examined whether deletion of GIPR specifically in the myeloid cells would be sufficient to induce alteration in type 2 immunity in the epiWAT. Accordingly, conditional Giprfl/fl mice were crossed with Lyz2cre/+ mice. The resulted LysMΔGipr and their littermate Giprfl/fl controls were subjected to eight and 14 weeks HFD regimens (Figure 4A). Similarly to Gipr-/- BM, LysMΔGipr mice exhibit an aggravated metabolic phenotype in response to prolonged HFD, associated with increased weight gain, steatohepatitis, insulin resistance, myelopoiesis and S100A8/A9 production, as well as impaired ingWAT beiging (13). Compared to their Giprfl/fl littermate controls, LysMΔGipr mice displayed reduced levels of Il33 in the epiWAT at 8 weeks and of Penk at 14 weeks of HFD feeding (Figure 4B). Similar to the results in Gipr-/- BM mice, increased expression of Il10 was detected in the epiWAT of LysMΔGipr mice compared to Giprfl/fl littermate controls, but only after 14 weeks of HFD feeding (Figure 4C). Altogether, these results further consolidate an immunoregulatory role for GIP in myeloid cells.




Figure 4 | Deficiency of GIP signaling in myeloid immune cells drives the impairment of type 2 immune networks in the obese epiWAT. (A) Scheme illustrating experimental design. Mice with targeted GIPR-deficiency to myeloid cells (LysMΔGipr, pink open triangles) and their littermate controls (Giprfl/fl, black rhombus) were fed a HFD for 8 and 14 weeks (n ≥6). (B) qRT-PCR assessment of the expression of Il33 and Penk genes in epiWAT normalized to Rplp0. (C) qRT-PCR assessment of the expression of Il10 in epiWAT of LysMΔGipr and Giprfl/fl mice after shorter (8 weeks) and longer (14 weeks) HFD-regimes. Data are analyzed by unpaired, two-tailed t-test and presented as mean ± SEM. *p ≤ 0.05.





GIPR-Deficiency in Immune Cells Alters the Expression of Type 2 Immune Mediators by Cells in the Adipocyte Fraction

In addition to WAT immune cells, adipocytes can also be a source for type 2 immune cytokines, such as IL-13 (41–43). Hence, we next examined the expression of Il13 in the WAT of WT BM vs. Gipr-/- BM after 14 weeks of HFD feeding, while distinguishing between the adipocyte fraction and the SVF. Levels of mRNA transcripts for the beiging-interfering cytokine Il10 were profoundly elevated in both SVF and adipocyte fractions of the Gipr-/- BM WAT (Figure 5A). Notably, Il13 expression was reduced in the SVF (p=0.06), but highly increased in the adipocyte fraction of the Gipr-/- BM WAT (Figure 5B), a phenomena associated with increased WAT inflammation during obesity (42). Moreover, we detected increased expression of Il13 in the adipocyte fraction, but not the SVF, of the LysMΔGipr epiWAT (Figure 5C).




Figure 5 | Impairment of type 2 immune networks in Gipr-/- BM epiWAT involves adipocyte fraction cells. Expression of Il10 (A) and Il13 (B) in isolated adipocyte fraction and SVF in epiWAT of WT BM (gray circles) or Gipr-/- BM (red squares) mice after 14 weeks of HFD as determined by qRT-PCR analysis. (C) qRT-PCR assessment of the expression of Il13 in isolated adipocyte fraction and SVF in epiWAT of LysMΔGipr (pink open triangles) and Giprfl/fl (black rhombus) obese mice after 14 weeks of HFD. (D, E) qRT-PCR assessment of the expression of indicated genes in epiWAT at shorter (5 weeks) and longer (14 weeks) HFD-regimes respectively, normalized to Rplp0. (F) qRT-PCR assessment of the expression of indicated genes in isolated adipocyte fraction and SVF in epiWAT of WT BM or Gipr-/- BM mice after 14 weeks of HFD. (G) Expression of phosphorylated EIF2 (pEIF2α), spliced form of XBP1 (XBP1s) and phosphorylated IRE (pIRE) in epiWAT from WT BM (n=4) and Gipr-/- BM (n=5) mice, as assessed by immunoblot analysis and was quantified using P97 as loading control (for pEIF2α, P=0.04, for XBP1s, p=0.15 and for pIRE, P=0.54), with densitometry presented below. Data are analyzed by unpaired, two-tailed t-test, and results are presented as mean ± SEM with significance: *p < 0.05, **p < 0.01, ***p < 0.001. Data in panel (A) are from two independent experiments, and in (B–F) are from one experiment. Adipo, adipocyte fraction; SVF, stromal vascular fraction.



Previous studies have shown that expression of IL-10 and IL-13 in WAT cells may be elevated by obesity-induced ER stress (43, 44). There are three major ER stress sensors, IRE1, PERK and ATF6, which transduce the mammalian unfolded protein response (UPR). Activated IRE1 splices the mRNA of XBP1 yielding the potent transcription factor spliced XBP1 (XBP1s). Activated PERK phosphorylates EIF2α (pEIF2α), which induces translation of ATF4 that further acts as a transcription factor for Ddit3 (45). ER stress/UPR- related gene expression was assessed in the total epiWAT of WT BM and Gipr-/- BM mice after both short (5 weeks) and long-term (14 weeks) HFD regimens. Expression of ER stress/UPR markers was not altered after short-term HFD feeding in the epiWAT of Gipr-/- BM mice compared to expression in control WT BM mice (Figure 5D). In contrast, after 14 weeks of exposure to HFD, the expression of Atf4, Ddit3, and Xbp1s, were all enhanced in the epiWAT of Gipr-/- BM mice (Figure 5E). Fractionation of total epiWAT revealed that mRNA expression of Xbp1s was elevated in the adipocyte fraction of Gipr-/- BM mice, but not in the SVF (Figure 5F). Western blot analysis revealed an increased phosphorylation of pEIF2α in the epiWAT of Gipr-/- BM mice (Figure 5G). In contrast, despite the increased gene expression of Xbp1s, the protein levels of XBP1s were reduced, and the expression level of its upstream activator pIRE did not vary (Figure 5G). pEIF2α is also required for expression of maximal stable spliced XBP1 protein via a mechanism that involves stabilization of Xbp1s mRNA (46). Hence, the increased expression of pEIF2α may explain the increase in Xbp1s. Altogether, these results reveal that absence of the GIPR signaling in immune cells alters the expression of type 2 immune mediators in adipocytes, associated with the induction of the PERK-EIF2a ER stress pathway during the development of obesity.



A Glucose-Dependent Insulinotropic Polypeptide Analogue Induces IL-33 and Penk in Epididymal Visceral White Adipose Tissue of Lean Mice During Cold-Induced Thermogenesis

To further substantiate the association between GIP and WAT type 2 immunity we next studied the impact of treatment with a GIP analogue on the production of type 2 immune mediators. IL-33 and Penk, both key stimulators of adaptive thermogenesis (23), were reduced in Gipr-/- BM epiWAT at both short (5 weeks) (Figure 3H) and long term (14 weeks) (Figure 1D) HFD. Hence, we next assessed the effect of GIP analogue treatment on IL-33 and Penk production in lean mice subjected to cold challenge (4°C). Accordingly, 7 weeks old C57BL/6J OlaHsd mice received daily i.p. injections of dAla2-GIP or vehicle (saline) for 6 days, and then were placed at 4°C for 24 h (Figure 6A). GIP treatment was sufficient to promote the expression of both Il33 and Penk in the SVF, but not in the adipocyte fraction (Figures 6B, C). Given the increased expression of the beiging-interfering cytokine IL-10 in the epiWAT of Gipr-/- BM (Figure 1F) and LysMΔGipr mice (Figure 4C) under prolonged HFD, we next examined the effect of the GIP analogue on cytokine expression in response to cold-challenge. Interestingly, dAla2-GIP treatment reduced IL-10 expression uniquely in the epiWAT adipocyte fraction, but not in the SVF fraction (Figure 6C). These results further substantiate a role for GIP in modulation of type 2 immune circuits in the epiWAT.




Figure 6 | GIP analogue enhances expression of type 2 mediators in epiWAT of lean mice during cold-induced thermogenesis. (A) Scheme illustrating experimental design. WT mice (n= 6) received daily i.p. injections of dAla2-GIP analogue (60 nmol/kg body weight) or vehicle (saline) for 6 days and after that were subjected to cold challenge (4°C) for 24 h. (B) qRT-PCR assessment of the expression of Il33 and Penk genes in isolated adipocyte fraction and SVF of epiWAT normalized to Rplp0. (C) Expression of Il10 in isolated adipocyte fraction and SVF of epiWAT of these mice was analyzed by qRT-PCR and normalized to Rplp0. Data are from a single experiment and analyzed by unpaired, 2-tailed t-test and presented as mean ± SEM. *p ≤ 0.05.






Discussion

Here we uncover a new gut-immune axis showing that an absence of GIP signaling in immune cells during HFD hampers the production of key type 2 immune mediators and leads to the reduction of type 2 immune cells in the epiWAT, concomitantly with the augmented production of the beiging interfering cytokine IL-10 in both epiWAT adipocyte and SVF fractions. This impairment initiates already at the early stage of HFD feeding.

The WAT cellular ecosystem harbors, in addition to resident adipocytes and their mesenchymal progenitors, a unique blend of accessory immune cells, all intimately cooperating to regulate metabolic homeostasis (1, 17). During obesity, acute self-limiting inflammation allows healthy expansion of adipose tissue and adaptation to the altered metabolic demands derived from over-nutrition. However, in the course of a prolonged positive energy surplus, this physiological response becomes sustained and turns pathogenic, leading to pro-inflammatory transition of WAT resident and infiltrating immune cells (47). Type 2 immune cell networks are an essential factor directly affecting metabolic homeostasis and energy balance in WAT and limiting WAT inflammation during obesity. The numbers of WAT type 2 immune cells, such as ILC2, eosinophils, and Tregs, decline with progressing adiposity, thereby licensing obesity-induced inflammatory transition in the WAT (22, 39). We show here that the increased adiposity in Gipr-/- BM mice is associated with the impaired production of key type 2 immune mediators that are directly involved with both metabolic and immunoregulatory activities that balance nutrient overload. In this respect, Gipr-/- BM mice exhibit reduced expression of mediators that are indispensable for proper beiging response, such as IL-33 and Penk (24, 26). IL-33 is also crucial for the maintenance of WAT ILC2 and Tregs expressing its receptor (21, 23–25), and indeed there was a significant decline in the fraction of these cells as well as in eosinophils in the epiWAT of Gipr-/- BM mice. Importantly, we show that the alteration in type 2 immune networks in Gipr-/- BM mice appears early during the development of obesity, subsequent to the acquisition of increased weight gain. Therefore, we believe that this impairment in type 2 immune pathways fuels the imbalanced energy expenditure and dysregulated beiging process previously linked to the GIP signaling loss in immune cells during DIO (13). Of note, we have not examined whether the alteration in type 2 immunity occurs prior to the increased weight gain, and therefore it remains unclear whether it is the initiating event disrupting energy expenditure. Moreover, the increased weight gain and associated inflammation may contribute to the impairment of type 2 immune networks in Gipr-/- BM mice. Importantly, we show here that alteration in type 2 immune networks in Gipr-/- BM mice appear mainly in the epiWAT, but not ingWAT. Hence, it remains mechanistically unclear whether and how these alterations in the epiWAT are associated with the impaired ingWAT beiging response previously reported in these mice (13).

Our previous studies have outlined an etiologic role for the inflammatory alarmin S100A8/A9 in the aggravated metabolic phenotype observed in Gipr-/- BM mice. Accordingly, the co-deletion of S100A8/A9 in Gipr-/- immune cells ameliorated the increased weight gain and impaired beiging displayed by Gipr-/- BM chimeric mice during HFD feeding (13). Moreover, a single S100A8/A9 injection was sufficient to impair the beiging response in cold-challenged lean WT mice (13). Here we provide an extended mechanistic insight into the importance of GIP-governed restraint of S100A8/A9 on the maintenance of energy balance, showing that S100A8/A9 drives some of the alterations in the production of type 2 immune mediators in the epiWAT of HFD-fed Gipr-/- BM mice. We show that S100a8 gene expression is already increased in both epiWAT and ingWAT after 5 weeks in HFD-fed mice, and that co-deletion of S100A8/A9 restores the expression of type 2 mediators and the representation of type 2 immune cells to that of the control WT BM chimera mice. This coupling between S100A8/A9 overproduction by myeloid cells in the context of disrupted GIP signaling and the impairment of whole-body energy homeostasis and type 2 immunity has immediate translational relevance, as elevated S100A8/A9 expression in VAT and serum is also detected in people with type 2 diabetes mellitus (T2DM) and obesity (48, 49). Therefore, it will be necessary to determine further how S100A8/A9 affects type 2 immunity in the WAT. This may be challenging given that the S100A8 and S100A9 calgranulins can also appear as homodimers, which may differentially regulate adaptive thermogenesis either via effects on specific immune cells and/or via direct effects on beiging differentiation pathways in adipocytes. Moreover, S100A8, S100A9, and S100A8/A9 calgranulins can signal via multiple receptors, such as TLR4, RAGE, and Basigin (CD147) (50), which may be expressed by a broad spectrum of cells in the WAT.

Emerging studies outline direct immunoregulatory properties for GIP that are intertwined with its metabolic actions (6, 7). Therefore, there is a tremendous unmet need to dissect the exact repertoire of immune cells capable of sensing GIP, their location, and the resulting impact on central and peripheral metabolism. Mice with conditional targeting of GIPR-deficiency to myeloid immune cells exhibit abnormal metabolic phenotypes in response to sustained HFD feeding similar to that of Gipr-/- BM mice (13), suggesting that the GIP signaling is especially essential in myeloid cells for maintaining energy balance and tuning WAT inflammation. We have previously shown and corroborated here, that both in vivo and directly ex vivo treatments with a GIP analogue attenuate the expression of S100a8 gene in ATMs from the obese epiWAT. In alignment with this, a direct anti-inflammatory role for GIP in macrophages has also been suggested in the context of atherosclerosis (51–53), as well as in microglia in neurodegenerative disorders of the central nervous system (54–58). It remains unclear however, whether WAT immune cells, specifically type 2 immune cells, directly respond to GIP. The lack of a reliable GIPR antibody has been a barrier in mapping cell-specific GIPR protein expression. Hence, GIPR expression is often determined at the transcript level combined with functional validation for GIP-induced Ca2+ influx and cAMP levels. Its expression in low copy number further excludes it from single cell Atlases of WAT immune and non-immune cells. Relative to the abundance of WAT adipocytes and ATMs, the scarcity of type 2 immune cells limits functional screenings of Gipr expression, therefore necessitating the generation of reporter mouse models and modified ligands that permit receptor labelling. Recently, transgenic mice allowing the conditional Gipr gene deletion in broad immune cell populations were used to map Gipr mRNA transcripts in various tissues. The immune expression of Gipr mRNA transcripts was most prominent in the BM, mainly among T cells, Gr1+CD11b+ myeloid cells and myeloid progenitor cells (7). Notably, the transgenic deletion of the Gipr gene in immune cells had no clear effect on the expression of Gipr mRNA transcripts in the lean epiWAT and mesenteric WAT, therefore challenging the idea that WAT type 2 immune cells are directly responding to GIP and suggesting the BM as the site for GIP immunoregulatory activity. Hence, the metabolic phenotypes observed within the WAT of HFD-fed Gipr-/- BM mice and LysMΔGipr mice may be mediated by the lack of GIPR signaling in myeloid immune cells in the BM. In this respect, both Gipr-/- BM mice and LysMΔGipr mice exhibit evidence for myelopoiesis and especially neutrophilia in peripheral blood and epiWAT during HFD, which may explain the increased expression of S100A8/A9 and its governed deleterious metabolic and inflammatory effects.

Utilizing a gain of function approach, we show here that treatment with the long-acting GIP analogue dAla2-GIP in weight-matched lean mice prior to their exposure to cold-induced thermogenesis resulted in increased expression of type 2 immune mediators IL-33 and Penk, both pivotal drivers of adaptive thermogenesis (23). These mediators are mainly produced by mesenchymal stromal cell subtypes (27, 28), suggesting non-immune pathway by which GIP can modulate type 2 immunity. Nevertheless, it remains elusive whether these cells can indeed directly recognize and respond to GIP. While loss-of-function studies indicate that GIP drives weight gain, when it comes to GIPR agonism and antagonism, compelling evidence paradoxically indicate that both approaches can reduce body weight, especially if combined with GLP-1 agonists (12, 59). This paradox may reflect the partial agonistic activity of certain antagonists (60), compensatory relationship and overlapping signaling axes between GIPR and GLP-1R incretin receptors (59, 61), as well as desensitization of GIPR achieved by chronic agonism (62). With respect to the latter, in cultured mouse or human preadipocytes, exposure to 1 mM dAla2-GIP for 24 h decreased cAMP response to subsequent GIPR stimulation up to 48 h (62), indicating that chronic GIPR agonism functionally mimics GIPR antagonism. Therefore, it will be important to reconcile whether the GIP augmentation approach used here to achieve upregulation of IL-33 and Penk arises via GIPR agonism or antagonism. Noteworthy, despite the emerging concept that systemic GIP antagonism has a positive effect on body weight, similarly to the whole-body loss-of-function phenotypes of GIPR or GIP-deficiencies, targeting of GIPR-deficiency to myeloid immune cells produces the opposite effect with impaired energy expenditure and increased weight gain during nutrient overload. Hence, understanding the mechanisms behind the positive effects on body weight of therapies based on GIP analogues may benefit from incorporating knowledge of how GIPR signaling impacts different cell types within the immunological compartment, and specifically type 2 immunity.

In conclusion, we identified GIPR signaling as an important regulator of type 2 immunity networks in epiWAT and energy expenditure in ingWAT and a gatekeeper of the unrestrained activity of S100A8/A9 in myeloid cells during obesity. Our findings outline a pivotal gut-immune axis mediated by GIP in controlling immunometabolic crosstalk in response to energy intake.
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αB-Crystallin, a member of the small heat shock protein (sHSP) family, plays an immunomodulatory and neuroprotective role by inhibiting microglial activation in several diseases. However, its effect on endotoxin-induced uveitis (EIU) is unclear. Autophagy may be associated with microglial activation, and αB-crystallin is involved in the regulation of autophagy in some cells. The role of αB-crystallin in microglial autophagy is unknown. This study aimed to explore the role of αB-crystallin on retinal microglial autophagy, microglial activation, and neuroinflammation in both cultured BV2 cells and the EIU mouse model. Our results show that αB-crystallin reduced the release of typical proinflammatory cytokines at both the mRNA and protein level, inhibited microglial activation in morphology, and suppressed the expression of autophagy-related molecules and the number of autophagolysosomes in vitro. In the EIU mouse model, αB-crystallin treatment alleviated the release of ocular inflammatory cytokines and the representative signs of inflammation, reduced the apoptosis of ganglion cells, and rescued retinal inflammatory structural and functional damage, as evaluated by optical coherence tomographic and electroretinography. Taken together, these results indicate that αB-crystallin inhibits the activation of microglia and supresses microglial autophagy, ultimately reducing endotoxin-induced neuroinflammation. In conclusion, αB-crystallin provides a novel and promising option for affecting microglial autophagy and alleviating symptoms of ocular inflammatory diseases.

Keywords: αB-crystallin, microglial activation, autophagy, endotoxin-induced uveitis, ocular inflammatory diseases


INTRODUCTION

Uveitis, a common ocular inflammatory disease, is a leading cause of blindness worldwide affecting individuals regardless of age, sex, or race (1, 2). Corticosteroids are the main treatment option for noninfectious uveitis (3, 4). In addition to poor response by 30% of patients (5), corticosteroid treatment is also accompanied by inevitable systemic as well as ocular side effects (6, 7). Therefore, there is a need for an efficient and safe intervention for uveitis. Microglia, the primary resident population of innate immune cells in the brain and retina, activates under stress and produces proinflammatory neurotoxic cytokines such as the tumor necrosis factor (TNF) and nitric oxide (NO), leading to a cascade of inflammation, which results in irreversible neurodegeneration in various diseases (8, 9), including uveitis (10), glaucoma (11), age-related macular degeneration (AMD) (12), and retinitis pigmentosa (RP) (13). Thus, microglial activation plays an important role in a large number of inflammatory diseases.

Recently, interventions aimed at inhibiting the activation of microglia in neuroinflammatory disease have gained considerable interest. αB-Crystallin (CRYAB/HSPB5), a member of the small heat shock protein (sHSP) family, has been a recent target of interest for therapy. sHSP family members, induced by numerous stressors, are observed throughout the species (14). Recent studies have shown that αB-crystallin is not only an intracellular chaperone (stabilizing the correct protein conformation, folding, and translocation from multiple stresses) (15), but also acts as a signaling molecule in the extracellular space, communicating with other cells such as microglia, to regulate immune response and inflammation (16, 17). As an immunomodulatory neuroprotectant, αB-crystallin is involved in several stress-related statuses such as stroke (18), spinal cord contusion (19), and autoimmune demyelination (20). Furthermore, studies report that αB-crystallin alleviates neuroinflammation through inhibition of microglial activation in the anterior ischemic optic neuropathy (AION) (21) and experimental autoimmune encephalomyelitis (EAE) (17). Interestingly, retinal αB-crystallin is upregulated in Staphylococcus aureus-induced endophthalmitis and protects the retina from damage. Thus, modulation of the microglial activation by αB-crystallin in ocular inflammatory disease requires further investigation, which may lead to promising new therapy for uveitis.

Autophagy is a cellular process that eliminates aggregated or unfolded proteins to maintain protein homeostasis. It also removes excess or damaged organelles in the cells through several processes, including macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA) (22, 23). In addition to maintaining natural innate proteostasis, molecular chaperones also participate in autophagy. As a form of molecular chaperone, αB-crystallin is closely linked with autophagy. Studies suggest that αB-crystallin not only modulates the autophagy of retinal pigment epithelium (RPE) in AMD (16) and the astrocyte in Parkinson's disease (24), but also the autophagy of cardiomyocytes in cardiomyopathy (25). Moreover, an increasing number of studies have shown that the upregulated levels of autophagy could promote microglial activation, leading to neuroinflammation, for example, in HIV associated encephalitis (26), intracerebral hemorrhage (ICH) (27), and cocaine exposure (23). In addition, one investigator reported that suppressing autophagy could inhibit microglial classical activation (28). Therefore, the role that αB-crystallin plays in microglial autophagy requires additional investigation; particularly, as microglial autophagy may provide a potential method of influencing microglial activation and ultimately ocular neuroinflammation.

Whether exogenous αB-crystallin can play a role in microglial autophagy and inhibit microglial activation in acute ocular inflammation remains unclear. Based on existing studies, we hypothesized that αB-crystallin may suppress microglial activation and influence autophagy to alleviate neuroinflammation. We aimed to explore the potential of αB-crystallin in the alleviation of ocular inflammatory diseases such as uveitis. For this purpose, the endotoxin-induced uveitis (EIU) mouse model, a mature model developed for acute ocular inflammation, was chosen. We divided our study into two parts, in vitro and in vivo. This study aimed to investigate the role of exogenous αB-crystallin in regulating microglial autophagy and activation in the BV2 microglia cells and the EIU mouse model.



MATERIALS AND METHODS


Cell Culture and Treatment

BV2 cell lines (mouse microglial cell lines) were purchased from a commercial cell bank (DMSZ, Germany). The cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) (C11330500BT, Gibco), containing 10% fetal bovine serum (FBS) (LB-10270, Roby), at 37°C in a humidified incubator with 5% CO2. BV2 microglial cells were randomly divided into three groups: (1) a control group, (2) a group treated with phosphate buffered saline (PBS)+ lipopolysaccharides (LPS), and (3) a group treated with αB-crystallin + LPS. The BV2 cells were seeded in six-well plates, followed by the addition of recombined human αB-crystallin (C7944-53, Us Biologycal) (1 μg/ml) or sterile PBS (C10010500BT, Gibco) 12 h before treatment with LPS. The selection for appropriate concentration of αB-crystallin was shown in the Supplementary Figure 1A. For LPS stimulation, LPS (L6529, Sigma) (100 ng/ml) was added into the six-well plates for the PBS+LPS or αB+LPS groups. The cells from one well were harvested at 6 h or 12 h after LPS stimulation for further analysis.



EIU Mouse Model and Treatment

All animal studies were conducted in accordance with the Association for Research in Vision and Ophthalmology resolution and approved by the Zhongshan Ophthalmic Center Animal Care and Use Committee, Sun Yat-sen University, Guangzhou, China (authorization number 2019164). The C57BL/6J mice (6–8 weeks old) were maintained in a 12 h light/dark cycle at 23°C with ad libitum access to food and water. They were randomly divided into three groups: (1) a control group, (2) a PBS+LPS group, and (3) an αB+LPS group. The right eyes of mice in the PBS+LPS and αB+LPS groups were intravitreally injected with PBS and LPS (PBS+LPS group) or αB-crystallin and LPS (αB+LPS group). The EIU mouse model was induced by a single intravitreal injection of 1 μl LPS (200 μg/ ml). Twenty four hour before the LPS injection, mice in the PBS+LPS group received one intravitreal injection of 1 μl PBS. Mice in the αB+LPS group received one intravitreal injection of 1 μl αB-crystallin (500 μg/ml). For further analysis, mice in each group were sacrificed and the right eyeballs were enucleated at 6, 12, and 24 h after the LPS stimulation. The results for single intravitreous injection of αB-crystallin were shown in the Supplementary Figures 1B–D.



Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was isolated from the BV2 microglia of one well of six-well plates (n = 3) or the mouse retinas (n = 3) using RNAiso Plus (9108, Takara). RNA was subject to reverse transcription to cDNA using the PrimeScriptTMRT reagent kit (RR036B, Takara). The nucleic acid purity was quantified and analyzed using spectrophotometry (NanoDrop Technologies, Wilmington, DE). Primer sequences are presented in Table 1. Gene expression levels were measured using the LightCycler 480 system (Roche, Switzerland). The PCR procedure was as follows: pre-incubation for 5 min at 95°C, followed by 40 cycle amplification of denaturation for 10 s at 95°C, and annealing for 15 s at 60°C. The expression level of each gene was expressed as the fold expression after normalization to the internal control glyceraldehyde 3-phosphate dehydrogenase (GAPDH).


Table 1. Primer sequences for qRT-PCR.
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Western Blotting

The total protein was extracted from the BV2 cells of one well of six-well plates (n = 3) or the mouse retinas (n = 3) using lysis buffer (KGP250, KeyGen) containing protease and phosphatase inhibitors. The protein concentration was measured using the PierceTM BCA Protein Assay Kit (23227, Thermo Scientific). An equal amount of protein from each sample was mixed with 5X SDS loading buffer (KGP101, KeyGen), subjected to 12% SDS gel, and then transferred to PVDF membranes (ISEQ00010, Merck Millipore). The membranes were blocked with 5% non-fat milk (MB3217, Meilunbio) in PBS for 1.5 h at room temperature and then incubated with primary antibodies against a nitric oxide synthase (iNOS) (ab15323, Abcam), cyclooxygenase 2 (COX2) (12282S, CST), Beclin1 (3738S, CST), Light Chain 3 (LC3) (3868S, CST), and GAPDH (ab8245, Abcam) overnight at 4°C. The membranes were then incubated with secondary antibodies (ab6802, Abcam; ab6789, Abcam) for 1 h. Protein bands were visualized using the ChemiDoc Touch Imaging System (Bio-Rad, USA). The band intensity was quantified using Image J software (NIH, USA).



Enzyme-Linked Immunosorbent Assay (ELISA)

The cellular supernatant and intraocular liquid from mice were collected. Cardiac perfusion was performed with PBS on the anesthetized mice before they were sacrificed, followed by removal of the right eyes. The extraocular muscle and fascia were cleared. The eyeball was washed with PBS and dried with gauze. The eyeball was carefully dissected to remove the cornea, iris, lens, retina, and choroid; the intraocular liquid was then collected with tips. The cellular supernatant or intraocular fluid was collected and centrifuged at 16,000 g for 30 min at 4°C. The supernatant was removed and stored at −80°C until further analysis. The cell supernatant (n = 3) and intraocular fluid (n = 9) were collected 12 h after LPS stimulation. The cellular supernatant (1:50 diluted by PBS) and intraocular fluid (1:20 diluted by PBS) of each group were measured using ELISA kits for tumor necrosis factor alpha (TNF-α) (MTA00B, R&D) and interleukin-6 (IL-6) (M6000B, R&D), following the manufacturer's instructions.



Immunofluorescent Staining

Cells were seeded onto 8-well glass chamber slides (PEZGS0816, Merck Millipore) for fixation and further staining. Cells were fixed with 4% paraformaldehyde (PFA) (DF0133-4, Leagene) for 15 min and washed by PBS three times. For cryosections, eyeballs were carefully removed, fixed in 4% PFA at 4°C overnight, subjected to gradient dehydration with sucrose solution (10, 20, and 30%), and embedded in an OCT compound (4583, Sakura) at −80°C. The frozen samples were sliced transversely (12 μm) with a cryostat (CM1950, Leica) at −20°C and then washed by PBS three times. For retinal flat mounts, the eyeballs were fixed in 4% PFA for 1 h at room temperature, and the retina was dissected out as a cup. The cells, cryosections, and retinal cups were blocked with PBS containing 0.1% Triton-X100 (1139ML100, Biosharp) and 5% bovine serum albumin (BSA) (4240GR100, Biofoxx) at room temperature for 1 h. The cells and cryosections were incubated with primary antibodies at 4°C overnight, and the retinal cups, for 24 h. The primary antibodies were diluted in blocking buffer. The primary antibody included anti-Iba1 (011-27991, Woka), anti-Beclin1 (ab207612, Abcam), and anti-LC3 (3868, CST). The reason we excluded P62 antibody was shown in the Supplementary Figure 1E. After washing with PBS three times, the cells, cryosections, and retinal cups were incubated with secondary antibodies for 2 h at room temperature. The secondary antibodies were conjugated with Alexa Fluor 488 (ab150129, Abcam) and Alexa Fluor 555 (A32794, Invitrogen). The cells and cryosections were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (C0065-50, Solarbio) for 5 min and washed by PBS three times. The retinal cups were cut into four pieces and flat-mounted with an anti-fade mounting medium (S2100, Solarbio). Images were captured using a confocal microscope (LSM880, Carl Zeiss). The immunofluorescent intensity was quantified using Image J software.



Clinical Evaluation of Ocular Inflammation

After LPS injection for 24 h, the mice were anesthetized with an appropriate dose of phenobarbitone (50 mg/kg, intraperitoneal injection). The mice were administered tetracaine and tropicamide before the examination. The severity of the anterior and posterior segmental inflammation of the right eye was evaluated with slit lamp biomicroscopy (SL-D7/DC-3/IMAGEnet, Topcon) and the fundus imaging system (MicronIV, Phoenix). For the anterior segmental images, the eyeball was adjusted to a suitable position to observe and photograph the inflammation in the anterior segment. For the posterior segmental images, methylcellulose was applied to the ocular surface to maintain contact with the lens, and to acquire the fundus image. Tobramycin ointment was then applied to protect the cornea until palinesthesia. Images were captured for further analysis. The data were shown in the Supplementary Materials.



Optical Coherence Tomographic (OCT) Imaging

Mice (n = 6) were anesthetized with pentobarbital (50 mg/kg, intraperitoneal injection), and their pupils were dilated with tropicamide. Retinal structure was assessed using an OCT imaging system (SpectralisOCT, Germany). The scan area centered on the optic nerve was 9 x 9 mm (496 data points/A scan, 1536 A-scans/horizontal B-scan, 85000 A scan/s, 30° × 30°, an average of three frames per B-scan). Saline was used to keep the cornea moist for the transparence of optical media to guarantee the image acquisition quality to be above 15. Retinal thicknesses (range of one diameter of optic disc distant from the margin of optic nerve head) were measured using the “measure” tool in the software. Total retinal thickness was measured from the nerve fiber layer to the RPE layer.



Histopathological Analysis

The enucleated eyes (n = 6) were fixed in FAS solution (G1109, Guge) for 24 h, washed with PBS, dehydrated using gradient reagent alcohol (65, 75, 85, 95, and 100%), and then embedded in paraffin. Mice eye sections throughout the optic disc were cut at 5 μm thickness, deparaffinized, and stained with hematoxylin and eosin (H&E) (DH0006-2, Leagene) for histopathologic analysis. The number of intraocular inflammatory cells was calculated to assess the severity of uveitis symptoms. The sections throughout the optic disc were photographed using a microscope (Leica DM4000, Germany). Each image was captured with the optic disc as the center for counting inflammatory cells. A marquee of the same size (length: 6.5 times the scale, width: 5.5 times the scale) was applied across the optic disc and the number of inflammatory cells in it was counted. The counting was performed separately by two experienced researchers and the average of the numbers from each researcher were documented.



Apoptosis by Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) Assay

Cryosections were obtained using the before mentioned method. A TUNEL kit (12156792910, Roche) was used. The cryosections (n = 6) were washed by PBS three times and incubated the cryosections with 0.1% Triton-100 at 4°C for 5 min. The sections were incubated with the TUNEL reaction mixture at room temperature for 1 h, and then washed with PBS three times. The sections were then stained with DAPI for 5 min and washed three times. Finally, the sections were mounted with an anti-fade mounting medium and photographed using a confocal microscope (LSM880, Carl Zeiss). Images of the mid-peripheral retina were taken to count TUNEL positive cells in the visual field. The counting was performed by two researchers and the average numbers were documented.



Visual Evoked Potential (VEP)

VEP recordings of mice (n = 6) were performed using an electrophysiological system (Diagnosys Celeris, USA). All experimental mice underwent a dark adaptation for 12 h prior to the daytime tests. Mice were anesthetized with pentobarbital (50 mg/kg, intraperitoneal injection). Pupils were dilated with tropicamide, and the cornea was anesthetized with tetracaine. VEP was recorded using a gold-plated wire loop electrode contacting the cornea as an active electrode. Stainless steel needles inserted under the skin at the middle part of the skull and the tail were the reference and ground electrodes, respectively. The amplitudes of the VEP wave were recorded as the average of three responses under 0.05 cd·s/m2 flash stimuli intensity. Examination parameters were as follows: LED intensity, 100%; frame rate, 6 ms; waveform contrast, 100%; and waveform frequency, 0.5 Hz.



Transmission Electron Microscopy (TEM)

BV2 cells (n = 3) were collected from the six-well plates, pelleted by centrifugation and fixed with TEM fixative (G1102, Servicebio) at 4°C. Pellets were then washed with 0.1 M phosphate buffer (PB) (pH 7.4) three times before being pre-embedded in 1% agarose and fixed with 1% osmium tetroxide (OsO4) (Ted Pella Inc., USA) for 2 h at room temperature. Following fixation, samples were washed 3 times with PB and then dehydrated using an alcohol gradient (30, 70, 80, 95, and 100%) and two washes with 100% acetone (Sinopharm Chemical Reagent Co., China). To embed samples in resin, two different ratios of acetone to EMBed 812 (Structure Probe Inc., USA) were used; either 1:1 for 2 h or 1:2 overnight. Resin blocks were placed at 65°C for 48 h to polymerize. Blocks were sectioned into 60–80 nm slices using the EM UC7 ultramicrotome (Leica, Wetzlar, Germany). Slices were fixed onto cuprum grids (150 mesh) with formvar film and then stained with 2% uranium acetate and 2.6% lead citrate to avoid CO2 exposure. Grids were left to dry overnight at room temperature before being imaged using the HT7700 TEM system (Hitachi, Japan). Five fields were randomly selected for each sample and photographed. The number of autophagolysosomes in the field was recorded. Finally, the average number of the five fields was recorded as the result for the sample. Autophagolysosome is a single membrane hybrid structure generated by the fusion of autophagosome and lysosome, containing partially or fully degraded organelles as well as cytoplasmic material, and containing electron-dense regions representing undegraded residuals (29–33).



Statistical Analyses

Statistical analyses were performed using SPSS 22.0 (IBM, USA). The mean ± SEM value comparisons of multiple groups were analyzed using one-way analysis of variance (ANOVA) followed by Tukey's post hoc test. A value of p < 0.05 was considered statistically significant.




RESULTS


αB-Crystallin Inhibited the Release of Inflammatory Cytokines and the Activation of BV2 Cells

After the cultured BV2 microglia cell lines were stimulated by LPS for 6 and 12 h, the mRNA and the protein levels of inflammatory cytokines (including COX2, iNOS, TNFα, and IL6) were significantly upregulated when compared with those in the control group. Pre-treatment of cells with αB-crystallin reduced the expression of inflammatory cytokines at the mRNA and protein levels (Figures 1A–D). In terms of cell morphology, the control BV2 cells were flat with filopodia. When challenged with LPS, BV2 cells were activated, as represented by a round shape with retracted filopodia. Pre-treatment with αB-crystallin sustained the ramified microglial morphology (Figure 1E). In conclusion, αB-crystallin efficiently suppressed the activation of microglia and blocked the inflammation in vitro.


[image: Figure 1]
FIGURE 1. αB-Crystallin inhibits the release of inflammatory cytokine and the activation of microglia in vitro. (A) αB-Crystallin decreased the expression of COX2, iNOS, TNFα, and IL6, at the mRNA level, in BV2 cells exposed to LPS. (B–D) αB-Crystallin reduced the expression of inflammatory cytokines at the protein level caused by LPS. (B,C) Western bolt results for COX2 and iNOS. (D) ELISA results for TNFα and IL6. (E) αB-Crystallin inhibited the activation of BV2 cells by morphology. LPS induced BV2 cells to show an amoeboid appearance, while αB-crystallin suppressed this transformation. Scale bar 20 μm. *p < 0.05, **p < 0.01, and ***p < 0.001 (one-way ANOVA).




αB-Crystallin Suppressed Autophagy of BV2 Cells

Beclin1 and LC3II play an important role in the autophagy process. Beclin1 contributes to the maturation of the autophagosome, whereas LC3II is an indispensable molecule for the formation of the autophagosome membrane. After the LPS stimulation, the Beclin1 mRNA in BV2 increased at 6 h (Figure 2A); furthermore, a Beclin1 protein increase was observed at 12 h (Figures 2B,C). The transformation of LC3I to LC3II increased at 12 h at the protein level (Figures 2B,D). Autophagolysosomes (the end product of autophagy) were also observed, and LPS increased the number of autophagolysosomes in the cells (Figures 2E,F). Therefore, LPS led to an increase in autophagy. Nevertheless, pre-treating cells with αB-crystallin significantly inhibited the autophagy level in cells, as confirmed by the mRNA and protein levels and the intracellular ultrastructure (Figures 2A–F).


[image: Figure 2]
FIGURE 2. αB-Crystallin suppresses the autophagy of microglia in vitro. (A) LPS increased the mRNA expression of Beclin1(autophagy-related gene) in BV2 cells; αB-crystallin decreased its expression caused by LPS. (B–D) LPS increased the Beclin1 expression and the conversion of LC3I to LC3II at the protein level in BV2 cells. (E) The electron micrograph images and (F) the statistical results for the number of autophagolysosome showed that the rest of the BV2 microglia maintained low levels of autophagy. LPS induced obvious autophagy in BV2 cells. αB-Crystallin inhibited the autophagic level caused by LPS. Red arrows indicate autophagolysosomes in cells. Scale bar 0.2 μm. *p < 0.05, **p < 0.01, and ***p < 0.001 (one-way ANOVA).




αB-Crystallin Alleviated Inflammation of C57BL/6J Mice

After the 24 h intraocular injection of LPS, we observed anterior and posterior segmental ocular inflammation. Anterior segmental images showed that LPS induced inflammatory reactions such as congestion, hypopyon, hyphema, and pupil synechia. Treatment with αB-crystallin suppressed the anterior ocular inflammation (Supplementary Figure 2A). Regarding the posterior inflammation, the image showed that LPS led to significant inflammation, including vitreous opacity, vascular white scabbard, optic disc edema, and inflammatory cell infiltration, whereas αB-crystallin inhibited these reactions (Supplementary Figure 2B). H&E pictures and the scatter diagram showed that αB-crystallin decreased the number of inflammatory cells infiltrating into the vitreous body caused by LPS (Figures 3A,B).


[image: Figure 3]
FIGURE 3. αB-Crystallin alleviates inflammation in vivo. (A,B) αB-Crystallin relieved inflammatory infiltration in C57BL/6J mice. (A) H&E staining images showed that αB-crystallin decreased the number of inflammatory infiltrating cells in the vitreous cavity of C57BL/6J mice caused by LPS. Scale bar 100 μm. (B) The scatter diagram of infiltrating cells. ***p < 0.001 (one-way ANOVA).




αB-Crystallin Inhibited the Release of Inflammatory Cytokines and the Activation of Microglia in C57BL/6J Mice

The C57BL/6J mice were sacrificed, and the retina and vitreous fluid were tested for inflammatory cytokines (including COX2, iNOS, TNFα, and IL6). After LPS injection at 6 h and 12 h, the mRNA and protein levels of these inflammatory factors were significantly upregulated compared with those in the control group. Pre-treatment with αB-crystallin reduced the expression of inflammatory cytokines at both the mRNA and protein levels (Figures 4A–D). In terms of cellular morphology, retinal flat mounts showed that naive microglia presented a ramified shape with a large covering area and several branches. The activated microglia caused by LPS had an amoeboid shape with a small covering area and little branches. The ramified microglial morphology was sustained by αB-crystallin (Figure 4E). In addition to the direct morphologic changes, the statistical results of the subtended area and branches of each cell further confirmed the αB-crystallin suppression of microglial activation (Figures 4F,G).


[image: Figure 4]
FIGURE 4. αB-Crystallin inhibits the release of inflammatory cytokine and the activation of microglia in vivo. (A–D) αB-Crystallin decreased the expression of COX2, iNOS, TNFα, and IL6, at mRNA level, in the retina exposed to LPS. (B–D) αB-Crystallin reduced the expression of these inflammatory cytokines at the protein level caused by LPS. (B,C) Western bolt results for COX2 and iNOS in the retina. (D) ELISA results for TNFα and IL6 in the intraocular fluid. (E) αB-Crystallin inhibited the activation of microglia in C57BL/6J mice caused by LPS. LPS changed the microglial morphology (less covering area and branches), whereas αB-crystallin suppressed this morphological transformation. Scale bar 20 μm. (F) The scatter diagram of area subtended per cell and (G) the number of branch points per cell. *p < 0.05, **p < 0.01, and ***p < 0.001 (one-way ANOVA).




αB-Crystallin Suppressed Autophagy of Retinal Microglia in C57BL/6J Mice

After the C57BL/6J mice were sacrificed, their eyeballs were collected for immunofluorescence assessment. The eyeball sections were double-stained for Iba1/Beclin1 or Iba1/LC3. The immunofluorescent images showed that Beclin1 and LC3 were mainly expressed in microglia, rather than other retinal cells, indicating that autophagy was an active biological process in the microglia cells. The results showed that LPS increased Beclin1 and LC3 expression compared with that in the control group, whereas αB-crystallin inhibited the expression of these autophagy-related proteins (Figures 5A–D).


[image: Figure 5]
FIGURE 5. αB-Crystallin inhibits the autophagy of microglia in vivo. (A) Representative immunofluorescence images and (C) the histogram for mean fluorescence intensity of Beclin 1 showed that LPS increased the Beclin1 expression in microglia compared with that in the control group, and αB-crystallin inhibited the expression of Beclin1. (B) Representative immunofluorescence images and (D) the histogram for the mean fluorescence intensity of LC3 showed that LPS increased the LC3 expression in microglia, and αB-crystallin suppressed its expression. Scale bar 10 μm. GCL, ganglion cell layer. INL, inner nuclear layer. *p < 0.05 and **p < 0.01 (one-way ANOVA).




αB-Crystallin Contributed to Protecting the Structure of the Retina and Visual Function of C57BL/6J Mice

Finally, we evaluated the protective effect of αB-crystallin on the mice retina. Intravitreal injection of LPS was performed 24 h later, and OCT was performed to detect the retinal thickness. LPS caused marked retinal thickening as well as increased retinal internal reflection indicating a severe retinal inflammatory reaction. Nevertheless, αB-crystallin decreased retinal thickness and retinal internal reflection. After 7 days, the thickness of the retina for the PBS+LPS group was reduced compared with that in the control group; thus, the inflammation might have caused further damage to the retinal structure. Regarding the LPS+αB-crystallin group, the retina was thicker than in the PBS+LPS group (Figures 6A,B). The TUNEL experiments showed that LPS induced retinal ganglion cell (RGC) death, whereas αB-crystallin reduced the TUNEL-positive cells (Figures 6C,D). In order to evaluate the function of the retina, we tested the VEP for mice at 7 d. Lower VEP amplitude showed that LPS induced functional impairment. This impairment was reduced by αB-crystallin, and the VEP amplitude for the αB+LPS group was higher than that for the PBS+LPS group (Figures 6E,F).
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FIGURE 6. αB-Crystallin protects the structure of the retina and visual function of C57BL/6J mice. (A,B) Images of OCT (A) and scatter diagram (B) showed that retinal thickness increased at 24 h but decreased at 7 d in the PBS+LPS group, whereas αB-crystallin suppressed these changes. Scale bar 200 μm. (C) Representative immunofluorescence images and (D) the statistical results showed that LPS increased the TUNEL-positive cells in the retinal ganglion cell layer, whereas αB-crystallin decreased these cells. Scale bar 20 μm. (E) The waveform of VEP and (F) the statistical results showed that LPS decreased the amplitude of VEP, whereas αB-crystallin inhibited this decrease. OCT, optical coherence tomography. VEP, visual evoked potential. *p < 0.05, **p < 0.01, and ***p < 0.001 (one-way ANOVA). GCL, ganglion cell layer. INL, inner nuclear layer. ONL, outer nuclear layer.





DISCUSSION

To determine the effect of αB-crystallin exposure on LPS-induced inflammation, microglial activation, and microglial autophagy, we utilized indicators representing inflammatory reaction, microglial activation, microglial autophagy, and retinal structure and function. We first examined whether αB-crystallin influences microglial activation and autophagy, and then investigated whether αB-crystallin can be used as an effective in vivo intervention for ocular inflammatory disease. We hypothesized that modulating microglial autophagy may provide a potential target for suppressing LPS-induced neuroinflammation.

Our results showed that prophylactic αB-crystallin treatment effectively reduced the inflammation and the activation of microglia in vitro. Similarly, Guo et al. (17) reported that αB-crystallin inhibited the expression of IL1β, IL6, and TNFα in microglia under stress conditions. Pangratz-Fuehrer et al. (21) concluded that αB-crystallin could dampen microglial activation. Holtman et al. (34) found that human microglia exposed to αB-crystallin induced a series of anti-inflammatory signals based on hub gene research. These results are consistent with the anti-inflammatory effects of αB-crystallin for sustaining cellular internal environment homeostasis. Differently, Bsibsi et al. (35) showed that microglia exposed to αB-crystallin (50 μg/ml) could induce IL6, TNF, and COX2 expression. Additionally, Bhat and Sharma (36) showed that α-crystallin could induce microglial activation. The likely reasons for this are as follows: the α-crystallin used was extracted from the bovine lens, whereas we used pure recombinant αB-crystallin. In their study (35, 36), they exposed microglia to α-crystallin (0–50 μg/ml) and found that a high concentration (50 μg/ml) of α-crystallin induced inflammation in microglia, whereas a low concentration of the protein did not. Thus, purity and protein concentration may influence the role of αB-crystallin in inflammation. In order to exert its protective effect, investigators need to ensure its purity and the appropriate concentration.

To the best of our knowledge, no reports currently exist for αB-crystallin in an EIU mouse model. In our study, we found that αB-crystallin reduced intraocular inflammation and inhibited the activation of microglia in vivo. Similarly, Holtman et al. (34) showed that systemic administration of αB-crystallin inhibited neuroinflammation. Arac et al. (18) demonstrated that αB-crystallin reduced both the stroke volume and the inflammatory cytokines. Wu et al. (37) reported that α-Crystallin inhibited microglial activation after the optic nerve crush. Despite the administration route (intravenous, intravitreal, or intraperitoneal) of exogenous αB-crystallin, the results show that αB-crystallin has a strong anti-inflammatory effect in various diseases, providing promising evidence for its use in alleviating ocular inflammatory diseases. This differs from the findings of Arac et al. (18) who showed that after stroke, the number of microglia cells was similar to the wild type. They only described the total number of microglia between the different groups and did not highlight the activated microglia of the CRYAB −/−mice. Furthermore, Rao et al. (38) reported that αB-crystallin did not show a protective effect in experimental autoimmune uveitis (EAU). Their EAU mouse model was induced by subcutaneous injection of interphotoreceptor retinoid binding protein in B10.RIII mice, and the protective effect of crystallin was only evaluated on day 21 (EAU is a chronic process); this approach differed from ours. Studies suggest that the effect of α-crystallin might depend on the severity of oxidative stress and the duration of the stimulus (18). Moreover, results might differ between acute and chronic oxidative stress (39, 40). Therefore, the immunoregulatory role of αB-crystallin in different types of disease deserves further investigation.

The mechanism underlying αB-crystallin-mediated inhibition of microglial activation is still unclear (17). Studies show that increased autophagy might promote the activation of microglia and increase neuroinflammation in several instances, such as acute infection (41), acute electric stimulation (42), hypoxia (43), and traumatic brain injury (44). Yang et al. (45) found that suppressing autophagy decreased the microglial activation and inflammatory injury in ICH. Besides, François, et al. (46) found that through tri-culturing microglia, astrocytes, and neurons with LPS, only microglia exhibited an increased level of autophagy combined with upregulation of an inflammatory reaction. Therefore, autophagy might play an important role in the regulation of microglial activation and neuroinflammation (46). For this reason, we observed microglial autophagy in our study. Our results showed that αB-crystallin suppressed the microglial autophagy in vitro and in vivo. Similarly, Lu et al. (24) reported that CRYAB knockdown in astrocytes resulted in a marked augmentation of autophagy activity. In contrast, Kannan (16) concluded that extracellular αB-crystallin present in drusen increased the autophagy-mediated clearance. Pattison et al. (25) found that the mutation of αB-crystallin decreased the expression of Atg7 and reduced the autophagic function of rat cardiomyocytes. Therefore, αB-crystallin may either promote or inhibit cellular autophagy in different cells. To date, there have been several studies on autophagy, but no unanimous conclusion has been reached regarding its mechanism. Mizushima et al. (22) reported the apparent conundrum that autophagy had dual effects on cells, which might be either beneficial or detrimental. Numerous studies have shown that persistent, inefficient, or excessive induction of autophagy is detrimental and promotes cellular injury (47). Based on our results, αB-crystallin may prevent microglial immoderate autophagy, which may influence microglial activation (23). However, the specific relationship between microglial autophagy and microglial activation requires further investigation.

To our surprise, our results showed that autophagic markers were detected almost exclusively in microglia (in the retina) (Figures 5A,B). Therefore, autophagy played an active and vital role in the microglial biological process. Further studies are required to understand the effect of αB-crystallin on microglial autophagy, such as the possible pathway. It has been reported in the literature that αB-crystallin is the ligand for TLR2 (35, 48), and based on our results it can inhibit microglial autophagy induced by LPS (ligand for TLR4). Furthermore, both TLR2 and TLR4 participate in microglial autophagy (41, 45). Whether there is a connection between the two receptors during autophagy is unclear. A deeper understanding of αB-crystallin combined with preliminary clinical application provides a potential therapy not only for uveitis but also for other inflammatory diseases.

In summary, the present study showed that prophylactic αB-crystallin treatment can suppress the LPS-induced inflammation. It reduced the release of proinflammatory cytokines as well as the activation of microglia, both in vitro and in vivo. Simultaneously, we found that αB-crystallin inhibits microglial autophagy. Microglial autophagy may therefore play a role in microglial activation. Finally, we demonstrate its beneficial effects for protecting the structure and function of the retina in the EIU model. Taken together, the use of αB-crystallin could be considered a novel potential interventional strategy for acute ocular inflammatory diseases induced by microglial activation. Additionally, the regulation of microglial autophagy may be a new effective target for the alleviation of inflammatory diseases.
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Resolvin E1 (RvE1) is a specialized pro-resolving lipid mediator derived from eicosapentaenoic acid and plays a critical role in resolving inflammation and tissue homeostasis. Th17 cells are a distinct group of T helper (Th) cells with tissue-destructive functions in autoimmune and chronic inflammatory diseases via the secretion of IL-17. Dendritic cell (DC)-mediated antigen presentation regulates the Th17-induced progression of inflammation and tissue destruction. In this study, we hypothesized that the RvE1 would restore homeostatic balance and inflammation by targeting the Th17 function. We designed three experiments to investigate the impact of RvE1 on different phases of Th17 response and the potential role of DCs: First CD4+ T cells were induced by IL-6/TGFβ to measure the effect of RvE1 on Th17 differentiation in an inflammatory milieu. Second, we measured the impact of RvE1 on DC-stimulated Th17 differentiation in a co-culture model. Third, we measured the effect of RvE1 on DC maturation. RvE1 blocked the CD25, CCR6 and IL-17 expression; IL-17, IL-21, IL-10, and IL-2 production, suggesting inhibition of T cell activation, Th17 stimulation and chemoattraction. RvE1 also suppressed the activation of DCs by limiting their pro-inflammatory cytokine production. Our findings collectively demonstrated that the RvE1 targeted the Th17 activation and the DC function as a potential mechanism for inflammatory resolution and acquired immune response.




Keywords: RvE1, T helper (T) 17 cells H, resolution of inflammation, resolvin, T cell - DC interactions



Introduction

The resolution is critical for homeostatic balance to counteract the chronicity of inflammation (1, 2). Specialized pro-resolving lipid mediators (SPMs) regulate the cellular and molecular mechanisms to terminate the inflammatory process and restore pre-inflammatory conditions of health. This process, known as the resolution of inflammation, is a highly programmed and active stage mediated by lipoxins, maresins, protectins, and resolvins (3, 4). Resolvins are biosynthesized from omega-3 polyunsaturated fatty acids where E-series are derived from eicosapentaenoic acid, and D-series are derived from docosahexaenoic acid (5, 6). Studies in humans have demonstrated an association between defective levels of resolvins and inflammatory diseases (7, 8) and therapeutic effects of omega-3 polyunsaturated fatty acids in chronic inflammatory diseases (9). In preclinical studies, RvE1 prevented bone loss and regenerated tissue architecture (10, 11) by blocking osteoclast differentiation (12) through the RANKL/OPG pathway (13). The impact of RvE1 and other resolvins on neutrophils and macrophages suggests a de-regulatory function on the acute inflammation and innate immunity (14). The therapeutic and regenerative effects of RvE1 in animal models also imply that the impact of the SPMs is not limited to the prevention of acute inflammation from becoming chronic. The chronicity of the inflammatory response is highly regulated by the antigen-presenting cells such as dendritic cells (DCs) and subsequent activation of the T helper lymphocytes (Th) (15). In line with this approach, promoting effects of Lipoxin A4 (LXA4) and leukotriene B4 (LTB4) on T follicular helper cells show the role of SPMs on antigen-specific immune response (16) and functionally active receptor expression of LTB4 (BLT1) on effector T cells may link early immune activation and acquired immune response (17). Thus, it is plausible that the therapeutic effects of the SPMs would involve a direct impact on the DC-Th axis.

In chronic inflammatory diseases, T lymphocytes control and regulate the host response by taking advantage of their memory properties and high cytokine-producing capacities (18). T lymphocytes are categorized into a variety of T helper (Th) subgroups, including Th1, Th2, Th17, and regulatory T cells (Treg), showing anti-inflammatory or pro-inflammatory properties (19) among these subgroups. Th17 cells have protective roles in controlling mucosal infections while presenting destructive functions in autoimmune and chronic inflammatory diseases (20, 21). Th17 cells further acquire phenotypic instability and transforming capacity from one cell to another, explaining their dual roles in inflammatory processes (22). Th17 cells produce a wide range of cytokine profiles, including IL-17, IL-21, IL-23, IL-22, IL-26, IL-6, IL-1βTGFβ, TNFα and GM-CSF of which IL-17 is pivotal for their pro-inflammatory activation (23–25). As in the case of the other T cells, Th17 cells require antigen presentation for activation. Dendritic cells (DC) located at mucosal surfaces or in circulation are critical for Th17 cell function (26, 27). It is unknown how DC-induced Th17 cell activity is impacted during the resolution of the inflammatory process, which is an essential step for the homeostatic restoration.

In this study, we hypothesized that as a pro-resolution mediator, RvE1 will suppress Th17 differentiation, and this will be mediated through the DC-activity. To test this hypothesis, we analyzed the impact of RvE1 on several stages of Th17 activation, including Th17 polarization and DC-induced naïve T cell activation.



Materials and Methods


Reagents

CD11c Microbeads UltraPure kit, CD4+ T cell isolation kit, T cell medium (TexMACs), TGFβ recombinant protein and anti-chemR23 (APC) were purchased from MACS Miltenyi Biotec. Purified anti-mouse CD3 and CD28, recombinant mouse IL-6 (carrier-free), monoclonal anti-mouse antibodies; CD4 (APC), CD25 (FITC), CCR6 (PE-Cy7), FoxP3 (Pacific Blue), IL-17 (R-PE), I-Ak MHC class II (PE), CD40 (PE/Cy5), CD86 (FITC) and CD80 (APC) were purchased from Biolegend. RORγt antibody (PerCP-Cy5.5) was purchased from R&D system, ionomycin and PMA were purchased from Sigma Aldrich. Dilutions of antibodies were as follows: RORγt was at 1/100; CD4, IL-17, CD40, and MHC II were at 1.25/100; CD25, CD86, and FoXP3 were at 2/100; CCR6 was at 5/100, and chemR23 was at 10/100. Monensin (1×) was purchased from Thermofisher Scientific. Pam3CSK4 was purchased from InvivoGen. RvE1 was purchased from Cayman Chemicals; RvE1 was stored in -80°C and immediately before use diluted in ethanol for the final concentration. IL-2 LUMINEX kit was purchased from Millipore Sigma. AYOXXA multiplex analysis kit was purchased from AYOXXA (Cologne, Germany).



Animals

Male and female FVB, BALB/CBYJ type mice, were purchased from Jackson Laboratories and Charles River Laboratories. All animals were housed under standard pathogen-free conditions and kept feeding at the Forsyth Institute Animal Facility, Cambridge, MA. Six to ten-week-old mice were used in the experiments. The protocols were approved by the Forsyth Institute’s Institutional Animal Care and Use Committee (IACUC).



Cell Purification and Sorting

Wild type mice without any genetic differences were sacrificed, and their spleen was excised. Spleen specimens were ground in sterile PBS with ACK lysis buffer (NH4Cl, Na2EDTA, KHCO3, ph 7.4) to eliminate red blood cells and filtered using 70 µm and 40 µm nylon mesh filters to achieve purity of splenocytes. Splenocytes were then passed through immune-magnetic depletion for specific cell type isolation. CD11c+ dendritic cells were isolated by CD11c MicroBeads UltraPure kit by positive selection through a midiMACS separator. CD4+ T cells were isolated by CD4+ T cell isolation kit (including monoclonal antibodies against CD8a, CD11b, CD11c, CD19, CD45R (B220), CD49b (DX5), CD105, Anti-MHC Class II, Ter-119, and TCRγ/δ) by negative selection through midiMACS separator. CD4+ T cells and CD11c+ dendritic cells had purity over 95%, confirmed by flow cytometry.



Th17 Polarization

To identify the impact of RvE1 on T cell activation, we generated three different groups; 1) Unstimulated T cells, 2) T cell activation group, 3) RvE1 treatment group. 105 CD4+ T cells were incubated in 200 µl final T cell medium (TeXMACS) with 10% FBS and 1% Penicillin-Streptomycin in triplicate for 5 days. For T cell activation, U-bottom 96-well plates were covered with 30 µl of anti-CD3(10 µg/ml) in 200 µl total volume with sterile PBS. After 4 hours incubation period at 37°C, plates were washed with 200 µl sterile PBS twice, and 1.5 µg/ml anti-CD28-alone was added to the medium for the next days. For RvE1 treatment; additionally, 10 nM RvE1 was added to the assigned groups on day 0 and 3. To evaluate the effect of RvE1 on Th17 polarization, we tested the following experimental groups: 1) Unstimulated T cells, 2) Th17 cell polarization group, 3) 10 nM RvE1 treatment group. Highly purified naïve CD4+ T cells were polarized into Th17 cells as described (28). Briefly, 105 CD4+ T cells were incubated in 200 µl final T cell medium (TeXMACS) with 10% FBS and 1% Penicillin-Streptomycin in triplicate for each condition. TeXMACS is a serum-free cell culture medium without animal-derived components and contains pre-selected human serum albumin, stable glutamine, and phenol red. It provides enhanced T cell viability, consistency, and growth (29). In polarization and RvE1 treatment groups, U-bottom 96-well plates were covered with 30 µl of anti-CD3(10 µg/ml) in 200 µl total volume with sterile PBS. After 4 hours incubation period at 37°C, plates were washed with 200 µl sterile PBS twice. For the Th17 polarization group, a mixture of 20 ng/ml IL-6, 5 ng/ml TGFβ and 1.5 µg/ml anti-CD28 were prepared, and 100 µl of this mix were added to each well. For the RvE1 treatment group, in addition to the Th17 polarization mix, 10 nM RvE1 was added on day 0 and 3. All cells were incubated at 37°C for five days. Cells for FACS analysis and supernatants for Multiplex analysis were collected on day 5.



Th17 Stimulation by DC

To determine the ability of DCs to stimulate naïve CD4+ T cells into Th17 cells and evaluate the impact of RvE1, we co-cultured naive CD4+ T cells (50,000/200 µl) with CD11c+ DC (1000/200 µl) in U-bottom 96-well plates in 200 μl RPMI containing 10% FBS and 1% Penicillin-Streptomycin. Recent publications show that toll-like receptor (TLR) signaling regulated by DCs was sufficient for T helper cell stimulation and Th17 differentiation (30, 31); Pam3CSK4 is a TLR activator necessary for Th17 polarization (32, 33). Thus, Pam3CSK4 (100 ng) was used to stimulate cells. Six experimental groups were tested: 1) Unstimulated CD4+ T cells 2) CD4+ T cells+ Pam3CSK4 3) DCs+CD4+ T cells 4) DCs+CD4+ T cells+ RvE1 5) DCs+CD4+ T cells+ Pam3CSK4 6) DCs+ CD4+ T cells+ Pam3CSK4+ RvE1. All cells were incubated at 37°C for 5 days. First, cells were treated with 10 nM RvE1 for 24 hours and then stimulated with 100 ng Pam3CSK4. Another dose of RvE1 was applied to the cells on day 3. Cells and supernatants were collected for FACS analysis and Multiplex analysis on day 5.



DC Maturation

CD11c+ DCs were stimulated with Pam3CSK4 in the presence or absence of RvE1 to evaluate its impact on the activation of DC. 2x105 cells were incubated in 48-well plates in 500 μl RPMI containing 10% FBS and 1% Penicillin-Streptomycin at 37°C for three days. First cells were treated with 10 nM RvE1 for 24 hours, and then 100 ng Pam3CSK4 was added. An additional dose of RvE1 was applied on day 2. Cells-alone or treated only with RvE1 were used as control. All cells were collected for FACS analysis on day 3.



Expression of Surface Receptors and Antigens on Th Cells and DCs

Cell viabilities were checked by trypan blue before analyzing surface receptor expressions at the end of the experiments. CD4, CD25, CCR6, chemR23, FoxP3, RORγt and IL-17 expressions on T cells were measured on day 5. T cells in triplicate were pooled in 24-well culture plates in 1 ml final volume for each condition. PMA (phorbol myristate acetate) (50 ng/ml), ionomycin (1µM) and monensin (1×) were added to each well for 6 hours at 37°C. CD4, CD25, and CCR6 antibodies were added to the cells for 30 minutes on ice. After washing, cells were fixed with 4% paraformaldehyde for 10 minutes at room temperature. Then, 0.1% Triton for permeabilization and 0.5% BSA for blocking was applied for 10 minutes at room temperature and on ice, respectively. Antibody cocktail containing FoxP3, RORγt, and IL-17 were added for intracellular staining, and FACS analysis was performed. CD80, CD86, CD40, MHC II expressions on DC were measured on day 3; antibody cocktail was added to cells for 30 minutes on ice. Then, 4% paraformaldehyde, 0.5% BSA, and 0.1% Triton was applied as described above before performing FACS analysis. For all the experiments, the cell population was selected in the FSC/SSC plot according to their expected cell size and granularity. Singlets were gated to eliminate doublets and then proceeded to the individual analysis of the markers. All analyses were made by Attune NXT Flow Cytometer Software.



Multiplex Analysis

To determine the cytokine release, IL-2, IL-17A, IL-17F, IL-21, CCL20, IL-6, and TGFβ were measured. IL-2 assay was performed according to the manufacturer’s instructions (Millipore) and assayed on Luminex (BioRad). The other cytokines were measured by AYOXXA multiplexing, as described by the manufacturer.



Statistical Analyses

ANOVA was used for statistical analyses. Tukey’s posthoc analysis was used for multiple comparisons. Differences were considered statistically significant when p was less than 0.05.




Results

To test the impact of RvE1 on T cell activation, naive CD4+ T cells obtained from the spleen were activated with anti-CD3 and soluble anti-CD28 in the presence or absence of RvE1. PMA and ionomycin were added for 6 hours on day five, and FACS analysis was performed. RvE1 did not change CD4+ T cell expressions; the frequency of CD4+ T cells was high without any noticeable difference between groups. Meanwhile, CD25+ T cells in response to RvE1 were decreased significantly (Figure 1). There was no statistical change in the viability of cells due to stimulation or RvE1 treatment.




Figure 1 | RvE1 suppresses T cell activation by decreasing CD25+ cells. (A) There is an example of gating strategies (A) shows representative flow cytometric data and (B) shows proportion of CD4+ cells and CD25+ cells in CD4+ gate in unstimulated T cells, activated T cells and RvE1 treatment groups Data showed are ± sem for six independent experiments. *p < 0.05.




RvE1 Suppresses Th17 Proliferation Under Polarizing Conditions

Splenic CD4+ T cells were polarized into Th17 cells under specific polarizing conditions (CD3/CD28 activation and IL6/TGFβ stimulation). RvE1 was applied baseline and on day 3. Cells were cultured for five days, and data was analyzed (Figure 2A). CD4+ T cell percentage was similar in all experimental groups (Figure 2B). To determine the impact of RvE1 on Th17 stimulation from naive CD4+ T cells, we analyzed RORγt and IL-17 expressions. Th17 polarizing increased the expression of RORγt and IL-17; RvE1 prevented the impact of polarization and significantly decreased IL-17+ cells. Simultaneously, there was a decrease in RORγt+ cells in response to RvE1, the difference was not statistically significant. We also analyzed the cc chemokine receptor 6 (CCR6) and its ligand CCL20 to measure the chemotactic migration of Th17 cells. The highest CCR6 expression was observed in unstimulated cells, and RvE1 decreased these levels significantly. RvE1 resulted in a significant decrease in CD25 expression by the Th cells. CD25 expression was observed in unstimulated groups and reached a peak level after the polarization. RvE1 prevented the expression of these receptors. To analyze the impact of RvE1, we then gated CD4+CD25+ cells and analyzed IL-17 and RORγt expressions. RvE1 decreased the frequency of CD4+CD25+ cells, but in contrast with its effect gated on only CD4+ cells, there was an increasing trend on IL-17+ and RORγt+ cells in response to RvE1 with no statistical significance (Figure 2C).




Figure 2 | RvE1 prevents Th17 differentiation by inhibiting IL-17 expression and T cell activation by decreasing CD25 expression. RvE1 regulates the migration of Th17 cells by decreasing CCR6 expression. (A) Experimental design protocol. Naïve CD4+ T cells were stimulated to Th17 cells under Th17 polarizing conditions. T cells were cultured alone for control groups. For the Th17 stimulation group, ab-CD3/CD28 and IL-6/TGFβ was applied, and for the RvE1 treatment group, besides these polarizing conditions 10 nM RvE1 was used baseline and on day 3. All cells were incubated for five days at 37°C. Cells were induced with PMA/ionomycin and monensin for 6 hours on day five and analyzed by flow cytometry. (B) Representative flow cytometric data (above) and proportion (below) of CCR6+ cells, CD4+ cells and CD25+, IL-17+ and RORγt+ cells in CD4+ gate in unstimulated T cells, Th17-polarized cells and RvE1 treatment groups. (C) shows flow cytometric data (left) of CD4+CD25+ cells, IL-17+ and RORγt+ cells gated in CD4+CD25+ cells and proportion (right) of IL-17+ and RORγt+ cells gated in CD4+CD25+ in unstimulated T cells, Th17-polarized cells and RvE1 treatment groups. Results are ± sem for six independent experiments *p < 0.05, **p < 0.01, ***p < 0.001.



We then measured IL-17A, IL-17F, IL-21, and IL-10 content in supernatants (Figure 3). The highest cytokine secretion was observed by CD4 polarized Th17 cells; levels of IL-17A, IL-17F, IL-21, and IL-10 were limited in unstimulated groups. There was a substantial increase in their secretion levels after polarization. RvE1 led to a significant decrease in IL-17A. IL-17F decline was also noteworthy, while the change was not statistically significant. IL-10 and IL-21 generation by the Th17 cells significantly decreased in response to RvE1. Consistent with the CCR6 expression, RvE1 reduced the CCL20 secretion to the levels of the unstimulated group. We also analyzed the levels of secreted IL-2, which, in line with its receptor (CD25) activation, showed a significant decrease after RvE1 treatment.




Figure 3 | RvE1 suppresses cytokine secretion from Th17 cells. IL-17A, IL-17F, CCL20, IL-21, IL-10 and IL-2 secretions from unstimulated T cells, Th17-polarized cells and RvE1 treatment groups were analyzed. IL-17A, IL-17F, CCL20, IL-21 and IL-10 were analyzed by AYOXXA and IL-2 was analyzed by Luminex. Results are ± sem for six independent experiments, *p < 0.05.





Effect of RvE1 on DC-Stimulated Th17 Proliferation

We analyzed the impact of RvE1 when naive CD4+ T cells were stimulated by DCs (Figures 4 and 5). As the optimal IL-17 production by the Th17 cells was reported in the presence of Pam3CSK4 in co-culture experiments (34), we incubated CD11c+ DCs with naïve CD4+ T cells (1000 DC/50000 T cells in 200 µl total medium) in the presence of Pam3CSK4 (100 ng) with or without RvE1 (10 nM) for five days. RvE1 was applied to the cells for 24 hours, and then Pam3CSK4 was added (Figure 4A). Before performing the FACS analysis, PMA, ionomycin, and monensin were added for 6 hours. The percentage of CD4+ T cells was similar in each group (Figure 4B). To evaluate the impact of RvE1 on Th17 stimulation, we analyzed RORγt and IL-17 expressions. Pam3CSK4 stimulation significantly increased RORγt+ cells; RvE1 application did not cause any further change in these levels, same as its effect on IL-17+ cells. We then analyzed IL-17A secretion from Th17 cells. Pam3CSK4 stimulation increased IL-17A levels, which were decreased in response to RvE1, while the changes were not statistically significant (Figure 5B). Pam3CSK4 stimulation and RvE1 treatment increased the CCR6 expression (Figure 4B) in contrast with its ligand-CCL20 that decreased after RvE1 treatment (Figure 5B); the changes due to RvE1 was not statistically significant (Figures 4B and 5C). We also stimulated T cells alone with Pam3CSK4 and measured RORγt+ and IL-17+ cells. Pam3CSK4 stimulated RORγt+, IL-17+ cells expressed by T cells independently from DCs (data not shown) similarly suggesting a toll-like receptor signaling on T cells that may promote T helper cell differentiation independent from antigen-presenting cells (33, 34). In a similar pattern, Pam3CSK4 stimulation significantly increased CD25 expression but differing from CD4-polarized Th17 cells applying RvE1 did not affect these levels (Figure 4B). same as its effects on IL-2 secretion. IL-2 secretions by T cells co-cultured with DCs were at similar levels independent from Pam3CSK4 stimulation or RvE1 treatment (Figure 4C). We then gated CD4+CD25+ T cells; similar to CD25 expressions, CD4+CD25+ cells slightly increased in response to RvE1. A decreasing trend was observed on IL-17 and RORγt expressions by CD4+CD25+ T cells (Figure 5A).




Figure 4 | (A) Experimental design protocol. CD4+ T cells were co-cultured with dendritic cells (1000 DC/50000 T cell) in the presence or absence of PAM3CSK4 (100 ng) and RvE1 (10 nM). RvE1 was applied baseline and on day 3; PAM3CSK4 was applied on day 1. All cells were incubated at 37°C for 5 days (B) Representative flow cytometric data (above) and proportion (below) of CCR6+ cells, CD4+ cells and CD25+, IL-17+, RORγt+ cells in CD4+ gate in T cells+ DCs, T cells+DCs+RvE1, T cells+ DCs+ PAM3CSK4 and T cells+ DCs+ PAM3CSK4+ RvE1. Results are ± sem for four independent experiments, *p < 0.05.






Figure 5 | (A) shows flow cytometric data (above) of CD4+CD25+ cells, IL-17+ and RORγt+ cells gated in CD4+CD25+ cells and proportion (below) of IL-17+ and RORγt+ cells gated in CD4+CD25+ cells T cells+ DCs, T cells+DCs+RvE1, T cells+ DCs+ PAM3CSK4 and T cells+ DCs+ PAM3CSK4+ RvE1. (B) shows IL-17A, CCL20 and IL-2 secretions by Th17 cells. CCL20 and IL-17A were analyzed by AYOXXA and IL-2 was analyzed by LUMINEX. Results are ± sem for four independent experiments.





ChemR23/ERV1 Receptor Is Expressed on DCs and Th17 Cells

Figure 6 shows the expression of ChemR23/ERV1 (receptor for the RvE1) on DCs and T cells. ChemR23 expression was previously reported on DCs and lymphocytes (35). In line with previous studies, both T cells and DCs expressed substantial levels of receptors for SPMs in unstimulated/stimulated conditions (36, 37). Th17-polarized cells expressed more receptors compared with Th0 (CD3/CD28 activated T cells). In a similar pattern, Pam3CSK4 stimulated the expression of chemR23 on both T cells and DCs. (Figure 6). The overall changes, however, were not statistically significant among groups.




Figure 6 | chemR23/ERV1 is expressed on T cells+ and DCs. Representative flow cytometric data (above) and proportion (below) of cells showing chemR23 expression on Th0 cells (CD4+ T cells + ab-CD3/CD28), Th17 cells (CD4+ T cells+ ab-CD3/CD28+ TGFβ/IL-6), T cells-DCs coculture, T cells-DCs co-culture with PAM3CSK4 stimulation, DCs and DCs with PAM3CSK4 stimulation. Results shown are ± sem for three independent experiments.





Effect of RvE1 on FoXP3 Levels

FoXP3 is the transcription factor necessary for differentiation of regulatory T cells (Treg), which are crucial to prevent autoimmune disorders and the extent of inflammation (38) with suppressive functions on Th17 cells (39). Figure 7 demonstrates FoXP3 expression on DC-stimulated T helper cells. There was a limited FoXP3 expression on T cells co-cultured with DCs; this was significantly increased with Pam3CSK4 stimulation where RvE1 did not further change the percentage of FoXP3+ cells (Figure 7A). We also measured FoXP3 expression in CD4-polarized Th17 cells; however, very low expressions were detected as expected (data not shown).




Figure 7 | (A) shows representative flow cytometric data (above) and proportion (below) of FoXP3+ cells in CD4+ gate in T cells+ DCs, T cells+DCs+RvE1, T cells+ DCs+ PAM3CSK4 and T cells+ DCs+ PAM3CSK4+ RvE1. Naive CD4+ T cells were cocultured with dendritic cells and stimulated by PAM3CSK4, RvE1 treatment was applied baseline and on day 3 to the assigned groups. Cells were incubated at 37°C for five days, and on day 5. PMA/ionomycin and monensin were applied to the cells for 6 hours before performing FACS analysis. (B) CD11c+ dendritic cells (2x10^5 cells/500 𝓂l) were treated with 10 nM RvE1 for 24 hours and then induced with 100 ng PAM3CSK4 for 48 hours. One more dose of RvE1 was applied on day 2. (B) shows secreted cytokine levels by dendritic cells; Supernatants were collected on day 3; IL-6 and TGFβ were analyzed by AYOXXA and IL-2 by LUMINEX. Results shown are means ± sem for at least four independent experiments *p < 0.05, **p < 0.01.





RvE1 Suppresses the Activation of DCs

Our results showed the effect of RvE1 on Th17 polarization either directly by specific Th17 proliferative reagents or by DC stimulation. Thus, we measured the effect of RvE1 on the maturation and activation of DCs. DCs were stimulated with Pam3CSK4 (100 ng) with or without RvE1 (10 nM) for three days and analyzed (Figure 7B). CD80/86, CD40, and MHC II expressions were analyzed by flow cytometry to measure the DC maturation and the effect of RvE1. Although expression of CD40, CD80, and MHC II increased after PAM3CSK4 stimulation, reduction by the RvE1 was not significant (Supplementary Figure 1). We then examined IL-6, IL-2, and TGFβ content secreted by DCs; secretion of these cytokines was limited in DCs; after stimulation with Pam3CSK4, there was a substantial and significant increase in IL-6 and IL-2 levels, which RvE1 significantly reduced. TGFβ levels reached peak levels after RvE1 treatment in T cell-DCs groups stimulated with Pam3CSK4 (Figure 7B).




Discussion

Since the discovery of RvE1 in exudates from murine dorsal pouches treated with aspirin and EPA (40), resolvins and other SPMs have been extensively used as mediators of resolution in chronic inflammatory diseases. Many of these studies focused on the cellular and molecular mechanisms of innate immunity. We tested the hypothesis that the RvE1 will restore homeostatic balance and inflammation by targeting the Th17 activation, a critical step in the chronicity of inflammation. We used the splenocyte-derived CD4+ T cells and CD11c+ DCs (41–45) and minimized inter-individual variations. We applied the RvE1 at baseline and day 3 since supplementary doses were necessary to show its impact. Administering the other day would be another way to test the effect (37), but as Th17 polarization is achieved either on day 3 or 5 (28); we decided to repeat the application on day 3 when we added a fresh medium to the cell culture and possibly providing a new model for future research. We used three different doses of RvE1 (1 nM, 10 nM, and 100 nM) and analyzed Th17 polarization from naive CD4+ T cells. These experiments were used to optimize the RvE1 dose in this study. The most efficient results were achieved by 10 nM RvE1; the effects of 1 and 100 nM doses were similar to 10 nM. None of the doses had any significant impact on the viability of cells. Therefore, we chose to use the 10 nM RvE1 treatment for the rest of the assays, including the DC-mediated Th17 proliferation and DC maturation. We only checked the viability of cells under the microscope and during FACS analysis. This is a limitation of our study; however, based on the flow dot plots in the figures, we can interpret that the viability of our cells was high.

Receptor-mediated production of cytokines is critical for Th17 function. RORγt receptor expression is necessary for effector Th17 cells and an efficient cytokine production such as IL-17 (23–25, 44–48). In addition to the IL-17, IL-21 is generated by T cells in the inflammatory milieu and provides an alternative pathway for pathogenic Th17 differentiation (49). In our study, RvE1 prevented IL-17 expression and IL-17A secretion by Th17 cells, consistent with the findings of RvD1, RvD2 and maresin (37), suggesting that the SPMs may use common intracellular and post-receptor signaling pathways regulating the Th17 function. However, these data contrasted with the findings that another SPM, LTB4, increases IL-17 secretion and RORγt expression suggesting a promoter effect on Th17 cells (50). Our data also showed a substantial increase in IL-21 levels when Th17 cells were polarized, where RvE1 completely prevented this increase and restored the IL-21 secretion. Meanwhile, IL-10, another critical anti-inflammatory cytokine (51), was decreased in response to RvE1. Currently, there is no consensus on the impact of resolvins on IL-10 secretion. While some studies suggested that resolvins increased IL-10 secretion (13, 37, 52), others reported an opposite effect (53). This could be due to a complex interplay between the pro-inflammatory and anti-inflammatory cytokine production by the Th17 cells; It is known that IL-1β increases IL-17 production while inhibiting IL-10 secretion (54). In the absence of an inflammatory milieu, however, the resolution phase-associated cytokines of the inflammation may be similarly reduced as the pro-inflammatory cytokines as a function of the non-pathogenic Th17 cell population, which secrete IL-10 cytokines (55, 56).

The effect of RvE1 on Th17 cells is not only limited to their proliferation capacity but also inhibition of their attractivity with decreased CCR6 receptor expression and CCL20 cytokine secretion. CCR6+ cell populations together with CXCR3+ cells produce both IL-17 and IFN-γ. Therefore, CCR6+ cells are also Th17/Th1 cells (57). Meanwhile Treg cells express CCR6 receptor but not CCL20 (58, 59). The highest CCR6 expression with almost no CCL20 secretion observed in unstimulated T cells may suggest that different T cell groups can express CCR6 but not CCL20. Our data suggested that RvE1 restore the chemoattraction of Th17 cells by targeting both CCR6 and CCL20 levels under Th17 polarizing conditions. In a recent in vivo study, RvE1 was shown to decrease the number of DCs and Th17 cells in the inflamed area without impacting the CCL20 levels (60), suggesting additional compensatory mechanisms regulating the CCR6 activation in tissues.

DC-T cell interaction is a highly organized process starting with the engagement of Toll-like receptor (TLR) and peptide-loaded major histocompatibility complex (MHC), following with the activation of co-stimulatory molecules CD40, CD80/CD86, and ending up with cytokine secretion (61). In DC-mediated Th17 polarization, the inhibitory impact of the RvE1 on RORγt, IL-17, and CD25 expression and cytokine secretion were not as effective as it was under Th17-polarizing conditions suggesting that DCs decrease the responsiveness of T cells against RvE1. The role of DCs in this system is not clear; our data revealed that Pam3CSK4 stimulation increased the IL-6 and IL-2 secretion by the DC, and RvE1 reversed this effect while increasing the TGFβ levels. A similar mechanism for the inhibition of T cell activation through blocking monocyte activation in health but not in chronic inflammatory conditions has been linked to Annexin A1, which acts as endogenous anti-inflammatory mediator (62). In parallel with our findings, other researchers have demonstrated that in response to RvE1, DC maturation was suppressed, IL-12 and TNFα generation was decreased and DCs generated from precursor molecules in the presence of RvE1 secreted less IL-17 from pre-activated T cells (52). In an in vivo sepsis study, RvD1 decreased IL-6, TNFα, IL-1β and IFNγ levels significantly (53). Overall, the DC-mediated T cell response to the SPMs seems to be pathology-specific and may differentially involve the activity of other cell types including the DCs in health and disease.

IL-2 production by CD4+ T helper cells is increased following antigen activation; CD25 expression increased during T cell activation increases the IL-2 receptor’s affinity for its ligands (63–65). Our work demonstrated that the stimulation of naïve CD4+ T cells with either Pam3CSK4 in co-cultures or Th17 polarizing reagents resulted in the most profound increase in CD25 expression; RvE1 significantly decreased this under Th17 polarizing conditions. This finding was in parallel with a significantly reduced IL-2 cytokine secretion by T cells under the same conditions by the RvE1, which may suggest that RvE1 suppressed IL-2 secretion leading to a decrease of CD25 expression (66). CD4+CD25+ T cells are known as “natural suppressor cells,” showing anergic, suppressing functions by inhibiting transcription of IL-2 via TCR, Exposing to antigen stimulation or polyclonal T cell receptor stimulation activates these cells (CD4+CD25+) to mediate their suppressive functions (67, 68), which may be the reason for increased CD4+CD25+ T cell populations under Th17 polarizing conditions and DC-mediated Th17 polarization. Our data showed that RvE1 does not have effect on CD4+CD25+ cells or on CD4+CD25+IL-17+ and CD4+CD25+RORγt+ cells. While further studies are required to elucidate the effector functions of these cells during the resolution phase of the inflammation, previous reports on CD25 expression by Th17 cells (CD25+CCR6+) showed anti-inflammatory properties via high CTLA1 expression and suppress the activity of CD8+ T cells and IFNγ production (69).

CD4+CD25+ T cells express FoxP3 to become regulatory T (Treg) cells and reach higher phenotypic stability; FoxP3 is a necessary transcription factor for Treg (CD4+CD25+FOXP3+) cells to maintain immunosuppressive and anti-inflammatory functions (70). Low levels of FoXP3 expression were detected under Th17 polarizing conditions as expected; however, FoXP3 was significantly increased in DC-mediated Th17 polarization showing that Treg cell populations also increased following Pam3CSK4 stimulation. Although it was not significant, there was a tendency towards decreasing the FoXP3 expression due to RvE1. It was previously reported that in the resolution of inflammation mediated by a non-SPM agonist-Annexin, there was no effect on Treg cell populations (CD4+FoXP3+) (62). While our data is not sufficient to conclusively predict the effect of RvE1 on Treg cells, as the IL-2 is critical for the generation, survival, and function of Treg cells (71), decreased CD25 and IL-2 levels by RvE1 may lead to lower FoXP3 expression. Collectively, these data suggested that RvE1 may inhibit Treg differentiation in addition to Th17 differentiation. SPMs may be expected to increase FoxP3 and Treg populations in a targeted polarization (37). Recently animal models demonstrated the regulatory function of Maresin 1 on Treg/Th17 balance through transcription factors (72, 73) suggesting a role for the inflammatory milieu in which Th17 and Treg cells work counterregulatory of each other’s function. Our data are in line with findings suggesting that IL-2-mediated mechanism by Treg cells may lead to an increase of both Th17 and Treg cells at the same time by preventing inhibition capacity of IL-2 over Th17 cells (74). In this scenario, a reduced IL-2 level may be preventing the IL-2-mediated suppression of RORγt expression and Th17 differentiation (75), suggesting that the IL-2 is an essential cytokine in RvE1-dependent regulation of T cell class switch.

Our data demonstrated that the RvE1 blocked the CD25, IL-17, and CCR6 expression; IL-17, IL-21, IL-10, and IL-2 production by Th17 cells. RvE1 prevented IL-6 and IL-2 production and stimulated TGFβ production by DC. The data present two critical outcomes: 1) SPMs regulate the chronicity of inflammation by reversing Th17 activation, and 2) Antigen-presenting DCs that are involved in Th17 activation could not be a therapeutic target in preventing the lymphocytic involvement of acquired immune responses during inflammation as they decrease the responsiveness of T cells (Figure 8).




Figure 8 | Immature dendritic cells (iDC) located at mucosal surfaces or in circulation are the antigen-presenting cells coming across with the antigen initially. After taking up the antigen, they undergo maturation and migrate to lymphoid tissues where naive T cells are present. DC-T cell cross-talk is a three-step process involving TCR-MHC binding and resulting in cytokine production. T cells differentiate into T helper subgroups for effector functions depending on the cytokines produced by DCs and T cells. IL-6 and TGFβ induce Th17 proliferation while TGFβ-alone induces Treg proliferation. RvE1 impacts this process at two different levels; 1) DC maturation, and 2) Th17 proliferation from naive T cells. RvE1 receptor chemR23/ERV1 is expressed both on DCs and T cells. RvE1 prevents DC maturation by regulating cytokine production from DCs, and Th17 differentiation from naive T cells, Th17 chemoattractiom and T cell activation.





Conclusion

Immune response orchestrated by T cells is a highly complex process due to the engagement of different molecules. Our results showed that RvE1 inhibited T helper cell activation by decreasing CD25 expression while suppressing the Th17 proliferation. A parallel decrease in IL-6 and an increase in TGFβ secreted by DCs with a critical role of IL-2 suggested that the RvE1-mediated resolution of Th17 cell activity.
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Supplementary Figure 1 | CD11c+ dendritic cells (2x10^5 cells/500 𝓂l) were treated with 10 nM RvE1 for 24 hours and then induced with 100 ng PAM3CSK4 for 48 hours. One more dose of RvE1 was applied on day 2. Cells were collected for analysis on day 3; antibody cocktail was added to cells for 30 minutes on ice. Then, 4% paraformaldehyde, 0.5% BSA, and 0.1% Triton was applied as described before performing FACS analysis. Graphs above show the percentage of CD86/80, CD40 and MHC II expression on DCs. results shown are means ± sem for three independent experiments *p < 0.05.



References

1. Serhan, CN, Brain, SD, Buckley, CD, Gilroy, DW, Haslett, C, O’Neill, LAJ, et al. Resolution of inflammation: state of the art, definitions and terms. FASEB J (2007) 21(2):325–32. doi: 10.1096/fj.06-7227rev

2. Serhan, CN. Novel pro-resolving lipid mediator in inflammation are leads for Resolution Physiology. Nature (2014) 510(7503):92–101. doi: 10.1038/nature13479

3. Oh, SF, Pillai, PS, Recchiuti, A, Yang, R, and Serhan, CN. Pro-resolving actions and stereoselective biosynthesis of 18 E-series resolvins in human leukocytes and murine inflammation. J Clin Invest (2011) 121:569–81. doi: 10.1172/JCI42545

4. Serhan, CN, and Savill, J. Resolution of inflammation: The beginning programs the end. Nat Immunol (2005) 6(12):1191–7. doi: 10.1038/ni1276

5. Yang, R, Chiang, N, Oh, SF, and Serhan, CN. Metabolomics-lipidomics of eicosanoids and docosanoids generated by phagocytosis. Curr Protoc Immunol (2011) 95:1–26. doi: 10.1002/0471142735.im1426s95

6. Bannenberg, G, and Serhan, CN. Specialized pro-resolving lipid mediators in the inflammatory response: An update. Biochim Biophys Acta - Mol Cell Biol Lipids (2010) 1801(12):1260–73. doi: 10.1016/j.bbalip.2010.08.002

7. Hsiao, HM, Thatcher, TH, Colas, RA, Serhan, CN, Phipps, RP, and Sime, PJ. Resolvin D1 reduces emphysema and chronic inflammation. Am J Pathol (2015) 185(12):3189–201. doi: 10.1016/j.ajpath.2015.08.008

8. Chiurchiù, V, Leuti, A, Saracini, S, Fontana, D, Finamore, P, Giua, R, et al. Resolution of inflammation is altered in chronic heart failure and entails a dysfunctional responsiveness of T lymphocytes. FASEB J (2018) 33(1):909–16. doi: 10.1096/fj.201801017R

9. Yates, CM, Calder, PC, and Ed Rainger, G. Pharmacology and therapeutics of omega-3 polyunsaturated fatty acids in chronic inflammatory disease. Pharmacol Ther (2014) 141(3):272–82. doi: 10.1016/j.pharmthera.2013.10.010

10. Hasturk, H, Kantarci, A, Ohira, T, Arita, M, Ebrahimi, N, Chiang, N, et al. RvE1 protects from local inflammation and osteoclast- mediated bone destruction in periodontitis. FASEB J (2006) 20(2):401–3. doi: 10.1096/fj.05-4724fje

11. Hasturk, H, Kantarci, A, Goguet-Surmenian, E, Blackwood, A, Andry, C, Serhan, CN, et al. Resolvin E1 Regulates Inflammation at the Cellular and Tissue Level and Restores Tissue Homeostasis In Vivo. J Immunol (2007) 179(10):7021–9. doi: 10.4049/jimmunol.179.10.7021

12. Herrera, BS, Ohira, T, Gao, L, Omori, K, Yang, R, Zhu, M, et al. An endogenous regulator of inflammation, resolvin E1, modulates osteoclast differentiation and bone resorption. Br J Pharmacol (2008) 155(8):1214–23. doi: 10.1038/bjp.2008.367

13. Mizraji, G, Heyman, O, Van Dyke, TE, and Wilensky, A. Resolvin D2 restrains Th1 immunity and prevents alveolar bone loss in murine periodontitis. Front Immunol (2018) 9(APR):1–10. doi: 10.3389/fimmu.2018.00785

14. Herrera, BS, Hasturk, H, Kantarci, A, Freire, MO, Nguyen, O, Kansal, S, et al. Impact of resolvin E1 on murine neutrophil phagocytosis in type 2 diabetes. Infect Immun (2015) 83(2):792–801. doi: 10.1128/IAI.02444-14

15. Bourque, J, and Hawiger, D. Immunomodulatory bonds of the partnership between dendritic cells and T cells. Crit Rev Immunol (2018) 38:379–401. doi: 10.1615/CritRevImmunol.2018026790

16. Nagaya, T, Kawata, K, Kamekura, R, Jitsukawa, S, Kubo, T, Kamei, M, et al. Lipid mediators foster the differentiation of T follicular helper cells. Immunol Lett (2017) 181:51–7. doi: 10.1016/j.imlet.2016.11.006

17. Tager, AM, Bromley, SK, Medoff, BD, Islam, SA, Bercury, SD, Friedrich, EB, et al. Leukotriene B4 receptor BLT1 mediates early effector T cell recruitment. Nat Immunol (2003) 4(10):982–90. doi: 10.1038/ni970

18. Schorer, M, Kuchroo, VK, and Joller, N. Role of co-stimulatory molecules in T helper cell differentiation. Adv Exp Med Biol (1189) 2019):153–77. doi: 10.1007/978-981-32-9717-3_6

19. Annunziato, F, Cosmi, L, Santarlasci, V, Maggi, L, Liotta, F, Mazzinghi, B, et al. Phenotypic and functional features of human Th17 cells. J Exp Med (2007) 204(8):1849–61. doi: 10.1084/jem.20070663

20. Veldhoen, M. Interleukin 17 is a chief orchestrator of immunity. Nat Immunol (2017) 18(6):612–21. doi: 10.1038/ni.3742

21. Khader, SA, Gaffen, SL, and Kolls, JK. Th17 cells at the crossroads of innate and adaptive immunity against infectious diseases at the mucosa. Mucosal Immunol (2009) 2(5):403–11. doi: 10.1038/mi.2009.100

22. Zenobia, C, and Hajishengallis, G. Basic biology and role of interleukin-17 in immunity and inflammation. Periodontol 2000 (2016) 69(1):142–59. doi: 10.1111/prd.12083

23. Miossec, P, and Kolls, JK. Targeting IL-17 and T H 17 cells in chronic inflammation. Nat Rev Drug Discov (2012) 11(10):763–76. doi: 10.1038/nrd3794

24. Korn, T, Bettelli, E, Oukka, M, and Kuchroo, VK. IL-17 and Th17 Cells. Annu Rev Immunol (2009) 27(1):485–517. doi: 10.1146/annurev.immunol.021908.132710

25. Bettelli, E, Korn, T, Oukka, M, and Kuchroo, VK. Induction and effector functions of TH17 cells. Nature (2008) 453(7198):1051–7. doi: 10.1038/nature07036

26. Mellman, I, Steinman, RM, and Haven, N. Dendritic cells; specialized and regulated antigen processing machines. Cell (2001) 106:255–8. doi: 10.1016/S0092-8674(01)00449-4

27. Leal Rojas, IM, Mok, WH, Pearson, FE, Minoda, Y, Kenna, TJ, Barnard, RT, et al. Human blood cD1c+dendritic cells promote Th1 and Th17 effector function in memory cD4+T cells. Front Immunol (2017) 8(AUG):1–11. doi: 10.3389/fimmu.2017.00971

28. Bedoya, SK, Wilson, TD, Collins, EL, Lau, K, and Larkin, J. Isolation and th17 differentiation of naïve CD4 T lymphocytes. J Vis Exp (2013) 79:e50765. doi: 10.3791/50765

29. Bacher, P, Schink, C, Teutschbein, J, Kniemeyer, O, Assenmacher, M, Brakhage, AA, et al. Antigen-Reactive T Cell Enrichment for Direct, High-Resolution Analysis of the Human Naive and Memory Th Cell Repertoire. J Immunol (2013) 190(8):3967–76. doi: 10.4049/jimmunol.1202221

30. Napolitani, G, Rinaldi, A, Bertoni, F, Sallusto, F, and Antonio, L. Selected TLR agonist combinations synergistically trigger a TH1 polarizing program in dendritic cells. Nat Immunol (2005) 6(8):769–76. doi: 10.1038/ni1223

31. Yu, C-F, Peng, W-M, Oldenburg, J, Hoch, J, Bieber, T, Limmer, A, et al. Human Plasmacytoid Dendritic Cells Support Th17 Cell Effector Function in Response to TLR7 Ligation. J Immunol (2010) 184(3):1159–67. doi: 10.4049/jimmunol.0901706

32. Ferreira, TB, Hygino, J, Wing, AC, Kasahara, TM, Sacramento, PM, Camargo, S, et al. Different interleukin-17-secreting Toll-like receptor + T-cell subsets are associated with disease activity in multiple sclerosis. Immunology (2018) 154(2):239–52. doi: 10.1111/imm.12872

33. Reynolds, JM, Pappu, BP, Peng, J, Martinez, GJ, Chung, Y, Ma, L, et al. Toll-like receptor 2 signaling in CD4+ T lymphocytes promotes T helper 17 responses and regulates the pathogenesis of autoimmune disease. Immunity (2011) 32(5):692–702. doi: 10.1016/j.immuni.2010.04.010

34. Ye, J, Wang, Y, Liu, X, Li, L, Opejin, A, Hsueh, EC, et al. TLR7 Signaling Regulates Th17 Cells and Autoimmunity: Novel Potential for Autoimmune Therapy. J Immunol (2017) 199(3):941–54. doi: 10.4049/jimmunol.1601890

35. Serhan, C, Chiang, N, and Van Dyke, T. Resolving inflammation: dual anti-inflammatory and pro-resolution lipid mediators. Nat Rev Immuno (2008) 8(5):349–61. doi: 10.1038/nri2294

36. Hua, J, Jin, Y, Chen, Y, Inomata, T, Lee, HS, Chauhan, SK, et al. The resolvin D1 analogue controls maturation of dendritic cells and suppresses alloimmunity in corneal transplantation. Investig Ophthalmol Vis Sci (2014) 55(9):5944–51. doi: 10.1167/iovs.14-14356

37. Chiurchiu, VA, Leuti, S, Dalli, J, Jacobson, A, Battistini, L, Maccarone, M, et al. Pro-resolving lipid mediators Resolvin D1, Reesolvin D2 and Maresin 1 are critical in modulating T cell responses. Sci Transl Med (2016) 8:353ra111. doi: 10.1126/scitranslmed.aaf7483

38. Josefowicz, SZ, Lu, LF, and Rudensky, AY. Regulatory T cells; mechanisms of differentiation and function. Annu Rev Immunol (2012) 30:531–64. doi: 10.1146/annurev.immunol.25.022106.141623

39. Chaudhry, A, Rudra, D, Treuting, P, Samstein, RM, Kas, A, and Rudensky, AY. CD4+ regulatory T cells control Th17 response in a STAT3-dependent manner. Science (2009) 326(5955):986–91. doi: 10.1126/science.1172702

40. Serhan, CN, Hong, S, Gronert, K, Colgan, SP, Devchand, PR, Mirick, G, et al. Resolvins. J Exp Med (2002) 196(8):1025–37. doi: 10.1084/jem.20020760

41. Lim, TS, Goh, JKH, Mortellaro, A, Lim, CT, Hämmerling, GJ, and Ricciardi-Castagnoli, P. CD80 and CD86 Differentially Regulate Mechanical Interactions of T-Cells with Antigen-Presenting Dendritic Cells and B-Cells. PLoS One (2012) 7(9):1–8. doi: 10.1371/journal.pone.0045185

42. Fujii, S, Liu, K, Smith, C, Bonito, AJ, and Steinman, RM. The Linkage of Innate to Adaptive Immunity via Maturing Dendritic Cells In Vivo Requires CD40 Ligation in Addition to Antigen Presentation and CD80/86 Costimulation. J Exp Med (2004) 199(12):1607–18. doi: 10.1084/jem.20040317

43. Aggarwal, S, Ghilardi, N, Xie, MH, De Sauvage, FJ, and Gurney, AL. Interleukin-23 promotes a distinct CD4 T cell activation state characterized by the production of interleukin-17. J Biol Chem (2003) 278(3):1910–4. doi: 10.1074/jbc.M207577200

44. Ivanov, II, McKenzie, BS, Zhou, L, Tadokoro, CE, Lepelley, A, Lafaille, JJ, et al. The Orphan Nuclear Receptor RORγt Directs the Differentiation Program of Proinflammatory IL-17+T Helper Cells. Cell (2006) 126(6):1121–33. doi: 10.1016/j.cell.2006.07.035

45. He, Z, Wang, F, Zhang, J, Sen, S, Pang, Q, Luo, S, et al. Regulation of Th17 Differentiation by IKKα-Dependent and -Independent Phosphorylation of RORγt. J Immunol (2017) 199(3):955–64. doi: 10.4049/jimmunol.1700457

46. Lubberts, E. IL-17/Th17 targeting: On the road to prevent chronic destructive arthritis? Cytokine (2008) 41(2):84–91. doi: 10.1016/j.cyto.2007.09.014

47. Chung, Y, Chang, SH, Martinez, GJ, Yang, XO, Nurieva, R, Kang, HS, et al. Critical Regulation of Early Th17 Cell Differentiation by Interleukin-1 Signaling. Immunity (2009) 30(4):576–87. doi: 10.1016/j.immuni.2009.02.007

48. Yang, XO, Panopoulos, AD, Nurieva, R, Seon, HC, Wang, D, Watowich, SS, et al. STAT3 regulates cytokine-mediated generation of inflammatory helper T cells. J Biol Chem (2007) 282(13):9358–63. doi: 10.1074/jbc.C600321200

49. Zhou, L, Ivanov, II, Spolski, R, Min, R, Shenderov, K, Egawa, T, et al. IL-6 programs TH-17 cell differentiation by promoting sequential engagement of the IL-21 and IL-23 pathways. Nat Immunol (2007) 8(9):967–74. doi: 10.1038/ni1488

50. Chen, H, Qin, J, Wei, P, Zhang, J, Li, Q, Fu, L, et al. Effects of leukotriene B4 and prostaglandin E2 on the differentiation of murine Foxp3+ T regulatory cells and Th17 cells. Prostaglandins Leukot Essent Fat Acids (2009) 80(4):195–200. doi: 10.1016/j.plefa.2009.01.006

51. Maynard, CL, Harrington, LE, Janowski, KM, Oliver, JR, Zindl, CL, Rudensky, AY, et al. Regulatory T cells expressing interleukin 10 develop from Foxp3+ and Foxp3- precursor cells in the absence of interleukin 10. Nat Immunol (2007) 8(9):931–41. doi: 10.1038/ni1504

52. Vassiliou, EK, Kesler, OM, Tadros, JH, and Ganea, D. Bone Marrow-Derived Dendritic Cells Generated in the Presence of Resolvin E1 Induce Apoptosis of Activated CD4+ T Cells. J Immunol (2008) 181(7):4534–44. doi: 10.4049/jimmunol.181.7.4534

53. Chen, F, Fan, XH, Wu, YP, Zhu, JL, Wang, F, Bo, LL, et al. Resolvin D1 improves survival in experimental sepsis through reducing bacterial load and preventing excessive activation of inflammatory response. Eur J Clin Microbiol Infect Dis (2014) 33(3):457–64. doi: 10.1007/s10096-013-1978-6

54. Zielinski, CE, Mele, F, Aschenbrenner, D, Jarrossay, D, Ronchi, F, Gattorno, M, et al. Pathogen-induced human TH17 cells produce IFN-γ or IL-10 and are regulated by IL-1β. Nature (2012) 484(7395):514–8. doi: 10.1038/nature10957

55. Tang, L, Yang, X, Liang, Y, Xie, H, Dai, Z, and Zheng, G. Transcription factor retinoid-related orphan receptor γt: A promising target for the treatment of psoriasis. Front Immunol (2018) 9:1210. doi: 10.3389/fimmu.2018.01210

56. McGeachy, MJ, Bak-Jensen, KS, Chen, Y, Tato, CM, Blumenschein, W, McClanahan, T, et al. TGF-β and IL-6 drive the production of IL-17 and IL-10 by T cells and restrain TH-17 cell-mediated pathology. Nat Immunol (2007) 8(12):1390–7. doi: 10.1038/ni1539

57. Acosta-Rodriguez, EV, Rivino, L, Geginat, J, Jarrossay, D, Gattorno, M, Lanzavecchia, A, et al. Surface phenotype and antigenic specificity of human interleukin 17-producing T helper memory cells. Nat Immunol (2007) 8(6):639–46. doi: 10.1038/ni1467

58. Yamazaki, T, Yang, XO, Chung, Y, Fukunaga, A, Nurieva, R, Pappu, B, et al. CCR6 regulates the migration of inflammatory and regulatory T cells. J Immunol (2008) 181(12):8391–401. doi: 10.4049/jimmunol.181.12.8391

59. Afzali, B, Mitchell, P, Lechler, RI, John, S, and Lombardi, G. Translational mini-review series on Th17 cells: Induction of interleukin-17 production by regulatory T cells. Clin Exp Immunol (2010) 159(2):120–30. doi: 10.1111/j.1365-2249.2009.04038.x

60. Sawada, Y, Honda, T, Nakamizo, S, Otsuka, A, Ogawa, N, Kobayashi, Y, et al. Resolvin E1 attenuates murine psoriatic dermatitis. Sci Rep (2018) 8(1):1–9. doi: 10.1038/s41598-018-30373-1

61. Hubo, M, Trinschek, B, Kryczanowsky, F, Tuettenberg, A, Steinbrink, K, and Jonuleit, H. Costimulatory molecules on immunogenic versus tolerogenic human dendritic cells. Front Immunol (2013) 4(APR):1–14. doi: 10.3389/fimmu.2013.00082

62. Colamatteo, A, Maggioli, E, Azevedo Loiola, R, Hamid Sheikh, M, Calì, G, Bruzzese, D, et al. Reduced Annexin A1 Expression Associates with Disease Severity and Inflammation in Multiple Sclerosis Patients. J Immunol (2019) 203(7):1753–65. doi: 10.4049/jimmunol.1801683

63. Malek, TR. The Biology of Interleukin-2. Annu Rev Immunol (2008) 26(1):453–79. doi: 10.1146/annurev.immunol.26.021607.090357

64. Boyman, O, and Sprent, J. The role of interleukin-2 during homeostasis and activation of the immune system. Nat Rev Immunol (2012) 12(3):180–90. doi: 10.1038/nri3156

65. Létourneau, S, Krieg, C, Pantaleo, G, and Boyman, O. IL-2- and CD25-dependent immunoregulatory mechanisms in the homeostasis of T-cell subsets. J Allergy Clin Immunol (2009) 123(4):758–62. doi: 10.1016/j.jaci.2009.02.011

66. Ono, Y, Tsuboi, H, Moriyama, M, Asashima, H, Kudo, H, Takahashi, H, et al. RORγt antagonist improves Sjögren’s syndrome-like sialadenitis through downregulation of CD25. Oral Dis (2020) 26(4):766–77. doi: 10.1111/odi.13255

67. Sakaguchi, S, Sakaguchi, N, Shimizu, J, Yamazaki, S, Sakihama, T, Itoh, M, et al. Immunologic tolerance maintained by CD25+ CD4+ regulatory T cells: Their common role in controlling autoimmunity, tumor immunity, and transplantation tolerance. Immunol Rev (2001) 182(7):18–32. doi: 10.1034/j.1600-065X.2001.1820102.x

68. Shevach, EM. CD4+CD25+ suppressor T cells: more questions than answers. Nat Rev Immunol (2002) 2(6):389–400. doi: 10.1038/nri821

69. Lang, C, Wang, J, and Chen, L. CD25-expressing Th17 cells mediate CD8+ T cell suppression in CTLA-4 dependent mechanisms in pancreatic ductal adenocarcinoma. Exp Cell Res (2017) 360(2):384–9. doi: 10.1016/j.yexcr.2017.09.030

70. Kitagawa, Y, and Sakaguchi, S. Molecular control of regulatory T cell development and function. Curr Opin Immunol (2017) 49:64–70. doi: 10.1016/j.coi.2017.10.002

71. Abbas, AK, Trotta E, R, Simeonov, D, Marson, A, and Bluestone, JA. Revisiting IL-2: Biology and therapeutic prospects. Sci Immunol (2018) 3(25):eaat1482. doi: 10.1126/sciimmunol.aat1482

72. Xia, H, Wang, F, Wang, M, Wang, J, Sun, S, Chen, M, et al. Maresin1 ameliorates acute lung injury induced by sepsis through regulating Th17/Treg balance. Life Sci (2020) 254(February):117773. doi: 10.1016/j.lfs.2020.117773

73. Kim, JY, Lim, K, Kim, KH, Kim, JH, Choi, JS, and Shim, SC. N-3 polyunsaturated fatty acids restore Th17 and Treg balance in collagen antibody-induced arthritis. PLoS One (2018) 13(3):1–14. doi: 10.1371/journal.pone.0194331

74. Chen, Y, Haines, CJ, Gutcher, I, Hochweller, K, Blumenschein, WM, McClanahan, T, et al. Foxp3+ regulatory T cells promote T helper 17 cell development in vivo through regulation of interleukin-2. Immunity (2011) 34(3):409–21. doi: 10.1016/j.immuni.2011.02.011

75. Kryczek, I, Wei, S, Vatan, L, Escara-Wilke, J, Szeliga, W, Keller, ET, et al. Cutting Edge: Opposite Effects of IL-1 and IL-2 on the Regulation of IL-17 + T Cell Pool IL-1 Subverts IL-2-Mediated Suppression. J Immunol (2007) 179(3):1423–6. doi: 10.4049/jimmunol.179.3.1423



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.

Copyright © 2021 Oner, Alvarez, Yaghmoor, Stephens, Hasturk, Firatli and Kantarci. 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: 22 March 2021

doi: 10.3389/fimmu.2021.651740

[image: image2]


Adenosine Diphosphate Improves Wound Healing in Diabetic Mice Through P2Y12 Receptor Activation


Paula Alvarenga Borges 1,2†, Ingrid Waclawiak 1†, Janaína Lima Georgii 1†, Vanderlei da Silva Fraga-Junior 3, Janaína Figueiredo Barros 1, Felipe Simões Lemos 1, Thaís Russo-Abrahão 4, Elvira Maria Saraiva 5, Christina M. Takiya 3, Robson Coutinho-Silva 3, Carmen Penido 6,7, Claudia Mermelstein 1, José Roberto Meyer-Fernandes 4, Fábio B. Canto 8, Josiane Sabbadini Neves 1, Paulo A. Melo 1, Claudio Canetti 3‡ and Claudia Farias Benjamim 1,3*‡


1 Institute of Biomedical Sciences, Center of Health Sciences, Federal University of Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil, 2 Fluminense Federal Institute (IFF), Rio de Janeiro, Brazil, 3 Institute of Biophysics Carlos Chagas Filho (IBCCF), Center of Health Sciences, UFRJ, Rio de Janeiro, Brazil, 4 Institute of Medical Biochemistry Leopoldo de Meis, Center of Health Sciences, UFRJ, Rio de Janeiro, Brazil, 5 Institute of Microbiology Paulo de Góes, Center of Health Sciences, UFRJ, Rio de Janeiro, Brazil, 6 Center for Technological Development in Health, Oswaldo Cruz Foundation, Rio de Janeiro, Brazil, 7 Laboratory of Applied Pharmacology, Institute of Drug Technology, Farmanguinhos, Oswaldo Cruz Foundation, Rio de Janeiro, Brazil, 8 Department of Immunobiology, Institute of Biology, Fluminense Federal University (UFF), Niterói, Brazil




Edited by: 
Amiram Ariel, University of Haifa, Israel

Reviewed by: 
Ronald Sluyter, University of Wollongong, Australia
 Edyta Gendaszewska-Darmach, Lodz University of Technology, Poland

*Correspondence: 
Claudia Farias Benjamim
 cfbenjamim@biof.ufrj.br
 cfbenjamim@gmail.com

†These authors have contributed equally to this work and share first authorship

‡These authors have contributed equally to this work and share last authorship

Specialty section: 
 This article was submitted to Inflammation, a section of the journal Frontiers in Immunology


Received: 10 January 2021

Accepted: 01 March 2021

Published: 22 March 2021

Citation:
Borges PA, Waclawiak I, Georgii JL, Fraga-Junior VdS, Barros JF, Lemos FS, Russo-Abrahão T, Saraiva EM, Takiya CM, Coutinho-Silva R, Penido C, Mermelstein C, Meyer-Fernandes JR, Canto FB, Neves JS, Melo PA, Canetti C and Benjamim CF (2021) Adenosine Diphosphate Improves Wound Healing in Diabetic Mice Through P2Y12 Receptor Activation. Front. Immunol. 12:651740. doi: 10.3389/fimmu.2021.651740



Chronic wounds are a public health problem worldwide, especially those related to diabetes. Besides being an enormous burden to patients, it challenges wound care professionals and causes a great financial cost to health system. Considering the absence of effective treatments for chronic wounds, our aim was to better understand the pathophysiology of tissue repair in diabetes in order to find alternative strategies to accelerate wound healing. Nucleotides have been described as extracellular signaling molecules in different inflammatory processes, including tissue repair. Adenosine-5’-diphosphate (ADP) plays important roles in vascular and cellular response and is immediately released after tissue injury, mainly from platelets. However, despite the well described effect on platelet aggregation during inflammation and injury, little is known about the role of ADP on the multiple steps of tissue repair, particularly in skin wounds. Therefore, we used the full-thickness excisional wound model to evaluate the effect of local ADP application in wounds of diabetic mice. ADP accelerated cutaneous wound healing, improved new tissue formation, and increased both collagen deposition and transforming growth factor-β (TGF-β) production in the wound. These effects were mediated by P2Y12 receptor activation since they were inhibited by Clopidogrel (Clop) treatment, a P2Y12 receptor antagonist. Furthermore, P2Y1 receptor antagonist also blocked ADP-induced wound closure until day 7, suggesting its involvement early in repair process. Interestingly, ADP treatment increased the expression of P2Y12 and P2Y1 receptors in the wound. In parallel, ADP reduced reactive oxygen species (ROS) formation and tumor necrosis factor-α (TNF-α) levels, while increased IL-13 levels in the skin. Also, ADP increased the counts of neutrophils, eosinophils, mast cells, and gamma delta (γδ) T cells (Vγ4+ and Vγ5+ cells subtypes of γδ+ T cells), although reduced regulatory T (Tregs) cells in the lesion. In accordance, ADP increased fibroblast proliferation and migration, myofibroblast differentiation, and keratinocyte proliferation. In conclusion, we provide strong evidence that ADP acts as a pro-resolution mediator in diabetes-associated skin wounds and is a promising intervention target for this worldwide problem.
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Introduction

Wound healing is a complex, dynamic and multi-mediated process characterized by a highly regulated cascade of events requiring the interaction of many cell types, including inflammatory and immune cells. Normal healing process occurs over a range of overlapping events: inflammation, granulation tissue formation, and remodeling. Impaired wounds are often associated with pathologic inflammation due to a persistent, incomplete, or uncoordinated healing process (1, 2).

Patients suffer from abnormalities of wound healing worldwide; in particular, under conditions such as senescence, diabetes, ischemia, peripheral vascular disease, and cancer (3, 4). Chronic wounds are reported to affect around 8.2 million patients just in the USA, based on a 2018 retrospective analysis of Medicare beneficiaries; the estimated annual cost for healthcare system to treat wound-related complications is more than US$ 28 billion (5, 6). In Brazil, the most populous country in Latin America, about 40 to 60% of non-traumatic lower limb amputations occur in diabetic patients, whereas, about 85% are related to foot ulcers (7–9).

Among inflammatory mediators, nucleotides play important roles in host defense and tissue repair; however, little is known about their role in wounds (10). The nucleotide adenosine-5’-diphosphate (ADP) plays a pivotal role in the physiologic process of hemostasis and platelet aggregation. ADP activates P2Y1, P2Y12, and P2Y13 receptors, which are expressed by monocytes, macrophages, lymphocytes, mast cells, fibroblasts, keratinocytes, endothelial cells, eosinophils, platelets, neutrophils, and dendritic cells (11–13). Neuroprotective function for ADP was demonstrated in zebrafish retina since it mitigates the excessive cell death and tissue damage; additionally, it stimulated cellular proliferation after injury (14). In addition, ADP induced the proliferation of mouse fibroblasts (3T3 and 3T6), suggesting a positive effect on wound healing (15). Since purinergic system has been involved in pro-inflammatory, cell proliferative and pro-resolution effects, we aim to explore the role of ADP in accelerating wound healing in diabetic mice, considering that chronic wounds are a relevant health problem evidenced by the lack of an effective treatment, especially in diabetic patients.



Materials and Methods


Mice

Male Swiss (8-10 weeks) and C57BL/6 mice (10-14 weeks) weighing 25-30 g obtained from the Institute of Science and Technology in Bio Models at Oswaldo Cruz Foundation, were used for full-thickness excisional wound models. For the cutaneous leishmaniasis lesion model, we used male BALB/c mice (10-14 weeks), obtained from the Microbiology and Parasitology Department animal facility at Biomedical Institute in Fluminense Federal University. All procedures described were approved by the Ethics Committee for the Use of Animals of the Federal University of Rio de Janeiro (CEUA/UFRJ: 093/15 and IMPPG 128/15).



Induction of Diabetes Mellitus

Diabetes was induced by alloxan (65 mg/kg, i.v. in 100 μL of saline) in mice fasted for 12 h (16, 17). Non-diabetic mice were injected with saline (100 μL). Diabetes was confirmed 7 days later when blood glucose concentration was at least 350 mg/dl. The glucose levels were still elevated (over 350 mg/dl) at day 30 after alloxan injection.



Full-Thickness Excisional Wound Model

At day 7 after alloxan or saline administration, mice were intraperitoneally (i.p. - 10 μL/10 g) anesthetized (ketamine 112 mg/kg and xylazine 7.5 mg/kg) and a full-thickness excisional wound (10 mm in diameter) was executed on the dorsum using biopsy punch. Wounds were treated once a day for 14 days (or until sample collection) with topical application by a micropipette of adenosine-5’-monophosphate (AMP), ADP, adenosine-5’-triphosphate (ATP), adenosine, or pyrophosphate (Sigma-Aldrich, St Louis, MO) at 30 μM (30 μL/mouse - 15.2 µg/kg), or vehicle (30 μL of saline/mouse). In another set of experiments, a dose-response curve of ADP at 30 µM (15.2 µg/kg), 100 µM (51.2 µg/kg) or 300 µM (153.6 µg/kg), administrated topically in 30 μL, was performed. After the application on the wound, mice were placed alone under a glass funnel for 5 min until the solution was absorbed.



Wound Area Quantification

To determine the wound closure rate, the wound area was evaluated at days 0, 3, 7, 10, and 14 after wounding. Photographs were taken at a standard distance using a tripod and were analyzed using ImageJ software (National Institutes of Health – NIH). Data were expressed as a percentage of the initial wound area.



Treatments

The administration of Clopidogrel® (Clop - 5 mg/kg) was performed daily by oral gavage, 1 h before ADP administration for 14 days. Antagonists of P2Y1 (MRS 2179 - 30 µM/30 μL/mouse - Tocris, Bioscience, UK) and P2Y12 (MRS 2395 - 30 µM/30 μL/mouse - Sigma-Aldrich) receptors, and ATP diphosphohydrolase (apyrase - 6 U/mL, 30 μL/mouse - Sigma-Aldrich – A6535-100UN) were topically applied for 14 days, 30 min before ADP administration. The apyrase used in our work was purified from potato and has predominantly the low ATPase/ADPase ratio of ~1:1 (Sigma-Aldrich).



Hematoxylin & Eosin Staining and Total Collagen Quantification

Wound tissues were paraffin-embedded and cut in 5-μm thick sections. Hematoxylin and eosin staining was performed as described elsewhere. Skin sample sections (7-μm) were stained with Picro Sirius Red for total amount of collagen, as previously reported (18). The quantification was determined by morphometric analysis using a quantitative imaging software (ImagePro Plus, version 4.5.1). The percentage of collagen per field was obtained by dividing the total area by the fibrosis area.



Ecto-Nucleotidase Activity

Ecto-nucleotidase activity was determined in wound homogenates by the rate of inorganic phosphate (Pi) released using the malachite green reactions, as previously described (19). The concentration of Pi released in the reaction was determined by a Pi standard curve and expressed as nucleotidase activity (nmol Pi x h-1 x mg ptn-1).



Immunohistochemistry (IHC)

Wound samples collected at day 7 were paraffin-embedded, cut in sections (7-μm) and immunostained for several markers, as described previously (20). The specific markers are detailed in the Supplementary Material. Data were expressed as number of positive cells per field. For collagen type markers, we employed a score method described by Calvi et al. (21), for the semi-quantification of collagen deposits performed by two different observers, as reported in the Supplementary Material.



Immunofluorescence

Wound sections (5-μm) were immunostained against α-smooth muscle actin (α-SMA; A-2547, 1:200, Sigma-Aldrich) as previously reported (22). Control experiments with no primary antibodies showed only faint background staining (data not shown).



Fibroblast Purification and Proliferation Assay

Primary neonate dermal fibroblasts were purified from the abdomen and dorsal skin of C57BL/6 male mice as previously described, with few modifications (23). Briefly, the skin was cut into small pieces and digested with 0.1% dispase (Roche, Mannheim, Germany) at 4°C for 24 h. After removal of the epidermal layers, the remaining dermal parts were incubated with 0.1% collagenase D (Sigma-Aldrich) at 37°C for 1 h. Next, the digested cells were passed through a 40-μm cell strainer. Fibroblasts (2 x 104 cells) were cultured for 5-bromo-2’-deoxyuridine (BrdU) staining proliferation assay, as previously described (24). The images were captured using a fluorescence microscope and analyzed using ImageJ software. Results were expressed as the percentage of BrdU+ cells by total number of cells labeled with 4’,6-diamidino-2-phenylindole (DAPI).



Wound Scratch Assay

Primary dermal fibroblasts were seeded and grown until 90% confluence to evaluate migration-induced effect of ADP (10, 30, or 100 µM), as previously reported (25). Pictures of the scratched areas were taken at 0, 6, 12, 18, and 24 h using an inverted microscope equipped with a digital camera (BEL Engineering - Monza, Italy). The areas were measured using the ImageJ software and the fibroblast migration was expressed as % of open area compared to the initial area (0 h – 100%).



Flow Cytometry

Flow cytometry of the wound tissues was performed as previously described (26). Briefly, wound tissues were digested by an enzyme cocktail (reported in Supplementary Material) and the cells (106 cells/mL) were subjected to flow cytometry procedure, stained, and analyzed. Lymphocyte populations recovered from skin and draining inguinal, axillary, and brachial lymph nodes were also analyzed. For skin regulatory T (Tregs) cells analysis, samples were enriched by Percoll gradient for mononuclear cells. Samples were acquired with BD FACS Canto II (BD Biosciences, San Jose, CA) and then analyzed with FlowJo software. Gating strategy and the list of antibodies are described in the Supplementary Material.



Eosinophil and mast cell infiltrates

Skin sections (5-μm) were stained with modified Sirius Red or Alcian Blue for eosinophils and mast cells, respectively, as described elsewhere (27, 28). Images were taken using a digital camera coupled to the microscope (Olympus BX53) at 40x magnification. Twenty fields were analyzed per wound/animal (n=3) and the data were expressed as number of eosinophils or mast cells/mm2.



Myeloperoxidase Activity

The number of neutrophils was indirectly determined by myeloperoxidase enzyme activity in the wounds removed 7 days after wounding, as previously described (29). The number of neutrophil was estimated by a standard curve, using neutrophils obtained 6 h after i.p. administration of 3% thioglycolate (>90% of neutrophils). Total protein extract was quantified by the Bradford method. Results were expressed as number of neutrophils/mg of protein.



ELISA

Cytokine quantification was performed in protein extracts from wounds obtained at day 3 and 7 after wounding using PeproTech kits following manufacturer’s instructions. The results were expressed as pg or ng of cytokine/mg of protein.



Superoxide Assay

The superoxide production assay was performed by the nitroblue tetrazolium (NBT) reaction with reactive oxygen species resulting in formazan as final product (30). Briefly, the wounds were removed at day 7 and homogenized in phosphate buffer saline (PBS) containing protease inhibitors. The formazan formed was measured by ELISA plate reader (620 nm, Spectra Max-250, Molecular Devices). Results were expressed as µg of formazan/mg of protein.



Cytometric Bead Array (CBA)

Cytokine concentration in the wounds was determined by flow cytometry using the kit CBA Mouse Inflammation (BD Biosciences, San Diego, CA), following manufacturer’s instructions. This CBA kit allows measurements of interleukin-6 (IL-6), IL-10, C-C motif chemokine ligand 2 (CCL2), interferon-γ (IFN-γ), TNF-α, and IL-12p70. Sample processing and data analysis were acquired by FACS Calibur flow cytometer (BD Bioscences) and FCAP Array software, respectively. Results were expressed as pg or ng of cytokine/mg of protein.



Western Blotting (WB)

Wound homogenates (30 mg of skin tissue – 20 μg of protein loaded per gel lane) collected at day 7 were prepared as previously described (31). Immunoreactive bands for α-SMA (1:1000 - Sigma-Aldrich) and β-actin (1:1000 - Cell Signaling, Danvers, MA) were visualized using an enhanced chemiluminescence reagent (Amersham ECL, Biosciences) and pictures were recorded using Healthcare ImageQuant LAS 4000 (GE Healthcare Life Sciences). Densitometry analysis was performed using ImageJ software and the results were expressed as the ratio of α-SMA/β-actin (housekeeping).



Statistical Analysis

Statistical differences in the wound closure experiments were determined using two-way ANOVA followed by Bonferroni post-test. The significance of other experiments was determined by one-way ANOVA followed by Tukey post-test or unpaired Student’s t test, as stated in the legends. The statistical tests were performed by GraphPad Prism software.

A more detailed description can be found in Supplementary Material.




Results


ADP Improves Wound Healing in Diabetic Mice

Diabetic and non-diabetic male Swiss mice were topically treated with saline or ADP 30 μM (30 μL - 15.4 µg/kg), every day for 14 days after wounding. ADP was effective in accelerating the wound closure in diabetic mice compared to the respective saline-treated mice (Figure 1A), but did not change the wound healing in non-diabetic mice (Figure 1B). ADP-treated diabetic mice presented 60% wound closure versus 2% in saline-treated mice at day 7 (Figure 1A - graph). More importantly, the wound closure profile of the diabetic animals treated with ADP was similar to that of saline-treated non-diabetic mice (Figure 1B – first row of photographs). Moreover, the only effective dose able to accelerate wound closure was 30 μM (Figure 1C-table). Indeed, higher ADP doses tested delayed wound healing when observed at day 14, compared to the saline-treated wound.




Figure 1 | ADP accelerates wound healing in diabetic mice via P2Y12. Representative images and graphs of diabetic (A) and non-diabetic (B) mice that were subjected to excisional full-thickness wounding, and then, topically treated with ADP 30 μM (30 μL - 15.4 µg/kg) or saline every day for 14 days. One group of mice was treated by gavage with Clop (5 mg/kg) 1 h before ADP and saline, both once a day for 14 days. Open wound area was measured at days 0, 3, 7, 10 and 14. The areas at day 0 were considered 100%, and the subsequent areas measured at different time-points were calculated as percentages (%) of the initial value. (C) Dose-effect data of ADP treatment followed at days 3, 7, 10, and 14 after wounding. Data are expressed as mean ± standard error of the mean. *P < 0.05 by two-way ANOVA followed by Bonferroni post-test, compared to saline-treated mice; n=7-10 per group. Panels A and B are representative of three or more experiments; panel (C) represents one experiment.





Clop Impairs ADP-Induced Wound Closure

To assess the role of P2Y12 and ADP in our model, the P2Y12 irreversible antagonist Clop was administrated (5 mg/kg) daily by gavage. This treatment impaired the ADP-mediated wound closure in diabetic mice (Figure 1A). It was characterized by an increase of the lesion size and a worsening of the wound general aspects, at all the time-points evaluated. Furthermore, Clop administration also worsened the saline-treated wound of diabetic mice (Supplementary Figure 1). Still, an endogenous and physiological critical role in tissue repair of ADP/P2Y12 axis was suggested, since Clop treatment also impaired healing of both saline- (Supplementary Figure 1) and ADP-treated wounds (Figure 1B) of non-diabetic mice. Taking into consideration that ADP is the major agonist of P2Y12 receptor (32, 33) and Clop treatment prevented ADP-induced wound closure, these observations provide an unequivocal proof of ADP’s role in accelerating wound closure of diabetic mice.


P2Y1 Also Seems to Mediate ADP Effects

The involvement of ADP receptors in wound healing was verified by the use of another P2Y12 antagonist (MRS2395) and by a P2Y1 antagonist (MRS2179). Both antagonists, used at 30 μM (30 μL/wound), impaired the wound closure induced by ADP until day 7. However, at day 10 and 14 the wound healing profile was identical to that observed in ADP-treated group without antagonists administration (Figures 2A, B). P2Y1 and P2Y12 receptor antagonists alone did not accelerate or worsen the wound closure in diabetic mice (Figures 2A, B). Since Clop treatment impaired the wound healing in the presence (Figure 1A) and absence (Supplementary Figure 1) of ADP in diabetic mice, we expected to observe the same response with MSR2395 treatment. Indeed, such divergence could be partially explained by different administration routes (systemic versus local) between these drugs; in addition, while Clop is an irreversible antagonist, MRS2395 is a competitive antagonist.




Figure 2 | Central role of ADP, P2Y1 and P2Y12 during wound healing of diabetic mice. (A, B) Diabetic mice were subjected to excisional full-thickness wounding and then, topically treated with P2Y1 or P2Y12 antagonists (30 µM/mouse - 30 µL) 30 min before ADP (30 μM/mouse) or saline administration. Both antagonists were applied every day for 14 days. Open wound area was followed over time as described in Figure 1. *P < 0.05 by two-way ANOVA followed by Bonferroni post-test, compared to saline-treated mice; #P < 0.05 by two-way ANOVA followed by Bonferroni post-test compared between P2Y1 or P2Y12 antagonists + ADP and saline-treated mice, n=7-10 per group. (C–G) Diabetic mice were subjected to excisional full-thickness wounding and then topically treated with apyrase (6 U/mL), ATP, ADP, AMP, adenosine, pyrophosphate (30 µM/mouse - 30 µL) or saline every day for 14 days. Open wound areas were followed over time as described in Figure 1. Data are expressed as mean ± standard error of the mean. *P < 0.05 by two-way ANOVA followed by Bonferroni post-test, compared to saline-treated mice; #P < 0.05 by two-way ANOVA followed by Bonferroni post-test compared between apyrase- and saline-treated mice, n=8-10 per group. (H) Non-diabetic and diabetic mice were subjected to excisional full-thickness wounding and then topically treated with ADP (30 µM/mouse) or saline every day for 7 days. The nucleotidase activity was evaluated in the wound tissue harvested at day 7. *P < 0.05 by Student’s t test, compared to saline-treated diabetic mice, n=6 per group. (I, J) Photomicrographs and bar graphs of   and   cell numbers per field, respectively. Diabetic mice subjected to excisional full-thickness wounding were topically treated with ADP (30 µM/mouse) or saline every day for 7 days. Both groups were treated by gavage with Clop (5 mg/kg) 1 h before saline or ADP treatment of the wounds. The wound tissues were harvested at day 7 and stained by IHC for P2Y1 and P2Y12 receptors. Scale bars: 50µm. Data are expressed as mean ± standard error of the mean. *P < 0.05 by one-way ANOVA followed by Tukey post-test, compared to saline-treated mice, n=6 per group.






Apyrase Worsens Wound Healing

Apyrase removes the γ-phosphate from ATP and the β-phosphate from ADP, yielding AMP (34). Apyrase treatment worsened wound healing in diabetic mice, when compared to either saline- or ADP-treated diabetic wounds (Figure 2C), confirming the crucial role of this nucleotide in tissue repair.



Different Nucleotides Do Not Accelerate the Wound Healing

In order to test the effect of other nucleotides in our model, adenosine, AMP, pyrophosphate or ATP were topically applied on the wounds of diabetic mice at 30 μM/mouse, the same optimal concentration previously used for ADP. None of the nucleotides tested improved the wound healing (Figures 2D–F), except for ATP treatment, which showed a slight improvement of wound closure at day 7 (Figure 2G).



ADP Reduces Ecto-Nucleotidase Activity in the Wounds of Diabetic Mice

To assess a possible enzyme deregulation related to the metabolism of extracellular ADP during diabetes, the ecto-nucleotidase activity was evaluated in wounds at day 7 after wounding. The enzyme activity detected in the ADP-treated wounds obtained from diabetic mice was reduced compared to saline-treated wounds from diabetic mice, and when compared to wounds from non-diabetic mice (Figure 2H). The same profile was observed in blood samples obtained from ADP-treated diabetic mice (data not shown). It seems that ADP treatment downregulates ecto-nucleotidase activity only in diabetic mice, which seems to favor wound healing. Indeed, we did not investigate if the ecto-nucleotidase activity reduction by ADP is due to a decrease in enzyme expression or a direct effect on enzyme activity. Further experiments are necessary to elucidate the mechanism involved.



ADP Increases P2Y1+ and P2Y12+ Cells in the Wounds of Diabetic Mice

ADP-treated diabetic wounds presented higher expression of P2Y1 and P2Y12 at day 7, when compared to saline-treated wounds (Figures 2I, J). Moreover, Clop treatment impaired ADP-induced P2Y1 and P2Y12 expression, whereas it did not change the expression of such receptors in saline-treated diabetic mice (Figures 2I, J). These data suggest that exogenous ADP positively modulates its own response in the wounded skin of diabetic mice.



ADP Improves Tissue Formation in the Wounds of Diabetic Mice

Saline-treated wounds of diabetic mice presented edematous dermis, leukocyte infiltration (predominantly by mononuclear cells), and null (or partial) formation of epidermis at day 7. In the reticular dermis, exuberant formation of granulation tissue and congested neovessels were observed (Figure 3A). Interestingly, ADP-treated wounds presented the epidermis regenerated and integrated to the underlying dermis, with hyperplasic suprabasal layers, and hyperkeratosis. In the dermis, there was a dense granulation tissue with inflammatory cell infiltrate comprising eosinophils, mast cells, myeloid progenitors, neutrophils, and mononuclear cells. Clop administration impaired tissue regeneration in saline-treated wounds, where denuded epidermis areas, necrotic dermis with an inflammatory infiltrate composed predominantly of polymorphonuclear cells, striking bleeding, and the absence of granulation tissue were observed. Clop administration also impaired the tissue formation in ADP-treated mice, however, performing milder effects. In this case, wounds displayed a more organized reticular dermis, with collagen bundles parallel to the skin surface and interspersed with fibroblasts; a few vessels and inflammatory infiltrate were also noticed (Figure 3A).




Figure 3 | ADP-treated wounds present an improved tissue repair and an increased collagen depo9sition. (A) Diabetic mice subjected to excisional full-thickness wounding were treated by gavage with Clop (5 mg/kg) 1 h before ADP (30 µM/mouse - 30 µL) or saline administration, once a day for 7 days. Wounds were harvested at day 7 and stained with hematoxylin and eosin. Representative images of 4-5 mice per group. Scale bars: 10x=200 µm; 20x=100 µm; 40x=50 µm. (B) Collagen deposit (red staining) in wounds at day 7 stained with Picro Sirius Red and the representative images are shown; bar graph summarizes data from 5-6 mice per group, representative of three independent experiments. Scale bars: 50 µm. *P < 0.05 by one-way ANOVA followed by Tukey post-test, compared to saline-treated mice. (C, D) Type I and type III collagen staining by IHC. Scale bar 50 µm. Graphs with semi-quantification score for type I and type III collagen deposit. Data from one experiment with 3-4 mice per group.



Picro Sirius Red stained tissue photomicrographs (red staining) showed higher deposition of collagen fibers in ADP-treated wounds of diabetic animals compared to the saline-treated wounds (Figure 3B). Clop administration impaired collagen deposit in both ADP and saline-treated wounds. Collagen fibers quantification confirmed that ADP treatment enhanced collagen deposition while Clop administration impaired its accumulation (Figure 3B-graph). ADP seemed to accelerate the switch of type III to type I collagen, a more mature fiber (Figures 3C, D). Nevertheless, Clop administration reduced type I collagen deposit, without changing type III collagen deposit in both saline- and ADP-treated wounds. The results depicted in the bar graphs represent the photomicrographs (Figures 3C, D-graphs).



ADP Induces Keratinocyte Proliferation in Diabetic Wounds

We next evaluated if ADP enhances re-epithelization. At day 7 after wounding, ADP-treated wounds presented a higher number of cells expressing Ki67, a cell proliferation marker, in the layer adjacent to the basal membrane when compared to saline-treated wounds in diabetic mice. At day 14, the frequency of Ki67+ cells was still higher than that of saline-treated wounds, but to a lesser extent (Figure 4A). The percentage of proliferating cells, observed at days 7 and 14 post wounding, is shown as bar charts (Figure 4A-graphs). Corroborating this result, epidermis area was also larger in ADP-treated wounds at day 7 compared to saline-treated wounds, while at day 14 it returned to normal (Figure 4B).




Figure 4 | ADP induces keratinocyte proliferation and modulates cytokine and free-radical production. Diabetic mice were subjected to excisional full-thickness wounding, and then, topically treated with ADP (30 µM/mouse - 30 µL) or saline every day for up to 14 days. (A, B) Wound tissues were harvested from diabetic mice at days 7 and 14 after wounding, and stained for Ki67 by IHC and with hematoxylin and eosin. Scale bar: 50 µm. The percentage of proliferating keratinocytes (Ki67+) and the area of epidermis were represented in bar graphs. Data are expressed as mean ± standard error of the mean. *P < 0.001 by Student’s t test, compared to saline-treated mice; n= 6 per group. (C) Superoxide radical production was indirectly evaluated in the wounds obtained at day 7 after wounding by f9ormazan generation as final product. Some animals were treated by gavage with Clop (5 mg/kg) 1 h before ADP or saline wound topic treatment. *P < 0.05 by one-way ANOVA followed by Tukey post-test, compared to saline-treated mice, n=4-5 per group. (D) Wound tissues were harvested from diabetic mice at days 3 and 7 after wounding and cytokine levels were evaluated by ELISA. *P < 0.05 by Student’s t test, compared to saline-treated mice, n=4-6 per group.





ADP Modulates the Inflammatory Response

We observed a reduction in the production of reactive oxygen species at day 7 post-wounding after in ADP-treated mice, while Clop administration restored reactive oxygen species production (Figure 4C), suggesting again the participation of P2Y12. At day 3 after wounding, ADP treatment promoted an increase of IFN-γ and a reduction of TNF-α levels without affecting IL-10 levels, while increased IL-10 and IL-13 levels were observed at day 7 (Figure 4D). No differences were detected in IL-6, IL-12p70 and CCL2 levels between the groups (data not shown). These results suggest that ADP treatment controls inflammatory response associated with pro-resolution effects.



ADP Increases Myofibroblasts Population and Transforming Growth Factor- β (TGF-β) Production

Myofibroblasts present high ability of extracellular matrix protein production and wound contraction (1). We observed that ADP treatment increased α-SMA expression in the dermis, which was reduced by Clop; in the Clop + ADP group a less dramatic reduction of myofibroblasts was observed by immunofluorescence (Figure 5A). The ADP-induced α-SMA expression in diabetic wound was confirmed by WB analysis (Figure 5B). In accordance, ADP at 30 µM (but not at other concentrations tested) also induced proliferation of murine fibroblasts in vitro (Figure 5C). In addition, fibroblasts treated with ADP at 30 µM presented a better migration capacity when compared to saline-treated cells or with cells treated with ADP at 10 and 100 µM, suggesting a dose-dependent effect of ADP on wound healing, in accordance with earlier data (Figures 5D, E).




Figure 5 | ADP activates myofibroblasts/fibroblasts and increases the amount of TGF-β+cells in the wounds of diabetic mice. Diabetic mice were subjected to excisional full-thickness wounding and then, topically treated with ADP (30 µM/mouse - 30 µL) or saline every day for 7 days. Some mice were treated by gavage with Clop (5 mg/kg) 1 h before ADP or saline administration, once a day for 7 days. (A) Wound tissues harvested at day 7 were stained for α-SMA (green) and DAPI (blue) and analyzed by immunofluorescence. (B) Gel bands and graphs depicting the semi-quantification of α-SMA by WB. Each bar represents a pool of skin-derived protein extracts obtained from at least 5 mice. *P<0.05 by Student’s t test compared to saline-treated mice; data are representative of two independent experiments. (C) Primary culture of neonate murine dermal fibroblasts was plated for 24 h, incubated with BrdU for more 24 h and the cell proliferation was evaluated by immunofluorescence. *P<0.05 by one-way ANOVA followed by Tukey post-test, compared to saline-treated mice; data are representative of three independent experiments. (D, E) Primary dermal murine fibroblasts were plated for 24 h, pre-incubated with mitomycin-C 5 μg/mL for 2 h and then incubated with different concentrations of ADP. The open ar9ea between the front edges of the scratch were evaluated at 0, 6, 12, 18 and 24 h after scratch and expressed as % of initial area. Fibroblast culture images represent only the first and last time points evaluated for cell migration. *P < 0.05 by two-way ANOVA followed by Bonferroni post-test, compared to saline-treated mice, the data are representative of three independent experiments. Photomicrographs and bar graphs of TGF-β+ cells determined by IHC in the (F) epidermis and (G) dermis obtained at day 7 after wounding. *P < 0.05 by one-way ANOVA followed by Tukey post-test, compared to saline-treated mice, n=8 per group.



TGF-β is a pivotal cytokine that regulates myofibroblast differentiation and activation, re-epithelization, and activation of alternative macrophages, which are essential steps for wound healing (1, 2). ADP treatment seemed to increase TGF-β production by keratinocytes in the epidermis (Figure 5F) and the number of TGF-β+ cells in the dermis (Figure 5G). These results reinforce the pro-resolution role of ADP in wound healing.



ADP-Treated Wounds Present a Different Leukocyte Profile

The presence and involvement of inflammatory and immune cells in wound healing are well described (35). Unbalanced numbers and/or activation of local leukocytes are common in diabetes, which compromises tissue repair (36). Interestingly, we observed an increase of neutrophil (CD11b+CD11c-Ly6G+F4/80-CD68- cell population, indicated in pink) recruitment in ADP-treated wounds by flow cytometry (Figure 6A - upper graph). Consistent with that, the enhancement of myeloperoxidase (MPO) activity seen in ADP-treated wounds, relative to saline-treated wounds, was significantly reduced by Clop administration (Figure 6B). In parallel, a decrease in the inducible nitric oxide synthase+ cells and an increase in the arginase+ cells were detected in the ADP-treated wounds (Figures 6C, D). This result suggests that monocyte/macrophage population (CD11b+CD11c-Ly6G-F4/80+CD68+, indicated in blue) may have switched towards an alternatively-activated phenotype, since its frequency was similar between groups (Figure 6A - bottom graph). Clop treatment prevented the ADP-induced change of macrophage phenotype in the wound (Figures 6C, D). Therefore, our data suggest an ADP-mediated skewed response towards pro-resolution scenario in the context of tissue injury.




Figure 6 | ADP-treated wounds present an increase of neutrophils, arginine+ cells, eosinophils and mast cells. Diabetic mice were subjected to excisional full-thickness wounding and then, topically treated with ADP (30 µM/mouse - 30 µL) or saline every day for 7 days. Some mice were treated by gavage with Clop (5 mg/kg) 1 h before ADP or saline administration, once a day for 7 days. Wound tissues were harvested at day 7 after wounding and cell suspensions were analyzed by flow cytometry. (A) Dot-plots (left) and graphs (right) show Ly6G+F4/80- and Ly6G-F4/80+ populations (gated on live CD11b+CD11c- cells) in the wounded skin. Graphs show the frequency of each cell population relative to gated live cells; for that, percentages of Ly6G+F4/80- [neutrophils – depicted in pink] or Ly6G-F4/80+ [macrophages – depicted in blue] cells were multiplied by the percentage of live CD11b+CD11c- cells; intracellular CD68 staining confirms macrophage identity; data representative of one experiment with n=4-5 mice per group; *P < 0.05 by Studen9t’s t test compared to saline-treated mice (B) Wound tissues were harvested at day 7 and prepared for myeloperoxidase quantification; and bar graphs are representative of three independent experiments with n=6 per group; (C) Wound tissues were evaluated by IHC for inducible nitric oxide synthase+ or (D) arginase+ cells at day 7 after wounding. *P < 0.05 by one-way ANOVA followed by Tukey post-test, data are representative of two independent experiments with n=6 per group. Skin histological sections of wound tissues harvested at day 7 and stained with (E) modified Sirius Red stain for eosinophil or with (F) Alcian Blue stain for mast cells. Bar graphs represent the number of eosinophils or mast cells per µm2. Scale bars=50µm. *P < 0.05 by one-way ANOVA followed by Tukey post-test, compared to saline-treated mice. Data are representative of one experiment with 5-6 mice per group.



Moreover, histological examination of the skin sections from ADP-treated wounds showed increased number of eosinophils (Figure 6E) and mast cells (Figure 6F) compared to saline-treated wounds. Clop administration did not modify eosinophil and mast cell populations in the saline-treated wounds, although impairs ADP-induced accumulation of both cell types, indicating P2Y12 involvement in their recruitment and/or survival.

T cells are resident in normal human and mouse skin and participate in cutaneous immunosurveillance, contributing to skin homeostasis (36, 37). Thus, we evaluated T cell profile in the skin and wound-draining lymph nodes of diabetic mice after ADP treatment. Interestingly, the percentage of Tregs (forkhead box protein P3 [FoxP3+]/CD4+CD3+) was selectively reduced in the ADP-treated wounds relative to saline-treated wounds, but not in the draining lymph nodes (Figure 7A).




Figure 7 | ADP-treated wounds present a reduced population of Tregs and an increase of Vγ4 and Vγ5 T cells. Diabetic mice were subjected to excisional full-thickness wounding and then topically treated with ADP (30 µM/mouse – 30 μL) or saline every day for 7 days. Wound tissues and the skin-draining lymph nodes were harvested at day 7 after wounding and cell suspensions were analyzed by flow cytometry. (A) Contour-plots (top left), dot-plots (bottom left), and respective graphs (right) show the frequencies of Foxp3+Tregs (relative to CD4+CD3+population) in the skin and draining lymph nodes (dLN); (B) CD4+ 9and CD8+ T cells (relative to total CD3+ lymphocytes), Vγ4+, and Vγ5+ cells (relative to total γδ+T lymphocytes) in the skin and dLN. Data were expressed as mean ± standard error of the mean. *P < 0.05 by Student’s t test compared to saline-treated mice; n=4-5 per group, data are representative of two independent experiments, except for the γδ+ T lymphocyte data, which represent one experiment.



In parallel, ADP did not alter CD4+ and CD8+ T cells frequencies in the skin and lymph nodes; however, ADP-treated wounds showed increased proportions of skin-associated gamma delta (γδ) T cells subtypes as Vγ4+ and Vγ5+ (Figure 7B). Again, no changes in overall T cell populations were seen in the draining lymph nodes after wounding.



ADP Does Not Improve Wound Healing of Cutaneous Ulcer Induced by Leishmania amazonensis

We also evaluated the effect of ADP on cutaneous ulcer induced by experimental Leishmania amazonensis infection and no improvement was observed (Figure 8). These results indicate that ADP may be context-dependent and possibly effective just in wounds of individuals with metabolic diseases such as diabetes.




Figure 8 | ADP did not accelerate wound healing of cutaneous leishmaniasis. BALB/c mice were intradermally inoculated with 106 promastigote/mouse/50 μL (2×108/mL). After wound ulceration, animals were topically treated every day with saline or ADP (30 µM/mouse – 30 μL) per 10 days. Open wound area was measured at days 0, 3, 7, 10, and 14. Representative images and graph of cutaneous leishmaniasis-associated wound treated with saline or ADP. The areas at day 0 were considered 100%, and the subsequent areas were proportional (%) to the initial wound area; n=7 per group.






Discussion

In this paper, we provide the first evidence that ADP plays a pivotal role as a potent agent that accelerates cutaneous wound healing in diabetic mice. Due to the large number of patients suffering from diabetes worldwide that present a poor quality of life and high risk of complications as chronic wounds, we emphasize the importance of a better comprehension of the pathophysiology and the mediators involved in wound healing.

ADP is an endogenous nucleotide which acts as a potent mediator in platelet aggregation and inflammation, being quickly metabolized. The role of ADP in tissue repair has was always been related to platelet aggregation, since ADP is rapidly released from activated platelets, acting in an autocrine way together with histamine, serotonin, calcium and several other mediators for platelet aggregation, driving the return to homeostasis (38). Besides, other authors have previously described an effect of ADP on cell proliferation, such as on cell culture of murine fibroblasts (3T3 and 3T6), isolated rat chondrocytes and zebrafish retinal cells (14, 15, 39, 40), suggesting that ADP may improve healing and regeneration due to these properties. Corroborating with literature data, nucleotides, including ADP, induce epithelial cell migration in an in vitro model of wound healing using a quiescent monkey kidney epithelial culture (41). Similar data was observed in a study with non-transformed small intestine epithelial cell line IEC-6 using the same in vitro wound model, where ADP and ATP stimulate epithelial migration (42).

Given the above findings, we hypothesized that ADP modulates many other molecular and cellular aspects of inflammation during tissue repair, promoting an efficient wound healing. Therefore, our study reports an important role of exogenous ADP in stimulating immune cells activation, resolution of inflammation, and restoration of tissue integrity in non-healing wounds of diabetic mice.

Controlled inflammation is one of the major steps for wound healing. The absence of inflammatory response or its exaggerated activation impair the natural progression of wound healing towards the proliferative and remodeling/healing phases. An unbalanced ADP production/action, which is observed in diabetes, could impact on inflammation process. Thus, exogenous ADP seems to adequately modulate this process in our model, recovering the normal evolution of healing. Therefore, it is reasonable to observe that, when topically applied during the initial healing phase, ADP just improved the wound healing of diabetic mice but not of healthy non-diabetic animals, which are already extremely competent in tissue repair. Of note, ADP-treated wounds in diabetic mice heal at the same rate seen in wounds of non-diabetic mice. Interestingly, we found that a 5-day treatment protocol with ADP was also effective in accelerating wound healing (data not shown) as observed to the 14-days treatment. This result support the role of ADP in the initial healing steps.

Taking these data into account, we suggested a possible failure in the nucleotide pathway during diabetes. Thus, in an attempt to explain this phenomenon, we raised some possibilities such as: (i) deficient ADP production; (ii) upregulation of ADP degradation by ecto-nucleotidases; (iii) inefficient expression/activation of purinergic receptors in the skin of diabetic mice. First, we addressed ADP production in the skin by HPLC, however we found low levels of ADP in the wounds since it is a liable molecule that is metabolized in less than 5 minutes, which makes its quantification unfeasible (data not shown). Second, regarding the enzymes that degrade extracellular nucleotides, the ecto-nucleoside triphosphate diphosphohydrolase-1 (CD39) hydrolyses extracellular ATP and ADP into AMP, which is subsequently converted to adenosine (ADO) by the action of ecto-5’-nucleotidase (CD73) (43, 44). Previous studies have demonstrated that the nucleotidase activity is increased in diabetic patients and associated pathologies. Moreover, hydrolysis of adenine nucleotides is increased in platelets from diabetic patients (45), which can partly explain beneficial effect exogenous ADP. In our data, exogenous ADP treatment inhibited overall nucleotidase activity in the wound of diabetic animals, favoring the ADP effect in wound healing. Lastly, the increased expression of P2Y1 and P2Y12 receptors in the diabetic wound observed after ADP treatment suggests a possible deficiency in the expression of nucleotide receptors during diabetes. Altogether, part of the beneficial effects of ADP on diabetic wounds appear to be by up regulating its own receptors in the skin and by reducing the nucleotidase activity.

We explored several strategies in order to demonstrate the major role of ADP on wound healing in diabetic mice. Initially, we demonstrated that ATP, AMP, ADO, and pyrophosphate were not as effective as ADP at the low concentration of 30 μM. Furthermore, the role of ADP in our system was also confirmed using apyrase, enzyme responsible for degrading ATP and ADP into AMP. In fact, apyrase administration worsened wound healing of diabetic mice, excluding at the same time the role of AMP accumulation derived from ADP degradation as a possible mechanism for ADP-induced tissue repair.

ADP poses several advantages among other nucleotides. Studies already demonstrated the role of ADO and its receptors in wound healing. For instance, daily treatment of healthy and diabetic rats with A2A receptor agonist accelerated wound healing by stimulating fibroblast and endothelial cell migration to the injured area and by reducing inflammation (46, 47). Surprisingly, Montesinos et al. (47), using A2A receptor knockout mice, also demonstrated the importance of A2A receptor to the formation of uniform granulation tissue and angiogenesis (47). ATP was also described to accelerate wound healing. ATP-containing vesicles promote a massive influx and in situ proliferation of macrophages, the release of pro-inflammatory cytokines and vascular endothelial growth factor, neovascularization and collagen production (48). Meanwhile, it is important to stress that ATP directly excites primary sensory neurons, triggering pain signaling, a fact that undermines its therapeutically use for wound healing (49). Also, it was already described that Staphylococcus aureus USA300, one of the most prevalent bacterial species identified in chronic wounds, exploits the immunomodulatory characteristics of ADO to subvert host immune response (50), retarding the healing of infected wounds. Lastly, ADO and ATP also promote fibrosis when released in high concentrations or chronically (51–53), which denotes a negative aspect in the case of topically application.

To confirm our findings, we used an ADP receptor antagonist. Clop is a prodrug used widely as a platelet aggregation inhibitor and exerts its action by irreversibly antagonizing the P2Y12 receptor (54). It is worthy to state that ADP is the major ligand of P2Y12 receptor (31, 32). Our study showed that Clop impaired the effect of exogenous ADP in diabetic wounds, and more strikingly, also in non-diabetic mice, which revealed the role of endogenous ADP and P2Y12 receptor in tissue repair. Similarly, the same profile was observed with a P2Y1R antagonist (MRS2179) and a different P2Y12R antagonist (MRS2395), confirming the role of both receptors in wound healing. Remarkably, the effect of those ADP receptor antagonists was lost after day 7. One explanation for that could be an increase in tissue sensitivity due to topic ADP application, since we already demonstrated an ADP-driven up regulation of P2Y1 and P2Y12 receptors, which may be due to a recruitment of purinergic receptor-expressing cells to the tissue or by an up regulation of those receptors by resident cells. We could also not discard a possible involvement of P2Y13 receptor in the final stage of wound healing, although unfortunately the P2Y13 antagonist was not available.

The role of ADP in wound healing is expected since P2Y1, P2Y12, and P2Y13 receptors are expressed in all kinds of cell types important for tissue repair (leukocytes, endothelial cells, keratinocytes, fibroblasts, and platelets). They are involved in cell activation, migration, and proliferation (12, 31, 35). However, the exact effects of these receptors and ADP in wound healing are not well determined. A successful healing results in the reconstitution of skin tension, resistance, and function to a similar degree as those of the original tissue, relying on (i) deposition of extracellular matrix proteins, such as collagen; (ii) formation of basal membrane, epidermis and new vessels, and (iii) repopulation of resident cells (1). Here, we showed that ADP improved the tissue formation by promoting less edema, accelerated re-epithelization, increased cell infiltration, and collagen deposit. ADP-treated wounds were characterized by a significant cell migration, such as leukocytes and fibroblasts, from the edge towards the center of the lesion. Note that the arrival of these cells marks the formation of granulation tissue, which is crucial for the healing process. These results suggest that ADP acts as a pro-inflammatory and pro-resolution molecule, providing a tissue formation of superior quality and organization compared to that observed in untreated wounds of diabetic mice. In rats, P2Y1 receptor is expressed by cells of the basal layer, which is the site of keratinocyte proliferation (55). Yoshida et al. (56), demonstrated mRNA expression for P2Y1 e P2Y12 receptors in a culture of keratinocytes, whereas others reported that fibroblasts express P2Y1, P2Y12, and P2Y13 receptors (49, 56, 57). Thus, ADP receptors are widely expressed in the skin corroborating the pleiotropic effect of ADP in wound healing during diabetes.

Fibroblasts/myofibroblasts are cells that approach the edges of the wounds and produce extracellular matrix, primarily collagen, which is the major component of the mature scar (58). An increase in the number of myofibroblasts induced by ADP treatment helps to explain the accelerated tissue repair, the increase in the collagen deposit, and its correlation with the increase of TGF-β+ cells in the dermis and epidermis. Again, by inhibiting P2Y12 receptor several parameters were reduced in the injured skin of diabetic mice, including myofibroblast differentiation/activation, TGF-β production and collagen deposit, which in turn diminished granulation tissue formation, resulting in impairment of wound healing. Moreover, the shift from type III to type I collagen, triggered by ADP treatment, provided a more mature connective tissue and scar. Type I collagen is the most abundant collagen type in health skin and is associated with scar maturation (59, 60). The positive effect of ADP on fibroblast was also confirmed by in vitro experiments, since this nucleotide induced fibroblast proliferation and migration.

The balance of pro- and anti-inflammatory cytokines is essential for successful healing, while an overwhelming cytokine production as well as no production impair wound healing (61). Of note, Lin et al. (62), demonstrated that IL-6 knockout mice present a delay in the wound closure, a reduction in leukocyte infiltration, re-epithelialization, angiogenesis, and collagen deposition, compared to wild type mice (62). Others demonstrated that TNF-/- mice have a better granulation tissue formation but a compromised re-epithelialization (63). Also, CCL2 knockout mice exhibit a delay in re-epithelialization, angiogenesis, and collagen synthesis (64). In our analyzes, the increased levels of IFN-γ at day 3 and an increase of IL-10 and IL-13 at day 7 after wounding suggest an anticipation in the shift of inflammatory to resolution phase induced by ADP treatment. The increased amount of TGF-β in the skin after ADP treatment supports the idea of transition to an earlier resolution phase (65).

An intense inflammatory infiltrate in the wound tissues was observed after ADP application. It is noteworthy that the inflammatory process during normal wound healing is characterized by spatial and temporal changes in leukocytes’ patterns. The well-defined chronology of these events is essential for ideal repair (66). Tissue macrophages are activated by IL-4 and IL-13 cytokines and converted in a cell-type programmed to promote wound healing (67). The high concentration of IL-13 at day 7 together with a shift of macrophage phenotype from M1 to M2 after ADP treatment corroborates with our hypothesis that ADP is a pro-resolution molecule. Similarly, mast cells are skin-resident cells that accumulate and are necessary for wound healing (68). However, according to the literature mast cells can favor or impair wound healing, depending on the stimulus intensity (69). In our diabetes model, the increased mast cell population after ADP treatment suggests a positive role in wound healing, but other experiments must be done to confirm this correlation.

Studies demonstrated that neutrophils, isolated from wound sites, can also regulate the innate immune response during healing (66). Zhang et al. (70), showed that neutrophils have a regulatory role in the inflammatory response by secreting IL-10 (70). The neutrophil accumulation in the wound after ADP treatment at day 7, together with increased IL-10 levels at the same time-point supports our hypothesis that ADP drives the neutrophil activation to a tissue-repair profile. Another polymorphonuclear cell type, the eosinophil, also infiltrates into wounds (often in close proximity with fibroblasts), stores TGF-β and seems to release it, as demonstrated in a rabbit cutaneous open wound model (71, 72). Therefore, the eosinophils recruited by ADP at day 7 may contribute to accelerate the wound healing via TGF-β production and collagen deposition. Here we demonstrated that ADP promoted an exuberant accumulation of eosinophils within wounds of diabetic mice, which correlated with improved tissue recovery.

Skin also hosts αβ and γδ T lymphocytes, which maintain tissue homeostasis by modulating keratinocyte differentiation (re-epithelization), responding to infection, and regulating wound repair. A balance between Tregs, Th17 cells, and γδ T cells plays an important role in skin homeostasis (35). The reduction of Tregs and increase of Vγ4+ and Vγ5+ cells (two γδ T cells subtypes) in the skin after ADP treatment provide evidence for recovery of epidermal barrier function, as well as of the innate immune response. Strikingly, mice deficient for γδ T cells, including dendritic epidermal T cells (which express the Vγ5+ TCR), present a delay in wound healing and a defect in their ability to clear intradermal S. aureus infection (73). This type of cell produces insulin growth factor-1 and keratinocyte growth factor-2, molecules related to re-epithelization and skin wound repair (74). Vγ4+ cells migrate to murine dermis and epidermis after wounding and are the major source of IL-17A, which in turn enhances neutrophil migration and induces IL-1 and IL-23 production from epidermal cells to initiate local inflammation, necessary for wound healing (75).

Finally, our findings suggest that ADP has beneficial effects mainly in diabetic wounds, since ADP did not accelerate wound healing neither in naive mice nor in Leishmania amazonensis-induced skin lesion.

In conclusion, we provide novel insights into the pathophysiology of wounds that are difficult to heal, as well as the crucial role of endogenous and exogenous ADP on tissue repair. The real mechanism underlying the effect of ADP on wound repair in diabetes is not completely understood, but we provide the evidence that ADP promotes skin homeostasis by inducing a brief and balanced inflammatory process and by recruiting and/or activating immune cells, followed by a switch to adequate proliferation and remodeling phases (Figure 9). Still, another point to be raised and that deserves caution is related to Clop, since our data also brings out a potential harmful effect for thrombosis patients who have wounds.




Figure 9 | Summary of the pleiotropic effects of ADP on skin wound in diabetic mice. ADP topical instillation accelerates wound closure and improves tissue repair represented by type I collagen deposit and adequate reepithelization. The mechanisms seem to involve the increase of neutrophils, eosinophils, mast cells, M2 macrophages, myofibroblasts and Vγ4+ and Vγ5+ cells in the wound, besides its ability in modulating cytokine release. ADP plays pivotal role within inflammation, proliferation and remodeling phases during skin tissue repair in diabetes wounds.
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The burden of heart failure (HF), developing after myocardial infarction MI, still represents a major issue in clinical practice. Failure of appropriate resolution of inflammation during post-myocardial injury is associated with unsuccessful left ventricular remodeling and underlies HF pathogenesis. Cells of the immune system have been shown to mediate both protective and damaging effects in heart remodeling. This ambiguity of the role of the immune system and inconsistent results of the recent clinical trials question the benefits of anti-inflammatory therapies during acute MI. The present review will summarize knowledge of the roles that different cells of the immune system play in the process of post-infarct cardiac healing. Data on the phenotype, active molecules and functions of the immune cells, based on the results of both experimental and clinical studies, will be provided. For some cellular subsets, such as macrophages, neutrophils, dendritic cells and lymphocytes, an anti-inflammatory activity has been attributed to the specific subpopulations. Activity of other cells, such as eosinophils, mast cells, natural killer (NK) cells and NKT cells has been shown to be highly dependent of the signals created by micro-environment. Also, new approaches for classification of cellular phenotypes based on the single-cell RNA sequencing allow better understanding of the phenotype of the cells involved in resolution of inflammation. Possible perspectives of immune-mediated therapy for AMI patients are discussed in the conclusion. We also outline unresolved questions that need to be solved in order to implement the current knowledge on the role of the immune cells in post-MI tissue repair into practice.
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Introduction

Study of treatment and prevention of atherosclerosis complications represents one of the most cutting-edge problems in the modern world. Despite the fact that modern interventional and pharmacological approaches allowed to greatly reduce mortality and morbidity after myocardial infarction (MI), patients remain at the high risk for the recurrent events in both short- and long-term (1). Even more so, the burden of heart failure (HF), developing after MI, still represents a major issue in clinical practice, especially HF with preserved ejection fraction (HFpEF) holding a high frequency in the population with no trends to decline (2, 3).

Left ventricular remodeling is the underlying basis of HF pathogenesis in patients after acute MI (AMI). The term “remodeling” was coined by N. Sharp in the end of 70s of the 20th century to describe structural and geometrical changes after AMI. Later on, it became more general term. Nowadays, heart remodeling means the complex process of disturbances in myocardial structure and function in response to the damaging myocardial overload and loss of the functioning myocardium (4).

Restoration of the myocardial blood flow with thrombolytic therapy and primary percutaneous coronary intervention, being an obligatory step in myocardial treatment, increases tissue deterioration even further and leads to ischemia/reperfusion myocardial injury (5). Deeper understanding of tissue remodeling post-MI may be the basis of the successful management of cardiac reparative processes.

Nowadays approaches to influence cardiac healing in the clinical practice are absent. Meanwhile state-of-the-art data emphasize an important role of immune system in orchestration of reparation and post-infarction tissue remodeling after AMI (6, 7). It determines both the degree of myocardial injury and the subsequent course of the disease. On the one hand inflammatory changes may favor death of cardiomyocytes and infarction expansion. But on the other hand, angiogenic and regenerative immune reactions may benefit resolution of inflammation and regeneration of injured myocardium. Immune cells remove necrotic cell debris and create milieu necessary for migration, proliferation, differentiation of fibroblasts and endothelial cells, which is required for reconstruction of extracellular matrix, neo-vascularization, scar formation and, hence, heart recovery (8).

Understanding of the key processes in the immune system during AMI may allow to create new diagnostic and therapeutic approaches to predict and prevent further HF development. Unfortunately, knowledge of the immune mechanisms during heart remodeling is incomplete and even clinical trials sometimes show contradictory results. Partially this may be explained by the fact, that many cells, which originally were considered to be proinflammatory and harmful by default, also may display powerful healing properties. The current therapeutic approaches are missing techniques which would have not only suppressed inflammation, but rather targeted its resolution. In the present review we will summarize knowledge of the roles that different cells of the immune system play in the process of post-MI inflammation development and resolution and the subsequent cardiac remodeling. In the end we will outline possible perspectives of immune-mediated therapy for AMI patients and outline pending questions concerning implementation of the current knowledge into practice.



Pathophysiology of Post-Infarction Heart Healing

Cardiac repair after AMI consists of several phases: early inflammatory phase (first 72 hours after AMI), late reparative and proliferative phase (days 7-10), which are followed by maturation phase (9, 10).

The initial processes activated in the early phase are related to the maintenance of the cardiac output and normalization of the left ventricular wall strain. Left ventricular radius of curvature changes, which determinates different wall stiffness and distribution of the intraventricular volume. “Stretching” and thinning of the myocardium in the injured zone takes place, followed by inflammation and resorption of necrotic tissue. This ultimately leads to the so-called “myocardial infarct expansion”. Release of the intracellular content and destruction of extracellular matrix during inflammatory phase are associated with generation of danger-associated molecular patterns (DAMPs), non-specific stereotypic signals, which when recognized by pattern-recognition receptors (PRRs), lead to activation of the immune cells (10). The ultimate result of the inflammatory phase is degradation of extracellular matrix and phagocytosis of dead cells, also known as efferocytosis if it is associated with sensing of the ‘eat-me’ signals on apoptotic cells, such as phosphatidylserine (11).

Inflammatory phase should be followed by the reparative and proliferative phases to provide a wound healing and a proper scar formation. Intact myocardium is actively involved in the processes of the late remodeling. The aim of scar is prevention of myocardial rupture and partial limitation of the functional deterioration. Anti-inflammatory signaling, depletion of inflammatory neutrophils, fibroblasts proliferation and deposition of granulation tissue should be switched on to achieve this (12).

The final phase is maturation, associated with remodeling of extracellular matrix and lasting several months. This phase depends on the events that had occurred in the previous phases and is critical for the restoration of the heart function. Unsuccessful maturation may lead to the increase of myocardial stiffness, diastolic dysfunction and development of HF (10).

Cells of the immune system are present in myocardium at all the stages of heart repair. But the original dogma of their exclusively deteriorating role has been significantly shattered in the last decades. Many cellular populations have been shown to encompass both inflammatory and anti-inflammatory subsets, while properties of others have been shown to depend on the signals received from microenvironment. Timely switching from inflammatory to anti-inflammatory activity of the immune systems is crucial during post-myocardial healing. Meer inhibition of inflammation appeared to be harmful to the myocardial function and may even lead to the rupture of myocardium. On the contrary, adequate resolution of inflammation, defined as degradation of the inflammatory products, leading to cessation of inflammation and restoration of homeostasis (13), is essential to prevent the chronization of the inflammatory process. Key targets of inflammation resolution in AMI are limitation of infiltration of myocardial tissue with polymorphonuclear cells, decrease of the vascular permeability and proper clearance of the destroyed cells and components of extracellular matrix. Understanding the role which immune cells play in inflammation resolution will allow to elaborate appropriate diagnostic and therapeutic approaches to improve AMI outcomes.



Specialized Pro-Resolving Lipid Mediators as Guides for Resolution of Inflammation in Injured Myocardium

Cellular traffic in the development of any inflammation is governed by the chemical mediators. Sterile inflammation developing in the course of acute MI is not an exception. The most potent mediators of inflammation are produced from the essential polyunsaturated fatty acids (PUFAs). Splenic leukocytes recruited to the myocardium represent an important source of these mediators, with macrophages being the major cellular subtype being involved (14). While acute phase of inflammation is primarily governed by prostaglandins and leukotrienes, recently identified specialized pro-resolving lipid mediators (SPM) participate in the resolution of inflammation (15). The timely switching of lipid metabolism from leukotriene B4 (LTB4) production to the synthesis of SPM limits attraction of pro-inflammatory leukocytes to the myocardium and provides efficient resolution of inflammation. SPM are classified into several subsets: lipoxins, resolvins, protectins and maresins. This classification is based on the nature of the precursor polyunsaturated fatty acid (16). SPM production becomes possible only in the course of intercellular interactions: formation of interactome between neutrophils and macrophages, neutrophils and platelets, neutrophils and eosinophils or endothelial cells provides the required sequence in the biosynthesis of lipid metabolites (17, 18). Synthesis of SPM leads to the termination of polymorphonuclear neutrophil (PMN) transmigration, alternative polarization of the macrophage phenotype and enhancement of efferocytosis of the apoptotic neutrophils (19). Even more so, these SPM have the capacity to modulate the functioning of the adaptive immune system, skewing activation towards regulatory T-cells’ subsets (20).

Myocardial infarction was associated with redistribution of leukocytes from the spleen to the heart tissue at day 1 together with the increased SPM generation in myocardium (21). STEMI patients presented with increase of SPM plasma levels already in the first hours after infarction, even before reaching the peak of high-sensitive troponin T (hsTnT), highlighting that processes of inflammation resolution are initiated in unison with its development (16). Production of pro-resolving mediators during MI possessed race- and sex-dependent signature patterns: black patients were characterized by the lowest level of resolving E1, while white males had the lowest production of protectin D1 (22). Administration of resolvin E1 (RvE1) to rats after ischemia/reperfusion limited the infarct size in a dose-dependent manner, while RvE1 treatment of cardiomyocytes in vitro significantly increased their viability and limited the rate of apoptosis (23). Injection of resolving D1 (RvD1) also improved heart function after the coronary artery ligation in mice and prompted synthesis of the internal RvD1, RvD2, maresin 1 (MaR1) and lipoxin A4 (LXA4) in the murine spleens (24). Of note, RvE1 administration during days 7-14 post-MI, on the contrary, adversely affected the myocardial function, due to the impaired recruitment of the monocytes/macrophages and reduced neovascularization (25). Lipoxins produced from arachidonic acid have been shown to upregulate the production of inflammatory cytokines IL-1β and IL-6 at day 1 post-MI (14).

Artificially induced impairment of the SPM signaling was associated with failure of inflammation resolution and dysfunction of leukocytes in the model of post-myocardial decompensated heart failure (26).

Besides lipid mediators the traffic of immune cells post-MI is also guided by other bioactive substances including annexin A1 (27), antimicrobial peptides (28), acute-phase proteins (29), and, obviously, various cytokines and chemokines (30). This creates a complex cross-talk between cells of the immune system, which, when unperturbed by aggravating factors, leads to the successful resolution of inflammation and restoration of myocardial function. Each cellular subset makes its unique input in the scenario of the development/resolution of inflammation following myocardial infarction.



Neutrophils

Neutrophils (or polymorphonuclear neutrophils) represent the most abundant subpopulation of polymorphonuclear cells in the blood and are the first cells of the immune system arriving to the site of infraction (31). In humans their phenotype is described as CD11b+CD16+CD62L+ (CD11b+ Ly6G+F4/80 in mice) (32). They contain granules with proteases and biologically active substances. Granules are classified into azurophilic primary (contain cathepsin G, myeloperoxidase (MPO), defensins, neutrophilic elastase), specific secondary (contain NADPH oxidase, lysozyme, lactoferrin) and tertiary (contain metalloproteinases (MMP)).

Neutrophils are recruited to the infarcted myocardium during the first few hours, initiating local inflammation and tissue destruction (31). Of interest is that rather a large pool of the resident cardiac neutrophils has also been described, which primarily perform the surveillance role in the myocardium (33). The main function of the recruited neutrophils is to clear the site of myocardial injury from the necrotic tissue. Unfortunately this process is also associated with further tissue destruction. Neutrophilic activity is majorly mediated by phagocytosis, degranulation, production of reactive oxygen species and NETosis, recently described process, characterized by the release of chromatin fibers into extracellular space and formation of neutrophilic extracellular traps (NETs) (34). The neutrophilic role in post-infarct inflammatory response is so important that clearance of neutrophils from the myocardial tissue is considered to be one of the major signs of resolution of inflammation (35).

Elevated neutrophils are associated with bad prognosis in MI patients. The major detrimental effects are dependent upon the function of myeloperoxidase (MPO) secreted by neutrophils into the extracellular space (36). NETs released by neutrophils consist of chromatin, histones and granules with proteolytic enzymes. The intensity of NETs formation in the culprit lesion has been shown to directly correlate with the infarction size. Besides, NETs induced differentiation of monocytes into intermediate subset, associated with poorer prognosis (the role of monocytes will be discussed in the further chapter) (37). Crosslinking of NETs with plasma fibrinogen leads to thrombosis and “no-reflow” phenomenon (38).

However, neutrophils’ recruitment has been shown to be an obligatory requirement for the successful switching from inflammatory response to its resolution. This dual function of neutrophils may explain unsuccessful attempts of translation of anti-neutrophilic therapies into clinics (39). Apoptosis of neutrophils after degranulation represents a powerful stimulus to polarization of macrophages into anti-inflammatory phenotype, through the secretion of annexin A1, lipocalin, lactoferrin, cathelicidin and formation of apoptotic bodies (29). Release of these pro-resolving substances also suppresses further recruitment of polymorphonuclear cells in the infarct zone (32). Neutrophils may secrete annexin A1, lactoferrin and participate in chemokine scavenging, thus terminating transmigration of granulocytes to the infarcted myocardium (40). IFN-γ produced by natural killer (NK) cells and T-lymphocytes has been shown to be tightly involved in this process, stimulating resident macrophages to attract neutrophils to myocardial tissue (41). Prolonged lifespan of neutrophils under the influence of tumor necrosis factor (TNF) and IL-1β was associated with increased endothelial damage and adverse myocardial healing (42), while matrix metalloproteinase (MMP)-12 seems to favor neutrophilic apoptosis (17). Overall, MMP-12 has been shown to possess potent pro-resolving properties, influencing inflammatory signaling and controlling cellular clearance, and neutrophils appeared to be the source of MMP-12 themselves (43).

Switching between the production of inflammatory and pro-resolving lipid mediators also explains the dual role of neutrophils in the MI. Neutrophils are the main cells, expressing 5-lipoxigenase (LOX), which is responsible both for the synthesis of leukotriens and production of the various SPM initiated in the course of intercellular interactions in tissues (17, 18). As a result, neutrophils enhance the recruitment of other PMNs at the beginning of the development of inflammation, while suppress further PMN migration and facilitate efferocytosis in the resolution phase. We have encountered no studies describing the role of neutrophilic SPM in resolution of post-MI inflammation. However, lack or deficiency of 5-LOX was associated with the increased mortality of mice after chronic coronary ligation (44).

It has been shown that neutrophils undergo the continual change of the proteome in the first week after AMI, with Day 1 cells predominantly producing metalloproteinases, switching to upregulation of apoptosis and ECM reorganization phenotype at Day 3 and predominant expression of the reparative substances, including fibronectin, galectin-3, and fibrinogen at Day 7 (45).

Even more so, according to the recent data neutrophils may be subcategorized into N1- and N2-subpopulations, with CD206-N1-neutrophils being inflammatory and CD206+ N2-neutrophils – ant-inflammatory cells (31). In mice N1-neutrophils prevailed during the initial phase of infarction and N2-neutrophils peaked at days 5-7 after MI (31). In the model of chronic MI total depletion of neutrophils was associated with increased fibrosis and worsening of the heart function (29).

Current studies provided information that neutrophils are characterized by the even more significant heterogeneity than it was originally thought. In humans there were recognized CD177+, olfactomedin 4 (OLFM4)+, T cell receptor αβ+, CD49d+CXCR4+vascular endothelial growth factor (VEGFR)+ neutrophilic subsets. Neutrophils expressing programmed death-ligand (PD-L)1, arginase 1(ARG1), CD10 are reported to have potent immunosuppressive activity (46). However, it is still unclear, either newly identified neutrophilic phenotypes represent the true subsets, or rather refer to the definite functional state of neutrophils. Data concerning the functions of the recently identified subpopulations of neutrophils in myocardial infarction are presently absent.



Eosinophils

Another subpopulation of granulocytes which role in myocardial infarction is usually overlooked is represented by eosinophils. In steady state they constitute 1-3% of leukocytes in peripheral blood and contain primary and secondary granules, as well as lipid bodies (47). Main active substances produced by eosinophils are galectin-10, major basic protein (MBP), eosinophil-derived neurotoxin (EDN), eosinophil cationic protein (ECP), eosinophil peroxidase (EPO) and derivatives of arachidonic acid. These substances are released in the course of degranulation, phagocytosis and formation of extracellular DNA traps (the process named EETosis), enabling eosinophils to kill extracellular parasites and participate in allergic reactions (47). Even more so, eosinophils are capable of presentation of antigens to Th2-lymphocytes and may even activate dendritic cells through the production of eosinophil peroxidase (EPO) (48). Eosinophils were also shown to be involved in the pathogenesis of myocardial infarction, reaching the peak in plasma by days 2-3 post-AMI (49). They may increase damage of myocardial tissue through the production of ROS by eosinophil peroxidase or induction of cellular cytotoxicity by granules’ contents or antibody-mediated cellular cytotoxicity (47).

Meanwhile, patients with low eosinophilic cell count were characterized by the bigger infarct size and higher rate of cardiac events during long-term follow-up (50). Thus, eosinophils have also been shown to mediate anti-inflammatory effects and input resolution of inflammation. Even though until recently they were regarded as a simple short-lived post-mitotic cellular subpopulation, nowadays a potent regulatory potential of eosinophils has been widely appreciated. Eosinophils possess a potential to produce variable growth factors, including TGF-α and -β, fibroblast growth factor (FGF), epidermal growth factor (EGF), platelet-derived growth factor (PDGF) and vascular-endothelial growth factor (VEGF), participating in angiogenesis and myocardial repair (51). However, balance between production of eosinophilic IL-5 and growth factors is pertinent, as mice overexpressing IL-5 were characterized by the insufficient production of ECM components and impaired wound healing (52). Eosinophils have also been confirmed to be the main source of protectin D1 and a range of resolvins, including novel resolvin RvE3, limiting infiltration of tissue with neutrophils (13).

Eosinophils also secrete IL-4, cytokine playing an essential role in differentiation of macrophages towards M2 phenotype, and regulating myocardial tissue regeneration (53, 54). Eosinophilic cationic protein mEar1 together with IL-4 was able to inhibit apoptosis is cardiomyocytes and prevent adhesion of neutrophils to endothelial wall, improving cardiac dysfunction (49). Most likely production of IL-4 is a key feature providing beneficial effects of eosinophils during AMI, as injection of the recombinant IL-4 to eosinophil-deficient mice rescued adverse remodeling of the left ventricle after the permanent ligation of the left coronary artery (54). However, the potency of treatment with IL-4 appeared to be time-dependent: administration of IL-4 lost its efficiency when injected at the advanced stages of the post-MI remodeling (55). Thus, time frame of the intercellular interactions has been shown to be critical for the successful myocardial healing following infarction. These findings highlight the importance of the proper “treatment window” choice when elaborating therapeutic approaches to manipulate inflammation and immune cells’ kinetics in AMI.

Distinct regulatory subpopulation of murine Siglec-FintCD62L+CD101lo eosinophils (rEos, corresponding to human Siglec-8+CD62L+IL-3Rlo cells) with homeostatic functions has recently been described in lungs (48). They were also detected in gastro-intestinal tract, Peyer’s patches, adipose tissue, thymus and uterus, but there are currently no data on whether these cells exist in humans’ heart. Aforementioned rEos produce IL-4 in high quantities (48) and represent the cellular subset that potentially may be involved in resolution of post-infarct inflammation.

There still remains many unresolved questions in the role of eosinophils in post-infarct inflammation, such as gender bias, as many aspects of homeostatic and anti-inflammatory activity of eosinophils have only been confirmed in males, and were not established in females yet (49).



Monocytes/Macrophages

The role of monocytes and macrophages in post-infarct inflammation has been described the most explicitly. Myocardium contains resident macrophages (about 7-8% of all non-cardiomyocytes), arising either from the yolk sac or fetal liver, and providing immune surveillance and regulation of cardiac functions (12, 56). Even though in steady state resident macrophages may proliferate to maintain their pool, they are rapidly depleted after myocardial injury (57). It is circulating monocytes that are going to be recruited and subsequently differentiate into macrophages to mediate development and resolution of inflammation. Myocardial infarction already in the first 30 minutes is characterized by the significant mobilization and influx of monocytes to the myocardial tissue, first from the patrolling pool in the peripheral blood and then from the splenic reservoir through the signaling via angiotensin II Type 1a receptor (58). These initially recruited monocytes may even be regarded as one of the stimuli that further attract neutrophils to the infarcted myocardium, as depletion of CCR2+ monocytes and macrophages was associated with impaired neutrophils extravasation during ischemia reperfusion injury in mice (59).

Several subsets of monocytes have been described based on their phenotype, however there is no consistency in the understanding of the further fate of these monocytic subpopulations. In men classification is based on the expression of molecules CD14 (lipopolysaccharide-receptor) and CD16 (low-affinity Fcγ-receptor). Classical monocytes in humans are described as CD14++CD16neg; in mice – Ly-6Chi. They constitute about 90% of all circulating monocytes and are characterized by high expression of CD62 and CCR2, which enables their recruitment to the site of injury towards the gradient of MCP-1 and chemokines CCL2 and CCL7. Classical monocytes produce inflammatory cytokines and nitric oxide and are able to differentiate into macrophages and dendritic cells. They peak at Day 3 after MI, and are involved in breakdown of necrotic myocardium (12). Even though there is no direct evidence that classical monocytes are precursors to macrophages with a certain phenotype, they are often called “inflammatory monocytes” (35). Blockage of CCR2 in mice was associated with increase of left ventricular ejection fraction (LVEF) and decrease of left ventricular end-diastolic volume (LVEDV) (60). Increased levels of classical monocytes were associated with impaired left ventricular functions six months after AMI (61). Meanwhile, the total depletion of monocytes and infiltrating macrophages during the 1st week following myocardial injury in mice was associated with enhanced heart rupture and increased mortality (62).

Human non-classical monocytes are CD14+CD16hi and murine non-classical monocytes are Ly-6Clo. High expression of chemokine receptor CX3CR1 is typical for non-classical monocytes, allowing their homing to the infarction site by gradient of chemokine fractalkine. Their function and origin are less clear than classical monocytes. Mainly they represent a patrolling monocyte population, being found close to the vessel wall in the circulation and scavenging oxidized lipids, cellular debris and pathogens (58). According to our data the frequency of non-classical monocytes inversely correlates with the severity of atherosclerosis in patients with stable coronary artery disease (63). One may speculate that it is non-classical monocytes that are essential for the resolution of inflammation in AMI, as late recruitment of monocytes in the models of acute inflammation did not depend on the CCR2 expression (64). Even though there is no direct evidence of the subsequent differentiation of non-classical monocytes into M2-macrophages, loss of fractalkine receptors was associated with skewing of macrophage balance to inflammatory subset in epididymal white adipose tissue (65). It has been shown that transcription factor NR4A1 (also known as Nur77) plays role in re-differentiation of classical monocytes into non-classical subpopulation. Absence of Nr4a1 in mice was associated with impaired LV function after AMI (66). Non-classical monocytes reach the peak at Day 5 after MI, but classical monocytes still predominate in numbers through all the course of infarction progression (12). Non-classical monocytes may regulate scar formation, angiogenesis and myocardial healing, through the secretion of VEGF and TGF-β (67). Absence of increase of non-classical monocytes is an unfavorable sign which was associated with reduction of LVEF (68).

There may be also identified so called intermediate monocytes (CD14++CD16hi), absent in mice. Most likely these cells represent a transition step between classical and non-classical monocytes. Their function is described primarily as inflammatory (12, 58). Intermediate monocytes also express CCR2 and angiopoietin-2 receptor (TIE-2), and thus are involved in regulation of angiogenesis (56). Levels of intermediate monocytes in AMI patients correlated with troponin concentration (69).

Differentiation of monocytes to macrophages is accompanied by increase of CD68 and MHC II expression in humans and F4/80 in mice, and reduction of CD14 expression (12). Macrophages play dual role in resolution of inflammation: clearing the tissue from necrotic remnants on one hand, and secreting pro-resolving mediators on the other hand (35). Similarly to monocytes, macrophages are characterized by heterogeneity, with different subsets involved in resolution of inflammation unequally. The common and most widely used approach to classify macrophages depends on the stimuli used to polarize macrophages in vitro. Monocytes will differentiate towards M1 macrophages under the influence of granulocyte-macrophage colony-stimulating factor GM-CSF and towards M2 macrophages under the influence of macrophage colony-stimulating factor (M-CSF) also known as colony stimulating factor 1 (CSF-1). The following post-differentiation stimulation with either LPS/IFN-gamma/TNF-alpha or IL-4/IL-13 will respectively initiate transition of M1/M2 macrophages into the activated state (70, 71). In vivo it is cytokines, DAMPs and growth factors that play the role of the polarizing agents (35).

M1 macrophages are characterized by the inflammatory phenotype and produce cytokines such as IL-1β, IL-6 and TNF-α, while alternatively activated M2 macrophages are anti-inflammatory and may activate fibroblasts, induce cell proliferation, collagen deposition and angiogenesis (12, 70). M2 macrophages may be further subcategorized into M2a, M2b and M2c cells, where M2a and M2c macrophages primarily cooperate with cells of the adaptive immunity and M2b cells play the role in regulation of inflammation (72).

Various types of cell death have been identified in the infarcted myocardium, including necrosis, apoptosis, necroptosis, autophagy-related cell death, pyroptosis and ferroptosis (11). M2 macrophages have been shown to be tightly involved in efferocytosis – a process of engulfment of the apoptic bodies, essential in the resolution of inflammation after AMI (73). The main feature of efferocytosis is clearance of the dead cells in the “immunologically silent” manner, as production of inflammatory cytokines is suppressed by efferocytic mechanisms (74, 75). Instead, macrophages switch to the production of TGF-β, IL-10, lipoxins, resolvins and other SPM (75). The growth-arrest specific gene 6 (Gas6)/myeloid-epithelial-reproductive tyrosine kinase (MerTK) pathway is employed by macrophages to recognize phosphatidylserine (PtdSer) on the surface of the dead cells and proceed to efferocytosis (11). Deficiency of MerTK was associated with impairment of efferocytosis and increase of the infarct size after the coronary occlusion in mice (76). Expression of MerTK appeared to be tightly associated with the monocytic scavenger receptor CD36: mice lacking CD36 were characterized by the reduced expression of MerTK on macrophages. The double knock out of CD36 and MerTK led to the increased post-infarct myocardial rupture (77).

In our previous collaborative works it has been shown that stabilin-1+ M2 macrophages peaked in patients’ heart tissue in the regenerative phase of MI (days 4-10) and did not decrease further on, predominating in the infarct area (78). Specific targeting of genes responsible for M2 polarization was followed by the impairment of left ventricular function after coronary artery ligation in mice (79). Meanwhile, blocking of M1 polarization pathways led to the reduced LV dilation at 3 weeks post-coronary artery ligation (80).

However, M1-M2 paradigm still carries some inconsistency. Unexpected results were obtained by Yang M. et al. (81), who knocked out GATA3, a transcription factor that appeared to be involved in the development of M2-phenotype (81). This was associated with the prolonged persistence of CCR2+/Ly-6Chi inflammatory macrophages in the post-infarct myocardial tissue. Yet, animals performed improved LV function in 2 months of observation compared to intact animals, thus, questioning the detrimental role of Ly-6Chi macrophages in cardiac remodeling. It is worth noting that the decreased accumulation of neutrophils was also observed in animals after GATA3-knock out, thus representing the confounding issue of the study (81).

One of the alternatives is to avoid classification of macrophages into M1 and M2, but rather indicate the stimulus used to activate macrophages: M_LPS, M_IFN‐γ, M_IL‐4, M_IL‐10, M_IL‐6, etc. RNA expression profile and CD markers vary greatly between M_LPS and M_IFN‐γ (previously reported together as M1 subpopulation) and between M_IL‐4 and M_IL‐10 (previously reported together as M2 macrophages) (82). The use of single-cell RNA sequencing (scRNA-seq) allowed to identify as many as 11 clusters of mononuclear phagocytes with distinct gene expression profiles in the heart of naïve mice (57). There was observed predominantly inflammatory gene expression at day 3 post-coronary artery ligation, and reparative genes expression at day 7, accompanied by mixed expression of M1 and M2 marker-genes, further emphasizing over-simplification of macrophages categorization into M1 and M2 cells (83).



Mast Cells

Mast cells represent cells of immune system of myeloid origin, residing in mucosa and connective tissue and mainly being involved in development of allergic conditions. They are abundant in human heart and coronary lesions and were shown to participate both in plaque rupture and processes of myocardial remodeling after infarction (84–87). Mast cells are able to produce various inflammatory cytokines including TNF-α, IFN-γ, IL-6, amines (mainly histamine) and proteases, regulating activity of matrix metalloproteases, collagen degradation and thus playing role in organization and resolution of inflammation and fibrosis in myocardium (87).

Phenotype of mast cells is characterized by expression of c-Kit, Fc-εRI and various mast-cell-specific proteases (84). Depending on the proteases contained in granules mast cells have been classified into two subsets: MCT (with granules containing only tryptase) and MCCT (with granules containing tryptase, chymase, cathepsin G, and carboxypeptidase). Heart mast cells have been described to have MCct phenotype (87). Biological activity of mast cells may be realized through degranulation and secretion of the granules’ content, secretion of cytokines or production of lipid mediators, depending on the nature of the stimuli received during activation (84). Main route of mast cells activation is represented by the cross-linking of FcεRI with IgE (85). Secretagogues of mast cells, mediating unspecific degranulation, include complement components, stem cell factor (SCF), defensins produced by neutrophils, substance P, neurotensin, endothelin-1, reactive oxygen species, IL-33 (ligand of ST2 receptor) (85, 87). Estrogen has been shown to down-regulate mast cell activity (87).

Mast cells have been found in media of infarct-related and infarct-unrelated arteries at different stages of infarction, and in myocardial tissue itself, implying that they may participate both in initiation and termination of the post-infarct inflammation (86). Treatment of isolated rat heart with ketotifen (mast cell membrane stabilizer) reduced ischemia/reperfusion injury (88). Retrospective and prospective studies investigating effects of histamine type 2 receptors (H2) antagonists showed reduction of brain-natriuretic peptide (BNP) production and decrease of the left ventricular dilation together with improvement of the heart failure in patients (89).

Despite evident inflammatory properties of mast cells, their main function during cardiac tissue remodeling remains to be associated with regulation of fibrous tissue metabolism (84). Mast cells may be both enhancers and inhibitors of post-myocardial fibrosis, reaching their pick at day 7 after MI. Pro-fibrotic properties are mediated primarily by chymase and tryptase, which are known to be activators of TGF-β and angiotensin II, the well-known promoters of fibroblasts activity. In addition, MC store basic fibroblast growth factor (bFGF) in their granules. MC also produce and secrete anti-fibrotic mediators such as IL-10, IL-13, CXCL-10 and VEGF-A (84).

Another input of MC in resolution of inflammation is mediated by activation of protease activated receptor (PAR)-2 on cardiomyocytes by tryptase. As a result of this activation anti-inflammatory 15-deoxy 12,14 prostaglandin J2 (15-d-PGJ2) is produced from Cyclooxygenase-2 (COX-2) (90). 15-d-PGJ2 regulates timely resolution of inflammation at the level of transcription, inhibiting proinflammatory factors NF-κB, STAT3, and activator protein 1 (AP1) and stimulating pro-resolving E2-related factor 2 (Nrf2). Besides, it inhibits protein translation, thus limiting the development of inflammation (91).



Dendritic Cells

Dendritic cells (DCs) represent an extremely heterogeneous population of immune cells, both of myeloid and lymphoid origin. Their main function is presentation of antigens to T-lymphocytes. DCs express MHC II, similarly to monocytes and macrophages, but belong to a distinct cellular population (92). They also secrete various cytokines and growth factors, regulating immune response and inflammatory processes (92).

Two major DC subpopulations were identified in men and mice, such as plasmacytoid DCs (pDCs) and conventional DCs (cDCs), further classified into CD141+/CD103+ cDCs1 and CD1c/CD11b+ cDCs2 lineages (93). Both pDC and cDC subsets may be found in myocardium in steady state, as well as double-negative CD103-CD11b- pre-cDCs and poorly characterized population of monocyte-derived CD64+CD11c+MHCII+ DCs (moDCs) (94). Myocardial infarction was associated with the increase of сDCs and moDCs in the heart (95). But only cDCs2 increased expression of co-stimulatory molecule CD86 and migrated into the draining lymph nodes initiating activation of autoreactive IL-17+/IFN-γ+ T-lymphocytes (95).

DCs may modify the process of post-MI healing through activation of T-lymphocytes in draining lymph nodes, production of inflammatory cytokines and direct activation of fibroblasts (94). Besides antigen presentation to T-lymphocytes DCs may also influence the development of inflammation through the production of exosomes enriched in micro (mi)-RNA (96, 97). Infiltration of myocardium with DCs after left anterior descending coronary artery ligation in mice was characterized by spatial-temporal dynamics: DCs could be found in ventricle and septum at day 3, and appeared in the left atrium at day 7 (94).

Experimental works using depletion of DCs to study their function show inconsistent results. Depletion of conventional DCs in chimeric mice was associated with decrease of macrophages at day 7 post-MI, followed by reduction of infarct size, prevention of ventricular remodeling and improvement of cardiac function (94). However, in the series of other works DCs depletion was also associated with decrease of anti-inflammatory T-regulatory lymphocytes and impairment of the myocardial healing. Mixtures of cytokines IL-37 and troponin I led to the creation of tolerogenic DCs, which beneficially influenced the process of post-MI remodeling (98). Local injection of tolerogenic DCs induced activation of M2 macrophages through T-regulatory lymphocytes and favored resolution of inflammation, wound healing and ventricular systolic function (99). Biologically active molecules mediating pro-resolving functions of tolerogenic DCs include galectin-1 and pentraxin 3 (100, 101).

Thus, the ultimate result of the DCs activity in the course of AMI depends on the dendritic cells’ subpopulation being involved and subsequent type of the recruited effector cells. Ideally, activation of the conventional DCs should be followed by the increase of the tolerogenic DCs’ activity to provide timely resolution of inflammation.



T-Lymphocytes

T-lymphocytes are the cells of the adaptive immunity. Presentation of the specific antigen by antigen-presenting cells in secondary lymphoid organs is an obligatory stage in their activation and clonal expansion (102). Population of T-lymphocytes may further be sub-divided into helper CD4+T-lymphocytes, secreting cytokines, and cytotoxic CD8+ T-lymphocytes, able to lyse pathologically changed cells directly (103). Each population may play either inflammatory or regulatory role (102).

Cells of the adaptive immunity attracted attention of the researchers not so long ago, and their function during MI remains elusive and stem from experimental works. It has been shown that RAG1 knock-out (KO) mice, which lacked T-lymphocytes, developed infarction of smaller sizes, compared to the wild-type animals. The primary role for modulation of the injury size has been ascribed to CD4+ T-lymphocytes, with interferon-γ (IFN-γ) and IL-17 being tightly involved in the process (104, 105). These cytokines amplify death of cardiac cells and stimulate proliferation of fibroblasts. Deficiency of IL-17A or γδ-T cells (main producers of IL-17 in the heart) alleviated left ventricular dysfunction after myocardial infarction (105). Meanwhile, decrease of Th2 lymphocytes was associated with increased severity of STEMI and high risk of adverse cardiovascular events (106), while administration of IL-4, the Th2 key-stone cytokine, had pro-resolving effects (55).

There is an opinion that activation of CD4+ T-lymphocytes during AMI is antigen-independent, associated with the recruitment and activation of effector memory T-cells through recognition of alarmins by TLR (107). Another pathway of T-lymphocytes’ activation is mediated by MMP-9 via cleavage of CD31, which normally inhibits signaling through T-cell receptor (TCR) (108).

At the same time, pro-inflammatory milieu, formed during MI, creates conditions favorable for activation of autoreactive clones of T-lymphocytes, which may trigger autoimmune destruction of the myocardial tissue (109). Heart-specific T-lymphocytes receive positive signal for differentiation while polyclonal inhibition of other T-lymphocytes’ clones is observed (110). Priming of T-cells takes place in mediastinal (heart-draining) lymph nodes, which enlarge after MI. Myosin heavy chain α (MYHCA), missing in thymus and not participating in negative selection of T clones, was shown to be the dominant epitope associated with activation of T-lymphocytes during MI (110).

T-lymphocytes are attracted to injured myocardium and are detained there. One of the possible chemokines, involved in this process, is fractalkine, recognized by T-lymphocytes’ receptor CX3CR1 (111). T-cells may also participate in microvascular-obstruction during ischemia-reperfusion injury, release inflammatory cytokines and increase cellular infiltration of the myocardial tissue even further ultimately leading to the aggravation of myocardial injury (111). This activation of CD4+ T-lymphocytes is a prerequisite process after MI, as absence of CD4+ cells in animals was associated with poorer outcome (102).

Cytotoxic CD8+ T-lymphocytes were also shown to be involved in post-infarction inflammation (112). CD8+ T-cells as well may have both beneficial and detrimental effects in myocardial infarction. Deficiency of cytotoxic T-cells was associated with better restoration of heart physiology, but scar formation was impaired. Mice deficient for CD8+ T-lymphocytes died post-MI due to the myocardial rupture caused by dysregulated fibrosis and increased inflammation (113).

Protective effects mediated by T-lymphocytes may be mediated by the distinct CD4+ and CD8+ subsets positive for expression of angiotensin receptor AT2 (114, 115). But primary protective function during MI is, of course, mediated by subpopulation of T-regulatory lymphocytes.

Tregs represent a distinct subpopulation of CD4+ T-lymphocytes, characterized by anti-inflammatory activity. Their major role in infarction is repair of myocardial tissue through suppression of inflammatory processes and activation of fibrosis (102). Natural Tregs appear in the infarction zone already in the first hours after MI and persist for at least 7 days (116). Treg recruitment most likely involves chemokine receptor CCR5 (117). Myosin-specific T-helper lymphocytes are attracted to the site of myocardial infarction and undergo in situ conversion to Tregs, which were characterized by enhanced expression of inhibitory check-point molecules, such as CTLA-4, TIGIT (T cell immunoreceptor with Ig and ITIM domains), PD-1, BTLA (B- and T-lymphocyte attenuator) (110).

Ectoenzymes CD39 and CD73 are expressed on the membrane of Tregs. Ectonucleoidase activity of these molecules input to the increase of the local adenosine concentration, which has been shown to suppress inflammatory activity of conventional CD4+ T-lymphocytes in myocardial injury (104, 118). Tregs can influence the differentiation of macrophages in the site of myocardial infarction, and direct it towards M2 phenotype, inducing expression of arginase-1, interleukin-13, osteopontin, and TGF-β (119). Disruption of this interaction was associated with failures in the formation of extracellular matrix in scar region and myocardial rupture (120). Crosstalk between Tregs and macrophages promoted efferocytosis in the models of acute inflammation (121). However no data is available on this effect of T-regulatory lymphocytes in AMI. Tregs may also improve cardiac tissue remodeling in a paracrine manner directly stimulating proliferation of cardiomyocytes through the secretion of six main factors (Cst7, Tnfsf11, Il33, Fgl2, Matn2, and Igf2) (116).

Statin intake before percutaneous interventions after MI was associated with the increase of Tregs among PBMC (122). Expansion of Tregs via agonistic antibodies led to the reduction of the recruitment of neutrophils, monocytes and lymphocytes to the site of myocardial injury and suppressed activation of CD8+ lymphocytes (123). Artificial depletion of Tregs was associated with unfavorable remodeling of the left ventricle, development of apical aneurisms and even cardiac ruptures (116, 120). This underscores an important role of Tregs in reparation of the injured myocardium.



Myeloid-Derived Suppressor Cells

Myeloid-derived suppressor cells (MDSC) represent a recently described subpopulation of cells that originate from myeloid precursors in bone marrow, blocked at different steps of their development. This subpopulation is highly heterogeneous and at present includes polymorphonuclear MDSC (PMN-MDSC), monocytic (M-MDSC) and early-derived MDSC (eMDSC) (124). In steady state they may be found in bone marrow, but do not possess any suppressive activity. In the course of inflammatory disorders and tumorigenesis they appear in the secondary lymphoid organs and peripheral tissues (125). Role of these cells in the course of development of MI is not yet studied, but most likely they exhibit pro-resolving functions, suppressing T cell mediated immune responses (126).

Administration of rapamycin suppressed activation of the mammalian target of rapamycin (mTOR) and activated MDSC during acute kidney injury (127). This activation was accompanied by the decrease of CD4+ and CD8+ T-lymphocytes infiltration and decrease of inflammatory cytokines production (IL-1β, IL-6 and IFN-γ). Production of anti-inflammatory TGF-β increased on the contrary (127). Expression of indoleamine 2,3-dioxygenase (IDO) by MDSCs was associated with metabolic starvation of T cells and directed development of DCs towards tolerogenic subset (128). MDSC also exhibited anti-hypertrophic and anti-inflammatory effects when co-cultured with cardiomyocytes, through the secretion of IL-10 and nitric oxide (129).

MDSCs were elevated in patients with HF, and their depletion aggravated heart function (129). The kinetics of MDSCs’ recruitment to myocardial tissue and potential factors being involved in regulation still need to be elucidated.



B-Lymphocytes

B-lymphocytes represent cells of the adaptive immunity, characterized by the production of antibodies and mediating humoral immune response. Two major types of B-lymphocytes have been described: B1-lymphocytes (functioning in T-independent manner; also called “innate-like” B-lymphocytes) and B2-lymphocytes (interaction with T-lymphocytes is required for proper function; also called conventional B lymphocytes) (130). B2 lymphocytes predominate in circulation. Surprisingly, B-lymphocytes are the most abundant lymphoid cells in myocardium, both in mice, and in men (131, 132). After myocardial infarction their numbers gradually increase nearly 5-fold. The time of reaching the peak values will depend on the presence of ischemia-reperfusion (day 7 – in non-reperfused myocardium; day 3 – after ischemia-reperfusion injury of the myocardium) (133).

The main effector molecules produced by B-lymphocytes are antibodies. Antibody production in performed by plasma cells – the terminal stage of B-lymphocyte differentiation. Antibodies increased destruction of myocardial tissue, as blocking of IgM led to the significant reduction in ischemia-reperfusion injury (134). At the same time, specialized pro-resolving mediators 17-hydroxydocosahexaenoic acid (17-HDHA) and resolvin D1 increased production of IgM and IgG from B-cells, suppressing secretion of B-derived IL-6 and IL-10 (135). Potentially, balanced antibody production may benefit resolution of inflammation through clearance of cellular debris.

Besides antibodies, B cells are also capable to secrete cytokines and chemokines. The production of CCL7, attracting Ly-6Chigh monocytes to myocardium, has been shown to be dependent upon B-lymphocytes. Depletion of B2-lymphocytes from circulation by anti-BAFF of anti-CD20 antibodies disrupted monocytes recruitment and was associated with the reduction of infarct size and favorable heart remodeling (136).

Meanwhile, injection of B-lymphocytes into early post-infarcted myocardium reduced apoptosis in cardiomyocytes and preserved left ventricular function, while other cells of myeloid and lymphoid lineage as well as combinations of bone marrow cell subsets had no effect (137). Recently described population of IL-10 producing CD5+ “regulatory B-lymphocytes” may be the one to play anti-inflammatory function (138). However, an exact mechanism mediating this protecting effect of B-lymphocytes has not yet been described.



NK Cells

Natural killer (NK) cells constitute 2-5% of all peripheral blood leukocytes and belong to the heterogeneous group of innate lymphoid cells (ILC), type I ILC in particular. They exhibit lymphoid cellular morphology, but do not have antigen specificity. Instead, they express a great variability of invariant receptors, recognizing both self and non-self antigens. NK activation depends on the balance between activation and inhibitory signals they receive during interaction with their target cells. NK cells express transcriptional factor T-bet and produce IFN-γ, perforin and granzyme B (139).

NKs’ role during MI still remains poorly characterized. NK cells appeared to be the major source of IFN-γ during angiotensin (AT) II induced vascular dysfunction (140). NK cells may interact with inflammatory macrophages through the cytokine axis IFN-γ/TNF-α/IL-12 whereby potentiating activity of one another and increasing inflammation in infarction zone (141).

At the same time there are data pointing to the possibility of insufficient NK function during MI. Patients with acute coronary syndrome were characterized by the lower numbers of NK cells in the peripheral blood compared to patients with stable angina (142). One of the possible explanations of the decreased NK numbers in CAD patients is high susceptibility of these cells to apoptosis induced by various stimuli (143). Observed NK deficiency during MI was associated with the reduced capacity to limit cardiac cell apoptosis and modulate development of fibrosis in post-infarcted myocardium (144). Thus, NK cells may also fulfil protective function in CAD patients. Most likely the balance between various stimuli will determine the ultimate role of the NK cells in infarct and peri-infarct zones.



iNKT Cells

A distinct minor subpopulation of invariant natural killer T (iNKT) cells (0.01 – 0.5% of all peripheral blood leukocytes) simultaneously expresses NK activating and inhibitory receptors and an invariant αβ TCR which can recognize lipid and glycolipid antigens (mainly DAMPs) (145). Infiltration of activated iNKT into post-infarcted myocardium ameliorated left ventricular (LV) remodeling and development of heart failure after MI (145). Absolute numbers of circulating iNKT in AMI patients were decreased and could have been used to predict restenosis in long-term follow-up (146).

Mechanisms of iNKT protective effects during MI were not identified yet, but in the case of sterile inflammation in the liver iNKT have been shown to infiltrate the injured site and orchestrated healing via production of IL-4 and switching of macrophages to patrolling phenotype (147). Similar pattern of iNKT activity may exist in post-MI injury, but further research to prove this concept is required.

Glycosphingolipid α-galactosylceramide (αGC) is one of the most potent stimulators of both NK and iNKT activity. Administration of αGC to mice with ischemia/reperfusion reduced the infarction size, but whether this effect was mediated by iNKT cells or represents epiphenomenon remains disputable (148).



Future Directions

Thus, cells of the immune system are unequivocally involved in development and resolution inflammation during myocardial infarction. The main features of the phenotypes, active molecules and effector activity of the immune cells during AMI are summarized in Table 1. The same cellular population may exhibit both inflammatory and pro-resolving properties (Figure 1), which, being combined with the excessive complexity of intercellular interactions, creates a well-tuned, but highly susceptible to perturbations, system of immune regulation in myocardial remodeling. This may explain unsuccessful attempts of remodeling modulation via targeting of the single signaling pathways or definite cellular populations (39). Besides, the majority of data concerning the role of immune cells in myocardial infarction have been obtained in experiment. Clinical context complicates existing regularities of immune cell functioning during AMI with such confounding variables as aging, comorbid conditions, variable genetic background, etc. (40).


Table 1 | Summary characteristics of immune cells involved in development and resolution of inflammation in acute myocardial infarction.







Figure 1 | Summary characteristics of immune cells involved in development and resolution of inflammation post-myocardial infarction. Cells of the immune system may input either successful or unsuccessful myocardial remodeling after myocardial infarction, being involved in all the three phases of cardiac repair: inflammatory phase; reparative and proliferative phase; maturation phase. Some cellular populations (monocytes, macrophages, lymphocytes) are represented by two or more subsets with opposite or complementary effects. At the same time, some immune cells may exhibit either inflammatory or reparative properties, depending on the nature of the signal and cellular milieu (eosinophils, dendritic cells, mast cells, NK cells, iNKT cells). Possibility exists that new distinct subpopulations of immune cells are yet to be described, and inflammatory and reparative functions will further be ascribed to different cellular subsets. CCL CC, Chemokine ligand; CD, Cluster of differentiation; ECP, Eosinophil cationic protein; FGF, Fibroblast growth factor; IFN, Interferon; Ig, Immunoglobulin; IL, Interleukin; IL-1Ra, Interleukin-1 receptor antagonist; MBP, Major basic protein; MMP, Matrix metalloproteinase; MPO, Myeloperoxidase; NO, Nitric oxide; ROS, Reactive oxygen species; TGF, Transforming growth factor; TNF, Tumor necrosis factor; VEGF, Vascular endothelial growth factor; Question marks indicate absent or incomplete data and facts that have not been sufficiently studied for myocardial infarction.



However, results obtained in COLCOT and CANTOS clinical trials show the potential of anti-inflammatory therapy in AMI patients (150, 151), even though the benefits of approaches used up to date may seem not so large-scale and limited to the narrow group of patients. In our opinion relatively modest success of these trials is associated with a fact that inflammatory phase is obligatory at the early stage of MI to clear the necrotic cellular debris and create favorable circumstances for the development of reparative phase. Thereby, complete suppression of inflammation which may be beneficial during autoimmune conditions, may be inappropriate in patients after cardiovascular events at the early stages of treatment. New approaches for patient’s follow-up and treatment targeting resolution of inflammation should be elaborated.

One of the modern concepts of immune modulation represents metabolic reprogramming of immune cells (152). All the inflammatory cells’ subpopulations have been shown to be dependent upon aerobic glycolysis, while anti-inflammatory subpopulations normally produce energy through oxidative phosphorylation (152). Rewiring of the cellular metabolism determines direction of cellular differentiation and may be used to selectively and specifically regulate the power of immune responses. Activation of AMP-activated protein kinase (AMPK) is known to increase fatty acid oxidation and promote differentiation of cells with pro-resolving activity (M2 macrophages, Tregs, N2 neutrophils), while stimulation of mammalian target of rapamycin (mTOR) and hypoxia induced factor (HIF) 1-α is associated with an increase of inflammatory profile of the immune cells (M1 macrophages, mature DCs, activated B cells, Th1, Th17) (Figure 2) (152–154).




Figure 2 | Pathways of metabolic reprogramming in immune cells. Activation of mTOR during hypoxia and stimulation of PRR by DAMPs or antigen receptors on T- and B-lymphocytes by antigens leads to the sustained stimulation of HIF-1α, which in turn activates glycolysis and pentose-phosphate pathway, breaking down tricarboxylic acid (TCA) cycle. All of the above mentioned metabolic pathways are associated with high rate of ATP production, generation of biosynthetic precursors (nucleotides, fatty acids, ribose, amino acids), diversion of immune suppressive factors such as phosphoenolpyruvate into glycolytic pathway and production of cofactors (such as NADH). As a consequence cells of the immune system are activated and acquire inflammatory phenotype. Restoration of the normal oxygen supply or anti-inflammatory signaling, sometimes combined with checkpoint (PD-1) activation, stimulates AMPK, characterized by the suppressive activity towards mTOR. AMPK supports integrity of TCA, stimulates OXPHOS and fatty acid oxidation, minimizing ATP consumption and inhibiting cell cycle and biosynthesis. Switching from catabolism to anabolism represents a stimulus for the development of anti-inflammatory and memory cells. AMPK, AMP activated protein kinase; ATP, Adenosine triphosphate; CD, Cluster of differentiation; DC, Dendritic cell; HIF, Hypoxia induced factor; IL, Interleukin; MDSC, Myeloid derived suppressor cell; mTOR, Mammalian target of rapamycin; OXPHOS, Oxidative phosphorylation; PPP, Pentose phosphate pathway; PRR, Pattern recognition receptors; TCA, Tricarboxylic acid cycle; Treg, T regulatory lymphocytes.



Cellular metabolism is tightly linked to epigenetic reprogramming of the immune cells, which, in turn, represents another powerful tool of the cell fate control. Chromatin-modifying enzymes include multiple types of histone acetyltransferases and deacetylases. Moreover, some of these enzymes display non-catalytic activity, governing the direction of inflammatory responses. Recent work by Nguyen H.C.B. et al. demonstrated that histone deacetylase 3 (HDAC3) may activate either inflammatory or anti-inflammatory genes depending on the nature of the transcription factor being recruited (155).

The issue of targeted delivery of immune-modulating medications during MI also needs to be elaborated to avoid undesirable systemic effects. Current approaches propose to use hydrogels, patches, inhaled nano-particles, extracellular vesicles including exosomes and are reviewed in detail elsewhere (156). All the above mentioned techniques have certain dangers and drawbacks and require further studies of the bioavailability and safety in clinics.

New diagnostic approaches, such as fluorescence-based techniques, single-cell RNA sequencing and mass spectrometry imaging and profiling, which become more and more wide-spread and affordable, allow to evaluate single cell metabolomics and transcriptomics and propose personalized targeted ways of metabolic and epigenetic reprogramming depending on the initial state of immunometabolism (157, 158).

In the perspective it might be possible to find a powerful signaling mechanism to manipulate cellular heterogeneity in the course of the immune response during AMI and influence not only a single subpopulation, but redirect functional activity of the whole cellular diversity in a desired way. Identification of molecules that may be used during AMI to obtain time-dependent equilibrium in immune regulation through metabolic and epigenetic rearrangement represents a promising area of future research.



Concluding Remarks

Increase of patients’ survival after AMI is associated with spread of HF frequency in population. Hence study of consequences of cellular response to myocardial injury will remain an important research area withholding both fundamental and practical significance. Summarizing our review, we can state that there are no “good” or “bad” players in the realm of the immune cells involved in myocardial remodeling after infarction. Each subset of immune cells present in the heart may either increase injury and inflammation or initiate healing of the cardiac tissue. Suppression of inflammation via total depletion of a definite cellular subset has not been associated with a more favorable outcome, or has led to inconsistent results. Rather, keeping a time-dependent balance in the work of immune cells, when inflammatory activity is followed by timely switching on of the resolution and reparative mechanisms, is what matters in the successful heart healing and remodeling following infarction.

The substantial question remains, which is the nature of the factors that orchestrate the preservation of the balanced immune response during myocardial infarction, and which are the factors that lead to the impairments in this process? We need to keep in mind, that patients face myocardial infarction already having a dramatic background of various health problems, including but not limited to atherosclerosis, other chronic inflammatory disorders, metabolic disturbances, increased blood pressure, aging, history of smoking and chronic stress, etc., all of which being associated with immune dysregulation of various kind and different scale. The amount of fundamental and clinical data obtained in the field up to date is enormous, but does not lead to the significant improvements. We need to admit that further breakthrough in management of post-infarction remodeling requires a novel instrument to systematize an exciting data. Possible solution may be the use of high-throughput methods and artificial intelligence to develop “digital counterparts” of inflammation which will allow creation of “inflammatory portrait” for each patient and identification of an existing gap in the work of immune cells in each single case. As a matter of fact, this foreshadows the end of the population-based medicine and beginning of the personalized medicine era.
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The amount of mucin secreted by conjunctival goblet cells is regulated to ensure the optimal level for protection of the ocular surface. Under physiological conditions lipid specialized pro-resolving mediators (SPM) are essential for maintaining tissue homeostasis including the conjunctiva. The protein Annexin A1 (AnxA1) can act as an SPM. We used cultured rat conjunctival goblet cells to determine if AnxA1 stimulates an increase in intracellular [Ca2+] ([Ca2+]i) and mucin secretion and to identify the signaling pathways. The increase in [Ca2+]i was determined using fura2/AM and mucin secretion was measured using an enzyme-linked lectin assay. AnxA1 stimulated an increase in [Ca2+]i and mucin secretion that was blocked by the cell-permeant Ca2+ chelator BAPTA/AM and the ALX/FPR2 receptor inhibitor BOC2. AnxA1 increased [Ca2+]i to a similar extent as the SPMs lipoxin A4 and Resolvin (Rv) D1 and histamine. The AnxA1 increase in [Ca2+]i and mucin secretion were inhibited by blocking the phospholipase C (PLC) pathway including PLC, the IP3 receptor, the Ca2+/ATPase that causes the intracellular Ca2+ stores to empty, and blockade of Ca2+ influx. Inhibition of protein kinase C (PKC) and Ca2+/calmodulin-dependent protein kinase also decreased the AnxA1-stimulated increase in [Ca2+]i and mucin secretion. In contrast inhibitors of ERK 1/2, phospholipase A2 (PLA2), and phospholipase D (PLD) did not alter AnxA1-stimulated increase in [Ca2+]i, but did inhibit mucin secretion. Activation of protein kinase A did not decrease either the AnxA1-stimulated rise in [Ca2+]i or secretion. We conclude that in health, AnxA1 contributes to the mucin layer of the tear film and ocular surface homeostasis by activating the PLC signaling pathway to increase [Ca2+]i and stimulate mucin secretion and ERK1/2, PLA2, and PLD to stimulate mucin secretion from conjunctival goblet cells.
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Introduction

Inflammation is a component in common to both allergic conjunctivitis and dry eye disease – two frequently occurring diseases of the ocular surface (cornea and conjunctiva) (1). In allergic conjunctivitis allergens penetrate the conjunctival epithelium and initiate the production of pro-inflammatory mediators including histamine, leukotrienes, and prostaglandins. These compounds cause vasodilation, pain, edema and recruitment of neutrophils, macrophages, and mast cells into the conjunctiva (2). In acute inflammation, the infiltrating leukocytes switch from producing pro-inflammatory mediators to generate the specialized pro-resolving lipid mediators (SPMs) lipoxins, resolvins, protectins, and maresins (2–6). These SPMs actively terminate inflammation by blocking the effects of the pro-inflammatory mediators on their target tissues, including the conjunctival goblet cells. The protein annexin A1 (AnxA1) is also pro-resolving (6, 7). In general, failed endogenous resolution mechanisms lead to uncontrolled and chronic inflammation (1). In addition to resolving inflammation, the SPMs also maintain homeostasis of the conjunctival epithelium to keep the ocular surface healthy.

Conjunctival goblet cells synthesize and secrete large, high molecular weight, gel forming mucins (8). These mucins make up the innermost layer of the tear film (9). MUC5AC, the major mucin secreted by conjunctival goblet cells, can trap and remove ocular allergens and airborne pathogens (8). An optimum amount of MUC5AC secreted into the tear film is critical for ocular surface health, as a depleted number of goblet cells and mucin secretion lead to corneal and conjunctival damage (8). Conversely, MUC5AC overproduction is a symptom of allergic conjunctivitis and unhealthy for the ocular surface (8). Lipid SPMs including D-series and E-series resolvins, lipoxins, and maresins act by blocking excess mucin secretion from conjunctival goblet cells during inflammation, as well as stimulating mucin secretion under physiological conditions, thus maintaining ocular surface homeostasis (10–12).

AnxA1 is an anti-inflammatory, pro-resolving protein originally described as a mediator of glucocorticoid action (13). The synthesis of AnxA1 is a primary anti-inflammatory mechanism of glucocorticoids. AnxA1 works at least partly by suppressing phospholipase A2 activity, thus blocking the production of pro-inflammatory eicosanoids (14). During inflammation, endogenous glucocorticoids are secreted from the adrenal gland to avoid an excessively vigorous inflammatory response that could potentially damage the host (15). Glucocorticoids can stimulate both the synthesis and secretion of AnxA1 (16). After being synthesized AnxA1 is mobilized to the plasma membrane and secreted by three different mechanisms: 1) the ATP-binding (ABC) transporter, 2) direct phosphorylation of serine-27 that localizes it to the plasma membrane, and 3) exocytosis by granule fusion with the cell membrane (17). The secreted AnxA1 can then interact with the ALX/FPR2 receptor in a paracrine, autocrine, or juxtacrine fashion.

As an effector molecule of glucocorticoids, AnxA1 has potential as an endogenous anti-inflammatory drug, and the use of AnxA1 therapeutically likely has fewer side effects than the use of glucocorticoids. AnxA1 contributes to the regulation of a wide variety of cellular events, including both acute and chronic inflammation, ischemic injury, fever, pain, and the release of arachidonic acid (14). AnxA1, as well as its N-terminal peptides, have also been found to potently inhibit neutrophil trafficking in mice (7). AnxA1 could prevent development of pro-inflammatory disease in the conjunctiva.

To determine if AnxA1 plays a role in maintaining the mucous layer in ocular surface health we investigated if exogenous addition of AnxA1 can increase intracellular [Ca2+] and stimulate MUC5AC secretion in cultured primary conjunctival goblet cells from rats and determined which signaling pathways AnxA1 activates in these cells.



Materials and Methods


Materials

AnxA1 was obtained from MyBiosource (San Diego, CA). The compound was stored at -20°C. Prior to use, AnxA1 was immediately diluted in Krebs-Ringer bicarbonate buffer with HEPES (KRB-HEPES, 119 mM NaCl, 4.8 mM KCl, 1.0 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25 mM NaHCO3, 10 mM HEPES, and 5.5 mM glucose [pH 7.45]) to the required concentration and added to the conjunctival goblet cells. RPMI-1640 cell culture medium, penicillin/streptomycin, trypsin, and L-glutamine were purchased from Lonza (Walkerville, IL). Fetal bovine serum (FBS) was from Atlanta Biologicals (Norcross, GA). Fura-2 was from Life Technologies (Grand Island, NY). U73122 and U73343, KN92 and KN93 were purchased from Tocris Bioscience (Ellisville, MO). The lectin Ulex Europaeus Agglutinin (UEA-1), histamine, BAPTA/AM, 2-aminoethyl diphenylborinate (2-APB), 1-butanol (1-but), t-butanol (t-but), carbachol, aristolochic acid (AA), thapsigargin and RO317549 were all purchased from Sigma-Aldrich (St Louis, MO). UO126 was obtained from R&D Systems (Minneapolis, MN). H89 and synthetic lipoxin A4 (LXA4, 5(S),6(R),15(S)-TriHETE) were from EMD Millipore (Billerica, MA). Resolvin (Rv) D1 (7S, 8R, 17S-trihydroxy-4Z, 9E 11E, 13Z, 19Z-docosahexaenoic acid) was purchased from Cayman Chemical, Ann Arbor, MI). N-Boc-Phe-Leu-Phe-Leu-Phe (BOC2) was obtained from Genscript Corp in Piscataway, NJ.



Animals

Four- to eight-week-old male Sprague-Dawley rats (Taconic Farms, Germantown, NY, USA) were anesthetized with CO2 and decapitated. The bulbar and forniceal conjunctival epithelium was surgically removed from both eyes. All experiments were in accordance with the US National Research Council’s Guide for the Care and Use of Laboratory Animals, the US Public Health Service’s Policy on Humane Care and Use of Laboratory Animals, and Guide for the Care and Use of Laboratory Animals and were approved by the Schepens Eye Research Institute Animal Care and Use of Committee.



Culture of Conjunctival Goblet Cells

Goblet cells from rat conjunctiva were grown in organ culture as described previously (3). The conjunctiva was dissected free of underlying connective tissue. The conjunctival explants were grown on six-well plates in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, and 100 μg/mL penicillin-streptomycin for approximately one week. The goblet cells were then trypsinized and plated onto glass bottom petri dishes or 24 well plates, for [Ca2+]i measurements or mucin secretion measurements, respectively. First passage goblet cells were used in all experiments. The identity of the cultured cells was checked by evaluating staining with antibody to cytokeratin 7 (detects goblet cell bodies) and the lectin UEA-1 (detects goblet cell secretory products) to ensure that goblet cells predominated in the cultures.



Measurement of cDNA Expression by Semi-Quantitative PCR

Cultured goblet cells were homogenized in TRIzol and total RNA isolated according to manufacturer’s instructions. One microgram of total RNA was used for complementary DNA (cDNA) synthesis using the Superscript First-Strand Synthesis system for RT-PCR (Invitrogen, Carlsbad, CA). The cDNA was amplified by the polymerase chain reaction (PCR) using primers specific to AnxA1 using the Jumpstart REDTaq Readymix Reaction Mix (Sigma-Aldrich, St. Louis, MO) in a thermal cycler (Master Cycler, Eppendorf, Hauppauge, NY). The forward primer was GTG ATC GCT GTG AGG ATA TGA G, and the reverse primer was TAC AGA GCA GTT GGG ATG TTT AG. These primers generated 504 bp fragments. β-Actin primers, the positive control, were forward CGT CAT ACT CCT GCT TGC TGA TCC A and the reverse primer was ATC TGG CAC CAC ACC TTC TAC AAT GG CT and generated a 790 bp fragment. The conditions were as follows: 5 min at 95°C followed by 35 cycles of 1 min at 94°C, 30 seconds at annealing temperature for 1 min at 72°C with a final hold at 72°C for 10 min. Samples with no cDNA served as the negative control. Amplification products were separated by electrophoresis on a 1.5% agarose gel and visualized by ethidium bromide staining.



Measurement of Mucin Secretion

Cultured rat goblet cells were plated in 24-well plates and grown to confluence (1, 10–12, 18, 19). After serum starving cultured goblet cells for 2 h, the goblet cells were stimulated with AnxA1 in increasing concentrations in serum-free RPMI 1640 supplemented with 0.5% BSA for 2 h. The inhibitors were added 30 minutes prior to stimulation with AnxA1. An enzyme-linked lectin assay (ELLA) with the lectin UEA-1 was used to measure high molecular weight glycoprotein secretion that included MUC5AC produced by goblet cells. The supernatants were collected and analyzed for the total amount of lectin-detectable glycoconjugates, which quantifies the amount of goblet cell secretion as described previously (1, 3, 10–12, 20–22). The cells were scraped, and the cell homogenate was analyzed for the total amount of protein by using the Bradford protein assay. High molecular weight glycoconjugate secretion was normalized to total protein in the homogenate. Secretion was expressed as fold increase above basal that was set to 1.



Measurement of Intracellular [Ca2+]

Cultured rat conjunctival goblet cells were transferred to 35-mm glass bottom culture dishes and incubated overnight. The goblet cells were then incubated for 1 h at 37°C with Krebs-Ringer bicarbonate buffer with HEPES (KRB-HEPES) (119 mM NaCl, 4.8 mM KCl, 1.0 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25 MM NaHCO3, 10 mM HEPES, and 5.5 mM glucose) (pH 7.45) plus 0.5% BSA containing 0.5 fura-2/AM (Invitrogen, Grand Island, NY), 8 μM pluronic acid F127 (Sigma-Aldrich, St. Louis, MO, USA) and 250 μM sulfinpyrazone (Sigma-Aldrich), followed by washing in KRB-HEPES containing sulfinpyrazone. Ca2+ measurements were made with a ratio imaging system (InCyt Im2; Intracellular Imaging, Cincinnati, OH) using excitation wavelengths of 340 and 380 nm and an emission wavelength of 505 nm. A minimum of 10 cells were selected in each experimental condition. AnxA1 was added either alone or after incubation with inhibitors for 15 or 30 min and intracellular [Ca2+] ([Ca2+]i) measured. After addition of agonist, data were collected in real time. The data are presented as [Ca2+]i over time and peak [Ca2+]i, calculated by subtracting the average value before the agonist AnxA1 was added (basal) from the peak [Ca2+]i.



Statistical Analysis

Results were expressed as the fold-increase above basal. Data are expressed as mean ± SEM. Data were analyzed by Student’s t-test. p< 0.05 was considered statistically significant.




Results


AnxA1 Is Expressed in Rat Conjunctival Goblet Cells

The protein AnxA1 was detected in a wide range of tissues, including the lung, intestine and bone marrow (14). We used PCR to investigate the expression of AnxA1 in cultured rat conjunctival goblet cells (Figure 1). A single band at the correct size of 504 bp was found in cDNA isolated from the conjunctivas of three individual animals. Expression of β-actin was used as a control. As AnxA1 is a protein, this is the first pro-resolving mediator whose presence in rat conjunctival goblet cells was verified by PCR.




Figure 1 | AnxA1 expression is detected in cultured rat conjunctival goblet cells by RT-PCR. Each lane represents cDNA from a different animal. β-Actin was used as a control.





AnxA1 Stimulates Mucin Secretion in Rat Conjunctival Goblet Cells

Lipid specialized pro-resolving mediators (SPM) such as LXA4, RvD1, and RvE1 stimulate mucin secretion from cultured rat conjunctival goblet cells (10–12). To explore if the protein AnxA1 stimulates secretion, goblet cells were stimulated for two h with AnxA1 (10-11-10-8 M) or a positive control histamine (10-5 M) (18, 23) and the amount of secretion was then measured (Figure 2). Histamine is known to stimulate glycoconjugate secretion from conjunctival goblet cells (22, 24). AnxA1 increased mucin secretion in a concentration-dependent manner with a maximum increase at 10-10 M. Significant increases occurred from 10-11 M to 10-9 M AnxA1 and were 1.7 ± 0.2, 3.2 ± 0.3 and 2.0 ± 0 fold above basal, respectively from three independent experiments. In comparison histamine significantly increased mucin secretion from basal by 2.2 ± 0.4 fold.




 Figure 2 | AnxA1 increases glycoconjugate secretion from cultured rat conjunctival goblet cells. Goblet cells were incubated with increasing concentrations of annexin A1 (AnxA1, 10-11 - 10-8 M) or histamine (His, 10-5 M). Data are presented as mean ± SEM from three independent experiments. * Indicates significant difference from basal.





AnxA1 Increases [Ca2+]i in Rat Conjunctival Goblet Cells

As AnxA1 stimulates conjunctival goblet cells to secrete mucins, we determined if AnxA1 alters the [Ca2+]i. Cultured goblet cells were incubated with fura-2/AM before stimulation with AnxA1 (10−11 -10−8 M). AnxA1 increased [Ca2+]i in a time and concentration-dependent manner (Figures 3A–C). All concentrations of AnxA1 significantly increased [Ca2+]i with the highest increase of 467.3 ± 95.1 nM occurring at 10-9 M (Figure 3C). These data are from five independent experiments. Therefore, AnxA1 increased [Ca2+]i in conjunctival goblet cells.




Figure 3 | AnxA1 elevates [Ca2+]i to stimulate glycoconjugate secretion in cultured rat conjunctival goblet cells. Cultured goblet cells were incubated with fura-2/AM and stimulated with increasing concentrations of Annexin A1 (AnxA1, 10-11 M to 10-8 M). Pseudo color images of [Ca2+]i of goblet cells stimulated by AnxA1 10-9 M at four times are shown in (A) The increase in [Ca2+]i over time with AnxA1 (10-11 M to 10-8 M) is shown in (B) The change in peak [Ca2+]i after stimulation with AnxA1 (10-11 M to 10-8 M) is shown in (C) Increase in [Ca2+]i over time in response to AnxA1 (10-9 M), LXA4 (10-9 M), RvD1 (10-9 M) and histamine (hist, 10-5 M) is shown in (D) The change in peak [Ca2+]i with AnxA1, LXA4, RvD1, and histamine is shown in (E) Glycoconjugate secretion from goblet cells treated vehicle, AnxA1 (10-10 M), with the Ca2+ chelator BAPTA-AM (10-4 M) followed by stimulation with AnxA1, carbachol (Cch, 10-4 M) or BAPTA-AM (10-4 M) followed by carbachol is shown in (F) Data are mean ± SEM from 4 independent experiments (A–E) or 3 (F) independent experiments. *indicates significant difference from basal; #indicates significant difference from AnxA1 or Cch alone.



To compare the [Ca2+]i responses induced by other known mediators with that of AnxA1, goblet cells were stimulated with AnxA1, the lipid SPMs LXA4 and RvD1, and the allergic mediator histamine. All compounds were used at the concentrations previously found to result in the highest increase in [Ca2+]i (10, 12). Each mediator significantly increased [Ca2+]i over basal and to the same extent, as there was no significant difference between them (n=4, Figures 3D, E).



AnxA1 Uses Intracellular Ca2+ to Stimulate Secretion in Rat Conjunctival Goblet Cells

To determine if the AnxA1-stimulated increase in [Ca2+]i leads to mucin secretion, rat goblet cells were incubated with the intracellular calcium chelator BAPTA/AM (10-4 M) for 30 minutes prior to AnxA1 (10-9 M) stimulation. The cholinergic agonist carbachol (Cch) at 10-4 M was used as a control. To ensure that BAPTA chelated [Ca2+]i and prevented the increase in [Ca2+]i induced by AnxA1 and Cch, [Ca2+]i was measured (Supplemental Figure 1). AnxA1 significantly increased [Ca2+]i to a peak of 128.8 ± 11.5 nM.When goblet cells were preincubated with BAPTA/AM, the AnxA1-stimulated increase in [Ca2+]i was significantly inhibited to 30.1 ± 7.5 nM. The Ca2+ response to Cch, a positive control, was also significantly inhibited from 227.0 ± 54.8 nM to 29.3 ± 50.2 nM in the presence of BAPTA. These results were from 4 independent experiments.

We then investigated if AnxA1 uses   to increase mucin secretion. Rat cultured goblet cells were treated with BAPTA/AM (10-4 M), stimulated by AnxA1 (10-10 M) and secretion measured. In three independent experiments, AnxA1 alone significantly increased glycoconjugate secretion by 1.5 ± 0.05 fold above basal (Figure 3F). BAPTA/AM significantly inhibited AnxA1-stimulated mucin secretion to 0.9 ± 0.06 fold above basal. Cch (10-4 M)-stimulated glycoconjugate secretion was also significantly inhibited from 1.7 ± 0.2 fold to 1.1 ± 0.1 fold above basal. These findings demonstrate that AnxA1 increases [Ca2+]i to stimulate mucin secretion in conjunctival goblet cells.



AnxA1 Uses Both Intracellular Ca2+ Stores and Extracellular Ca2+ to Increase [Ca2+]i in Rat Conjunctival Goblet Cells

To examine the role that intracellular Ca2+ stores play in AnxA1 stimulation, goblet cells were incubated with the Ca2+ reuptake inhibitor thapsigargin. Thapsigargin depletes the ER of Ca2+ by blocking the Ca2+/ATPase in the endoplasmic reticulum (ER) that inhibits Ca2+ from being taken up by the ER (25). The ER store of Ca2+ is depleted as Ca2+ passively leaks out of the ER and is not replaced as shown by the increase in [Ca2+]i over time (Figure 4A). AnxA1 added alone induced a peak increase in [Ca2+]i of 166.8 ± 26.7 nM (Figures 4A, B, n=6). The AnxA1-induced Ca2+ response was significantly blocked by thapsigargin pre-treatment and was 24.6 ± 9.7 nM. In the same cells, Cch was used as a control and increased [Ca2+]i to 243.4 ± 24.0 nM. Cch-stimulated increase in [Ca2+]i was also blocked by pre-treatment with thapsigargin and was 44.4 ± 21.2 nM. These experiments indicate that AnxA1 works by mobilizing Ca2+ from the ER to increase cytoplasmic [Ca2+]i.




Figure 4 | Annexin A1 (Anx1, 10-9 M) or carbachol (Cch, 10-4 M) (A top panel) or AnxA1 uses intracellular and extracellular Ca2+ to increase [Ca2+]i in cultured rat conjunctival goblet cells. Cultured rat goblet cells were treated with thapsigargin (10-5 M) (first arrow) for 15 minutes before stimulation indicated by second arrow with annexin A1 (AnxA1, 10-9 M) or Cch (10-4 M). (A bottom panel), [Ca2+]i over time is shown in (A) Change in peak [Ca2+]i is shown in (B) Goblet cells were incubated in KRB solution with and without CaCl2 and stimulated with AnxA1 (10−9 M) or Carbachol (Cch, 10-4 M). [Ca2+]i over time is shown in (C) Change in peak [Ca2+]i is shown in (D) Data are mean ± SEM from 4 (A, B) or 6 (C, D) independent experiments. *indicates significant difference from basal; #indicates significance from AnxA1 or Cch alone.



After an agonist depletes intracellular Ca2+ stores, this depletion activates STIM1 and Orai to induce Ca2+ influx to replace those stores. Since AnxA1 used intracellular Ca2+ stores, we investigated if AnxA1 used extracellular Ca2+. Cells were incubated in KRB with and without extracellular CaCl2. AnxA1 (10-9 M) added to the KRB containing CaCl2 significantly increased [Ca2+]i by 124.1 ± 23.0 nM (Figures 4C, D, n=4). This increase in [Ca2+]i was significantly reduced to 44.0 ± 23.7 nM when AnxA1 was added to KRB without CaCl2, indicating that AnxA1 stimulates influx of extracellular Ca2+ to increase [Ca2+]i. Cch (10-4 M), a control, elevated [Ca2+]i to 160.4 ± 40.9 nM. Cch-stimulated increase in [Ca2+]i was significantly blocked by the CaCl2-free solution and was 11.8 ± 2.1 nM. Based on these results, AnxA1 releases Ca2+ from intracellular Ca2+ stores and stimulates extracellular Ca2+ influx to increase the [Ca2+]i in conjunctival goblet cells.



AnxA1 Uses the ALX/FPR2 Receptor to Increase [Ca2+]i and Stimulate Secretion in Rat Conjunctival Goblet Cells

In tissues and cells examined, AnxA1 works through the G-protein coupled formyl peptide receptor 2 (ALX/FPR2) (14, 26). To confirm that AnxA1 uses this receptor in goblet cells, cultured rat conjunctival goblet cells were incubated with the ALX/FPR2 antagonist BOC-2 (10-4 M) for 30 minutes before stimulating the goblet cells with AnxA1 (10-9 M) or LXA4 (10-9 M), which is known to bind to ALX/FPR2 and is a positive control (12). AnxA1 added alone significantly increased [Ca2+]i with a peak of 265.4 ± 61.0 nM (Figures 5A, C, n=5). BOC-2 significantly blocked AnxA1’s increase in [Ca2+]i to 54.1 ± 23.9 nM. The LXA4 response was 180.8 ± 52.4 nM (Figures 5B, C). In the presence of BOC-2, the LXA4 response was significantly reduced to 47.7 ± 20.0 nM.




Figure 5 | AnxA1 uses the ALX/FPR2 receptor to increase [Ca2+]i and stimulate secretion in cultured rat conjunctival goblet cells. Goblet cells were preincubated with BOC2 (10-4 M) for 30 minutes and stimulated with vehicle or annexin A1 (AnxA1, 10-9 M) shown in (A, C) and vehicle or the control LXA4 (10-9 M) shown in (B, C) [Ca2+]i over time is shown in (A, B) Change in peak [Ca2+]i is shown in (C) Amount of glycoconjugate secretion is shown in (D) with AnxA1 at 10-10 M. B indicates basal (vehicle) in (D) Data in are mean ± SEM from 4 (A–C) or 3 (D) independent experiments. *indicates significant difference from basal; #indicates significance from AnxA1 or LXA4 alone.



To determine if AnxA1 uses the ALX/FPR2 receptor to stimulate high molecular weight glycoprotein secretion, cells were preincubated with BOC-2 (10-4 M) followed by AnxA1 (10-10 M) (Figure 5D, n=3). LXA4 (10-9 M) was again used as a positive control. Secretion was significantly increased by 1.5 ± 0.05 fold above basal when AnxA1 (10-10 M) was added by itself. AnxA1 stimulated secretion was significantly inhibited by BOC-2 to 0.74 ± 0.16 fold above basal. LXA4 stimulated secretion was also inhibited by BOC-2. These data indicate that AnxA1 uses the ALX/FPR2 receptor to stimulate an increase in [Ca2+]i and secretion in conjunctival goblet cells.



AnxA1 Activates the PLC Pathway and Its Downstream Effectors IP3 and PKC to Increase [Ca2+]i and Stimulate Secretion in Rat Conjunctival Goblet Cells

The phospholipase C (PLC) pathway is critical for cellular Ca2+ signaling as activation of PLC generates both inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) (27). IP3 interacts with its receptors on the ER to release Ca2+ from intracellular stores, while DAG activates protein kinase C (PKC). To explore if AnxA1 activates the PLC pathway in rat conjunctival goblet cells, these cells were preincubated with either the PLC inhibitor U73122 or its negative control U73343 at 10-7 M, before addition of AnxA1 (10-9 M) or a positive control Cch [10-4 M) (28)]. AnxA1 added alone significantly increased [Ca2+]i with a peak of 217.1 ± 34.6 nM (Figure 6A, n=3) The active inhibitor U73122 significantly decreased the AnxA1 stimulated increase in [Ca2+]i to 63 ± 10.0 nM, while the inactive inhibitor U73343 did not significantly block AnxA1. The Cch response was also inhibited by U73122, but not U73343 (28).




Figure 6 | AnxA1 activates the Phospholipase C (PLC) pathway and its downstream effectors to increase [Ca2+]i in cultured rat conjunctival goblet cells. Cultured goblet cells were treated with vehicle, the PLC inhibitor U73122, its inactive analog U73343 (both at 10-7 M, A, B), 2APB (10-5 M, C, D), or the PKC inhibitor RO317549 (10-7 M, E, F) for 30 minutes before stimulation with annexin A1 (AnxA1, 10-9 M) in (A, C, E) or with AnxA1 at 10-10 M in (B, D, F) or the positive control carbachol (Cch, 10-4). Change in peak [Ca2+]i are shown in (A, C, E) while glycoconjugate secretion is shown in (B, D, F). B (vehicle) indicates basal in (B, D, F). Data are mean ± SEM from three (A, B, D, F), four (C, E) independent experiments. *indicates significant difference from basal; #indicates significance from AnxA1 or carbachol alone.



The effects of U73122 and U73143 on secretion were then determined. AnxA1 (10-10 M) increased secretion 2.0 ± 0.3 fold above basal (Figure 6B, n=3). AnxA1-stimulated response was completely inhibited by preincubation with U73122 (10-7 M), but not U73143 (10-7 M). U73122, but not U73143, also significantly inhibited secretion stimulated by Cch (10-4 M), which was a positive control. These data show that AnxA1 stimulates PLC to increase [Ca2+]i and stimulate secretion.

To further explore the PLC pathway, goblet cells were incubated for 30 min with 2APB (10-5 M), an inhibitor of IP3 receptors on the ER (29). AnxA1 (10-9 M) added alone significantly increased [Ca2+]i by 160.6 ± 43.4 nM (Figure 6C, n=4). AnxA1-induced [Ca2+]i increase was significantly decreased to 35.7 ± 9.6 nM after 30 minutes of incubation with 2APB. Cch (10-4 M) was used as a positive control and its stimulation of [Ca2+]i was significantly blocked by 2APB as well.

A similar effect of 2APB was found when secretion was examined. AnxA1 (10-10 M) increased secretion 2.0 ± 0.3 fold above basal (Figure 6D, n=3). AnxA1-stimulated response was significantly inhibited by incubation with 2APB, which also significantly inhibited secretion stimulated by Cch (10-4 M), the positive control.

Next, we investigated the effect of the PKC inhibitor RO317549. Goblet cells were incubated for 30 minutes with RO317549 (10-7 M) before stimulation with AnxA1 (10-9 M) or a positive control Cch (10-4 M). [Ca2+]i was significantly increased when AnxA1 was added alone (263.7 ± 51.8 nM, Figure 6E, n=4). RO317549 significantly blocked the effect of AnxA1 on [Ca2+]i and was 27.0 ± 6.3 nM)). Cch-stimulated increase in [Ca2+]i was also significantly inhibited.

Inhibition of PKC with RO317549 also blocked AnxA1-stimulated secretion. AnxA1 increased secretion by 1.9 ± 0.3 fold above basal (Figure 6F, n=3). RO317549 significantly reduced AnxA1-induced secretion to 0.7 ± 0.3 fold above basal. As a positive control, Cch stimulated secretion was also significantly inhibited

In conjunctival goblet cells inhibitors of PLC activity, IP3 interaction with its receptors, and PKC each blocked the AnxA1-stimulated function measured. Based on these findings, AnxA1 activates the PLC pathway both to increase intracellular Ca2+ and stimulate secretion through the production of IP3 and activation of PKC.



AnxA1 Increases [Ca2+]i and Secretion Through Activation of Ca2+/CaMK II in Conjunctival Goblet Cells

Free intracellular Ca2+ can bind to calmodulin, to create a calmodulin/calcium complex. This complex can bind to different proteins such as Ca2+/calmodulin dependent protein kinase II (Ca2+/CaMK) (30). We have previously shown that LXA4, through the ALX/FPR2 receptor, increases [Ca2+]i through Ca2+/CaMK (12). To investigate if AnxA1 also activates Ca2+/CaMK, goblet cells were preincubated with the Ca2+/CaMK inhibitor KN93 or the inactive analog KN92 at 10-7 M for 30 minutes. AnxA1 (10-9 M) significantly increased [Ca2+]i to a peak of 235.6 ± 50.0 nM (Figure 7A). KN93 but not KN92 significantly blocked AnxA1-stimulated increase in [Ca2+]i and was 97.6 ± 19.6 (Figure 7A, n=4). A positive control Cch (10-4 M) significantly increased [Ca2+]i by 203.5 ± 40.2 nM. KN 93, but not KN92, significantly decreased Cch-stimulated increase in [Ca2+]i.




Figure 7 | AnxA1 activates the calcium/calmodulin-dependent protein kinase (Ca2+/CaMK) to increase [Ca2+]i and stimulate glycoconjugate secretion in cultured rat conjunctival goblet cells. Goblet cells were treated with the Ca2+/CaMK inhibitor KN93, its inactive analog KN92,or vehicle for 30 minutes prior to stimulation with annexin A1 (AnxA1, 10-9 M) or carbachol (Cch, 10-4 M). Change in peak [Ca2+]i is shown in (A) AnxA1 (10-10 M)-stimulated glycoconjugate secretion is shown in (B) indicates basal (vehicle) in (B) Data are mean ± SEM from 4 (A) or 3 (B) independent experiments. *indicates significant difference from basal. #indicates significance from Cch alone.



KN93 also significantly decreased 10-10 M AnxA1-stimulated secretion from 1.6 ± 0.1 to 0.9 ± 0.1 fold above basal (Figure 7B, n=3). KN92 had no effect on AnxA1-stimulated secretion. KN93, but not KN92, also significantly inhibited 10-4 M Cch-stimulated secretion. These data indicate that AnaX1 uses Ca2+/CaMK to increase [Ca2+]i and stimulate glycoconjugate secretion.



AnxA1 Does Not Increase [Ca2+]i But Does Increase Secretion Through Activation of ERK 1/2 in Rat Conjunctival Goblet Cells

The ERK 1/2 pathway is a component of a signaling cascade that is activated in cells by a variety of stimuli (18, 31, 32). To determine if the ERK 1/2 pathway plays a role in AnxA1-stimualted increase in [Ca2+]i the ERK 1/2 inhibitor UO126 was used. Rat conjunctival goblet cells were incubated with UO126 (10-8–10-6 M) for 30 minutes (Figure 8A, n=3). AnxA1 (10-9 M) added alone significantly increased [Ca2+]i by 152.5 ± 37.2 nM. AnxA1-induced [Ca2+]i increase was not significantly blocked by UO126 at any concentration. Histamine (10-5 M), which is known to activate ERK 1/2 was used as a control (22) and was significantly blocked by all three concentrations of UO126.




Figure 8 | AnxA1 does not activate extracellular regulated protein kinase (ERK) 1/2 to increase [Ca2+]i but does activate it to stimulate glycoconjugate secretion in cultured rat conjunctival goblet cells. Rat conjunctival goblet cells were treated with vehicle or the ERK 1/2 inhibitor UO126 (10-8 - 10-6 M) for 30 minutes prior to stimulation with either annexin A1 (AnxA1, 10-9 M) in (A) or with AnxA1 at 10-10 M in (B), or the control histamine (Hist, 10-5 M) or carbachol (Cch, 10-4 M). Change in peak [Ca2+]I is shown in (A) Glycoconjugate secretion is shown in (B) B indicates basal (vehicle) in (B) Data are mean ± SEM from 4 (A) or 3 (B) independent experiments. *indicates significant difference from basal. #indicates significance from either AnxA1 or histamine alone.



To examine the effects of UO126 on glycoconjugate secretion, goblet cells were incubated with AnxA1 with and without UO126 (10-7 M). AnxA1(10-10 M) alone increased secretion by 2.0 ± 0.3 fold above basal (Figure 8B, n=3). UO126 significantly decreased AnxA1-stimulated response and was 0.6 ± 0.3 fold above basal. In contrast to previous studies (31) U0126 did not inhibit the carbachol-induced secretory response. These data indicate that AnxA1 does not activate ERK1/2 to increase [Ca2+]i but does activate it to stimulate glycoconjugate secretion.



AnxA1 Does Not Use PKA to Increase [Ca2+]i in Rat Conjunctival Goblet Cells

To determine if AnxA1 increases cAMP levels to activate protein kinase A (PKA) to increase [Ca2+]i and stimulate secretion, goblet cells were preincubated with the PKA inhibitor H89 (10-5 M) for 30 minutes before stimulating the cells with AnxA1 (10-9 M) (Supplemental Figure 2A, n=9). AnxA1 added alone significantly increased [Ca2+]i by 420 ± 111.9 nM. H89 did not significantly inhibit AnxA1 stimulated increase in [Ca2+]i. Vasoactive intestinal peptide (VIP, 10-8 M), which is known to increase cAMP (19), was used as a control. VIP-stimulated increase in [Ca2+]i was 548.1 ± 110.6 nM. H89 significantly blocked VIP-stimulated increase in [Ca2+]i and was 252.5 ± 39.6 nM.

Similar to the effects on [Ca2+]i H89 did not significantly inhibit AnxA1-stimulated glycoconjugate secretion (Supplemental Figure 2B, n=3). However, the positive control, VIP-stimulated secretion was inhibited by H89. These data indicate that activation of PKA does not play a role in AnxA1-stimulated increase in [Ca2+]i or secretion.



AnxA1 Does Not Increase [Ca2+]i But Does Stimulate Secretion Through the PLD Pathway in Rat Conjunctival Goblet Cells

Phospholipase D (PLD) is an important regulator of several critical aspects of cell physiology, and is involved in cell functions like endocytosis, exocytosis, cell migration and mitosis (33). We previously showed that the other SPMs such as RvD1, RvE1 and LXA4 work through PLD (10–12). To explore if AnxA1 uses PLD, cultured rat conjunctival goblet cells were incubated for 15 minutes with either the PLD inhibitor 1-but or the inactive inhibitor t-but, both at 0.3% (Figure 9A). AnxA1 (10-9 M) alone significantly increased [Ca2+]i to a peak of 141.2 ± 50.0 nM (n=4). Neither preincubation with 1-but or t-but altered the effect of AnxA1 on the Ca2+ response. The increase in [Ca2+]i stimulated by the positive control carbachol (10-4 M) was significantly blocked by the active inhibitor 1-but, but not the inactive inhibitor t-but.




Figure 9 | AnxA1 does not active the phospholipase D (PLD) pathway to increase [Ca2+]i but activates it to stimulate secretion in cultured rat conjunctival goblet cells. Rat conjunctival goblet cells were treated with vehicle, the PLD inhibitor 1-butanol (1-but) or the inactive inhibitor t-butanol (t-but) for 15 minutes prior to stimulation with annexin A1 (AnxA1, 10-9 M) in (A) or with AnxA1 at 10-10 M in (B), or carbachol (Cch, 10-4 M). Change in peak [Ca2+]I is shown in (A) Glycoconjugate secretion is shown in (B) Data are mean ± SEM from 4 (A) or 3 (B) independent experiments. *indicates significant difference from basal. #indicates significant difference from either AnxA1 or Cch alone.



When secretion was measured, AnxA1 (10-10 M) alone increased secretion 1.9 ± 0.3 fold above basal (Figure 9B, n=3)). Incubation with 1-but, but not t-but, significantly decreased this response that was 0.9 ± 0.1 fold above basal. Similarly to AnxA1, stimulation of secretion by Cch (10-4 M) was significantly decreased by 1-but, but not t-but. Based on these findings we conclude that AnxA1 does not active the PLD pathway to stimulate an increase in [Ca2+]i but does activate PLD to stimulate secretion in cultured rat conjunctival goblet cells.



AnxA1 Does Not Increase [Ca2+]i But Does Stimulate Secretion Through PLA2 Pathway in Cultured Rat Goblet Cells

Another phospholipase that is present and can be activated in goblet cells is the PLA2 pathway (10–12). To determine if AnxA1 utilizes PLA2 to increase [Ca2+]i and secretion, goblet cells were incubated with the PLA2 inhibitor aristolochic acid (AA) for 30 min prior to stimulation with AnxA1 (Figure 10A). AnxA1 (10-9 M) significantly increased peak [Ca2+]i by 530.0 ± 109.2 nM (n=4). Preincubation with AA at 10-6 M significantly altered the AnxA1-stimulated response that was 228.1 ± 60.7 nM. AA at 10-5 M did not significantly alter the AnxA1 response. The positive control Cch (10-4 M)-stimulated response was significantly decreased with AA 10-6 and 10-5 M from 542.6 ± 78.6 nM to 217.7 ± 65.4 nM and 257.1 ± 52.6 nM, respectively.




Figure 10 | AnxA1 does not active the phospholipase A2 (PLA2) pathway to increase [Ca2+]i but activates it to stimulate secretion in cultured rat conjunctival goblet cells. Rat conjunctival goblet cells were preincubated with either vehicle or the PLA2 inhibitor aristolochic acid (AA, 10-5 M) for 30 minutes prior to stimulation with annexin A1 (AnxA1, 10-9 M) in (A) or with AnxA1 at 10-10 M in (B), or carbachol (Cch, 10-4 M). Change in peak [Ca2+]i is shown in (A) Glycoconjugate secretion is shown in (B) Data are mean ± SEM from 4 (A) or 3 (B) independent experiments. *indicates significant difference from basal. #indicates significant difference from AnxA1 alone.



AnxA1 (10-10 M) increased glycoconjugate secretion by 1.9 ± 0.3 fold above basal (Figure 10B, n=3). This response was significantly inhibited by AA (10-5 M) to 0.5 ± 0.4. Thus AnxA1 does not active the PLA2 pathway to stimulate an increase in [Ca2+]i but does activate PLA2 to stimulate secretion in cultured rat conjunctival goblet cells.




Discussion

In the present study, we showed that AnxA1 contributes to tear film and ocular surface homeostasis by activating the PLC pathway, including its downstream effectors IP3 and PKC, through interaction with the ALX/FPR2 receptor (Figure 11). This results agrees with findings in Hodges et al. (12) using a desensitization protocol that indicates that AnxA1 interacts with the same receptor as LXA4 and RvD1, the ALX/FPR2 receptor. This interaction increases [Ca2+]i and stimulates glycoconjugate secretion including the protective mucin MUC5AC from conjunctival goblet cells. AnxA1-stimulated increase in [Ca2+]i is dependent on both intracellular Ca2+ stores and influx of extracellular Ca2+ consistent with an interaction with Orai and STIM-1 known to regulate these processes in most tissues in which stimulation of G-protein-coupled receptors activates PLC (34).




Figure 11 | Schematic diagram of signaling pathways activated by AnxA1. AnxA1 binds to the ALX/FPR2 receptor to active the PLC, PLD, and PLA2 pathways, and consequently the secretion of mucins from conjunctival goblet cells. AnxA1 also stimulates influx of Ca2+. PLC, phospholipase C; DAG, diacylglycerol; IP3, inositol triphosphate; PKC, protein kinase C; Ca2+/CamK, calcium/calmodulin-dependent kinase; PLD, phospholipase D; MEK, mitogen-activated protein kinase kinase; ERK 1/2, extracellular regulated kinase; PLA2, phospholipase A2.



AnxA1 is present in a variety of other tissues like bone marrow, the intestine and lungs (14, 35). In this study, we showed by RT-PCR that AnxA1 is expressed in conjunctival goblet cells and thus is available to activate these cells. This indicates that AnxA1 not only works during ocular inflammation, but also under physiological conditions, by secreting a basal level of mucins to the tear film and thus maintaining ocular homeostasis. We have demonstrated this for other SPMs including LXA4, RvD1, RvD2, maresin 1, and RvE1 (10–12). Unlike the lipid SPMs AnxA1 is a protein, thus we were able to verify its expression by RT-PCR. In contrast, complex lipidomic measurements are needed to detect the presence of the lipid SPMs. As the lipid LXA4 is produced by the cornea, it is possible that LXA4 could diffuse via tears to goblet cells in order to stimulate glycoconjugate secretion. In contrast, AnxA1 is found in conjunctival goblet cells and could be secreted to act upon goblet cells or stratified squamous cells. As AnxA1 is both present and has a role in goblet cell function, AnxA1 likely plays a role in ocular health under physiological conditions as well as preventing or treating the multitude of ocular surface inflammatory diseases. Future study of the regulation of AnxA1 synthesis and secretion in conjunctival goblet cells is warranted.

The ALX/FPR2 receptor is a G-protein-coupled receptor and is the receptor to which AnxA1 binds (36). In addition to its presence on goblet cells (12) the ALX/FPR2 receptor has been identified in human neutrophils, epithelial cells, endothelial cells and monocytes (37, 38). Using ALX/FPR2, AnxA1 functions to resolve diverse inflammatory events, including reduction of joint injury in experimental arthritis (39), lessening of salivary gland inflammation (40), and contributes to corneal wound healing (41). AnxA1 in uterine epithelial cells also activates the ALX/FPR2 receptor to upregulate the membrane-spanning mucin MUC1, tight junction molecules claudin-1 and occludens 1 to increase adherence of trophoblast steroids, a model for embryo implantation (42). Herein we showed that AnxA1 activates the ALX/FPR2 receptor in rat conjunctival goblet cells and that this activation leads to the increase in [Ca2+]i and secretion of mucins into the tear film. We previously studied the SPMs LXA4 and RvD1, which also activate the ALX/FPR2 receptor in rats. Cooray et al. have shown that the ALX/FPR2 receptors can homodimerize or heterodimerize with FPR1 or FPR3 depending on which agonist is bound (43). In addition, ALX/FPR2 has multiple binding sites notably different lipid and protein sites and binds to multiple compounds (44). AnxA1, a protein, and RvD1 and LXA4, which are lipids, bind to different receptor regions in addition to inducing dissimilar receptor conformations (45). This differential binding and a potential difference in FPR receptor family dimerization could explain the complex desensitization we obtained with addition of AnxA1, LXA4, and RvD1 (46). These dissimilarities could make the three compounds differ in their effectiveness to treat ocular allergy and other forms of ocular inflammation.

This differential binding of AnxA1, LXA4, and RvD1 to bind to the same receptor in conjunctival goblet cells could also lead to ligand-specific activation of signaling pathways. In fact, the AnxA1, LXA4, and RvD1 activation of downstream signaling cascades are not fully similar. While AnxA1, LXA4, and RvD1 each activate the PLC pathway, only LXA4 and RvD1 activate PLD, PLA2 and ERK 1/2 (10, 12) to stimulate an increase both in [Ca2+]i and mucin secretion. This pattern of pathway activation is consistent with AnxA1 activating the peptide site on ALX/FPR2, whereas LXA4 and RvD1 activate the lipid site or overlapping sites.

In the present study, we found AnxA1 to have a peak increase in [Ca2+]i at a 10-9 M concentration, while the maximum response for secretion was at 10-10 M. Furthermore, AnxA1 at 10-8 M did not even increase secretion. These findings could be due to several factors. The increase in [Ca2+]i occurs very rapidly, within seconds, and is measured in the time frame of seconds. In contrast, secretion, although it can occur rapidly, is measured after 2 hours. The rapid increase in [Ca2+]i may not directly link to secretion. The peak [Ca2+]i measured is primarily a function of Ca2+ release from intracellular stores whereas stimulation of secretion also is regulated by the subsequent influx of Ca2+ as well as the size of the intracellular Ca2+ stores. The maximum concentration of AnxA1 used to increase the [Ca2+]i compared to that used for secretion may result from the differential dependence on the use of distinct mechanisms of Ca2+ handling in the goblet cells.

In further support of the independence of AnxA1 concentration on peak [Ca2+] and secretion is that secretion, but not peak [Ca2+] is stimulated by AnxA1 activation of PLA2, PLD, and ERK1/2. Thus the increase in peak [Ca2+] and secretion are differentially regulated by AnxA1. This is in contrast to the increase in peak [Ca2+] and secretion that when stimulated by LXA4 or RvD1 are both dependent on activation of the PLC, PLD, and PLA2 pathways. This finding is also consistent with binding of the protein and the lipids to different sites on ALX/FPR2.

In the present study we found that AnxA1 was able to significantly increase [Ca2+]i at a notably low concentration (10-12 M) in conjunctival goblet cells. In contrast, LXA4 increased [Ca2+]i at 10-8 M (10). Unfortunately the effect of RvD1 concentration on [Ca2+]i was not performed at concentrations below 10-10 M (unpublished data, DA Dartt 2020). The differential effect of AnxA1 and LXA4 concentration on [Ca2+]i is consistent with their binding to different areas on the ALX/FPR2 receptor.

Furthermore, we found that AnxA1 was not dependent on either the ERK 1/2, PLA2, or the PLD pathway to increase [Ca2+]i although AnxA1 does utilize these pathways to stimulate secretion. In conjunctival goblet cells AnxA1 did not activate ERK 1/2 pathway to increase [Ca2+]i, but rather more likely AnxA1 increased [Ca2+]i to activate ERK1/2. ERK1/2 activity can be Ca2+-dependent via activation of PLC by a G-protein-coupled receptor or can be independent of Ca2+ when activated by β-arrestin-dependent down regulation of G-protein-coupled receptors (47). Published literature showed that in multiple tissues the binding of AnxA1 to the ALX/FPR2 receptor leads to the transient phosphorylation of ERK 1/2 (7, 13, 48, 49), which is associated with a prompt increase in [Ca2+]i (7, 38, 50). This suggests that in goblet cells, the activation of ERK 1/2 occurs downstream of the rise of [Ca2+]i after activation of PLC. Similarly for AnxA1 activation of PLD, the rise in Ca2+ occurs before activation of PLD. An increase in Ca2+ and activation of PKC as could occur by PLC stimulation could activate PLD in the goblet cells as documented in a mast cell line (51). The signaling pathways activated by AnxA1 are complex, cell specific, and species dependent.

The function of AnxA1 has been studied in a variety of disease models in order to explore this agonist’s potential as a novel anti-inflammatory therapeutic agent, including models of inflammatory bowel disease (52), rheumatoid arthritis (53), chronic atherogenesis (54), myocardial reperfusion injury (55), myocardial infarction (56), and now ocular inflammation. AnxA1 is thought to have potential as a new treatment option for inflammation by being an effector molecule of glucocorticoids (57). Synthetic glucocorticoids play an extensive and crucial role in the treatment of unwanted and uncontrolled inflammation but come with potentially harmful metabolic side effects with long-term use (57). It is believed that therapeutic application of endogenous anti-inflammatory mediators like AnxA1 will be effective and cause fewer side effects by inducing natural pathways of resolution of inflammation (58–60). AnxA1 could be used therapeutically to treat the multiple inflammatory diseases of the ocular surface especially dry eye and ocular allergy as well as to prevent these diseases or to maintain ocular surface homeostasis in health.

In conclusion, our findings demonstrate that the glucocorticoid effector protein AnxA1 has potential in prevention or as a new treatment for dry eye, allergic conjunctivitis and other forms of ocular surface inflammation through its effect on conjunctival goblet cells. AnxA1 works through activation of the ALX/FPR2 receptor to stimulate multiple signaling pathways, ultimately leading to the secretion of high molecular weight glycoconjugates including mucins into the ocular tear film. These mucins are a crucial component of a healthy tear film, and thus the regulation of mucin secretion from conjunctival goblet cells by AnxA1 is an important contributor to ocular surface health, and prevention of ocular surface disease and treatment of these diseases.
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Supplementary Figure 1 | Chelation of   blocks AnxA1-stimulated increase in [Ca2+]i in cultured rat conjunctival goblet cells. Cultured rat goblet cells were preincubated with the Ca2+ chelator BAPTA/AM (10-4 M) prior to stimulation with either AnxA1 (10-9 M) or carbachol (Cch, 10-4 M) and change in peak [Ca2+]i shown. Data are mean ± SEM from 4 independent experiments. * indicates significant difference from basal; # indicates significant difference from either AnxA1 or Cch alone.

Supplementary Figure 2 | AnxA1 is not dependent on protein kinase A (PKA) to increase [Ca2+]i in cultured rat conjunctival goblet cells. Goblet cells were preincubated with the PKA inhibitor H89 for 30 minutes before stimulation with vehicle, annexin A1 (AnxA1, 10-9 M) in (A) or with AnxA1 (10-10 M) in (B), or vasoactive intestinal peptide (VIP, 10-8 M). Change in peak [Ca2+]i is shown in (A). Glycoconjugate secretion is shown in (B). B indicates basal (vehicle) in (B). Data are mean ± SEM from 9 (A) or 3 (B) independent experiments. * indicates significant difference from zero; # indicates significance from AnxA1 or VIP alone.
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Dysregulated fatty acid metabolism is clinically associated with eosinophilic allergic diseases, including severe asthma and chronic rhinosinusitis. This study aimed to demonstrate the role of 12/15-lipoxygenase (12/15-LOX) in interleukin (IL)-33-induced eosinophilic airway inflammation; to this end, we used 12/15-LOX-deficient mice, which displayed augmented IL-33-induced lung inflammation, characterized by an increased number of infiltrated eosinophils and group 2 innate lymphoid cells (ILC2s) in the airway. Liquid chromatography-tandem mass spectrometry (LC-MS/MS)-based lipidomics revealed that the levels of a series of 12/15-LOX-derived metabolites were significantly decreased, and application of 14(S)-hydroxy docosahexaenoic acid (HDoHE), a major 12/15-LOX-derived product, suppressed IL-33-mediated eosinophilic inflammation in 12/15-LOX-deficient mice. Using bioactive lipid screening, we found that 14(S)-HDoHE and 10(S),17(S)-diHDoHE markedly attenuated ILC2 proliferation and cytokine production at micromolar concentration in vitro. In addition, maresin 1 (MaR1) and resolvin D1 (RvD1), 12/15-LOX-derived specialized proresolving mediators (SPMs), inhibited cytokine production of ILC2s at nanomolar concentration. These findings demonstrate the protective role of endogenous 12/15-LOX-derived lipid mediators in controlling ILC2-mediated eosinophilic airway inflammation and related diseases. Thus, 12/15-LOX-derived lipid mediators may represent a potential therapeutic strategy for ameliorating airway inflammation-associated conditions.
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Introduction

Asthma is a common disease affecting more than 300 million people worldwide, and the number of patients with asthma is rapidly increasing (1, 2). Genetic and environmental factors induce diverse immune responses that are classified into atopic and non-atopic phenotypes, mainly characterized by eosinophilic airway inflammation. Severe asthma is characterized by resistance to standardized treatments, including corticosteroids, and frequent exacerbation, which could worsen the quality of life in these patients. However, the exact mechanism underlying severe asthma has not been fully elucidated. Thus, it is necessary to elucidate its pathophysiological process.

Dysregulated metabolism of polyunsaturated fatty acids [arachidonic acid (AA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA)] is observed in allergic diseases, including severe asthma and its related diseases, such as aspirin-exacerbated respiratory disease and eosinophilic chronic rhinosinusitis (3, 4). This abnormality is partly characterized by impaired synthesis of specialized proresolving mediators (SPMs; lipoxins (LXs; LXA4 and LXB4), protectins (PD1 and PDX), resolvin D series (RvDs; RvD1-6), and maresins (MaRs; MaR1-2), which promote the resolution of inflammation. SPMs inhibit the migration of polymorphonuclear cells to inflammatory sites and enhance the phagocytic activity of apoptotic cells via macrophages (5, 6). These mediators are mainly biosynthesized via 15-lipoxygenase (LOX) in humans and 12/15-LOX, an ortholog of 15-LOX in mice, that are highly expressed in eosinophils and specific types of macrophages (7–10). Previously, we observed downregulated biosynthesis of 15-LOX-derived SPMs in eosinophils isolated from patients with severe asthma and eosinophilic chronic rhinosinusitis (7, 11–13). Systemic administration of SPMs suppressed pulmonary eosinophilic inflammation in murine models of asthma (14–18). These findings suggest the regulatory roles of 15-LOX and 12/15-LOX in eosinophilic inflammation in the lungs, although the causal relationships between these enzymes and severe allergic diseases remain unclear.

Interleukin (IL)-33 is an IL-1 family cytokine with potent inflammatory properties (19). The gene encoding ST2, an IL-33 receptor, is closely related to asthma susceptibility (20, 21). Group 2 innate lymphoid cells (ILC2s) are potent producers of type 2 cytokines, including IL-5 and IL-13, in response to IL-33 (22–24). Other cell types, including eosinophils, basophils, mast cells, and dendritic cells also respond to IL-33, showing proinflammatory reactions (25–35). IL-33 is highly expressed in airway mucosa or nasal polyps isolated from patients with asthma, and its expression level is well correlated with disease severity (36–39). Therefore, IL-33 is considered a pivotal regulator and potential therapeutic target in respiratory diseases with type-2 airway inflammation, including severe asthma.

In the present study, we investigated the regulatory roles of 12/15-LOX-derived lipid mediators in IL-33-induced eosinophilic airway inflammation in mice. Lipidomic analysis of inflamed lung tissue and in vitro lipid screening analysis using ILC2s were performed to demonstrate the roles of 12/15-LOX.



Materials and Methods


Mouse Experiments

Specific pathogen- and virus-antibody-free, 6-8-week-old, male C57BL/6J (C57BL/6) mice, weighing 25-30 g, were purchased from Charles River Laboratories, Japan. 12/15-LOX-deficient mice were obtained from the Jackson Laboratory (002778, Bar Harbor, ME, USA). All animals were housed at the facility in bubble barrier units (bioBubble, Fort Collins, Colo., USA) under positive pressure. The experimental protocol was reviewed and approved by the Laboratory Animal Care and Use Committee of Keio University of Medicine, the Animal Committee of the University of Tokyo, and the Animal Care and Use Committee of the RIKEN.



Administration of Reagents In Vivo

We administered 40 μL of PBS or IL-33 (R&D, 500 ng per mouse) via intranasal administration under anesthesia with intraperitoneal administration of ketamine (100 mg/kg) and xylazine (10 mg/kg). In some experiments, we simultaneously administered 5 μg/day of 14(S)-HDoHE (Cayman Chemical, Ann Arbor, MI, USA) via intraperitoneal injection.



Establishment of IL-33-Induced Airway Inflammation

We administered IL-33 (R&D Systems, Minneapolis, MN, 500 ng per mouse) for 3 consecutive days and analyzed them 1 or 4 days after the last challenge as previously described (40) with technical modification. Bronchoalveolar lavage fluid (BALF) was collected for cell counts and flow cytometric analysis, and lung tissue for the measurement of mRNA expression and histopathologic analysis. Formalin-fixed paraffin-embedded lung slides were stained with hematoxylin and eosin (HE) or periodic acid Schiff (PAS).



Collection of BALF

The mice were sacrificed by an overdose of intravenous pentobarbital at the indicated times after the last challenge. The trachea was cannulated, and the lungs were lavaged by washing twice with 0.7 mL of ice-cold PBS with EDTA (0.6 mM). The total number of cells in BALF was counted using a hemocytometer, and a differential cell count of 200 cells was determined on Diff-Quik-stained cytospin slides (Baxter Scientific Products, McGraw Park, Ill., USA) prepared with Auto Smear CF12D (Sakura Finetek, Tokyo, Japan). Flow cytometric analysis was performed for cell counts of specific types of lymphocytes (ILC2s and Th2 cells).



Targeted Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS)-Based Lipidomics

LC-MS/MS-based mediator lipidomics was performed as previously described (41). Lung tissues were homogenized in ice-cold methanol and kept in -20°C overnight. The methanolic extract was then diluted with water, acidified with HCl to a pH of 3.5, and applied to Sep-Pak C18 cartridges (Waters) for solid phase extraction. Deuterated internal standards (1 ng of leukotriene (LT) B4-d4, LTD4-d5, prostaglandin (PG) E2-d4, and 15-HETE-d8 (Cayman Chemical, Ann Arbor, MI, USA) were added to the supernatants prior to extraction. For LC-MS/MS analysis, a triple quadrupole linear ion trap mass spectrometer (QTRAP 5500; AB Sciex, Foster City, CA) equipped with a 1.7-μm, 1.0 × 150 mm Acquity UPLC™ BEH C18 column (Waters Corp., Milford, MA) was used. MS/MS analyses were conducted in negative ion mode, and the eicosanoids and docosanoids were identified and quantified by multiple reaction monitoring. Calibration curves were obtained over a range of 1–1,000 pg. The LC retention times for each compound were determined using the corresponding synthetic standards. PD1 and PDX, stereoisomers, were not separable under this LC-MS/MS setting.



Functional Assays of ILC2s In Vitro

Mouse ILC2s were isolated from mesentery using a previously reported method (42). Purified ILC2s were cultured in 96-well round-bottom plates in 200 μL RPMI-1640 media containing 10% FCS, HEPES buffer, non-essential amino acids, penicillin, streptomycin, and 2-mercaptoethanol in the presence of IL-2 (10 ng/mL) at 37°C. To comprehensively evaluate the effect of lipid metabolites, cultured ILC2s were seeded at a density of 10,000 cells per well into 96-well round-bottom plates in the absence of IL-2, and IL-33 was added to the culture medium at a final concentration of 10 ng/mL after pretreatment for 30 min with lipid metabolites (10-11 M – 10-5 M). One hundred microliters of supernatant were collected for the cytokine assay, and ILC2s were counted by flow cytometry on day 4. For apoptosis analysis, ILC2s were stained with Annexin V and propidium iodide (PI) according to the manufacturer’s protocols (Apoptosis Detection Kit, BD Pharmingen), and then analyzed by flow cytometry on day 1 and day 4. All data were analyzed using FlowJo software (TreeStar, Ashland, OR, USA).



Statistical Analysis

Data are presented as the mean ± SEM. Dose-response relationships of lipid metabolites on ILC2 activities were analyzed with repeated measures of analysis of variance, followed by the Bonferroni/Dunn procedure as a post hoc test. Data were analyzed using GraphPad Prism version 4.0c (GraphPad Software, San Diego, CA). Statistical significance was set at P < 0.05.




Results


12/15-LOX Deficiency Augmented IL-33-Induced Airway Eosinophilic Inflammation

To determine whether 12/15-LOX affects the disease onset and/or progression of airway eosinophilic inflammation, we used mice deficient in the gene encoding 12/15-LOX (alox15) in a murine model of IL-33-induced innate airway eosinophilic inflammation. 12/15-LOX-deficient (12/15-LOX-/-) mice developed more severe airway inflammation associated with an increased number of eosinophils and lymphocytes in BALF compared to controls (Figure 1A). Lymphocyte subset analysis revealed a significant increase in the number of ILC2s and Th2 cells (CD4+ST2+ cells) in BALF from IL-33-challenged 12/15-LOX-/- mice compared to wild-type mice (Figure 1B). Importantly, the number of ILC2s was greater than that of Th2 cells (Figure 1B). Expression of mRNA levels of type 2 cytokines (il5, il13) and chemokines for eosinophils (ccl11, ccl24, and ccl26), which are critical inducers of eosinophilic inflammation, in the lungs was significantly higher in IL-33-treated 12/15-LOX-/- mice than in wild-type mice (Figure 1C). Histological analysis demonstrated prominent accumulation of inflammatory cells around the bronchus and increased mucus production in the lung tissue stained with HE and PAS, respectively (Figures 1D, E). In addition, the absence of 12/15-LOX had no impact on the number of cells and lymphocyte subset including Th2 cells and ILC2s in BALF at the steady state (Supplementary Figures 1A, B).




Figure 1 | 12/15-lipoxygenase deficiency augments IL-33-induced airway eosinophilic inflammation. Airway inflammation was induced by administration of IL-33 (500 ng per mouse, intranasal), for 3 consecutive days, in C57BL/6 and 12/15-lipoxygenase deficient mice. Analysis was performed 4 days after the final administration of IL-33. (A) Number of total cells, eosinophils, lymphocytes, and macrophages in BALF. (B) Number of ILC2 and Th2 cells in BALF by flow cytometric analysis. (C) Relative mRNA expression of cytokines (il5, il13, ccl11, ccl24, and ccl26) was determined by RT-PCR and quantitative real-time PCR analysis. Airway histology was assessed by (D) hematoxylin and eosin and (E) periodic acid–Schiff (PAS)-Alcan blue staining. The data are representative of three independent experiments. Mean ± SEM, n=4 for each group.





Lipidomic Profile of Lung Tissue During IL-33-Induced Airway Eosinophilic Inflammation

To investigate the lipid mediator profiles in the lungs during IL-33-induced eosinophilic pulmonary inflammation, LC-MS/MS-based mediator lipidomics was performed. The amounts of lipid mediators on days 1 and 4 following the last challenge are summarized in Supplementary Table 1. COX-derived products such as PGE2, PGD2, and PGF2α, thromboxane B2, and 12-HHT were abundantly produced in the inflamed lung tissue on day 1, and these amounts were almost the same between wild-type and 12/15-LOX-/- mice (Figure 2A). Among the LOX-derived products, 14-HDoHE, 17-HDoHE, and 12-hydroxyeicosatetraenoic acid (HETE) were generated at substantial levels on day 1. Additionally, their biosynthesis was dependent on 12/15-LOX (Figure 2A). Among the monohydroxylated forms of DHA (4-, 7-, 10-, 13-, 14-, 17-, 20-, and 21-HDoHE), the amount of 14-HDoHE was the highest on day 1 (Figure 2B). The amounts of fatty acids, precursors of lipid mediators (AA, EPA, and DHA), in the lungs did not differ between wild-type and 12/15-LOX-/- mice on day 1 (Figure 2C). Among the downstream lipid mediators (AA-, EPA-, and DHA-derived dihydroxy- or trihydroxy-fatty acids), PD1/PDX, RvD2, RvD5, and RvE3 were also present in a 12/15-LOX-dependent manner on day 1 (Figure 2D). PD1/PDX was relatively abundant compared to other mediators.




Figure 2 | Lipidomic profiles of lungs during IL-33-induced airway eosinophilic inflammation. Airway inflammation was induced by administration of IL-33 (500 ng per mouse, intranasal), for 3 consecutive days, in C57BL/6 and 12/15-lipoxygenase (LOX)-deficient mice. Analysis was performed 1 day after the final administration of IL-33. (A) Lipidomic analysis showed quantitative alterations of arachidonic acid (AA) and docosahexaenoic acid (DHA)-derived metabolites via cyclooxygenase (COX), 5-LOX, and 12/15-LOX, including prostaglandins (PG), thromboxanes (Tx), 12- hydroxyheptadecatrienoic acid (HHT), hydroxyeicosatetraenoic acid (HETE), leukotriene B4 (LTB4), and hydroxy docosahexaenoic acid (HDoHE). (B) Comparative analysis of DHA-derived monohydroxy metabolites in wild-type or 12/15-LOX deficient mice. (C) Comparative analysis of the amounts of polyunsaturated fatty acids [AA, DHA, and eicosapentaenoic acid (EPA)] in wild-type or 12/15-LOX deficient mice. (D) Comparative analysis of 12/15-LOX-derived dihydroxy- or trihydroxy-lipid metabolites, including lipoxin (LX), Rv, MR, and protectin (PD). Mean ± SEM, n=3 for each group. **P < 0.01 (Student’s t-test). NS, not significant.





14(S)-HDoHE and 10(S),17(S)-diHDoHE Suppress ILC2 Cell Activation In Vitro

To further understand the molecular mechanism of 12/15-LOX in the regulation of innate eosinophilic pulmonary inflammation, we performed lipid screening using AA-, EPA-, and DHA-derived metabolites. Their suppressive effects on the proliferation of ILC2 cells in vitro in response to IL-33 were investigated by flow cytometry. The lipid screening assay demonstrated that 14(S)-HDoHE was a potent suppressor of cellular proliferation of ILC2s among DHA-derived monohydroxy metabolites (4-, 7-, 10-, 13-, 14-, 17-, 20-, and 21-HDoHE) (Figure 3A). In addition, among DHA-derived SPMs, including RvDs, PDs, MaRs, and other AA- or EPA-derived dihydroxy or trihydroxy metabolites, 10(S),17(S)-diHDoHE (PDX) most potently suppressed the proliferation of ILC2 cells (Figure 4A).




Figure 3 | 14(S)-HDoHE inhibit proliferation and cytokine production of ILC2s, with pro-apoptotic effects. ILC2 cells (10,000 cells per well) were cultured with IL-33 (10 ng/mL) for 1 or 4 days in the presence or absence of (A) DHA-derived monohydroxy-lipid metabolites (HDoHE, hydroxy docosahexaenoic acid: 10-5 M) or (B–G) in the presence or absence of 14(S)-HDoHE (3 × 10-7 – 10-5 M: (B, C); or 10-5 M: (D–G), (D) 12-hydroxyeicosatetraenoic acid (HETE) and 12-hydroxyeicosapentaenoic acid (HEPE). The total cell count (A, B) and concentrations of IL-5 (C, D) in the culture supernatant were measured. (E–G) Flow cytometric analysis of Annexin V- and PI-stained ILC2 cells cultured with or without IL-33 (10 ng/mL) in the presence or absence of 14(S)-HDoHE (10-5 M) for 1 or 4 days. The data are representative of three independent experiments. Mean ± SEM, n=3-8 for each group. *P < 0.05, **P < 0.01 (Student’s t-test).






Figure 4 | Effects of SPMs on proliferation and cytokine production of ILC2s. (A) ILC2 cells (10,000 cells per well) were cultured with IL-33 (10 ng/mL) for 4 days in the presence or absence of (A) dihydroxy- or trihydroxy-lipid metabolites (LX, lipoxin; Rv, resolvin; MR, maresin; PD, protectin D: 10-5 M) or in the presence or absence of (B, C) 10(S),17(S)-diHDoHE (PDX, 3 × 10-7 – 10-5 M), (D, E) 17(S)-HDoHE-derived SPMs (RvD1, resolvin D1; RvD2, resolvin D2; PD1, protectin D1: 3 x 10-7 nM), (F, G) RvD1 (1 × 10-11 – 3 x 10-7 M: (D, E), or (H, I) MaR1 (MaR1; maresin 1: 10-11 – 10-5 M). The total cell count (A, B, D, F, H) and concentrations of IL-5 (C, E, G, I) in the culture supernatant were measured. Data are shown as Mean ± SEM, n = 3 for each group. *P < 0.05, **P < 0.01 (Student’s t-test).



14(S)-HDoHE suppressed ILC2 cell proliferation in a concentration-dependent manner (Figure 3B). In addition, cytokine release (IL-5) from ILC2 cells was suppressed by 14(S)-HDoHE in a concentration-dependent manner (Figure 3C). The inhibitory effect of 14(S)-HDoHE on IL-5 production was more potent than other related structural isomers such as 12(S)-HETE, 12(R)-HETE, 12(S)-HEPE, and 12(R)-HEPE (Figure 3D). Flow cytometric analysis of Annexin V- and PI-stained ILC2 cells upon stimulation with IL-33 revealed the pro-apoptotic effects of 14(S)-HDoHE on ILC2s after stimulation with IL-33 for 1 or 4 days (Figures 3E–G). PDX similarly inhibited ILC2 proliferation and IL-5 production in a concentration-dependent manner. PDX displayed more potent suppressive effect than its related metabolites including 17(S)-HDoHE and 10(S/R)-HDoHE (Figures 4B, C). The suppressive effects of PD1, RvD1, and RvD2, were also evaluated at nanomolar concentrations. Unlike the others, RvD1 slightly inhibited the proliferation and IL-5 production of ILC2s (Figures 4D–G). In addition, the suppressive effects of MaR1 were evaluated at nanomolar to micromolar concentrations. MaR1 inhibited IL-5 production, not cell proliferation, of ILC2s at nanomolar concentrations (Figures 4H, I). These results suggest that the DHA-derived 12/15-LOX metabolites collectively regulates ILC2 functions to control innate type-2 airway inflammation.



14(S)-HDoHE Suppressed IL-33-Induced Airway Eosinophilic Inflammation In Vivo

Next, we determined the potential preventive effect of 14(S)-HDoHE, a major product of 12/15-LOX in the lung during inflammation, in vivo on IL-33-induced airway eosinophilic inflammation. Intraperitoneal administration of 14(S)-HDoHE reduced the number of eosinophils and macrophages in BALF compared with that in vehicle-treated mice in 12/15-LOX-/- mice (Figure 5A). 14(S)-HDoHE administration also decreased the number of ILC2 and CD4+ST2+ Th2 cells present in BALF in 12/15-LOX-/- mice (Figure 5B). Also, 14(S)-HDoHE reduced the number of ILC2 and Th2 cells in BALF of WT mice (Figure 5B).




Figure 5 | 14(S)-HDoHE suppresses IL-33-induced airway eosinophilic inflammation. Airway inflammation was induced by administration of IL-33 (500 ng per mouse, intranasal), for 3 consecutive days, in C57BL/6 and 12/15-lipoxygenase deficient mice. 14(S)-hydroxy docosahexaenoic acid (HDoHE) was administered via intraperitoneal injection prior to IL-33 administration. Flow cytometric analysis was performed 4 days after the final administration of IL-33. (A) Number of eosinophils and macrophages in the BALF. (B) Number of lymphocyte subsets, including ILC2 and Th2 cells, in the BALF. Mean ± SEM, n=4 for each group. NS, not significant.






Discussion

In the present study, we demonstrated that 12/15-LOX, a key enzyme for the biosynthesis of specialized pro-resolving lipid mediators (SPMs), conferred a protective effect on innate pulmonary eosinophilic inflammation in vivo. Lipidomic analysis revealed a series of 12/15-LOX-derived mediators present at substantial levels in the inflamed lung. Using bioactive lipid screening, the potent effect of 14(S)-HDoHE and 10(S),17(S)-diHDoHE in suppressing ILC2 function was observed in vitro. These findings demonstrate the direct effect of DHA-derived pro-resolving mediators in suppressing ILC2 activation. 14(S)-HDoHE also displayed potent anti-inflammatory effects on IL-33-induced eosinophilic airway inflammation when administered in vivo. These results provide a new therapeutic option for 12/15-LOX-derived pro-resolving mediators in ILC2-mediated allergic diseases.

Previous studies have shown the regulatory effects of 14(S)-HDoHE on murine platelets and human alveolar macrophages in vitro (43, 44). PD1/PDX also possesses potent anti-inflammatory functions in regulating neutrophil activation in vitro (45, 46) and ameliorates pulmonary inflammation and fibrosis in vivo (47, 48). Interestingly, we previously reported that peripheral blood eosinophils isolated from patients with severe asthma had a defective biosynthetic capacity of 14(S)-HDoHE, 17(S)-HDoHE, and PD1/PDX (7). Similarly, their biosynthetic capacities have been reported to be impaired in obese mice, and systemic administration of these metabolites ameliorated obesity-induced inflammatory states (49). These findings highlight the therapeutic potential of 14(S)-HDoHE and related SPMs in the regulation of chronic inflammation through DHA metabolism. However, the precise mechanism underlying the 14(S)-HDoHE-mediated effects thorough specific receptors and/or downstream metabolites remains undetermined.

IL-33 induces ILC2 proliferation and activation, which orchestrate innate type-2 inflammation as the dominant IL-5-producing cell in vitro and in vivo (22, 23, 50–55). IL-5 plays a central role in prolonging eosinophils survival and activating eosinophils to elicit degranulation, superoxide generation, cytokine release, and cysteinyl leukotriene synthesis (12, 56). In this study, 14(S)-HDoHE, 17(S)-HDoHE, and other DHA-derived SPMs, such as RvDs, PDs, and MaRs, differentially exerted regulatory effects on cellular functions of ILC2 cells at micromolar or nanomolar concentrations. In humans, LXA4, an AA-derived SPM, decreased IL-13 release from ILC2s stimulated with IL2/IL25/IL-33/PGD2 at nanomolar concentrations (57). In addition, MaR1, a DHA-derived SPM, regulated IL-13 release from ILC2 in vitro at nanomolar concentration and in vivo at ng/mouse administration in a murine model of asthma (58). Also, regulatory T cells synergistically exerted inhibitory effects on ILC2 in the presence of MaR1 (58). Other cell types, including regulatory T cells, may enhance the suppressive effects of SPMs on ILC2s. Additionally, our study suggests that RvD1 and MaR1 can inhibit ILC2 function at nanomolar concentration. Thus, we speculate that these bioactive SPMs collectively, not individually, orchestrate the regulatory circuit for ILC2-mediated eosinophilic inflammation.

The cellular sources of 12/15-LOX-derived mediators during allergic inflammation are of particular interest. 12/15-LOX-expressing eosinophils play pro-resolving functions by enhancing the resolution of neutrophilic inflammation in acute peritonitis (8, 9) and by promoting corneal wound healing in the eye (59). In addition, 12/15-LOX-expressing resident macrophages play an important role in the efferocytosis of apoptotic neutrophils in acute peritonitis (10). Further studies are required to identify the cell types that locally produce 12/15-LOX-derived SPMs to suppress ILC-2-mediated eosinophilic inflammation.

In conclusion, our results demonstrate that 12/15-LOX-derived mediators regulate IL-33-induced eosinophilic airway inflammation. Bioactive lipid screening identified 14(S)-HDoHE and 10(S),17(S)-diHDoHE as potent endogenous suppressors of ILC2 activation. These findings contribute to a better understanding of the cellular and molecular mechanisms underlying the resolution of eosinophilic airway inflammation. Thus, 12/15-LOX-derived lipid mediators and/or 12/15-LOX-mediated lipid metabolism may represent a potential therapeutic strategy for ameliorating airway inflammation-associated conditions.
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Inflammation is a fundamental physiological response orchestrated by innate immune cells to restore tissue homeostasis. Specialized pro-resolving mediators (SPMs) are involved in active resolution of inflammation but when inflammation is incomplete, chronic inflammation creates a favorable environment that fuels carcinogenesis and cancer progression. Conventional cancer therapy also strengthens cancer-related inflammation by inducing massive tumor cell death that activate surrounding immune-infiltrating cells such as tumor-associated macrophages (TAMs). Macrophages are key actors of both inflammation and its active resolution due to their plastic phenotype. In line with this high plasticity, macrophages can be hijacked by cancer cells to support tumor progression and immune escape, or therapy resistance. Impaired resolution of cancer-associated inflammation supported by TAMs may thus reinforces tumor progression. From this perspective, recent evidence suggests that stimulating macrophage’s pro-resolving functions using SPMs can promote inflammation resolution in cancer and improve anticancer treatments. Thus, TAMs’ re-education toward an antitumor phenotype by using SPMs opens a new line of attack in cancer treatment. Here, we review SPMs’ anticancer capacities with special attention regarding their effects on TAMs. We further discuss how this new therapeutic approach could be envisioned in cancer therapy.
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Introduction

Inflammation is now recognized as a hallmark of cancer (1) and several lines of evidence have highlighted the significance of chronic inflammation in fueling tumor progression and influencing tumor response to treatment in many cancers. Rudolf Virchow was the first to describe leukocytes within tumor in the 19th century (2). A century later, Dvorak evidenced common features shared by inflammation and carcinogenesis proposing tumors as “wounds that do not heal” (3). This new inflammatory vision of tumor biology is now well supported by numerous studies that have highlighted the main contribution of chronic inflammation in cancer progression (4, 5). Inflammation is a defensive and protective reaction that aims to heal and repair damaged tissues. This physiological response is self-limited to prevent further detrimental over-reactions for tissue homeostasis. When inflammation is improperly regulated, deleterious signals may appear in inflamed tissues, supporting chronic inflammation setting up and fostering the development of many diseases, including autoimmune disorders, cardiovascular diseases or cancers. Resolution of inflammation is therefore a fundamental mechanism which allows damaged tissues to return to homeostasis in a process termed catabasis (6, 7). This active process mainly relies on a recently discovered array of molecules named specialized pro-resolving mediators (SPMs), including lipoxins, resolvins, protectins and maresins, which production is temporally and spatially regulated during acute inflammation (8, 9). SPMs mediate an effective inflammation resolution by transducing anti-inflammatory and pro-resolving signals that stop leukocytes recruitment in inflamed tissues and increase removal of apoptotic polymorphonuclear neutrophils (PMNs) (10). These events are crucial to break down further inflammatory signals and ensure restoration of tissue integrity. Among their target cells, SPMs have shown the ability to modulate macrophages’ biology by notably increasing their nonphlogistic (i.e. noninflammatory) phagocytosis of apoptotic PMNs. This phenomenon is named efferocytosis, from the Latin word ‘effere’ that translates to ‘to take to the grave’ (9, 11). Macrophages display tumor supporting roles and immunosuppressive functions that are exacerbated during carcinogenesis and tumor response to conventional anticancer treatments. SPMs may thus offer the opportunity to re-educate tumor-associated macrophages (TAMs) by promoting their pro-resolving activities and turning them toward an antitumoral phenotype.

Here, we summarize the recent findings on SPMs and cancer-focused macrophage biology as well as their connections. We further discuss the therapeutic opportunities to manipulate tumor and inflammation dialogue during cancer progression or therapeutic pressure especially through TAMs re-education using SPM-based therapies to improve anticancer treatments.



SPMs Mediate Resolution of Inflammation


SPMs’ Roles in Inflammation Resolution

Acute inflammation is a finely regulated physiological process initiated within minutes to hours in response to tissue injury or infection, where cellular and chemical mediators are operating. Pro-inflammatory lipid mediators including prostaglandins (PGs) and leukotrienes (LTs) are first secreted during the initiation step. Prostaglandin E2 (PGE2) contributes to the dilatation and increase in permeability of vascular vessels, and leukotriene B4 (LTB4) to leukocyte chemotaxis, both mechanisms are necessary for inflammation amplification (7, 12, 13). Increased blood flow and vessels permeability induce fluid, proteins and leukocytes to migrate to the inflammatory site, resulting in swelling (edema) (Figure 1). The first cellular effector recruited in damaged site are neutrophils (9) that kill pathogens due to their microbicidal activities and ensure debris removal by phagocytosis. Monocytes are subsequently recruited by chemotactic factors and differentiate locally into macrophages that clear cellular debris and apoptotic PMNs. Importantly, during inflammation progression, a switch in lipid mediator synthesis from pro-inflammatory (PGs and LTs) to pro-resolving mediators (SPMs) occurs in order to trigger inflammation resolution. Lipoxins’ (LXs) production first occurs both locally and systemically to stop leukocyte recruitment and is then completed by a production of other SPMs to exert their pro-resolving effects. These effects include the cessation of neutrophils’ recruitment and the increase of apoptotic PMNs removal by macrophages (7, 18–20). Efferocytosis is an important physiological process where phagocytes engulf apoptotic cells before they become necrotic and release danger molecules, thus preventing further exacerbated inflammatory signals (21). In addition, apoptotic PMNs’ efferocytosis by macrophages induces a reparative phenotype by triggering intracellular signaling that further contribute to inflammation resolution through production of TGF-β and VEGF, that are necessary for tissue repair (7). Therefore, the switch in bioactive lipid production from PGs and LTs to SPMs is fundamental to prevent inflammation exacerbation. This mechanism is required for complete resolution and return to tissue homeostasis (9).




Figure 1 | Lipid mediators’ time-course, synthesis and biological actions. Lipid mediators are produced sequentially through action of specific enzymes. Pro-inflammatory lipid mediators (prostaglandins and leukotrienes) are first produced during inflammation initiation. During inflammation resolution, a switch in lipid mediator synthesis occurred and promote SPMs’ synthesis. Each SPM execute its functions by binding to a specific receptor. The receptors for LXB4, RvE2, RvE3, RvD4 have not been characterized yet (14–17).





SPMs’ Biosynthesis and Interactive Network

SPMs are a set of recently identified lipid mediators that act locally as endogenous agonists to stimulate the resolution of inflammation. Four subclasses of SPMs have been identified so far: lipoxins, resolvins (Rv), protectins and maresins (MaR) (10, 22). The discovery of these new bioactive lipids changed the comprehensive view of inflammation resolution as it was initially considered a passive process where inflammatory cells and chemical mediators were locally diluted (23). The emergence of the SPM family as omega-3 polyunsaturated fatty-acid (PUFA) derived bioactive lipids revealed their crucial role in actively “turning off” the inflammatory response by stopping neutrophils infiltration and enhancing their efferocytosis by macrophages (9). This active catabatic process is temporally and spatially regulated to sustain tissue homeostasis (8). However, evidence of chronic inflammation in different clinical contexts that initiates or fuels pathogenesis, reflects a defect in the temporal regulation of inflammation resolution. Under these conditions, SPMs may represent actionable targets to “switch on” resolving mechanisms and improve treatment outcome. Recent studies have highlighted the potential antitumor roles of SPMs in carcinogenesis and cancer progression including tumor response to treatment. Therefore, a comprehensive understanding of their biology is required to manipulate them for therapeutic purposes.

Lipid mediators include both pro-inflammatory (PGs and LTs) as well as anti-inflammatory and pro-resolving mediators (SPMs). They are generated through the action of the specific enzymes cyclooxygenases (COXs) and lipoxygenases (LOXs) from PUFA, including arachidonic acid (AA), eicosapentaenoic acid (EPA) and decosahexaenoic acid (DHA) (6) (Figure 1). Among COXs, COX-1 is constitutively expressed in several tissues and is responsible for basal level of PGs that are necessary for the maintenance of homeostasis, whereas COX-2 expression is triggered under inflammatory or tumorigenic signals (24). LOX enzymes present cell-specificity as 5-LOX is expressed in both myeloid (DC, monocytes and macrophages) and lymphoid (T- and B-cells) cells, 12-LOX in platelets and macrophages, and 15-LOX in vascular cells (12). Importantly, SPMs’ production involves sequential enzymatic reactions that occur during cell-cell interactions. Arachidonic acid is metabolized to lipoxins through action of 15-LOX and 5-LOX during interactions between inflammatory (neutrophils or macrophages) and vascular cells (endothelial cells or platelets) (8). Resolvins are either named E-series or D-series resolvins that are respectively derived from EPA or DHA (14). Among E-series resolvins, RvE1 and RvE2 are produced by sequential actions of cytochrome P450 or COX-2 acetylated by aspirin in endothelial cells, and 5-LOX in human PMNs (25). D-series resolvins are produced through successive actions of 15-LOX and 5-LOX. Importantly, systemic administration of aspirin promotes acetylation of COX-2 which changes its enzymatic activity (i.e. stopping prostaglandins’ production) to generate epimeric forms of SPMs termed aspirin-triggered SPM (AT-SPM) (25). Of note, AT-LXA4 and AT-RvD1-2-3-4 have been described to date (14). Protectins are derived from DHA and produced through action of 15-LOX in leukocytes (14). Maresin is the latest SPM family discovered and is derived from DHA, and MaR1 is synthesized via 12-LOX by macrophages (26). SPMs’ synthesis is finely orchestrated to guarantee their right sequence of actions locally to resolve acute protective inflammation.

Of importance, SPMs are short-lived molecules that are further metabolized and inactivated by various enzymatic pathways involving β-oxidation, ω-oxidation, dehydrogenation and reduction (27). They act through specific G-protein-coupled receptors (GPCRs) (23) in a picogram to nanogram dose range (Figure 1). GPCRs represent the largest family of cell surface receptors, counting around 800 members (28), and a complex network of interactions has been already described between SPMs and GPCRs. In fact, two SPMs can bind to the same GPCR. For example, LXA4 and RvD1 both bind GPR32 and ALX/FPR2 expressed on PMNs and monocytes (6, 29–32). In addition, one SPM can bind to two GPCRs with different affinity. For instance, RvE1 binds to ChemR23 on myeloid cells, including macrophages and dendritic cells, and acts as a partial agonist for BLT1 expressed on PMNs to counteract LTB4’s pro-inflammatory actions (8, 33). GPCRs can also interact with ligands of different nature, as evidenced for ChemR23, that binds both RvE1 and the chemoattractant protein chemerin, consequently strengthening the complexity of this network. The deep understanding of the interconnected systems linking SPMs to their specific GPCRs still offers many approaches for targeting these inflammation controlling networks.



SPMs and Tumor: Clinical Correlations

Importantly, unresolved inflammatory process leads to chronic inflammation with significant pathogenic consequences such as organ damages, auto-immune diseases or cancer initiation and progression (6, 32). Deficiency in SPMs’ synthesis or biological activities participates to chronic inflammation establishment that sets the stage for tissue damage. For example, LXA4 deficiency is associated with cystic fibrosis and severe asthma (34, 35). Regarding cancers, overexpression of COX-2, 5-LOX and high levels of PG- and LT-derived metabolites that have important roles in tumor progression have been reported in many tumors (36, 37). Contrarily, to date, few studies have investigated the potential relationship between SPM levels and cancer. Decreased levels of LXA4 induced by 15-LOX down-regulation in serum and tumor from patients with colorectal cancer (38, 39) have been reported, suggesting the anti-tumorigenic potential of 15-LOX-derived metabolites in colon carcinogenesis (38). In another study, lower serum levels of RvD1 were found in patients with colon cancer compared to healthy volunteers and were reversely correlated with advanced cancer stage (40). These serum levels were further correlated with better survival in patients with endometrial cancer, suggesting that RvD1 could be a predictive biomarker of high tumor blood flow (41). Altogether, these clinical data demonstrated that impaired SPM activity coincides with promotion of carcinogenesis. Of note, the non-steroidal anti-inflammatory drug (NSAID) aspirin has shown protective effects in colorectal cancer and reduced the risk of developing other cancers such as lung and breast cancers (42, 43). Importantly, anticancer effects of aspirin were in part mediated through irreversible COX-2 acetylation and the generation of AT-SPM (44). These data emphasize the therapeutic potential of preventing inflammation in cancer, especially by using SPMs or their mimetics, as developed in the fourth part of this review.




Macrophages Are Guardians of Tissue Homeostasis and Key Regulators of Pro-Tumor Inflammation


Diversity of Macrophages Phenotypes and Functions

Macrophages are part of innate immune cells that possess important functions in organ development and tissue homeostasis. Macrophages can refer to either tissue-resident or monocytes-derived macrophages, that have different functions in tissues. Tissue-resident macrophages mainly originate from the embryonic yolk sac and fetal liver progenitors (45). These macrophages activate a unique transcriptional program dependent on their tissue of residence, as illustrated by specialized liver Kuppfer cells, brain microglia, lung alveolar macrophages or bone osteoclasts (46, 47). They maintain their pool by local homeostatic proliferation (48) and can be enriched locally from peripheral monocytes recruitment upon inflammatory signals. In contrast, monocyte-derived macrophages are continuously produced in bone marrow during hematopoiesis, and are recruited from blood circulation during inflammatory process. Both types of macrophages differentially exert their functions in damaged tissues. In sterile microlesions, tissue-resident macrophages prevented initiation of inflammation by sequestrating cell debris. When tissue-resident macrophages could not control the surging inflammatory signals (macrolesions or successive microlesions), PMNs’ swarming triggered monocytes recruitment that in turn, engaged resolving and reparative programs (49). Distinctively from tissue-resident macrophages that have a major first-line homeostatic function, monocytes-derived macrophages are involved in pro-resolving mechanisms.

To ensure tissue homeostasis, macrophages have a myriad of functions, including host defense against pathogens or damage and regulation of immune responses to ensure tissue repair in these contexts. Macrophages are part of classical antigen-presenting cells (APCs) and mediate cellular immune responses through the processing and presentation of antigens to lymphocytes (50). In addition, macrophages are professional phagocytes that engulf either foreign particles (microbes) or altered self-particles or cells (dying or dead cells) (51, 52). They can quickly produce a large array of cytokines and chemokines that orchestrate local acute inflammatory process (52, 53).

Both diversity and plasticity define macrophages since they can acquire different phenotypes and functions depending on the stimuli present in the surrounding environment. Such properties are supported by plasticity of the epigenetic modifications that can rapidly modify macrophages’ identity and destiny depending on external stimuli (54, 55). Those modifications includes DNA methylation, histone modifications and non-coding RNA (56). Of note, microRNA generated in response to various environmental stimuli have been reported to modulate macrophages’ final differentiation (54).

Macrophages are generally classified as pro-inflammatory M1-like or anti-inflammatory M2-like macrophages (47) (Figure 2A). M1-like macrophages exert pro-inflammatory properties and are involved in microbicidal and tumoricidal activities. They can be generated in vitro in response to IFN-γ, GM-CSF or Toll-like receptors (TLR) agonists. They are characterized by secretion of high level of IL-12 and low levels of IL-10, production of nitric oxide (NO) and reactive oxygen species (ROS), secretion of pro-inflammatory cytokines including TNF-α and IL-1β (57, 58). In contrast to M1-like macrophages, in physiological contexts, M2-like macrophages are involved in inflammation resolution and wound healing. Mantovani et al. proposed a classification for M2-like phenotypes depending on stimuli used for monocyte-derived macrophages differentiation. Monocytes stimulation by: (1) IL-4 and IL-13 leads to M2a phenotype involved in tissue repair and killing of extracellular pathogens (59, 60); (2) Immune complexes or TLR or IL-1R ligands to M2b phenotype involved in immune regulation (61); (3) Glucocorticoids or IL-10 to M2c phenotype involved in efferocytosis of apoptotic PMNs and resolution of inflammation (62); and (4) CSF-1 or adenosine or IL-6 plus LIF to M2d phenotype involved in angiogenesis and immunosuppression. M2d macrophages reflect in vivo TAM phenotype with pro-tumorigenic properties (63).




Figure 2 | Diversity of macrophages’ phenotypes. (A) Monocytes can be differentiated in vitro either in pro-inflammatory M1-like macrophages or in anti-inflammatory M2-like macrophages upon various external stimuli. M1-like macrophages are involved in microbicidal and tumoricidal activities. M2-like macrophages have pro-resolving functions and are involved in tissue repair. In cancer settings, TAM, associated to a M2-like phenotype, support tumor progression and mitigate tumor response to anticancer treatments through production of proteases, angiogenic and growth factors. (B) During efferocytosis of apoptotic cells, macrophages undergo a reprogramming toward a pro-resolving phenotype. Macrophages receive an important metabolic load from these engulfed cells that induce metabolic modifications such as activation of the putrescine pathway or increased glycolysis that supports actin polymerization and cell clearance. Pro-resolving macrophages express 12/15-LOX and turn off production of pro-inflammatory cytokines for production of IL-10, TGF-β and IFN-β that participate in inflammation resolution.



Regarding phagocytic properties, M2-like macrophages can phagocyte more microbial particles and cancer cells than M1-like macrophages. Of interest, macrophage expression of specific surface markers can reflect their phagocytic capability (CD14, CD206 and CD163) or even their phagocytic capacity (i.e. amount of particles; CD209) as evidenced by a mass cytometry-based phagocytosis assay (64).

Importantly, M1-like and M2-like monocyte-derived macrophages produce distinct lipid mediator profiles. For example, upon bacterial stimulation, human M1-like macrophages display increased production of 5-LOX-derived LT including LTB4 and COX-2-derived PGs including PGE2, which production was 20 times higher in M1-like compared to M2-like macrophages. In contrast, M2-like macrophages exhibit increased 15-LOX expression resulting in SPM production that represent 50% of their total lipid mediators synthesis (65–67).

Generally, M1-like macrophages are associated with pro-inflammatory, antiviral, antibacterial, antitumor phenotypes and with production of pro-inflammatory lipid mediators (PGs and LTs). For their part, M2-like macrophages are defined by anti-inflammatory and reparative phenotypes related to their production of pro-resolving SPMs, but are also associated to a protumoral phenotype in cancers. However, this M1/M2 in vitro polarization model has shown its limitation as it does not authentically reflect macrophages’ polarization occurring in tissues. It rather is a continuum between M1-like and M2-like phenotypes depending on cytokines present in the surrounding environment (68) and the origin of macrophages (69). This classification is still useful to study macrophages’ biology in vitro but for greater clarity, Murray et al. suggested to adopt a specific nomenclature that specifies the stimuli used for monocyte activation [i.e. M(IL-4) for macrophages activated in vitro by IL-4] (70).



Pro-Resolving Functions of Macrophages

Removal of apoptotic cells by macrophage-dependent efferocytosis is a key step to achieve complete local inflammation resolution and return to tissue homeostasis. Efferocytosis of apoptotic PMN increased macrophages’ SPMs biosynthesis (RvE1, PD1, LXA4, MaR1) (71) that in turn acts as a positive feedback loop, as evidenced by LXA4, that enhanced nonphlogistic PMN engulfment by macrophages (65, 72). Moreover, SPMs production by macrophages is enhanced through the release of microparticles that contain metabolic precursors, derived from dying neutrophils at the inflammatory site (65). Both efferocytosis and microparticles derived from apoptotic cells trigger macrophages’ reprogramming from a pro-inflammatory to a pro-resolving hybrid phenotype between M1-like and M2-like macrophages (Figure 2B) (65, 73). Pro-resolving macrophages undergo continuous efferocytosis of apoptotic cells to prevent their evolution toward necrosis until complete inflammation resolution. This process is upregulated by metabolites loaded from apoptotic cells during the first round of efferocytosis and the putrescine pathway (74). Apoptotic cells ingestion induces a deep metabolic reprogramming in efferocytic macrophages (75) that blocks the production of pro-inflammatory cytokines. Moreover, this process triggers the secretion of factors including IL-10, TGF-β, CCL-5 and protein S that promotes the clearance of apoptotic cells, prevents autoimmunity, and further supports macrophages’ reprogramming (76–79).

So far, pro-resolving macrophages’ phenotypes and functions have been mainly described in murine models of acute inflammatory diseases. Macrophages isolated from resolving acute peritonitis produced high levels of anti-inflammatory IL-10 and expressed M1-like markers such as iNOS and COX-2. They also expressed high level of cAMP that triggers COX-2 dependent lymphocyte repopulation necessary to restore homeostasis post inflammation, and prevent further reinfection (80). Importantly, transcriptomic analyses revealed that murine resolution-phase macrophages possess a unique phenotype that cannot fit the conventional M1/M2 classification, conferring them a hybrid phenotype with shared characteristics of M1-like and M2-like macrophages (81). Resolution-phase macrophages are enriched with molecules involved in antigen presentation and T-/B-cell chemotaxis, they produce SPMs, and they are involved in phagocytosis of apoptotic cells (82). Of particular interest, a specific population of “satiated” macrophages have been described among resolution-phase macrophages in zymosan-A induced peritonitis. This population is characterized by downregulation of CD11b expression induced by efferocytosis, production of high levels of anti-inflammatory and pro-resolving cytokines, including TGF-β, and high expression of 12/15-LOX. CD11blow macrophages were termed “satiated” as they have ingested many apoptotic PMNs but are no longer capable of phagocytosis, contrarily to CD11bhi macrophages from which they derive. CD11blow macrophages then migrate out of the inflammatory site (83). These data were reinforced by transcriptomic analyses that demonstrated a down regulation of gene clusters involved in phagocytosis and cytoskeleton configuration, and increased expression of gene clusters involved in myeloid cell migration (84). Moreover, non-phagocytic macrophages produce IFN-β that actively increases PMNs’ apoptosis and removal by efferocytosis and participates in phagocytotic macrophage reprogramming (85). These results obtained in inflammatory murine models have clarified the vision of pro-resolving macrophages and the importance of their phenotypic and functional switch that finely regulates inflammation resolution. Of major interest, restoring pro-resolving functions of macrophages using SPMs in murine models of cancer deeply impaired tumor progression (86, 87). However, since mouse and human macrophages exhibit different gene signatures and metabolisms, efforts must now be concentrated on unraveling the profile of human pro-resolving macrophages (88). It would also demonstrate that promoting resolution of inflammation represent a promising strategy for the treatment of inflammatory diseases including cancers.



Macrophages Have Pro- But Also Anti-Tumor Activities in Cancer

Many observations have revealed tight links between cancers and inflammation (4). Inflammation may initially arise from cancer-associated exogenous pathogens (5) or from tumor cells secreting various pro-inflammatory factors (2, 89). When persisting, inflammation feeds carcinogenesis and cancer progression. Importantly, anticancer treatments including chemotherapies and radiotherapies can also trigger an inflammatory response at the tumor site resulting in a protumoral environment that supplies tumor progression and immunosuppression (86, 90).

Macrophages infiltrated in tumors are defined as tumor-associated macrophages (TAMs). TAMs first arise from tissue-resident macrophages (91) but various tumor-produced chemokines (CCL-2, CCL-5) and cytokines (CSF-1) also recruit circulating monocytes and further promote their differentiation into TAMs (92–94).

Importantly, macrophages are the major immune infiltrating component of tumor microenvironment (TME) in many solid tumors, representing up to 36% of total immune cells in breast tumors (95–97). TAMs high density coincides with a poor prognosis in many cancers (bladder, prostrate, ovarian and breast cancer) excepted for colorectal cancer (98). Recently, new technologies based on deconvolution of gene expression profiles or single cell analysis by RNA or mass-cytometry have gained great interest in studying TAMs (99, 100). Using these approaches, TAMs have been classified in clusters, characterized by differential expression levels of M2 markers such as CD163, MARCO and CCL-18 (101–103). Infiltration of M2-like TAMs has been associated with lower overall survival in non-small cell lung cancer (NSCLC) (104), lung adenocarcinoma (105) and gastric cancer (106). Importantly, these recent data demonstrated that TAMs expressed both M1 and M2 gene signatures (101, 102, 107, 108) and that presence of M1-like TAM was associated with increased survival in NSCLC (109) and in advanced ovarian cancers (110). Interestingly, upregulation of genomic signatures associated with immune cell activation and antigen presentation or phagocytosis, immune responses and blood vessels formation has been revealed in TAMs, respectively isolated from breast and endometrial cancer patients, compared with tissues-resident macrophages (111). Of note, a specific TAM subset associated with a phagocytic pattern has been reported in lung, colorectal, ovarian and breast cancer (108).

Those data have weakened our vision of the binary macrophage polarization model since TAMs may represent a specific “cancer-associated” spectrum of alternative polarization states between M1-like and M2-like macrophages. These data have also provided a new perception of TAMs’ complexity as they demonstrated that TAMs both express pro- and anti-tumor markers (112).

Many studies have reported that TAMs display strong tumor supportive activities during both primary tumor development and its metastatic progression (Figure 3). TAMs produce prosurvival factors that protect tumor cells from apoptosis (PGE2, IL-10, TGF-β and IL-6) (119–121), including from chemotherapies-induced cell death (122). TAMs accumulate particularly in hypoxic areas (123, 124) where they secrete proangiogenic factors and proteases (VEGF, β-FGF, TP, TNFα, CXCL18, uPA, CCL18) that support endothelial cells’ survival and migration for the development of a high-density vascular network (95, 124). Among proteases, TAMs produce MMP-9 that induce extracellular matrix remodeling further supporting tumor cell invasion (125, 126). TAMs also operate at distant sites during metastatic processes as observed in murine breast tumor cells that, when reaching lung capillaries, secrete CSF-1 to recruit new macrophages that in turn, help them to invade the lung parenchyma (127). In addition, TAMs actively participate in promoting an immunosuppressive TME through expression of immune checkpoints (PD-1 and B7-H4), production of immunosuppressive cytokines (IL-10 and TGF- β) (128), recruitment of immunosuppressive cells (Tregs and MDSC) (116, 126), and inhibition of effector immune cells (NK and T-cell) (115, 116). Importantly, chemotherapies often induce macrophages’ recruitment in tumors, as seen by increased CD68+ macrophages infiltration in matched breast tumor samples before and after neoadjuvant chemotherapy (90, 122). Recruited macrophages presented a reinforced M2-like phenotype (90, 129, 130). Moreover, macrophage abundance in treated tumors was correlated with a low cytotoxic T cell infiltrate, suggesting that chemo-recruited TAMs increase immunosuppression by limiting T-cell responses to anticancer treatment (90).




Figure 3 | TAMs execute diverse activities during tumor initiation and its immune escape. (1) Macrophages are first recruited in tumor under the action of chemokines secreted by tumor cells. Some factors such as retinoic acid (113) and IL-6 (114) favor monocytes differentiation toward macrophages instead of dendritic cells. (2) Macrophages become TAMs with immunosuppressive activity, in particular due to sphingosine 1 phosphatase (S1P) released by dying tumor cells. (3) TAMs support local immunosuppression by: secreting immunosuppressive cytokines, inhibiting effector T-cells (115) and NK cells (116), recruiting Tregs though CCL22-CCR4 axis or MDSC through CCL2-CCR2. (4) Under hypoxia, macrophages produce various cytokines, including CCL-18 (117) triggered by tumor cells at the tumor invasive front, and proteases that induce EMT in tumor cells and favor their invasion and migration. Additional paracrine loops between tumor cells and TAMs, as described for EGF and CSF-1, amplify TAM-dependent cancer cell motility (94, 118). (5) Finally, TAMs contribute to anticancer treatment resistance by secreting factors protecting tumor cells from death.



Despite their tumor-supporting roles, macrophages constitute a high proportion of immune effectors in the majority of liquid and solid tumors, particularly in the so called “cold” tumors, and can be manipulated to eradicate tumors. Macrophages can exert direct (cell-contact, independent of phagocytosis) or indirect (soluble effectors) cytotoxicity toward tumor cells, at least in vitro (94, 131). They can recognize tumor cell through expression of various receptors (lectins, phosphatidylserine, integrins) (132) and produce when activated, various cytotoxic molecules [NO (94)] and cytokines [TNF-α (133)] that trigger tumor cells apoptosis and phagocytosis. Macrophages within tumors can be activated by tumor-associated antigens that they can further process and present via their MHC-II to CD4+ helper T cells and CD8+ cytotoxic T cells (132), to promote effective antitumor adaptive immune responses. Loss of efficient antitumor functions of macrophages due to their hijacking by cancer cells is critical for the development of antitumor immune responses. For example, increased expression of CD47 by tumor cells triggers an inhibitory signaling in macrophages through the immune checkpoint SIRPα, that limits macrophage-dependent phagocytosis (134) and lymphocyte chemotaxis (135). Restoring and/or stimulating antitumor functions of macrophages within tumors may counterbalance their tumor-supporting roles and help to promote an efficient immune antitumor response.



TAMs Are Preferentially Associated With a Pro-Inflammatory Lipid Mediator Profile in Cancer Context

Because of highly specialized approaches to detect and quantify lipidic mediators in biological specimens, TAM-related lipid mediators’ profile has not been extensively studied. However, metabolic enzymes and receptors involved in activities of these mediators can be appraised using transcriptomic analyses. As such, TAMs isolated from ascites of patients with ovarian cancer revealed that TAMs expressed PTGS2 (coding for COX-2), PGE2 and LTB4 receptors, contrarily to tumor cells (136). These results suggest that TAMs could be associated with a pro-inflammatory lipid mediator profile based on PGs and LTs, that supports their pro-tumorigenic functions.

Of importance, cancer cells indirect interactions with TAM-like in vitro alter the lipid mediator profile produced by cancer cells toward the synthesis of pro-inflammatory PGs and LTs, with pro-tumorigenic properties (36, 137). Among PGs, PGE2 largely contributes to tumor progression and promotes an immunosuppressive TME, particularly in macrophages (37, 138). Reversely, cancer cells also affect macrophages’ lipid mediator profile through induction of COX-2 expression and release of sphingosine 1-phosphate (S1P) when dying. COX-2-derived PGE2 from both TAMs and cancer cells reinforce macrophages’ immunosuppressive phenotype and inhibit their phagocytic capability (139). Moreover, TAM-like recognition of apoptotic cancer cells induced reduction of 5-LOX expression in TAMs in breast tumor spheroid models. This result is in line with lower 5-LOX expression in macrophages from human breast invasive tumors compared with macrophages from normal breast tissues (137). TAMs with reduced 5-LOX expression have reduced capacity to recruit effector T cells, suggesting an antitumor role for 5-LOX (137). These data demonstrated that cancer cells set up an inflammatory environment supported by the generation of pro-inflammatory and tumor-supporting bioactive lipids. Importantly, it has been reported that TAM indirect interactions with lung cancer cells induced SPM production (RvE3, RvD2, RvD5) (66), but to a lower extent than PGs and LTs. To strengthen the switch of bioactive lipid mediators occurring during inflammation resolution, the promotion of SPMs synthesis within tumors would reduce inflammation and restore antitumor functions of macrophages in the TME. Indeed, as developed below, SPMs demonstrated the capacity to induce anti-inflammatory and antitumor responses in cancer context. Further studies are needed to fully characterize the expression of SPMs and their specific receptors in TAMs to better understand the implications of these pro-resolving molecules in cancers.




Targeting TAMs Using SPMs as an Anticancer Strategy

Since inflammation fuels cancer progression, use of anti-inflammatory drugs such as NSAID was first envisioned to interfere with this deleterious process (140). However, new insights in inflammation biology suggest that promoting its active resolution rather than achieving its complete inhibition may help to foster an effective antitumoral immune response, in particular during anticancer treatments (89). In this regard, recent studies demonstrated that SPMs exerted intrinsic antitumor activities mainly through macrophages and greatly improve tumor response to chemotherapies in various murine cancer models (86). This innovative concept strengthened by the fundamental role of macrophages in both inflammation resolution and cancer progression, has gained great interest in cancer treatment (141). Macrophages depletion and/or recruitment inhibition using specific monoclonal antibodies, such as anti-CSF1R, were first investigated to breakdown their growth-supportive roles. However, important toxicity have been reported and linked to a depletion of all macrophages in the body (142). Instead of their therapeutic eradication, repolarization of TAMs toward an antitumoral phenotype based on high phenotypic plasticity opens new possibilities in cancer treatment (143). From this perspective, recent approaches are being evaluated: epigenetic reprogramming of M2-like TAMs into M1-like TAMs (144); increasing phagocytic activity by CD47/SIRPα blockade (145, 146); engineering Chimeric Antigen Receptors for Phagocytosis (CAR-P) to increase tumor cell killing (147, 148). Recent reports also illustrate that macrophages can be involved in immunotherapy resistance mechanisms such as T-cell exclusion by impeding CD8 T-cells from reaching tumor cells (149). Moreover, relieving the SIRPα break on macrophages promotes intra-tumoral chemokine secretion, T-cell migration in tumor bed and improves T-cell immunotherapy responses (135).


SPMs Shape Macrophages Functions

In view of their crucial role in inflammation resolution, early studies using SPMs were first conducted in inflammatory contexts and aimed to understand SPMs’ pro-resolving effects on macrophages. Of note, some effects were mediated by SPM mimetics including SPM analogs and receptor agonists (named in bold in Table 1) that will be further developed in part 4. Even though experimental conditions vary between studies (i.e. type of macrophages, SPM concentration and time of incubation) they all demonstrated that SPMs increased macrophages’ phagocytosis of microbicidal particles and efferocytosis of apoptotic PMNs (Table 1). Those effects were accompanied by decreased macrophages’ secretion of pro-inflammatory cytokines (153, 156, 159) mediated in part by reducing the nuclear factor-κB (NF-κB) activation (33, 156, 159, 163), a transcription factor involved in the development and maintenance of chronic inflammation (164). SPMs such as RvD1 and RvD2 can also induce macrophages’ secretion of anti-inflammatory cytokines including IL-10 and TGF-β (156, 160), two cytokines involved in resolving and reparative mechanisms. In addition, LXA4 exerted death protective effects on macrophages (150), allowing them to ensure complete functions during inflammation resolution. These results underline a SPM-based phenotypic switch in macrophages toward an intermediate phenotype between M1-like and M2-like (155, 157, 159) with pro-resolving functions.


Table 1 | SPMs’ in vitro effects on human macrophages in inflammatory contexts.



Importantly, as inflammation is an integrated part of cancer biology, SPMs’ effects on human macrophages have started to be evaluated in cancer contexts (Table 2). To better mimic macrophages’ polarization within tumors, biological fluids from cancer patients or conditioned media from tumor cells, are now used for in vitro monocytes differentiation into TAM-like macrophages (63, 165, 168). In such settings, SPMs including LXA4, RvD1 and RvD2 suppressed TAM-like phenotype, suggesting that SPMs can modulate macrophages’ polarization in cancer context (165, 167). Interestingly, SPMs’ functions have been tested in in vitro models of chemotherapy-mimicking inflammation (86). Incubation of monocyte-derived macrophages with chemotherapies-induced tumor cell debris in presence of RvD1, RvD2, or RvE1 increased their efferocytotic activity and reduced their secretion of pro-inflammatory cytokines (86). Moreover, LXA4’s analog decreased TAM-like’s production of IL-10, a cytokine associated with immunosuppressive properties in TME (165). This result seems to contradict the observed effects of SPMs on the increased production of such cytokines (IL-10, TGF-b) by macrophages, in a pro-resolving context, thus questioning about a potential immunosuppressive role of SPMs when modulating immune related activities in TAMs. However, these diverging effects were not observed in the same context, i.e. non-tumor versus tumor environment. Such results should consider the global environment, as other cytokines may also operate in regulating those mechanisms. Further studies are needed to establish a broader secretion profile of cytokines produced by macrophages upon SPM treatment in tumor context. In addition, no immunosuppressive effects have been reported in experimental models using SPMs so far, contrarily to their anti-inflammatory and pro-resolving functions. Dedicated experiments should be conducted to confirm the absence of immunosuppressive events associated with the use of SPMs in cancer context.


Table 2 | SPMs’ effects on human macrophages in a cancer context.



Overall, SPMs turn out to be potent modulators of TAMs’ phenotype toward a more phagocytic and less inflammatory phenotype that may boost their intrinsic antitumor activities. Altogether, these data evidenced that SPMs can directly act on macrophages and modulate their phenotype and biological activities. However, it still remains difficult to reach a consensus on a well-defined macrophage phenotype induced by SPM due to the complexity of macrophages’ polarization in in vitro experiments, in direct relation with their high intrinsic plasticity. Indeed, several parameters such as inter-donor variability, variety in protocols to perform in vitro macrophage differentiation, diversity in M1/M2 markers used for phenotype analyses by flow cytometry and/or cytokine secretion in response to LPS stimulation, all together, these discrepancies feed inter-laboratory results diversity that complicates a synthetic view of macrophage biology (70, 169). As discussed earlier in this review, there is a need for the deep characterization of pro-resolving macrophages in human context. More data about SPMs’ production by macrophages or TAMs and their effects on these cells would allow a better understanding of how SPMs modulate regulatory functions of macrophages, particularly in the context of immune networks.



SPMs Restrict Carcinogenesis and Cancer Progression

SPMs’ anticancer effects have been evaluated in different in vitro and in vivo cancer models during either carcinogenesis or tumor progression, and are listed and referenced by SPMs and type of cancer in Table 3. First, SPMs can prevent inflammation-induced carcinogenesis due to their pro-resolving properties. For instance, LXA4 suppressed early development of colorectal cancer and cancer transformation in skin papillomas (38, 174) and MaR1 prevented cancer transformation after UVB-long exposure (181). Secondly, all SPM subfamilies were shown to reduce tumor growth in different murine tumor models as exposed in Table 3. As such, LXA4 was efficient in reducing colorectal, hepatocellular, melanoma, lung and breast carcinoma tumor growth in vivo (38, 165, 166, 170, 171, 180). Resolvins of series D and E also exhibited antitumor activities on primary tumor growth in lung, lymphoma, melanoma, pancreatic and prostate cancer (86, 180). In oral squamous cell carcinoma, RvD2 showed in vitro and in vivo dose-dependent antitumor effects but RvD1 appeared less efficient to induce tumor reduction, possibly underlining cancer or specific SPMs effects (179). LXA4 and D-series resolvins also exhibited anti-metastatic effects in various murine tumor models including lung, liver and pancreatic cancers (86, 172, 176, 180).


Table 3 | List of publications reporting SPMs’ antitumor activity in murine cancer models.



Importantly, these studies showed that SPMs mediate their antitumor actions in part by counteracting pro-tumorigenic properties of TAMs, including stimulation of tumor cell proliferation and migration, epithelial-mesenchymal transition (EMT), angiogenesis and production of tumor growth-supportive cytokines and chemokines (38, 165, 167, 172, 173). As mentioned above, SPMs altered TAMs’ phenotype both in vitro and in vivo (165, 175) and stimulated apoptotic tumor cell clearance (179).

In addition, SPMs can directly modulate various cancer cell autonomous mechanisms, including proliferation, cell death decision or invasive phenotype, as previously reported (176–178, 182). Some effects were mediated by down-regulation of the NF-κB pathway (178), also involved in cancer progression (183) and transcription of tumor-promoting genes in TAMs (164). However, no direct evidence of SPMs’ effects on NF-кB were reported on TAMs so far. Of note, beyond acting on macrophages, SPMs can also modulate other immune cells present in TME such as T- or B-lymphocytes (170), cancer-associated fibroblasts (CAFs) (177) or tumor-associated neutrophils (TANs) (184) to unlock their antitumoral activities.

Altogether, these data suggest that SPMs exhibit potent anticancer activities through both direct effects on tumor cells and/or through the modulation of TAMs toward a less immunosuppressive and antitumoral phenotype (Figure 4). Since macrophages represent the major component of immune cells in many tumors and are key actors in SPMs’ biology, developing new therapeutic strategies based on SPM-induced stimulation of TAMs pro-resolving functions could be envisioned as a new perspective in cancer treatment.




Figure 4 | SPMs as anticancer agents to resolve cancer-associated inflammation. Various extrinsic factors such as surgery and anticancer treatments as well as intrinsic hypoxia contribute to local inflammation within tumors. TAMs largely contribute to fuel tumor progression by various functions described in Figure 3. Use of SPM would resolve cancer-associated inflammation by repolarizing TAMs toward a pro-resolving phenotype with increased efferocytosis capabilities. As a result, SPMs could induce tumor regression and prevent further metastasis establishment.






How to Use SPMs in Cancer Treatment?


SPMs as Anticancer Molecules

As mentioned above, counteracting inflammation has been viewed as a therapeutic opportunity in cancer treatment for many years. NSAID and among them aspirin have already achieved encouraging results in clinical trials, showing protective effects in many cancers (42, 43). Nevertheless, the lack of specificity of NSAID gave rise to significant side effects (bleedings, cardiovascular and kidney toxicity) and infectious complications, therefore compromising their use in cancer patients (86, 89, 140). In contrast, SPMs have not shown immunosuppressive effects in experimental models of pain and inflammation (185) or cancer (86) so far. Thus, SPMs would reduce intrinsic cancer-associated inflammation and reinforce antitumor immune responses while avoiding NSAID deleterious side effects.

Surgery is often the first approach for therapeutic care practiced in several cancers such as breast and colorectal cancer (186, 187). However, several studies highlighted the risk of early metastatic occurrence after surgery by outgrowth stimulation of dormant metastasis. The surgical procedure is not immune silent as it triggered local and systemic inflammatory reactions as evidenced by increased inflammatory circulating monocytes and pro-inflammatory cytokines (188). Preventing inflammatory events and stimulating inflammation resolution by preoperative administration of RvD2, RvD3 and RvD4 inhibited the development of micro-metastases in several murine resection tumor models (180). More generally, resolvins have been shown to inhibit metastasis in cancer murine models with higher efficacy when combined to chemotherapy (Table 3) (86). Thus, SPMs could be used in oncology as a preoperative strategy to resolve surgery related-inflammation and to prevent metastases relapse.

Importantly, anticancer treatments (chemo- and radio-therapies or immunotherapies) induce direct or indirect tumor cell death resulting in the generation of apoptotic tumor cell debris (86). Those debris largely contribute to fuel local inflammation by activating macrophages that further support cancer progression. Breaking down this vicious circle by resolving tumor-associated inflammation would stop further inflammatory and pro-tumorigenic signals. From this perspective, Sulciner and colleagues have studied the anticancer effects of resolvins in murine models of tumor cell debris-stimulated tumor growth (86). RvD1, RvD2 and RvE1 inhibited tumor growth at a higher extent than conventional chemotherapies or anti-inflammatory drugs. Moreover, synergistic antitumoral effects were observed when mice were treated with chemotherapies (gemcitabine or cisplatin) or relevant targeted anticancer therapies (cetuximab or erlotinib) in combination with resolvins, in both debris-stimulated tumor models, or spontaneous cancer models (86). Therefore, resolvins could be added as a complement to anticancer treatments to enhance therapeutic efficacy. Interestingly, compared to inflammatory drugs, resolvins have not shown immunosuppressive effects yet and were able to stimulate macrophages’ efferocytosis. Thus, resolvins represent a great alternative to the use of anti-inflammatory drugs to stimulate TAM dependent pro-resolving mechanisms during anticancer treatments without apparent immunosuppressive side effects.

Hence, several possible approaches could be envisioned to include SPM in cancer care: (1) SPM could replace anti-inflammatory drugs in perioperative surgery to prevent further inflammatory events; (2) SPM could be administered combined with chemo- and radio-therapy or immunotherapies to resolve resulting inflammation and dampen anticancer treatment side effects; (3) SPM could be envisioned in metastatic cancer treatment to prevent further metastatic relapse. Further studies are needed to evaluate the feasibility and efficacy of such approaches in human clinical studies.



Engineering SPM Mimetics

One drawback of SPM is their short lifespan due to their lipidic nature and rapid metabolic inactivation, which can make them difficult to use. For instance, LXA4 added to macrophages results in LXA4 loss within minutes of its exposure (189). There has been an impetus for the development of small molecules or analogs capable of mimicking their biological activities but with a greater stability (Tables 4, 5).


Table 4 | SPMs or AT-SPM analogs and receptor agonists.




Table 5 | Therapeutic approaches for the development and use of SPM mimetics in cancer treatments.




SPM Analogs: Chemical Modifications of Native SPMs

In the late 1990’s, Serhan and colleagues designed the first LXA4 analogs with chemical modifications of native LXA4, resulting in increased stability due to enzyme conversion resistance (189). AT-SPM generated by low-dose aspirin also present increased stability compared to native SPM (44). Since several SPM analogs characterized by a higher stability both in vitro and in vivo have been developed (27, 189). Importantly, these analogs demonstrated similar biological activities than native SPMs in vitro and in vivo. They were able to stimulate macrophages pro-resolving functions and induce inflammation resolution in a GPCR-dependent manner in in vitro and in vivo inflammatory models (19, 162, 191). These analogs also exerted antitumor effects, including inhibition of primary tumor growth and metastasis as previously detailed in Tables 2 and 3 (165, 170, 175, 193). Of note, analogs displayed biological activities at doses lower than native SPMs (189). Specifically, AT-RvD1, AT-RvD3 and AT-LXA4 have been shown to inhibit tumor growth in colorectal, lung, and breast murine models at doses 1,000-fold lower than aspirin (166).



SPM Receptor Agonists: Targeting SPM Specific Receptors

Among identified SPM receptors to date, ChemR23 (RvE1), ALX/FPR2 (LXA4, RvD1), GPR32 (LXA4, RvD1, RvD3), GPR18 (RvD2) and LGR6 (MaR1) are GPCRs that are often expressed on macrophages’ surface (19, 194). Development of specific agonists for SPM receptors would mimic SPMs’ activities on macrophages and could be used to modulate their biological activities. Of note, GPCRs are currently the most important group of targets for approved drugs (195).

As SPM and their corresponding binding pockets in GPCRs are small, it is thus quite easy to develop specific receptor agonists (28) (Tables 4 and 5). This process requires a high understanding of the targeted receptors’ pharmacology as underlined by functional selectivity for one ligand to certain downstream signaling pathways (referred as ligand bias theory) (28). Drug discovery and challenges regarding GPCRs in relation to inflammation resolution have been extensively reviewed here (15).

Among receptor agonists, BML-111 is a commercially available synthetic molecule that targets the LXA4 and RvD1 receptor ALX/FPR2 (196). BML-111 has shown antitumor activities in murine colorectal, hepatocellular and melanoma tumor models (170) (Table 3).

Therapeutic antibodies can also be used as agonists to activate GPCRs (192). They offer several advantages: longer life span than small molecules, specificity and selectivity (197). In a recent report, Trilleaud et al. illustrated that a selected and optimized agonist monoclonal antibody can exercise pro-resolving RvE1 actions on pro-resolving macrophages’ polarization, neutrophils migration inhibition and acceleration of neutrophils’ apoptosis. While this pro-resolving agonist antibody accelerates inflammation resolution in vivo in various models, and was also able to trigger efficient resolution in non-resolving chronic inflammatory models, Trilleaud et al. also reported that such pro-resolving agonist antibody can significantly limits colon carcinogenesis induced by inflammation and eradicate established colorectal tumors in some mice in monotherapy or combination with chemotherapy (192). Developing specific and lasting agonists may be a promising approach for the modulation of both inflammation resolution and antitumor responses in chronic diseases such as cancers.




SPM Mimetics in Clinic

As SPM and their mimetics have shown encouraging results in preclinical models, these molecules have been further tested in human and shown both safety and efficacy (Table 6). SPMs are immunoresolvent rather than immunosuppressive molecules that exert their pro-resolving and anti-inflammatory actions at low doses without deleterious side effects, which makes them very interesting molecules on the clinical level (201). Those results in human are encouraging to pursue the development of small molecules capable of mimicking SPM to stimulate pro-resolving functions of macrophages/TAM.


Table 6 | SPMs and SPM mimetics tested in human.






Conclusion

Cancer and inflammation are closely related not only during initial steps of carcinogenesis but also during cancer progression as well as tumor response to anticancer treatment including modern immunotherapies. Hijacked macrophages within tumor microenvironment largely support tumor growth in part by sustaining local immunosuppression. Due to the emerging central role of SPMs in inflammation resolution, SPM biology is now a trending field of study in human diseases that emerge as potent therapeutic targets not only in chronic inflammatory diseases but also in cancers. Due to macrophages’ high plasticity, SPMs may indeed represent a new approach for cancer treatment by repolarizing TAMs toward antitumor macrophages with the advantage of using bioactive molecules, supposedly without immunosuppressive properties and deleterious side-effects. Developing stable and lasting SPM, these data confirm the value of targeting SPMs by promoting pro-resolving responses in a context of cancer treatment.
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Acute lung injury (ALI)/acute respiratory distress syndrome (ARDS) is characterized by diffuse inflammation of the lung parenchyma and refractory hypoxemia. Butorphanol is commonly used clinically for perioperative pain relief, but whether butorphanol can regulate LPS-induced alveolar macrophage polarization is unclear. In this study, we observed that butorphanol markedly attenuated sepsis-induced lung tissue injury and mortality in mice. Moreover, butorphanol also decreased the expression of M1 phenotype markers (TNF-α, IL-6, IL-1β and iNOS) and enhanced the expression of M2 marker (CD206) in alveolar macrophages in the bronchoalveolar lavage fluid (BALF) of LPS-stimulated mice. Butorphanol administration reduced LPS-induced numbers of proinflammatory (M1) macrophages and increased numbers of anti-inflammatory (M2) macrophages in the lungs of mice. Furthermore, we found that butorphanol-mediated suppression of the LPS-induced increases in M1 phenotype marker expression (TNF-α, IL-6, IL-1β and iNOS) in bone marrow-derived macrophages (BMDMs), and this effect was reversed by κ-opioid receptor (KOR) antagonists. Moreover, butorphanol inhibited the interaction of TLR4 with MyD88 and further suppressed NF-κB and MAPKs activation. In addition, butorphanol prevented the Toll/IL-1 receptor domain-containing adaptor inducing IFN-β (TRIF)-mediated IFN signaling pathway. These effects were ameliorated by KOR antagonists. Thus, butorphanol may promote macrophage polarization from a proinflammatory to an anti-inflammatory phenotype secondary to the inhibition of NF-κB, MAPKs, and the TRIF-mediated IFN signaling pathway through κ receptors.
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GRAPHICAL ABSTRACT | Graphical summary of the effects and mechanisms of butorphanol on sepsis-induced ALI. Upon binding of LPS to TLR4, macrophages are activated and accumulated at the site of infection where they are polarized into the M1 (a pro-inflammatory) and M2 (an anti-inflammatory) phenotypes. However, butorphanol may mitigate sepsis-induced ALI by promoting macrophage transition from M1 to M2 phenotype secondary to the inhibition of NF-kB and MAPKs, and the TRIF-mediated IFN signaling pathway through κ receptors.




Introduction

Inflammatory responses are initiated by tissue injury or infection (1). Despite their role in clearing pathogens, uncontrolled inflammatory responses can lead to tissue structure damage (2). Sepsis is induced by potentially fatal systemic inflammatory responses secondary to infections and is the primary cause of death in intensive care units (ICUs) (3). Studies have illustrated that coagulation dysfunction, immune dysregulation and inflammatory reactions contribute to sepsis pathogenesis (4). In addition, ALI or ARDS may occur during severe sepsis (5, 6). Excessive macrophage activation has been viewed as one of the most important factors that exacerbate sepsis-induced ALI (7).

Macrophages in ALI are activated via Toll-like receptors (TLRs) through the recognition of damage-associated molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs). LPS-induced TLR4 activation in macrophages triggers the production of proinflammatory cytokines, including TNF-α, IL-6 and IL-1β, which leads to the recruitment of neutrophils and lymphocytes to the site of infection and contributes to pathogen clearance (8, 9). However, as an essential part of the innate immune system, macrophages exhibit marked plasticity and functional heterogeneity based on the cytokines to which they are exposed (10, 11). Macrophages are divided into alternatively activated (M2) macrophages and classically activated (M1) macrophages. In the early stage of inflammation, LPS can convert macrophages to an M1 phenotype, and M1 macrophages produce proinflammatory factors such as reactive oxygen intermediates and reactive nitrogen intermediates and the cytokines TNF-α, IL-6 and IL-1β (12, 13). Therefore, M1 macrophages are involved in inhibiting cellular proliferation and causing tissue injury. M2 macrophages are polarized in response to IL-10, glucocorticoids, and IL-4 (9, 11, 14) and produce anti-inflammatory cytokines and other effectors, such as IL-10, Mrc 1 (CD206), and arginase-1 (Arg-1), which take part in wound healing and tissue repair (13, 15). Although the mechanism of macrophage polarization in vivo is poorly understood, TLR4 induces the activation of NF-κB and further increases the induction of specific cytokines and transcription factors, which may play vital roles in controlling macrophage plasticity (9, 16–19).

Butorphanol is a lipid-soluble anesthetic drug that is a strong κ-opioid receptor (KOR) agonist and a weak μ-opioid receptor (MOR) agonist-antagonist (20). As a partial MOR and complete KOR agonist, butorphanol is widely used in the clinic as an analgesic, while the incidence of vomiting, gastrointestinal nausea and respiratory depression is less than that of pure MOR agonists (remifentanil, fentanyl, and sufentanil). In recent years, a large number of studies have confirmed the protective effect of KOR on the heart, brain, lung, and other important organs (21–24). The mechanisms may include inhibiting inflammation and oxidative stress (24). Moreover, TLR4 and opioid receptor interactions occur in the central nervous system (CNS), and effects on peripheral immune cells have also been demonstrated (25). However, whether butorphanol can regulate macrophage polarization in sepsis-induced ALI is not clear.

We examined the role of butorphanol in macrophage polarization and neutralizing sepsis-induced ALI in mice. We found that butorphanol was vital in promoting macrophage conversion and reducing the LPS-induced inflammatory response. We also demonstrated that butorphanol-induced macrophage reprogramming was crucial in the resolution of ALI. Butorphanol increased the expression of M2 markers (CD206 and Arg-1) but decreased the expression of M1 markers (TNF-α, IL-6, IL-1β and iNOS) in LPS-stimulated bone marrow-derived macrophages (BMDMs). This finding shows that butorphanol plays an important role in the alleviation of inflammatory lung injury in vivo and in vitro by promoting macrophage phenotypic transition.



Methods and Materials


Reagents and Antibodies

Butorphanol was obtained from Hengrui (Jiangsu, China). SB203580, PD98059, SP600125, Naloxegol, and Norbinaltorphimine dihydrochloride (nor-BNI) were obtained from MedChemExpress (Monmouth Junction, NJ, USA). LPS (Escherichia coli 055:B5) and DAPI were obtained from Sigma-Aldrich (St. Louis, MO, USA). CCK-8 kit was obtained from Dojindo (Kumamoto, Japan). TNF-α, IL-6 and IL-1β Elisa Kits were obtained from Novus (USA). TRIzol reagent, random hexamers and MultiScribe reverse transcriptase and SYBR Green PCR Master Mix were obtained from Thermo Fisher (USA). The primary antibodies include: phospho-JNK (1:1000; Cell Signaling Technology, Danvers, MA, USA), JNK (1:1000; Cell Signaling Technology, Danvers, MA, USA), phospho-ERK (1:1000; Cell Signaling Technology, Danvers, MA, USA), ERK (1:1000; Cell Signaling Technology, Danvers, MA, USA), phospho-p38 (1:1000; Cell Signaling Technology, Danvers, MA, USA), p38 (1:1000; Cell Signaling Technology, Danvers, MA, USA), phospho-STAT6 (1:1000; Cell Signaling Technology, Danvers, MA, USA), STAT6 (1:1000; Cell Signaling Technology, Danvers, MA, USA), Arg-1 (1:1000; Cell Signaling Technology, Danvers, MA, USA), F4/80 (1:1000; Cell Signaling Technology, Danvers, MA, USA), iNOS (1:1000; HUABIO, China), CD206 (1:1000; Abcam, Cambridge, UK), TLR4 (1:200; Novus, USA), MyD88 (1:200, Santa Cruz Biotechnology, CA), NF-κB (1:200; Cell Signaling Technology, Danvers, MA, USA) and β-Tubulin (1:1000; Cell Signaling Technology, Danvers, MA, USA). The secondary antibodies include: Alexa Fluor 488-conjugated anti-mouse (1:400; Abcam, Cambridge, UK), Alexa Fluor 594-conjugated anti-rabbit (1:400; Abcam, Cambridge, UK), and horseradish peroxidase (HRP)-conjugated anti-rabbit (1:10000; Cell Signaling Technology, Danvers, MA, USA).



Animals

All studies involving animals were performed in compliance with the ARRIVE guidelines. C57BL/6J mice (males, 6-8 weeks old, 20-25 g body weight; Fudan University Medical Animal Center, Shanghai, China) were used. All mice were housed at a constant room temperature of 22-23°C with an alternating 12 h light/dark cycle and free access to water and standard food.



Endotoxin-Induced ALI

Age- and weight-matched mice received a single intraperitoneal (i.p.) dose of LPS (10 mg·kg-1 body weight) (26). Butorphanol (4 mg·kg-1 or 8 mg·kg-1 body weight) was administered 30 min after LPS injection. Saline alone was similarly administered to control mice. For survival studies, mice were injected i.p. with 20 mg·kg-1 LPS and monitored four times daily for up to 3 d (26).



Bone Marrow-Derived Macrophage Cultures

Bone marrow cells were collected by flushing the femur and tibia cavities of mice, plated at approximately 2×106 cells/mL and incubated in Dulbecco’s modified Eagle’s medium supplemented with 10% (vol/vol) FBS, 1% (vol/vol) streptomycin/penicillin, and 10% (vol/vol) L929-conditioned media as previously described (27). Cells were used for experiments on day 7 of culture.



Isolation of CD11b+ Alveolar Macrophages

CD11b+ alveolar macrophages were isolated according to the manufacturer’s instructions (28). Briefly, the cells were collected from total bronchoalveolar lavage fluid (BALF) and incubated with CD11b+ magnetic beads (Miltenyi Biotec). Then, the cells were applied to an MS column (Miltenyi) to select CD11b+ cells.



CCK-8 Cell Viability Assay

A CCK-8 cell viability assay was used to measure cell viability as previously described (29). Briefly, BMDMs were treated with butorphanol (0, 1, 2, 4, and 8 μM) for 24 h. Next, 10 μl of CCK-8 solution was added to each well and incubated for 2 h. The absorbance of each well was measured at 450 nm using an automatic porous spectrophotometer (Molecular Devices, USA).



Histological Examination

The lungs were isolated from mice in all groups, perfused and fixed with 4% paraformaldehyde, embedded, and cut into 5-μm sections. The sections were stained with hematoxylin and eosin (HE), and ten microscopic fields were used to assess the lung injury score based on a previous study (30). A semiquantitative scoring system was used to analyze lung injury, and the scoring criteria were as follows: 0: normal appearance; 1: mild interstitial hyperemia and polymorphonuclear leukocyte infiltration; 2: paravascular edema and moderate pulmonary structural damage; 3: massive cell infiltration and moderate alveolar structure destruction; and 4: massive cell infiltration and severe lung structural damage.



Immunofluorescence Analysis

The sections were blocked with 3% goat serum (Millipore, S26-LITER) in Tris-buffered saline (TBS) containing 0.1% Triton X-100 for 1 h at room temperature. The slides were incubated with anti-F4/80, anti-iNOS or anti-CD206 overnight and then with secondary antibodies for 1 h at room temperature. The nuclei were stained with DAPI for 3 min at room temperature. BMDMs were cultured and seeded on 24-well glass coverslips. The cells were incubated with LPS with or without butorphanol for 24 h, washed three times with ice-cold phosphate‐buffered saline (PBS), fixed with paraformaldehyde for 10 min, and then blocked with 3% bovine serum albumin in PBS for 1 h at room temperature. The cells were incubated with anti-TLR4, anti-MyD88 or anti-NF-κB antibodies at 4°C overnight, washed with 1% PBST three times and incubated with secondary antibodies for 1 h at room temperature. The nuclei were stained with DAPI for 3 min at room temperature. Then, images were obtained by a Zeiss LSM 710 confocal microscope (Athens, GA, USA).



MPO Assay

Myeloperoxidase (MPO) activity in lung tissue was measured as described previously (31). Briefly, lungs were perfused with PBS to remove all blood, weighed and homogenized in 1 mL of PBS with 0.5% hexadecyltrimethylammonium bromide. The supernatant was then collected and mixed 1/30 (vol/vol) with assay buffer (0.2 mg·mL-1 o-dianisidine hydrochloride and 0.0005% H2O2) after the homogenates were sonicated and centrifuged at 40,000 × g for 20 min. The change in absorbance was measured at 460 nm for 3 min, and MPO activity was calculated as the change in absorbance over time.



Western Blotting

Protein lysates (30 µg) were resolved by 8-15% SDS-polyacrylamide gels and transferred to polyvinylidene fluoride (PVDF) membranes. The membrane was blocked with 5% dry milk in TBS containing 0.1% Tween-20 for 1 h at room temperature. The membranes were then probed with the indicated primary antibodies overnight at 4°C. Next, the membranes were washed three times and then incubated with an HRP-conjugated secondary antibody for 1 h and developed using an enhanced chemiluminescence (ECL) detection kit (Millipore, USA). Images were acquired using ImageQuant LAS 4000 mini (GE Healthcare Life Sciences, USA). Band intensity was determined by densitometric analysis with ImageJ software.



Cytokine ELISA

Cytokines (TNF-α, IL-6 and IL-1β) in BALF were measured with a commercially available ELISA kit according to the manufacturer’s instructions.



RNA Extraction and qRT-PCR

Total RNA was isolated from cells and reverse-transcribed with random hexamers and MultiScribe reverse transcriptase. The obtained cDNA was mixed with SYBR Green PCR Master Mix, and GAPDH served as an internal control. Relative gene expression was calculated and normalized using the 2-ΔΔCt method. The following mouse primers were used:

iNOS (forward, 5’-AGTCTCAGACATGGCTTGCCCCT-3’; reverse, 5’-GCTGCGGGGAGCCATTTTGGT-3’), IL-6 (forward, 5’-TCCAGTTGCCTTCTTGGGACTG-3’; reverse, 5’-AGCCTCCGACTTGTGAAGTGGT-3’), TNF-α (forward, 5’-GACCCTCACACTCAGATCATCT-3’; reverse, 5’-CCTCCACTTGGTGGTTTGCT-3’), IL-1β (forward, 5’-GAATCTATACCTGTCCTGTG-3’; reverse, 5’-TTATGTCCTGACCACTGTTG-3’), CD206 (forward, 5’-CCACGGATGACCTGTGCTCGAG-3’; reverse, 5’- ACACCAGAGCCATCCGTCCGA-3’), and Arg-1 (forward, 5’-GAATGGAAGAGTCAGTGTGG-3’; reverse, 5’-AATGACACATAGGTCAGGGT-3’), IRF7 (forward, 5’-GCTCCAAACCCCAAGCCCTCTG-3’; reverse, 5’-GACAGCTTCCACCTGCCATGCT-3’), IRF3 (forward, 5’-ACGGCAGGACGCACAGATGG-3’; reverse, 5’- TCCAGGTTGACACGTCCGGC-3’), IFN-β (forward, 5’-GGATCCTCCACGCTGCGTTCC-3’; reverse, 5’-CCGCCCTGTAGGTGAGGTTGA-3’).



Lung Wet/Dry Weight Ratio

The wet/dry weight (W/D) ratios were calculated as an indicator of pulmonary edema (32). Briefly, the right upper lung of each mouse was removed, rinsed in saline and then weighed to determine the wet weight. The lung was then dried at 80°C in an oven for 48 h and reweighed to obtain the dry weight. The W/D ratios were then calculated by dividing the wet weight by the dry weight.



Collection of BALF and Cells

BALF was collected at 24 h by cannulating a catheter into the trachea, which was then lavaged three times with 0.8 mL of cold PBS. Samples were centrifuged at 700 ×g for 5 min at 4°C. The collected supernatant was further analyzed for inflammatory cytokine levels.



Statistical Analysis

All data are expressed as the means ± SEM. Statistical significance was determined using GraphPad Prism 8 software (GraphPad Software Inc., San Diego, CA, USA). Statistical comparisons among multiple groups were carried out using one-way ANOVA followed by Tukey’s post hoc test and the log-rank test. A value of P < 0.05 was considered to be statistically significant.




Results


Butorphanol Alleviates LPS-Induced ALI/ARDS by Regulating Macrophage Polarization In Vivo

To explore the role of butorphanol in macrophage polarization and the inflammatory response in vivo, we established a mouse ALI/ARDS model induced by LPS (33). Histopathological analysis showed that butorphanol (4 mg·kg-1 or 8 mg·kg-1) attenuated LPS-induced lung tissue damage (Figures 1A, B). LPS increased the W/D ratio of lung tissues at 24 h, and this effect was reversed by butorphanol (Figure 1C). In addition, neutrophil sequestration in lung tissue was measured by determining MPO levels. We found that MPO activity was significantly increased in lung tissue in mice stimulated with LPS, and this effect was also neutralized by butorphanol (Figure 1D). In addition, butorphanol (4 mg·kg-1 or 8 mg·kg-1) significantly reversed the decrease in total protein in BALF in LPS-injected mice (Figure 1E). The ELISA results showed that LPS increased proinflammatory cytokine expression levels (TNF-α, IL-6, and IL-1β) in BALF. Conversely, butorphanol (4 mg·kg-1 or 8 mg·kg-1) injection decreased the LPS-induced increases in proinflammatory cytokine expression levels (TNF-α, IL-6, and IL-1β) in BALF (Figures 1F–H). qRT-PCR analysis showed that LPS increased the induction of proinflammatory gene (TNF-α, IL-6, IL-1β and iNOS) and reduced anti-inflammatory markers (CD206) in CD11b+ alveolar macrophages isolated from the BALF of mice. Conversely, butorphanol decreased the LPS-induced induction of proinflammatory gene (TNF-α, IL-6, IL-1β and iNOS) and enhanced anti-inflammatory markers (CD206) in cells (Figures 1I–M). Moreover, all mice subjected to LPS died within 48 h. The administration of butorphanol (4 mg·kg-1 or 8 mg·kg-1) resulted in 50% and 80% survival in LPS-induced mice, respectively (Figure 1N). We further examined the numbers of M1 and M2 macrophages in the lung by immunofluorescence. LPS increased the number of F4/80+iNOS+ M1 alveolar macrophages and decreased the number of F4/80+CD206+ M2 alveolar macrophages in lung tissues, and this effect was counteracted by butorphanol (Figures 2A, B; 3A, B). These data showed that butorphanol could relieve septic ALI/ARDS by modulating macrophage polarization and inhibiting the inflammatory response in vivo.




Figure 1 | Butorphanol ameliorated LPS-induced inflammatory lung injury. Mice were injected with LPS (10 mg·kg-1 i.p.) or butorphanol (8 mg·kg-1 i.p.) or butorphanol (4 mg·kg-1 i.p. or 8 mg·kg-1 i.p.) plus LPS (10 mg·kg-1 i.p.) and analyzed after 24 h. (A) Hematoxylin and eosin staining of lung sections. Scale bar: 50 μm. (B) Lung injury score. (C, D) Lungs obtained at 24 h after LPS challenge were used to determine the wet/dry weight ratio and MPO activity. (E) The total protein level in BALF was measured with a BCA assay. (F–H) The BALF expression levels of TNF-α, IL-6, and IL-1β were determined by ELISA. (I–M) The mRNA levels of TNF-α, IL-6, IL-1β, iNOS, and CD206 in CD11b+ alveolar macrophages in the BALF of mice were measured with qRT-PCR. (N) Mouse survival was monitored for 72 h after a lethal dose of LPS (20 mg·kg-1 i.p.) alone or in combination with butorphanol (4 mg·kg-1 i.p. or 8 mg·kg-1 i.p.) 30 min after LPS challenge. n = 10 per group. The results are the means ± SEM of ten independent experiments. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test when comparing multiple independent groups and the log-rank test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.






Figure 2 | Butorphanol administration inhibited M1 macrophage polarization in LPS-induced lung injury. Mice were injected with LPS (10 mg·kg-1 i.p.) or butorphanol (8 mg·kg-1 i.p.) or butorphanol (4 mg·kg-1 i.p. or 8 mg·kg-1 i.p.) plus LPS (10 mg·kg-1 i.p.) and analyzed after 24 h. (A) Sections were stained with antibodies against F4/80 (red) and iNOS (green). Scale bar: 25 μm. (B) The image analysis results are presented as the percentage of iNOS-positive F4/80 cells. The results are the means ± SEM of ten independent experiments. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test when comparing multiple independent groups. ****P < 0.0001.






Figure 3 | Butorphanol administration promoted M2 macrophage polarization in LPS-induced lung injury. Mice were injected with LPS (10 mg·kg-1 i.p.) or butorphanol (8 mg·kg-1 i.p.) or butorphanol (4 mg·kg-1 i.p. or 8 mg·kg-1 i.p.) plus LPS (10 mg·kg-1 i.p.) and analyzed after 24 h. (A) Sections were stained with antibodies against F4/80 (red) and CD206 (green). Scale bar: 25 μm. (B) The image analysis results are presented as the percentage of CD206-positive F4/80 cells. The results are the means ± SEM of ten independent experiments. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test when comparing multiple independent groups. ***P < 0.001, ****P < 0.0001.





Butorphanol Inhibits M1 Macrophage Polarization

To further investigate the role of butorphanol in the balance of M1/M2 macrophage polarization in LPS-induced ALI, BMDMs were stimulated with LPS. The results showed that butorphanol (8 mu;Mu;) did not cause cytotoxicity in BMDMs (Figure 4A). We found that LPS obviously increased the expression levels of iNOS, IL-6, TNF-α and IL-1β in M1-polarized BMDMs. In contrast, 8 mu;Mu; butorphanol significantly reduced the expression levels of iNOS, IL-6, TNF-α and IL-1β in M1-polarized BMDMs stimulated with LPS (Figures 4B–H). The western blot results demonstrated that LPS significantly increased the level of iNOS in M1-polarized BMDMs. However, butorphanol significantly decreased the expression of iNOS in M1-polarized BMDMs stimulated with LPS (Figures 4I, J). This result suggests that the effect of butorphanol is TLR4-dependent. Furthermore, whether butorphanol reduced interferon (IFN)-γ-induced M1 polarization was also examined. IFN-γ significantly increased the expression levels of TNF-α, IL-6, IL-1β and iNOS in M1-polarized BMDMs. However, 8 mu;Mu; butorphanol significantly reduced the expression levels of TNF-α, IL-6, IL-1β and iNOS in M1-polarized BMDMs subjected to IFN-γ (Figures 4K–N). Collectively, these results showed that butorphanol alleviated the inflammatory response by inhibiting LPS- or IFN-γ-induced M1 activation of BMDMs.




Figure 4 | Butorphanol inhibited M1 macrophage activation. Macrophages were collected and cultured from the bone marrow of mice and treated with different concentrations of butorphanol (0-8 μM) for 24 h. (A) CCK-8 analysis of cell viability. Cells were incubated with LPS (1 μg·mL-1) alone or butorphanol (4 μM or 8 μM) plus LPS (1 μg·mL-1) for 24 h. (B–D) TNF-α, IL-6, and IL-1β protein levels in the supernatant of macrophage cultures were determined by ELISA. (E–H) The mRNA expression of proinflammatory cytokines (TNF-α, IL-6, IL-1β, and iNOS) in cells was measured by qRT-PCR. (I) The levels of iNOS were measured by western blot analysis. (J) Densitometric analysis of iNOS levels in (I) was performed with normalization to β-tubulin. Cells were incubated with IFN-γ (100 ng·mL-1) alone or butorphanol (4 μM or 8 μM) plus IFN-γ (100 ng·mL-1) for 24 h. (K–N) The mRNA expression of proinflammatory cytokines (TNF-α, IL-6, IL-1β, and iNOS) in cells was measured by qRT-PCR. The results are the means ± SEM of six independent experiments. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test when comparing multiple independent groups. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.





Butorphanol Promotes M2 Macrophage Polarization

To explore the role of butorphanol in LPS-induced M2 macrophage polarization, BMDMs were treated with LPS. The results showed that LPS obviously decreased the expression of Arg-1 and CD206 in BMDMs. In contrast, butorphanol significantly reversed the LPS-induced decrease in the expression of CD206 and Arg-1 in BMDMs (Figures 5A, B). Furthermore, we used IL-4 to stimulate BMDMs toward the M2 phenotype. The results showed that butorphanol increased the expression of CD206 and Arg-1 (Figures 5C, D). The western blot results showed that LPS significantly decreased the expression of CD206 in M1-polarized BMDMs. However, butorphanol significantly increased the expression of CD206 in M1-polarized BMDMs stimulated with LPS (Figures 5E, F). The western blot results also demonstrated that IL-4 significantly enhanced the expression of CD206 and Arg-1 in M2-polarized BMDMs. Moreover, butorphanol enhanced the expression of CD206 and Arg-1 (Figures 5G–I). It is well known that the activation of signal transducer and activator of transcription 6 (STAT6) is associated with M2 macrophage polarization (34). Therefore, the phosphorylation level of STAT6 was analyzed by western blotting. The results showed that IL-4 significantly increased the phosphorylation level of STAT6 in M2-polarized BMDMs. However, butorphanol further increased the phosphorylation level of STAT6 in M2-polarized BMDMs in the presence of IL-4 (Figures 5J, K). These results suggested that butorphanol was crucial in contributing to the M2 polarization of BMDMs.




Figure 5 | Butorphanol promoted M2 macrophage polarization. Macrophages were collected and cultured from the bone marrow of mice and incubated with LPS (1 μg·mL-1) alone or butorphanol (4 μM or 8 μM) plus LPS (1 μg·mL-1) for 24 h. (A, B) The mRNA expression of M2 markers (CD206 and Arg-1) in cells was measured by qRT-PCR. (E) The protein levels of CD206 were measured by western blot analysis. (F) Densitometric analysis of CD206 expression in (E) was performed with normalization to β-tubulin. Macrophages were incubated with IL-4 (20 ng·mL-1) alone or butorphanol (4 μM or 8 μM) plus IL-4 (20 ng·mL-1) for 24 h. (C, D) The mRNA expression of M2 markers (CD206 and Arg-1) in cells was measured by qRT-PCR. (G) The protein levels of CD206 and Arg-1 were measured by western blot analysis. (H, I) Densitometric analysis of CD206 and Arg-1 levels in (G) was performed with normalization to β-tubulin. Macrophages were incubated with IL-4 (20 ng·mL-1) alone or butorphanol (4 μM or 8 μM) plus IL-4 (20 ng·mL-1) for 30 min. (J) The protein levels of phosphorylated STAT6 and total STAT6 were measured by western blot analysis. (K) Densitometric analysis of the phosphorylated STAT6 levels in (J) was performed with normalization to the respective total protein. The results are the means ± SEM of six independent experiments. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test when comparing multiple independent groups. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.





Butorphanol Modulates Macrophage Polarization Through KOR in LPS-Induced BMDMs

It has been demonstrated that the activation of MOR can alleviate LPS-induced ALI through the PI3K/Akt pathway (35). To further explore which opioid receptors are involved in butorphanol-mediated macrophage polarization in LPS-induced ALI, we used MOR and KOR antagonists to block the effect of butorphanol. Compared with that in control macrophages, LPS markedly increased the expression of IL-6, TNF-α, and iNOS in BMDMs; however, butorphanol treatment notably decreased the expression of IL-6, TNF-α, and iNOS in LPS-induced BMDMs. Moreover, the inhibitory effect of butorphanol on the levels of IL-6, TNF-α, and iNOS was reversed by the KOR antagonist but not the MOR antagonist (Figures 6A–E). Compared with that in control macrophages, LPS markedly reduced the expression of anti-inflammatory markers (CD206) in BMDMs; however, butorphanol treatment significantly increased the expression of anti-inflammatory markers (CD206) in LPS-induced BMDMs. Moreover, the effect of butorphanol on the level of anti-inflammatory markers (CD206) was reversed by the KOR antagonist but not the MOR antagonist (Figure 6F).




Figure 6 | Butorphanol regulated macrophage polarization through the KOR in LPS-induced BMDMs. Macrophages were collected and cultured from the bone marrow of mice and incubated with LPS (1 μg·mL-1) alone or butorphanol (8 μM) plus LPS (1 μg·mL-1), nor-BNI (KOR antagonist, 5 μM) plus butorphanol (8 μM) plus LPS (1 μg·mL-1), or naloxegol (MOR antagonist, 5 μM) plus butorphanol (8 μM) plus LPS (1 μg·mL-1) for 24 h. Cells were pretreated with nor-BNI or naloxegol for 30 min. (A, B) TNF-α and IL-6 protein levels in the supernatant of macrophage cultures were determined by ELISA. (C–F) The mRNA levels of TNF-α, IL-6, iNOS and CD206 in cells were measured by qRT-PCR. The results are the means ± SEM of six independent experiments. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test when comparing multiple independent groups. *P < 0.05, **P < 0.01, ****P < 0.0001.





Butorphanol Inhibits MyD88-Dependent Signaling Pathways Through KOR in M1-Polarized BMDMs

We explored whether butorphanol prevented TLR4 signaling, which induces the nuclear translocation of NF-κB via MyD88-independent and MyD88-dependent pathways (36). In our study, LPS induced a strong TLR4-MyD88 association within 15 min and IκB kinase β (IKKβ) phosphorylation and NF-κB translocation within 30 min. However, butorphanol inhibited the association of MyD88 with TLR4, IKKβ phosphorylation and NF-κB translocation (Figures 7A–D); thus, butorphanol prevents MyD88-dependent NF-κB activation. The role of butorphanol in preventing the association of TLR4 with MyD88, IKKβ phosphorylation and NF-κB activation was alleviated by a KOR antagonist (Figures 7A–D).




Figure 7 | Butorphanol prevented the interaction of MyD88 with TLR4 and inhibited NF-κB activation through KOR in M1-polarized BMDMs. Macrophages were collected and cultured from the bone marrow of mice and incubated with LPS (1 μg·mL-1) alone, butorphanol (8 μM) plus LPS (1 μg·mL-1), or nor-BNI (KOR antagonist, 5 μM) plus butorphanol (8 μM) and LPS (1 μg·mL-1) for 15 min or 30 min. Cells were pretreated with nor-BNI for 30 min. (A) To observe the interaction of MyD88 with TLR4, cells were fixed, permeabilized, and stained, and images were obtained by confocal microscopy. Scale bar: 25 μm. (B) The levels of phosphorylated IKKβ and total IKKβ were measured by western blot analysis. (C) Densitometric analysis of the phosphorylated IKKβ levels in (B) was performed with normalization to the respective total protein. (D) The translocation of NF-κB in cells was examined by confocal microscopy. Scale bar: 25 μm. The results are the means ± SEM of six independent experiments. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test when comparing multiple independent groups. ****P < 0.0001.





Butorphanol Inhibits M1 Macrophage Polarization Through the MAPK Signaling Pathway in M1-Polarized BMDMs

To confirm that the JNK/ERK/P38 pathway was involved in the effect of butorphanol on M1 macrophage polarization, we examined the effect of butorphanol on LPS-induced JNK, ERK and P38 phosphorylation in BMDMs. Compared with those of control macrophages, LPS increased the phosphorylation levels of JNK, P38 and ERK within 30 min. However, LPS-induced JNK, P38 and ERK phosphorylation was decreased by butorphanol treatment (Figures 8A–D). Furthermore, we used the JNK inhibitor SP600125 (10 µM), the ERK inhibitor PD98059 (10 µM) and the P38 inhibitor SB203580 (10 µM) to block the phosphorylation of JNK, ERK and P38, respectively (37). As shown in Figures 8E–I, the JNK, ERK and P38 inhibitors significantly inhibited the expression of IL-1β, IL-6, and iNOS in LPS-treated BMDMs. Moreover, the levels of inflammatory cytokines (IL-1β, IL-6, and iNOS) in the JNK, ERK and P38 inhibitor groups were similar to those in the butorphanol treatment group. Taken together, our results demonstrated that butorphanol inhibited M1 macrophage polarization through the JNK/ERK/P38 signaling pathway in M1-polarized BMDMs.




Figure 8 | Butorphanol inhibited M1 phenotype macrophage polarization through the MAPK signaling pathway. Macrophages were collected and cultured from the bone marrow of mice and treated with LPS (1 μg·mL-1) alone or butorphanol (4 μM or 8 μM) plus LPS (1 μg·mL-1) for 30 min. (A) The levels of phosphorylated MAPKs and their respective total proteins were measured by western blot analysis. (B–D) Densitometric analysis of the phosphorylated MAPKs levels in (A) was performed with normalization to the respective total proteins. Macrophages were incubated with LPS (1 μg·mL-1) alone, butorphanol (8 μM) plus LPS (1 μg·mL-1), the p38 inhibitor SB203580 (10 µM) plus LPS (1 μg·mL-1), the ERK inhibitor PD98059 (10 µM) plus LPS (1 μg·mL-1), or the JNK inhibitor SP600125 (10 µM) plus LPS (1 μg·mL-1) for 24 h. (E, F) IL-6 and IL-1β protein levels in the supernatant of macrophage cultures were determined by ELISA. (G–I) The mRNA levels of IL-6, IL-1β, and iNOS in cells were measured by qRT-PCR. The results are the means ± SEM of six independent experiments. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test when comparing multiple independent groups. *P < 0.05, ***P < 0.001, ****P < 0.0001.





Butorphanol Prevents the Phosphorylation of MAPKs in M1-Polarized BMDMs Through KOR

Moreover, we found that butorphanol (8 mu;Mu;) administration significantly inhibited the phosphorylation of MAPKs in LPS-induced BMDMs. The effect of butorphanol on inhibiting the phosphorylation of MAPKs in LPS-induced BMDMs was counteracted by pretreatment with a KOR antagonist (Figures 9A–D). Taken together, our results demonstrated that butorphanol inhibited the phosphorylation of MAPKs through KOR in M1-polarized BMDMs.




Figure 9 | Butorphanol prevented the phosphorylation of MAPKs through KOR in M1-polarized BMDMs. Macrophages were collected and cultured from the bone marrow of mice and incubated with LPS (1 μg·mL-1) alone, butorphanol (8 μM) plus LPS (1 μg·mL-1) or nor-BNI (KOR antagonist, 5 μM) plus butorphanol (8 μM) plus LPS (1 μg·mL-1) for 30 min. Cells were pretreated with nor-BNI for 30 min. (A) The levels of phosphorylated MAPKs and their respective total proteins were measured by western blot analysis. (B–D) Densitometric analysis of the phosphorylated MAPKs levels in (A) was performed with normalization to the respective total proteins. The results are the means ± SEM of six independent experiments. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test when comparing multiple independent groups. ****P < 0.0001.





Butorphanol Inhibits TRIF-Dependent Signaling Pathways Through KOR in M1-Polarized BMDMs

In addition, TLR4 mediates the expression of inflammatory genes through TRIF-dependent signaling pathways in LPS-treated macrophages (38). In our study, the mRNA level of IFN-regulated factor-3 (IRF3) was not significantly increased at 6 h, whereas LPS significantly increased the elevation of IRF7 at 6 h, which are involved in the TLR4-mediated TRIF-dependent IFN signaling pathway in LPS-induced macrophages (38). Butorphanol decreased the LPS-induced elevation of IRF7 in BMDMs. The effect of butorphanol on inhibiting elevation of IRF7 was alleviated by a KOR antagonist (Figures 10A, B). Moreover, LPS significantly increased the mRNA level of IFN-β in BMDMs. Butorphanol significantly reduced the mRNA level of IFN-β in LPS-induced BMDMs, the effect of which was attenuated by the KOR antagonist (Figure 10C). Thus, butorphanol functions by inhibiting TRIF-dependent IFN signaling pathways through KOR in M1-polarized BMDMs.




Figure 10 | Butorphanol decreased LPS-induced the elevation of IRF7 and IFN-β through KOR in M1-polarized BMDMs. Macrophages were collected and cultured from the bone marrow of mice and incubated with LPS (1 μg·mL-1) alone, butorphanol (8 μM) plus LPS (1 μg·mL-1) or nor-BNI (KOR antagonist, 5 μM) plus butorphanol (8 μM) plus LPS (1 μg·mL-1) for 6 h. Cells were pretreated with nor-BNI for 30 min. (A–C) The mRNA levels of IRF3, IRF7, and IFN-β in cells were measured by qRT-PCR. The results are the means ± SEM of six independent experiments. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test when comparing multiple independent groups. *P < 0.05, **P < 0.01, ****P < 0.0001.






Discussion

The present study was performed to verify the hypothesis that butorphanol contributes to M2 macrophage polarization to alleviate sepsis-induced ALI and explore the potential mechanisms. Our results demonstrated that butorphanol ameliorated pathological lung damage, decreased the inflammatory response, and promoted M2 macrophage polarization in LPS-induced ALI.

Furthermore, we showed that butorphanol suppressed M1 polarization in LPS-induced BMDMs and reduced the expression of proinflammatory cytokines (IL-1β, IL-6, and TNF-α). Moreover, butorphanol increased M2 macrophage polarization by upregulating the expression of CD206 and Arg-1 in BMDMs induced by LPS or IL-4. Furthermore, butorphanol inhibited NF-κB and MAPK activation and the TRIF-mediated IFN signaling pathway through KOR in LPS-induced M1-polarized BMDMs.

Accumulating evidence has suggested that macrophage polarization plays an important role in the progression of inflammatory diseases, such as sepsis and ALI (39, 40). M1 macrophages are characterized as toxic, while M2 macrophages are considered to be protective (18). It has been demonstrated that butorphanol also has therapeutic effects on ventilator-associated lung injury (VALI) (24). The main pathological change in VALI is the destruction of pulmonary vascular endothelial cells and the increase in pulmonary vascular permeability, which is particularly significant in obese patients (41). It was suggested that butorphanol could reduce lung injury and improve intraoperative oxygenation in obese patients by inhibiting inflammation and reducing vascular injury (24). Moreover, it has been shown that butorphanol can relieve sepsis-induced brain injury by inhibiting the NF-κB signaling pathway (42). However, we further demonstrated that butorphanol promoted macrophage phenotypic transition to alleviate sepsis-induced lung injury secondary to the inhibition of NF-κB and MAPK signaling, as well as the TRIF-mediated IFN signaling pathway through KOR.

To estimate the bioactivity of butorphanol in vivo, we established a mouse model of LPS-induced ALI (43). The results showed that butorphanol notably increased the survival rates of mice subjected to LPS and decreased the levels of lung inflammatory cytokines. It has been noted that the lungs are susceptible to infection during sepsis (44). Therefore, preventing lung infection may be an effective therapeutic approach in sepsis. Our results demonstrated that butorphanol modified lung tissue injury, inhibited M1 macrophage polarization, and enhanced M2 macrophage polarization in the lungs of LPS-injected mice. In addition, butorphanol administration significantly enhanced the number of M2 macrophages and decreased the number of M1 macrophages in the lungs of LPS-injected mice.

The present study also verified that butorphanol significantly converted macrophages to the M2 phenotype. The features of M1 or M2 macrophage polarization include the expression of M1- or M2-associated molecular markers, respectively. For instance, M1 macrophage markers are iNOS, pSTAT1, pSTAT3, TNF-α, IL-6, IFNγ, IL-12p70, and IL-1β, whereas M2 macrophage markers are Arg-1, Chi3l3, pSTAT6, IL-4, and IL-10 (45). Butorphanol inhibited LPS-induced M1-associated molecular markers and enhanced M2-associated molecular markers in BMDMs. These results showed that butorphanol could promote M2 macrophage polarization both in vivo and in vitro. Furthermore, butorphanol treatment markedly reduced the expression of IL-6, TNF-α, and iNOS in LPS-induced BMDMs. Moreover, the inhibitory effect of butorphanol on the levels of IL-6, TNF-α, and iNOS was reversed by a KOR antagonist but not an MOR antagonist.

Potential interactions can occur between TLR4 and opioid receptors (μ, δ and κ). These interactions are involved in immune function, opioid analgesia, and intestinal motility (25). The TLR4 signaling pathway was directly activated by opioid receptor agonists in the CNS in the absence of LPS, indicating interactions within the cell membrane. Opioids bind to and activate TLR4, which in turn increases the production of proinflammatory cytokines in the CNS (46). However, opioid receptor agonists inhibit LPS-induced TLR4 signaling and decrease the inflammatory response in peripheral immune cells, indicating that the TLR4 and opioid receptor interaction is dependent on the cell type and activator (47, 48). In addition, NF-κB activation plays a central role in driving inflammatory signaling (49). Under normal conditions, NF-κB is inhibited by IκB and maintained in an inactive state in the cytoplasm (49). IKK-β induces IκBα phosphorylation (at Ser32), which causes its dissociation and degradation, promoting NF-κB release and subsequent reactive oxygen species (ROS) and cytokine production (50, 51). The formation of inactive dimers of the p50 subunit of NF-κB is essential for promoting macrophage polarization to the anti-inflammatory phenotype, resulting in the suppression of NF-κB-induced macrophage polarization (17). We demonstrated that butorphanol prevented the association of TLR4 with MyD88 and inhibited the phosphorylation of IKK-β, which restrained NF-κB signaling activation (49) and further promoted macrophages to shift to the anti-inflammatory M2 phenotype. These results demonstrated that the inhibitory effect of butorphanol on the interaction between TLR4 and MyD88, the phosphorylation of IKK-β and the activation of NF-κB were reversed by the KOR antagonist.

In addition, the MAPK pathway is downstream of the opioid receptor and TLR4 signaling pathways, and opioid receptors can also induce neuroinflammation in the CNS through the activation of MAPK signals (25). Different opioid receptors have distinct roles in different cell types and diseases. MAPK phosphorylation in murine macrophages promoted M1 macrophage polarization, resulting in cytotoxic and inflammatory effects such as NO production. MAPKs have been viewed as potential targets of sepsis. Briefly, LPS binds to TLR4 and induces the activation of MAPK-dependent intracellular signaling (41, 43, 44). In our study, the phosphorylation of JNK, ERK, and p38 was significantly increased after LPS stimulation, but butorphanol decreased the phosphorylation levels of JNK, ERK, and p38. In our study, inhibition of the phosphorylation levels of MAPKs completely blocked LPS-induced M1 macrophage polarization, demonstrating that the suppression of M1 polarization by butorphanol to exert anti-inflammatory effects may inhibit the JNK, ERK, and p38 pathways. In addition, we found that butorphanol-mediated inhibition of MAPK phosphorylation in LPS-induced BMDMs was counteracted by pretreatment with a KOR antagonist. Moreover, we demonstrated that butorphanol inhibited LPS-induced the elevation of IRF7 and IFN-β, which was attenuated by a KOR antagonist.

In summary, our study demonstrates that butorphanol alleviates LPS-induced ALI by contributing to M2 macrophage polarization and inhibiting M1 macrophage polarization. Moreover, butorphanol significantly decreases M1 polarization and increases M2 polarization in macrophages secondary to inhibition of the NF-κB and MAPKs and the TRIF-mediated IFN signaling pathway through KOR. Our results demonstrate that butorphanol may be an anti-inflammatory agent for the treatment of sepsis and ALI.
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Bioactive lipid mediators play a major role in regulating inflammatory processes. Herein, early pro-inflammatory phases are characterized and regulated by prostanoids and leukotrienes, whereas specialized pro-resolving mediators (SPM), including lipoxins, resolvins, protectins, and maresins, dominate during the resolution phase. While pro-inflammatory properties of prostanoids have been studied extensively, their impact on later phases of the inflammatory process has been attributed mainly to their ability to initiate the lipid-mediator class switch towards SPM. Yet, there is accumulating evidence that prostanoids directly contribute to the resolution of inflammation and return to homeostasis. In this mini review, we summarize the current knowledge of the resolution-regulatory properties of prostanoids and discuss potential implications for anti-inflammatory, prostanoid-targeted therapeutic interventions.
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Introduction

Inflammation is an integral part of protective host responses against pathogens or injury (1). Herein, inflammatory processes usually follow a defined sequence of reactions characterized by the rapid induction of a pro-inflammatory response, which is closely followed by an anti-inflammatory response. To regain homeostasis resolution of inflammation represents an integral and crucial part of acute inflammation. In fact, failure to completely resolve inflammatory processes is associated with the emergence of chronic inflammatory conditions. While resolution was considered to merely represent the downregulation or inactivation of inflammatory mediators for a long time, it is now appreciated to be active and complex, involving the formation of pro-resolving mediators (2). Moreover, it is widely accepted that resolution processes are initiated early during inflammation, and classical pro-inflammatory mediators have been shown to directly impact on resolution as well (3). Therefore, pro-resolving therapeutic approaches are increasingly being considered rather than anti-inflammatory ones as the latter might diminish the host response against pathogenic challenges (4, 5). Since lipid mediators play a crucial, yet often ambivalent role during the inflammatory process, and prostanoid synthesis represents a major target for anti-inflammatory therapies, the present mini review aims to recapitulate the current understanding of the role of prostanoids in the context of resolution of inflammation.



The Course of Inflammation


Cellular Mediators

Upon an insult (e.g., pathogen contact, injury) local resident immune cells are the first responders. Among these, tissue resident macrophages (MΦ) represent not only an important first line of defense but even more importantly they establish an environment prone to recruit neutrophils and monocytes from the circulation. Neutrophils are main executers in the acute inflammatory environment, i.e. they produce high amounts of reactive oxygen and nitrogen species to eliminate pathogens, and secrete a plethora of inflammatory mediators (6). Within the inflammatory environment neutrophils rapidly die by apoptotic processes and are phagocytosed by MΦ in a process termed efferocytosis (7, 8). Importantly, uptake of apoptotic cells (AC) induces a shift in MΦ polarization from a pro-inflammatory to an anti-inflammatory and immunomodulatory phenotype (9–14). MΦ and other antigen-presenting cells such as dendritic cells (DC) eventually activate adaptive immune responses, which ensures complete removal of the invading pathogens and enables accelerated responses upon anew contact to the triggering stimulus (15). The return to cellular homeostasis further requires successful emigration of infiltrated immune cells from the cleared site of inflammation (16). In contrast to the concept of a rapid return to homeostasis, recent reports provided evidence that resolution is followed by a longer lasting, immune-suppressive post-resolution phase characterized by infiltrating regulatory T cells (Treg) and myeloid-derived suppressor cells (MDSC), but also MΦ, which might be decisive for a successful adaptation vs. chronic inflammation and/or autoimmunity (17–19).



Lipid Mediators

Regulation and execution of inflammatory reactions is mediated by soluble mediators, such as cytokines and chemokines. In addition, bioactive lipids emerged as crucial factors during all phases of the inflammatory process (20, 21). Specifically, while leukotrienes and prostaglandins appear early during the onset of inflammation, specialized pro-resolving mediators (SPM), such as lipoxins, resolvins, and maresins, are produced later on, facilitating the resolution of inflammation (22). Prostanoids, like leukotrienes, belong to the eicosanoid family of lipid mediators (23). Both classes are synthesized from arachidonic acid (AA) after the latter is released from membrane phospholipids by phospholipase A2 (24). While leukotrienes are synthesized by the lipoxygenases, prostanoid formation initially requires conversion of AA to the unstable prostaglandin H2 (PGH2) via the bifunctional cyclooxygenases 1 (Cox-1) and 2 (25, 26). In line with the established pro-inflammatory function of the prostanoids, the cyclooxgenases became an important target in the therapy of inflammatory diseases, and as of today, non-steroidal anti-inflammatory drugs (NSAIDs) rank amongst the most important anti-inflammatory drugs (27, 28). Of note, while Cox-1 is constitutively expressed in most cells, Cox-2 often is inducible and emerged as the more important cyclooxygenase in the context of inflammation. Consequently Cox inhibitors (Coxibs) selectively targeting Cox-2 emerged as promising novel anti-inflammatory therapeutics (29, 30). The short-lived Cox product PGH2 is then substrate to specific synthases, which produce potent prostanoids including PGD2, PGE2, PGF2α, and PGI2, as well as thromboxane A2 (TXA2) (Figure 1).




Figure 1 | Prostanoid synthesis. Arachidonic acid, liberated from membrane phospholipids by phospholipase A2, is converted to prostaglandin H2 (PGH2) by the dual peroxidase/cyclooxygenase activity of the cyclooxygenases (Cox-1, Cox-2). PGH2 serves as the substrate for the terminal synthases to produce PGD2, PGE2, PGF2α, PGI2, and thromboxane A2 (TXA2). PGD2 is further dehydrated and isomerized spontaneously to 15-deoxy−Δ12,14-PGJ2 (15d-PGJ2). Alternatively, arachidonic acid can be converted to lipoxins, i.e. SPM, via the activity of the lipoxygenases (LO). L-PGDS, lipocalin-type PGD synthase; H-PGDS, hematopoietic-type PGDS; mPGES, microsomal PGES; cPGES, cytosolic PGES; TXAS, TXA synthase.



Interestingly, the production of the different lipid mediators appears to be tightly connected across the course of inflammation. For example, the presumably pro-inflammatory PGE2 was shown to attenuate the synthesis of leukotrienes and to induce the production of SPM, thus initiating the so-called lipid-mediator class switch (31). While the SPM-regulatory impact of prostanoids on the resolution of inflammation is rather well characterized, there is accumulating evidence that prostanoids also directly impinge on other aspects of the resolution process. In the following sections, we will therefore summarize the current understanding of the role of the most prominent prostanoids in resolution of inflammation, aside from the aforementioned lipid-mediator class switch, with a special focus on PGE2.




Prostanoids in the Resolution of Inflammation


Thromboxane A2

TXA2 is predominantly produced by platelets, but also at appreciable amounts by MΦ (32). Interestingly, while thromboxane A synthase (TXAS) appears to be coupled to the activity of Cox-1 and Cox-2 constitutes the dominant Cox in inflammatory conditions, the activity of TXA2 is largely pro-inflammatory (33, 34). In fact, there is little evidence that TXA2 might contribute to the resolution of inflammation. In line, Kupffer cell-derived TXA2 was shown to contribute to liver fibrosis, a common outcome of ineffective resolution (35). The observation that TXA2 synthesis is induced by pro-inflammatory stimuli, while it is suppressed upon inflammatory restimulation (36), further suggest that the prevention of TXA2, e.g. via redirection of Cox-1-provided PGH2 towards PGE2 synthesis, might be part of the immune-suppressive environment typical for the post-resolution phase (18).



Prostaglandin I2 (Prostacyclin)

PGI2 (prostacyclin) has been characterized as the counterpart of TXA2 as it inhibits platelet aggregation and acts as a potent vaso- and bronchodilator (37). It is produced primarily by vascular endothelial and smooth muscle cells, yet other cells such as fibroblasts and dendritic cells also synthesize PGI2 (38). In the context of inflammation, PGI2 was shown to inhibit LPS-induced expression of pro-inflammatory cytokines in MΦ, DC, CD4+ T cells, and endothelial cells (39–42). PGI2 further synergizes with anti-inflammatory cytokines interleukin-4 (IL-4) and IL-13 to suppress pro-inflammatory cytokines (43). Along the same lines, PGI2 receptor (IP) deficient mice displayed stronger allergic inflammation, which was attributable to enhanced Th2 cell function (44). Thus, PGI2 emerges as a predominant anti-inflammatory mediator, positioning it also as a counterpart of TXA2 in the context of inflammation.



Prostaglandin D2

PGD2 is produced by numerous immune cells including activated MΦ, DC, Th2 cells, eosinophils, platelets, but also endothelial cells (45). However, since its main source are mast cells (46, 47), PGD2 has been characterized extensively in the context of allergic reactions (48). PGD2 can further be metabolized to the cyclopentenone, PGJ2-type prostanoids, including PGJ2 and 15d-PGJ2, which also display biological activity in the context of resolution of inflammation (49). PGD2 binds to the PGD2 receptors 1 (DP1) and DP2 [also known as chemoattractant receptor-homologous molecule expressed on Th2 cells (CRTH2)] (50). Activation of DP2 is of specific importance in allergic inflammation, where mast cell-derived PGD2 stimulates the recruitment of innate lymphoid type 2 cells (51) and Th2 cells (52), and causes activation of these as well as of basophils and eosinophils (53). While PGD2 was shown to contribute to allergic inflammation, PGD2 synthase (PGDS) decreases during the acute inflammatory phase, while it rises again at later stages corresponding to the resolution phase in animal models (54). PGD2 and 15d-PGJ2 both exert pro-inflammatory functions via CRTH2 (55). In contrast, PGD2-dependent activation of DP1 as well as 15d-PGJ2-mediated activation of peroxisome proliferator-activated receptor γ (PPARγ) inhibit the production of inflammatory cytokines and chemokines by antigen-presenting cells including DC or MΦ by interfering with inflammatory transcription factors nuclear factor kappa B (NFκB), activator protein 1 (AP1), and signal transducer and activator of transcription 3 (STAT3) (56–58) and additionally by enhancing the activity of anti-inflammatory nuclear factor erythroid 2-like 2 (Nrf2) (59, 60). Consequently, PGD2 and 15d-PGJ2 support emigration of MΦ to the draining lymph nodes and attenuate the recruitment of leukocytes (54). They further inhibit effector functions of and induce apoptosis in T lymphocytes (57). Thus, PGD2 contributes to normalize the local environment, an important aspect of the resolution of inflammation (61).



Prostaglandin F2α

PGF2α is produced by the aldo-keto reductase (AKR) 1C3, also known as PGF2α synthase (PGFS) using PGH2 or PGD2 (62). Alternatively, PGE2 can be converted to PGF2α by AKR1C1 or AKR1C2 (63). While PGF2α is synthesized in most tissues (64), its prime site of production is the female reproductive system (65), where PGF2α has been shown to be of functional importance (66, 67). Nevertheless, PGF2α also appears to be involved in inflammatory processes (64, 68). PGF2α is elevated in rheumatoid arthritis (69) and was shown to contribute to and correlate with fibrosis (70, 71), which is characteristic for insufficient resolution. Interestingly though, PGFS expression and concomitantly PGF2α levels decrease similar to PGD2 during acute inflammation, only to increase again in the resolution phase (72), which might be indicative for an active role of PGF2α in the resolution of inflammation. Yet, the exact role of PGF2α in inflammation-resolving processes remains to be determined.



Prostaglandin E2

The best characterized and presumably most important prostanoid in the context of inflammation is PGE2. It can be synthesized by all cell types. In the context of inflammation the prime producers are fibroblasts, epithelial cells, and immune cells (73). PGE2 exerts its functions via four G-protein-coupled PGE2 receptors (EP1-4) (74). While EP2 and 4 represent Gαs-coupled receptors increasing cAMP levels upon activation (75), the Gαi-coupled EP3 variants inhibit adenylate cyclase, thus reducing cAMP (76), and Gαq EP1 enhances intracellular Ca2+ levels (74). The distinct downstream signals as well as the cell type-specific distribution of the receptors, and their differential sensitivity for PGE2 account for the diverse functions of PGE2 also in inflammation (77).

Upon inflammatory stimulation, both the expression of Cox-2 and microsomal PGE2 synthase 1 (mPGES-1) are induced in MΦ (78), skewing the prostanoid spectrum towards PGE2 production in the acute inflammatory phase (73). PGE2 signals towards enhanced recruitment of neutrophils, MΦ, and mast cells (79–81) and enhances the expression and secretion of pro-inflammatory cytokines in DC, MΦ, and T cells (82–84). Its NFκB-activating properties further support neutrophil survival, thereby extending the pro-inflammatory impact of neutrophils in the inflammatory niche (85, 86). Yet, this initial increase in PGE2 is only moderate and transient in character, and PGE2 levels rise again during the resolution phase, eventually increasing to much higher levels in the post-resolution phase (18, 87, 88). This seemingly biphasic regulation of PGE2 might at least in part be due to a shift from transcriptional to post-transcriptional programs governing not only PGE2 production, but more generally the course of inflammation (89). With respect to the regulation of PGE2 synthesis, Cox-2 rapidly accumulates during early inflammation. In a negative feedback loop, elevated PGE2 induces the expression of dual specificity phosphatase 1 (DUSP1), thereby enhancing the activity of the RNA-binding protein tristetraprolin (TTP), which destabilizes the mRNA of Cox-2, but also of pro-inflammatory tumor necrosis factor (TNF) (90). The second wave of PGE2 production by MΦ appears to be facilitated by another increase of Cox-2 expression induced by sphingosine-1-phosphate released from apoptotic cells, which activates the RNA-stabilizing protein human antigen R (HuR) in MΦ to increase Cox-2 expression (91). As a side note, while PGE2 is predominantly produced in a Cox-2/mPGES-1 dependent manner during the inflammatory and early resolution phase, PGE2 levels during the post-resolution phase are approx. 3-fold higher, which is due to enhanced Cox-1/mPGES-1 expression in MΦ (18). While these findings might explain the kinetics of PGE2 production and even some of the inhibitory effects of PGE2 on pro-inflammatory mediators, further evidence for an immunosuppressive function of MΦ-derived PGE2 emerged in the tumor context, where PGE2 inhibits CD80 expression via EP2, thereby attenuating activation of cytotoxic T cells (92, 93). Similarly, PGE2 suppresses cytolytic functions of NK cells (94, 95) and inhibits phagocytic and bacteria killing activities of MΦ, thus preventing the establishment of appropriate inflammatory, anti-microbial responses largely via EP2-dependent cAMP induction (96–98). In line, EP2- and EP4-signaling limits secretion of TNF and IL-1β, and enhances expression of anti-inflammatory IL-10 in response to LPS by microglia (99), i.e. resident MΦ of the central nervous system (100). In general, EP2- and EP4-activation by PGE2 appears to be crucial to establish an anti-inflammatory and resolving MΦ phenotype (101, 102), which is characterized by further immune-modulatory factors such as transforming growth factor β (TGFβ) (103). Nevertheless, there are contradictory reports regarding the exact impact of PGE2 on T cell functions. On the one hand, PGE2 appears to inhibit IL-2 production by T cells, thereby attenuating both T cell activation and activation-dependent apoptosis (104–106). On the other hand, while PGE2 appears to contribute to sustained inflammation by differentiation and activation of Th1 and γδ T cells, considered to support inflammation (107–109), other findings indicate that PGE2 selectively inhibits Th1 cytokine production leaving Th2 cytokines, such as IL-4 and IL-5, unaffected (110, 111), thus provoking a PGE2-dependent shift towards Th2 responses, which are associated with repair mechanisms instead (112–114). This notion is substantiated by the high levels of PGE2 observed in Th2-driven diseases such as atopic allergy (115). Indeed, the intricate impact of PGE2 on the balance between different T cell subtypes might be one of the key mechanisms how PGE2 affects a self-limiting inflammation throughout resolution and post-resolution phases. Elevated PGE2 impairs interferon γ (IFN γ) synthesis, thereby directly attenuating Th1 responses, while leaving Th2 responses unaltered (110, 111). PGE2 further favors Th17 responses via EP2 and EP4 by shifting the IL-12/IL-23 balance towards Th17-supportive IL-23 (116–118). While Th17 cells are largely inflammatory in nature contributing to severe inflammatory diseases (107, 119), they have been shown to be highly plastic, being able to trans-differentiate into Treg thereby contributing to resolution of inflammation (120). Yet, PGE2 not only promotes differentiation of naïve T cells or Th17 cells towards Tregs (121, 122), it also supports further expansion of differentiated Tregs (123). Conclusively, the concentration, source, and timing of PGE2 appear critical to determine the exact T cell response in the context of inflammatory responses. Moreover, while the pro-resolving activity of cyclooxygenase metabolites has long been attributed predominantly to PGD2 and 15d-PGJ2 (124), PGE2 emerged as an important facilitator of the lipid-mediator class switch inducing not only the production of PGD2 and its derivatives, but also of the so-called specialized pro-resolving mediators (SPM) (20). SPM, synthesized by 15-lipoxygenase (ALOX15) (31, 125–127), are key players in the resolution of inflammation (114, 128). PGE2 induces the expression of the relevant lipoxygenases, thereby skewing the balance towards a pro-resolving lipid mediator profile (129, 130). While SPM levels are mostly considered to reciprocally reflect PGE2 levels during the course of inflammation, they in fact coexist (131). The exact temporal and spatial distribution of both PGE2 and SPM might eventually determine the course of the resolution of inflammation. Of note, SPM also have been shown to affect the T cell balance (132–134). Yet, there is mounting evidence that PGE2 also directly supports further resolution-associated functions. Along these lines, PGE2 has been shown to inhibit pro-inflammatory cytokine production (99, 135) and to stimulate the expression of anti-inflammatory cytokines (136, 137), thereby contributing to the early steps of the resolution process (138). Furthermore, blocking PGE2 synthesis attenuated efficient resolution in a peritonitis model by preventing the emigration of MΦ from the site of inflammation in a CX3CL1-dependent manner (87). Extending beyond its impact on the resolution phase, PGE2 contributes to the immune suppressive post-resolution phase, where PGE2 suppresses innate immune responses, inhibits lymphocyte functions, and contributes to the generation and activity of Treg (121, 139) and MDSC (140). While these immune suppressive effects appear negative in the context of novel infections, they lower the risk of autoimmune responses (18, 19) (Figure 2). The complexity of the resolution of inflammation both at cellular as well as (lipid) mediator level, highlights the need for further studies unraveling details of the resolution phase to allow for the development of refined therapeutic intervention strategies, especially for chronic inflammatory diseases lacking proper resolution mechanisms.




Figure 2 | PGE2 in the context of inflammation. An inflammatory insult is recognized by resident immune cells such as resident MΦ. Upon inflammatory stimulation Cox-2 and mPGES-1 are induced in MΦ resulting in increased PGE2 synthesis. PGE2  then contributes to the MΦ-mediated recruitment of neutrophils, which act as a first line of defense to eliminate the pathogenic stimulus and incite further inflammatory responses. Already at this early stage of the inflammatory process PGE2 initiates the lipid mediator class switch towards the production of specialized pro-resolving mediators (SPM) including lipoxins, resolvins, maresins, and protectins e.g. in neutrophils. Neutrophils are rapidly followed by monocytes again facilitated by PGE2, which upon infiltration into the affected tissue differentiate into pro-inflammatorily activated MΦ and release soluble mediators including cytokines and chemokines, as well as further PGE2. PGE2-triggered transcriptional programs eventually induce post-transcriptional feedback circuits, which reduce Cox-2 mRNA stability and thus protein expression to eventually inhibit PGE2 production, and also attenuate the expression of pro-inflammatory cytokines such as TNF. In addition, anti-inflammatory mediators (including IL-10) are induced restricting the intensity of the inflammatory reactions. Within the inflammatory niche, activated neutrophils rapidly undergo apoptotic cell death and are phagocytosed by MΦ, which causes a shift in MΦ polarization towards an alternatively activated, immune-modulatory, resolution phenotype characterized by the secretion of e.g. TGFβ. Apoptotic cells further release sphingosine-1-phosphate (S1P), which enhances the mRNA stability of Cox-2 again, resulting in increasing PGE2 production. Within the resolving environment PGE2 supports a shift from Th1 T cells to the repair-associated Th2-type further supporting tissue normalization. In addition, PGE2 attenuates expression of CX3CL1 in MΦ, thereby eventually allowing their emigration from the resolving tissue. PGE2 further supports the recruitment of T cells and myeloid cells, which differentiate into regulatory T cells and myeloid-derived suppressor cells, respectively, thereby establishing an immune-suppressive post-resolution environment. Lower part: During inflammation, PGE2 levels transiently increase in the acute inflammatory phase. After a decrease during the anti-inflammatory and the early resolution phase, PGE2 tends to increase again during the progress of resolution, reaching highest levels in the post-resolution phase. AC, apoptotic cells; MΦ, macrophages (gray – naïve, resident; red – pro-inflammatory; blue – anti-inflammatory; green – resolution phase); MDSC, myeloid-derived suppressor cells; MO, monocytes; PMN, neutrophils (gray – naïve, red – inflammatory); T cells (red – Th1; blue – Th2; green – Treg); ⇨, infiltration/emigration; →, development within the inflammatory niche.






Therapeutic Considerations

Cox inhibitors are amongst the most widely used over the counter anti-inflammatory drugs worldwide (141). Despite the undisputed beneficial effects of the broad spectrum Cox inhibitors, specific Cox-2 inhibitors (Coxibs) were developed to more selectively interfere with the production of inflammation-associated prostanoids (142). Due to the prominent role of PGE2 in the establishment of inflammatory processes, recent therapeutic approaches aimed at inhibiting the inflammation-associated terminal PGE2 synthase mPGES-1 to selectively block the production of PGE2 only (73, 143, 144). Yet, considering the major impact of PGE2 on successful resolution of inflammation, therapeutic approaches targeting PGE2 synthesis should be critically revisited as continued PGE2 inhibition in inflammatory diseases might be expected to lead to chronic diseases due to insufficient resolution. In fact, even attenuating inflammation itself might interfere with successful resolution, since the process of resolution is initiated already very early during the inflammatory process (3). Thus, it might be warranted to focus on therapeutic approaches promoting resolution rather than on anti-inflammatory ones in the future (4, 145). Indeed, there are numerous efforts to target SPM production or receptors (146). Considering promising effects of PGE2 receptor antagonists (e.g. EP4) in the context of chronic inflammatory diseases (147), it will be interesting to see combinatorial approaches in the future.
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RELMα is a small, secreted protein expressed by type 2 cytokine-activated “M2” macrophages in helminth infection and allergy. At steady state and in response to type 2 cytokines, RELMα is highly expressed by peritoneal macrophages, however, its function in the serosal cavity is unclear. In this study, we generated RELMα TdTomato (Td) reporter/knockout (RαTd) mice and investigated RELMα function in IL-4 complex (IL-4c)-induced peritoneal inflammation. We first validated the RELMαTd/Td transgenic mice and showed that IL-4c injection led to the significant expansion of large peritoneal macrophages that expressed Td but not RELMα protein, while RELMα+/+ mice expressed RELMα and not Td. Functionally, RELMαTd/Td mice had increased IL-4 induced peritoneal macrophage responses and splenomegaly compared to RELMα+/+ mice. Gene expression analysis indicated that RELMαTd/Td peritoneal macrophages were more proliferative and activated than RELMα+/+ macrophages, with increased genes associated with T cell responses, growth factor and cytokine signaling, but decreased genes associated with differentiation and maintenance of myeloid cells. We tested the hypothesis that RαTd/Td macrophages drive aberrant T cell activation using peritoneal macrophage and T cell co-culture. There were no differences in CD4+ T cell effector responses when co-cultured with RELMα+/+ or RELMαTd/Td macrophages, however, RELMαTd/Td macrophages were impaired in their ability to sustain proliferation of FoxP3+ regulatory T cells (Treg). Supportive of the in vitro results, immunofluorescent staining of the spleens revealed significantly decreased FoxP3+ cells in the RELMαTd/Td spleens compared to RELMα+/+ spleens. Taken together, these studies identify a new RELMα regulatory pathway whereby RELMα-expressing macrophages directly sustain Treg proliferation to limit type 2 inflammatory responses.




Keywords: splenomegaly, peritonitis, Treg, Th2 cytokine, M2 macrophage



Introduction

Macrophages are a dominant resident population within the peritoneal cavity with critical immune surveillance and homeostatic functions (1). As sentinels, they are rapid responders to microbial invasion resulting from injury of the serous organs, such as the spleen, liver and intestinal tract, and can be mobilized to traffic to the injured organ and mediate tissue repair (2). Peritoneal macrophages also perform homeostatic functions to support innate B1 cells (3), clear debris and apoptotic cells (4, 5), and dampen inflammation (6–8). On the other hand, dysregulated peritoneal macrophage responses are associated with diseases including peritonitis, bacterial dissemination, and cancer metastases (9–12). Identification of peritoneal macrophage-derived factors and activation markers that cause beneficial or pathologic outcomes would provide insight into their biology and identify targets for treatment of serous cavity-associated disease.

Peritoneal macrophages, especially the monocyte-derived small peritoneal macrophages, express Resistin-like molecule α (RELMα) under homeostatic conditions (13). In type 2 cytokine-polarized environments such as helminth infection or in vivo IL-4 complex injection, RELMα expression is dramatically elevated reaching 100% expression by small and large peritoneal macrophages (14). RELMα, also known as FIZZ1 and HIMF, was originally identified as a highly secreted protein in the lung during allergic airway inflammation (15), however, it is now well-recognized that RELMα is pleiotropically expressed throughout the body, and a signature gene expressed by M2-polarized macrophages in response to multiple helminth infections (16, 17). RELMα expression is also triggered by other signals in addition to type 2 cytokines, for example by phagocytosis of apoptotic cells through scavenger receptors (18), or in response to hypoxia (19). Studies in pulmonary inflammation, hypertension and fibrosis, point to an inflammatory function for RELMα by promoting immune cell recruitment, fibroblast activation and proliferation associated with pathogenic fibrosis (20, 21). On the other hand, in response to tissue migratory helminth parasites, RELMα critically prevents fatal lung tissue damage, granulomatous inflammation, and promotes tissue repair (22–28). Downstream regulatory mechanisms for RELMα include limiting CD4+ T cell polarization, promoting anti-inflammatory responses, and mediating collagen cross-linking associated with tissue healing (26, 29, 30). RELMα also exhibits antibacterial properties by disrupting bacterial membranes for certain bacterial species (31).

Despite high expression levels of RELMα by peritoneal macrophages, whether RELMα affects the role of these cells in immune surveillance or homeostasis is unknown. In this study, we generated transgenic mice where RELMα is deleted and replaced with the TdTomato reporter protein (RαTd) and investigated the consequence of RELMα deletion in a polarized type 2 cytokine environment caused by injection of IL-4 complexes. We first validated the Rα transgenic mice and demonstrated successful deletion of RELMα and expression of TdTomato protein, which had an equivalent expression pattern to RELMα. Next, we compared PBS and IL-4c injected Rα+/+ and RαTd/Td mice, where we identify a critical role for RELMα in limiting IL-4-induced peritoneal macrophage expansion, M1 macrophage activation, and splenomegaly. Gene expression analysis of sorted macrophages from Rα+/+ and RαTd/Td mice revealed that RELMα deficiency leads the induction of genes promoting T cell response, growth factor and cytokine signaling, but decreased genes associated with differentiation and maintenance of myeloid cells. Combining macrophage-T cell co-cultures, and investigation of ex vivo T cell responses, we further identify a role for macrophage-derived RELMα in promoting regulatory T cell proliferation and the production of IL-10 and GM-CSF. Together, results from these studies validate the utility of RαTd/Td mice to track RELMα expression and identify a dual role for RELMα in limiting type 2 cytokine immunopathology by cell-intrinsic effects on macrophages and regulatory T cells.



Materials and Methods


Mice

RetnlaTd transgenic mice were generated by genOway (Lyon, France) by homologous recombination in C57BL/6 embryonic stem cells. Retnla Exon 2-4 was targeted using cre recombinase and Flp-mediated excision and replacement with the Td reporter gene, with a WPRE site (32) to enhance reporter expression and stability. The mice were crossed with the genOway proprietary cre-deleter mouse (pCMV driven cre) to generate constitutive RetnlaTd mice. RetnlaTd/+ heterozygote mice were crossed with C57BL/6 mice to generate littermate homozygote (Td/Td) and WT (+/+) mice after three generations, then bred in-house. ArginaseYFP (Yarg) mice were available from Jackson labs. Mice were age matched (6 to 14 weeks old), sex-matched for experiments, and housed under an ambient temperature with a 12 hours light/12 hours dark cycle.



IL-4 Complex (IL-4c) Injection

Mice were injected intraperitoneally (i.p.) with 2.5μg of recombinant mouse IL-4 (Peprotech, Rock Hill, NJ) complexed to 12μg 11B11 (Bio X Cell) in 100μl PBS or 100μl PBS (vehicle control) on days 0 and 2 and peritoneal cells and spleen were recovered at day 4, according to published studies (17).



RNA Isolation and qPCR

Cells were washed twice with ice-cold PBS and lysed with RLT buffer. RNA was extracted by using the Aurum total RNA mini kit (Bio-Rad, San Diego, CA). cDNA was generated by iScript reverse transcriptase (Bio-Rad, San Diego, CA). RT-qPCR was performed with the Bio-Rad CFX Connect system using Bio-Rad CFX Manager 3.1 software. RELMα primers were purchased from Qiagen, Td Tomato primer sequence were (F: 5’-CCA CCT GTT CCT GGG GCA-3’, R: 5’-ACT CTT TGA TGA CGG CCA TGT-3’), and 18s primer sequences were (F: 5’-ACG GAA GGG CAC CAC CAG GA-3’, R: 5’-CAC CAC CAC CCA CGG AAT CG-3’)



Immunofluorescence

Spleens were recovered and immediately immersed in 4% PFA. After 24 hours, tissue was removed from 4% PFA and incubated for 24 hours in 30% sucrose. For immunofluorescent staining, sections were incubated with rabbit anti-RELMα [2.5ug/ml; (Peprotech, Rock Hill, NJ)] or rabbit anti-TdTomato (Rockland Immunochemicals, Limerick, PA, USA), PE-anti CD3 (BioLegend, San Diego, CA) and FITC Rat anti-Foxp3 (eBioscience, Santa Clara, CA) overnight at 4°C. Sections were incubated with Cy5 anti-Rabbit fluorochrome-conjugated antibodies for 2 hours at room temperature (Abcam, Cambridge, Ma), then counterstained with DAPI (BioLegend, San Diego, CA). FoxP3+ cells were quantified by the ImageJ software.



Flow Cytometry and t-SNE Analysis

Peritoneal cavity cells (PECs) were recovered in a total of 5 mL of ice-cold PBS. Splenic macrophage isolation were performed according to previous studies (33).Visceral fat was dissected and single cell dissociation and staining performed as previously described (34). For flow cytometry, cells were blocked with 0.6 µg Rat IgG and 0.6 µg α-CD16/32 (2.4G2) 5 min, stained for 25 min with antibodies to CD11b (M1/70), MHCII (M5/114.15.2), CD11c (N418), CD4(RM4-5), Ly6C(HK 1.4), Ly6G(1A8), CD19(1D3) and CD8(53-6.7) (all from BioLegend, San Diego, CA); SiglecF (E50-2440) (BD Bioscience, San Jose, CA); F4/80 (BM8) (eBioscience, Santa Clara, CA). Cells were analyzed on a Novocyte (ACEA Biosciences, San Diego, CA) or LSRII instrument (BD Bioscience, San Jose, CA) followed by data analysis using FlowJo v10 (Tree Star Inc.; Ashland, OR). t-SNE analyses were performed with FlowJo v10, involving concatenation of samples (5000 cells per biological replicate) from all groups before running the t-SNE analyses to generate plots consistent between groups. This was followed by analysis of separated groups for expression of the desired markers. The parameters used to run the t-SNE analyses are in Supplementary Table 1. Arg, Rα or TdTomato were excluded as parameters given that their expression was being analyzed, and they were negative in the some of the transgenic mouse groups.



Cytokine Quantification

For sandwich ELISA, capture and biotinylated detection antibodies were used according to previously described protocols (25). IL-23, IL-1α, IFN-γ, TNF-α, MCP-1, IL-12p70, IL-1β, IL-10, IL-6, IL-27, IL-17A, IFN-β and GM-CSF were detected by the Mouse Inflammation Panel (13-plex) (BioLegend, San Diego, CA) and analyzed on the LSRII instrument (BD Bioscience) and LEGENDplex™ software.



Splenocyte Stimulation

Spleens were harvested from PBS or IL4c treated mice at day 4. Single cell suspensions were generated from whole spleen, and red blood cells lysed with ACK lysis buffer. Cells were stimulated in 48 well plates at 5x106 cells/well with 1μg/ml of α-CD3 and α-CD28 (eBioscience) as described previously (29). Supernatants were recovered at day 3 for cytokine measurement.



Macrophage and Splenocyte Co-Cultures

Peritoneal cells from naïve Rα+/+ or RαTd/Td mice were recovered and treated in vitro with IL-4 (20ng/ml) or equivalent control PBS in complete DMEM media (Invitrogen, Gaithersburg, MD). After 24hrs, supernatants were recovered for RELMα ELISA, cells were washed with PBS to remove non-adherent cells, followed by recovery of adherent macrophages with TrypLE™ Express (Invitrogen, Gaithersburg, MD) and plated in a 96-well flat bottom plate at 2x104 cells/well. In vivo-derived M2 macrophages were generated by one i.p. injection of IL-4c, recovery of the peritoneal cells, and F4/80 bead purification using MS columns with >90% purity (Miltenyi Biotec, Inc). Splenocytes were recovered from naïve Rα+/+ mice, and single cell suspensions prepared as above. Splenocytes were CFSE-labelled (5μM, 15 minutes) as previously described (29) (Invitrogen, Gaithersburg, MD), then added to the macrophages (Mac : Splenocyte 1:10) with 0.5μg/ml α-CD3 (5 replicate wells per condition). After 3 and 6 days, non-adherent splenocytes were recovered for flow cytometry analysis on the LSRII (BD Bioscience), and supernatants were recovered for cytokine measurement.



Nanostring Gene Expression Analysis

Peritoneal macrophages (CD11b+F4/80+) were sorted with the MoFlo Astrios cell sorter (Beckman Coulter). 5000 macrophages from PBS mice or IL-4c-injected mice were lysed with 1/3 RLT buffer diluted with ddH20 (Qiagen). Lysed cells were processed and quantified by the Myeloid Innate Immunity v2 panel according to manufacturer’s instructions (Nanostring). Gene expression analysis was conducted using the Advanced Analysis Nanostring software. Raw counts were normalized to internal controls (4 housekeeping genes, Eef1g, Gusb, Oaz1 and Rpl19), then normalized transcripts with n>30 counts were included for analysis (a total of 309 out of 734 genes). The Nanostring Advanced Analysis algorithm generated biological pathway scores by extracting pathway-level information from a group of genes using the first principal component (PC) of their expression data (35). Pathway scores of Rα+/+ or RαTd/Td naive and IL-4c-injected mice were analyzed by an unpaired t-test and chosen pathways (p value ≤ 0.05) are represented as the difference in pathway score between the Rα+/+ or RαTd/Td groups (n=4/group). Differentially expressed (DE) genes (p ≤ 0.05) in each pathway were graphed as heatmaps (36).



Statistical Analysis

Data are presented as mean ± SEM and statistical analysis was performed by Graphpad Prism 9 software. Data was assessed by one-way ANOVA followed by post-hoc Tukey’s test for multiple comparison, or by unpaired t-test for 2-group comparisons. For data collected over several time points, two-way ANOVA with post-Sidak multiple test was performed. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001. Experiments were repeated 2-4 times with n=2-8 per group for in vivo experiments, or 3-5 replicate wells for in vitro studies, apart from Nanostring gene expression analysis, which was performed once (n=2 for naïve and n=4 for IL-4c injected per group).



Mouse and Data Availability

RELMα transgenic mice are available at MMRC repository (067014-UCD, https://mmrrc.ucdavis.edu).




Results


Generation and Validation of RELMα Transgenic Mice

RELMα is a pleiotropic protein expressed by both immune and non-immune cells, and is detectable in the serum of naïve mice (16). In the serosal cavities, resident macrophages express RELMα in homeostatic conditions, however, RELMα expression is dramatically elevated in a type 2 cytokine environment such as helminth infection or IL-4c injection (17). We sought to address RELMα function in the peritoneal cavity by generating transgenic mice in which cre and flp recombinase mediates RELMα (exons 2-4) deletion and replacement with the TdTomato reporter protein (Figure 1A). To validate the targeting strategy and enable tracking of RELMα-expressing cells, these founder mice were crossed to a universal cre deleter mouse line so that RELMα expression can be tracked by Td reporter protein in heterozygote mice (RαTd/+), while homozygote mice (RαTd/Td) are used to investigate RELMα function. Quantification of RELMα protein in the serum and peritoneal cavity fluid indicated high levels of circulating RELMα under homeostatic conditions in Rα+/+ mice, detectable but significantly reduced RELMα in heterozygote (RαTd/+) mice, and no RELMα in homozygote mice (RαTd/Td) (Figure 1B). RELMα and Td mRNA levels were also quantified in adherent peritoneal cells from naïve mice treated in vitro with IL-4 (Figure 1C). Both Rα+/+ and RαTd/+ macrophages had equivalent IL-4 induced RELMα expression. In IL-4 treated RαTd/Td and RαTd/+ macrophages, Td expression was increased. Although the Td expression pattern was similar to RELMα in the heterozygote mice, the fold induction of Td was much lower than that of RELMα. This suggests differences in PCR efficiency, mRNA stability, or that deletion of RELMα has feedback consequences on the RELMα promoter and gene expression. We investigated if these potential differences in RNA levels were also observed at the protein level by flow cytometry. Intracellular RELMα and Td protein was evaluated by flow cytometry of peritoneal cells recovered from PBS or IL-4 complex (IL4c) injected mice (Figure 1D and Figure S1A). As expected, the main cellular sources of RELMα protein following IL4c injection were the small and large peritoneal macrophages (SPM and LPM) with >95% expression of RELMα in Rα+/+ and RαTd/+. In the RαTd/+ heterozygote mice, Td protein was induced by IL-4 with 50% expression in LPM and 85% expression in SPM. We also observed IL-4c induced expression of RELMα and Td by eosinophils and CD5+ B1 cells (Figure 1D and Figure S1B). Finally, we examined RELMα and Td expression in other organs such as the visceral fat and the spleen (Figure S2A), where we observed some IL-4 induced RELMα or Td expression by macrophages, but this was much lower in magnitude compared to the peritoneal cells.




Figure 1 | Validation of RELMα reporter transgenic mice. RELMα (Rα) or TdTomato (Td) reporter homozygote and heterozygote mice were intraperitoneally injected with PBS or IL-4c (2.5μg IL4/mouse) at day 0 and 2, then sacrificed at day 4. (A) Targeting strategy for RELMα deletion and replacement with Td reporter gene. (B) RELMα ELISA of serum and peritoneal fluid of 6–8 weeks mice. (C) RELMα and Td qRT-PCR of peritoneal cells treated in vitro for 24h with IL-4 (20ng/ml), presented as relative expression to PBS and normalized to 18s transcript. Rα expression was normalized to the PBS Rα+/+group (set at “1”) (D) Flow cytometry gating and analysis of large and small peritoneal cells (LPM and SPM), eosinophils and B cells from IL4c-injected mice for Td and RELMα protein. (E, F) t-SNE -guided analysis of peritoneal cavity cells subsets gated according to 1D (LPM, red; SPM, blue; B1 cell, cyan) for expression of Rα, ArgYFP and Td employing RαTd and Yarg reporter mice. Results shown are combined from 2-3 independent experiments (n=4-12), apart from (C, E) which is one experiment, n=3 replicates. ND, not detected. *, p ≤ 0.05; **, p ≤ 0.01.



To evaluate heterogeneity in serosal macrophage populations, we generated t-SNE plots on flow cytometry data from IL-4c-treated Arginase-YFP/Rα dual reporter mice (Figure 1E). The main subsets observed were LPM (red), SPM (blue) and B1 cells (cyan). When comparing heterozygote RαTd/+Yarg+/+ and RαTd/TdYarg+/+, RELMα was expressed in SPM and LPM of heterozygote RαTd/+ but not in homozygote RαTd/Td mice. RαTd/Td mice showed instead Td protein expression with similar expression pattern to RELMα. While SPM were a homogenous population with high level RELMα (or Td) expression, LPM exhibited more heterogeneity with mid and high level RELMα-expressing subsets (green vs yellow/red) (Figure 1F). In contrast, Arginase was more homogeneously expressed in both SPM and LPM (yellow/red). Together, these data validate effective RELMα deletion and replacement with TdTomato and indicate potential heterogeneity of RELMα compared to Arginase expression in the LPM. We also demonstrate that RαTd/+ heterozygote mice have robust Td and RELMα protein expression, supporting the utility of this transgenic mouse model to track RELMα expression.



RELMαTd/Td Mice Suffer From Increased IL-4c Induced Pathology

Serosal macrophages that reside in the peritoneal cavity have important surveillance roles as sentinels for pathogen infections, but also regulate inflammation and can migrate to visceral organs to mediate repair (37). Peritoneal macrophages are main cellular sources with up to 100% RELMα expression following IL-4c injection, however, the function of RELMα in the peritoneal cavity has not been investigated. Wild-type (Rα+/+) or RELMα-deficient (RαTd/Td) mice were injected with PBS or IL-4c. IL-4c injection led to significantly increased RELMα protein in the serum and RELMα mRNA in the peritoneal cells of Rα+/+ mice, while Td mRNA was significantly elevated in peritoneal cells of RαTd/Td mice (Figure 2A). As previously reported (14), IL-4c caused increased peritoneal cell numbers in Rα+/+ mice, but peritoneal inflammation was exacerbated in RαTd/Td mice (Figure 2B). Flow cytometric analysis revealed that LPM were the main cell-type affected by RELMα deficiency (Figure 2C). In the Rα+/+ mice, peritoneal B cell numbers were significantly decreased by IL4c treatment (Figure 2C), and further subsetting into CD5+ B1 cells and CD23+ B2 cells revealed that the decrease was significant in B2 cells (Figure S2B). In contrast, neither B1 nor B2 cells were reduced by IL-4c in Rα τd/Td mice, and B1 cells were significantly higher in IL-4c treated RαTd/Td mice compared to IL-4c treated Rα+/+ mice (Figure S2B), suggesting that RELMα is downstream of IL-4c mediated reduction in B cells. Other peritoneal cell subsets were not affected by IL-4c treatment nor RELMα deficiency. IL-4c induces significant LPM proliferation, therefore we evaluated Ki67 expression as a marker for proliferation. There was a significant increase in Ki67 positive LPM and SPM in IL-4c injected RαTd/Td mice but no changes in B cells (Figure 2D). RELMα-deficient mice also exhibited IL-4 induced splenomegaly, which was more severe than observed in wild-type mice (Figures 2E, F). This suggested an exacerbated response in RELMα deficiency, similar to the macrophage activation syndrome caused by sustained IL-4 exposure (38). Proinflammatory cytokine measurement in the serum revealed that RαTd/Td mice had increased circulating cytokines compared to Rα+/+ mice, with significant increases in IL1α under homeostatic conditions, and increased TNFα, IFNγ and IL-6 following IL-4 treatment, but no changes in circulating type 2 cytokine IL-5 (Figure 2G). We also performed the same cytokine bead array analysis on peritoneal lavage fluid but did not observe detectable cytokine levels. Together, these data reveal that RELMα critically mitigates IL-4-induced inflammatory effects including LPM and SPM proliferation, splenomegaly and systemic proinflammatory cytokine expression.




Figure 2 | Increased IL-4-induced pathology in RELMαTd/Td mice. PBS or IL4c-injected Rα+/+ or RαTd/Td mice were sacrificed at day 4 followed by evaluation of spleen and peritoneal cavity responses. (A) Peritoneal fluid and serum RELMα levels measured by ELISA, and RELMα and Td RNA was measured by peritoneal cell qRT-PCR as relative expression to PBS and normalized to 18s transcript. Rα expression was normalized to the PBS Rα+/+group (set at “1”) (B, C) Peritoneal inflammation and subset frequency evaluated by cell counts and flow cytometry analysis for small and large peritoneal macrophages (SPM and LPM), eosinophils, CD4+ T cells and B cells. (D) Peritoneal cell proliferation assessed by Ki67 staining. (E, F) Spleen size and weight were measured. (G) Serum cytokines were quantified. Results shown are representative of 3 independent experiments (n=4-8 per group). ND, not detected. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001.





RELMα Deficiency Leads to Dysregulated IL-4 Induced Myeloid Gene Expression Associated With T Cell Response, Growth Factor and Cytokine Signaling, and Myeloid Differentiation

To identify mechanisms underlying RELMα regulation of peritoneal macrophage responses, gene expression analysis was performed in F4/80+CD11b+ peritoneal macrophages sorted from PBS or IL-4c treated Rα+/+ or RαTd/Td mice, using the Nanostring myeloid immunity panel (734 genes) (Figure 3A). Principal component analysis (PCA) demonstrated clustering according to genotype and treatment, with IL-4 treatment driving the greatest transcriptional differences regardless of genotype (Figure 3B). Out of four mice, macrophages from one IL-4c-treated Rα+/+ mice appeared as an outlier and clustered with the PBS-treated group (Figure 3B, red circle). Retrospective analysis revealed that this mouse had less RELMα in the PEC fluid, and lower peritoneal cell numbers likely because of ineffective IL-4c delivery (Figure S3A), therefore this sample was removed from gene expression analyses.




Figure 3 | Gene expression analysis of peritoneal macrophages identify IL-4-induced and suppressed genes that are regulated by RELMα. Peritoneal macrophages were sorted from PBS or IL4c-injected Rα+/+ or RαTd/Td mice and analyzed by using the Nanostring myeloid gene expression panel. (A) Flow cytometry gating strategy and purity. (B) Principal component analysis demonstrates sample clustering. (C–F) Volcano plot of genes that are most changed in response based on IL-4c treatment (C, D) or genotype (E, F). (G) Heatmap of canonical macrophage activation genes in different groups. Nanostring gene expression data are from a single experiment (n=2 for PBS and n=4 for IL-4c injected).



Investigation of the most differentially expressed genes indicated that Chil3/4 (Ym1/Ym2) and Rnase2a (Ear11) were highly upregulated by IL-4 for both mouse genotypes (Figures 3C, D). As signature M2 macrophage genes, RELMα and Ym1/2 are reported to have equivalent expression patterns, but Ym1 can also promote RELMα expression (24). Ear11 is an eosinophil-associated ribonuclease that is secreted by M2 macrophages and promotes neutrophil chemotaxis (39). Consistent with IL-4 induced resident macrophage proliferation, genes associated with the cell cycle (Top2a, Cdc20, Kif20a, Ccnb2) were upregulated. Consistent with an anti-inflammatory function for M2 macrophages, both Rα+/+ and RαTd/Td macrophages from IL-4c treated mice had reduced expression of genes associated with chemotaxis (Cxcl13, Cxcl14, Cxcl2), complement responses (C1qa, C1qb, C1qc) and innate immune activation (Birc3, CD80, CD86) (Figures 3C, D, G). Unexpectedly, the dual-specificity protein phosphatases (Dusp1, Dusp6), and Apoe were also suppressed by IL-4, although these have proposed anti-inflammatory and repair functions (40). These expression patterns likely reflect in vivo macrophage plasticity and the unique response of resident peritoneal macrophages to repeated treatment with IL-4, which may lead to negative feedback pathways for type 2 cytokine signaling. Overall, these genes were similarly induced or suppressed by IL-4 in both Rα+/+ and RαTd/Td mice, suggesting that these resident M2 macrophage activation programs occur even in the absence of RELMα.

We next evaluated RELMα-regulated genes (Figures 3E–G). The most consistently upregulated genes in PBS or IL-4-induced RαTd/Td macrophages were MHC class II genes associated with antigen presentation (H2 genes, CD74), suggesting enhanced antigen presentation function by macrophages in RELMα-deficient mice even in homeostatic conditions. RELMα-deficient macrophages also had increased expression of chemokine/chemokine receptors (Ccl6, Cxcl13, Cxcl16) (Figure 4A). Cxcl13, involved in B1 cell maintenance (41), was the most upregulated gene in IL-4c induced RαTd/Td macrophages compared to Rα+/+ macrophages, consistent with the increased B1 cell numbers in RELMα-deficient mice. Conversely Dusp2, which negatively regulates cell proliferation (42, 43), was the most downregulated in the RαTd/Td macrophages (Figure 4A), consistent with their enhanced proliferation. Advanced pathway analysis (35) was performed to determine functional pathways that were significantly altered by RELMα following IL-4 treatment (Figure 4B). Consistent with upregulation of genes associated with macrophage hyperactivation, functional pathways that were significantly induced in RELMα-deficient macrophages involved enhanced T cell responses (Th1 activation, T-cell activation, antigen presentation). RELMα-deficient macrophages also induced genes associated with cytokine and growth factor signaling (Pdgfb, Jak3, Syk), which may have contributed to their increased expansion in response to IL-4 (Figure 4C). This increased macrophage proliferation and frequency in RαTd/Td mice may therefore result from dual effects of increased growth factor expression and responsiveness, and decreased expression of downregulatory checkpoints, such as Dusp2 and Batf (Figure 4C). RαTd/Td macrophages showed a reduction in genes associated with differentiation of myeloid cells (Mafb, Cebpa, Laptm5), which may reflect the enhanced proliferation rather than differentiation or maturation of these macrophages in the absence of RELMα.




Figure 4 | RELMα-deficient M2 macrophages exhibit a hyperactivated macrophage phenotype. Differential expression of genes associated with functional pathways was evaluated in macrophages sorted from IL-4c injected Rα+/+ or RαTd/Td mice. (A) Genes with highest Log2 fold change differences between IL4c injected Rα+/+ and IL4c RαTd/Td identified by Nanostring advanced analysis (p < 0.05). (B) Advanced pathway analysis performed on IL4c Rα+/+ and IL4c RαTd/Td macrophage RNA reveals significantly increased or decreased pathway scores (p<0.05). (C) Heatmap of differentially expressed genes within the functional pathways. (D) t-SNE-guided flow cytometry analysis of peritoneal cell subsets (LPM, red; SPM, blue; B1 cell, cyan). Black arrow and outline indicate a separate subset with SPM and LPM characteristics. Subsets were evaluated for expression of CD163, CD206, MHCII and RELMα. (E) Frequency of CD163+ macrophages in IL4c-treated Rα+/+ and RαTd/Td mice. *, p ≤ 0.05.



Genes associated with angiogenesis (Fn1, Pdgfb) (44), phagocytosis (MerTK, Timd4, MHCII, C1q, CD16/32, Rab20 and Anxa1) (45–47), and the scavenger receptors (Marco, CD163) were increased in RαTd/Td macrophages (Figure 4C). This was consistent with the IL-4 treated RαTd/Td mice exhibiting characteristics of macrophage activation syndrome, associated with splenomegaly and erythrophagocytosis (38). To further analyze and validate some of these genes and their association with RELMα at the single cell and protein level, we use t-SNE mapping of flow cytometry data of peritoneal cells (Figure 4D). The t-SNE plots indicated the presence of a small subset that shared SPM and LPM characteristics (black arrow). This subset had the highest expression of CD163 and MHC class II, and co-expressed RELMα in the Rα+/+ mice. Further, it was increased by four-fold in the RαTd/Td mice, suggesting that RELMα expression by this subset may provide an autocrine negative feedback to limit its own expansion. Consistent with the Nanostring data, the MHCIIhi expressing subsets (Figure 4D, red) were expanded in the RαTd/Td macrophages, especially in the SPM and SPM->LPM subsets, consistent with the significantly increased MHCII MFI in SPM but not LPM in RαTd/Td mice (Figure S2C). however, there was heterogeneous distribution in LPM reflecting two functionally distinct LPM subsets in response to IL-4. Anti-CD163 surface staining confirmed the Nanostring data that RαTd/Td macrophages had significantly elevated CD163 expression in the SPM, LPM and the SPM to LPM cell subset, and was co-expressed with the M2 macrophage marker CD206 (Figure 4D). CD163 is a scavenger receptor for hemoglobin and is increased in M2 macrophages associated with hemophagocytic syndromes (48). Combined with the increased expression of genes associated with phagocytosis and scavenger functions, our observations that CD163+ M2 macrophages are significantly expanded in RαTd/Td mice (Figure 4E) point to a causal link between enhanced macrophage scavenging and the exacerbated IL-4 induced inflammation and splenomegaly in RαTd/Td mice (38, 49–51).



RELMα-Expressing M2 Macrophages Support Regulatory T Cell Responses

Our in vivo data suggests that RELMα mice suffer from increased proinflammatory cytokine expression that is associated with enhanced macrophage activation, including increased expression of genes involved in T cell activation. We therefore investigated if macrophage-intrinsic RELMα dampens pro-inflammatory T cell responses using in vitro co-culture of peritoneal macrophages with splenocytes. Resident peritoneal macrophages from naive Rα+/+ or RαTd/Td mice were recovered and activated in vitro with IL-4, leading to significant RELMα secretion by Rα+/+ macrophages (Figure 5A). The macrophages were then recovered and co-cultured with CFSE-labeled splenocytes activated with anti-CD3. After 3 days of co-culture, only modest proliferation of effector CD4 T cells (CD4+CD25-) was observed (~15%) (Figures 5B, C), although robust proliferation was observed by day 6 (~70%) (Figure S3C). Although there were no differences in effector T cell proliferation, CD4+CD25+Foxp3+ regulatory T cells (Treg) exhibited robust proliferation (60-80%), which was significantly higher when co-cultured with IL-4 treated Rα+/+ macrophages compared to PBS treated Rα+/+ macrophages (Figure 5D). PBS-treated RαTd/Td macrophages supported equivalent Treg proliferation compared to PBS Rα+/+ macrophages, however IL-4 treated RαTd/Td macrophages were unable to enhance Treg proliferation (Figure 5D).




Figure 5 | Macrophage-derived RELMα promotes regulatory T cell responses. Peritoneal macrophages from Rα+/+ or RαTd/Td mice were treated with PBS or IL-4 (20ng/mL) for 24h, washed then adherent macrophages were co-cultured for three days with CFSE-labeled splenocytes with anti-CD3 at a 1:10 (Mac : Splen ratio). (A) RELMα secretion by peritoneal macrophages treated in vitro with PBS or activated with IL-4. (B) T cell gating strategy. (C, D) Proliferation of CD4+CD25- T cells (C) and CD4+CD25+FoxP3+ Tregs (D) when splenocytes are co-cultured with peritoneal macrophages treated in vitro with PBS or IL4 (E) Cytokine secretion measured at day 3 post-culture. (F) Proliferation of CD4+CD25- T cells and CD4+CD25+FoxP3+ Tregs when splenocytes are co-cultured with F4/80+ peritoneal macrophages purified from in vivo IL-4c-treated mice. (G) IL-2 secretion measured at day 3 post-culture. ND, not detected; NS, not significant. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001.



We evaluated the downstream effects of macrophage-Treg interaction by quantifying cytokine secretion. Macrophages or splenocytes cultured alone did not produce cytokines (Figure 5E and data not shown). Both PBS or IL-4 treated Rα+/+ macrophages-splenocyte co-cultures resulted in robust and equivalent secretion of IL-10, GM-CSF, and IFNγ, while IL-4-treated macrophages promoted enhanced secretion of IL-1α, MCP-1, IL-6. Co-cultures with PBS-treated RαTd/Td macrophages induced equivalent cytokine secretion to PBS-treated Rα+/+ macrophages, however, IL-4-treated RαTd/Td macrophages were unable to promote cytokines associated with Treg differentiation and function (IL-10 and GM-CSF). Instead, IL-4-treated RαTd/Td macrophages promoted secretion of MCP-1, IL-6. We also observed a reduction in IFNγ and IL-1α secretion in co-cultures with IL-4 treated RαTd/Td macrophages. Given that the co-cultures consisted of macrophages and splenocytes, the cellular source of the cytokines is unclear. Since the splenocytes are treated with anti-CD3, we conclude that most of the cytokines detected are directly from T cells, or indirectly from T cells activating other splenocytes or the peritoneal macrophages to produce cytokines.

We also investigated in vivo-derived M2 macrophages by IL-4c intraperitoneal injection, followed by recovery and purification of F4/80+ macrophages at day 1, and co-culture with anti-CD3 stimulated splenocytes (Figure 5F). Similar to the in vitro-derived M2 macrophages, co-culture with RαTd/Td macrophages led to significantly reduced Treg proliferation compared to Rα+/+ macrophages, with no significant effect on effector T cells. The RαTd/Td co-cultures also had significantly reduced IL-2 levels compared with the Rα+/+ macrophage co-cultures (Figure 5G), which may explain the reduced Treg proliferation. Together, this data suggests that macrophage-derived RELMα promotes Treg responses and suppresses myeloid expression of chemokines and proinflammatory cytokines, but has a mixed effect on T cell polarization and inflammasome activation.



Dysregulated Splenic T Cell Responses and Reduced Regulatory T Cells in RELMα-Deficient Mice

Based on the co-culture results that demonstrated a direct effect of macrophage-derived RELMα in supporting Treg responses, we sought to determine the in vivo relevance of this novel regulatory function for RELMα. We therefore evaluated peritoneal macrophage and splenic T cell responses in PBS or IL-4c-treated Rα+/+ or RαTd/Td mice. We observed significantly increased CD25 expression in the RαTd/Td LPM and SPM (Figure 6A), which may provide one mechanism for limiting IL-2 availability to Tregs (52). t-SNE mapping showed that most IL-4c induced RαTd/Td SPM and a small subset of RαTd/Td LPM expressed CD25, compared to low expression in IL-4c induced Rα+/+ macrophages (Figure 6B). To validate the in vitro finding of impaired Treg responses in the absence of RELMα, we quantified Treg frequencies in the spleens of PBS or IL-4c-treated Rα+/+ and RαTd/Td mice. Immunofluorescent analysis of the periarteriolar lymphoid sheath of the spleen confirmed that IL4c-treated RαTd/Td mice had significantly reduced Foxp3+ cells (Figures 6C, D). Additionally, IL-4c treatment led to detectable RELMα protein expression in Rα+/+ mice and Td protein in RαTd/Td mice (Figure 6C), suggesting local effects of RELMα on the spleen. Flow cytometry analysis of the spleen also revealed significant reductions in CD4+CD25+ Tregs in IL4c-treated RαTd/Td mice compared to Rα+/+ mice (Figures 6E, F).




Figure 6 | Impaired splenic regulatory T cell responses in RELMα-deficient mice are associated with increased inflammatory cytokines. Peritoneal cells and spleens from Rα+/+ or RαTd/Td mice treated with PBS or IL-4c were recovered for evaluation of macrophage and T cell responses. (A) CD25 expression in SPM and LPM. (B) t-SNE -guided gating of peritoneal cavity LPM and SPM and analysis of CD25. (C, D) Immunofluorescent staining for CD3, Foxp3, RELMα and Td was performed on spleen sections and Foxp3+ cells were quantified. Bar: 50μm. (E) Gating strategy for effector and regulatory splenic T cells. (F) Frequency of Tregs in spleen evaluated ex vivo by intracellular staining for Foxp3. (G) Cytokine secretion was quantified from splenocytes stimulated with αCD3/αCD28 for 72 hours. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p < 0.0001.



We next evaluated if the Treg deficiency in RαTd/Td mice was associated with dysregulated T cell polarization in the spleen. Anti-CD3 stimulation of splenocytes from IL-4c-treated RαTd/Td mice led to significantly increased secretion of IL-17A, TNFα and IL-1α compared to splenocytes from the counterpart Rα+/+ mice (Figure 6G). Combined, these in vitro and in vivo data reveal a previously unappreciated role for peritoneal macrophage-derived RELMα in mitigating IL-4 induced inflammation and immunopathology through promoting Treg responses and limiting proinflammatory macrophage and T cell responses.




Discussion

As critical sentinels of the peritoneal cavity and visceral organs, the biology of peritoneal macrophages is increasingly being investigated (2, 53–56). These studies highlight the complexity and importance of these cells in response to infection and inflammation (55, 57), but also reveal their role in immune homeostasis (1, 2, 58, 59). Peritoneal macrophages follow similar activation pathways to other macrophage lineages, where M1 macrophages activated by IFNγ and TNFα have enhanced microbicidal or tumoricidal capacity and secrete high levels of pro-inflammatory cytokines and mediators (60), while IL-4 activated M2 macrophages reduce inflammation and contribute to tissue repair through secretion of IL-10 and TGF-β (61, 62). Although M2 macrophages have anti-inflammatory roles, dysregulation of these signaling pathways also induce inflammation and immunopathology (38), which we investigated using the in vivo model of IL-4c induced peritonitis. RELMα is a signature marker of small peritoneal macrophages under homeostatic conditions and is highly expressed by small and large peritoneal macrophages in a type 2 cytokine environment. However, the potential contribution of RELMα to peritoneal macrophage activation, function, or effects on other immune or resident cells are unknown. We addressed this question by generating RELMα transgenic mice and found that RELMα expressed by peritoneal macrophages acts back to limit macrophage proliferation and activation. Macrophage-derived RELMα was also critical to support regulatory T cell proliferation and function.

Genetically deficient RELMα mice have been previously investigated (28, 29, 31), and one study generated a RELMα-cre recombinase mouse line that enabled fate mapping of RELMα-expressing cells and diphtheria toxin-induced deletion of these cells (23). In the fate mapping RELMα-cre mice, any cell in which the Retnla promoter has been active at any time, will have constitutive reporter protein expression throughout its lifespan, therefore potentially overrepresenting RELMα expression. In contrast, the reporter mouse model described here can reflect temporal changes in Retnla promoter activity. Here, we validate its utility as a faithful reporter by side-by-side analysis of TdTomato reporter and RELMα mRNA and protein expression. Compared to the RELMα-cre mice, or other studies in helminth infection, we found that peritoneal macrophages were the dominant source of RELMα, while eosinophils and B1 cells only expressed modest levels of RELMα in response to IL-4. Our data is consistent with RNA-seq and Immgen datasets that evaluate naïve immune cell subsets (13), where small peritoneal macrophages are the highest RELMα expressors. Compared to other mouse models, these mice offer the potential to specifically delete RELMα within individual cells. Furthermore, this alleviates the need for diphtheria toxin, that causes apoptosis and can have pathologic consequences independent of RELMα function. In this study, we validated our transgenic mice by crossing them to a universal cre-deleter mouse line, however, this transgenic mouse model provides the valuable opportunity in future studies to delete RELMα in specific cell-types.

Consistent with other studies demonstrating a protective and anti-inflammatory role for RELMα, we show that RELMα is only expressed in naïve small peritoneal macrophage but is expressed by small and large peritoneal macrophages in IL-4-induced peritonitis. Within the peritoneal cavity, the main cell target of RELMα was the large peritoneal macrophage (LPM), where RELMα limited LPM proliferation and activation. This suggests that the same cell-type that produces RELMα is also its target, suggesting a macrophage-intrinsic negative feedback loop. Since IL-4 drives significant expansion of peritoneal resident macrophages, it may be important for immune homeostasis and energy conservation to have internal feedback mechanisms, such as RELMα, to keep this process in-check. For instance, sustained IL-4 exposure leads to immunopathology such as the macrophage activation syndrome, where splenomegaly is observed (38). The treatment regime in our studies involved only two IL-4c injections, however, RαTd/Td mice had already begun to exhibit immunopathologic features such as splenomegaly.

Gene expression analysis of the peritoneal macrophages from wild-type or RELMα-deficient mice indicated dual effects for RELMα in limiting proliferation and promoting survival, while also regulating macrophage polarization. RELMα-deficient macrophages had reduced expression of checkpoint inhibitors Dusp2, Batf (43, 63), but increased expression of anti-apoptotic signals such as Bcl2, Ctss and Pim2 (Figure S3B) (64, 65). RELMα-deficient macrophages exhibited increased genes associated with functional myeloid pathways compared to wild-type macrophages, suggesting overall enhanced myeloid activation. These included increased expression of Cd74, Cd14, Mpeg1, Ccl6 and MHCII, increased complement factors associated with the coagulation cascade (C1qa, C1qb, C1qc), and higher expression of phagocytic and scavenger receptors (Mertk, Cd32, Cd16, Marco). Most of RELMα-deficient macrophages upregulated genes associated M1 macrophage activation and antimicrobial function, including Cybb (66), Ifnar2 (67), Birc3 (68), Ccr5 (69) and Cd84 (70) (Figure S3B). In contrast, RELMα deficiency did not affect expression of other M2 macrophage signature genes such as Ym1 or Arginase, suggesting a regulatory effect of RELMα through inhibiting M1 activation, rather than promoting M2 activation.

Although gene expression analysis was performed on bulk-sorted peritoneal macrophages and did not distinguish monocyte-derived SPM from resident LPM, RELMα deficiency resulted in a heterogeneous macrophage phenotype with SPM and LPM markers. These included increased expression in RELMα-deficient macrophages of LPM-specific genes such as Timd4 and Cxcl13, but also SPM-associated genes MHCII, CD62L (Sell), CD38 and CD74 (71, 72). IL-4c-induced peritonitis has been previously shown to be caused by resident LPM proliferation rather than the recruitment of blood monocytes (17, 73). In our studies both RαTd/Td SPM and LPM showed evidence of increased proliferative capacity with elevated Ki67 expression compared to Rα+/+ macrophages, yet we did not observe significantly increased SPM numbers. It is possible that in the RELMα-/- environment, SPM were transitioning to LPM, as has been reported in inflammatory environments (71–73). Indeed, the absence of RELMα led to increased circulating inflammatory cytokines including TNFα, IFNγ, IL-6 and IL-1α, and exacerbated splenomegaly. Gene expression analysis revealed increased genes associated with growth factor signaling and angiogenesis (e.g. Pdgfb, Ncf2 and Fn1) in the RELMα-deficient macrophages, which could have contributed to the splenomegaly.

The main regulatory effects of RELMα in limiting inflammation and immunopathology were observed following IL-4 treatment, however, MHCII genes (H2-Aa, H2-Ab1 and H2-DMa) were consistently elevated in the RELMα-deficient macrophages in both PBS and IL-4c treatment, suggesting a potential effect of RELMα on antigen presentation in a homeostatic or type 2 cytokine environment. To investigate the role of macrophage-intrinsic RELMα in T cell responses, we performed splenocyte co-cultures with peritoneal macrophages from wild-type or RELMα-deficient mice. RELMα deficiency had no significant effect on effector T cell responses, however, was unable to support optimal regulatory T cell proliferation. The direct mechanism underlying this defect is unclear, however, cytokine quantification revealed decreased Treg-associated cytokines GM-CSF (74) and IL-10, and conversely increased IL-6 in RELMα-deficient macrophage co-cultures. These co-culture findings were supported by the in vivo studies, where there was reduced Treg frequency in the spleen, but enhanced Th17 cell responses. RELMα-deficient macrophages had increased expression of the IL-2R (CD25), suggesting that they may limit IL-2 availability to the Tregs (75, 76), which was supported by our finding that IL-2 levels were significantly reduced in RELMα-deficient macrophage co-cultures. However, further experiments are needed to functionally link CD25 expression with IL-2 consumption by RELMα-deficient macrophages. Also, future investigation of the Tregs is warranted, such as their ability to suppress naïve T cells, and how their function is altered by RELMα. Immunofluorescent staining validated Treg reduction in the spleen, which may have contributed to the splenomegaly by removal of this regulatory brake. Macrophages in the spleen express RELMα, therefore splenic macrophage function may be similar to what was observed for the peritoneal cavity macrophages. An alternative possibility is that peritoneal macrophages migrate to the spleen, as prior studies observed peritoneal macrophage migration to other organs such as the liver in response to injury (2). Previous studies used bone marrow-derived macrophages or dendritic cells and in vivo helminth infection to address RELMα function in T cell polarization (28–30). Findings from these studies revealed many effects of RELMα on T cells, such as limiting Th2 cell polarization and promoting T cell-derived IL-10. Our studies support an immune regulatory role for RELMα on Tregs. However, we did not observe any differences in Th2 cell polarization, potentially because we interrogated the effect of RELMα on IL-4-induced responses, compared to the more complex outcomes and regulatory networks in helminth infection. Here, we further demonstrate the in vivo significance of resident peritoneal macrophages, which express significantly higher levels of RELMα than in vitro bone marrow-derived cells. We also identify a targeted effect of RELMα on promoting Treg proliferation with functional consequences to limit spleen immunopathology. Overall, these studies identify dual effects of macrophage-intrinsic RELMα in limiting macrophage activation while supporting Treg responses with the overall effect of limiting type 2 cytokine-mediated immunopathology. Investigation of this macrophage-Treg axis, and how it is influenced by RELMα, will be an important future direction to assess the biological significance of this interaction beyond IL-4c injection. Specifically, this immune regulatory role for RELMα in the peritoneal cavity may critically influence the outcome of type 2 cytokine-biased diseases such as helminth infection, injury and repair to visceral organs (77–80), but conversely may have impact in other settings where peritoneal macrophages and Tregs are detrimental such as in cancer metastases (81, 82).
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Viral pneumonias are a major cause of morbidity and mortality, owing in part to dysregulated excessive lung inflammation, and therapies to modulate host responses to viral lung injury are urgently needed. Protectin conjugates in tissue regeneration 1 (PCTR1) and protectin D1 (PD1) are specialized pro-resolving mediators (SPMs) whose roles in viral pneumonia are of interest. In a mouse model of Respiratory Syncytial Virus (RSV) pneumonia, intranasal PCTR1 and PD1 each decreased RSV genomic viral load in lung tissue when given after RSV infection. Concurrent with enhanced viral clearance, PCTR1 administration post-infection, decreased eosinophils, neutrophils, and NK cells, including NKG2D+ activated NK cells, in the lung. Intranasal PD1 administration post-infection decreased lung eosinophils and Il-13 expression. PCTR1 increased lung expression of cathelicidin anti-microbial peptide and decreased interferon-gamma production by lung CD4+ T cells. PCTR1 and PD1 each increased interferon-lambda expression in human bronchial epithelial cells in vitro and attenuated RSV-induced suppression of interferon-lambda in mouse lung in vivo. Liquid chromatography coupled with tandem mass spectrometry of RSV-infected and untreated mouse lungs demonstrated endogenous PCTR1 and PD1 that decreased early in the time course while cysteinyl-leukotrienes (cys-LTs) increased during early infection. As RSV infection resolved, PCTR1 and PD1 increased and cys-LTs decreased to pre-infection levels. Together, these results indicate that PCTR1 and PD1 are each regulated during RSV pneumonia, with overlapping and distinct mechanisms for PCTR1 and PD1 during the resolution of viral infection and its associated inflammation.
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Introduction

The resolution of inflammation is an actively regulated process in which specialized pro-resolving mediators (SPMs) play a prominent role. SPMs are endogenous lipid mediators that include lipoxins, resolvins, maresins, and protectins, which are enzymatically produced from essential polyunsaturated fatty acids (1). SPMs can drive the resolution of acute inflammatory processes to restore tissue homeostasis after sterile or infectious injury and can enhance pathogen clearance in animal infection models (2, 3). Of particular interest is the docosahexaenoic acid (DHA)-derived protectin family of SPMs, including protectin conjugates in tissue regeneration 1 (PCTR1: 16R-glutathionyl, 17S-hydroxy-4Z,7Z,10Z,12E,14E,19Z-docosahexaenoic acid) (4) and protectin D1 (PD1: 10R,17S-dihydroxy-4Z,7Z,11E,13E,15Z,19Z-docosahexaenoic acid) (5) (see Figure 1).




Figure 1 | Proposed biosynthesis of protectin conjugates in tissue regeneration 1 (PCTR1) and protectin D1 (PD1). Docosahexaenoic acid (DHA) is converted to 17S-hydro(peroxy)-docosahexaenoic acid (17S-H(p)DHA) via 15-lipoxygenase (LOX) in human cells and 12/15-LOX in mice (5, 6). Enzymatic epoxidation of 17S-H(p)DHA produces the 16S,17S-epoxy-protectin intermediate (5, 6). Enzymatic hydrolysis of the 16S,17S-epoxy-protectin intermediate generates protectin D1 (PD1) (5, 6) and glutathione S-transferase-mediated (LTC4S, leukotriene C4 synthase; GSTM4, glutathione S-transferase Mu 4; mGST3, microsomal glutathione S-transferase 3) SN2 reaction with glutathione produces protectin conjugates in tissue regeneration 1 (PCTR1) (4, 7, 8). The products and intermediates are depicted in their assigned complete stereochemical configurations (4–6).



DHA is converted to 17S-hydro(peroxy)-docosahexaenoic acid (17S-H(p)DHA) via 15-lipoxygenase (LOX) in human cells and 12/15-LOX in mice (5, 6). Enzymatic epoxidation of 17S-H(p)DHA produces the 16S,17S-epoxy-protectin intermediate (5, 6). Enzymatic hydrolysis of the 16S,17S-epoxy-protectin intermediate generates protectin D1 (PD1) (5, 6) and glutathione S-transferase-mediated (LTC4S, leukotriene C4 synthase; GSTM4, glutathione S-transferase Mu 4; mGST3, microsomal glutathione S-transferase 3) SN2 reaction with glutathione produces protectin conjugates in tissue regeneration 1 (PCTR1) (4, 7, 8). Because of structural similarities between PCTRs and other cysteinyl-SPMs (cys-SPMs) such as maresin conjugates in tissue regeneration, PCTR1 is proposed to be subsequently converted to PCTR2 by γ-glutamyl transferase, followed by conversion to PCTR3 by dipeptidases (9). Of note, this biosynthetic pathway can be influenced by neuronal stimuli such as acetylcholine (10). Protectins act through G-coupled receptors (11) and intracellular mediators such as TNF receptor associated factor 3 (12).

Importantly, PCTR1 is present in human lung tissue (13) and decreases neutrophil migration while increasing macrophage recruitment and efferocytosis (4). PD1 is present in human exhaled breath condensates and decreases during acute airway inflammation such as asthma exacerbation (14); PD1 decreases T cell migration, promotes T cell apoptosis, and reduces inflammatory cytokine production (15).

Respiratory Syncytial Virus (RSV) is a leading cause of viral lower respiratory tract infection in children and elderly patients, causing over 34 million estimated infections and 3.5 million estimated hospitalizations annually across the globe (16, 17). The most severe cases are marked clinically by respiratory failure and pathologically by peribronchial and interstitial inflammation, with airways often occluded by cellular debris and mucus (18). The host response to RSV infection is complex, involving multiple cellular and molecular factors, overall promoting viral clearance but often causing significant pathogen-associated lung pathology (19). Although anti-inflammatory agents such as steroids suppress inflammation, they do not improve RSV outcomes and are limited by immunosuppressive risks including secondary bacterial infection and impaired viral clearance (20). While monoclonal antibodies can prevent severe RSV infection in high-risk infants (21), no therapies are available for active infection, making new approaches to RSV treatment urgently necessary (22).

The relationship between SPMs and viral-mediated acute lung inflammation is of interest. PCTR1 promotes resolution of bacterial inflammation (4); the role of PCTR1 in viral infection remains to be determined. During influenza infection, strain virulence is associated with impaired SPM signaling in mice, and PD1 limits viral replication via inhibition of viral RNA nuclear export in vitro, improving survival when administered in vivo in a mouse model (23). During RSV infection, enzymatic activity of 5-lipoxygenase, necessary for biosynthesis of the lipoxin and resolvin families of SPMs, promotes resolution of lung injury via alternative activation of macrophages (24); however, the roles of PCTR1 and PD1 from the protectin pathway remain to be determined in RSV infection.

Here, we investigated PCTR1 and PD1’s actions in RSV infections and identified temporal regulation of protectins in the lung after RSV infection. When given post-infection, these protectins attenuated lung inflammation, reduced viral burden, and regulated interferon and anti-microbial peptide expression.



Materials and Methods


Viral Propagation and Quantification

Respiratory Syncytial Virus, strain Line 19, was originally isolated from a sick infant and generously provided by Dr. Nicholas Lukacs (University of Michigan, MI). Virus was propagated in HEp-2 cells (ATCC, Manassas, VA) and quantified by plaque assay, similar to prior publications (25) using NY3.2 STAT1-/- murine fibroblast cells (26) generously provided by Dr. Jennifer Bomberger (University of Pittsburgh, PA). Cells were cultured at 37°C in 5% CO2 in Dulbecco’s Modified Eagle’s Medium (DMEM) with L-glutamine (Lonza, Mapleton, IL) supplemented with 10% Fetal Bovine Serum (Denville Scientific, Metuchen, NJ), 100 U/mL penicillin with 100 μg/mL streptomycin (Lonza), and 10 μg/mL gentamycin (Sigma-Aldrich, St. Louis, MO).



Animals and Infection

Experimental protocols were approved by the Institutional Animal Care and Use Committee at Harvard Medical School/Brigham and Women’s Hospital. 6-8 week old C57BL/6 male mice (Jackson Laboratory, Bar Harbor, ME) were housed in specific pathogen-free conditions at 25°C with regular light and dark cycles at the Center for Comparative Medicine at Brigham and Women’s Hospital. Mice were fed ad libitum with a standard commercial diet including approximately 13.1% total fat and 0.5% omega-3 fatty acids (ScottPharma, Marlborough, MA). Under inhaled isoflurane anesthesia, mice were infected with 105 Plaque Forming Units (PFU) of viral stock in 30-50 µL of Hep2 cell culture media. In some experiments, isoflurane-anesthetized mice were administered 15 µL of SPM (100 ng) or vehicle (Phosphate Buffered Saline, PBS) intranasally (i.n.) on days 3, 4, 5 post infection (p.i.) and harvested on day 6 or day 8 p.i.



Specialized Pro-Resolving Mediators

PCTR1 (16R-glutathionyl, 17S-hydroxy-4Z,7Z,10Z,12E,14E,19Z-docosahexaenoic acid), 13 N-PCTR1, and 13 N-MCTR3 were each synthesized by total organic synthesis and provided by Dr. Nicos A. Petasis (University of Southern California) via subcontract for P01GM095467 to CNS. PCTR1, PD1 (10R,17S-dihydroxy-4Z,7Z,11E,13E,15Z,19Z-docosahexaenoic acid), 17-HDHA, d4-LTB4, d8-5S-HETE, d5-LTC4, d5-LTD4, LTC4, LTD4, and LTE4 were purchased from Cayman Chemical (Ann Arbor, MI). For cellular administration, PCTR1, PD1, or vehicle (ethanol) was diluted in media to a final ethanol concentration <0.1%. For mouse administration, PCTR1, PD1, or vehicle (ethanol) was brought to dryness with a gentle stream of nitrogen gas prior to resuspension in PBS. Before experiments, each SPM was authenticated and validated using an unbiased library search (Sciex OS Version 1.7.0.36606) and was in accordance with its reported physical properties established earlier (4, 5).



Quantitative Polymerase Chain Reaction

Perfused left lungs or cell monolayers were homogenized in TRIzol (Invitrogen, Carlsbad, CA) and total RNA was extracted using a chloroform extraction method as previously described (27). After DNAse treatment (Invitrogen), cDNA was generated using the Taqman Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA). Samples were quantified on AriaMx real-time qPCR system (Agilent Technologies, Santa Clara, CA) using EvaGreen supermix (Bio-Rad, Hercules, CA) and primers as described (Integrated DNA Technologies, Coralville, IA) (Table S1). Quantification was performed using the 2-ΔΔCt method, using 18s housekeeping gene to calculate fold change relative to naïve control or RSV-infected vehicle control as specified. Mouse and human mRNA expression of the PD1 receptor GPR37 (11) in sorted lung cells was obtained from the public LungMAP Database (https://lungmap.net).



Histopathology

Right lungs were fixed by inflation with Zinc Fixative (BD Biosciences) via tracheostomy at a transpulmonary pressure of 20 cm H2O. Lung sections were stained by the Rodent Histopathology Core at Harvard Medical School. Images were obtained using a CX33 microscope with EP50 camera (Olympus Life Science, Tokyo, Japan).



Lung Cell Preparation

Lungs were perfused with 5mL PBS via right ventricular puncture, extracted and maintained on ice in PBS with 0.7 mg/mL Collagenase A (Roche, Cambridge MA), 30 μg/mL DNase I (Sigma-Aldrich) and 2% FBS. Lung tissue was dissociated into a single cell suspension using a gentleMACS dissociator (Miltenyi Biotec, Somerville, MA) according to the manufacturer’s instructions. Lung cells were filtered through a 70 µm strainer (Thermo Fisher Scientific) and counted in Trypan Blue (Sigma-Aldrich) via hemocytometer (eFluor 506, Thermo Fisher Scientific). Cells were stained with viability dye (eFluor 506, Thermo Fisher Scientific), fixed and permeabilized using the FoxP3 kit (eBioscience San Diego, CA) according to the manufacturer’s instructions prior to staining for flow cytometry. In some cases, cells were stimulated in a commercial cocktail of phorbol 12-myristate 13-acetate, ionomycin, brefeldin A and monensin (Tonbo Biosciences, San Diego CA) for 4 hours prior to viability dye, fixing, permeabilization, and staining.



Flow Cytometry

The following antibodies were used to identify cellular subsets and intracellular cytokines in whole lung homogenates: from BioLegend (San Diego, CA) CD45-PerCP, CD11c-FITC, Ly6G-AF700, MHC class II-BV421, CD4-FITC, CD8a-APC-Cy7, CD3-Q655, NKG2D-PE, NK1.1-PE-Cy7, IFNγ-PE; from eBioscience, CD11b-APC; from BD Biosciences (San Jose, CA) SiglecF-PE. Samples were obtained using an LSR Fortessa flow cytometer (BD Biosciences) and analyzed using FlowJo software version 10 (Ashland, OR). Cells of interest were identified after exclusion of debris, dead cells and doublets (Figure S2).



Bronchoalveolar Lavage and Enzyme-Linked Immunosorbent Assay (ELISA)

Lungs were lavaged with two separated volumes of 1 mL each of 0.6 mM EDTA in PBS, via an intratracheal catheter. ELISA for murine interferon-alpha (PBL Assay Science, Piscataway, NJ), interferon-beta and interferon-lambda 2/3 (R&D Systems, Minneapolis, MN) in BAL samples was performed according to manufacturer’s instructions. Interferon levels were normalized to total protein content in BAL fluid as measured by bicinchoninic acid assay (Thermo Fisher Scientific).



Human Airway Epithelial Cells

Calu-3 (ATCC) and A549 (ATCC) human airway epithelial cell lines were cultured in Eagle’s Minimum Essential Media (ATCC) or Dulbecco's Modified Eagle's Medium (Lonza), respectively, with 10% FBS, penicillin, and streptomycin as above. Cell monolayers were grown to >80% confluency, washed with PBS and infected in media with 0% FBS at a multiplicity of infection of 0.05 or 0.1 for 2 hours. Viral inoculum was replaced by 10% FBS media with PCTR1 or PD1 (10 nM) or vehicle (ethanol) and cells were incubated at 37°C in 5% CO2 for 24 hours.



Lipid Mediator Metabololipidomics

Un-perfused lung tissue was snap-frozen in liquid nitrogen, prior to addition of ice-cold liquid chromatography/mass spectrometry-grade methanol (Thermo Fisher Scientific) containing 500 pg of each of the following deuterium-labeled internal standards: d8-5S-HETE (Cayman Chemical), d4-LTB4 (Cayman Chemical), d5-LTC4 (Cayman Chemical), d5-LTD4 (Cayman Chemical), 13 N-MCTR3, and 13 N-PCTR1 for calculating extraction and recovery of endogenous material. Lungs were gently dispersed using a glass tissue grinder (Kimble Chase Life Science and Research Products, Vineland, NJ) and protein precipitation occurred at -20°C for 30 minutes. Lung suspensions were centrifuged at 1000 g for 10 minutes at 4°C, supernatants were collected, and products were solid phase extracted per optimized methods using an automated extractor (Extrahera, Biotage, Charlotte, NC) as in reference (8). Samples were brought to an apparent pH 3.5 with acidified water (9 mL), and rapidly loaded onto 3 mL-SPE Isolute C18 100 mg cartridges (Biotage) and neutralized with double-distilled water (4 mL). The columns were washed once with hexane (Supelco, Bellefonte, PA) (4 mL). Next, the methyl formate fraction (Sigma-Aldrich) (4 mL) eluted SPMs, prostaglandins, leukotrienes, and thromboxane. The methanol fraction (Thermo Fisher Scientific) (4 mL) eluted cys-SPMs and cys-LTs. Both the methyl formate and methanol fractions were separately brought to dryness with a gentle stream of nitrogen gas using an automated evaporation system (TurboVap LV, Biotage), and immediately suspended in a methanol-water mixture (50:50, v/v) for injection on liquid chromatography tandem mass spectrometer (LC-MS/MS). Samples were injected and data acquired using a LC-MS/MS 6500+ QTRAP in low mass mode (Sciex, Framingham, MA) equipped with an ExionLC (Shimadzu, Tokyo, Japan).

A Kinetex Polar C18 column (100 mm x 4.6 mm x 2.6 µm; Phenomenex, Torrance, CA, USA) was kept in a column heat jacket maintained at 50°C. (Table S2) specifies polarity, retention time (min), Q1 (m/z), Q3 (m/z), dwell time (msec), declustering potential (DP, V), entrance potential (EP, V), collision energy (CE, V), collision cell exit potential (CXP, V), calibration correlation coefficient (r2), and lower limit of detection (LLOD, pg) for each mediator. The mobile phase gradient, multiple reaction monitoring (MRM), and enhanced product ion (EPI) mode settings are described in (Table S3). For each mediator, linear calibration curves were obtained using synthetic material with r2 values of ≥0.98. Identification of each mediator included unbiased MS/MS matching (>70% fit score) to authentic and synthetic material in a MS/MS library (library matching parameters: precursor mass tolerance ± 0.8 Da, fragment mass tolerance ± 0.4 Da, collision energy ± 5 eV, use polarity, intensity threshold = 0.05, minimal purity = 5.0%, and intensity factor = 100) and a matching retention time to those of the authentic and synthetic material. Data was acquired with Analyst 1.7.1 software (Sciex). The MS/MS spectral library was created in LibraryView version 1.4.0 (Sciex). LC-MS/MS MRM trace data and EPI spectral data are shown as screen captures from Sciex OS version 1.7.0.36606 (Sciex).



Statistics

Statistical analysis was performed using GraphPad Prism software, version 9 (San Diego, CA) or RStudio (Boston, MA). One-way ANOVA with Holm-Sidak’s correction for multiple comparisons was used for parametric data, and Kruskall-Wallis test with Dunn’s correction for multiple comparisons was used for non-parametric data. Findings were considered significant when p≤0.05 and not significant when p>0.10. Statistical outliers were excluded by Rout’s outlier analysis (Q = 1%). For qPCR experiments, statistical analysis was performed on ΔCT values for time-course data, and on ΔCT values normalized to each experiment (ΔCT of sample/average ΔCT of the RSV-infected vehicle control group) for replicate experiments of RSV-infected mice.




Results


RSV Pneumonia Resolves Spontaneously in C57/BL6 Mice

In order to investigate mechanisms of resolution of RSV infection and associated inflammation, we generated a self-limited RSV pneumonia model: C57/BL6 mice were infected intranasally with 105 Plaque Forming Units (PFU) of a clinically-isolated strain of RSV, Line 19 (28). Lung weight and RNA copies of RSV genes were measured serially after infection (Figure 2). Weight of the right lung was significantly increased 3 days post infection (p.i.) (189.0 ± 15.1 mg) compared to pre-infection lung weight (92.6 ± 2.0 mg, p<0.001) and to lung weights at 6 days p.i. (93.5 ± 4.9 mg, p<0.001) and 12 days p.i. (110.0 ± 1.78 mg, p<0.001). Simultaneously, viral load, as measured by quantitative PCR (qPCR) of the RSV nucleoprotein (N) gene RNA in whole left lung, was increased day 3 p.i. (mean fold change of 3.79 ± 2.41 x104, p=0.010) and day 6 p.i. (mean fold change of 1.52 ± 0.56 x104, p=0.010), with no remaining difference by day 12 p.i. Similarly, RNA copies of the RSV Large polymerase (L) gene, which correlate with active viral replication (29), were increased at day 3 p.i. (mean fold change of 4.63 ± 2.66 x103, p=0.001) and day 6 p.i. (mean fold change of 3.27 ± 1.05 x103, p=0.001), with no remaining difference by day 12 p.i.




Figure 2 | Mouse RSV pneumonia resolves spontaneously. Mice were infected with 105 PFU of the RSV Line19 strain. Left axis: RSV N gene and L gene viral RNA expression in left lung tissue. Right axis: weight of right lung. Values are mean of n=3-4 per time point ± SEM and are representative of 2 separate experiments. **p < 0.01 vs Day 0, #p ≤  0.05 vs Day 3, ##p < 0.01 vs Day 3 by One-way ANOVA with Holm-Sidak’s multiple comparison correction.





PCTR1 and PD1 Decrease Viral Burden During RSV Infection

Because PCTR1 and PD1 are present in lung tissue (13, 14) and PD1 reduced viral burden of influenza (23), we evaluated whether PCTR1 or PD1 could facilitate host resolution of RSV infection in this model. C57/BL6 mice were infected intranasally (i.n.) with 105 PFU of RSV as above, prior to i.n. treatment with PCTR1 (100 ng), PD1 (100 ng), or vehicle on days 3, 4, and 5 p.i., and lungs were harvested at day 6 or day 8 p.i. (Figure 3A). RSV N gene RNA was significantly decreased in PCTR1 and PD1 cohorts (mean fold changes of 0.40 ± 0.11 and 0.21 ± 0.10, respectively; p=0.032 and p<0.001, respectively) relative to vehicle control 6 days after RSV infection (Figure 3B). In addition, RSV L gene RNA transcripts were also decreased in PCTR1- and PD1-exposed lungs (mean fold changes of 0.68 ± 0.29 and 0.21 ± 0.07, respectively; p=0.057 and p=0.004, respectively) compared to vehicle control at day 6 p.i. (Figure 3C). These trends continued at day 8 p.i., with lower viral RNA transcripts of RSV N gene and RSV L gene in lung tissue of PCTR1 and PD1 cohorts compared to vehicle control. At day 8 relative to day 6 p.i., the vehicle mean fold change was 0.010 ± 0.006 for RSV N gene and 0.010 ± 0.007 for RSV N gene (Figures 3D, E). PCTR1 and PD1 treatment each further decreased RSV N gene viral transcripts on day 8 relative to vehicle control (mean fold change 0.001 ± <0.001 and <0.001 ± <0.001, respectively; p=0.191 and p=0.062, respectively) (Figure 3D). Similarly, PCTR1 and PD1 treatment each also decreased RSV L gene transcripts on day 8 relative to vehicle control (mean fold changes 0.003 ± 0.001 and 0.001 ± <0.001, respectively; p=0.653 and p=0.100) (Figure 3E).




Figure 3 | PCTR1 and PD1 decrease viral transcripts during mouse RSV infection. (A) Schema of experimental mouse infection with intranasal 105 PFU of RSV, administration of PCTR1 or PD1 (100 ng intranasal) or vehicle daily on days 3-5 post infection, and measurement of viral gene expression on day 6 and day 8. (B–E) Relative RNA expression of (B) RSV N gene or (C) RSV L gene in the mouse lung tissue at day 6 after RSV infection or of (D) RSV N gene or (E) RSV L gene at day 8. Values are mean of n=4-9 per group ± SEM and include >4 separate experiments (B, C) or 1 experiment (D, E). *p < 0.05, **p < 0.01, @p ≤  0.10 vs vehicle by Kruskall-Wallis test with Dunn’s multiple comparison correction.



Of note, mRNA copies of the recently identified RSV entry receptor, Insulin-like Growth Factor 1 Receptor (Igf1r), were not significantly changed after PCTR1 or PD1 exposure in mice at day 6 p.i. (ΔCT values of 13.9 ± 0.5 and 13.6 ± 0.7 respectively, compared to 13.6 ± 0.4 for vehicle control; p=ns for both). Calu-3 human airway epithelial cells express the PD1 receptor gene GPR37 (11) (Figure 5F). Exposure to PCTR1 or PD1 did not significantly change RSV N gene or RSV L gene copies (Figure S1) or IGF1R expression (ΔCT values of 11.9 ± 0.1 and 11.8 ± 0.4 respectively, compared to 11.1 ± 0.7 for vehicle control; p=ns for both) in directly infected Calu-3 airway epithelial cells in vitro at 24h p.i. The human airway epithelial cell line A549 also expressed GPR37 RNA and was infected similarly without significant changes in viral gene expression after exposure to PCTR1 or PD1 (ΔCT values of 7.7 ± 0.1 and 7.9 respectively, compared to 8.1 ± 0.3 for vehicle control; p=ns for both).



PCTR1 and PD1 Decrease Lung Inflammation During RSV Infection

Given the decreases in viral load with in vivo PCTR1 or PD1 treatment, we evaluated effects of these SPMs on leukocyte responses to RSV. Mice were treated as in Figure 3A. At day 6 p.i., representative histology revealed alveolitis and peribronchial inflammation in RSV-infected mice exposed to vehicle control, with attenuation of these findings in infected mice exposed to PCTR1 or PD1 (Figure 4A). Given the predominantly interstitial nature of lung inflammation observed in this C57/BL6 mouse model, we evaluated single-cell lung homogenates by flow cytometry analysis for quantification of cellular subtypes (Figures 4B–D, Figure S2). Compared to vehicle, PCTR1 and PD1 significantly decreased lung CD11chiCD11blo macrophages (2.24 ± 0.22 and 2.79 ± 0.26, respectively, vs 6.03 ± 1.44 cells x105 [vehicle], p=0.012 and 0.019) (Figure 4E) and lung eosinophils (0.41 ± 0.08 and 0.45 ± 0.09, respectively, vs 1.25 ± 0.37 cells x105 [vehicle], p=0.041 for both) (Figure 4F). PCTR1 significantly decreased lung neutrophils (0.95 ± 0.17 vs 3.72 ± 1.29 cells x105 [vehicle], p=0.044), with a similar trend for PD1 (1.60 ± 0.33 cells x105, p=0.082 vs vehicle) (Figure 4G).




Figure 4 | PCTR1 and PD1 decrease inflammatory responses to mouse RSV infection. Mice were infected with 105 PFU of RSV, followed by administration of PCTR1 or PD1 (100 ng intranasal) or vehicle daily on days 3-5 post infection and harvest of lungs at day 6. (A) Representative hematoxylin- and eosin-stained histology of mouse lung tissue at 10x and 40x magnification. “A” identifies airway lumen; arrowheads denote areas of peri-bronchiolitis; Asterix denotes area of interstitial alveolitis. (B, C) Gating strategy for identification of (B) macrophage and granulocyte or (C) lymphocyte subsets, after doublet and dead cell exclusion. (D) The NKG2D+ NK cell population was determined by comparison to Fluorescence Minus One (FMO) staining. (E–G) Populations of (E) CD11chi CD11blo macrophages, (F) Eosinophils and (G) Neutrophils per right lung by flow cytometry. (H) Relative Il-13 RNA expression in lung tissue. (I–L) Populations of (I) NK cells, (J) NKG2D+ NK cells, (K) CD4+ T cells, (L) CD8+ T cells per right lung by flow cytometry. Values are mean of n ≥ 4 per group ± SEM and include >4 separate experiments (B, C, E–I, K, L) or 2 separate experiments (D, J). *p < 0.05 vs vehicle, @p < 0.10 vs vehicle by one-way ANOVA with Holm-Sidak’s multiple comparisons correction.



Because skewing of cytokine and adaptive immune responses from type 1 to type 2 is associated with more severe RSV disease (29, 30), we evaluated the type 2 gene Il-13 mRNA transcripts. Il-13 expression was significantly decreased in infected mice exposed to PD1 relative to vehicle control (fold change 0.47 ± 0.22 vs vehicle, p=0.037) (Figure 4H). No significant changes in Il-13 expression were present in mice exposed to PCTR1. Of note, neither PCTR1 nor PD1 increased Il-13 expression or eosinophilia (Figures 4F, H).

Additionally, PCTR1 decreased the number of Natural Killer (NK) cells in the lung (0.93 ± 0.21 vs 2.28 ± 0.49 cells x105 [vehicle], p=0.023) (Figure 4I), including NK cells expressing the NKG2D activating receptor (0.65 ± 0.21 vs 1.79 ± 0.35 cells x104 [vehicle], p=0.033) (Figure 4J), with a similar trend for CD4+ and CD8+ T cells (Figures 4K, L).



PCTR1 and PD1 Regulate Host Antiviral Responses During RSV Infection

Since PCTR1 and PD1 decreased viral load and inflammatory parameters in vivo, we next investigated whether PCTR1 or PD1 regulated anti-microbial peptide expression or interferon (IFN) signaling as potential mechanisms for enhanced viral clearance distinct from cellular inflammation. Expression of murine Cathelicidin Anti-Microbial Peptide (Camp, the human ortholog of which is also called LL-37) was significantly increased in the PCTR1 cohort compared to vehicle (fold change 2.48 ± 0.51, p=0.036) (Figure 5A). As measured by intracellular flow cytometric staining of stimulated CD4+ T lymphocytes, PCTR1 significantly decreased interferon-gamma (IFNγ) expression compared to vehicle, as measured by IFNγ+ CD4+ T cells (1.08 ± 0.15 vs 2.82 ± 0.72 x104, p=0.029), returning expression to pre-infection baseline (Figure 5B), with a similar trend for IFNγ+ CD8+ T cells and IFNγ+ NK cells (Figures 5C, D). Concurrent with attenuation of IFNγ production, PCTR1 and PD1 increased expression of interferon-lambda (IFNλ) during RSV infection. RSV infection significantly decreased IFNλ protein levels in bronchoalveolar lavage (BAL) fluid relative to naïve controls (2.64 ± 0.35 [RSV + vehicle] vs 5.23 ± 0.28 [naïve] µg/g total protein, p=0.029). Of note, PCTR1 and PD1 prevented the RSV-induced decreases in IFNλ, maintaining the protective levels of IFNλ concentrations as those of uninfected mice (3.96 ± 0.68 and 3.15 ± 0.42 µg/g, respectively, p=ns for both) (Figure 5E). Type I interferons, interferon-alpha (IFNα) and -beta (IFNβ), were undetectable in BAL fluid at day 6 p.i.

In human airway epithelial cells directly infected with RSV, RNA expression of the PD1 receptor gene, GPR37, increased during RSV infection (2.07 ± 0.33 fold change compared to uninfected controls, p=0.007) and increased further with PCTR1 or PD1 exposure (fold changes 3.14 ± 0.26 and 3.06 ± 0.38, respectively, vs uninfected control, p<0.001 for both) (Figure 5F). Of note, RNA sequencing data from the LungMAP database (31) indicate that GPR37 is expressed by epithelial cells in lung tissue throughout development in mice and humans (Figure S3). Exposure of RSV-infected human airway epithelial cells to either PCTR1 or PD1 significantly increased RNA expression of two isoforms of IFNλ, IFNL1 (mean fold increases of 14.51 ± 6.07 and 15.35 ± 8.54, respectively, p=0.010 and p=0.016) and IFNL2/3 (mean fold increases of 17.70 ± 7.64 and 13.43 ± 7.10, p=0.003 and p=0.016) compared to the RSV-infected vehicle cohort (Figures 5G, H). mRNA transcripts of IFNα and IFNβ were not detectable in these samples 24 hours after infection.




Figure 5 | PCTR1 and PD1 regulate host antiviral responses after RSV infection in mice. (A) Cathelicidin Anti-Microbial Peptide (Camp) RNA expression in mouse lung tissue at day 6 post infection with RSV 105 PFU. (B–D) Intracellular IFNγ expression in (B) CD4+ T, (C) CD8+ T, and (D) NK cells. (E) IFNλ2/3 protein concentrations in bronchoalveolar lavage fluid. (F–H) Relative RNA expression of (F) GPR37, (G) IFNL1, and (H) IFNL2/3 in human airway epithelial cells. Values are mean of n = 4-11 per RSV group, n = 3-4 per naïve or uninfected group, ± SEM and include ≥3 separate experiments (A–E) or 2 separate experiments (F–H). *p ≤  0.05, **p < 0.01 by one-way ANOVA with Holm-Sidak’s multiple comparisons correction; #p ≤ 0.05 by Kruskall-Wallis test with Dunn’s multiple comparisons correction.





PCTR1 and PD1 Axes Are Temporally Regulated During RSV Infection

Since exogenous PCTR1 and PD1 administered on day 3 p.i. led to reduced genomic viral load and decreased interstitial lung inflammation when measured on day 6 p.i., we next evaluated whether endogenous production of protectins was altered during this self-limited model of RSV infection. Mice were infected with 105 PFU of RSV and lung tissue was subjected to multiple reaction monitoring (MRM) by liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) for evaluation of targeted lipid mediators at specified timepoints over the course of RSV infection.

Both PCTR1 and PD1 were detected in naïve and RSV-infected lung tissue in mice (Figures 6A, C), identified by an 80.1% unbiased library fit score and a 100.0% unbiased library fit score, respectively, as well as matching retention times to authentic and synthetic material (Figures 6B, D). PCTR1 and PD1 were significantly decreased at day 3 p.i. compared to naïve control (1.3 ± 0.8 pg/50 mg of lung tissue vs 12.4 ± 1.6 for PCTR1, p=0.001; 14.3 ± 1.4 vs 49.1 ± 3.7 for PD1, p=0.007) (Table 1) and increased significantly by day 12 p.i. (17.5 ± 0.9 pg/50 mg of lung tissue and 52.8 ± 3.7, respectively, compared to day 3 values; p<0.001 and p=0.004) (Table 1). Identification of the PD1 isomer protectin Dx (PDx, 10S,17S-dihydroxy-4Z,7Z,11E,13Z,15E,19Z-docosahexaenoic acid) and the separation between PD1 and PDx was also confirmed by unbiased library matching and retention time matching to authentic and synthetic material (data not shown). PCTR2 and PCTR3 were not detected in lungs during mouse RSV infection. Of interest, the DHA lipoxygenase product 17-hydroxy-docosahexaenoic acid (17-HDHA), a marker of the protectin biosynthetic pathway (Figure 1), was also significantly decreased at day 3 p.i. compared to naïve control (355.5 ± 46.2 pg/50 mg of lung tissue vs 1152.1 ± 61.9, respectively, p=0.004) and significantly increased by day 12 p.i. (1711.9 ± 128.7 pg/50 mg of lung tissue, p<0.001 compared to day 3 p.i.) (Table 1).




Figure 6 | Identification of PCTR1 and PD1 from RSV-infected mouse lung. (A, C) Screen captures from Sciex software of (A) PCTR1 and (C) PD1 targeted multiple reaction monitoring (MRM). Dark blue data-point indicates where the spectra for (B, D) were collected; vertical red line indicates the retention time for that data point. Shaded blue area denotes the area under the curve used for quantitation. Green arrows denote retention time at start and finish of quantitation. (B, D) Structure and tandem mass spectrometry fragmentation for (B) PCTR1 (m/z 650>231) with 80.1% unbiased fit to library and matching retention time and (D) PD1 (m/z 359>153) with 100% unbiased fit to library and matching retention time, analyzed with Sciex software. Upper MS/MS denotes sample spectrum; mirrored lower MS/MS denotes library spectrum obtained for synthetic PCTR1 and PD1. The red arrow on the x axis indicates Q3 used for quantitation. Insets show structures and proposed ion fragments.




Table 1 | Members of the protectin pathway of SPMs are temporally regulated by RSV infection in mice.



In addition to members of the protectin pathway, cys-LTs were also identified and detected in mouse lung tissue by LC-MS/MS and targeted MRM for each product (Figure 7A). Leukotriene C4 (LTC4) and D4 (LTD4) significantly increased in lung tissue at day 3 p.i. compared to that of naïve mice (1441 ± 296 pg/50 mg of lung tissue vs 3.74 ± 1.87 for LTC4, p<0.001; 72.50 ± 7.25 vs 0.03 ± <0.01 for LTD4, p<0.001) (Figure 7B). Both mediators significantly decreased by day 6 p.i. (5.48 ± 0.45 pg/50 mg lung tissue and 0.03 ± <0.01, respectively; p=0.001 and p<0.001 for each compared to day 3 p.i. values) (Figure 7B). Leukotriene E4 was not significantly changed over the course of infection. As visualized in a Principal Components Analysis, the array of protectin and leukotriene mediators (PCTR1, PD1, 17-HDHA, LTC4, LTD4, and LTE4) deviated from naïve baseline at day 3 p.i. and returned towards baseline over the subsequent time points during the resolution of infection (Figure 7C).




Figure 7 | Protectins and cysteinyl-leukotrienes (cys-LTs) are temporally regulated during mouse RSV infection. Mice were infected with 105 PFU of RSV and right lung was harvested at the time points stated. (A) Targeted multiple reaction monitoring (MRM) for PCTR1-3, LTC4, LTD4, and LTE4 (1.0-point Gaussian smoothed) synthetic material, using Sciex ExionLC and 6500+ Triple Quadrupole QTRAP operated in positive mode (see Table S3 for details). (B) Time course of cys-LTs from RSV infections; data from LC-MS/MS quantitation expressed as pg/50 mg of mouse lung tissue. (C) Principal component analysis plots for PCTR1, PD1, 17-HDHA, LTC4, LTD4, and LTE4 in lung tissues of naïve mice (red) or mouse lung tissues at day 3 (blue), day 6 (purple), and day 12 (green) post-infection with RSV. Values are mean of n = 3-4 mice per group ± SEM. *p < 0.01 vs naïve, #p < 0.01 vs day 3 post-infection by one-way ANOVA with Holm-Sidak’s multiple comparisons correction.



To investigate potential mechanisms for these temporal changes in SPM concentrations during RSV infection, we evaluated mRNA transcript copies of enzymes known to catalyze the production of PCTR1 and PD1 from DHA (Figure 1). Lung mRNA expression of 15-Lipoxygenase (gene Alox15) was not significantly changed at days 3 or 6 p.i. (mean fold changes of 1.30 ± 0.41 and 1.20 ± 0.43 compared to naïve control, p=0.255 and p=0.223, respectively) but was significantly reduced at 12 days p.i. (mean fold change 0.33 ± 0.10 compared to naïve control, p<0.001) in the setting of viral clearance (Figure 8A). We next explored RNA expression of identified glutathione S-transferases that convert epoxy intermediates to PCTR1 and LTC4 (8). Gstm4 transcripts were significantly decreased at day 3, day 6, and day 12 p.i. (mean fold changes of 0.26 ± 0.07, 0.43 ± 0.20, and 0.18 ± 0.09 respectively compared to naïve control, p=0.003 for all) (Figure 8B). RNA expression of mGst2 was suppressed to a lesser extent at day 3 and day 12 p.i. (mean fold changes of 0.37 ± 0.08 and 0.32 ± 0.09 compared to naïve control, p=0.009 and p=0.007 respectively) (Figure 8C). mGst3 transcripts were significantly decreased in mouse lung tissue at day 3 and day 12 p.i. (mean fold changes of 0.032 ± 0.11 and 0.11 ± 0.03 compared to naïve control, p=0.015 and p<0.001 respectively) (Figure 8D). Ltc4s was significantly decreased to a similar extent as Gstm4 at day 3 and day 12 p.i. (mean fold changes of 0.18 ± 0.06 and 0.21 ± 0.06, respectively, compared to naïve control; p<0.001 for both) (Figure 8E).




Figure 8 | Biosynthetic enzymes for protectins are temporally regulated during mouse RSV infection. Relative RNA expression of (A) Alox15, (B) Gstm4, (C) mGst2, (D) mGst3, and (E) Ltc4s in mouse lung tissue over the course of RSV infection, compared to naïve control. (F) Protectin D1 receptor Gpr37 relative RNA expression in mouse lung tissue over the course of RSV infection. Values are mean of n = 3-4 per group ± SEM and represent 2 separate experiments. *p < 0.05, **p < 0.01 vs naïve by one-way ANOVA with Holm-Sidak’s multiple comparisons correction.



Expression of the PD1 receptor gene Gpr37 (11) did not change significantly over the 12 days of infection (Figure 8F). RNA sequencing data from the LungMAP database (31) suggests that, within murine lung, Gpr37 is most abundantly expressed on epithelial and mesenchymal cells by 4 weeks of age (Figure S3A) and in humans, persists in epithelial cells throughout life (Figure S3B).




Discussion

Here, exogenous PCTR1 and PD1 decreased viral burden of RSV and concurrently decreased inflammation. Specifically, PCTR1 and PD1 decreased lung eosinophils, neutrophils and macrophages, with PCTR1 also decreasing both total and NKG2D+ activated NK cells. This attenuated inflammation was associated with decreased Il-13 expression with PD1, decreased IFNγ and increased anti-microbial peptide expression with PCTR1 in vivo, and increased IFNλ expression with either PCTR1 or PD1 in vitro. Of interest, endogenous levels of PCTR1 and PD1 were noted to be decreased in the early phase of RSV infection, with associated decreases in biosynthetic enzyme expression, during a concurrent increase in cys-LTs. These changes in lung lipid mediator profiles were most divergent from baseline at day 3 p.i., returning to baseline levels by day 12.

Since PCTR1 (13) and PD1 (14) are present in lung tissue and PD1 has been noted to suppress propagation of influenza virus (23), we examined the viral response to exogenous PCTR1 or PD1 and found that each molecule decreased genomic viral load during RSV infection in vivo, without evidence of a delay in viral clearance. Of interest, we did not find evidence of direct inhibition of viral replication in an in vitro model of airway epithelial cell infection with RSV, as has been observed with PD1 and PDx during influenza infection (23, 32). This difference suggested that innate and/or adaptive immune responses were relevant to PCTR1- or PD1-mediated control of RSV.

Immune responses to RSV are necessary for viral clearance but can also cause significant immunopathology (19). The pathology of fatal cases of human RSV infection suggests that host responses to limit viral replication also contribute to injury of ‘innocent bystander’ lung tissue, with inflammation present despite lack of detectable viral antigen in some cases (18). At a cellular level, NK cells, CD8+ T cells, CD4+ T cells and eosinophils have been implicated in promoting viral clearance and exacerbating pathogen-initiated lung injury in murine models of RSV infection (19). Here, PCTR1 and PD1 were associated with decreased lung inflammation and decreased viral burden, suggesting pro-resolving rather than immunosuppressive mechanisms. Both PCTR1 and PD1 decreased lung granulocytes and alveolar macrophages, and PCTR1 reduced both total and activated NK cells in the lung, suggesting that control of viral burden was not due to an exuberant inflammatory response. A similar trend was seen with CD4+ T and CD8+ T cells, possibly reflecting later timing of the adaptive immune response in this model, as has been appreciated with similar models (19). Additionally, building on the identification of PD1 decreases in IFNγ secretion from human T cells ex vivo (15), the reduction of IFNγ expression in CD4+ and CD8+ T cells observed here suggests that PCTR1, and to some extent PD1, regulated type 1 inflammation in this model. This attenuation – rather than obliteration – of type 1 inflammation is important because knock-out and early neutralization experiments suggest that resolution of RSV infection depends on IFNγ signaling and leukocyte responses (33, 34). The regulation of inflammation by PCTR1 and PD1 – without evidence of immunosuppression – highlights a unique property, differentiating these protectins from current anti-inflammatory therapies for RSV that are clinically limited by infectious risks (35, 36).

Both clinical studies of hospitalized infants and mechanistic studies of infected mice have shown that skewing of the immune response from type 1 cytokines (including IFNγ) to type 2 cytokines (such as IL-4 and IL-13) is associated with severe RSV-induced immunopathology (19, 29, 30, 33). Of note, the decreased type 1 inflammation seen in this model was not related to skewing of the immune response to type 2 inflammation because lung eosinophils were suppressed by PCTR1 and PD1; moreover, lung Il-13 expression was stable or decreased. Notably, PD1 has been shown to be produced by T helper type 2 skewed leukocytes in human blood (15), supporting a possible negative feedback mechanism for type 2 inflammation in this model. Decreases in neutrophils and macrophages observed in the lungs of mice treated with PCTR1 or PD1 suggest against skewing of the immune response towards IL-17 mediated immunity, as well. Of importance in models of non-infectious lung inflammation, SPMs promote resolution by multiple mechanisms (36). PCTR1 promotes the resolution of tissue injury by decreasing neutrophil infiltration and pro-inflammatory cytokines while enhancing macrophage phagocytosis, efferocytosis and planaria tissue regeneration (4). In murine models, PD1 reduces granulocyte migration into areas of inflammation, decreases pro-inflammatory cytokine production and enhances macrophage efferocytosis (2, 14, 15). Together, these provide possible mechanisms for the lower granulocyte counts seen in these PCTR1- and PD1-treated mice.

The concurrent decreases in both viral burden and lung inflammation, without evidence of direct inhibition of RSV replication in epithelial cells, suggested that mucosal host defense mechanisms may play a role in PCTR1- and PD1-mediated in vivo actions to promote the resolution of RSV infection and inflammation. Indeed, PCTR1 increased expression of Camp. This action adds to prior findings that members of the lipoxin family of SPMs induce lung Camp expression during infection (3). Cathelicidins can attenuate RSV infections by directly damaging the virus envelope, hence decreasing viral binding and cellular entry, and promoting an antiviral state in surrounding airway epithelial cells (37). PCTR1 induction of Camp in this model would thus be expected to enhance viral host defense. Of note, cathelicidins can induce pro-inflammatory leukotriene production (38); however, PCTR1 decreased the inflammatory response to RSV at day 6 p.i. in this model. Cathelicidin binds to the lipoxin receptor ALX/FPR2 to induce LTB4 production from human neutrophils, yet SPMs can effectively interrupt this mechanism for leukotriene induction to control inflammatory responses (3, 38).

Type I interferons (primarily IFNα, IFNβ) and type III interferons (isoforms of IFNλ) also promote an antiviral state through intracellular signaling cascades leading to induction of interferon-stimulated genes. While the type I interferon receptor is present on many cell types including leukocytes, IFNλ’s effects are limited to those cells expressing its heterodimeric receptor: primarily epithelial cells. This differential receptor expression may contribute to the particular importance of IFNλ to airway mucosal host responses, with IFNλ less likely to promote inflammation than IFNα/β (39, 40) but still able to reduce RSV infection of epithelial cells (40). The ability of RSV proteins to suppress these antiviral interferons is an important component of RSV pathogenicity, with more severe infant RSV infections associated with relatively lower expression of interferon-related genes (41). The RSV NS1, NS2 and G proteins can suppress IFNα and IFNβ production and signaling via multiple mechanisms (19); RSV NS1 and NS2 proteins suppress IFNλ expression (40) and the RSV F protein has been implicated in EGFR-mediated suppression of IFNλ production (42).

Here, PCTR1 and PD1 increased IFNλ expression during RSV infection of human airway epithelial cells and each mediator blunted RSV-mediated suppression of murine IFNλ in vivo. Of interest, IFNλ has been noted to enhance macrophage phagocytosis and efferocytosis as well as drive macrophage stimulation of NK cell and CD8+ T cell cytotoxicity (43) – all critical components of host anti-viral responses. Indeed, PCTR1 and PD1 increase macrophage phagocytosis in other models (2, 4). These data and prior literature suggest possible mechanisms for PCTR1 and PD1 control of viral burden in the airway without exacerbating inflammation. Additionally, combined with the identification of Protectin D1 receptor GPR37 expression in mouse lung tissue and human airway epithelial cells (31) and PD1 effects noted on airway epithelial cells in vitro (23), this regulation suggests that PCTR1 and PD1 act directly on airway epithelial cells during viral infection. This induction of IFNλ by protectins appears to be the first evidence for endogenous inducers of host IFNλ expression. While IFNα and IFNβ were undetectable at day 6 p.i. of this model, it is possible that these interferons could also be regulated by PD1 or PCTR1 at earlier timepoints, thereby facilitating the viral clearance seen at day 6 p.i.

Given these actions of PCTR1 and PD1, we investigated whether endogenous levels of these SPMs were affected by RSV infection. While PD1 is transiently decreased during influenza infection in mouse lung (23), the impact of other viral infections on PD1 synthesis in the lung – and of any viral infection on PCTR1 synthesis – has been unknown. Here, mRNA expression of the enzymes for PCTR1 and PD1 synthesis was suppressed by RSV infection, and levels of protectins in the lung were transiently decreased, ultimately increasing concurrent with RSV clearance.

RSV Long strain induces mRNA expression of Alox15, the first enzyme in the conversion of DHA to PCTR1 or PD1, at days 1-4 post infection in mouse lungs (24). Here, using the Line 19 strain of RSV, we observed steady Alox15 expression 3-6 days after infection, followed by a significant decrease in expression at day 12 p.i. In contrast to Alox15 expression, we observed significantly decreased mRNA transcripts of Ltc4s, mGst3, and Gstm4 – biosynthetic enzymes downstream of Alox15 for PCTR1 synthesis – when viral titers were highest at day 3 p.i. These transcriptional changes and the decreased lung tissue concentrations of protectins suggest that the biosynthetic pathway for protectins was suppressed by RSV in this model.

Of interest, leukotriene synthesis was increased at day 3 p.i. compared to naïve control. This increase in cys-LTs despite decreases in mRNA expression of rate-limiting enzymes (Ltc4s, mGst2, mGst3, or Gstm4) may have been secondary to persistent enzyme function after initial changes in mRNA transcripts or changes in mediator degradation. Additionally, lipid mediator levels are subject to spatial regulation of biosynthetic enzymes relative to substrate availability and to differences in enzyme-substrate affinity (8). Expression of Gpr37, a cellular receptor for PD1 (11), was not significantly changed over the course of RSV infection. Together, these data suggest that the signaling pathways thus far identified for PCTR1 and PD1 are temporally regulated during RSV infection. Notably, the pattern of temporal regulation of PCTR1 and PD1 observed here during RSV infection appears similar to that of PD1 during influenza infection (23), suggesting a possible shared mechanism for viral host responses.

RSV is an important human pathogen for which there are currently no effective treatments. While this mouse model faithfully replicates aspects of human RSV infection including interstitial mononuclear alveolitis, peribronchial inflammation and eosinophilia, it does not incorporate all features of human infection (18). Further determination of relationships between protectins and interferons will involve translation to human subjects in ongoing studies.

In conclusion, PCTR1 and PD1 engaged host protective mechanisms and decreased lung inflammation in this RSV pneumonia model. These each stimulated decreased viral burden, notably without apparent host immunosuppression, suggesting pro-resolving more than anti-inflammatory actions. As such, PCTR1 and PD1 may serve as investigational tools to better understand both the pathogenesis of viral lung infection and the possibility of harnessing host pro-resolving mechanisms for new therapeutic benefits.
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The mechanisms that lead to disease onset and propagation in patients with chronic rhinosinusitis (CRS) are not fully elucidated. Maresins (MaR) are a family of essential fatty acid-derived lipid mediators that play a central role in the regulation of inflammation with several studies demonstrating that these mediators display protective activities in airway inflammation. Therefore, in the present studies we evaluated whether concentrations of these mediators were altered in both peripheral blood and nasal secretions from CRS patients. Herein, we focused on patients with CRS that also develop nasal polyps (CRSwNP), given that therapeutic options for the treatment of these patients are limited. Thereby, insights into disease mechanisms in these patients may help design more effective treatments. For this purpose, we compared maresin concentrations from CRSwNP patients with those found in healthy volunteers or patients with an upper respiratory tract infection (URTI), as a self-resolving inflammatory condition. Using liquid chromatography tandem mass spectrometry, we found that MaR concentrations were significantly decreased in plasma from patients with CRSwNP when compared to healthy volunteers. MaR concentrations were observed to be significantly upregulated in nasal secretions from patients with CRSwNP when compared with both healthy volunteers and URTI subjects. Concentration of these mediators in both plasma and nasal secretions from CRSwNP patients were positively correlated with quality-of-life scores in these patients. Assessment of the concentrations of other pro-resolving and pro-inflammatory lipid mediators (LM) demonstrated that there was a general shift in LM levels in both plasma and nasal secretions from CRSwNP when compared with healthy volunteers and URTI subjects. Of note, incubation of peripheral blood cells from CRSwNP patients with MaR1 downregulated the expression of activation markers on peripheral blood phagocytes, including CD41 and CD62P, markers of platelet-leukocyte heterotypic aggregates. Together these findings demonstrate that both local and systemic LM concentrations, in particularly those of the MaR family, become altered in patients with CRSwNP. They also suggest that therapeutics designed around MaR1 may be useful in regulating the activation of phagocytes in patients with CRSwNP thereby potentially also limiting the local inflammatory response in these patients.
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Introduction

Chronic rhinosinusitis (CRS) is a common inflammatory disorder of the respiratory tract resulting in symptoms of nasal blockage, discharge, loss of smell and facial pain lasting for over 12 weeks (1). It is estimated that 2.1% of the adult population in the USA suffer with CRS (2). In Europe studies estimate the prevalence of CRS to be between 2.1% and 4.3% (3–5). Approximately 20% of patients with CRS develop nasal polyps (CRSwNP) (6). This condition affects 11% of the UK adult population with 120,000 secondary care outpatient encounters and 40,000 sinus operations per year in England and Wales alone (7). Morbidity is considerable, affecting physical, social and emotional health. In addition to nasal symptoms, patients suffering from CRS report lower quality of life scores with adverse effects on sleep quality, sexual function, work productivity and mental health. The quality of life for patients suffering with CRS is thought to be worse than patients suffering with back pain or heart failure (8–10).

CRS with nasal polyps (CRSwNP) is a particularly difficult to treat aggressive phenotype associated with asthma and aspirin intolerance (11). It remains uncertain whether this population of patients represent the severe end of the CRSwNP disease spectrum or whether a unique mechanism underlies the pathogenesis of this aggressive form of disease (1). Importantly, to date establishing whether a patient with CRSwNP is intolerant to NSAIDs remains a challenging task (1, 12, 13). Several approaches including systemic and local NSAID challenges are available (14, 15). However, medical supervision with access to resuscitation equipment and overnight hospital admission are recommended, highlighting the need for further research to identify biomarkers and the development of better diagnostic tests for the identification and stratification of patients with CRSwNP. One key aspect that has hindered the development of such tests is our limited understanding of the cellular and molecular mechanism operative in patients with CRSwNP.

Chronic inflammation arises from the inability of the host’s immune response to limit the production of inflammatory factors. It is now well established that the specialised pro-resolving mediators (SPM) are central in orchestrating the cessation of inflammation (16–18). These autacoids are formed via the conversion of essential fatty acids, including docosahexaenoic acid and n-3 docosapentaenoic acid by specific biosynthetic enzymes to yield structurally distinct mediators. The SPM are divided into four main families the resolvins, protectins maresins and lipoxins (16–18). These autacoids families share defining biological actions that contribute to the resolution of inflammation. These include: 1) counter-regulating the production of inflammatory mediators, 2) limiting of leukocyte trafficking to the site of inflammation and 3) upregulating the clearance of apoptotic cells and cellular debris by macrophages (16–18). Furthermore, each of these autacoids displays characteristic biological actives, for example resolvin (Rv) D2 regulates nitric oxide formation in endothelial cells (19), whereas the DHA-derived protectins limit viral replication (20). Findings made in both experimental systems and humans demonstrate that disruptions in the formation and activity of these autacoids contribute to the exacerbation of inflammation (16–18).

Recent studies assessing the levels of select SPM in sinus tissues from patients with CRSwNP suggest that the production of RvD2 and Lipoxin A4 may become altered in these patients when compared to either CRS patients without polyps or healthy volunteers and correlates to disease severity (21). Chronic inflammatory conditions are characterized by systemic inflammation and recent findings suggest that plasma SPM concentrations may reflect disease activity in peripheral tissues (22). Therefore, in the present study, we sought to establish whether systemic SPM concentrations are also altered in patients with CRSwNP. Furthermore, several reports suggest that an infective stimulus in the form of an upper respiratory tract infection (URTI) may act as a trigger (23). Thus, to gain insights into the mechanisms that lead to the transition from a healthy state to CRSwNP we compared SPM levels with those from both healthy volunteers and patients with an active URTI.



Methods

After informed consent was obtained each participant completed a copy of the Sino-Nasal Outcome Test-22 (SNOT-22), Nasal Obstruction Symptom Evaluation (NOSE) and 36-Item Short Form Survey (SF-36). The SNOT-22 is a questionnaire consisting of 22 questions evaluating a range of symptoms experienced by suffers of nasal disease (24). The NOSE questionnaire consists of five questions which predominantly focus on evaluating breathing difficulties (25). The SF-36 has been reported as the most widely used health-related quality of life survey instrument in the world (26). It is comprised of 36 items that assess eight health concepts has been used to determine the cost-effectiveness of a health treatments.


Ethics

Participants with a history of CRSwNP with failed medical management, healthy controls with no previous ear, nose and throat disease as well as those undergoing nasal cavity surgery due to non-inflammatory conditions (cosmetic or post traumatic deformity; septoplasty or septorhinoplasty) and participants with URTI were recruited. (Research Ethics Committee Number: 17/EM/0447).



Blood Collection for Lipid Mediator Profiling

Whole blood was collected from a peripheral vein of the upper limb using a 21g butterfly needle connected to a Becton Dickinson Vacutainer® containing 3.2% trisodium citrate. Samples were then centrifuged at 2500 x g for 10 minutes and 1.5 ml of the plasma supernatant transferred to 15 ml Falcon® tubes containing 6 ml of ice-cold methanol with internal standards (500 pg of each; 5S-HETE-d8, LTB4-d4, LXA4-d5, RvD2-d5 and PGE2-d4).



Nasal Secretion Lipid Mediator Profiling

Nasal secretions were collected using a polyurethane sponge (RG 27 grau, Gummi-Welz GmbH & Co., Germany), pre-cut into 20 × 15 × 5 mm pieces and sterilized by autoclaving for 20 min at 121°C prior to use. One sponge piece was placed into the anterior nasal cavity under direct vision using a head mounted light and Tilley’s nasal dressing forceps. Sponges were left in place for 10 minutes, removed and placed into 1 ml of ice-cold methanol with internal standards. Samples were stored at -80°C until further analysis.

Prior to lipid mediator extraction, stored sponges were placed into a modified 1.5 ml Eppendorf™ tube. Modification consisted of removing 5 mm from the lower portion of the tube. This was accomplished by cutting the tube at an angle using a pair of Mayo scissors. The modified Eppendorf containing the sponge was suspended in a 15 ml Falcon® tube using Prolene® 4-0 suture (Ethicon Polypropylene Suture). The cap of the Falcon® tube was used to secure the sutured modified Eppendorf during centrifugation at 2000 x g for 10 minutes. Post centrifugation the supernatant was transferred to 15 ml Falcon® tubes and stored at -80°C for subsequent lipid mediator profiling. The pellet was allowed to stand under a sterile hood for ten minutes to allow evaporation of any remaining methanol. The pellet was then suspended in 400 μl of Milli-Q® water and stored at -80°C until protein quantification was performed.



Lipid Mediator Profiling

Samples were extracted and lipid mediators were identified and quantified as described (22). In brief, plasma was collected as described above and immediately placed on dry ice in 4 volumes of ice-cold methanol containing deuterated internal standards (d4-LTB4, d5-LXA4, d4-PGE2, d5-RvD2) representing each chromatographic region of identified LM. Following protein precipitation (-20°C for a minimum of 45 min), supernatants were extracted on an ExtraHera instrument (Biotage) using solid-phase extraction with Isolute C18 500mg columns (Biotage). Methyl formate and methanol fractions were collected, brought to dryness and resuspended in phase (methanol/water, 1:1, vol/vol) for injection on a Shimadzu LC-20AD HPLC and a Shimadzu SIL-20AC autoinjector, paired with a QTrap 5500 or QTrap 6500+ (Sciex). In the analysis of mediators eluted in the methyl formate fraction, the QTRAP 5500 was operated in negative ion mode using a multiple reaction monitoring method. An Agilent Poroshell 120 EC-C18 column (100 mm × 4.6 mm × 2.7 μm) was kept at 50°C and mediators eluted using a mobile phase consisting of methanol/water/acetic acid of 20:80:0.01 (vol/vol/vol) that was ramped to 50:50:0.01 (vol/vol/vol) over 0.5 min and then to 80:20:0.01 (vol/vol/vol) from 2 min to 11 min, maintained till 14.5 min and then rapidly ramped to 98:2:0.01 (vol/vol/vol) for the next 0.1 min. This was subsequently maintained at 98:2:0.01 (vol/vol/vol) for 5.4 min, and the flow rate was maintained at 0.5 ml/min. In the analysis of mediators eluted in the methanol fraction, the QTrap 6500+ was operated in positive ion mode using a multiple reaction monitoring method. An Agilent Poroshell 120 EC-C18 column (100 mm × 4.6 mm × 2.7 μm) was kept at 50°C and mediators eluted using a mobile phase consisting of methanol/water/acetic acid 55:45:0.5 (vol:vol:vol) over 5 min, that was ramped to 80:20:0.5 (vol:vol:vol) for 2 min, maintained at 80:20:0.5 (vol:vol:vol) for the successive 3 min and ramped to 98:2:0.5 (vol:vol:vol) over 3 min. This condition was maintained for 3 min. Each lipid mediator was identified using established criteria, including: (1) presence of a peak with a minimum area of 2000 counts, (2) matching retention time to synthetic or authentic standards, (3) >4 data points, (4) signal to noise ratio ≥ 3. Furthermore, to confirm the identity of these mediators in representative samples we obtained MS/MS spectra, matching of at least 6 diagnostic ions to that of reference standard, with a minimum of one backbone fragment being identified. Calibration curves were obtained for each mediator using synthetic compound mixtures at 0.78, 1.56, 3.12, 6.25, 12.5, 25, 50, 100, and 200 pg that gave linear calibration curves with R2 values of 0.98–0.99. These calibration curves were then used to calculate the abundance of each mediator per 1mL of plasma for each individual sample.



Whole Blood Assays

Participants with a history of failed medical and surgical management of CRSwNP were recruited and peripheral blood was collected between 10 am and 12 pm (Research Ethics Committee Number: 17/EM/0447) from a peripheral vein of the upper limb as described above. Forty-five microliters of whole blood were transferred to a 15 ml Falcon® tube and incubated with MaR1 at either 1 nM or 10 nM or vehicle (PBS+0.01% Ethanol). Whole blood samples were kept at 37 0C for 45 minutes. The blood was then washed using PBS -/- containing 0.02% BSA and then incubated with the following antibodies: APC-Cy7 conjugated mouse anti human CD16 (Clone 3G8, Biolegend), BV785 conjugated mouse anti human CD14 (Clone M5E2, Biolegend)m BV711 conjugated mouse anti human CD11b (Clone ICRF44, Biolegend), conjugated mouse anti human CD16 (Clone 3G8, Biolegend), AF700 conjugated mouse anti human CD45 (Clone 2D1, Biolegend), PerCP-Cy7 conjugated mouse anti human CD66b (Clone G10F5, Biolegend), PE conjugated mouse anti human Siglec 8 (Clone 7C9, Biolegend), eFluor 450 conjugated mouse anti human CD41 (Clone H1P8, Biolegend), PE-Cy5 conjugated mouse anti human CD62P (Clone AK4, Biolegend) and PE-CD594 conjugated mouse anti human CD49d (Clone 3G8, Biolegend) at room temperature for 15 minutes. Ten microliters of counting beads were then added and samples washed with PBS -/- containing 0.02% BSA. Red Blood cells were then lysed and fixed using Red-Blood Cells lysis and fixation buffers (Beckman Coulter). Cells were then suspended in PBS -/- containing 0.02% BSA and staining evaluated using LSR Fortessa cell analyser (BD Biosciences) and analysed using FlowJo software (Tree Star Inc., V10).

In select experiments blood was first incubated with MaR1 as detailed above for 15 minutes at 37°C, then with platelet activating factor (PAF; 100nM) for 30 minutes at 37°C. Cells were stained, fixed and staining was evaluated as detailed above.



Data Analysis and Statistical Testing

Flow cytometry data was analysed using FlowJo v10.4. For Partial Least Square Discriminant analyses (PLS-DA), missing values were replaced by 1/5th of the minimum value of each variable across the samples, and features with a constant or single value across samples were removed. Data was then auto-scaled, 2D plots of Component 1 and 2 from each PLS-DA with their 95% confidence intervals (CI) were constructed, Variable Importance in Projection (VIP) scores were calculated, and internal validation by leave-one-out cross-validation and calculation of a coefficient of determination (R2) for each model was performed using MetaboAnalyst (27). Mahalanobis distances between group centers and Hotelling’s T-squared test p-values were calculated for Component 1 and 2 scores of the PLS-DA models using pca-utils (28). All other statistical tests were performed using GraphPad Prism 9 and Microsoft Excel




Results


Increased Disease Severity and Decreased QoL in Patients With CRSwNP

A total of 51 participants were recruited into the present study. 16 of these participants were healthy volunteers, 27 had CRSwNP and 8 had an active URTI. None of the 8 participants with an active URTI required medical attention or prescription medication. The 27 participants with CRSwNP all had a history of failed medical treatment requiring surgical intervention (see Table 1 for patient information).


Table 1 | Participant demographics.



We first evaluated parameters linked with both quality of life (QoL) and disease severity and found that, in line with previous findings (8, 23), patients with CRSwNP reported increased disease severity scores and reduced QoL. This is characterized by increased NOSE scores and SNOT22 scores (Figures 1A, B, Dunn’s multiple comparisons test, p= 0.029; Dunn’s multiple comparisons test, p = <0.0001) when compared with healthy volunteers and/or patients with URTI. Physical functioning, physical health, emotional and energy levels were also reduced in participants with CRSwNP when compared to controls (Figures 1C–F). Compared with controls CRSwNP participants also reported increased pain scores (Figure 1G) and reduced general health scores (Figures 1H, I). Of note, while we also observed trends towards a reduction in a number of the parameters evaluated in patients with URTI, these did not reach statistical significance.




Figure 1 | Participants with CRSwNP have increased nasal cavity clinical scores and report poor quality of life. Compared with healthy participants and those who have recovered from an URTI, CRSwNP report worse nasal cavity complaints (A, B). CRSwNP also report comparatively lower QoL scores (C–I). Kruskal-Wallis test used to identify differences between the mean ranks of at least one pair of the groups. Dunn’s pairwise tests was carried out to identify differences between group pairs. *p < 0.05, **p = < 0.01, ***P < 0.001, ****p < 0.0001.





Plasma Maresin Concentrations Correlate With Quality-of-Life Measures and Disease Severity Scores

Maresins display potent immune regulatory activities with members of this family also exerting protective actions in airway inflammation (29, 30). Therefore, we next evaluated whether plasma concentrations of these protective autacoids were altered in plasma and nasal secretions from CRSwNP patients when compared to both healthy volunteers and patients with URTI. We also sought to evaluate whether the concentrations of these molecules were linked with disease severity scores and QoL measures in these patients.

In plasma from all three groups, we identified mediators from the DHA and n-3 DPA maresin families that included the DHA-derived MaR1 and the n-3 DPA derived MaR2n-3 DPA (Table 2). Assessment of overall plasma concentrations for this SPM family (i.e., the sum of MaR1, 7S,14S-diHDHA, MaR2, 22-OH-MaR1, 22-COOH-MaR1, 14-oxo-MaR1, 4,14-diHDHA, MaR1n-3 DPA, MaR2n-3 DPA and 7S,14S-diHDPA) demonstrated a significant decreased in plasma concentrations of these mediators in the CRSwNP cohort when compared to healthy controls (Figure 2A). Furthermore, concentrations of this SPM family were observed to be negatively correlated with both SNOT 22 scores as well as SF-36 general health measures in patients with CRSwNP (Figures 2B, C). In nasal secretions we also identified members of this SPM family, including the DHA-derived MaR1 and MaR2 (Table 2). Notably, we observed that in nasal secretions, Maresin concentrations were significantly upregulated when compared with levels observed in secretions from both healthy volunteers and patients with a URTI (Figure 2D). We also observed that concentrations of these mediators were positively correlated with SF36 general health measures in patients with CRSwNP (Figure 2E).


Table 2 | Plasma Lipid mediator concentrations.






Figure 2 | Plasma Maresin levels correlate with clinical scores. (A) Plasma Maresin levels (i.e., sum of MaR1, 7S,14S-diHDHA, MaR2, 22-OH-MaR1, 22-COOH-MaR1, 14-oxo-MaR1, 4,14-diHDHA, MaR1n-3 DPA, MaR2n-3 DPA and 7S,14S-diHDPA) for healthy volunteers (n = 15), CRSwNP (n = 24), URTI (n = 8) patients. (B, C) Linear regression analysis of Maresins levels in plasma in relation to (B) SNOT 22 scores (C) 36-Item Short Form Health Survey general health measures. (D) Maresin concentrations in nasal secretions. (E) Linear regression analysis of Maresins levels in plasma in relation to 36-Item Short Form Health Survey general health measures. (A, D) Kruskal-Wallis test used to identify differences between the mean ranks of at least one pair of the groups. Dunn’s pairwise tests was carried out to identify differences between group pairs.





Distinct Lipid Mediator Profiles in Patients With CRSwNP When Compared to Healthy Volunteers and Patients With URTI

Having found changes in plasma Maresin concentrations in patients with CRSwNP we next set out to evaluate whether plasma concentrations of other SPM families together with those of the arachidonic acid (AA)-derived eicosanoids were differentially regulated in patients with CRSwNP when compared with those found in healthy volunteers. Using a targeted LC-MS/MS approach we identified mediators from all four essential fatty acid metabolomes, i.e., DHA, n-3 DPA, eicosapentaenoic acid (EPA) and AA, in plasma from patients with CRSwNP as well as in plasma from healthy volunteers (Table 2). To evaluate the relationship between peripheral blood LM concentrations we employed partial least squares discriminant analysis (PLS-DA). PLS-DA is a dimensionality-reducing multivariate analysis that creates a linear regression model accounting for multicollinearity and identifies the relationship between samples based on LM concentrations. Using PLS-DA we found that LM concentrations in plasma from participants with CRSwNP were distinguishable from those identified in healthy controls (Figure 3A and Table 2). The robustness of this model was evaluated by assessing the coefficient-of-determination (R2) which gave a value of 0.84. The separation between these two groups was statistically evaluated using the Mahalanobis distance between groups, which gave a value of 4.62, and Hotelling’s T-squared test which gave a p value of 3.8 x10-15 (Figure 3A). To assess which of the identified mediators contributed to the observed separation between the groups we assessed the variable importance in projection (VIP) scores that identified mediators contributing the most to the observed separation. Here we found that 9 mediators displayed a VIP score greater than 1. These included both pro-resolving, e.g., MaR2n-3 DPA and RvT4, and pro-inflammatory, e.g. PGF2a, autacoids. This analysis also highlighted an overall downregulation in SPM biosynthesis in plasma from patients with CRSwNP whereby out of the 13 SPM found to be differentially regulated between the two groups, 11 were found to be reduced in the CRSwNP. This was linked with an increase in both the pro-inflammatory and smooth muscle contracting agent PGF2a and an increase in 20-OH-LTB4, the further metabolite of the potent leukocyte chemoattractant LTB4. These observations highlight a shift in plasma lipid mediator profile of patients with CRSwNP towards a pro-inflammatory profile.




Figure 3 | Dysregulated lipid mediator profiles in plasma from CRSwNP when compared to both healthy volunteers and URTI. (A) Plasma was collected from patients with CRSwNP (n = 24) and healthy volunteers (HV, n = 15) LM concentrations were determined using LC-MS/MS based LM profiling (see methods for details). Differences in LM concentrations were evaluated using PLS-DA. (Left panel) 2-dimensional scores plot and (centre panel) corresponding VIP plot of plasma LM. (right panel) loading plot where mediators with VIP score >1 are annotated. (B). Plasma was collected from patients with CRSwNP (n = 24) and patients with URTI (n = 7) LM concentrations were determined using LC-MS/MS based LM profiling (see methods for details). Differences in LM concentrations were evaluated using PLS-DA. (Left panel) 2-dimensional scores plot and (centre panel) corresponding VIP plot of plasma LM. (right panel) loading plot where mediators with VIP score >1 are annotated. (C) Plasma lipid mediator concentrations were evaluated in patients receiving medication and those that were not. (Left panel) 2-dimensional scores plot and (centre panel) corresponding VIP plot of plasma LM. (right panel) loading plot where mediators with VIP score >1 are annotated. N = 7 for patients receiving medications (CRSwNP w/meds) and n = 17 for patients not receiving medications (CRSwNP). Shaded areas represent 95% confidence interval (CI), R2 = coefficient-of-determination, p = p-value from Hotelling’s T-squared test, dM = Mahalanobis distance between groups.



We next assessed whether plasma LM concentrations were differentially regulated in patients with a URTI when compared to CRSwNP. Assessment of the clustering obtained with the lipid mediator profile from these patients demonstrated that plasma lipid mediator concentrations between the two patient groups was different, as observed from the distinct clustering (Figure 3B). This separation was observed to be statistically significant as demonstrated by a p value of 5.2x10-11 (Figure 3B). Evaluation of the VIP scores demonstrated that the differences observed were primarily related to 10 SPM, which included RvD2, RvD1, RvT4 and 15-epi-LXA4. Intriguingly the concentrations of all these mediators were upregulated in patients with URTI, in line with the clinical observation that this a self-limited inflammatory response (Figure 3B).

It is now appreciated that distinct drugs can impact directly or indirectly on SPM production. Therefore, we next evaluated whether those patients that at time of sample collection we receiving treatment displayed a distinct lipid mediator profile to those that were not receiving medication. Results from this analysis demonstrated that there was a statistically significant shift in the lipid mediator profiles between these two groups (Figure 3C). This shift in lipid mediator profiles was linked with the upregulation of lipid mediator production in patients that were not receiving medication at the time of sample collection. This suggests that the therapeutics being administered, which included topical and systemic steroids as well as antibiotics, may impact lipid mediator pathway in these patients.



Nasal Secretions From Patients With CRSwNP Display an Altered Lipid Mediator Profile

Having found that SPM concentrations were altered in plasma from patients with CRSwNP we next sought to evaluate whether this was also true for nasal secretions obtained from these patients in comparison with levels found in healthy volunteers. In these secretions we also identified mediators from the lipoxygenase and cyclooxygenase metabolomes of all four fatty acids, including the DHA-derived 22-OH-MaR1, n-3 DPA-derived MaR2n-3 DPA, EPA-derived RvE2 and AA-derived LXB4 (Table 3). PLS-DA analysis demonstrated a separation in the LM profiles of nasal secretions from patients with CRSwNP from those obtained from healthy volunteers (Figure 4A). This was primarily linked with an upregulation of PGE2 and PGF2a in healthy volunteers compared to patients with CRSwNP (Figure 4A).


Table 3 | Lipid mediator profiles from nasal secretions.






Figure 4 | Nasal secretions from patients with CRSwNP display a distinct LM profile to those from both healthy volunteers and URTI patients. (A) Nasal secretions were collected from patients with CRSwNP (n = 16) and healthy volunteers (HV, n = 5) LM concentrations were determined using LC-MS/MS based LM profiling (see methods for details). Differences in LM concentrations were evaluated using PLS-DA. (Left panel) 2-dimensional scores plot and (centre panel) corresponding VIP plot of plasma LM (right panel) loading plot where mediators with VIP score >1 are annotated. (B) Nasal secretions were collected from patients with CRSwNP (n = 16) and patients with URTI (n = 8) LM concentrations were determined using LC-MS/MS based LM profiling (see methods for details). Differences in LM concentrations were evaluated using PLS-DA. (Left panel) 2-dimensional scores plot and (centre panel) corresponding VIP plot of plasma LM (right panel) loading plot where mediators with VIP score >1 are annotated. Shaded areas represent 95% confidence interval (CI), R2 = coefficient-of-determination, p = p-value from Hotelling’s T-squared test, dM = Mahalanobis distance between groups.



To gain further insights into the regulation of LM at the site of inflammation, we next compared nasal secretion LM profiles from patients with URTI. Here we observed a separation in the cluster representing URTI patients when compared with that representing LM profiles from patients with CRSwNP (Figure 4B). The separation in these clusters was primarily linked with the differential regulation of 12 lipid mediators that included the pro-resolving mediators RvD5 and RvD5n-3 DPA and pro-inflammatory eicosanoids, including PGE2 and PGF2a. Assessment of relative levels of these mediators demonstrated an upregulation of PGD2, PGE2 and PGF2a in patients with URTI together with that of a number of pro-resolving mediators including 15-epi-LXA4, PD2n-3 DPA and RvD3 (Figure 4B).



Maresin 1 Regulates CRSwNP Circulating Monocyte Activation

Having observed that Maresin concentrations were significantly reduced in plasma from patients with CRSwNP and given that circulating phagocytes become activated in chronic inflammatory conditions we next assessed whether addback of MaR1, which exerts potent leukocyte-directed activities (31), may regulates phagocyte activation in peripheral blood cells from these patients. Incubation of peripheral blood cells with MaR1 led to a down regulation in the expression of activation markers on classical and intermediate monocytes and eosinophils reaching statistical significance in intermediate monocytes for CD41 expression, a marker of platelet-monocyte activation (Figures 5A–E and Supplementary Figures 1, 2).




Figure 5 | MaR1 regulates the expression of activation markers on peripheral blood phagocytes from patients with CRSwNP. (A–E) peripheral blood from CRSwNP patients was incubated with vehicle or MaR1 (1 or 10nM) for 45 minutes at 37°C and the expression of the indicated activation markers was evaluated on (A) CD14++CD16+ Classical monocytes, (B) CD14++CD16++ Intermediate monocytes, (C) CD14+CD16++ Non-Classical monocytes, (D) CD16+ neutrophils and (E) Siglec 8+ eosinophils using flow cytometry. Results are means of percentage (%) change from values obtained in vehicle controls for each patient. N = 7 patients for (A–D) and 10 patients for (E). *p < 0.05.



We next evaluated whether the leukocyte directed activities of MaR1 were retailed in the presence an inflammatory challenge. For this purpose, we incubated whole blood with platelet activating factor (PAF) together with MaR1. Here we found that MaR1 decreased the expression of activation markers, including CD41, CD11, CD62P and CD162 on monocyte subsets, neutrophils, and eosinophils (Figures 6A–E and Supplementary Figures 1, 3) reaching statistical significance for CD62P on classical monocytes and CD41 on intermediate monocytes. We also observed a significant upregulation of CD49d expression on classical monocytes following MaR1 incubation (Figures 6A–D). Together these findings indicate that MaR1 regulates the expression of phagocytes from patients with CRSwNP.




Figure 6 | Regulation of activation marker expression in peripheral blood from CRSwNP patients incubated with PAF by MaR1. Peripheral blood from CRSwNP patients was incubated with vehicle or MaR1 (1 or 10nM) for 15 minutes at 37°C then with PAF 100 (nM) for a further 30 minutes at 37°C and the expression of the indicated activation markers was evaluated on (A) CD14++CD16+ Classical monocytes, (B) CD14++CD16++ Intermediate monocytes, (C) CD14+CD16++ Non-Classical monocytes, (D) CD16+ neutrophils and (E) Siglec 8+ eosinophils using flow cytometry. Results are means of percentage (%) change from values obtained in vehicle controls for each patient. N = 7 patients for (A–D) and 10 patients for (E). *p < 0.05.






Discussion

In the present study we explored whether disruption in SPM production, and in particularly that of Maresins, were linked to disease in patients with CRSwNP. In peripheral blood from patients with CRSwNP we observed a significant downregulation in concentration of Maresins when compared with healthy volunteers. These changes were linked with an overall downregulation of other SPM in plasma from these patients when compared with concentrations observed in healthy volunteers and patients with URTI. Interestingly, we found that Maresin concentrations in nasal secretions from these patients were significantly upregulated when compared to both healthy volunteers and patients with URTI. Of note, nasal secretion, and plasma Maresin concentrations were positively correlated with SF36 scores in patients with CRSwNP. Furthermore, incubation of peripheral blood with MaR1 reduced circulating phagocyte activation as evidenced by a downregulation of adhesion molecule expression.

It is estimated that 100 million people worldwide are affected by chronic rhinosinustits4. Longitudinal data from the Clinical Practice Research Datalink suggests that 1% of British adults receive treatment each year in primary care, resulting in multiple GP consultations and medical prescriptions (32). In the secondary care setting, this translates into 120,000 out-patient consultations and 40,000 operations in England and Wales annually (7). The difficulties in initiating and maintaining appropriate treatments for CRSwNP are reliant upon an accurate diagnosis, which in the primary care setting is challenging as the symptoms associated with CRSwNP (nasal obstruction, discharge, loss of smell and facial pain) are identifiable in all nasal cavity ailments. In addition, limited ENT training for medical professionals (33) and lack of diagnostic equipment available in primary care are recognised contributing factors (32). In the present studies we observed that LM profiles in both plasma and nasal secretions from patients with CRSwNP were distinct from those obtained in both healthy volunteers and patients with URTI. Our findings are also in accord with recent studies demonstrating that lipid mediator concentrations were different in sinus tissues from patients with CRSwNP when compared to both control subjects and CRS patients without polyps (21).

Adhesion molecules play a central role in phagocyte recruitment into tissues as well as in the formation of platelet-phagocyte heterotypic aggregates which are involved in the propagation of both systemic and airway inflammation (31, 34). Flow cytometric assessment of peripheral blood phagocytes demonstrated that MaR1 displayed potent phagocyte-directed actions regulating the expression of adhesion molecules, including CD162 and CD11b on neutrophils and eosinophils, two proteins involved in the recruitment of phagocytes into inflamed tissues. Furthermore, we observed that MaR1 significantly downregulated the expression of markers for platelet-leukocyte heterotypic aggregates, namely CD41 and CD62P, on classical and intermediate monocytes, with a trend for the reduction in the expression of CD41 also observed in neutrophils and non-classical monocytes. These heterotypic aggregates are linked with both an increased phagocyte recruitment and activation in various acute and chronic inflammatory conditions, including COVID-19 (35). Together these observations are also in accord with previous studies demonstrating that MaR1 regulates leukocyte trafficking to the site of inflammation.

The integrated approach employed in the present studies evaluating lipid mediator profiles in both peripheral blood and tissues and linking these to quality-of-life scores and phagocyte responses provides novel insights into the role of SPM in the pathophysiology of CRSwNP. There are a number of limitations that should be noted, the first being that due to the small number of patients recruited we were unable to evaluate the impact of different drugs on lipid mediator production in patients with CRSwNP. This is of relevance given that in our analysis we observed that patients receiving some form of medication displayed distinct lipid mediator profiles when compared with those not receiving medication at time of study enrolment. Therefore, future studies will need to evaluate the impact that distinct treatments have on lipid mediator production and how this links with outcome. A second limitation of this study is that patients with CRSwNP enrolled in this study were on average older than those with URTI. Since SPM production is reduced with age this might have potentially contributed to the higher SPM levels reported in patients with URTI. Thus, future studies comparing these two groups would need to exclude the impact of age on the observed differences in SPM production observed herein. Another aspect that requires further evaluation is the mechanisms leading to the alteration of maresin production in both peripheral blood and tissues and whether maresin signalling and function in extravasated leukocyte is impaired, contributing to dysregulated phagocyte responses.

In summation, in the present studies we observed that lipid mediator concentrations in both plasma and nasal secretions from patients with CRSwNP were markedly different to those obtained from either healthy volunteer and patients with a URTI. We also found that cumulative Maresin concentrations were markedly reduced in plasma from patients with CRSwNP whilst being significantly increased in nasal secretions when compared to both healthy volunteers and patients with URTI. Furthermore, concentrations of these mediators were correlated with quality-of-life scores supporting the hypothesis that lipid mediators, potentially Maresins, may be useful diagnostics in patients with CRSwNP. We also observed that MaR1 regulated phagocyte activation suggesting that pro-resolving therapeutics may be useful in limiting chronic inflammation in these patients.
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Severe burn-induced inflammation and subsequent hypermetabolic response can lead to profound infection and sepsis, resulting in multiple organ failure and high mortality risk in patients. This represents an extremely challenging issue for clinicians as sepsis is the leading cause of mortality in burn patients. Since hyperinflammation and immune dysfunction are a result of an immune imbalance, restoring these conditions seem to have promising benefits for burn patients. A key network that modulates the immune balance is the central nervous system (CNS)-spleen axis, which coordinates multiple signaling pathways, including sympathetic and parasympathetic pathways. Modulating inflammation is a key strategy that researchers use to understand neuroimmunomodulation in other hyperinflammatory disease models and modulating the CNS-spleen axis has led to improved clinical outcomes in patients. As the immune balance is paramount for recovery in burn-induced sepsis and patients with hyperinflammatory conditions, it appears that severe burn injuries substantially alter this CNS-spleen axis. Therefore, it is essential to address and discuss the potential therapeutic techniques that target the CNS-spleen axis that aim to restore homeostasis in burn patients. To understand this in detail, we have conducted a systematic review to explore the role of the CNS-spleen axis and its impact on immunomodulation concerning the burn-induced hypermetabolic response and associated sepsis complications. Furthermore, this thorough review explores the role of the spleen, CNS-spleen axis in the ebb and flow phases following a severe burn, how this axis induces metabolic factors and immune dysfunction, and therapeutic techniques and chemical interventions that restore the immune balance via neuroimmunomodulation.
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Introduction

Severe burns (>20% total body surface area) are one of the most devastating traumas and are a global public health concern (1–3). The World Health Organization estimates that burn injuries account for approximately 11 million injuries and 180,000 deaths per annum globally (4). Severe burns trigger a complex pattern of responses, such as inflammation and stress hormone signaling induced hypermetabolism, that persists for years after the initial injury. One of the initial consequences is a systemic inflammatory response, which occurs within hours after the initial insult to promote recovery. However, the inflammatory response to burn injury, unlike other forms of trauma, is highly dysregulated and may be repeatedly activated throughout recovery. Repeated and uncontrolled immune activation and stress hormone signaling greatly increases the susceptibility to infections and sepsis that often lead to multiorgan failure and have a high associated risk of mortality in patients. Hypermetabolism, sepsis, and consequent multiorgan failure are mediated through the immune system. Thus, immune dysfunction is a major contributor to these adverse outcomes. This poses a significant challenge to patient care, as controlling sepsis in burn patients requires a multifaceted approach that differs from sepsis in the general population. Although sepsis is the primary cause of death in burn patients that survive the initial phase of burn shock, there are currently no effective interventions as the sepsis syndrome remains poorly understood.

The CNS-spleen axis has a central role in immune function modulation with its sympathetic and parasympathetic pathways. In light of this, we propose that the CNS-spleen axis plays an important role in mediating the inflammatory response in burn patients. Given the challenges noted above, there is a growing need to understand the key players of the inflammatory response in burn patients to determine effective treatment strategies. Furthermore, we suggest that targeting this underappreciated CNS-spleen axis may lead to identifying new treatment strategies, which may improve the outcome of septic burn patients. The spleen plays a prominent role in blood filtration and regulating systemic immune responses (5). The spleen is unique to other secondary lymphoid organs given that it filters debris directly from the blood rather than through lymphatic drainage. Circulating blood first enters the splenic artery and is dispersed into the marginal zone (MZ), which separates the white pulp (WP) from the red pulp (RP). The MZ acts as a connection between circulating blood and immune cells. Macrophages within the MZ express a diverse set of surface markers to capture and process antigens to present to B cells (6, 7). Surrounding the central arterioles of the spleen is the WP, which is composed of the periarteriolar lymphoid sheath (PALS) and follicles. T cells and B cells are concentrated in the PALS and follicular zones, respectively, where they respond to presented antigens and coordinate the innate and adaptive immune responses. On the opposite side of the MZ is the RP, which is the primary site of blood filtration. Here, RP macrophages play a crucial role in filtering aged, dead, or opsonized cells from systemic circulation (6). Furthermore, myeloid cells, including granulocytes, monocytes, and macrophages are primarily located within the RP region (8). Granulocytes like neutrophils, eosinophils, basophils, and mast cells are mainly localized in the RP region, with some cells in transition through the MZ into RP (9). When neutrophils are recruited to inflammatory sites, they have short life spans and originate from the bone marrow (10). A neutrophil-intrinsic program, like a timer, allows neutrophils to mount an efficient defense while preserving vascular health (11). However, neutrophil activity doesn’t rise homogeneously throughout the entire hematopoietic system (10). Instead, the marrow-derived neutrophils that are located closest to the inflammation site migrate, rather than marrow-derived neutrophils that are further away in the body (10). Monocytes develop in the bone marrow from a common myeloid/dendritic cell progenitor and continuously migrate into blood and spleen as mature cells (12). When monocytes enter distant organs, they differentiate into macrophages upon inflammatory insult. Swirski et al. identified that there are also bona fide undifferentiated monocytes (Ly-6Chigh) that reside in the spleen and that are larger in number than their blood monocyte equivalents (13). These reservoir monocytes assemble in clusters in the cords of the subcapsular RP and are different from macrophages and dendritic cells (13). Splenic Ly-6Chigh monocytes can migrate from the subcapsular RP to distant sites under inflammation conditions such as ischemic stroke, even though there is no change in the bone marrow monocytes (13). This shows that the splenic monocytes increase motility, exit the spleen in bulk, and participate in rapid wound healing (13). Splenic monocytes are deployed through a variety of receptors on monocyte surfaces such as angiotensin type I (AT-1) and angiotensin type II (AT-2) receptors (13).

Not only is the spleen highly vascularized, but it is also extensively innervated. This allows for a crucial communication pathway between the CNS and the spleen to mediate systemic inflammatory responses. Specifically, the CNS aids the spleen in modulating inflammatory responses through both branches of the autonomic nervous system, via the sympathetic nervous system (SNS) and parasympathetic nervous system (PNS) pathways (14, 15). The spleen is innervated by efferent sympathetic and splenic fibers that originate in the celiac-superior mesenteric plexus ganglion. Most nerve fibers that innervate the spleen are catecholaminergic, hence under the control of the SNS. Indeed, tyrosine hydroxylase (TH)-positive sympathetic fibers are often observed within proximity to lymphocytes in the WP and macrophages in the RP, as demonstrated by immunostaining (14, 15). Furthermore, it is presumed that direct synaptic contact exists between sympathetic axons and B cells in the WP (15, 16). Activation of the SNS suppresses the activity of innate immune cells while promoting the activity of adaptive immune cells (17). Through the sympathetic fibers, the primary sympathetic neurotransmitters epinephrine and norepinephrine primarily bind to the beta-2 adrenergic receptors (β2AR) on immune, vasculature, and connective tissue cells. This activates splenic cytokines such as Tumor necrosis factor α (TNFα), and Human mobility group B1 (HMGB1), which increases pro-inflammation in the body. In fact, not only does the SNS communicate with the spleen, but the cytokines released by the spleen also communicate with the SNS in a negative feedback loop (18, 19). Neurotransmitters released by the neuronal network affect the immune cell activity by either inhibiting or inducing inflammation (18, 20, 21). The classic opposing branch of the autonomic nervous system that regulates communication from the CNS to the spleen is through the PNS, specifically through its primary neurotransmitter acetylcholine (ACh) and the vagus nerve. This is known as the cholinergic anti-inflammatory pathway (22). Neuronal tracing studies have demonstrated the absence of direct cholinergic innervation by vagus nerve fibers in the spleen (17). However, the cholinergic pathway mediates cytokine production through a two-step neuronal process in which information is transmitted from the preganglionic neurons originating in the vagus nerve and projected through the postganglionic neurons in the splenic nerve (17). Moreover, ACh derived from the vagus nerve inhibits the release of proinflammatory cytokines in the spleen and thereby decreases systemic inflammation (17). The actions of ACh are heavily dependent on the nicotinic acetylcholine α7 subunit receptor (23). Therefore, not only do sympathetic nerve fibers control spleen immune cell function but these effects can also be attributed to the cholinergic anti-inflammatory pathway via the vagus nerve.

As a result, many cross-communicative networks exist between the SNS and PNS pathways to maintain an immunologic balance in the body. One network is cytokine receptor regulation of immunity, specifically, the cytokines released through SNS neurotransmitter, norepinephrine, can influence the function of neurons in the PNS pathway via cognate receptors on the neuronal cell surfaces (6). These cytokines such as interleukin-1β (IL-1β), interact with their associated receptors as well as the N-methyl-d-aspartate (NMDA-R) receptor (24). These receptors in turn activate the PNS pathway and secrete ACh to inhibit these cytokines and subsequent hyperinflammation by way of the vagus nerve. Furthermore, T cells are also able to modulate the SNS pathway by reducing sympathetic fibers in the spleen and affecting the pituitary-adrenal axis in the CNS through diminished hypothalamic norepinephrine concentrations, thereby decreasing cytokine release (21).

A second network is the catecholaminergic regulation of immunity. Sensory neuron activation by the soleus muscle causes activation of catecholaminergic signaling to dorsal blood vessels of the fifth lumbar cord (25). This is mechanistically related to increased expression of cytokines such as CCL20 which leads to increased accumulation of pathogenic T cells and inflammation (25). After inflammation, the release of norepinephrine from catecholaminergic nerve endings in the SNS modulates the activity of invariant natural killer T cells (iNKT) (25). This modulation involves suppression of TH1-type release of cytokines such as interferon-γ and enhancement of TH2-type cytokine release, including IL-10, leading to immunosuppression, as done by the PNS (25).

A third network is Pavlovian conditioning and reward system regulation of immunity which functions through catecholaminergic signaling. Specifically, Goebel et al. found that after repeated pairing of a flavored drink (conditioned stimulus) and cyclosporin A (unconditioned stimulus), the drink alone mimicked the effects of cyclosporin A and resulted in suppression of immune function, by way of the PNS, including impaired TH1 cytokine production and reduced T cell proliferation (26). Furthermore, by stimulating dopamine receptors in a brain reward region (ventral tegmental area), there was an enhanced peripheral immune response as indicated by increased phagocytic activity of dendritic cells and macrophages, and activation of monocytes (27).

A fourth cross-communicative network is through the axon reflex-like regulation of immunity. An axon-reflex is a type of reflex in which receptor activation of peripheral axonal branches of sensory neurons triggers signals transmitted to the bodies of the neurons and diverted to other peripheral axonal endings with the generation of a response (28). Specifically, in an axon reflex-like way, sensory neurons specialized in pain perception (nociceptors) modulate the local immune response to inflammation caused by specific pathogens such as Staphylococcus aureus. The pathogen activates nociceptors by releasing N-formyl peptides and pore forming toxin α-hemolysin, inducing action potentials (25). In turn, these neurons release neuroimmunomodulatory peptides, including calcitonin gene-related peptide, galanin, and somatostatin at the site of infection, which inhibit innate immune activation via interaction with neutrophils, monocytes, and macrophages like the PNS (29).

Therefore, it seems evident that the CNS-spleen axis plays a crucial role in regulating systemic immune responses (Figure 1). It has been postulated that patients with inflammatory diseases have a dysfunctional autonomic nervous system, leading to the overproduction of proinflammatory cytokines, such as TNFα and IL-1β. Targeting this axis has proven to be beneficial in patients with ongoing inflammatory conditions, such as Crohn’s disease, rheumatoid arthritis, and sepsis (19, 30, 31). Given the clinical efficacy in treating patients with chronic inflammatory conditions by modulating the CNS-spleen axis, it is intriguing to consider whether restoring autonomic-immune homeostasis may be effective in treating the septic burn population.




Figure 1 | The bi-directional communication between the central nervous system (CNS) and the spleen. The parasympathetic nervous system (PNS) uses acetylcholine and the vagus nerve to decrease burn-induced inflammation via the spleen. The sympathetic nervous system (SNS) uses norepinephrine and the hypothalamus, pituitary, and adrenal axis (HPA axis) to increase burn-induced inflammation via the spleen. In turn, the CNS is regulated by the cytokines released from the immune cells of the spleen in a negative feedback loop.



This review is the first to highlight the importance of the CNS-spleen axis in modulating the response to sepsis in the severe burn patient population. We will first discuss the role of the CNS-spleen axis during the ebb and flow stages of recovery. Next, we distinguish the changes that are evident in septic burn patients that survive compared to those that succumb to their injury with regards to the CNS-spleen axis. Finally, we will address and discuss the potential therapeutic techniques that target the CNS-spleen axis, which has demonstrated efficacy in inflammatory diseases but has not yet been explored in the context of sepsis and burns. Overall, this review aims to 1) critically analyze the potential contribution of the CNS-spleen axis in modulating the immune response in the severe burn patient population, and 2) discuss the therapeutic advances made thus far along with areas of improvement in targeting the CNS-spleen axis to treat the septic burn population.



The Role of the CNS-Spleen Axis During the Post-Burn Hypometabolic “Ebb” Phase

After a severe burn injury, patients undergo a biphasic metabolic response to burn injury. The acute response is known as to as the ebb (or shock) phase and the chronic response is referred to as the flow phase (Figure 2) (32, 33). The ebb phase develops immediately post-burn, lasting approximately 72-96h (34). The ebb phase is characterized as a hypodynamic state whereby respiratory distress occurs and the metabolic rate is depressed to reduce energy depletion (32). The ebb phase is present for a limited duration and is a period that dictates whether a patient will survive or succumb to burn injury-associated complications. Chen et al. previously showed that patients demonstrating abnormally high levels of proinflammatory IL-1β and decreased macrophages at the site of injury are highly susceptible to the development of sepsis (35). Furthermore, septic patients also had increased anti-inflammatory plasma cytokines such as interleukin-10 (IL-10) and interleukin-1RA (IL-1RA) (35). The Septic Predictor Index (SPI), which describes the ratio of IL-1β from stromal vascular fraction-derived macrophages and macrophage proportion (i.e., the proportion of CD14+ IL-1β+ cells/proportion of CD14 high CD16 low cells), was generated for the determination of macrophage and IL-1β production at the site of injury (35). All patients who developed sepsis had SPI values of >0.5, meaning that their sepsis had a later onset (<12 days). The onset of sepsis in patients SPI values of >1 occurred within 12 days post-injury, whereas a delayed onset of sepsis (>12 days)_occurred in patients with SPI values between 0.5–1 (35). During the ebb phase, some inflammatory mediators, such as cortisol, catecholamines, and aldosterone are elevated immediately post-burn (36). Furthermore, serum cytokines such as IL-6, IL-8, granulocyte colony-stimulating factor (G-CSF), and monocyte chemoattractant protein-1(MCP-1) demonstrated up to a 2000-fold increase immediately upon burn trauma (36). Mast cells (MC) are key contributors in blood coagulation as well as innate and acquired immunity (37). Evidence suggests that MCs play an important role in tissue repair and while MCs initially promote healing, they can be detrimental if activated chronically (37). Burn trauma has a direct effect on MCs leading to the secretion of histamine (38). Bankova et al. provided evidence that MC degranulation is an instantaneous response following thermal injury in the ebb phase (39). This leads to an increased xanthine oxidase activity and enhanced production of reactive oxygen species (ROS); the latter being produced after burns through differing mechanisms (39). Nonetheless, sepsis and extreme hyperinflammation do not occur in the ebb phase of burn injury (32). Concerning the CNS-spleen axis, there is decreased SNS activity and increased PNS activity in efforts to decrease inflammation. Under healthy conditions, the SNS and PNS work in opposition to the body to maintain homeostasis. However, during this bi-directional communication between the CNS and the spleen, the SNS and PNS work complementary to one another (40). During the ebb phase of burn injury, sepsis is not evident, however when the ebb phase is overcome by the flow phase, sepsis becomes a grave challenge (3).




Figure 2 | The Ebb and Flow phases of burn injury. The Ebb phase lasts for 24-48 post-burn injury whereas the flow phase may last up to 2 years. The figure illustrates the differential systemic and metabolic response in the ebb versus flow phase in burn patients. Tumor necrosis factor-alpha (TNFα), Interleukin 1 (IL-1), High mobility group box 1 (HMGB1), Secreted Ly-6/uPAR-related protein 1 (SLURP1), Cholinergic Receptor Nicotinic Alpha 7 Subunit (CHRNA7).





The Role of the CNS-Spleen Axis During the Post-Burn Hypermetabolic “Flow” Phase

The post-burn hypermetabolic “flow” phase occurs after the ebb phase, which leads to an increased metabolic turnover and activation of the immune system and may last up to several years (Figure 2). Concerning the CNS-spleen axis, SNS activity is persistently elevated in the flow phase (3). As a result, increased circulating concentrations of cytokines and persistent inflammation may contribute to the development of sepsis (32). Given the increase in SNS activity, this results in a hypermetabolic stress response, which causes severe catabolism, immune dysfunction and profound physiological perturbations that may also contribute to the development of sepsis (3). It is evident that these changes in the body in response to the flow phase of burn injuries are a major cause for concern in patient care and if left untreated, physiologic exhaustion may occur and the injury becomes fatal (3). Sepsis in the general population has many differences from sepsis in the burn population as the primary barrier (skin) is absent, and infection persists as long as the skin is absent (41). Additionally, the systemic dysfunctional state decreases intestinal barrier permeability, increasing the risk of sepsis (42). In severe burn patients, the SNS stimulates pro-inflammatory responses leading to persistently high circulating cytokine concentrations, which cause hyperactive inflammation for which the spleen plays a major role in regulating. The CNS-spleen axis is therefore a major target of clinical research in trying to decipher the ability to control the body’s response to immunological issues such as burn-induced inflammation and sepsis. A severe burn injury results in enhanced systemic inflammation, and to effectively manage this, it is important to decipher the role of the CNS in modulating the systemic levels of inflammation and its role in maintaining homeostasis. In the flow phase of burn injuries, the spleen is one of the major sources of mediators that contribute to an exaggerated inflammatory response. Myeloid-derived suppressor cells (MDSCs) are immature myeloid cells with simultaneous proinflammatory and immunosuppressive properties (43). MDSCs are potent producers of TNFα and ROS, which are released from splenic macrophages in response to injury (43). TNFα is a necessary and sufficient mediator of local and systemic inflammation with regards to burns (44–47). TNFα enhances and prolongs an inflammatory response by activating other cells to release pro-inflammatory cytokines such as IL-1 and HMGB1 (48). IL-1 is released by macrophages, lymphocytes, and monocytes during infection, injury and inflammation (49). HMGB1 is secreted into the extracellular space and acts as a proinflammatory cytokine, like IL-1. As such, a persistent elevation in HMGB1 and IL-1 cytokine concentrations are evident in the flow phase of burn patients (49, 50). TNFα also activates other cells to release mediators such as eicosanoids, nitric oxide, and ROS, which further promote inflammation and tissue injury (51). In the flow phase, persistent MDSC expansion exerts harmful effects by propagating persistent inflammation while dampening the adaptive immune response via T-cell suppression (43).

The α7 nicotinic acetylcholine receptor (CHRNA7) is important in the signaling performed by the vagus nerve to inhibit proinflammatory cytokines. ACh, released by the vagus nerve and immune cells, acts as a ligand for the CHRNA7 receptor and induces inhibition of proinflammatory cytokines in the spleen. Holmes et al. found a >70% reduction of protein levels of the CHRNA7 in burn patients despite significantly elevated ACh (52). Additionally, proinflammatory cytokines were persistently active in burn patients as ACh signaling by the vagus nerve was not effective. Furthermore, the gene and protein levels of an endogenous allosteric modulator of CHRNA7, secreted mammalian Ly-6/urokinase-type plasminogen activator receptor-related protein-1 (SLURP1), were significantly elevated in efforts to elevate CHRNA7 numbers although to no avail (52). In the flow phase, although ACh levels were significantly elevated, CHRNA7 protein levels remained low, and inflammation was not impeded. Furthermore, SLURP1 failed to increase CHRNA7 levels, thereby leading to excessive proinflammation.

Additionally, extramedullary hematopoiesis occurs in the flow phase in which hematopoietic stresses mobilize hematopoietic stem cells from the bone marrow to the spleen (53). Splenic tissue weight increased significantly at post-burn day 7 in mice, indicating splenomegaly, presumably to support extramedullary hematopoiesis (54). Furthermore, MDSC expansion is associated with extramedullary hematopoiesis, suggesting that erythropoiesis in the spleen and liver are components of emergency myelopoiesis (43).

It is important to note that much of the criteria for sepsis in the general population is already present in the burn patient population, however, without septic infection (41). Therefore, treatment for sepsis within the burn patient population is difficult given the lack of specific and effective diagnostic criteria. Moreover, classic antibiotic cocktails used for sepsis in the general population are ineffective in burn patients. Therefore, prior to discussing therapeutic options between the general septic and the septic burn populations, it is important to distinguish the physiological changes that are evident in septic burn patients that survive compared to those that succumb to their injury with regards to the CNS-spleen axis.



Survival vs. Death in Septic Burn Patients

The post-recovery phases of burn injuries in patients who survive septic burns are not fully independent of post-septic symptoms. Post-sepsis syndrome is a condition that affects sepsis survivors, in which they have a range of physical, psychological, and emotional challenges while recovering. The categories of long-term effects of sepsis include immunometabolic, neurocognitive, psychiatric, and physical derangements (55). These effects lead to enhanced mortality risk and severely impaired quality of life. In burn patients, the SNS is hyper-activated in post-sepsis syndrome, which leads to increased levels of proinflammatory cytokines such as HMGB1 (55). Patients and murine models who have survived burn-induced sepsis and inflammation have systemic changes such as extreme splenocyte dysfunction (56). HMGB1 plays a key role in mediating the immune dysfunction of splenocytes in sepsis survivors (56). Because of excess cytokines such as HMGB1, sepsis survivors have altered adaptive immune cells, such as T cells and B cells, that do not function normally in eradicating further systemic inflammation (56). Specifically, the population of cytotoxic T cells (CD8+ T cells), helper T cells (CD4+ Th cells), regulatory T cells (Treg cells), and B cells declines in a post-septic mouse model of sepsis as compared to sham controls (57).

Since much of the criteria for sepsis in the general population is already present in the burn patient population, it is important to explore the pathophysiological changes evident in the general post-septic populations (41). In a murine model of sepsis-induced by experimental cecal ligation and puncture (CLP), mice developed splenomegaly (58). This was due to a higher-than-normal activity of the spleen in secreting inflammatory cytokines such as TNFα and HMGB1. This occurred due to the sympathetic fibers innervating the spleen in the CNS-spleen axis and the SNS signaling to the spleen via norepinephrine to secrete more cytokines. Serum HMGB1 levels in septic mice were found to be significantly elevated for 4‐6 weeks, and administration of an anti‐HMGB1 monoclonal antibody significantly attenuated splenomegaly as well as splenocyte priming since the effects of cytokines produced via the SNS were inhibited (58). It is possible that in survivors of sepsis, HMGB1 may be a mediator of the initial over-reactivity of the immune response, but later leading to late immunosuppression in sepsis survivors. Therefore, HMGB1 is hyperactivated in post-septic survivors due to the overactive SNS and lack of effective control by the PNS. These data could be implicated towards the septic burn population however further research is needed to identify whether targeting HMGB1 would effectively mitigate splenomegaly in this population.

Jeremias et al. have identified the key role of ACh in the inflammatory response 15 days following CLP-induced sepsis in a murine model. The authors developed a murine model of dysfunctional ACh transporters (ACh KO) to determine the post-septic effects on the PNS response of the CNS-spleen axis. ACh KO mice with CLP-induced sepsis demonstrated a decreased CD8+ cytotoxic T cells and CD4+ Th and an increase in Th17 cells compared to the control (57). Th17 cells are pro-inflammatory cells that secrete inflammatory cytokines such as interleukin-17A, IL-21, and IL-22 (59). Since the ACh transporter was not present, vagus nerve activity was not being carried out properly by the PNS and as such, proinflammatory cytokine levels were high due to lack of inhibition of the SNS. This led to increased inflammation in post septic mouse survivors compared to the sham controls because of the downregulated PNS.

Burn survivors and post-septic deceased patients have multiple similarities in the bodily changes that have occurred because of septic burns. However, post-septic deceased patients have some distinguishing characteristics. Patients who die as a result of burn-induced systemic sepsis have a marked loss of noradrenergic nerves, which occurs due to the apoptosis of splenic cells (50). Nerve loss in patients may be attributed to reduced availability of neurotrophic factors that support sympathetic neurites or enhanced production of chemicals and inflammatory cytokines, which injure nerves (50). For example, TH, which is the rate-limiting enzyme in the synthesis of norepinephrine, is also lacking in patients who die from general sepsis (50). Since norepinephrine synthesis is decreased, the SNS pathway communication is hindered, and inflammation is low in deceased septic patients. WP is also greatly reduced in patients who die as a result of septic burns (60). Moreover, germinal centers, the area responsible for initially mounting an immune response, are also greatly reduced or completely lacking in post-septic burn patients (61). These factors indicate a strong correlation of CNS-spleen axis response in modulating the inflammatory response in sepsis alone or burn sepsis patients that improves survival. Although a dearth of literature is present for general post-septic survivors and deceased models/patients, further research is required to disseminate the alterations relative to burn-induced sepsis. Moreover, it is imperative to address the potential therapeutic techniques that target the CNS-spleen axis, which has demonstrated efficacy in inflammatory diseases, such as general sepsis, but have not yet been explored in the context of burn-induced sepsis.



Therapeutic Techniques for Neuroimmunomodulation in Burn-Induced Sepsis

The CNS-spleen axis may be of great importance in combating burn-induced sepsis as it regulates systemic inflammation. Various novel therapies that target the CNS-spleen axis exist for the treatment of the general sepsis population. These therapies may be effective in the septic burn population too. Here, we will discuss the potential use of vagus nerve stimulation (VNS), agonists and antagonists of major molecules in the CNS-spleen axis, approaches targeting proinflammatory cytokines and approaches targeting catecholamines to mitigate burn-induced sepsis (Table 1).


Table 1 | Techniques for the treatment of Burn induced Sepsis and inflammation.




Vagus Nerve Stimulation

VNS is the most extensively studied and successful neuroimmunomodulation technique in treating burn patients (71, 74–76). As discussed previously, the vagus nerve plays a key role in suppressing inflammation as it inhibits pro-inflammatory cytokine release through ACh. Vagus nerve stimulation leads to the release of Ach in organs of the reticuloendothelial system, including the liver, heart, spleen, and gastrointestinal tract. ACh interacts with α-bungarotoxin-sensitive nicotinic CHRNA7 receptors on tissue macrophages, which inhibit the release of TNFα, IL-1, HMGB1 and other proinflammatory cytokines (77). Researchers have identified several VNS techniques, which support the use of VNS in the clinical setting for sepsis patients (60). Experimental studies have shown that invasive VNS, involving a direct electrical stimulation, significantly reduces pro-inflammatory cytokines (62). Furthermore, systemic inflammation can be attenuated by using a non-invasive method of VNS that is based on carotid sinus massage used for the treatment of rhythmic disturbances (78). This method of VNS involves massaging the vagus nerve pressure point along the neck for 5-7 seconds (79). VNS has been shown in a dose-dependent manner to reduce systemic TNFα levels during lethal endotoxemia (78). Another method of VNS is transcutaneous VNS, which acts on the afferent auricular branch of the vagus nerve through electrodes placed on the skin of the left ear (80). The electrical signal, starting in the auricular branch of the vagus nerve, reaches the nucleus tractus solitarius, which is a crucial structure that projects to a variety of brain areas (81). One such area is the locus coeruleus, which is a primary source of norepinephrine (81). A study by Huston et al. determined the effects of transcutaneous VNS on serum HMGB1 levels and survival in murine sepsis (63). Following 3 weeks of transcutaneous VNS treatment, the survival rate improved by 30% in comparison to controls. VNS also attenuated serum HMGB1 levels by 50% as compared to the control mice (63). Transcutaneous VNS carried out through electrodes inhibits norepinephrine and subsequently reduces pro-inflammatory cytokine production through the CNS-spleen axis (63). The therapeutic potential of transcutaneous VNS has not yet been assessed in burn septic models. However, its potential efficacy in this population makes transcutaneous VNS an intriguing avenue to explore.

There are several limitations to consider with the use of VNS treatments in septic burn patients, including the absence of healthy skin. Additionally, the hypermetabolic response persists far past wound closure, indicating that further treatment is necessary following the wound healing process. However, since VNS stimulation can attenuate HMGB1 levels and therefore reduce inflammation in septic patients, it may succeed in the burn sepsis population.



Approaches Using Agonists and Antagonists of Major Mediators in the CNS-Spleen Axis

Agonists and antagonists are molecules that can target major mediators in the CNS-spleen axis. The goal in utilizing these pharmacologics is to alter the CNS-spleen axis activity to decrease pro-inflammatory cytokine production

Some of these molecules, namely, CNI-1493, Amiodarone and MSH, target cytokine production by interacting with the vagus nerve. CNI-1493, a tetravalent guanylhydrazone, is an antagonist towards macrophage activation and TNFα release in local and systemic inflammation models (64). Similarly, Amiodarone and α-melanocyte-stimulating hormone (MSH) are antagonists of TNFα synthesis in vitro and suppress the development of swelling and edema by decreased exposure to TNFα (65). CNI-1493 and Amiodarone both function as pharmacological stimulators of the vagus nerve (60, 65). Therefore, these treatments may be effective in the burn sepsis population.

Some molecules, rather than directly targeting the vagus nerve, focus on relieving inflammation through the cholinergic pathway, specifically through CHRNA7 receptors. GTS-21 is a small molecule partial agonist for CHRNA7, which has been used to study cholinergic anti-inflammatory mechanisms in mice (66). Treatment with GTS-21 in a mouse model of burn injury completely abolished mortality at 7-days post-burn in comparison to their untreated burn-injured counterparts, which demonstrated a 25% survival rate (66). GTS-21, along with other small molecules such as CNI-1493, which initiate signals in proximal components of the pathway in the CNS-spleen axis, were found to be beneficial in mediating the effects of sepsis and inflammation. However, clinical efficacy remains to be determined.

The CHRNA7 gene was originally found to be effective in controlling inflammation by modulating CHRNA7 expression on cytokine-producing cells during infection and tissue damage (67). CHRNA7 protein levels were found to be low in burn patients during hyperinflammatory states (52). Moreover, Holmes et al. assessed the impact of activating CHRNA7 on keratinocytes and found it to be a successful alternative to block inflammatory cytokine induction and HMGB1 release (52). In general, it has been shown that α-chemokine receptor antagonists increase survival in sepsis patients in a clinically relevant time frame (68). On the other hand, CHRNA7 agonists attenuate systemic inflammation and improve survival in experimental sepsis in murine models. One limitation of these treatments is that they also act as sedatives (69). However, given that these treatments work through the CNS-spleen axis, specifically through the PNS to decrease inflammation, activators of CHRNA7 may be promising for the burn sepsis population.

Apart from acting on the vagus nerve or cholinergic pathway, some molecules work directly on the innate immune cells. In particular, neutrophils are the most plentiful in the blood and are the first line of defense of the immune system (82). Stearoyl lysophosphatidylcholine (LPC), a class of chemical compounds that are derived from phosphatidylcholine, have recently been shown to be protective against lethal sepsis by stimulating neutrophils to eliminate invading pathogens by reducing reactive oxygen species (70). Stearoyl LPCs significantly attenuates circulating HMGB1 in sepsis by suppressing HMGB1 release from macrophages/monocytes (70). As such, neutrophils may be an indirect way to combat burn-induced sepsis.



Approaches Targeting Proinflammatory Cytokines

Previously, anti-TNFα antibodies have been shown to reduce septic inflammation, however, TNFα antibodies have not been found to be successful in the late stages of sepsis given that antibodies are not effective if therapy is started after serum clearance of TNFα (45, 72, 83). However, researchers have found that the usage of antibodies targeting HMGB1, which is produced in the late stages of sepsis, is much more promising (44, 84, 85). Moreover, HMGB1 levels can also be controlled through ethyl pyruvate, a simple aliphatic ester of pyruvic acid, which has been shown to protect against lethal septic shock even if treatment begins after a TNFα response has been elicited (72). By administering ethyl pyruvate (24h after the onset of sepsis) mouse models were rescued from lethality despite suffering from the physiological effects of sepsis, leading to severe morbidity yet reduced mortality (72). Overall, antibodies against HMGB1 and administration of ethyl pyruvate have shown promising results in the sepsis population and could potentially be translated to the septic burn population.



Approaches Targeting Catecholamines and Adrenergic Receptors

Catecholamines (epinephrine and norepinephrine) and dopamine act as vital hormones that are produced, in part, by the adrenal medulla and secreted into the circulation in response to stress or injury. Catecholamines influence and modulate sympathetic neural modulation of immune responsiveness (86). Specifically, epinephrine and other stress hormones such as cortisol have been found to inhibit cytokine synthesis and therefore, inhibit a pro-inflammatory response through the SNS pathway (86). Myeloid cells express α- and β-ARs while lymphocytes primarily express β-ARs (87). Catecholamine receptor signaling in macrophages has significant effects on the inflammatory response. Specifically, β-AR inhibition using β–blockers led to increased TNFα secretion following lipopolysaccharide (LPS) induced inflammation in murine models (88). Compared to the pro-inflammatory effect of the β-AR blockade, α-AR inhibition of murine macrophages using α-blockers led to decreased TNFα and IL-1β expression compared with LPS alone (87, 89). Together, these observations suggest that the differential roles of catecholamines on macrophages may depend on the targeted adrenergic receptor. Therefore, in septic burns, catecholamines and their associated receptors may be used to inhibit cytokine release and inhibit inflammatory responses.




Conclusion

Sepsis is a major concern, not only in the general patient population but aggressively so in burn patients. The CNS-spleen axis pathway may be a crucial aspect to consider when developing treatments for burn patients as this bidirectional pathway communication leads to hyperinflammation in the body in response to burns and sepsis. Specifically, the SNS has been shown to increase pro-inflammatory cytokines in patients using epinephrine/norepinephrine, and the PNS has been shown to decrease inflammation in the body using ACh and the vagus nerve. Since targeting this axis has demonstrated clinical efficacy in patients with many ongoing inflammatory conditions (19, 30, 31), it is very intriguing to consider whether restoring autonomic-immune homeostasis may be effective in treating the septic burn population. Because sepsis onset occurs during the flow phase, it is a major target in burn patients. Methods such as VNS have shown promising results as they attenuate pro-inflammatory cytokines leading to decreased inflammation and increased survivability. However, further research is necessary to determine the effectiveness of using combination therapies in septic burn patients. Furthermore, it is also possible to activate neural anti-inflammatory mechanisms using small molecules that initiate signals in proximal components of the pathway in the CNS, such as CNI-1493. Important findings, such as with the use of GTS-21, has only been studied in murine burn sepsis models and should be translated to human patients to determine clinical efficacy (73). Furthermore, an important, but difficult implication in attempting to reduce systemic inflammation is deciphering whether beneficial inflammation is also being suppressed. Controlled inflammation by the CNS-spleen axis is a normal response to recruit immune cells to the site of infection or trauma to restore homeostasis and promote healing. Therefore, in burn injuries, inflammation should not be suppressed to the point in which wound healing is impaired. Although further research is required to find the balance between suppressing the beneficial versus harmful inflammation, research over the past few decades has made great advancements in developing methods to decrease burn-induced inflammation. Overall, the purpose of this review was to highlight the importance of the bidirectional communication of the CNS-spleen axis given the regulatory role in immunogenic responses, which can be targeted to reduce sepsis and inflammation. Failure of the body in regulating these immunogenic responses needs the intervention of external stimuli to help the body restore homeostasis and prevent lethality.
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Rheumatoid arthritis (RA) is a chronic prototypic immune-mediated inflammatory disease which is characterized by persistent synovial inflammation, leading to progressive joint destruction. Whilst the introduction of targeted biological drugs has led to a step change in the management of RA, 30-40% of patients do not respond adequately to these treatments, regardless of the mechanism of action of the drug used (ceiling of therapeutic response). In addition, many patients who acheive clinical remission, quickly relapse following the withdrawal of treatment. These observations suggest the existence of additional pathways of disease persistence that remain to be identified and targeted therapeutically. A major barrier for the identification of therapeutic targets and successful clinical translation is the limited understanding of the cellular mechanisms that operate within the synovial microenvironment to sustain joint inflammation. Recent insights into the heterogeneity of tissue resident synovial cells, including macropahges and fibroblasts has revealed distinct subsets of these cells that differentially regulate specific aspects of inflammatory joint pathology, paving the way for targeted interventions to specifically modulate the behaviour of these cells. In this review, we will discuss the phenotypic and functional heterogeneity of tissue resident synovial cells and how this cellular diversity contributes to joint inflammation. We discuss how critical interactions between tissue resident cell types regulate the disease state by establishing critical cellular checkpoints within the synovium designed to suppress inflammation and restore joint homeostasis. We propose that failure of these cellular checkpoints leads to the emergence of imprinted pathogenic fibroblast cell states that drive the persistence of joint inflammation. Finally, we discuss therapeutic strategies that could be employed to specifically target pathogenic subsets of fibroblasts in RA.
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Introduction

Rheumatoid arthritis (RA) is a chronic immune-mediated inflammatory disease (IMID) affecting approximately 1% of the UK population (1). Unlike osteoarthritis (OA) (a predominately non-inflammatory joint disease characterized by destruction of articular cartilage), RA is associated with systemic immune dysfunction resulting in persistent inflammation that localizes to synovial joints (2). If untreated, RA leads to irreversible joint damage and functional disability (3).

The introduction of biological, disease-modifying anti-rheumatic drugs (bDMARDs) has led to significant improvements in the treatment of RA. Current therapies target either specific immune cells, their secretory products or specific signaling pathways using small molecule inhibitors (4–9). The etiology and pathophysiology of RA is highly heterogeneous and despite advances in treatment, there is a ceiling of therapeutic response observed in which 30-40% of patients do not respond to currently available treatments regardless of the mechanism of action of the drug used (10). In addition, those individuals that achieve clinical remission often relapse once treatment is tapered or withdrawn (11, 12).

As more biological and targeted synthetic DMARDs are introduced into clinical practice, we are observing the emergence of a population of patients that have failed to respond to multiple drugs. This disease state is termed treatment refractory or difficult to treat RA (13, 14) and has recently been defined by a EULAR taskforce as the failure to respond to two bDMARDs of different mechanisms of action (15). However, the molecular and cellular basis of treatment refractory RA is yet to be determined and research strategies to address this area of unmet clinical need are urgently required (16). A key determinant of refractory RA is unidentified drivers of disease that modulate of the local synovial microenvironment (17–19). The failure to neutralize these pathways leads to disease persistence and inflammatory flare following treatment withdrawal. The next generation of therapeutics in RA will need to identify and target these cellular drivers of disease persistence, if we are to develop effective therapies for those individuals with treatment refractory RA (20).

Tissue resident cells such as synovial fibroblasts and macrophages form the underlying basis of the joint microenvironment and have been shown to contibue to tissue homeostasis, but also regulate the timing and duration of local inflammatory responses (21–26). Recent evidence suggests that such tissue resident cells are associated with significant phenotypic heterogeneity. These phenotypes are reflected at the transcriptional and functional level within distinct anatomical compartments of the synovial membrane determined by site-specific signaling cues (27–29). Whilst significant research has focused on the role of infiltrating leukocytes in the pathogenesis of RA, little prominence has been given to the cells which reside within the joint microenvironment.

Response to therapy is thought to depend on the “synovial signature” or tissue heterogeneity. In early RA, three major synovial pathotypes have been described with distinct underlying transcriptional signatures, including: lympho-myeloid (predominantly B cells with myeloid presence), diffuse-myeloid (predominantly myeloid without T and B cells) and pauci immune (30). Compared to other synovial pathotypes, treatment naïve lympho-myeloid patients have greater levels of disease activity, synovitis, immune cell infiltration and T and B cell activity and were more likely to require biological therapy at 12 month follow up (30, 31). Interestingly, anti-TNFα therapy was less effective in patients with a pauci-immune pathotype – a signature characterized by a prevalence of stromal cells (fibroblasts) (30). Thus, understanding the synovial pathology has the potential to stratify treatment interventions in the future (31, 32).

In this review, we will discuss the phenotypic and functional heterogeneity of tissue resident synovial cells in the context of joint homeostasis, inflammation and resolution. Furthermore, we will focus on important cross-talk which exist between different synovial tissue cells and finally, we will discuss potential new therapeutic strategies that target tissue resident synovial cells which could potentially restore homeostasis following chronic disease.



Role of Tissue Resident Synovial Cells in Joint Homeostasis

The articular capsule is a bulbous structure that consists of a fibrous mesenchymal tissue termed the synovium which encapsulates all diarthrodial joints. The synovium forms a barrier around the synovial cavity containing synovial fluid (~1-2mL of highly viscous liquid) that is rich in hyaluronic acid and lubricin (encoded by the HAS1 and PGR4 gene respectively) (33–35). The function of synovial fluid is to maintain viscosity and elasticity of articular cartilage and to form a layer of lubrication to reduce friction between adjacent cartilage surfaces as well as adjacent surfaces of the synovium and cartilage (34). Within the synovial cavity, type I collagen and cartilage containing collagen type II, coat the articular surface of the bones (36).

The synovium is a connective tissue structure which contains two regions: a continuous, tightly packed lining or intima layer comprised of tissue resident fibroblasts and macrophages (1-3 cell layers thick), and an underlying connective tissue called the sub-lining layer or subintima which includes sparsely distributed tissue resident fibroblasts and macrophages, adipose cells and blood and lymphatic vessels (situated in deep regions) and minimal infiltrating inflammatory cells (35, 37). Under resting conditions, tissue resident fibroblasts and macrophages form a tightly organized immunological barrier isolating the joint cavity (37). As the joint cavity lacks associated blood vessels, leukocytes are believed to migrate from the sub-lining and through the lining layer barrier however, under resting conditions this process is highly regulated with very few immune cells present in the synovial fluid (33, 35).

The joint microenvironment is constantly exposed to minor trauma as a result of locomotion. To compensate, this dynamic tissue must be continuously re-modelled and repaired to maintain homeostasis. Recent evidence suggests, in RA, fibroblasts are transcriptionally heterogenous and have specialized functions depending on their anatomical location within the synovium (38–42). However, whether these specialized subsets of fibroblasts exist under resting conditions is yet to be fully elucidated. This is due to the challenges of acquiring healthy synovial biopsies, although the human joint cell atlas will soon provide an extensive characterization of the developing and normal musculoskeletal human tissues (43).

Given their location within the synovium, it is highly likely HAS1+ PRG4+ lining layer fibroblasts secrete hyaluronic acid and lubricin into the joint space, providing lubrication and nourishment to facilitate joint locomotion. In vitro evidence has also shown synovial fibroblasts exhibit the ability to control ion transport and maintain and re-model the joint architecture by secreting extra cellular matrix (ECM) components such as type II, IV, V and VI collagens, proteoglycans, fibronectin, laminin and tenascin, and proteases such as matrix metalloproteinases (MMPs) and cathepsins (44–47). Such processes permit nutrient exchange between the synovial fluid and the synovial membrane (48).

Tissue resident macrophages are distributed throughout the lining and sparsely in the sub-lining region of the healthy synovium and have been shown to play an essential role in normal tissue physiology (26, 27, 37). Historically, it was hypothesized that synovial macrophages derive from the bone marrow via circulating monocytes entering the joint tissue through blood vessels located within the sub-lining layer (49). However, it is now recognized that specialized tissue resident macrophages are seeded into tissues during embryonic development and can undergo self-renewal within the tissue (37).

Synovial tissue macrophages were previously identified by highly expressing CD68 and CD163 (50). From these populations, lining synovial macrophages were discriminated from sub-lining cells by their expression of FcγRIIIa suggesting that macrophages in the lining layer play an important role in cellular clearance (51, 52). However, contradictory findings (53–55) suggest these markers are inadequate to discriminate tissue resident from blood borne macrophages, prompting the discovery of alternative markers through the employment of single cell profiling technologies such as single cell RNA sequencing (scRNAseq).

Until recently, it was proposed the synovial lining layer surrounding the joint cavity consisted of an interwoven network of fibroblasts and macrophages. However, Culemann et al. (2019) (37) using advanced super-high resolution fluorescence microscopy in conjunction with scRNAseq transcriptomic profiling of mouse synovial macrophages, have revealed the lining layer consists of a highly organized population of epithelial-like (expressing tight junction proteins such as JAM1, ZO-1 & CLDN5 and genes associated with planar cell polarity Fat4 and Vangl2) CX3CR1+ macrophages which form a physical (mediated by tight junctions) and immunological barrier between the synovial cavity and the synovial membrane. These lining macrophages sit directly adjacent to lining layer fibroblasts and express a gene signature related to an immune-regulatory phenotype expressing Trem2 and Tam receptor genes such as Axl and Mfge4. Importantly, deletion of Cx3cr1 expressing synovial macrophages caused barrier breakdown and uncontrolled joint inflammation. These studies challenge our previous understanding of the synovial microanatomy and function, instead emphasizing the primacy of the lining macrophage as a master regulator of joint homeostasis, functioning to suppress joint inflammation.

CX3CR1+ TREM2+ lining macrophages are long-lived with a lifespan of ~5 weeks. Under normal resting conditions this barrier is maintained through a pool of locally proliferating CX3CR1- MHCIIHigh mononuclear cells that are embedded within the interstitial regions of the synovial sub-lining layer. In addition to CX3CR1+ TREM2+ macrophages, CX3CR1- MHCIIHigh macrophages also give rise to CX3CR1- RELMα+ expressing macrophages. These cells however are situated in the sub-lining and express CD206 and CD163. Macrophages expressing such markers have been shown to play an important role in M2 alternative activation supporting immune-regulation (56) and wound healing (57). In RA, this ultimately promotes the phagocytosis of apoptotic cells through MERTK expression (58). Collectively, these data suggest that under steady state conditions, immune-regulatory RELMα+ macrophages also support joint homeostasis.

In agreement with Culemann et al. (37), other studies in both mice and humans have shown under resting conditions two long-lived tissue resident macrophage subsets exist which express: in mice, F4/80High MHCII- and F4/80High MHCII+ (59) and in humans, MERTK+ TREM2+ lining and MERTK+ LVYE1+ sub-lining macrophages (60). It is possible these populations are analogous to CX3CR1+ TREM2+ and CX3CR1- RELMα+ macrophages, respectively. See diagram in Figure 1A for a summary of the role in which tissue resident synovial cells play in joint homeostasis.




Figure 1 | The spatial and temporal coupling between tissue resident synovial cells determines joint homeostasis, inflammation and resolution in RA. (A) Resting synovial tissue consists of both tissue resident macrophages and fibroblasts. Tissue macrophages contain an immune-regulatory population expressing MERTK and are repopulated by CX3CR1- F4/80High MHCIIHigh interstitial macrophages in the sub-lining. The lining layer is composed of highly organized, tight junction-mediated CX3CR1+ TREM2+ F4/80High macrophages, forming an immunological barrier. Lining layer fibroblasts sit directly under CX3CR1+ TREM2+ F4/80High barrier and secrete hyaluronic acid and lubricin into the intra-articular space via tight junctions to lubricate the joint cavity. The sub-lining is composed of sparsely distributed fibroblasts and RELMα+ LYVE1+ F4/80High macrophages where the former is thought to constantly remodel ECM following mechanical trauma. (B) Although during arthritis the CX3CR1+ TREM2+ F4/80High macrophage barrier becomes dysfunctional allowing migrating inflammatory myeloid cells and activated lining fibroblasts to invade the intra-articular space, these lining macrophages support resolution by retaining an immune-regulating phenotype and clearing apoptotic cells from the synovial cavity. RELMα+ LYVE1+ F4/80High macrophages also expand in the sub-lining. However, it is unknown if this is to actively trigger resolution or drive inflammation. (C) For arthritis to resolve, cellular infiltration must cease. In conjunction, it is proposed that sub-lining CXCL14+ fibroblasts secrete GAS6 which interacts with MERTK on RELMa+ LYVE1+ F4/80High macrophages causing the release of resolvins. Resolvins then switch lining fibroblasts from a proinflammatory to a reparative state to restore homeostasis. Also situated in the sub-lining are DKK3+ fibroblasts. The exact function of these cells is unknown; however, transcriptional evidence suggests they release proteins such as CADM1 which may promote the repair of CX3CR1+ TREM2+ F4/80High macrophage barrier function. This figure is based on human and mouse data. Image created with (BioRender.com).



In summary, tissue resident synovial cells not only provide the architecture of the joint but also play an important functional role in joint homeostasis. Heterogeneity has been reported within synovial macrophage and fibroblast subsets and this appears to be dependent on anatomical location within the joint microenvironment. Although these subsets of synovial cells differ in their transcriptomic signatures, the functional characteristics of these subsets under resting conditions remains to be fully elucidated.



Persistent Joint Inflammation in RA Renders Normal Joint Homeostasis Ineffective

During established RA, the synovium becomes hyperplasic with an increase in cellularity, resulting in an expansion of the synovial membrane between 10-20 cell layers thick. In the sub-lining, extensive angiogenesis occurs supporting a mass influx of infiltrating immune cells, such as lymphocytes, plasma cells and monocyte-derived macrophages (3, 61). For the purpose of this review, the role in which infiltrating cells play in RA [reviewed in (5, 62)] will not be discussed further. The hyperplasic synovium contains a heterogeneous population of tissue resident fibroblasts and macrophages that play differing roles in regulating and promoting joint inflammation and damage (63–68). While synovial macrophage numbers have been shown to positively correlate with disease severity (69, 70), synovial hyperplasia is predominantly a result of increases in fibroblast cell numbers thought to be due to proliferation (71), increased survival (72) and potentially migration (73).

In chronically inflamed joints the hypertrophied synovium forms pannus tissue (74) that adheres and degrades the articular cartilage (the cartilage-pannus junction) as a result of fibroblast secreted proteases (75). These proteases [such as matrix metalloproteinases (MMPs)] activate chondrocytes which in turn secrete additional proteases forming a positive endogenous feedback loop (76). For pannus formation to occur, the synovium must be re-organized into selectively expanded regions which support immune or non-immune processes (48). This re-modeling of the synovial membrane into distinct microenvironmental niches is thought to be the result of ECM remodeling by tissue fibroblasts. For example, Cadherin-11 (CDH11) is an adhesion molecule expressed by synovial fibroblasts during RA (77) and is critical for synovial hyperplasia (78). The genetic deletion of Cdh11 impairs pannus formation and attenuates inflammation in vivo (78, 79). Thus, formation of hyperplasic synovial tissue is essential for supporting joint inflammation and pathogenic fibroblast behaviour in arthritis.

Fibroblast migration may also be an important contributor to fibroblast expansion in the joint and thus synovial hyperplasia. Mouse synovial fibroblasts exhibit the ability to transmigrate in vivo through blood vessels and spread arthritis to unaffected joints, through mesenchymal precursors (80). These fibroblasts were found to be indispensable for inducing onset of arthritis in non-inflamed joints suggesting they may be directly arthrogenic (81). Fibroblasts implanted into a cartilage/sponge matrix in an immune deficient mouse also exhibit the ability to migrate from the engraftment site to a distant cartilage implant (82). Work from our group has shown these migrating fibroblasts express podoplanin (PDPN) and not sub-lining fibroblast markers such as CD248 (38). However, as migration progressed, the synovial tissue architecture developed both lining and sub-lining regions suggesting to some extent fibroblasts are plastic and respond to micro-environmental cues.

Recent evidence in humans, supports the notion fibroblasts might migrate to non-inflamed tissue through pre-inflammatory mesenchymal cells (PRIME cells) (73). PRIME cells are detectable in human blood prior to arthritis flare and are therefore a potential biomarker for predicting relapse in RA. It is hypothesized that PRIME cells are recruited by naïve B cells, a process which is reduced following the onset of joint symptoms. Transcriptomic analysis shows that PRIME cells may represent an analogous gene signature to proinflammatory fibroblasts identified in the sub-lining layer (42). Further work is required to determine whether PRIME cells truly migrate into the joint and if so, the mechanism by which these cells induce local disease flare within the joint itself.

Although pannus formation is hypothesized to be predominantly a fibroblast mediated process, key alterations of the synovial structure are initially driven by a failure of the synovial macrophage barrier. Using 3D light-sheet fluorescence microscopy, Culemann et al. (37), showed immune complex mediated synovial lining barrier dysfunction occurs in response to serum transfer induced arthritis (STIA) (37). Although these CX3CR1+ TREM2+ lining macrophages remained in the same position they changed orientation and morphology and permitted proliferating fibroblasts to invade the lining space and neutrophils and monocytes to migrate into the intra-articular space (Figure 1B). Although the fraction of CX3CR1+ TREM2+ macrophages did not expand in response to different types of experimental arthritis, they did maintain an immune-regulatory phenotype expressing Tam receptors such as Axl and Mfge4, clearing apoptotic cell bodies from the synovial space. In conjunction, sub-lining CX3CR1- RELMα+ macrophages expand.

We propose that CX3CR1+ TREM2+ lining macrophages can be considered as the first cellular checkpoint in the synovium that attempts to suppress joint inflammation and restore normal joint homeostasis following an inflammatory challenge. The functional purpose of the spatial coupling between lining layer macrophages and lining fibroblasts (which are functionally, spatially and anatomically distinct from sub-lining fibroblasts) is currently unknown, but we hypothesize that the loss of this spatial coupling during inflammation may lead to the emergence of a compensatory repair like phenotype in lining fibroblasts, however this remains to be definitely proven.

Lining CX3CR1+ TREM2+ and sub-lining CX3CR1- RELMα+ macrophages differentiate from tissue resident, self-renewing CX3CR1- MHCIIHigh interstitial macrophages (37). Under resting conditions, CX3CR1- RELMα+ macrophages express genes associated with alternative activation, suggesting an immunosuppressive phenotype that is protective. However, the expansion of this population of macrophages in arthritis, suggests that either there is a compensatory response in which these macrophages attempt to suppress inflammation and reinstate homeostasis or unknown signals from within the tissue switch their phenotype to a proinflammatory cell state. The latter is controversial as unlike highly plastic monocyte-derived macrophages, it is hypothesized resident macrophages are less plastic (83). However, investigators combining fate mapping, scRNAseq and epigenetic studies and investigating the role of macrophage subsets in the pathogenesis of pulmonary fibrosis have suggested plastic monocyte-derived macrophages can differentiate into tissue resident macrophages, giving rise to inflammation-imprinted, tissue resident macrophages which drive and sustain an inflammatory response (83).

In addition to the above, synovial fibroblasts are known to modulate macrophage gene expression profiles (84) and therefore, could determine macrophage phenotype in RA. In support of this, a recent study showed scRNAseq transcriptomics of CD14+ macrophages in the RA synovium revealed a unique expanded subset of HBEGF+ macrophages and when co-cultured with TNFα-activated synovial fibroblasts these macrophages were transcriptionally modified (85). This change in polarization was shown to be similar to classically activated pro-inflammatory macrophages, however as the HBEGF+ macrophage phenotype was dependent on fibroblast-derived prostaglandin2 (PGE2) it was considered distinct from classical or alternative polarization and altered the way these macrophages could respond to standard treatments used in RA. These inflammatory macrophages were able to promote fibroblast invasiveness in an epidermal growth factor dependent manner. It is therefore possible that they play a role in determining the success or failure of the immune-regulatory TREM2+ CX3CR1+ macrophage barrier. Also, fibroblast-derived mediators such as PGE2 may alter the transcriptional profile of CX3CR1- RELMα+ sub-lining macrophages favoring a proinflammatory phenotype in response to the inflammatory joint milieu in RA. These concepts have yet to be fully tested.

To answer the above questions, it is important to understand the mechanism in which CX3CR1- MHCIIHigh macrophages give rise to anatomically distinct synovial subsets under normal and perturbed states and how interactions with fibroblasts alter these immunophenotypes. Is there a pool of CX3CR1- MHCIIHigh macrophages which is primed but readily depleted in response to an inflammatory stimulus? If CX3CR1- RELMα+ macrophages are proinflammatory, what might switch these cells from an immunosuppressive to proinflammatory state? These are important questions that remain to be answered.



Tissue Resident Synovial Cells Re-Establish Joint Homeostasis in RA Patients

The recent identification of distinct tissue resident synovial macrophage (37) and fibroblast (39–42, 86) subsets in various disease states in RA, suggests the function of these cells is dependent on both their anatomical location within the synovium and the tissue disease state. Furthermore, it appears that tissue resident macrophage phenotype may be more stable than the fibroblast state. Thus, dysregulated association between these two tissue resident cell types may not only determine the timing of inflammation but also its duration.

Another possible cellular immune checkpoint may exist between type I tyrosine kinase receptor (members of the TAM family) expressing synovial macrophages and sub-lining fibroblast subsets through the release of endogenously produced GAS6 (60). Macrophage type I tyrosine kinase receptors consist of TYRO3, AXL and MER. The role in which these receptors may play in regulating joint inflammation in arthritis was first demonstrated in Tam deficient mice where spontaneous arthritis (amongst other inflammatory manifestations) was reported (87). In agreement with Culemann et al. (2019) (37), an investigation in humans by Alivernini et al. (2020) (60) has shown two general subsets of synovial macrophages (tissue resident MERTK+ and infiltrating MERTK-) with differential enrichment of these populations within the synovium depending on tissue stage where risk of disease flare was determined by the ratio of these two subpopulations in the synovium.

The above authors investigated synovial biopsy tissue from healthy individuals, patients with active RA and those individuals in sustained clinical remission under methotrexate combined with TNF inhibition (60). Monocyte-derived MERTK- macrophages were expanded during active RA and identified as proinflammatory, expressing either alarmins (S100A12 and IL-1β), bone remodelling proteins (CD48 and SPP1), interferons (HLA and ISG15) or molecules related to antigen presentation (HLA and CLEC10A). In contrast, tissue resident MERTK+ macrophages were enriched in healthy synovial tissue and synovial tissue from those individuals in clinical remission. As others have shown Mertk-/- mice exhibit exacerbated arthritis in response to STIA (88), This suggests, a dysregulation in macrophage TAM signaling appears to determine autoimmunity and drive chronic inflammation in RA.

Immune-regulatory MERTK+ macrophages consisted of high expression of either TREM2 or LYVE1 demarking their lining or sub-lining location, respectively (60). Culemann et al. (2019) also reported CX3CR1+ lining macrophages express TREM2 (37). Trem2 expression has proven to inhibit inflammation in mouse microglia by suppressing NF-κB signaling (89). In contrast, LYVE1+ macrophages have been shown to engage with hyaluronan on smooth muscle cells and induced MMP-9 dependent degradation of collagen to prevent its deposition and therefore vascular stiffness (90). This suggests, under resting and resolving states, that MERTK+ macrophage subsets may not only regulate inflammation but potentially also fibroblast collagen production and tissue stiffness of the joint.

Endogenous pro-resolving mediators such as resolvins are cardinal biomarkers and active regulators of resolution in RA and are now considered a potentially useful biomarker of DMARD therapy (91). In vitro functional assays performed by Alivernini et al. (2020) showed MERTK+ macrophages released resolvin D1 and induced a reparative phenotype in lining fibroblasts (increasing the expression of collagen genes such as COL1A) driven by GAS6 secretion from a sub-lining fibroblast subset expressing THY1 and CXCL14 (Figure 1C). GAS6 acts as a bridging molecule to promote the binding of MERTK with exposed phosphatidylserine (PS) on apoptotic cells and induces phagocytosis (92, 93). This anti-inflammatory/pro-resolving process ultimately causes suppression of NFκB (94). Furthermore, cleavage of the ectodomain of MERTK by ADAM metallopeptidase domain 17 (ADAM17) has been shown to exacerbate tissue inflammation by limiting the production of specialized pro-resolving mediators (95, 96).

The MERTK/GAS6 axis has been shown to suppress proinflammatory cytokine production (97) and induce IL-10 production by alternatively activating anti-inflammatory macrophages (98). Importantly, GAS6 production by synovial fibroblasts and within synovial fluid is reduced in RA joint and increased in the synovium of patients in sustained remission (60, 99, 100). Together these findings suggest diminished MERTK/GAS6 association is essential for resolution of RA and re-establishing joint homeostasis. In contrast, the loss of the MERTK/GAS6 axis following persistent proinflammatory stimuli might contribute to chronic inflammation.

Intriguingly, the transcriptional cassettes of MERTK+ macrophages from healthy synovial tissue and the synovial tissue of those individuals with RA in sustained clinical remission were reported to differ (60). MERTK+ macrophages in patients in stable remission expressed genes which encode Kruppel-like factor 4 (KLF4) and nuclear receptor subfamily 4 group a member 2 (NR4A2). Historical evidence shows KLF4 is expressed in the differentiating layers of the epidermis and has been shown to play an important role in establishing barrier function (101). Furthermore, both of these transcription factors have been shown to be regulators of macrophage polarization where mice lacking macrophage- or myeloid-specific KLF4 expression demonstrate increased proinflammatory characteristics and delayed wound healing (102), whereas NR4A2 (a target of macrophage migration inhibitory factor (MIF) signaling) expression has proven to curb inflammation and promote an anti-inflammatory phenotype by reducing IL-6 production (103). More recently, a study demonstrates KLF4 and KLF2 expression in macrophages regulates immune cell apoptosis as well as suppressing toll-like receptor (TLR) responses to nucleic acids to ensure maintenance of homeostasis (104).

In addition to immune-regulatory tissue resident macrophages, sub-lining fibroblasts expressing markers such as dickkopf WNT signaling pathway inhibitor 3 (DKK3), osteoglycin (OGN), cell adhesion molecule 1 (CADM1) & microfibrillar-associated protein 2 (MFAP2) are present in inflamed murine and RA synovium (39, 42). DKK3 encodes DickKopf3 and overexpression of this protein in keloid fibroblasts has been shown to suppress cell proliferation and promote apoptosis via TGF-β1/SMAD signaling (105) as well as impairing tumor growth by promoting IL-7 production (106). Interestingly, DKK3 expression is upregulated in OA and inhibits cartilage degradation in vitro (107). In contrast, OGN supports ectopic bone formation and its expression increases in the RA synovium in response to low-level laser therapy (108). The relationship between the fraction of DKK3+ fibroblasts and RA pathology, duration of disease and tendency of patients to remain in clinical remission is yet to be explored however, it is possible that DKK3+ fibroblasts could play a role in promoting resolution by supporting the re-establishment of joint homeostasis through modulation of joint repair pathways. Furthermore, DKK3+ fibroblasts also express CADM1 and MFAP2 which have been shown to be involved in enhancing intestinal barrier function in rats with inflammatory bowel disease (109) and fibroblast-mediated elastic fiber formation (110), respectively. As there is evidence suggesting DKK3+ embryonic cell lineages remain in joint tissue at maturity (111) it is possible DKK3+ fibroblasts have a suppressive role in healthy joint tissue supporting the synovial macrophage barrier, but this is yet to be investigated. The role tissue resident synovial cells play in resolution of inflammation and restoration of joint homeostasis is summarized in Figure 1C.

In summary, these studies demonstrate that both tissue resident macrophages and fibroblasts play an important role in supporting the resolution of joint inflammation in RA. The coupling of these cell types and outcome of their cross-talk appears to be critical in determining whether inflammation persists or resolves. We propose that these tissue resident cells form critical cellular checkpoints within the synovium that attempt to regulate the local inflammatory response. In this way macrophages can act as critical off switches by suppressing the phenotype of pathogenic fibroblasts. As a result, the maintenance of these cellular checkpoints facilitates resolution of joint inflammation and maintains disease remission, whereas their failure leads to the persistence of joint inflammation. The reasons such cellular checkpoints could fail include either quantitative changes to the proportions of the cellular subsets within the tissue that make up these checkpoints or the failure of the inter-cellular communication pathways between the two cell types. It is probable that persistently activated fibroblasts in chronic disease undergo epigenetic modifications which give rise to pathogenic subsets and ultimately render tissue resident stroma-macrophage checkpoints ineffective. As macrophages and fibroblasts appear to play an important role in homeostasis and disease progression, we will need to focus on understanding how these cells communicate in the context of inflammation and resolution. This will unravel the functional networks established by these tissue resident synovial cells at different stages of disease and in response to treatment, allowing us to develop novel therapeutic approaches to treat refractory RA and restore joint homeostasis resulting in sustained clinical remission.



Pathologic Synovial Fibroblasts as Cellular Drivers of Treatment Refractory RA

Fibroblasts provide the architectural and functional landscape for tissue microenvironments (21, 22). In arthritis, synovial fibroblasts amplify inflammation and tissue damage driving multiple aspects of pathology including production of chemokines, cytokines and proteases which affect the recruitment, retention and differentiation of infiltrating leukocytes as well as the erosion of cartilage and bone (19, 46, 63, 112–114).

Historical studies regarding synovial fibroblast heterogeneity in RA have focused mainly on tissue topography, positional identity, surface protein expression of candidate cell markers and identifying the lining and sub-lining layers as distinct anatomical regions (79, 115–117). Recent efforts through the use of scRNAseq transcriptomics have defined the cellular diversity at the transcriptional level and research is ongoing to link this heterogeneity to cellular function and role in disease pathology (39–42). The first study to utilize this strategy was by Stephenson et al. (2018) (41) and showed two transcriptionally distinct human fibroblast subsets in RA which were demarcated by anatomical location – CD55+ lining and THY1+ (CD90+) sub-lining fibroblasts. Bulk RNA sequencing of these two populations with gene-set enrichment analysis, confirmed CD55+ lining fibroblasts highly expressed HAS1 whereas THY1+ sub-lining fibroblasts expressed genes associated with ECM degradation and remodeling. THY1+ fibroblasts could be further defined by PDPN+/- populations where the former was considered a perivascular marker suggesting THY1+ fibroblasts associate with blood vessels in the sub-lining.

Since Stephenson et al. (41), multiple researchers have attempted to unravel the phenotypic difference between fibroblast subsets in RA using sort purified, enzymatically digested human and mouse synovial tissue samples (39, 40, 42, 86). For example, Mizoguchi et al. (2019) (40) sorted synovial fibroblasts from human RA biopsies using markers which are upregulated in active RA synovium: PDPN, CDH11, CD34 and THY1 (38, 79, 116, 118). Using microarray analysis with bulk sequencing and principle component analysis, three unique PDPN+ fibroblast gene signatures were identified: 1) CD34- THY1- lining layer fibroblasts expressing MMP1, MMP3, PRG4 and HAS1; 2) CD34+ THY1+ perivascular fibroblasts associated with sub-lining vasculature and 3) CD34+ THY1- distributed in superficial lining layer and throughout deep sub-lining. CDH11 expression was observed in most fibroblasts with the greatest expression in the lining subset matching previous findings that CDH11 expression promotes invasive and destructive behavior (79). Interestingly, of these populations, the CD34+ THY1+ perivascular subset was expanded in RA and not OA and correlated with leukocyte infiltration and histological scores of synovitis and hypertrophy, whereas CD34- THY1- lining were expanded in OA and not RA, suggesting synovial fibroblast subset expansion is dependent on disease type and context.

Expansion of pathological fibroblast subsets in the sub-lining of RA synovial tissue has also been demonstrated by others (39, 40, 42, 86). Zhang et al. (2019) integrated scRNAseq transcriptomics and mass cytometry of RA synovial biopsies and based on CD45- CD31- PDPN+ expression identified three THY1+ sub-lining fibroblasts subsets: CD34+, HLA-DRHigh and a unique subset expressing DKK3+ (42). Of the sub-lining subsets the HLA-DRHigh and CD34+ populations were expanded in leukocyte-rich RA synovial tissue where the former was as high as a 15-fold increase. In agreement with Mizoguchi et al. (2019) (40) lining layer fibroblast in this study were also determined by CD34- THY1- PRG4+ as well as CD55+.

Findings from our group show in the synovium of acute and chronic experimental arthritis models in mice and human RA synovial biopsy tissue, fibroblasts significantly increase expression of FAPα (fibroblast activation protein alpha), a cell membrane dipeptidyl peptide which was absent under resting conditions (39, 117). This led to the hypothesis that FAPα is a marker of pathogenic fibroblasts subsets in inflammatory disease. Deletion of FAPα expressing fibroblasts in mice not only suppressed inflammation but also reduced tissue damage thus confirming its pathogenic role in arthritis. FAPα fibroblasts could be broadly separated into THY1- and THY1+ clusters reflective of their anatomical location in the joint synovium: THY1- lining and THY1+ sub-lining layer fibroblasts. Furthermore, scRNAseq demonstrated THY1- fibroblasts contained a lining layer gene signature expressing Cd55, Prg4 and Clic5, whereas a THY1+ sub-lining signature expressed other markers such as Cd34 and Clec3b. When comparing our mouse THY1+ scRNAseq data with human subsets identified by Zhang et al. (2019) (42), we found three transcriptionally analogous fibroblasts subsets: 1) CD34+ C3+ MFAP5+ associated with blood vessels in the sub-lining perivascular space, expressing genes related to immuno-inflammatory processes and stromal memory and 2) COL1A1+ COL8A1+ MDK+ expressing genes involved in bone, cartilage and ECM re-modelling. In addition, a single THY1- lining subset was identified across species containing a transcriptional profile of CLIC5+, TSPAN15+ and PRG4+. Importantly, re-analysis of Zhang et al. (2019) (42) data confirmed pathogenic HLA-DRHigh fibroblasts were also positive for FAPα.

From the above studies it is clear FAPα+ THY1+ sub-lining fibroblasts contain distinct fibroblast subsets with non-overlapping effector functions. For example, THY1+ CD34+ fibroblasts reported in all studies were shown to cluster in the perivascular region of the sub-lining tissue and from gene-set enrichment analysis and in vitro assays were shown to express inflammatory mediators such as IL-6, CXCL12 and CCL2 with the potential to facilitate immune cell infiltration. These subsets also express complement C3 and are responsible for stromal memory and tissue priming (39, 40, 42). Therefore, these populations can be generally grouped into THY1+ CD34+ C3+ perivascular proinflammatory fibroblasts and importantly their expansion in RA has been shown to correlate with histopathological observations including synovial hypertrophy and inflammation (40). Recent work has shown that following repeated inflammatory stimuli, CD34+ C3+ synovial fibroblasts become metabolically rewired and express high amounts of complement proteins to support local, inflammation driven tissue priming (113). This robust tissue response could define the switch from resolving to chronic joint inflammation observed in RA. In contrast, CD34- fibroblasts can be separated into two populations: HLA-DRHigh comprised of a similar proinflammatory phenotype as above as well as expressing genes associated with antigen presentation and IFNγ signaling (42), and RANKLHigh expressing fibroblasts which also express low osteoprotegerin (OPG) and exhibit the ability to drive osteoclast differentiation in vitro (40). An enhanced migratory and invasive behavior has been reported in this subset following exposure to platelet derived growth factor BB (PDGFBB) in a trans-well matrix invasion assay (40), therefore these cells may play an important role in cartilage and bone destruction. In addition to sub-lining fibroblasts, work from our group and others has shown that lining FAPα+ THY1- fibroblasts also express genes that associate with osteoclast formation and activity (CCL9, RANKL) as well as cartilage degradation (MMP3, MMP9 and MMP13) consistent with a role in mediating bone and cartilage destruction (39, 40). See Figure 2 for summary of pathological fibroblast subsets in rheumatoid arthritis.




Figure 2 | Transcriptionally and functionally distinct synovial fibroblast subsets within the inflamed joint. Synovial fibroblasts exist as distinct subsets or activation states. Lining layer fibroblasts play an important role in tissue repair and remodelling however, in response to inflammation these fibroblasts may play a role in bone and cartilage destruction. In contrast, sub-lining fibroblasts discriminated by THY1 expression (with a transcriptional gradient extending from the vascular loci (highest THY1 expression) to the synovial lining) expand during inflammation Within the sub-lining tissue, four differentially activated fibroblast subsets have been identified expressing distinct transcriptional cassettes determined by anatomical location within the joint. This figure is based on human and mouse data. Image created with (BioRender.com).



To confirm differences in RA fibroblast effector functions in vivo, our group adoptively transferred FAPα+ THY1+ sub-lining and FAPα+ THY1- lining fibroblasts into the joint of STIA and collagen-induced arthritis (CIA) mice and demonstrated THY1+ cells exacerbated disease by augmenting proinflammatory cytokine and chemokine production and promoting cellular infiltration. In contrast THY1- cells had no effect on inflammation in vivo but did enhance bone and cartilage destruction both in vivo and in vitro (39). Such findings enhance our understanding how fibroblast subsets drive chronic inflammation. Understanding how fibroblast subsets relate to the global synovial tissue pathotype and how changes in their phenotype or quantitative proportions underlie specific disease endotypes such as treatment refractory RA will be an important area of future research.



Endothelial-Derived Notch Signaling Induces Pathogenic Fibroblast Expansion in Arthritis

It remains unclear whether fibroblast heterogeneity is due to developmental determinants, cellular differentiation and/or epigenetic modifications. Recent studies have demonstrated differences in the expression of homeobox (HOX) family of transcription factors and WNT signaling pathways between fibroblasts isolated from different joints (119). The HOX gene signature shared similar features to the embryonic positional HOX gene expression pattern along the proximal–distal and anterior–posterior developmental axes. Others have shown that epigenetic modifications such as DNA methylation and histone modifications determine HOX gene expression in synovial fibroblasts (120, 121). It is thought that epigenetic imprinting of fibroblasts within a specific joint exists to support the unique biomechanical features of that joint. This anatomical diversity of synovial fibroblasts, while not disease specific, may underpin the tissue tropism observed in RA with positionally imprinted risk signatures of synovial fibroblasts determining the specific pattern of joint involvement in disease (122).

Synovial fibroblasts are also highly responsive to changes in the joint microenvironment with a phenotype dependent on microenvironmental instructive cues (86). In support of this, a study by Wei et al. (2020) (86) used THY1 and PRG4 as canonical markers of lining and sub-lining layer fibroblasts to anatomically define these regions of the synovial microanatomy and demonstrated a transcriptional THY1/PRG4 gradient in RA synovial tissue. This suggests transcriptional intermediate fibroblast states exist between these two anatomical poles with the anatomical endpoint of the sub-lining expression signature being the mural cells (vascular smooth muscle cells and pericytes that surround microvasculature) which corresponded with the site of highest THY1 expression. Importantly, similar to Mizoguchi et al. (2018) (40), these transcriptional signatures were dependent on their positional location within the synovial tissue and were lost following ex-vivo expansion in culture. These findings collectively suggest that fibroblasts are passive responders to the joint microenvironment and their transcriptional phenotype is determined by their position in the tissue including their distance from the synovial vasculature.

Wei et al. (2020) (86) showed that THY1high fibroblasts share similar anatomical sites as endothelial cell (EC) and mural cells. When cultured with or without EC in a free-floating 3D synovial tissue organoid system, fibroblasts form a lining and sub-lining layer in both conditions but only displayed a sub-lining transcriptional phenotype in the presence of EC. In the absence of EC, the fibroblast transcriptional signature became null where all fibroblasts expressed an intermediate transcriptional gene expression signature. In contrast, in the presence of EC, scRNAseq cell profiling demonstrated that 5.9% of fibroblasts were found to transcriptionally cluster with THY1+ perivascular fibroblasts whereas 15.4% of fibroblasts clustered in association with mural cells suggesting signals from the EC differentiate fibroblasts into both perivascular fibroblasts and mural cells. Furthermore, receptor ligand analysis showed EC induced THY1+ fibroblast and mural cell differentiation through DLL4/JAG1:NOTCH3 signaling (86). The genetic deletion of Notch3 or antibody mediated therapeutic blockade of NOTCH3 signaling led to attenuated arthritis (86).

Recently, Buechler et al. (2021) (123) demonstrated universal fibroblast subsets (Pi16+ and Col15a1+) exist across all tissue types (including the joint). These subsets express markers of stemness and are thought to give rise to specialized fibroblast subsets (dependent on tissue type and state) where Pi16+ transition through the Col15a1+ intermediate state. These universal fibroblasts also expressed high amounts of dermatopontin (DPT) and genetically engineered mice which express the fluorescently labelled DPT protein confirmed their transcriptional trajectory giving rise to three specialized fibroblast subsets demarked by genes Cxcl5, Adamdec and Lrrc15. In RA synovial tissue, Pi16+ fibroblasts were shown to give rise to Cxcl5+ fibroblasts which expressed high levels of proinflammatory cytokines IL-6 ad IL-1β and chemokines CCL2 and CCL7 thought to be located in the sub-lining. Co-regulated gene analysis also confirmed this activated cluster was driven by Pi3K, TNF and NFκB signaling. In summary, universal Pi16+ fibroblasts are plastic and differentiate into specialized fibroblasts following a site-specific signal such as NOTCH signaling in an inflamed joint.

In agreement with the above studies, others have demonstrated similar pro-inflammatory specialized fibroblasts exist across multiple chronic inflammatory diseases: RA, inflammatory bowel disease (IBD), interstitial lung disease and Sjögren’s syndrome (124). Again, using scRNAseq, this group discovered two shared fibroblast clusters exist across these diseases: SPARC3+ COL3A1+ and CXCL10+ CCL19+. The authors propose SPARC3+ COL3A1+ fibroblasts contain a conserved developmental pathway which drive tissue remodelling in early stages of disease to support chronic inflammation, whereas CXCL10+ CCL19+ fibroblasts are immune interacting and promote cellular infiltration. Thus, SPARC3+ COL3A1+ cells interact with blood vessels and alter the EC matrix to promote or inhibit infiltration (during early or resolving arthritis) whereas CXCL10+ CCL19+ fibroblast differentiation supports immune cell infiltration during active RA. In agreement with Wei et al. (2020) (86), the authors suggest that SPARC3+ COL3A1+ perivascular fibroblasts cross-talk with EC through DLL4:NOTCH3 signalling as well as TGF-β1, PDGFβ and angiogenic and mitogenic factors ephrin-α and -β and MDK and PTN respectively.

Furthermore, the investigators demonstrate that CXCL10+ CCL19+ synovial fibroblasts display a strong IFNγ response signature (124) and are therefore believed to interact directly with CD8+ T cells (IFNγ is abundantly expressed by CD8+ T cells). As a result, it is likely these immune-inflammatory fibroblasts are analogous to Zhang et al. (2019) HLA-DRHigh pathogenic fibroblasts (42). Furthermore, the expression of synovial fibroblast CX3CL1 and CX3CR1 expressed by CD8+ T cells has been shown to positively correlate with RA severity (125) and monoclonal antibody treatment targeting CX3CL1 has shown to be successful in early phase clinical trials in RA (126). This suggests, in conjunction with NOTCH signaling, infiltrating IFNγ producing CD8+ cells may also play a role in activating pathogenic fibroblast subsets such as HLA-DRHigh. It is highly likely other signals arising from resident and infiltrating cells will evolve during disease progression that ultimately lead to modulation of fibroblast phenotype.

In summary, synovial fibroblasts demonstrate significant plasticity in response to local signals from within the joint microenvironment and give rise to transcriptionally distinct phenotypes based on their anatomical location within the synovium. These positional cues are orchestrated to create distinct synovial tissue niches that support infiltrating inflammatory cells. Under inflammatory states, the expression of transcriptional cassettes encoding the pathogenic fibroblast phenotype appear to be transient and dependent on positional cues. However, in chronically inflamed joints, fibroblasts are exposed to persistent inflammatory cues and, therefore, these signatures may become epigenetically imprinted, developing a sustained pathogenic fibroblast phenotype (29). The role in which epigenetics plays in modulating fibroblasts phenotypes in RA will be discussed below.



Pathological Fibroblast Cell States Drive the Persistence of Joint Inflammation

Historical evidence demonstrates fibroblasts from the RA synovium of patients with advanced disease, including those undergoing joint replacement, have an aggressive and invasive phenotype that is maintained when engrafted into a severe combined immunodefient mouse (SCID mice) (lacking B and T cells) (38, 127, 128). It is therefore hypothesized that epigenetic modifications underpin the persistently activated fibroblast cell state and the invasive phenotype observed in chronic disease.

Unlike genetic mutations, epigenetic modifications are reversible as they do not alter the genetic sequence, only the way the gene is transcribed. Thus, epigenetic modifications in the promotor region of genes suppress and exacerbate their expression. It is suggested there are three main types of epigenetic modifications reported in RA synovial fibroblasts: DNA methylation, histone modifications and micro RNA (miRNA) expression [reviewed in (29)]. Such modifications are disease specific showing different epigenetic profiles in RA compared to OA joint fibroblasts (129, 130). In addition, current investigations have now identified long non-coding RNAs (lncRNAs) as master regulators of epigenetic modifications in RA synovial fibroblasts [reviewed in (131)] which will also be discussed below.

DNA methylation is the covalent transfer of a methyl group to the 5’ position within CpG islands by DNA methyltransferase (DNMT). DNA methylation silences or suppresses gene expression whereas hypomethylation (unmethylated CpG site that is normally methylated) enhances expression. In RA, the fibroblast methylome state is predominantly hypomethylated and has been shown to promote the aggressive phenotype by enriching the expression of genes associated with immuno-inflammation, proliferation and apoptosis (132). Hypomethylation also generates destructive endogenously activated pathways in RA fibroblasts through the increased expression of CXCL12 which activates MMPs via CXCR7 (133).

Recent evidence suggests changes in DNA methylation occur early in RA (undifferentiated RA) and has prognostic potential (134). From this study the total number of hypermethylated CpG sites increased from 9% in undifferentiated arthritis to 84% in very early RA (symptom duration ≤3 months) and 96% established RA (≥3 months duration). Furthermore, specific hypermethylated CpG sites were observed in all stages of disease including downregulation of the MFAP2 gene in established RA. These findings suggest, in established RA, fibroblast hypermethylation may cause a reduction in MFAP2 expression by DKK3+ immune-regulatory fibroblasts observed by Zhang et al. (2019) (42).

Inhibiting histone acetylation using various histone deacetlylase (HDAC) inhibitors attenuates experimental arthritis in mice (135, 136). Also, prolonged exposure to inflammatory mediators such as TNFα loosens chromatin accessibility in RA synovial fibroblasts by decreasing total histone-4 (H4) and hyperacetylating the remaining (137). Such modifications prime fibroblasts and enhance transcription of NFκB and production of proinflammatory cytokines and chemokines such as IL-6 and CXCL10, CXCL9 and CXCL11 respectively. Reports also suggest synovial fibroblast histones can be methylated which can occur on lysine and arginine residues only (with prevalence for lysine) and is regulated by histone lysine methyltransferase (HKMT) and demethylases (HKDM) (138). In response to TNFα stimulation, HKM-modifying enzymes dysregulate HKMT and HKDM activity resulting in changes in synovial fibroblast gene expression.

The production of miRNAs by synovial fibroblasts also alters their gene expression – a phenomenon driven by proinflammatory mediators which are present in the inflamed joint microenvironment. The RA synovial fibroblast miRNA signature determines the aggressive phenotype of synovial fibroblasts observed in chronic arthritis where specific miRNAs have been shown to target mechanisms that regulate methylation (139). Many synovial fibroblast miRNAs have been identified in RA synovial fibroblasts which exhibit enhanced or suppressive effects on proinflammatory gene transcription (140–142). In contrast, one study suggests miRNA expression can result in a pro-resolving state, for example resolvin D1 treatment in CIA in mice suppressed angiogenesis, pannus formation (determined by synovial expression of connective tissue growth factor) and proinflammatory cytokine levels through the upregulation of miRNA-146a-5p expression which inhibited STAT3 activation (143). So, it appears that expression of miRNAs by synovial fibroblasts has direct pathological, protective and pro-resolving outcomes which become dysregulated in chronic inflammation.

Recent findings suggest lncRNAs are also important epigenetic regulators, and in RA these non-coding RNAs are not only reduced (144) but have both suppressive and stimulatory effects on synovial fibroblast gene expression, which ultimately supports chronic inflammation by enhancing fibroblast pro-inflammatory cytokine and chemokine production, proliferation, migration and invasiveness whilst preventing apoptosis (145). Others have shown lncRNA profiles differ in normal and RA patient plasma (146). In this study, RA patient samples contained a total of 169 upregulated lncRNA and 120 downregulated compared to healthy controls, suggesting changes in lncRNA fibroblast transcription is a biomarker of RA. It is also proposed lncRNAs can regulate fibroblast miRNA expression and therefore determine RA pathogenesis (147). For example, normal expression of fibroblast lncRNA OIP5-AS1 is protective and inhibits the expression of miR-448 (148). In contrast, dysfunctional OIP5-AS1 expression causes upregulation of miR-448 which induces TLR3/NFκB signalling and supported pathogenesis in arthritic rats. The exact mechanism lncRNAs play in RA is still yet to be determined, however Yan et al. (2019) suggest lncRNA HIX003209 promotes a TLR4/NFκB proinflammatory phenotype in CD14+ infiltrating macrophages in RA by sponging miR−6089 (149).

While a persistent inflammatory stimulus can induce a sustained activatory phenotype in synovial fibroblasts, tissue resident macrophages appear to respond transiently and unlike fibroblasts maintain expression of immune-regulatory proteins such as ABIN3, IRAK-M, SOCS3 and ATF3 (150). Therefore, low expression of these immune-regulatory proteins in fibroblasts determines sustained activation. A more recent study demonstrates that 280 TNFα-inducible genes are repressed in macrophages following transient activation whereas fibroblasts sustain enhanced expression of 80 of these genes (151). These 80 genes also contained hyperacetylation of H3K27 and increased chromatin accessibility in NFκB promotor, interferon regulatory factors and activating protein-1. In summary, prolonged exposure to inflammatory stimuli causes epigenetic modifications in synovial fibroblasts which promote an aggressively imprinted proinflammatory phenotype. In contrast, TNFα exposure in macrophages induces a transient response which is tolerized. In RA patients who achieve clinical remission, it is possible macrophages may rapidly alter their response and transition to a homeostatic phenotype which supports resolution of inflammation and tissue repair. However, if fibroblasts maintain a sustained pro-inflammatory phenotype, they may fail to respond to the negative suppression by tissue resident macrophages, but this is yet to be proven. Further work is required to understand how epigenetically modified fibroblasts can be targeted in RA.



Targeting Pathogenic Fibroblasts in Refractory RA

Targeting fibroblasts directly remains an aspirational goal but one that offers the potential to be less immunosuppressive than conventional biological therapies. One approach has been to target specific fibroblast cell behavior directly such as proliferation or hypertrophy/organization. A recent multi-center study termed TRAFIC (targeting synovial fibroblast proliferation in rheumatoid arthritis) conducted a phase 1b/2a clinical trial to determine the tolerated dose of seliciclib (152) [a cyclin-dependent kinase (CDK) inhibitor which induces expression of p21 and suppresses expression of the pro-survival protein BCL-2] (153–156). Although the study deemed seliciclib as safe to continue forward into phase 2 trials, little is known about its therapeutic efficacy in RA currently. Similarly, the finding that Cdh11-/- mice exhibit a 50% reduction in clinical arthritis in mice (112) led to testing its therapeutic potential in RA. However, a phase I trial of a monoclonal antibody directed at CDH11 (RG6125) inflammation was completed but a phase II trial was discontinued owing to a lack of efficacy (126).

Strategies designed to directly target specific pathogenic fibroblast subsets are now being explored. Using a diphtheria toxin system in mice, we have recently shown that the selective deletion of FAPα expressing fibroblasts during inflammatory arthritis results in attenuation of synovial inflammation and reduced joint damage (39). These observations provide the rationale for therapeutic targeting of such pathogenic fibroblasts in RA. To translate these findings in humans it is important to identify such pathogenic subsets in the inflamed RA synovium and be able to effectively target these cells accurately while minimizing potential ‘off target’ effects. One possible approach to target FAPα+ synovial fibroblasts is the use of chimeric antigen receptor (CAR)-T cells. Local delivery of FAPα targeting CAR T cells in patients with pleural mesothelioma has been shown to be safe in a phase I clinical trial (157). Targeting FAPα expressing fibroblasts with CAR T cells following cardiac injury in mice has been shown to reduce cardiac fibrosis and restore cardiac function (158). However, further preclinical work is needed to determine the efficacy and specificity of FAPα CAR T cells in experimental arthritis.

Another potential therapeutic strategy is to inhibit local signals from within the joint which drive fibroblast activation states. For example, endothelium-derived NOTCH3 signaling inducing a pathogenic sub-lining phenotype in perivascular and interstitial fibroblasts. Genetic deletion or blockade of Notch3 signaling has been shown to inhibit THY1+ sub-lining perivascular fibroblast expansion in mice and importantly attenuate experimental arthritis (86). NOTCH3 blockade has also been shown to reduce SPARC3+ COL3A1+ fibroblasts but not CXCL10+ CCL19+ fibroblasts (124). As it is hypothesized SPARC3+ COL3A1+ fibroblast remodel the synovial vasculature to facilitate immune cell infiltration in early disease, it is probable NOTCH3 therapy could be more effective when employed in undifferentiated or very early RA cohorts.

In chronic disease, the prolonged exposure to proinflammatory mediators causes epigenetic histone modifications in synovial fibroblasts resulting in sustained expression of TNFα inducible genes (150, 151) – a phenomenon not observed in synovial macrophages (151). As this effect is due to histone hyperacetylation, targeting histone acetylation reader proteins such as BET bromodomain proteins could modulate the sustained or persistently activated fibroblast state. In support of this, treating synovial fibroblasts with the BET inhibitor I-BET151 significantly reduces proliferation, cytokine and MMP production (159). Furthermore, the effects of I-BET151 were shown to be cell-type specific inducing anti-inflammatory effects in macrophages. As mentioned above, histone acetylation primes fibroblasts enhancing expression of proinflammatory mediators. As histone acetylation is reversible it can be deacetylated by treating with histone deacetylases (HDAC). One study demonstrates that treatment of RA synovial fibroblasts with HDAC3 significantly reduces production of inflammatory mediators such as IFNs (160). This suggests potential for using HDACs to therapeutically target synovial fibroblasts in RA. Further work is required to identify and target critical epigenetic modifications and gene regulatory pathways that sustain pathogenic fibroblast states in inflammatory joint disease.



Summary

During inflammatory arthritis, the spatial and temporal cellular heterogeneity of synovial macrophages and fibroblasts sees the emergence of specialized cellular subsets that define specilised synovial tissue niches that support the pathpogenic behavior of immune cells.

Early, inflammation driven remodeling of the synovial microenvironment is associated with a disrupted macrophage lining barrier that permits the invasion of activated fibroblasts and infiltrating immune cells. The expansion of pathogenic fibroblasts and alarmin-producing MERTK- macrophages in the sub-lining layer results in a pro-inflammatory microenvironment that supports the infiltration and survivial of inflammatory cells. In order for inflammation to resolve, fibroblast-derived GAS6 promotes the differentiation of MERTK+ macrophages which in turn induce a reparative phenotype in lining fibroblasts. At this point the lining barrier function is restored and joint homeostasis is reinstated.

We propose that these pathways are associated with critical cellular checkpoints between macropahges and fibroblasts, and the failure of these bi-directional cellular interactions to suppress pro-inflammatory pathways results in the emergence of persistently activated pathogenic cell states that drive chronic inflammation. The failure of pathogenic fibroblasts to respond to negative regulation, such as those instructive signals provided by pro-resolving macropahges may underpin chronic inflammation and treatment refractory arthritis.

Future research strategies should combine the knowledge of cellular heterogeneity scRNAseq and in vivo and/or in vitro functional assays to understand the exact biological function of tissue resident synovial cells at different stages of disease. Furthermore, employing epigenetic profiling technologies such as open chromatin sequencing will assist in deciphering the epigenetic landscape of synovial fibroblasts and identify differences in gene regulation that lead to specific programs of gene expression that underpin their phenotypic heterogeneity and how these are modulated during chronic inflammation. Such findings will enable the identification of novel fibroblast targeted therapies designed to break the ceiling of therapeutic response in RA.
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Infection and inflammation can augment local Na+ abundance. These increases in local Na+ levels boost proinflammatory and antimicrobial macrophage activity and can favor polarization of T cells towards a proinflammatory Th17 phenotype. Although neutrophils play an important role in fighting intruding invaders, the impact of increased Na+ on the antimicrobial activity of neutrophils remains elusive. Here we show that, in neutrophils, increases in Na+ (high salt, HS) impair the ability of human and murine neutrophils to eliminate Escherichia coli and Staphylococcus aureus. High salt caused reduced spontaneous movement, degranulation and impaired production of reactive oxygen species (ROS) while leaving neutrophil viability unchanged. High salt enhanced the activity of the p38 mitogen-activated protein kinase (p38/MAPK) and increased the interleukin (IL)-8 release in a p38/MAPK-dependent manner. Whereas inhibition of p38/MAPK did not result in improved neutrophil defense, pharmacological blockade of the phagocyte oxidase (PHOX) or its genetic ablation mimicked the impaired antimicrobial activity detected under high salt conditions. Stimulation of neutrophils with phorbol-12-myristate-13-acetate (PMA) overcame high salt-induced impairment in ROS production and restored antimicrobial activity of neutrophils. Hence, we conclude that high salt-impaired PHOX activity results in diminished antimicrobial activity. Our findings suggest that increases in local Na+ represent an ionic checkpoint that prevents excessive ROS production of neutrophils, which decreases their antimicrobial potential and could potentially curtail ROS-mediated tissue damage.




Keywords: sodium, phagocyte oxidase, infection, neutrophils, reactive oxygen species



Introduction

High salt diets (1, 2), renal impairment (3–6), inflammation, and infection (7–11) can induce Na+ accumulation in skin tissues that can be simulated by addition of approximately 40 mM NaCl to standard cell culture media (= high salt condition, HS) (2, 8, 12, 13). In addition to skin, other organs such as liver, spleen and thymus can display enhanced Na+ levels [reviewed in: (14)]. Although the mechanisms that govern local Na+ accumulation are still elusive [reviewed in: (14)], it became clear in the last years that these increases in Na+ and other ions impact the biology of various immune cells [reviewed in: (14–19)] and serve as ‘ionic checkpoints’ (20) in immunity.

Increases in Na+ favor the polarization of T cells towards an inflammatory Th17 phenotype (10, 21–23). In macrophages, HS in combination with inflammatory stimuli leads to enhanced pro-inflammatory activation and increased antimicrobial capacity (8, 12, 13, 24, 25), while limiting their regulatory features (26–29). Mechanistically, this HS-boosted proinflammatory macrophage activation requires osmoprotective signaling involving the mitogen-activated protein kinase (MAPK) p38 and the transcription factor ‘nuclear factor of activated T cells 5’ (NFAT5/TonEBP), an emerging modulator in immunity [reviewed in: (30, 31)]. This signaling circuit is crucial in renal defenses against uropathogenic Escherichia coli [UPEC, (32)] under regular diet conditions as well as in cutaneous macrophage-driven antimicrobial responses against the protozoan parasite Leishmania major under experimental HS diet (8).

Effects of HS on polymorphonuclear leukocytes (PMN) are less clear. PMN are promptly recruited to the site of infection and contribute to warding off pathogens [reviewed in: (33)] but also to pathology [reviewed in: (34)]. Several studies reveal that HS can boost PMN activity (35–37), whereas other results indicate impairment in inflammatory activity and activation of PMN (35, 38–45). In line with the disparate findings regarding the impact of HS on neutrophil activation, the effects of HS on antibacterial capacity of PMN are not fully understood. Increases in extracellular Na+ either impair (46, 47), augment (36) or do not affect the antimicrobial activity of neutrophils (25). Moreover, the underlying mechanisms contributing to these divergent outcomes remain elusive.

Here, we show that HS diminishes the antimicrobial activity of human and murine PMN against E. coli. Mechanistically, reduced bactericidal activity is due to impairment of the neutrophil enzyme nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (PHOX) and subsequently reduced ROS production.



Material and Methods


Reagents and Antibodies

NaCl was purchased from Merck. E. coli (HB101 laboratory strain) (48) and E. coli-GFP harboring pWRG167 (12) were kept on Mueller Hinton agar II plates. S. aureus (ATCC 29213) was kept on Columbia sheep blood plus agar plates. Bacterial overnight liquid cultures were generated in LB media. All in vitro experiments were performed in RPMI media (Gibco; # 618700044) containing 10% fetal calf serum (FCS; Sigma, #F7524). We purchased phorbol-12-myristate-13-acetate (PMA; #P1585), N-formylmethionyl-leucyl-phenylalanine (fMLP; #F3506), and diphenyleneiodonium chloride (DPI; #D2926) from Sigma and SB203580 (#tlrl-sb20) from Invivogen. For western blotting, we used rabbit-anti-phospho-p38 mouse (Cell Signaling Technology, #4511S) and mouse-anti-Vinculin (BioRad, #V284) primary antibodies. As secondary antibody, we used HRP-conjugated swine-anti-rabbit and goat-anti-mouse antibodies (Dako). For flow cytometry, we stained cells using Brilliant violet 421 anti-human CD62L (BioLegend, #304828), APC anti-human CD11b (BioLegend, #301350), Pacific-Blue anti-human CD66b (BioLegend, #305112), PE anti-human CD35 (BioLegend, #333406) antibodies. For confocal microscopy, we used the rabbit-anti-myeloperoxidase (Agilent, #A039829-2) primary antibody, the donkey-anti-rabbit-Cy5 conjugated (Dianova, #711-606-152) secondary antibody and the Phalloidin AF-647 (Thermo Fisher, #A22287) marker.



PMN Isolation and Infection

We obtained peripheral blood from healthy donors and employed established standard procedures (49–51) in order to isolate PMN from peripheral blood by density gradient centrifugation using Lymphoflot (Bio-Rad, #824012). After hypotonic lysis of erythrocytes, the remaining PMN were adjusted to 250 000 cells per well and incubated for 1 h at 37°C, 5% CO2 in 24-well plates. If DPI was used, 3 µM of DPI was added 30 min prior to stimulation. Subsequently, 40 mM NaCl (= high salt, HS) or mannitol was added where indicated. Together with the standard cell culture media conditions (= normal salt, NS), they were additionally incubated for 1 h. Cells were infected with E. coli at a multiplicity of 1 (MOI 1) and centrifuged to synchronize the infection. For infection with S. aureus (MOI 1), bacteria were opsonized with 20% human serum AB male (Biowest). Where indicated, 10 ng/ml PMA was added at this stage. Infection was terminated after 1 h - 1.5 h by addition of 400 µl cold PBS. Subsequently, serial dilutions were generated and plated on Mueller Hinton agar II plates. After overnight incubation, colony forming units (CFU) were counted and normalized to the mean of the respective NS group.



PBMC Isolation and Infection

We obtained peripheral blood from healthy donors and isolated peripheral blood mononuclear cells (PBMC) by density gradient centrifugation using Lymphoflot (Bio-Rad). PBMC were washed twice with PBS and adjusted to 250 000 cells per well in 24-well plates. PBMC infection was performed as described previously in murine macrophages (12). Briefly, cells were infected with E. coli (MOI 100) and subjected to gentamicin protection assays. After 2 h of infection, cells were lysed with PBS containing 0.1% Triton-X (PanReac AppliChem, #9036-19-5) and 0.05% Tween-80 (Sigma, #8.22187.0500) and serial dilutions were plated on Mueller Hinton agar II plates. CFU were counted and normalized to the mean of the respective NS group.



Murine Granulocyte Isolation and Infection

We obtained femurs and tibiae from C57BL/6 wildtype (WT) and Cybb-/- mice (including the respective controls) (52) and flushed the bone marrow using microlances (13 gauge, BD) and syringes (BD). Erythrocyte lysis was performed using ACK buffer (0.1 mM EDTA, 10 mM KHCO3, 150 mM NH4Cl, pH 7.3-7.5 in H2Odd) for 10 min at room temperature. Subsequently, cells were washed and passed through a 100 µm cell strainer, before they were resuspended in MACS buffer (0.5% BSA, 2 mM EDTA, pH 7.2 in PBS). We purified neutrophils by negative magnetic selection using the ‘Neutrophil isolation Kit’ (Miltenyi Biotec, #130-097-658) according to the manufacturer’s instructions. Infection of murine granulocytes was performed as described above but with MOI 0.1.



BMDM Generation and Infection

Bone marrow-derived macrophages (BMDM) were generated in Teflon-bags using L929 supernatant as described earlier (53). Infection experiments (MOI 100) were performed as described above or previously (12).



Peritoneal Cell Purification and Infection

We induced a sterile inflammatory response by injecting thioglycollate (Sigma, #B2551) in the peritoneal cavity (54, 55). PMN were isolated with cold PBS from the peritoneum one day after injection. Erythrocyte lysis was performed using ACK buffer for 10 min at room temperature. Subsequently, cells were washed and PMN infection experiments were performed as described earlier. 4 days after induction of peritoneal inflammation by injection of thioglycollate, peritoneal macrophages (pMΦ) were obtained essentially as described earlier (56, 57). After 10 min of erythrocyte lysis using ACK buffer at room temperature, peritoneal cells were washed, seeded and incubated for 1-2 h before we eliminated nonadherent cells by washing. Then macrophage infection experiments were performed as described previously (12).



Immunofluorescence Microscopy

PMN were isolated as described above and seeded on gelatin/fibronectin (Sigma, #F1141) pre-coated coverslips. After 2 h of incubation, cells were infected as described earlier, but with E. coli-GFP (MOI 1). 1 h post infection, cells were fixed with 4% PFA (Sigma, #1.04003.1000; diluted in PBS) overnight. The next day, cells were permeabilized (PBS with 2% BSA and 0.1% Saponin) and stained with anti-Phalloidin AF-647 antibody for 1 h, followed by 30 min incubation with the secondary antibody and subsequent mounting of the slides with Prolong Gold containing DAPI (Invitrogen, #P36931). Images were collected with a Leica TCS SP5 confocal laser scanning microscope and processed using the Leica Application Suite (version 2.7.3.9723). Bacterial load was analyzed in Fiji (58).



Analysis of Neutrophil Extracellular Traps

Formation of neutrophil extracellular traps (NETs) was analyzed via confocal microscopy, as described elsewhere (59) with minor modifications. PMN were isolated and seeded on gelatin/fibronectin pre-coated coverslips. Subsequently, 40 mM NaCl was added to the HS conditions and, together with the NS conditions, cells were additionally incubated for 1 h. Then, cells were infected as described above, but with MOI 10, and further incubated for 1 or 4 h. Infection was terminated and cells were fixed with 4% PFA overnight. The next day, cells were blocked in PBS containing 10% FCS and stained with anti-myeloperoxidase (MPO) antibody for 1 h, followed by 30 min incubation with the secondary antibody and subsequent mounting of the slides as described above. Images were collected with a Leica TCS SP5 confocal laser scanning microscope and processed using the Leica Application Suite (version 2.7.3.9723). Analysis of NET formation was performed by Fiji (58), calculating the ratio of MPO-positive (NET marker) and DAPI-positive (cellular DNA) signal in each condition.



Cytokine Release Measurements

PMN were isolated and infected as described above. In these experiments, supernatants were kept and analyzed by Luminex® (Austin, USA) for quantification of bactericidal/permeability increasing protein (BPI) and IL-8 as described earlier (60, 61). Mean fluorescence intensities (MFI) were acquired using the Luminex xMAP 100 system (Luminex Corp).



Cell Viability Assays

Cell viability was assessed by Annexin V (BD Biosciences, #550475)/Propidium iodide (PI, Sigma-Aldrich, P4864) staining. PMN were isolated and infected as described above. Then, cells were washed and stained with Annexin V/PI, according to ‘BD Biosciences’ protocol. In detail, PMN were washed with cold PBS, adjusted to 106 cells/ml in 1x Binding Buffer (10x, BD Biosciences, #556 454) and stained for 15 min. Analysis was performed using a FACS Canto II flow cytometer (BD). MFI were calculated by FlowJo software (version 10).



Western Blotting

For analysis of pp38 abundance, PMN were lysed in RIPA buffer (25 mM sodium deoxycholate, 1% SDS, 0.4% EDTA, 10 mM NaF, 1% NP 40 in H2Odd) containing complete protease inhibitors (Roche, #1183617001) and PhosphoStop (Roche, #04906837001). After homogenization, proteins were separated on a 13% polyacrylamide gel and subsequently blotted on PVDF membranes (Merck, IPFL 00010). Images were acquired using Luminata Forte HRP substrate (Millipore, #WBLUF0500) on a Chemo Star imager (Intas).



Mobility Assays

For the detection of spontaneous (undirected) movement, PMN were isolated as described above and seeded in 8-well IBIDI live cell chamber slides (200 000 cells per well). Chambers were incubated at 37°C, 5% CO2 for 1 h. Subsequently, 40 mM NaCl was added where indicated (= high salt, HS). After 1 h of additional incubation, cells were infected with E. coli at a multiplicity of 1 (MOI 1) and 10 ng/ml PMA was added where indicated. The chamber was immediately placed on a Leica SP5 confocal laser scanning microscope in a pre-heated (37°C) environment. Prior to and during the measurement, temperature was controlled by ‘The cube’ (Life Imaging Services), keeping the cell environment at 37°C. Cells were recorded for 30 min by acquiring pictures in 10 s intervals. Assessment of cell mobility was performed by Fiji plugin ‘manual cell tracker’ analyzing 19-20 cells per video which showed at least a minimal movement. PMN migration was not given in µm but in arbitrary units (a. u.) since our experimental setup does not allow for reliable detection of cell movement in the z-axis.

Direct PMN migration towards fMLP was analyzed with the QCM Chemotaxis Cell Migration Assay (Sigma, #ECM504) according to the manufacturers’ instructions. Briefly, PMN were isolated as described above and seeded in 24-well plates (500 000 cells per well) in serum-free medium. After 30 min incubation at 37°C, 5% CO2, 40 mM NaCl was added where indicated and cells were incubated further for 1 h. Subsequently, PMN were washed twice in RPMI medium containing 0.5% BSA and adjusted to 106 cells/ml. Based on the Boyden chamber assay principle (62, 63), 250 µl cell suspension were added into each insert and 300 µl serum-free media ± 1 µM fMLP were added into the lower chamber. HS was added where indicated to each insert and lower chamber. The plate was incubated for 4 h at 37°C, 5% CO2, then the inserts were removed and 200 µl cell suspension with migrated cells was transferred from the lower chamber to a 96-well plate. 20 µl of WST-1 dye  solution was added to each well and PMN were incubated for 2 h before fluorescence was measured using a microplate reader (Bio-Rad).



Quantification of Reactive Oxygen Species

We used luminol-enhanced chemiluminescence for ROS quantification as described earlier (49). PMN were isolated as described above, seeded in 24-well plates (250 000 cells per well) and incubated for 30 min at 37°C, 5% CO2. Subsequently, where indicated, cells were treated with 3 µM DPI for additional 30 min. After that incubation period, 40 mM NaCl was added to the media and incubated for additional 1 h. Following this step, cells were transferred into FACS tubes, washed and resuspended in HBSS containing luminol (Sigma, #A8511) ± 40 mM NaCl and incubated for additional 15 min at 37°C, 5% CO2. ROS formation was induced upon stimulation with 1 µM fMLP and the measurement of ROS production using a Lumat3 LB 9507 Tube Luminometer (Berthold Technologies) was started (2 s interval). Where indicated, 10 ng/ml PMA was added simultaneously with fMLP.



Flow Cytometry

After PMN isolation, 250 000 cells per well were seeded in 24-well plates and incubated at 37°C, 5% CO2 for 1 h. 40 mM NaCl was added to the HS condition and cells were incubated again for 1 h. Cells were subsequently infected with E. coli (MOI 1) for 1 h. Infection was stopped by addition of 500 µl cold PBS. Media including cells and bacteria were transferred into FACS tubes and centrifuged. Cells were resuspended in 500 µl FACS buffer (PBS containing FCS, EDTA and NaN3) and stained either with anti-CD35 (also known as complement receptor type 1, CR1) and anti-CD66b (carcinoembryonic antigen-related cell adhesion molecule 8, CEACAM8) or with anti-CD11b (complement receptor type 3, CR3) and anti-CD62L (L-Selectin) antibodies for 30 min at 4°C, respectively. Cells were washed and resuspended in 200 µl FACS buffer and recorded using a FACS Canto II flow cytometer (BD). MFI were calculated by FlowJo software (version 10).



Statistics

All data are presented as means ± standard error of mean (s.e.m.) unless indicated otherwise. In all experiments (unless indicated otherwise), ‘n’ denotes separate wells from at least two independent experiments. Graphs and statistics were carried out by GraphPad Prism (v.6.0 or 8.0). In IL-8 quantifications and Boyden chamber assays, we used ROUT to identify outliers. Data was analyzed regarding normal distribution using the Kolmogorov-Smirnov test and compared by Student’s two-tailed t tests with Welch’s correction (for normally distributed data sets) or Mann-Whitney U tests (for non-normally distributed data sets), respectively. When two or more groups were compared, normally distributed data sets were analyzed by one-way ANOVA with Bonferroni’s multiple-comparison test, whereas the Kruskal-Wallis test with subsequent Dunn multiple-comparison test was used for non-normally distributed data. Area under the curve (AUC) calculations were carried out with the AUC tool of GraphPad Prism (v.6.0 or 8.0), as described earlier by Gagnon et al. (64). We considered p-values < 0.05 as statistically significant (*).




Results


High Extracellular Na+ Impairs Antibacterial Activity of Murine and Human Neutrophils

As demonstrated earlier (8, 12, 13, 65), addition of 40 mM NaCl to standard cell culture media (= high salt, HS) increased the antimicrobial activity of murine BMDM against E. coli (Figure 1A). In contrast, however, HS conditions impaired the antibacterial activity of bone marrow-derived murine neutrophils (BMN) (Figure 1B). Likewise, HS boosted antimicrobial activity of murine peritoneal macrophages (pMΦ; Figure 1C) and diminished the bactericidal activity of murine peritoneal elicited neutrophils (pPMN; Figure 1D). In accordance with these findings obtained from murine cells, HS augmented the antibacterial activity of human peripheral blood mononuclear cells (PBMC; Figure 1E) and, again, decreased the antibacterial activity of human PMN isolated from peripheral blood (Figure 1F). Moreover, HS not only impaired PMN clearance of E. coli, but also of Gram-positive S. aureus (Figure 1G). Of note, increases of osmolality and tonicity using mannitol did not impair the antibacterial activity of human PMN directed against E. coli or S. aureus (Figure S1). Annexin V/propidium iodide (PI) stainings of uninfected and infected PMN revealed no differences in the fraction of viable (Annexin V-/PI-) cells between NS or HS conditions (Figure 1H), suggesting that HS did not affect the cellular viability. In line with this, confocal microscopy revealed more GFP-labelled E. coli in infected PMN under HS conditions (Figure 1I). This indicates that, in contrast to macrophages, HS impairs the antibacterial activity of murine and human PMN.




Figure 1 | High salt impairs bacterial killing of neutrophils. Antibacterial activity of (A) murine bone marrow-derived macrophages (BMDM; means ± s.e.m.; n = 15-16; Mann-Whitney test; *p < 0.05), (B) murine bone marrow-derived neutrophils (BMN; means ± s.e.m.; n = 12; Mann-Whitney test; *p < 0.05), (C) murine peritoneal macrophages (pMΦ; means ± s.e.m.; n = 20; Student’s t test; *p < 0.05), (D) murine peritoneal neutrophils (pPMN; means ± s.e.m.; n = 15; Student’s t test with Welch’s correction; *p < 0.05), (E) human peripheral blood mononuclear cells (PBMC; means ± s.e.m.; n = 16; Student’s t test; *p < 0.05) and (F) human peripheral blood neutrophils (PMN, means ± s.e.m.; n = 14; Student’s t test with Welch’s correction; *p < 0.05) infected with E. coli under NS or HS (NS + 40 mM NaCl) conditions. (G) Antibacterial activity of PMN infected with S. aureus (means ± s.e.m.; n = 24; Mann-Whitney test; *p < 0.05). (H) Cell viability by Annexin/PI staining in uninfected (Ctrl) and E.coli-infected PMNs (means ± s.e.m.; n = 5; Student’s t test and Mann-Whitney test; n.s., not significant; *p < 0.05). (I) Infection rate in PMN 1 h after E. coli-infection; Bacterial load under NS or HS conditions, intracellular bacteria marked by arrowheads. A representative image out of three independent experiments is displayed. E. coli-GFP, green; Phalloidin, red; DAPI (DNA), blue. Scale bar: 50 µm (means ± s.e.m.; n = 15; Mann-Whitney test; *p < 0.05).





HS Exposure Impairs Neutrophil Mobility and Activation

In a next step, we investigated if the suppressive effect of HS is limited to their antimicrobial capacity or whether HS impairs additional PMN functions. For that purpose, we analyzed the expression of well-established cell surface markers to characterize neutrophil degranulation and activation status (66–70), which had been shown to be modified under HS conditions (40, 41, 43). HS interfered with the surface expression of CD35 (Figure 2A) and CD66b (Figure 2B), which are both markers for PMN degranulation (66, 67, 71, 72). This resulted in a reduced frequency of degranulated PMN under HS conditions (Figure S2). In line with this, HS conditions reduced the release of bactericidal/permeability increasing protein (BPI; Figure 2C), which is stored in primary (azurophilic) granules (73). HS conditions additionally diminished the expression of the complement receptor 3 (CR3, CD11b, Figure 2D), which is linked to PMN activation (68, 70, 74, 75). Moreover, HS-treated PMN displayed a higher surface expression of CD62L (Figure 2E; L-selectin), whose expression inversely correlates with the activation and migratory potential of PMN (76).




Figure 2 | High salt diminishes cell activation and migration. (A, B) Flow cytometry analysis of surface expression of CD35 and CD66b on infected PMN 1 h post infection (means ± s.e.m.; n = 10; Student’s t test with Welch’s correction and Mann-Whitney test; *p < 0.05). (C) Extracellular bactericidal/permeability increasing protein (BPI) levels of control and infected (E. coli) PMN under NS or HS conditions (means ± s.e.m, n = 10-15; Mann-Whitney test; n.s., not significant; *p < 0.05). (D, E) As (A, B), but surface expression of CD11b and CD62L was analyzed (means ± s.e.m.; n = 10; Student’s t test with Welch’s correction and Mann-Whitney test; *p < 0.05). (F) Spontaneous movement of PMN [given in arbitrary units (a. u.)] upon E. coli-infection under NS or HS conditions. Scale bar: 50 µm (means ± s.e.m.; n = 40; each dot represents individual cell traces from two independent experiments; Mann-Whitney test; *p < 0.05). (G) Spontaneous and directed movement towards fMLP of PMN measured by Boyden chamber assays (means ± s.e.m.; n = 15-17; Student’s t test and Mann-Whitney test; n.s., not significant; *p < 0.05).



To analyze the impact of HS on the spontaneous movement capacity of PMN, we monitored the migratory trajectories of PMN using live cell imaging. Visualization and quantification of the migrated distance over 30 min revealed that HS conditions compromised the spontaneous movement of PMN (Figure 2F). Next, we performed Boyden chamber assays (62). In line with our previous findings, we found less spontaneous transmigration of HS-exposed PMN in the absence of a chemoattractant stimulus into the lower chamber. Interestingly, HS conditions did not impair the directed movement of PMN towards N-formylmethionyl-leucyl-phenylalanine (fMLP; Figure 2G) which is an established chemoattractant and proinflammatory activator of PMN (77–82). Taken together, these findings demonstrate that HS conditions not only interfere with the antimicrobial activity, but also diminish the overall activation status and spontaneous migratory capacity of PMN.



Elevated Extracellular Na+ Levels Diminish ROS Production in Neutrophils

Next, we set out to identify how HS alters the antimicrobial effector function of PMN. Neutrophils can trap and kill bacteria within neutrophil extracellular traps (NETs) [reviewed in: (83, 84)]. NETs are composed of neutrophil-derived cellular DNA, which serves as a scaffold for antimicrobial granule proteins such as the myeloperoxidase (MPO) (85). Extracellular MPO abundance can be used as a measure of NET formation (86). By confocal microscopy, we quantified extracellular MPO levels in infected PMN. In line with earlier findings (87), we did not detect NET formation at early time points (Figure 3A) under NS and HS conditions, while there was robust NET formation at 4 h after infection which was independent of extracellular Na+ levels (Figure 3B). Hence, we conclude that HS conditions did not affect NET-dependent antimicrobial activity of PMN.




Figure 3 | Elevated Na+ decreases ROS production, independent of NET formation or p38/MAPK signaling. (A, B) Staining of extracellular myeloperoxidase (MPO) (A) 1 h or (B) 4 h after E. coli-infection of PMN. A representative image out of three independent experiments is displayed. MPO, red; DAPI (DNA), blue. Scale bar: 50 µm. Gray value analysis of MPO positive NETs (means ± s.e.m.; n = 16; each dot represents an individual confocal image from three independent experiments; Student’s t test; n.s., not significant). (C) Representative phospho-p38/MAPK and vinculin immunoblot of PMN 30 min after E. coli infection out of three independent experiments. (D) IL-8 in the supernatant of control and infected PMN under NS or HS conditions ± p38-inhibitor SB203580 (means ± s.e.m.; n = 25-45; Kruskal-Wallis test with subsequent Dunn multiple-comparison test; n.s., not significant; *p < 0.05). (E) Antibacterial activity of PMN 1.5 h after E. coli-infection ± p38 inhibitor SB203580 (means ± s.e.m.; n = 21; Kruskal-Wallis test with subsequent Dunn multiple-comparison test; *p < 0.05). (F) ROS production upon fMLP stimulation; Luminometric ROS detection; time curve and AUC values (means ± s.e.m.; n = 5; Student’s t test; *p < 0.05).



In macrophages and PMN, exposure to HS augments the activation of the osmoprotective p38/MAPK signaling pathway (8, 35). In accordance to these reports, we found that HS enhanced the phosphorylation of p38/MAPK in neutrophils (Figure 3C). HS-boosted p38/MAPK was linked to IL-8 release in PBMC (88). In line with this, we found that HS increased the IL-8 release from PMN (Figure 3D). Since p38/MAPK was required for HS-boosted antimicrobial function in macrophages (8, 12), we wanted to assess bacterial elimination in PMN in the absence or presence of the pharmacological p38-inhibitor SB203580. Inhibition of p38/MAPK largely abolished HS-boosted IL-8 release (Figure 3D) and, in line with earlier findings (89, 90), impaired the antimicrobial activity of PMN under NS and HS conditions (Figure 3E). However, inhibition of p38/MAPK did not abolish the blunted antimicrobial activity under HS conditions (Figure 3E). This suggests that p38/MAPK-dependent signaling does not play a role in HS-impaired antimicrobial activity of PMN.

PHOX-dependent ROS production critically contributes to the antimicrobial activity of neutrophils [reviewed in: (33, 91)]. We measured ROS production for 90 s after fMLP-stimulation using continuous luminol measurements that allow for immediate detection of ROS over time (49). These assays revealed that HS conditions substantially diminished fMLP-triggered ROS production (Figure 3F), demonstrating that HS-mediated impairment of antibacterial PMN activity is independent of osmoprotective signaling and NET formation, possibly due to reduced ROS production.



Disturbed ROS Production Underlies Impaired Antimicrobial Activity in PMN Under HS Conditions

Therefore, we analyzed whether blocking ROS production in PMN using diphenyleneiodonium chloride (DPI) (92) mimics HS-induced attenuation of antibacterial activity. DPI-treatment diminished ROS production in PMN stimulated with fMLP under NS conditions (Figure 4A) and reduced the antibacterial activity of PMN under NS to levels obtained for PMN exposed to HS conditions (Figure 4B). Of note, HS did not further compromise the ability of PMN to fight E. coli (Figure 4B). This suggests that HS-triggered impairment of PHOX activity underlies the blunted antimicrobial PMN response. To corroborate this finding, we purified neutrophils from bone marrow of mice lacking the cytochrome b-245 subunit of PHOX (Cybb-/-). We infected these cells with E. coli and analyzed their bactericidal activity. These experiments confirmed the previous findings using the pharmacological inhibitor DPI (Figure 4C). In a second approach, we wanted to test if increasing ROS production using phorbol-12-myristate-13-acetate (PMA) is able to rescue HS-impaired antimicrobial capacity of PMN. PMA is known to boost ROS production in PMN (92, 93). After additional stimulation with PMA, there was a robust increase in ROS production which was unaffected by HS exposure (Figure 4D). PMA-treatment normalized the blockade of HS on the migratory potential of PMN (Figure 4E). Of utmost importance, addition of PMA abolished the inhibitory effect of HS on the antimicrobial activity of PMN (Figure 4F). We conclude that HS-triggered impairment of ROS production in PMN underlies their disturbed antimicrobial activity under HS conditions.




Figure 4 | NADPH oxidase inhibition mimics high salt effect while PMA abrogates high salt-induced killing deficiency. (A) ROS production in DPI pre-treated PMN under NS or HS conditions, stimulated with fMLP (means ± s.e.m.; n = 4-5). (B) Antibacterial activity of PMN 1.5 h after E. coli-infection ± PHOX-inhibitor (DPI; means ± s.e.m.; n = 9; Kruskal-Wallis test with subsequent Dunn multiple-comparison test; n.s., not significant; *p < 0.05). (C) Antibacterial activity of neutrophils from PHOX-deficient (Cybb-/-) and control mice 1.5 h after E. coli-infection (means ± s.e.m.; n = 8; Mann-Whitney test; n.s., not significant; *p < 0.05). (D) ROS production in fMLP/PMA-stimulated PMN (PMA) under NS and HS conditions; time curve and AUC values (means ± s.e.m.; n = 8; Student’s t test; n.s., not significant). (E) Cell migration (given as arbitrary units) upon PMA stimulation of E. coli-infected PMN under NS and HS conditions (means ± s.e.m.; n = 39-40; Kruskal-Wallis test with subsequent Dunn multiple-comparison test; n.s., not significant; *p < 0.05). (F) Antibacterial activity of PMN 1.5 h after E. coli-infection ± PMA-stimulation under NS or HS conditions (means ± s.e.m.; n = 9; ordinary one-way ANOVA with Bonferroni’s post hoc test; n.s., not significant; *p < 0.05).






Discussion

Here, we demonstrate that a Na+-rich environment curtails the expression of activation markers, spontaneous movement, and ROS production of PMN upon exposure to bacteria and bacterial products which ultimately leads to diminished antimicrobial capacities of PMN. In contrast, simultaneous infection and increase of extracellular Na+ reportedly triggers more ROS production in PMN and enhances antibacterial activity of PMN in this experimental system (36). Moreover, Junger et al. reported that exposure of PMN to HS after fMLP-stimulation did not affect ROS production (35). However, in line with our findings, other groups showed that stimulation of PMN after exposure to HS conditions caused disturbed assembly of PHOX (38), reduced ROS production (35, 37, 39), decreased expression of various surface markers related to human neutrophil activation (39–41, 43), and bacterial killing (46, 47). These findings suggest that the sequence of stimulation and Na+ exposure critically influences the outcome of PMN activation.

If PMN are exposed to very high Na+ environments (addition of 130 mM NaCl) this reportedly impaired migration towards an established chemoattractant (44). We, however, increased the Na+ concentrations by addition of 40 mM NaCl in order to simulate Na+ conditions that can be encountered in inflamed and infected skin tissues (7, 8, 10, 11). Although we found a reduced spontaneous migration of PMN upon exposure to increases in Na+, these HS conditions did not affect chemotaxis. This indicates that local Na+-rich environments that can be present in infected skin still allow for PMN infiltration into tissues if a chemoattractant such as fMLP is present. Since inflamed and infected skin tissues can display increased Na+ levels (7, 8, 10, 11), it is likely that PMN pass through Na+-rich environments before reaching the invading pathogen. Therefore, our findings might have relevance in migration of PMN through Na+-rich environments and PMN-dependent clearance of bacteria from tissues.

Here, we confirm findings that HS impairs the antibacterial activity of PMN (46, 47). These studies (46, 47), however, assessed the effects of very high Na+ levels that are present in the renal medulla (94). We, however, simulated moderate increases in Na+ that can be encountered in inflamed and infected skin tissues (7, 8, 10, 11). Moreover, our studies provide mechanistic insights into how HS impairs antibacterial responses in PMN by pinning down antibacterial effectors disturbed by the addition of Na+. In contrast to an earlier report (95), we did not detect any difference in viability upon HS exposure in our experimental setup. Therefore, we exclude cytotoxicity as cause of reduced antimicrobial activity. Further we interrogated processes and pathways relevant for microbial disposal in PMN. Oxidative killing is promptly triggered in PMN following microbial internalization. We observed reduced ROS release in HS-exposed PMN. Using pharmacological PHOX inhibitors, neutrophils from Cybb-/- mice, and pharmacological means to rescue HS-blunted ROS production, we demonstrated that HS impairs the antibacterial activity by dampening PHOX-dependent ROS production. From this finding, we would predict that the role of HS on the outcome of PMN-pathogen interaction depends on the susceptibility of the pathogen to ROS-dependent killing mechanisms. Indeed, HS did not affect the in vitro antimicrobial activity of PMN isolated from bone marrow directed against an uropathogenic E. coli (UPEC) (25), which is known to suppress oxidative burst in PMN and to be more resistant to reactive oxygen species than commensal strains (96). Moreover, in line with this reasoning, we found that HS diminished the antimicrobial control of PMN directed against S. aureus, whose control depends on PHOX-dependent ROS production (97).

NADPH oxidase-dependent ROS production [reviewed in: (98)] may trigger NET production or alternatively NETs require p38/MAPK (89, 99). Nadesalingam et al, who also demonstrated that increasing Na+ availability decreases ROS production in PMN, showed that this is linked to impairment of NET formation (45). In our study, however, HS did not affect generation of NETs in PMN 4 h after E. coli-infection, indicating that ROS levels are not critical for casting of NETs in our experimental setup. Thus, a direct link of NET formation to HS-impaired antibacterial activity in our experiments is unlikely.

p38/MAPK activation contributes to cytokine release (including IL-8) by neutrophils (100), NADPH oxidase-dependent ROS production (101, 102) and subsequent antimicrobial activity of neutrophils under NS conditions (89, 90). In line with this, we found that p38/MAPK inhibition reduced antimicrobial activity of PMN and diminished HS-triggered or boosted IL-8 release. However, HS conditions diminished the antimicrobial activity of PMN in the absence or presence of pharmacological p38/MAPK blockade. This strongly suggests that the HS-impaired antimicrobial activity is not linked to HS-triggered modulation of p38/MAPK activity in PMN.

In sum, HS-mediated impairment of antimicrobial activity is due to blunted PHOX-dependent ROS production. The molecular mechanism that results in impaired PHOX-dependent ROS production requires further investigation. Our data strongly suggest that impaired ROS production is uncoupled from HS-modified p38/MAPK. It is possible that increases in Na+ directly impair enzymatic PHOX activity. Since increases in Na+ are known to affect the dynamics of the actin cytoskeleton (41) and Rac proteins that interact with the actin cytoskeleton [reviewed in: (103)] are required for proper PHOX activity [reviewed in: (104)], it is also possible that molecules involved in PHOX assembly, e.g. Rho GTPases, or rearrangement of the actin cytoskeleton could underlie our finding.

We published earlier that HS conditions led to impaired ROS production upon E. coli infection in macrophages as well, which nevertheless showed increased antibacterial activity under HS conditions (12). In contrast to PMN, PHOX-dependent ROS production was dispensable in HS-augmented antibacterial activity in macrophages (12). Instead, HS boosted autophagy and autolysosomal targeting of bacteria for degradation into these highly acidic compartments (12, 13). This demonstrates that HS differentially alters antibacterial responses in distinct phagocytes.

Macrophages play an important role in controlling tissue integrity and resolution of inflammation by eliminating intruding invaders and fostering the degradation of debris (105–107). Neutrophils are the first responders that are attracted to tissue injuries, which cannot be managed by local tissue-resident macrophages already on site (108). While neutrophil accumulation helps in warding off infections, this comes at a cost of collateral tissue damage. Although it is established that in inflamed and infected tissue Na+-rich microdomains can be present (7, 8, 10), it is unclear which mechanisms orchestrate Na+ accumulation [reviewed in: (14)] and when Na+ accumulation in tissues appears in the course of inflammation and infection. It is very tempting to speculate that Na+-rich environments are a signature of prolonged inflammatory processes. Likewise it is possible that within inflamed/infected tissues Na+ gradients exist that modulate immune cell activity. Therefore, interstitial Na+-accumulation could represent an 'ionic checkpoint' (20) which shapes a niche that ensures tissue integrity by dampening PMN function on the one hand, while boosting macrophage-dependent antibacterial activity and clearance of tissue debris on the other hand.

In line with this hypothesis, several reports showed that hypertonic saline infusion is linked to reduced lung injury and concomitant decreased neutrophil activation (37, 109, 110) as well as increased bacterial removal by immune cells in the peritoneal cavity (37). Further studies are required to systematically assess the role of local tissue Na+ in the resolution of inflammatory diseases. Our findings provide new views on the resolution process, which have direct clinical relevance, and open new lines of investigations.
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In addition to its antimicrobial activity, the skin-derived antimicrobial peptide human β-defensin-3 (hBD-3) promotes keratinocyte proliferation and migration to initiate the wound healing process; however, its effects on fibroblasts, which are the major cell type responsible for wound healing, remain unclear. We investigated the role of hBD-3 in cell migration, proliferation and production of angiogenic growth factors in human fibroblasts and evaluated the in vivo effect of hBD-3 on promoting wound healing and angiogenesis. Following hBD-3 treatment, the mouse wounds healed faster and showed accumulation of neutrophils and macrophages in the early phase of wound healing and reduction of these phagocytes 4 days later. hBD-3-treated wounds also displayed an increased number of fibroblasts and newly formed vessels compared to those of the control mice. Furthermore, the expression of various angiogenic growth factors was increased in the hBD-3-treated wounds. Additionally, in vitro studies demonstrated that hBD-3 enhanced the secretion of angiogenic growth factors such as fibroblast growth factor, platelet-derived growth factor and vascular endothelial growth factor and induced the migration and proliferation of human fibroblasts. The hBD-3-mediated activation of fibroblasts involves the fibroblast growth factor receptor 1 (FGFR1)/Janus kinase 2 (JAK2)/signal transducer and activator of transcription 3 (STAT3) pathways, as evidenced by the inhibitory effects of pathway-specific inhibitors. We indeed confirmed that hBD-3 enhanced the phosphorylation of FGFR1, JAK2 and STAT3. Collectively, the current study provides novel evidence that hBD-3 might be a potential candidate for the treatment of wounds through its ability to promote wound healing, angiogenesis and fibroblast activation.
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Introduction

The skin is the most external organ that protects the body from physical and chemical environmental challenges. Therefore, once skin injury occurs, an immediate and coordinated response is initiated to repair the wound. The skin wound healing process consists of three distinct but overlapping stages, denoted as the inflammatory phase, proliferative phase, and remodeling phase, and involves several mediators, such as inflammatory cells, growth factors and cellular and extracellular elements (1). In the inflammatory phase, both neutrophils and macrophages are attracted to the wound site to ingest and kill microbes, remove damaged tissues and release proinflammatory cytokines and growth factors that recruit and activate fibroblasts and keratinocytes. In the proliferative phase, keratinocytes and fibroblasts proliferate and migrate to the wound site, where fibroblasts synthesize extracellular matrix (ECM) to form granulation tissues. In this phase, angiogenesis also plays an important role by supplying newly formed tissue. In the remodeling phase, ECM maturation and turnover and homeostasis are regulated by metalloproteinases (MMPs). In addition to the ECM, MMPs cleave many cytokines, growth factors and cytokine/growth factor receptors that regulate several steps of the wound healing process (2).

Angiogenesis is tightly regulated by a complex of angiogenic growth factors, such as epidermal growth factor (EGF), fibroblast growth factor (FGF), platelet-derived growth factors (PDGF), and vascular endothelial growth factor (VEGF). During the wound healing process, these angiogenic growth factors promote angiogenesis by binding to their respective receptors, such as EGF receptor (EGFR), FGF receptor (FGFR), PDGF receptor (PDGFR), and VEGF receptor (VEGFR). Following binding to their corresponding ligands, these receptors undergo phosphorylation, resulting in activation of the downstream signaling pathways, therefore leading to cell proliferation, migration, angiogenesis, and wound healing (3–6). Among the various downstream signaling pathways of angiogenic receptors, Janus kinase (JAK)/signal transducer and activator of transcription (STAT) pathway transmits extracellular signals to the nucleus for the transcription of numerous genes that promote cell proliferation, differentiation and angiogenesis. JAKs belong to the tyrosine kinase family of enzymes, and their activation leads to the transfer of extracellular signals provided by growth factors, cytokines, and chemokines (7). The JAK family comprises JAK1, JAK2, JAK3 and TYK2. Activation of STATs is typically mediated via the cytokine receptor associated with the JAK family of nonreceptor tyrosine kinases (8). To date, seven mammalian STAT family members, STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b and STAT6, have been identified (9, 10). In nonhealing chronic wounds, the levels of many angiogenic growth factors and their receptors are downregulated, therefore delaying wound healing (11–13). Consequently, there is an unmet need for the development of drugs capable of activating angiogenic growth factor receptors and their downstream cascades to promote wound healing.

Antimicrobial peptides not only kill invading pathogenic microorganisms but also contribute to host defense and homeostasis by exhibiting a wide range of immunomodulatory functions (14). Several types of antimicrobial peptides, including human β-defensins (hBDs), cathelicidin LL-37, psoriasin (S100A7), and ribonuclease RNase-7, have been identified in human skin. Some are permanently expressed in healthy skin, and some are increased following infections, injury, proinflammatory cytokines and ultraviolet B irradiation (14). The hBD family is one of the most important antimicrobial peptide families found in human skin, and these peptides are well known for their wide range of microbicidal activities and immunomodulatory properties. To date, six members of hBDs, namely, hBD-1 to hBD-6, have been identified in the human body. Among them, hBD-1 to hBD-4 are primarily found in the epithelia of the skin, eyes, and oral, respiratory and urogenital tracts, while hBD-5 and hBD-6 are only present in the epididymis (15, 16). Among hBDs present in the skin, only hBD-1 is constitutively expressed, whereas the expression of hBD-2 to hBD-4 is enhanced upon infection or inflammation (17). In addition to killing a broad spectrum of invading microorganisms such as bacteria, viruses and fungi, hBDs also act as immunoregulators and represent a link between innate and adaptive immune responses. Various hBD-mediated immunomodulatory functions include the regulation of pro- and anti-inflammatory responses, neutralization of lipopolysaccharide, chemoattraction and activation of numerous immune cells, induction of cell proliferation, promotion of wound healing and maintenance of the skin barrier (17). It has been documented that hBDs activate various cell types, such as mast cells, neutrophils, macrophages and keratinocytes, which largely contribute to wound healing (14). Furthermore, hBD-2 and hBD-3 expression levels are upregulated by keratinocytes at skin wound sites and promote cell migration and proliferation (14, 18). hBD-induced keratinocyte proliferation and migration are mediated through phosphorylation of the EGFR and STAT proteins (19). Notably, the accelerating effects of hBDs on wound healing are not restricted to the skin but extend to other tissues, such as the eye and gut (20–22). To date, the effects of hBDs on fibroblasts, which play a crucial role in wound healing, have not been reported.

In the present study, among the hBDs tested, only hBD-3 showed the strongest stimulatory effect on human fibroblasts. hBD-3 induced the production of various angiogenic growth factors, such as FGF, PDGF and VEGF, promoted fibroblast migration and proliferation and accelerated in vitro wound healing. hBD-3-mediated activation of fibroblasts involved the FGFR1/JAK2/STAT3 signaling pathway. Moreover, hBD-3 markedly accelerated in vivo wound healing, increased the number of neutrophils, macrophages and fibroblasts at the wound site, and enhanced the formation of vessels and the expression of angiogenic growth factors in mice. These findings provide novel evidence that hBD-3 may contribute to wound healing via activation of fibroblasts.



Materials and Methods


Reagents

Antimicrobial peptide hBD-3 was purchased from Peptide Institute (Osaka, Japan), whereas recombinant mouse β-defensin 14 (mBD-14) was obtained from ProSpec (Rehovot, Israel). Fruquintinib, imatinib mesylate and mitomycin C were obtained from Sigma-Aldrich (St Louis, MO). Cryptotanshinone and AZD1480 were purchased from Selleck Chemicals (Houston, TX). SSR 128129E was purchased from Cayman Chemical (Ann Arbor, MI), recombinant basic FGF and VEGF were purchased from Peprotech (Cranbury, NJ). Antibodies against phosphorylated and unphosphorylated FGFR1, JAK1, JAK2, JAK3, STAT1 and STAT3 and RIPA buffer that consisted of 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na2 EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4 and 1 µg/ml leupeptin were obtained from Cell Signaling Technology (Beverly, MA). Type 1 collagen was purchased from Calbiochem (La Jolla, CA). Rabbit polyclonal antibody against ionized calcium-binding adapter molecule 1 (Iba1) was purchased from Fujifilm Wako Pure Chemical Corporation (Tokyo, Japan). Rabbit polyclonal antibody against myeloperoxidase (MPO) was obtained from CiteAb (Bath, United Kingdom). Mouse monoclonal antibody against heat shock protein 47 (HSP47) was obtained from Santa Cruz Biotechnology (Dallas, TX), whereas rabbit polyclonal antibody against mBD-14 was purchased from MyBioSource (San Diego, CA). Rabbit polyclonal antibody against CD163 was obtained from Proteintech (Rosemont, IL). Rabbit polyclonal antibody against CD80 was obtained from Abcam (Cambridge, UK).



Animal Experiments

Eight-week-old male C57BL/6 mice (Japan SLC, Inc., Ibaraki, Japan) were maintained under specific pathogen-free conditions and fed a standard diet and water ad libitum. All procedures were approved and performed in accordance with the Institutional Animal Care and Use Committee of Juntendo University School of Medicine (approval number: 2021255) and complied with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Following anesthesia with 2.5% isoflurane, hairs of the dorsal skin were shaved, and two 6-mm-diameter full-thickness wounds were created in the dorsal skin of mice using a circular biopsy punch under aseptic conditions. Ring-shaped silicone splints were sutured to the wound perimeter to avoid and prevent contraction. The mice were randomized into a control group that was treated with 0.01% acetic acid (solvent) and an hBD-3 group. In total, 200 µg/ml hBD-3 or mBD-14 in 20 µl of 0.01% acetic acid was topically applied every 2 days until the wounds were completely healed. After surgery, the wounds were covered with a hydrocolloid dressing (Tegaderm; 3 M Health Care, Tokyo, Japan) and cleaned with normal saline before each treatment. Digital photographs of each wound were taken, and the wound areas were calculated using ImageJ software (NIH, Bethesda, MD). After anesthesia, the mice were sacrificed, and wound skin samples were collected for further experiments.



Immunohistochemistry

Wound skin tissues were obtained after fixation with 10% paraformaldehyde (pH 7.4) in phosphate-buffered saline (PBS), processed and embedded in paraffin. The sections were deparaffinized, hydrated and blocked with normal goat serum (1:20 dilution) for 30 minutes at room temperature before being incubated at 4°C overnight with anti-MPO antibody (1:1000 dilution) for neutrophil identification, anti-Iba1 antibody (1:2000 dilution) for macrophage detection, anti-HSP47 antibody (1:1000 dilution) for fibroblast identification, anti-mBD-14 antibody (1:500 dilution), anti-CD80 antibody (1:100 dilution) and anti-CD163 (1:100 dilution) for M1 and M2 identification, respectively. After three washes in PBS, the sections were allowed to react with horseradish peroxidase-conjugated streptavidin (1:300 dilution) for 30 minutes at room temperature. Diaminobenzidine tetrahydrochloride solution was then added and incubated at room temperature for 1 minute (for anti-Iba-1 antibody, anti-CD163 antibody), 2 minutes (for anti-MPO antibody and for anti-mBD-14 antibody), and 3 minutes (for anti-HSP47 antibody) and 5 minutes (for anti-CD80 antibody). Sections were stained with hematoxylin, dehydrated in an ethanol gradient, cleared in dimethyl benzene, and mounted. Images were acquired using a phase-contrast microscope (Keyence, Osaka, Japan) at 400× magnification, and images were recorded. The wound tissue areas were measured using ImageJ software. The number of MPO-, Iba1-, HSP47-, CD80- and CD163-positive cells was counted in three microscopic fields for each sample in the fields with the highest numbers of target cell.



Cell Culture

Normal human dermal fibroblasts were purchased from Lifeline Cell Technology (Osaka, Japan) and cultured in FibroLife serum-free medium (Lifeline Cell Technology) containing L-glutamine (7.5 mM), human basic FGF (5 ng/ml), insulin (5 μg/ml), ascorbic acid (50 μg/ml), hydrocortisone (1 μg/ml), gentamycin (30 μg/ml), amphotericin B (15 ng/ml) and fetal bovine serum (2% vol/vol). All experiments were performed using subconfluent cells (from 60% to 80% confluence) grown in FibroLife serum-free medium without supplements but with antibiotics.



RNA Extraction and Real-Time PCR

Wound skin tissues were immediately stored in RNAlater solution (Ambion, Austin, TX) to stabilize and protect the RNA integrity before disruption in QIAzol Lysis Reagent (Qiagen, Hilden, Germany). Total RNA from wound tissues was extracted using the RNeasy Plus Universal Mini kit (Qiagen, Hilden, Germany), while RNA extraction from fibroblasts was performed using an RNeasy Plus Micro kit (Qiagen) according to the manufacturer’s instructions. cDNA was synthesized from 1 μg of total RNA using the ReverTra Ace qPCR RT kit (Toyobo, Osaka, Japan). Real-time PCR was performed using a QuantiNova SYBR Green PCR kit (Qiagen), and cDNA was amplified and detected using the StepOne Plus Real-time PCR System (Applied Biosystems). The primer sequences used for Pdgfc were forward: 5′-GTGGAGGAAATTGTGCCTGT-3′ and reverse: 5′-TCCAGAGCCACATCAGTGAG-3′, for Fgf2 were forward: 5′-GGACGGCTGCTGGCTTCTAA-3′ and reverse: 5′-CCAGTTCGTTTCAGTGCCACATAC-3′, for Vegfa were forward: 5′-GTGCACTGGACCCTGGCTTTA-3′ and reverse: 5′-GGTCTCAATCGGACGGCAGTA-3′, for Rps18 were forward: 5′-TTCTGGCCAACGGTCTAGACAAC-3′ and reverse: 5′-CCAGTGGTCTTGGTGTGCTGA-3′, and for Defb14 were forward: 5′-ATCTTGTTCTTGGTGCCTGC-3′, and reverse: 5′-CTTCTTTCGGCAGCATTTTC-3′. All primers were obtained from Thermo Fisher Scientific (Waltham, MA). The target RNA level was normalized to the endogenous Rps18 reference, and the changes in gene expression were reported as fold increases relative to vehicle.



Enzyme-Linked Immunosorbent Assay

Subconfluent fibroblasts were stimulated with 10-20 µg/ml hBD-3 for 3-48 hours, and the cell-free supernatants from cultures of stimulated cells or nonstimulated control cells were collected and used for the quantification of FGF, PDGF and VEGF by appropriate ELISA kits obtained from R&D Systems (Minneapolis, MN). ELISAs were performed following the recommendations of the supplier. In some experiments, cells were pretreated with cryptotanshinone, AZD1480 or SSR 1281289E for 2 hours before stimulation with hBD-3, and ELISA was performed as described above.



Chemotaxis Assay

Fibroblast migration was assayed using a modified Boyden chamber consisting of a 48-well microchamber (Neuro Probe, Gaithersburg, MD). Subconfluent fibroblasts were trypsinized, and a volume of 50 µl containing 5.0 × 104 cells was loaded into the upper chambers, which were separated from the lower chambers by a polyvinylpyrrolidone-free polycarbonate membrane with an 8-µm pore size (Neuro Probe) and precoated with 10 µg/ml type I collagen at 37°C for 2 hours. The lower chambers contained 27 µl of various doses of hBD-3 or vehicle. After a 6-hour incubation at 37°C in a CO2 incubator, the membrane was removed from the chamber, and the cell side was rinsed in PBS drawn across with a wiper blade to remove the nonmigrated cells. The membrane was then stained with Diff-Quick (Kokusai Shiyaku, Kobe, Japan) according to the manufacturer’s instructions. Cells that had migrated and adhered to the lower side of the membrane were counted in 3 randomly selected high-power fields under a laser scanning microscope 700 (Zeiss, Jena, Germany). In some experiments, cells were pretreated with various inhibitors for 2 hours before being added to the upper chambers, and the chemotaxis assay was performed as described above.



In Vitro Scratching Assay

Fibroblasts were seeded in a collagen I-coated 96-well plate at a density of 5×104 cells/well for 6 hours at 37°C. Confluent fibroblast monolayers were then wounded using a wound maker (Essen BioScience, Ann Arbor, MI) to create a uniform cell-free zone in each well and washed with PBS to remove the detached cells. In all experiments, fibroblasts were pretreated with 10 µg/ml mitomycin C for 2 hours before stimulation with hBD-3 for 24-48 hours to exclude the influence of hBD-3-mediated cell proliferation on migration. After stimulation, fibroblasts were stained with 0.5% crystal violet (Fujifilm, Tokyo, Japan), and images were recorded using a phase-contrast microscope (Keyence). Wound area was measured using ImageJ software. In some experiments, cells were pretreated with inhibitors for 2 hours before stimulation with hBD-3.



Cell Proliferation Assay

Cell proliferation was assessed by Cell Counting Kit-8 (CCK-8) purchased from Dojindo Laboratories (Kumamoto, Japan) following instructions from the manufacturer. Fibroblasts were seeded into 96-well plates at a density of 1.0×104 cells/well and cultured for 24 hours before stimulation with hBD-3 for 72 hours. After stimulation, 10 µl of CCK-8 solution was added to each well, and the cells were incubated for 1 hour at 37°C. The amount of formazan dye was measured by absorbance at 450 nm using a microplate reader. In some experiments, cells were pretreated with various inhibitors for 2 hours before stimulation with hBD-3.



Western Blot

Following stimulation, fibroblasts were lysed with RIPA buffer, and the proteins were extracted from the cells and quantified using Precision Red Protein Assay Reagent (Cytoskeleton, Denver, CO). Equal amounts of protein were separated in an 8% to 12% SDS-PAGE gel followed by transfer to methanol-preactivated polyvinylidene difluoride membranes (Millipore, Billerica, MA) for 50 minutes. The membranes were then blocked in Immuno-Block buffer (KAC, Hyogo, Japan.) for 1 hour at room temperature and incubated with primary antibodies against MMP-2 (1:1000 dilution), MMP-9 (1:2000 dilution), phosphorylated FGFR1 (1:500 dilution), STAT1 (1:500 dilution), STAT3 (1:1000 dilution), JAK1 (1:500 dilution), JAK2 (1:500 dilution), JAK3 (1:500 dilution), unphosphorylated FGFR1, STAT1, STAT3, JAK1, JAK2 and JAK3 (each 1:1000 dilution) overnight at 4°C, according to the manufacturer’s instructions. After washing, the membranes were developed with Luminata Forte Western HRP substrate (Millipore, Billerica, MA) for detection and visualized using Fujifilm LAS-4000 Plus (Fujifilm). The intensity of bands was quantified using the software program ImageJ Gauge (LAS-1000plus, Fujifilm) to allow correction for protein loading.



Statistical Analysis

Statistical analysis was performed by one-way or two-way analysis of variance (ANOVA) with multiple comparisons test or Student’s t-test using GraphPad Prism version 6.0 (San Diego, CA). Values are presented as the mean ± standard deviation (SD). P < 0.05 was considered significant.




Results


hBD-3 Accelerates Wound Healing In Vivo

To investigate the effect of hBD-3 on skin wound healing, we first used an excisional wound model to observe the healing process for 16 consecutive days in C57BL/6 mice. We used a wound splinting model to prevent local contraction because with this model, the wound heals through granulation and re-epithelization, similar to the wound healing process in humans. In the preliminary dose-dependent experiments using 40−400 µg/ml hBD-3, we observed that 200 µg/ml was the most effective concentration for accelerating wound healing. Therefore, this concentration was used in further in vivo experiments. As shown in Figure 1A, the wounds treated with hBD-3 displayed considerable signs of wound healing and healed faster than the vehicle-treated wounds. The hBD-3-treated wounds started to heal on day 6 and completely healed on day 12 post-injury. Figure 1B shows the percentage of wound area. The wound percentage was significantly lower in the hBD-3-treated groups than in the vehicle groups on days 6, 8 and 10 post-injury, suggesting that hBD-3 accelerated wound healing in vivo. We confirmed that mBD-14, a mouse ortholog of hBD-3 (23), also accelerated wound healing in mice with almost the same potency as seen for hBD-3 (Figure S1).




Figure 1 | hBD-3 accelerates wound closure in vivo. Dorsal full-thickness skin wounds were created on mice and then topically treated with 0.01% acetic acid (vehicle) and 200 µg/ml hBD-3. (A) Representative images of skin wounds from day 0 to day 12. (B) The average wound area was calculated using ImageJ software. The P value was evaluated using one-way ANOVA with Tukey’s multiple comparisons test. *P < 0.05 and **P < 0.01 between the vehicle-treated wounds and the hBD-3-treated wounds. n = 3 wound areas/group. (C) mRNA was extracted from the wound tissues and the mRNA expression of Defb14 (mBD-14) was detected by quantitative real-time PCR analysis using SYBR Premix Ex Taq. The P value was determined by one-way ANOVA with Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01 and ****P < 0.0001 for comparisons between the vehicle-treated wounds. #P < 0.05 and ####P < 0.0001 for comparisons between hBD-3-treated wounds. $$P < 0.01 and $$$$P < 0.0001 for comparisons between the vehicle-treated and hBD-3-treated wounds. n = 3. (D) Representative images of mBD-14 staining and isotype control staining in treated and nontreated wounds from day 0 to 12. Original magnification: 20×.



A previous study reported that skin injury induces hBD-3 expression (24). Therefore, we evaluated the basal expression of mBD-14/hBD-3 at both mRNA and protein levels. As seen in Figure 1C, the basal mRNA expression of mBD-14 was markedly increased from day 6 to day 10 in nontreated groups compared to day 0, and this expression was further enhanced in hBD-3-treated wounds. Meanwhile, immunohistochemical analysis showed that nontreated wounds had the highest basal expression of mBD-14 on day 4 and day 6, and the treatment of wounds with hBD-3 further increased this expression from day 2 to day 10, with wounds on day 6 and day 8 showing the stronger staining of mBD-14 compared to vehicle groups (Figure 1D).



hBD-3 Promotes Angiogenesis and Increases the Production of Angiogenic Growth Factors

Angiogenesis is one of the critical processes for wound healing. Given that hBD-3 accelerated wound healing in vivo, we hypothesized that this peptide might also contribute to the promotion of angiogenesis during wound healing. The analysis of subcutaneous wound tissues collected on days 6, 8 and 10 post-injury revealed that the wounds treated with hBD-3 had remarkably increased new vessel formation. Compared to the vehicle-treated groups, the hBD-3-treated groups displayed increased vessel size and number of vessels in subcutaneous tissues (Figure 2A).




Figure 2 | hBD-3 promotes angiogenesis and induces the production of angiogenic growth factors. (A) Representative images of the macroscopic appearance of newly formed blood vessels at the wound sites on days 6, 8 and 10 post-injury in the mice treated with 0.01% acetic acid (vehicle) and 200 µg/ml hBD-3. (B) Biopsies were obtained from the dorsal skin wound tissues, and the mRNA expression of bFgf, Pdgf, and Vegfa was evaluated by quantitative real-time PCR analysis using SYBR Premix Ex Taq. The P value was calculated using one-way ANOVA with Tukey’s multiple comparisons test. *P < 0.05 and **P < 0.01 for comparisons between the vehicle-treated and hBD-3-treated wounds. n = 3.



Given that angiogenesis is tightly regulated by various angiogenic growth factors, the effect of hBD-3 on the expression of angiogenic growth factors was investigated. As observed in Figure 2B, hBD-3-treated wound tissues showed significantly higher mRNA expression of FGF on day 6, PDGF on days 6 and 8 and VEGF on day 8 post-injury than that of the control tissues. hBD-3 treatment did not have any effect on other growth factors, such as epidermal growth factor and transforming growth factor (data not shown).



hBD-3 Initiates the Inflammatory Phase of Wound Healing and Decreases Inflammatory Responses

In the inflammatory phase, inflammatory cells such as neutrophils and macrophages are recruited to the wound site to cleanse the wound (25). In this study, we chose MPO and Iba1 as markers of neutrophils and macrophages, respectively. Iba1 is recognized as a panmacrophage marker and has been widely used to identify macrophages within skin (26, 27). As observed in Figure 3A, immunohistochemistry showed that on day 2 post-injury, a higher number of neutrophils was observed in the wound areas treated with hBD-3 than in those of the control groups treated with vehicle alone. Interestingly, on day 4 after injury, the number of neutrophils was significantly reduced in the hBD-3-treated groups compared with the control groups. Quantification is shown in right panel. Similarly, as observed in Figure 3B (quantification shown in right panel), the number of macrophages at the wound site treated with hBD-3 was higher on day 2 post-injury, and this number decreased on day 4 compared to that of the vehicle-treated wounds. Macrophages have been divided into M1 and M2 subtypes. We used CD80 as a marker of pro-inflammatory M1 phenotype (28), and CD163 for identification of anti-inflammatory M2 phenotype (29). While M1 positive macrophages were not detected neither at nontreated nor treated wound areas (Figure 3C, upper panels), M2 positive cells noticeably increased at the wound sites treated with hBD-3 on day 2 and this number declined on day 4 (Figure 3C, lower panels, quantification shown in right panel). Successful wound healing requires the shifting of macrophages from pro-inflammatory M1 phenotype to anti-inflammatory M2 phenotype with wound healing capacity (30, 31). Overall, this observation suggests that hBD-3 initiates the inflammatory phase of the wound healing process by inducing the infiltration of neutrophils and macrophages and decreases inflammation by later eliminating these cells during wound healing.




Figure 3 | hBD-3 accelerates the inflammatory phase of wound healing and decreases inflammatory responses. Representative images of skin wound biopsies from mice treated with 0.01% acetic acid (vehicle) and 200 µg/ml hBD-3. On day 2 and day 4 post-injury, sections were immunohistochemically stained with (A) anti-myeloperoxidase (MPO) antibody for neutrophil detection, (B) with anti-Iba-1 antibody for macrophage detection, and (C) with anti-CD80 (upper panels) and anti-CD163 (lower panels) antibodies for M1 and M2 macrophage detection followed by counterstaining with hematoxylin. MPO-, Iba-1- and CD163-positive cells were detected in both the epidermis and dermis of the wounds. Original magnification: 20×. Number of MPO-, Iba-1- and CD163-positive cells were counted and shown in right panels. The P value was calculated using Student’s t test. *P < 0.05 for comparisons between the vehicle-treated and hBD-3-treated wounds. n = 3.





hBD-3 Promotes Fibroblast Accumulation In Vivo and Migration and Proliferation In Vitro

The second phase of the wound healing process consists of the proliferative phase, which mainly involves fibroblast migration and proliferation (6). HSP47, rather than α-smooth muscle actin (α-SMA), was used as a marker of fibroblasts because we aimed to identify all fibroblasts instead of only myofibroblasts that express α-SMA (32, 33). Notably, the α-SMA antibody may be less specific, as it also stains vascular smooth muscle cells in granulation tissue (34). Immunohistochemistry showed that on day 4 and day 6 post-injury, the wounds treated with hBD-3 displayed a higher number of fibroblasts than wounds treated with vehicle alone. Although fibroblast number was also increased on day 8 and day 10 post-injury, there was not statistically significant difference between treated and nontreated groups (Figure 4A, quantification shown in right panel). This finding suggests that hBD-3 might promote fibroblast proliferation and/or migration at the wound site. Therefore, we first used a scratch assay to assess the ability of hBD-3 to induce fibroblast migration in vitro using primary human dermal fibroblasts in the presence of mitomycin C to exclude the influence of proliferation on wound healing. Compared to the vehicle-treated cells, the cells stimulated with hBD-3 for 24 and 48 hours rapidly migrated and covered the wound area. This effect was comparable to that induced by FGF+VEGF, which was used as a positive control (Figure 4B). Quantification of wound closure is shown in the right panel and illustrates significantly accelerated wound closure following treatment of cells with 0.25 and 0.5 µg/ml hBD-3. We observed that high doses of hBD-3 did not further increase wound closure (data not shown).




Figure 4 | hBD-3 enhances fibroblast accumulation in vivo and migration and proliferation in vitro. (A) Representative images of skin wound biopsies from mice treated with 0.01% acetic acid (vehicle) and 200 µg/ml hBD-3. On day 4, 6, 8 and 10 post-injury, sections were immunohistochemically stained with anti-heat shock protein 47 (HSP47) antibody for fibroblast detection and then counterstained with hematoxylin. HSP47-positive cells were detected in both the epidermis and dermis of the wounds. Original magnification: 20×. Number of HSP47-positive cells were counted and shown in right panel. The P value was calculated using Student’s t test. *P < 0.05 and **P < 0.01 for comparisons between the vehicle-treated and hBD-3-treated wounds. n = 3. (B) Human primary fibroblasts were treated with 10 µg/ml mitomycin C for 2 hours, and a scratch assay was performed. Following treatment with 0.01% acetic acid (vehicle) and 0.25 and 0.5 µg/ml hBD-3 and FGF+VEGF (100 ng/ml each) for 24 and 48 hours, fibroblasts were stained with crystal violet, and images were recorded. Left panels are representative images of the scratch assay, and right panels show average data calculated using ImageJ software. (C) Various doses of hBD-3 were added to the lower chambers, and fibroblasts were added in the upper chambers of the chemotaxis microchamber. Following a 6-hour incubation, the membrane was stained, and migrated cells attached to the bottom surface were fixed and then stained with Diff-Quick. Migrated cells were counted in 3 random high-power fields (HPFs) under a light microscope. (D) Cells were stimulated with the indicated doses of hBD-3 or FGF+VEGF (100 ng/ml each) for 72 hours. Cell proliferation was assessed using a CCK-8 kit. The P value was calculated using one-way ANOVA with Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 for comparison with vehicle and hBD-3. n = 3.



The ability of hBD-3 to mediate cell migration was further confirmed by an in vitro chemotaxis assay. We found that hBD-3 markedly caused cell migration in a bell-shaped dose-response manner, with 0.5 µg/ml being the optimal concentration. Higher hBD-3 concentrations reduced fibroblast migration (Figure 4C). The observation that hBD-3 accelerated wound healing in the presence of mitomycin C indicates that hBD-3-promoted wound healing might be mainly attributed to cell migration. To further determine how hBD-3 promotes wound healing, we investigated the effect of hBD-3 on cell proliferation using a CCK-8 assay kit. As shown in Figure 4D, noticeably increased proliferation of fibroblasts was observed when cells were treated with hBD-3. An approximately twofold increase in proliferation was found in fibroblasts stimulated with hBD-3, while the positive control of FGF+VEGF resulted in a threefold increase. Thus, hBD-3 induced both cell migration and proliferation, which are indispensable steps for the promotion of wound healing.



hBD-3 Induces the Production of Angiogenic Growth Factors and the Expression of MMP-2 by Human Fibroblasts

Because hBD-3 promoted angiogenesis and elevated the expression of angiogenic growth factors in vivo and given that the fibroblast number was increased at the wound site, we examined the effect of hBD-3 on the production of angiogenic growth factors in human fibroblasts. Following stimulation with hBD-3 for 3 to 48 hours, the amounts of FGF, PDGF and VEGF in the cell supernatants were evaluated by ELISAs. Both 10 µg/ml and 20 µg/ml hBD-3 enhanced the production of VEGF in a dose-dependent fashion, while only 20 µg/ml hBD-3 markedly increased the production of FGF and PDGF at all time points examined (Figure 5A).




Figure 5 | hBD-3 increases the production of angiogenic growth factors and the expression of MMP-2 in fibroblasts. (A) Fibroblasts were stimulated with 10-20 µg/ml hBD-3 or 0.01% acetic acid (vehicle) for 48 hours, and the amounts of VEGF (left panel), PDGF (middle panel) and FGF (right panel) released in the culture supernatants were determined by ELISAs. (B) Fibroblasts were stimulated with 20 μg/ml hBD-3 for 6 to 72 hours and subjected to Western blotting using antibodies against MMP-2 and MMP-9. Bands were quantified using densitometry. The P value was calculated using one-way ANOVA with Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, and ***P < 0.001 for comparisons between vehicle and hBD-3. n = 3.



MMP-2 and MMP-9 are enzymes that play an important role in regulating angiogenesis during wound healing (35, 36). MMP-2 is essential for angiogenesis and prolonged matrix remodeling, while MMP-9 is involved in granulation tissue remodeling (37). Stimulation of human fibroblasts with hBD-3 resulted in significantly increased expression of MMP-2, which was detected from 24 hours and lasted until 72 hours. In contrast, MMP-9 expression was not changed by hBD-3 treatment (Figure 5B), suggesting that MMP-2 but not MMP-9 might be involved in hBD-3-mediated angiogenesis and wound healing.



Activation of FGFR Is Required for the hBD-3-Mediated Production of Angiogenic Growth Factors, Migration, and Proliferation in Fibroblasts

Wound healing relies on angiogenic growth factors, and degradation of these factors or downregulated expression of their receptors impairs both angiogenesis and wound healing (3, 6). To verify whether hBD-3 mediated angiogenesis via angiogenic factor receptors, we pretreated fibroblasts with SSR 128129E (FGFR inhibitor), fruquintinib (VEGFR inhibitor) and imatinib mesylate (PDGFR inhibitor) and tested production of FGF, PDGF and VEGF after hBD-3 stimulation. Interestingly, among the above inhibitors tested, the FGFR inhibitor SSR 128129E exhibited the most significant inhibitory effect on PDGF and VEGF production but failed to inhibit FGF production (Figure 6A). Pretreating fibroblasts with various concentrations of fruquintinib and imatinib mesylate for 2 to 24 hours did not significantly reduce hBD-3-induced production of the tested angiogenic growth factors, suggesting that VEGFR and PDGFR were not involved in hBD-3-mediated production of angiogenic growth factors by fibroblasts (Figures S2, S3).




Figure 6 | Activation of FGFR1 is required for hBD-3-mediated production of angiogenic growth factors, migration and proliferation of fibroblasts. Human dermal fibroblasts were pretreated with 0.1% DMSO (vehicle) or 1 µM SSR 128129E (SSR) for 2 hours and then exposed to 0.01% acetic acid (control) or hBD-3. (A) The levels of VEGF, PDGF and FGF in the culture supernatants from pretreated cells stimulated for 48 hours with 20 µg/ml hBD-3 were measured by appropriate ELISAs. (B) An in vitro wound scratch assay in pretreated fibroblasts stimulated with solvent (control) or 0.25 µg/ml hBD-3 for 48 hours was performed. Left panels show representative images, while the right panel represents the average of wound areas analyzed using ImageJ software. (C) Pretreated fibroblasts were also added to the upper wells of the microchamber and allowed to migrate for 6 hours towards solvent (control) or 0.5 µg/ml hBD-3. Migrated cells were counted in 3 random high-power fields (HPFs) under a light microscope. (D) Pretreated fibroblasts were stimulated with 1 µg/ml hBD-3 for 72 hours, and cell proliferation was assessed using the CCK-8 kit. (E) Fibroblasts were stimulated with 20 µg/ml hBD-3 for 5 minutes to 120 minutes and subjected to Western blotting using antibodies against phosphorylated or unphosphorylated FGFR1. Bands were quantified using densitometry. The P value was determined using one-way ANOVA with Tukey’s multiple comparisons test. **P < 0.01, ***P < 0.001 and ****P < 0.0001 for comparisons between the nonstimulated cells (0 minutes) and the hBD-3-stimulated cells without inhibitors. #P < 0.05 and ####P < 0.0001 for comparisons between the hBD-3-stimulated cells in the presence or absence of inhibitor, n = 3.



Next, we examined the effect of the FGFR pathway on cell migration and proliferation. Pretreatment of fibroblasts with SSR 128129E markedly delayed in vitro wound healing (Figure 6B) and suppressed fibroblast chemotaxis (Figure 6C) and cell proliferation (Figure 6D) induced by hBD-3. These results suggest that the FGFR pathway mediates the hBD-3-induced promotion of angiogenesis and wound healing. Indeed, we confirmed that hBD-3 induced FGFR activation. As shown in Figure 6E, stimulation of fibroblasts with hBD-3 showed that this peptide significantly induced the phosphorylation of FGFR1 threefold and fourfold following stimulation for 60 minutes and 120 minutes, respectively. This result suggests that hBD-3 upregulates the activity of the FGFR1 receptor mainly through phosphorylation.



hBD-3 Induces Phosphorylation of JAK2 and STAT3

Because the FGFR/JAK/STAT pathway is known to contribute to cell proliferation, angiogenesis and migration during wound healing (38), we hypothesized that hBD-3 might activate the JAK and STAT pathways, in addition to the FGFR pathway. Using Western blotting, we observed that hBD-3 induced phosphorylation of both JAK2 and STAT3. Following stimulation with hBD-3, JAK2 underwent rapid phosphorylation, which was already detectable after 5 minutes of stimulation. This phosphorylation peaked at 15 minutes before decreasing to basal levels within 2 hours (Figure 7A). In contrast to JAK2, hBD-3-induced STAT3 phosphorylation was slightly detected at 60 minutes and strongly elevated at 120 minutes (Figure 7B). These results indicate that JAK2 and STAT3 are part of the molecular pathways involved in hBD-3-mediated activation of fibroblasts. We observed that hBD-3 did not affect the phosphorylation of JAK1, JAK3, or STAT1 (Figure S4).




Figure 7 | hBD-3 enhances phosphorylation of JAK2 and STAT3. Fibroblasts were stimulated with 20 µg/ml hBD-3 for 5 minutes to 120 minutes and subjected to Western blotting using antibodies against phosphorylated or unphosphorylated JAK2 (A) and STAT3 (B). Bands were quantified using densitometry. The P value was calculated using one-way ANOVA with Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, and ***P < 0.001 for comparisons between the nonstimulated (0 minutes) and hBD-3-stimulated cells. n = 3.





Both JAK2 and STAT3 Are Necessary for the hBD-3-Mediated Production of Angiogenic Growth Factors, Migration, and Proliferation in Fibroblasts

To determine whether the JAK2/STAT3 pathways are indeed required for hBD-3-induced angiogenic growth factor secretion, migration and proliferation of fibroblasts, cells were pretreated with AZD1480 (JAK2 inhibitor) or cryptotanshinone (STAT3 inhibitor) for 2 hours before stimulation with hBD-3 for 24 hours. As shown in Figure 8A, the presence of AZD1480 markedly reduced the hBD-3-induced production of PDGF and VEGF by approximately 60% and 50%, respectively. However, the presence of AZD1480 did not affect hBD-3-mediated FGF production. AZD1480 had no significant effect on the spontaneous production of FGF, PDGF and VEGF. Similarly, we observed that pretreatment of fibroblasts with the STAT3 inhibitor cryptotanshinone suppressed the hBD-3-mediated production of both VEGF and PDGF to basal levels and reduced the production of FGF by approximately 50% (Figure 8B).




Figure 8 | Both JAK2 and STAT3 are necessary for the hBD-3-mediated production of angiogenic growth factors, migration and proliferation of fibroblasts. Fibroblasts were pretreated with (A) 10 µM AZD1480 (AZD) or (B) 8 µM cryptotanshinone (CT) or 0.1% DMSO (vehicle) for 2 hours and then exposed to hBD-3. The levels of VEGF, PDGF and FGF in the culture supernatants from pretreated cells stimulated for 48 hours with 20 µg/ml hBD-3 were measured by appropriate ELISAs. (C) An in vitro wound scratch assay in pretreated fibroblasts stimulated with solvent (control) or 0.25 µg/ml hBD-3 for 24 hours was performed. Left panels show representative images, while the right panel represents the average of wound areas analyzed using ImageJ software. (D) Pretreated fibroblasts were also added to the upper wells of the microchamber and allowed to migrate for 6 hours towards solvent (control) or 0.5 µg/ml hBD-3. Migrated cells were counted in 3 random high-power fields (HPFs) under a light microscope. (E) Pretreated fibroblasts were stimulated with 1.0 µg/ml hBD-3 for 72 hours, and cell proliferation was assessed using the CCK-8 kit. The P value was determined using one-way ANOVA with Tukey’s multiple comparisons test. ***P < 0.001 and ****P < 0.0001 for comparisons between the nonstimulated cells (control) and the hBD-3-stimulated cells without inhibitors. #P < 0.05, ##P < 0.01 and ###P < 0.001 for comparisons between the hBD-3-stimulated cells in the presence or absence of inhibitor, n = 3.



We next evaluated the inhibitory effects of JAK2 and STAT3 inhibitors on fibroblast migration and proliferation. Pretreatment of fibroblasts with either AZD1480 or cryptotanshinone noticeably suppressed the in vitro wound healing promoted by hBD-3 by approximately 40% or 50%, respectively (Figure 8C). Moreover, both AZD1480 and cryptotanshinone reduced fibroblast chemotaxis and proliferation induced by hBD-3 at the basal levels (Figures 8D, E). Collectively, these data demonstrated that hBD-3 promotes angiogenesis and wound healing through the FGFR1/JAK2/STAT3 pathways. Indeed, we confirmed that the FGFR inhibitor also inhibited hBD-3-induced phosphorylation of JAK2 and STAT3, suggesting that the JAK2/STAT3 pathways function downstream of FGFR1 (Figure S5).




Discussion

Previous studies showed that the skin-derived antimicrobial peptide hBD-3 chemoattracts macrophages, mast cells and keratinocytes that contribute to the wound healing process (19, 39); however, the effects of hBD-3 on fibroblasts have not been reported thus far. In this investigation, following hBD-3 treatment, the wounds created in C57BL/6 mice healed faster, showed accumulation of inflammatory cells in the early stage of wound healing, and increased the number of fibroblasts and newly formed vessels. Additionally, in vitro studies demonstrated that hBD-3 enhanced the production of various angiogenic growth factors and induced the migration and proliferation of human fibroblasts through the FGFR1/JAK2/STAT3 pathways (Figure 9). These observations suggest that hBD-3 might accelerate skin wound healing via activation of fibroblasts.




Figure 9 | Schematic illustrating how hBD-3 is involved in wound healing. hBD-3 induces accumulation of neutrophils and macrophages in the early phase of wound healing and reduction of these phagocytes in the latter phase, leading to regulation of inflammatory responses during the wound healing process. hBD-3 also stimulates fibroblasts to migrate, proliferate and promote angiogenesis via activation FGFR/JAK2/STAT3 pathways.



Although we used mice as an animal model to investigate the therapeutic effects of hBD-3 on wound healing, wound healing in mice is basically different from that in humans because it mainly occurs via contraction (40). To avoid and prevent contraction, we used ring-shaped silicone splints, thus allowing the repair process to be dependent on epithelialization, cellular proliferation and angiogenesis, a process similar to that in humans (41). In the inflammatory phase of wound healing, innate immune cells such as macrophages and neutrophils accumulate at the wound site to attack invading pathogens and remove dead tissues (42, 43). In this phase, the number of infiltrating macrophages reaches a peak 3 days post-injury and persists until day 7, whereas the number of neutrophils peaks 1 day post-wounding before declining gradually (44). Moreover, macrophages are divided into M1 and M2 phenotypes. M1 phenotype appears in the very early stage of inflammation with pro-inflammatory properties, whereas M2 phenotype is predominant in the latter stage of inflammation with anti-inflammatory effects (30, 31). Additionally, M2 macrophages are involved in wound healing by promoting angiogenesis via the production of VEGF and remodeling (45). Transition of macrophages from M1 to M2 phenotype occurs during acute wound healing process, and failure of this transition leads to the persistence of pro-inflammatory macrophages at the wound site, resulting in chronic wound (30, 31, 46). In our study, we observed that in hBD-3-treated wounds, the number of both neutrophils and macrophages, mostly M2 but not M1 phenotype, at the wound site was higher in the early stage of wound healing (day 2 post-injury) and declined on day 4, whereas the number of these cells increased at day 4 in the control groups. This observation suggested that hBD-3 initiates the inflammatory phase and contributes to inflammatory resolution, leading to acceleration of the wound healing process. Chronic wounds, including diabetic foot ulcers are often linked to prolonged inflammation, which may be caused by various factors such as dysfunction of neutrophils and macrophages, the failure of macrophages to switch from M1 to M2 phenotype, reduction of anti-inflammation cytokines and overproduction of reactive oxygen species (47–50). The ability of hBDs to induce the migration and activation of neutrophils and macrophages (51–53) might be one of the mechanisms by which it accelerates the infiltration of phagocytes, leading to wound healing.

Among the cells involved in the wound healing process, fibroblasts play a crucial role from the late inflammatory phase until the remodeling phase through migration, proliferation, and secretion of growth factors, cytokines, collagens and other ECM components (54). In the current study, hBD-3-treated wounds displayed an increased number of fibroblasts compared with those of the control mice and showed increased expression of angiogenic growth factors such as FGF, PDGF and VEGF. These growth factors were also significantly secreted in human fibroblasts following hBD-3 stimulation. Notably, VEGF is the most effective angiogenic factor that accelerates neovascularization, angiogenesis and epithelialization (6, 55). FGF is a key regulator of angiogenesis and contributes to re-epithelialization, whereas PDGF promotes cell migration and proliferation (6, 55, 56). hBD-3-stimulated fibroblasts also showed improved migration and proliferation, the two most essential steps responsible for wound closure (57). In addition to growth factors, fibroblasts generate various MMPs. Among the MMPs, MMP-2 and MMP-9 cleave ECM, cytokines, growth factors, and cytokine/growth factor receptors, which control and coordinate signaling pathways in cell proliferation, migration, inflammation, and angiogenesis (37, 58). We found that hBD-3 increased the expression of MMP-2 but not MMP-9. MMP-2 has been shown to be indispensable for angiogenesis and prolonged matrix remodeling, while MMP-9 is involved in keratinocyte migration and granulation tissue remodeling (2).

Wound healing relies on interactions of various growth factors and cytokines that regulate cellular responses. Angiogenic growth factors promote cell proliferation, migration, and angiogenesis by binding to their corresponding receptors and activating multiple downstream signaling pathways (59). Previous studies have shown that the levels of angiogenic growth factors such as FGF, PDGF and VEGF and their respective receptors are downregulated in nonhealing chronic wounds (11–13). Therefore, it is presumed that activation of angiogenic factor receptors along with their downstream pathways may represent a promising novel approach for the treatment of nonhealing chronic wounds. Indeed, some angiogenic growth factors, including FGF, PDGF and VEGF, have been used in clinical trials to promote tissue repair (60–62). Based on this evidence, we investigated the role of hBD-3 in promoting angiogenesis, cell proliferation, and migration of fibroblasts through activation of growth factor receptors such as FGFR, PDGFR and VEGFR. Among the specific inhibitors of the above receptors tested, only the FGFR inhibitor suppressed hBD-3-mediated fibroblast activation, suggesting an important role of FGFR in hBD-3-mediated fibroblast activation. Following binding to FGF, FGFR undergoes autophosphorylation to initiate angiogenesis and tissue remodeling through downstream signaling pathways (3, 4, 6). Our study revealed that hBD-3 significantly increased FGFR1 phosphorylation and that blocking this receptor with a specific inhibitor markedly suppressed the secretion of angiogenic growth factors, cell migration and proliferation in human fibroblasts.

The JAK/STAT pathway constitutes a major signaling mechanism for various growth factors and cytokines in mammals (63) and plays roles in processes such as cellular proliferation, differentiation, immune regulation, inflammatory response and angiogenesis (64, 65). Among the JAK members, JAK1, 2, and 3 are broadly detected in various tissues and cells, whereas TYK3 is only found in the bone marrow and lymph system (63). After their activation, JAKs induce the phosphorylation of STAT molecules. In this study, hBD-3 induced the phosphorylation of JAK2 but not that of JAK1 and JAK3 and enhanced the phosphorylation of STAT3 but not that of STAT1. Among STAT members, STAT3 has been shown to be important in wound healing through its ability to promote angiogenesis under both physiological and pathological conditions in addition to cell survival, proliferation, and differentiation (66). In this study, the upstream cascade of the JAK2/STAT3 pathway involved FGFR1, as evidenced by the inhibitory effect of an FGFR inhibitor on JAK2 and STAT3 phosphorylation by hBD-3. This inhibitor also suppressed fibroblast migration, proliferation, and secretion of angiogenic growth factors. In a previous study, an association between FGFR and STAT3 activation was demonstrated and was dependent on JAK2 (67).

Following tissue injury, the wound site becomes hypoxic due to the disruption of blood vessels. Hypoxia is a crucial moderator of normal wound healing as it influences every wound healing stage, from fibroblast proliferation to tissue growth and remodeling (68). Therefore, a failure to respond to hypoxic stimuli due to the deficiency of hypoxia-inducible factor (HIF)-1α may lead to the formation of chronic wounds (68). Although there is no direct evidence demonstrating hBD-3-induced activation HIF-1α to accelerate wound healing, the findings that major antimicrobial peptides such as defensins and cathelicidins are downregulated in HIF-1α-deficient mice suggest a correlation between antimicrobial peptides and HIF-1α activation (69). Furthermore, the fact that hBD-3 activates the nuclear factor-kappa B (NF-κB) pathway (70), which interacts with HIF-1α pathway (71) further suggests possible contribution of hBD-3 to HIF-1α activation.

In conclusion, the findings of our study suggest the therapeutic effect of the skin-derived antimicrobial peptide hBD-3 in wounds through its ability to promote wound healing, angiogenesis, cell proliferation and migration in fibroblasts. The effects of hBD-3 on fibroblasts were mediated via the FGFR1/JAK2/STAT3 signaling pathways.
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Background

Sepsis has no proven specific pharmacologic treatment and reported mortality ranges from 30%–45%. The primary aim of this phase IB study was to determine the safety profile of Allocetra™-OTS (early apoptotic cell) infusion in subjects presenting to the emergency room with sepsis. The secondary aims were to measure organ dysfunction, intensive care unit (ICU) and hospital stays, and mortality. Exploratory endpoints included measuring immune modulator agents to elucidate the mechanism of action.



Methods

Ten patients presenting to the emergency room at the Hadassah Medical Center with sepsis were enrolled in this phase Ib clinical study. Enrolled patients were males and females aged 51–83 years, who had a Sequential Organ Failure Assessment (SOFA) score ≥2 above baseline and were septic due to presumed infection. Allocetra™-OTS was administered as a single dose (day +1) or in two doses of 140×106 cells/kg on (day +1 and +3), following initiation of standard-of-care (SOC) treatment for septic patients. Safety was evaluated by serious adverse events (SAEs) and adverse events (AEs). Organ dysfunction, ICU and hospital stays, and mortality, were compared to historical controls. Immune modulator agents were measured using Luminex® multiplex analysis.



Results

All 10 patients had mild-to-moderate sepsis with SOFA scores ranging from 2–6 upon entering the study. No SAEs and no related AEs were reported. All 10 study subjects survived, while matched historical controls had a mortality rate of 27%. The study subjects exhibited rapid resolution of organ dysfunction and had significantly shorter ICU stays compared to matched historical controls (p<0.0001). All patients had both elevated pro- and anti-inflammatory cytokines, chemokines, and additional immune modulators that gradually decreased following treatment.



Conclusion

Administration of apoptotic cells to patients with mild-to-moderate sepsis was safe and had a significant immuno-modulating effect, leading to early resolution of the cytokine storm.



Clinical Trial Registration

ClinicalTrials.gov Identifier: NCT03925857. (https://clinicaltrials.gov/ct2/show/study/NCT03925857).





Keywords: sepsis, Inflammation, pneumonia, apoptotic cells, cell therapeutics, cytokine storm



1 Introduction

Sepsis, identified by the World Health Organization (WHO) as a global health priority, has no specific proven pharmacologic treatment other than appropriate antibiotics, intravenous fluids, vasopressors as needed, and possibly corticosteroids (1–4). The reported death rate from sepsis in hospitalized patients ranges between 30% and 45% (5–10).

In sepsis, binding of either pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) to complement, toll-like receptors (TLRs), nucleotide-binding oligomerization domain (NOD) like receptors, retinoic acid-inducible gene (RIG)­like receptors, mannose-binding lectin, and scavenger receptors, among others, induces a complex intracellular signaling system with redundant and complementary activities (11, 12). Triggering of innate immunity assures a common response pattern, regulated by the level and variation of the repertoire of PAMPs and DAMPs, and the resulting signaling pathways that are activated. This sequence of events leads to the expression of several common classes of genes that are involved in inflammation, adaptive immunity, and cellular metabolism. The complementary nature of the pathways explains the overlapping yet unique early inflammatory response to common Gram-negative and Gram-positive bacterial, fungal, and viral infections, as well as tissue injury.

Interestingly, and as summarized recently, apoptotic cells in general, and Allocetra-OTS (Enlivex Therapeutics Ltd, Nes Ziona, Israel) specifically, were shown to have a modulating effect on cytokine storms, with downregulation of both anti- and pro-inflammatory cytokines derived from PAMPs and DAMPs, in both animal and human in vitro models (13). Therefore, the current study was designed to examine the safety and the possible beneficial immuno-modulating effects of early apoptotic cells (Allocetra-OTS, Enlilvex Therapeutics Ltd., Nes-Ziona, Israel) administered to patients presenting with sepsis. In a previous dose-escalating clinical study enrolling patients undergoing bone marrow transplantation who had an elevated cytokine profile, matched apoptotic cells were shown to be safe and efficacious with a dose-dependent effect starting at 140×106 cells/kg (14). This dose, administered in either one or two treatments, was chosen for the current study. In addition, the outcome of study subjects in this safety trial were compared to historical matched controls to compare outcomes at 28 days.



2 Materials and Methods


2.1 Study Design

This was a company (Enlivex Therapeutics)-sponsored study (ClinicalTrials.gov Identifier: NCT03925857). The primary aim of this phase Ib study was to determine the safety profile and tolerability (dose-limiting toxicity) of Allocetra-OTS infusion in subjects presenting to the emergency room with sepsis. The secondary aims were to determine the preliminary efficacy on reducing organ dysfunction; intensive care unit (ICU), intermediate care unit (IMU), and hospital stays; and mortality.

Adult males and females aged 18–85 years, weighing at least 40 kg and with a predicted life expectancy of at least 6 months at the time of the screening, who had a SOFA score >2 above baseline and had sepsis from presumed infection were included. Exclusion criteria included pregnancy, positive serology for HIV, performance status less than 80%, or serious organ dysfunction (e.g. left ventricular ejection fraction <40%, pulmonary forced vital capacity <60% of predicted, liver transaminases >2.5× the upper limit of normal, serum bilirubin >3 mg/dL, or creatinine >2.5 mg/dL.

Sequential Organ Failure Assessment (SOFA) scores were measured at enrollment and at each study time point. We also obtained blood samples for exploratory biological tests including pro- and anti-inflammatory cytokines, chemokines, growth factors, leptin, ghrelin, neutrophil gelatinase-associated lipocalin (NGAL), Triggering Receptor Expressed on Myeloid Cells 1 (TREM1), an endocrinology panel, cortisol, adrenocorticotropic hormone (ACTH), free triiodothyronine (FT3), free throxine (FT4), thyroid stimulating hormone (TSH), growth hormone, glucagon, and insulin. An autoimmune serology panel that included antinuclear antibody (ANA), anti-DNA, anti-RNP, anti-Sjögren’s-syndrome-related antigen A (SSA), anti-Sjögren’s-syndrome-related antigen B (SSB), cardiolipin IgG, and cardiolipin IgM was also taken.

Allocetra-OTS was administered as a single dose (cohort 1) of 140×106 cells/kg on day +1 (day 0 was time of diagnosis at the ER) or in two doses (cohort 2) of 140×106 cells/kg on days +1 and +3, following initiation of standard-of-care (SOC) treatment for septic patients, as outlined by the Surviving Sepsis Campaign (14, 15). Interim safety analyses were performed by the Data and Safety Monitoring Board (DSMB) after three and six patients from cohort 1 had completed study day 14, and after four additional patients from cohort 2 had completed study day 28.



2.2 Alloctera-OTS Preparation

Enlivex Therapeutics Ltd. has developed a product named Allocetra-OTS based on the known activity of naturally occurring apoptotic cells to induce a pro-homeostatic state for both macrophages and dendritic cells (DCs) (13, 14, 16–18) that contributes to the maintenance of peripheral homeostasis of almost all immune-triggered mechanisms in sepsis. Allocetra-OTS is composed of frozen non-human leukocyte antigen (HLA)-matched mononuclear enriched leukocytes derived from one donor to each patient, containing at least 40% early apoptotic cells, in the form of a liquid suspension that is administered intravenously (IV). Following controlled thawing, cells are incubated with corticosteroids that are washed in order to achieve an early apoptotic state. The cells are then washed again, eliminating both corticosteroid residues as well as material that may have been secreted by apoptotic cells. Once the cells are in an early apoptotic state, they are preserved at 2-8°C. They are further Gamma or X-ray irradiated at 4000cGy to prevent T cell proliferation of potentially viable cells, and therefore avoid the possible development of an acute GvHD-like response. Following irradiation, the product is stable for up to 96 hours and kept at 2-8°C to avoid progression of apoptosis.



2.3 Matched Historical Controls

The local ethics committee also approved (#0267-19-HMO) a search for matched controls that were selected from the digital records of all hospitalized patients treated in the same units as the study patients. Controls were selected from patients who were hospitalized only in an ICU or an IMU at the Hadassah-Hebrew University Medical Center, Ein Kerem, Jerusalem, during the years 2014–2019 (the standard of care was very similar during these years), and matched by gender, age ( ± 7 years), source of infection (i.e., pneumonia, urinary tract, biliary tract, or endovascular), and SOFA score ( ± 2) at diagnosis. Outcomes for the matched controls were compared to those for the study cohort at 28 days.

The total number of potential controls was 24,172 patients including 18,078 pneumonia patients, 5,370 UTI patients, 629 patients with biliary tract infection, and 95 patients with endovascular infection. Matching the characteristics of each of the 10 sepsis patients that were treated with Allocetra was done with a full match to the source of infection, SOFA score ±2, age ±7 years, and gender. A total of 37 matched historical control patients were identified, of whom 19 had pneumonia (Table 1). The process of identifying suitable controls was done by two physicians and reviewed by a third. All data was found in patients’ charts and SOFA scores were calculated retrospectively. Outcomes for the matched controls were compared to those of the study cohorts at 28 days. Source data was verified to confirm that the reported qualified data provided in the report matched the source.


Table 1 | Characteristics of patients and historical matched-controls.





2.4 Luminex® Cytokine/Chemokine Analysis

Serum cytokine/chemokine measurement was performed using the Luminex MAGPIX system (Luminex Corp, Texas, USA) and analyzed with Milliplex analysis software (Millipore MA, USA).



2.5 ELISA Analysis

The following cytokines/chemokines were measured by sandwich ELISA kits: IL-18 (R&D Systems, Minneapolis, MN, USA), MCP-3 (R&D), TNFR1 (R&D), TREM-1 (R&D), procalcitonin (PCT) (IBL-America, Minneapolis, MN, USA).



2.6 Autoantibodies and Anti-HLA Antibodies

Autoantibodies and anti-HLA antibodies were analyzed by the central laboratory of the Hadassah-Hebrew University Medical Center.



2.7 Statistics


2.7.1 Clinical Data

Mortality was analyzed as time-to-event measurement and comparisons between treatment arms were presented using Kaplan Meier curves and the log rank test. Expected mortality estimation was based on patients’ Acute Physiology and Chronic Health Evaluation (APACHE) II scores (19). Changes in SOFA score from entry into research to days 5, 7, and 28, maximum increase in SOFA score, and duration of hospitalization and ICU/IMU stays were analyzed as continuous variables. Means, standard deviations, medians, interquartile ranges, and ranges in each treatment group were presented and compared using the t-test or Wilcoxon rank sum test, as appropriate. Area under the curve for change in SOFA score was calculated using the trapezoidal rule and also analyzed as a continuous variable. Duration of hospitalization and ICU/IMU stays were analyzed as time to first discharge, presented in the Kaplan-Meier curves and treatment groups compared using the log rank test. All analyses were repeated for the entire population as well as for subgroups receiving one or two Allocetra-OTS doses, and for pneumonia alone. Statistical analysis was performed using R 3.5.1 (R Statistical Data Analysis).



2.7.2 Laboratory and Exploratory Tests

Correlation of any parameter to clinical score was evaluated by the Pearson correlation or by Spearman’s rank correlation coefficient, with a coefficient ≥ 0.7 or ≤ -0.7 considered a strong correlation. Statistical analyses for laboratory tests were performed using GraphPad (Prism, San Diego, CA, USA).





3 Results

Sepsis was defined based on the Third International Consensus Definitions for Sepsis and Septic Shock (20). Twelve patients were screened, and ten were included in the study; patients 04 and 05 did not meet inclusion criteria. The DSMB met following inclusion of three (patients 01–03) and six patients (patients 01–03 and 06–08) for safety reviews and approval to continue the study, and for final review after 10 patients. Allocetra-OTS infusion in the first three patients met the protocol for defined safety criteria at day 14 and the study proceeded to the second round of patient recruitment (patients 06–08) at the same dose, which also met the protocol-defined criteria for safety. The study then proceeded to recruit four additional patients (cohort 2, patients 09–12), who received two doses of Allocetra-OTS. Patient characteristics are presented in Table 1.


3.1 Clinical Course

All study subjects fitted the definition of sepsis and inclusion criteria and were hospitalized on admission in either the ICU or the IMU. All patients had a Glasgow Coma Score (GCS) of at least 13 (verbal 5/5) at enrollment due to the requirement to obtain consent directly from the study subject. At enrollment, the average APACHE II score was 12.9 (range 8–21) and the average SOFA score upon entry into the study was 3.4 (range 2–6). All patients fulfilled inclusion and exclusion criteria and met the 2016 definition of sepsis (20). In this study, any source of infection was included, and the patients presented with four types of infections: pneumonia (five patients treated with I.V. ceftriaxone), biliary tract infection (three patients treated with ceftriaxone), endovascular (one treated with I.V. vancomycin), and UTI (one treated with I.V. ceftriaxone) and received standard-of-care treatment for septic patients, as outlined by the Surviving Sepsis Campaign (1–3).

All patients had at least two organ systems involved (range 2–5 systems). Acute kidney injury (three patients), cardiovascular involvement (three patients), hepatic involvement (seven patients), hematological (eight patients), and pulmonary involvement (five patients) were seen in the treated patients before investigational product (IP) administration. All patients recovered from the septic condition and were discharged alive from the hospital following the resolution of sepsis and were alive at completion of 28 days of follow-up.



3.2 Laboratory Results

Laboratory evaluation included complete blood count (CBC), biochemistry, blood gases, C-reactive protein (CRP), and lactate. Figure 1 shows their levels during the study period. In 5/10 patients, elevated white blood cells (WBC) counts were evident in the first days, with gradual return to normal levels (Figure 1A). Neutrophilia was observed on admission in 6/10 patients (Figure 1B) and lymphopenia in 9/10 patients (Figure 1C). All patients had a gradual increase in lymphocyte numbers and 6/9 (66%) recovered to normal levels whereas 3/9 (33%, patients 03, 06, 07) had moderate recovery levels. Elevated CRP declined in parallel with resolution of inflammation (Figure 1D). Two patients (07 and 12) had a slower decline of CRP. The first (patient 07) was a patient on chronic dialysis presenting with an endovascular infection that needed antibiotics for 6 weeks, and the second (12) was a patient with pneumonia and pleural effusion. Lactate levels were elevated in 3/10 patients upon admission (01, 02, 08) and were normal or near normal in the following days. Three patients had higher lactate levels on day 28 (01, 03, 09) despite clinical and laboratory resolution of sepsis, in the range of 3.4 to 6.5 mmol/L (normal value up to 2.2 mmol/L).




Figure 1 | Acute phase markers. Complete blood count (CBC) and C-reactive protein (CRP). Blood counts of fresh peripheral patient blood ethylenediamine tetraacetic acid (EDTA) samples were performed using blood analyzer. The differential of white blood cells (WBC), i.e. WBC subpopulations, was calculated. ‘Screening’ is a time point with a blood count that was performed 24 ± 6h before treatment with Allocetra-OTS, to test for the patient’s eligibility for Allocetra-OTS treatment. ‘Day 1’ is a blood sample just prior to Allocetra-OTS infusion. Numbers (109 cells/L) of (A) WBCs, (B) neutrophils, and (C) lymphocytes, are shown. (D) CRP levels of all patients in the indicated time points. *Patients 09–12 received two doses of Allocetra-OTS (days 1 and 3).





3.3 Safety Parameters

Safety was evaluated by SAEs and AEs. All patients survived 28 days of follow-up. Of note, efficacy parameters (presented below), like survival, overlapped with additional safety parameters. There were no serious unexpected serious adverse reactions (SUSARs) and none of the subjects experienced an SAE, severe or moderate AE, or discontinued the study due to an AE. Nearly all subjects (9/10; 90%) experienced at least 1 AE and on average 4.4 AEs; The most common AEs were associated with laboratory investigations (Table 2). All were mild in intensity, and most were unrelated to IP. The six possibly related AEs were transiently elevated temperature, mild transient tachycardia, transient hypoglycemia, and transient dizziness, each in one patient, and rigor episodes in two patients receiving one dose. All these AEs could have been related to the septic condition. However, since the two episodes of rigors occurred in patients receiving a high infusion rate (>150 mL/h), the last 8 IP administrations were given at a slower infusion rate (up to 108 mL/hr) with no rigors documented.


Table 2 | Complete list of adverse events.





3.4 Autoimmunity, Anti-HLA Antibodies, and Autoantibodies

No anti-HLA antibodies developed within 28 days following one dosage in the first 6 patients. Autoantibodies and autoimmunity were evaluated at initial screening and on day 28. No autoimmunity developed in any of the study subjects during the study period. The ANA screen, which is considered a major screening tool for autoantibodies, was negative at presentation in 8/10 patients and remained negative in all eight at day 28. In two patients it was low-positive before IP administration; it remained low-positive in one and disappeared in the second. IgM and IgG anticardiolipin were negative in 10/10 patients at screening and remained negative in all.

Anti-DNA was not examined at initial screening, due to negative ANA in most patients, but was negative in all patients examined at day 28. Anti-SSA/SSB/RNP/Sm were examined mainly on day 28 and in some patients at initial screening. Only one patient (08) had very low positive RNP (20.61 vs 20, which is defined as negative) on day 28. This was considered non-significant.

In conclusion, after administration of 14 IV doses of Allocetra-OTS in 10 patients, there was no evidence of autoimmunity or autoantibodies.



3.5 Preliminary Efficacy Results


3.5.1 Mortality

No deaths occurred among the 10 study subjects. APACHE II scores for subjects in the current study are presented in Table 1. The average score at diagnosis was 12.9 (range 8–21). Overall probability of mortality was 20% (range 8–40%), with no significant differences between the subgroups of patients.

In patients with sepsis, an elevated SOFA score at presentation also reflects an increased risk of mortality. In one study that included >180,000 patients hospitalized with sepsis, a SOFA score of 2–6 at presentation (Table 1) corresponded to predicted mortality of 7–15% (21).

In addition, a total of 37 matched controls were identified for the 10 patients in the study based on the criteria of sepsis, admission to ICU/IMU, source of infection, SOFA score ±2, age ±7 years, and gender. Table 1 shows the characteristics of controls compared to study subjects. A comparison of survival between the study group and historical controls, in all the patients and in the subgroup of patients with pneumonia, is shown in Figure 2. Among the 37 matched historical control patients, 10 died (27%, p-value using log rank test=0.078). Although a larger sample is needed to draw definite statistical conclusions regarding survival, predicted mortality based on the APACHE II and SOFA scores at presentation would have been a high probability of at least one death in these 10 patients.




Figure 2 | Kaplan-Meier survival curve. A comparison of survival between the study group (n=10) and matched-historical controls from the same hospital (n=37) for (A) all patients, and (B) patients with pneumonia (n=5 for the study group, n=19 for the historical controls), is shown. Matched controls were selected from all patients admitted to ICU with a diagnosis of sepsis between 2014–2019 and were matched by gender, age ± 7, Sequential Organ Failure Assessment (SOFA) score ±2 at presentation, and source of infection.





3.5.2 Organ Dysfunction

Organ dysfunction improvement was a preliminary efficacy parameter tested in this study. No residual organ dysfunction was seen in any of the 10 study subjects at 28 days.


3.5.2.1 CNS

All patients finished 28 days of follow-up with a GCS of 15/15.



3.5.2.2 Kidneys

Apart from patient 07, who was on chronic dialysis at admission, 3/9 patients (33%) had new-onset renal injury, and all had completely recovered to baseline kidney function as measured by creatinine level at 28 days.



3.5.2.3 Lungs

5/10 (50%) of patients had lung involvement. No patient required mechanical ventilation. All patients recovered from lung dysfunction, had normal oxygen saturation, and needed no oxygen supplement at discharge.



3.5.2.4 Cardiovascular

Three patients had mean arterial pressure <70mmHg but none needed vasopressors. Cardiac evaluation was based on clinical evaluation, ECG in all patients, troponin if indicated, and echocardiogram as indicated (needed in one patient). All patients had normal sinus rhythm or tachycardia upon screening, with no evidence of ischemia during their illness. One patient with known paroxysmal atrial fibrillation had a transient episode of atrial fibrillation. Troponin was measured in four patients and was normal in all. One patient (01) underwent transthoracic echocardiography during his admission for the investigation of chest pain and elevated troponin levels following an episode of supraventricular tachycardia and electrical shock (DC cardioversion) before screening and entry to the study. Follow-up echocardiography in this patient was performed at day 28. The results were comparable to the first evaluation.



3.5.2.5 Hematological

Significant thrombocytopenia occurred in 8/10 patients (80%) with complete recovery in all.



3.5.2.6 Liver

Hyperbilirubinemia occurred in four patients (40%) and three patients had a biliary tract infection; all four had a complete recovery. Elevated liver enzymes, aspartate transaminase (AST) and alanine aminotransferase (ALT) in the range of >×3 of normal range were seen in 5/10 patients with a complete recovery in all.



3.5.2.7 SOFA Score

In the absence of days on respirator and days on vasopressors, we used SOFA score to evaluate organ dysfunction. The SOFA score was introduced to describe organ failure severity in patients with sepsis, including a 4‐point assessment of dysfunction in each of six organ systems (17, 19, 22). In patients with sepsis, a SOFA score ≥2 at presentation reflects clinically relevant organ dysfunction and an increased risk of adverse outcomes (21). Apart from acute organ injury, we measured changes in the SOFA score from just before IP administration, maximal SOFA score, AUC of SOFA score above baseline, and time to SOFA score <2, and compared findings to those of the matched-historical controls. As shown in Table 1 and Figure 3, patients had SOFA scores correlating to mild-to-moderate sepsis. However, despite the similarity to SOFA scores at entry for historical-matched controls of (average of 3.4 versus 3.47), the enrollment SOFA score was the highest for the treated patients and it did not progress further (0 points) following treatment, while it progressed with a mean maximal increase of 3.57 (range 0–15, median 1) in the historical control population (Figure 3A; p<0.0001, t-test and Wilcoxon), suggesting inhibition of organ dysfunction deterioration with Allocetra-OTS treatment. In historical matched controls with pneumonia, it went even higher, to a mean of +4.42 (range 0–15, median 4) (p<0.0001, t-test, and 0.0166, Wilcoxon).




Figure 3 | SOFA score progression during sepsis. (A) SOFA score at presentation compared to maximal SOFA score. (B–D) Change in SOFA score before administration of Allocetra-OTS and day 5 (B), day 7 (C), and day 28 (D). Average delta area under the curve (AUC) in the first (E) five days, and (F) seven days. Matched controls were selected from all patients admitted to ICU under the diagnosis of sepsis between 2014–2019 and were matched by gender, age ±7 years, SOFA score ±2 at presentation, and source of infection. Data is presented as the median within the interquartile range (IQR); mean values are marked with a ‘+’ sign; error bars represent the 10-90 percentile, with outliers presented.



We further measured the change in mean SOFA score between day 1 before treatment with Allocetra-OTS and at days 5, 7, and 28. At these time points, the scores were significantly higher in the historical-matched controls compared to patients in the current study (Figures 3B–D; average delta SOFA score between day 1–5, day 1–7, and day 1–28, p<0.0001, t test for all, and 0.0035, 0.001, and 0.0019, Wilcoxon, respectively). We also measured the average change in the area under the curve (AUC) between days 1 and 5 and between days 1 and 7 (Figures 3E, F); all changes showed significant amelioration (average AUC between day 1–5 and day 1–7, both p<0.0001, t test, and 0.0011, Wilcoxon). In historical matched controls with pneumonia, it went even higher, to a mean increase of 4.42 (range 0–15, median 4; p<0.0001 t-test, and 0.0166 Wilcoxon). These data suggest that the favorable clinical outcomes are reflected by lack of SOFA score progression as manifested by maximal SOFA score, delta SOFA score, and the average change in AUC. We must emphasize the limitation of using historical controls that were matched as possible in demographic characteristics and SOFA score upon entry. Yet, the historical controls had a slightly increased APACHE II score (15 versus 12.3, Table 1) that could predict worse prognosis.




3.5.3 Time in ICU/IMU and Hospital

Since organ dysfunction was significantly improved and no mortality occurred, we were next interested to verify that these promising results were expressed in the duration of ICU/IMU and hospital stay. Since all patients in the study group survived, we analyzed duration of stay in the hospital and in ICU/IMU for all patients in the study and for all surviving patients in the matched historical control group (Figure 4).




Figure 4 | Hospital and ICU/IMU duration of stay. The duration of stay for all patients in the study and for all patients in the matched historical control group who survived is presented (A) in the hospital and (B) in the Intensive Care Unit (ICU) or the Intermediate Medical Unit (IMU). Kaplan-Meier curves describing time-to-discharge from the (C) hospital and (D) ICU/IMU are presented. Matched controls were selected from all patients admitted to ICU/IMU with the diagnosis of sepsis between 2014–2019 and were matched by gender, age ±7, SOFA score ±2 at presentation, and source of infection. Data is presented as the median within the interquartile range (IQR); mean values are marked with a ‘+’ sign; error bars represent the 10–90 percentile, with outliers presented.



The mean hospital length-of-stay was significantly shorter for all sepsis patients treated with Allocetra-OTS (11.4 ± 7.57 days, range 4–28, median 9), and for patients with pneumonia (11.2 ± 6.38 days, range 6–22, median 10), compared to the averages for matched-historical controls of for all patients (Figure 4A; 17.3 ± 8.8 days, 3–28, median 17; p< 0.0488 t-test, p<0.042 Wilcoxon), and for patients with pneumonia, average 18.84 days (range 6–28, median 19; p< 0.0552 t-test, p< 0.0484, Wilcoxon). The ICU length-of-stay was significantly shorter for all treated patients, average 4.7 days (range 2–8, median 4), and for patients with pneumonia, average 3.4 days (range 2–6, median 2) compared to averages for all matched controls, 11.1 days (Figure 4B; 1–28, median 8; p< <0.0001 t-test, p< 0.092, Wilcoxon) and patients with pneumonia, 13.89 days (range 1–28, median 11; p<0.0001 t-test, p< 0.0233 Wilcoxon).

In addition, time-to-discharge from the hospital and/or ICU/IMU (Figures 4C, D) was compared. Length of hospitalization was analyzed as a time-to-event variable, comparing time to discharge from the general hospital and the ICU between treatment groups. In this analysis, events of mortality were referred to as no discharge event and the length of follow-up was censored at time of death. Times to hospital and ICU/IMU discharge were significantly shorter for the treated group (log rank p=0.00085 and p=0.00096, respectively).




3.6 Exploratory Endpoints. Effect of Allocetra-OTS on Cytokines/Chemokines/Growth Factors and Immuno-Modulating Agents


3.6.1 Pro-Inflammatory Cytokines

Pro-inflammatory cytokines regulate early responses to bacterial infection and mediate the early acute phase in sepsis. Cytokines like IL-1, IL-6, and TNF-α act as endogenous pyrogens, upregulate the synthesis of secondary mediators and other pro-inflammatory cytokines by both macrophages and mesenchymal cells such as fibroblasts, epithelial, and endothelial cells, and stimulate the production of acute-phase proteins or attract inflammatory cells (23). Eight pro-inflammatory cytokines were tested, including IL-6, TNF-α, IL-1β, IL-12p70, IL-18, IL-23, IFN-γ and IL-13; five of those were detectable (IL-6, TNF-α, IL-1β, IL, IL-18, IFN-γ) and are presented here (Figure 5).




Figure 5 | Pro-inflammatory cytokine kinetics during sepsis. Serum was obtained from patients at the indicated times and cytokine analysis was performed as described in Methods. The serum of three healthy volunteers was analyzed using the same methods and values are presented as the normal range (median ± range). Serum concentrations of (A) IL-6, (B) TNF-α, (C) IL-1β, (D) IL-18, and (E) IFN-γ are presented. Patients 01–08 received one dose of Allocetra-OTS on day 1 and patients 09–12 received two doses on days 1 and 3.



Overall, all patients had elevated TNF-a and IL-6 levels at initial screening, and most had elevated IL-1β and IL-18, while some had elevated IFN-γ; however, a gradual decrease in levels of all of the cytokines studied was observed upon resolution of sepsis. These trends of pro-inflammatory cytokines were characteristic of most of the patients.



3.6.2 Anti-Inflammatory Cytokines

Interestingly, anti-inflammatory cytokines are also upregulated in sepsis in parallel to pro-inflammatory cytokines (Figure 6) and are suggested to have a late contribution to sepsis-related immunosuppression (24). Four anti-inflammatory cytokines were tested, including IL-10 (Figure 6A), IL-1Ra (Figure 6B), IL-27, and soluble TNFR-1 (Figure 6C). IL-27 was not detected in our patients. Overall, the trend of the anti-inflammatory cytokines resembled that of the pro-inflammatory cytokines. Most patients had elevated IL-10, IL-1Ra, and TNFR-1, which gradually decreased as sepsis resolved.




Figure 6 | Anti-Inflammatory cytokine and growth factor kinetics during sepsis. Serum was obtained from patients at the indicated times and cytokine/growth factor analysis was performed as described in Methods. The serum of three healthy volunteers was analyzed using the same methods and values are presented as the normal range (median ± range). Serum concentrations of (A) IL-10, (B) IL-1Ra, (C) TNFR-1 are presented in the upper panel, (D) G-CSF, (E) VEGF, and (F) GM-CSF are presented in the lower panel. Patients 01–08 received one dose of Allocetra-OTS on day 1 and patients 09–12 received two doses on days 1 and 3.





3.6.3 Hematopoietic Growth Factors (HGFs)

During sepsis, immune cells undergo profound phenotypic modifications in their activation state, response to stimuli, and localization. These phenomena are finely regulated by various cytokines and HGFs. An HGF is a relatively stable, secreted, or membrane-bound glycoprotein that causes immune cells to mature and/or proliferate and also have profound effects on cell functions and behaviors. HGFs are deeply involved in sepsis pathophysiology both in the initial and the late phases (25). Four growth factors were tested in the study, including G-CSF (Figure 6D), VEGF (Figure 6E), GM-CSF (Figure 6F) and LIF (a growth factor-like cytokine), which was undetected. Overall, the trend of the HGFs resembled that of the pro- and anti-inflammatory cytokines and chemokines. Most patients presented with elevated G-CSF, VEGF, and to a lesser extent GM-CSF, at initial screening; for all, a gradual decrease upon resolution of sepsis was observed. These trends of HGFs were characteristic of most patients that received a single dose of Allocetra-OTS.



3.6.4 Chemokines

Chemokines play pivotal roles in regulating the migration and infiltration of monocytes/macrophages and neutrophils to sites of inflammation, and as such, they are usually involved in sepsis (26). Six chemokines were tested and are presented here, including monocyte chemoattractant protein 1 (MCP-1), interferon gamma-induced protein 10 (IP-10), macrophage inflammatory protein-1 alpha (MIP-1α), IL-8, growth regulated protein beta (Gro-β), and regulated upon activation, normal T cell expressed and secreted (RANTES). Overall, most patients were screened with elevated MCP-1, IP-10, MIP-1α and IL-8; for all, a gradual decrease upon resolution of sepsis was observed (Figure 7). Of exception were Gro-β and RANTES, which were detected in most patients below the normal levels and increased upon resolution of sepsis. These trends of chemokines were characteristic to most of the patients that received a single dose of Allocetra-OTS.




Figure 7 | Chemokine kinetics during sepsis. Serum was obtained from patients at the indicated times and cytokine/growth factor analysis was performed as described in Methods. The serum of three healthy volunteers was analyzed using the same methods and values are presented as the normal range (median ± range). Serum concentrations of (A) MCP-1, (B) IP-10, (C) MIP-1α, (D) IL-8, (E) GRO-β, and (F) RANTES are presented. Patients 01–08 received one dose of Allocetra-OTS on day 1 and patients 09–12 received two doses on days 1 and 3.





3.6.5 Other Immuno-Modulating Agents

Other factors were also tested as part of the immune modulating effect of Allocetra-OTS on the resolution of sepsis (Figure 8). These factors included TREM-1, osteopontin, NGAL, gherlin, and leptin (Figures 8A–E), and several endocrinological hormones (Figures 8F–H).




Figure 8 | Immune modulator and endocrine hormone kinetics during sepsis. Serum was obtained from patients at the indicated times and cytokine/growth factors analysis was performed as described in Methods. The serum of three healthy volunteers was analyzed using the same methods and values presented as the normal range (median ± range). Serum concentrations of (A) TREM-1, (B) osteopontin, (C) N-GAL, (D) ghrelin, (E) leptin, and (F) glucagon, (G) cortisol, and (H) FT3 are presented in the lower panel. Patients 01–08 received one dose of Allocetra-OTS on day 1 and patients 09–12 received two doses on days 1 and 3.




3.6.5.1 Miscellaneous Immuno-Modulating Factors

Overall, all the patients presented with elevated TREM-1 and OPN and most had elevated NGAL and leptin levels; for all, a gradual decrease upon resolution of sepsis was observed. Of exception is ghrelin, which was below the normal levels in all the patients at presentation and increased upon resolution of sepsis. These trends of immuno-modulating factors were characteristic of most of the patients that received a single dose of Allocetra-OTS.




3.6.6 Endocrinology Kinetics

Five hormones were tested in all subjects: cortisol, FT3, FT4, glucagon and insulin. Additional hormones (TSH, ACTH and GH) were tested in some subjects. Sepsis is considered an acute stress response with a release of stress hormones including cortisol and glucagon (27). There were elevated cortisol levels in 7/10 patients at presentation, with the average of all patients being above normal (752 nmol/L, normal range of 140–690 nmol/L). Patients 03 and 12 (both with pneumonia) had the highest levels of cortisol at screening. Following Allocetra-OTS infusion, cortisol levels were downregulated (including Patient 03), reaching normal concentrations by Day 28 (Figure 8G). Interestingly, serum glucagon had similar kinetics to cortisol, and 7/10 patients had high glucagon at screening (average level of all patients = 150pg/ml, range 32–285 pg/ml) compared to normal (average of 73 pg/ml, range 30–115 pg/ml), with a rapid decline in the first 2–3 days reaching low levels on day 28 (Figure 8F). Insulin levels were in the low normal range upon presentation (opposite to glucagon) and the levels were normalized upon resolution of sepsis. ACTH and GH were tested in some subjects and were within the normal range throughout the study, except for patient 07 (chronic dialysis) who had elevated ACTH levels on day 28 (21.5 pMol/L versus normal levels up to 13.5). All patients were screened for FT3 and FT4 levels and all had low normal or below normal FT3 levels (Figure 8H) with gradual increase thereafter as sepsis resolved, but normal FT4 and TSH levels at presentation and during the resolution of sepsis. These changes in serum thyroid function associated with acute illness have been termed ‘sick euthyroid syndrome’ or ‘low T3 syndrome’. FT3 production during the acute stress response in sepsis is inhibited by both cortisol and IL-6 (28–30). We therefore tested whether the recovery of FT3 seen in the patients was linked to the downregulation of IL-6 and/or cortisol. Indeed, a strong negative correlation was found between FT3 and IL-6 (ρ-Spearman= -0.73) and an intermediate negative correlation was found between FT3 and cortisol and FT3 and glucagon (ρ-Spearman= -0.54, -0.56, respectively). The euthyroid sick syndrome should thus not be viewed as an isolated pathologic event but as part of a coordinated systemic reaction to sepsis involving both the immune and endocrine systems.




3.7 Summary

In summary, most patients had elevated pro-, and anti-inflammatory cytokines/chemokines/immune modulators/stress factors, with a gradual normalization upon resolution of sepsis (Figures 5–8). The physiological responses to acute stress in sepsis results from the activation of an array of factors, including immunological, neural, and hormonal pathways that pose a threat to the homeostasis of the organism and elicit a common series of adaptive physiological responses. We created a heat map (Figure 9), correlating the different immunological components of the response to stress to blood counts and SOFA score. As shown, high correlation is seen between pro- and anti-inflammatory cytokines, chemokines, HGFs with WBC counts, neutrophils, CRP, and most importantly with SOFA score. Inverse characteristic correlation is shown with lymphocyte counts and the chemokines Gro-β and RANTES.




Figure 9 | Correlation matrix of cytokines, chemokines, and immunomodulators with SOFA score, CRP, and blood counts. A correlation heat-map of the tested cytokines/chemokines, HGFs, and immunomodulators with CRP, SOFA score, and blood counts. Pearson’s r values are on the top right and the Spearman’s ρ values are on the bottom left.






4 Discussion

Apoptotic cells have immunomodulatory functions via their interaction with macrophages and dendritic cells, and their administration as a potential therapeutic intervention has been suggested (13, 14, 31–33). In addition to physical interaction, immunomodulation by apoptotic cell-secretion of various paracrine factors was suggested by us (34) and others (35) and was used in treatments for myocardial infarction (36–38) and dermal wound-healing (39). Unlike stressed PBMC-derived secretomes, the preparation of Allocetra-OTS is unique, with an emphasis on cells in the early stages of apoptosis (i.e. apoptotic cells are Annexin V+ propidium iodide–) to avoid any effect by necrotic cells. Preparation includes several washing steps, yielding only a cellular active fraction, reducing the content of potential secreted factors.

Although not all the molecular events underlying the potential immune-regulating function of apoptotic cells are clear, changes in macrophages and dendritic cells towards a homeostatic phenotype have been investigated by several authors and implicated in apoptotic cell-mediated immune modulation [reviewed by (13, 32, 33)]. Local administration of apoptotic cells has been used to attenuate both bleomycin- and lipopolysaccharide (LPS)-induced lung inflammation, with reduced neutrophil recruitment into the lung, enhanced phagocytosis by alveolar macrophages, and reduced pro-inflammatory cytokine production (40). Infusion of apoptotic cells 24 hours after initiation of sepsis has also been shown to protect against mortality in a mouse model of sepsis, with reduced pro-inflammatory cytokine and neutrophil recruitment into organs (41).

We cannot exclude an antimicrobial effect by apoptotic cells as suggested by Kasiri et al. that was observed in an in-vitro study (42). However, since Allocetra-OTS was given in addition to antibiotics, we think the main antimicrobial effect was by antibiotics.

Many of the measured cytokines/chemokines/immune-modulators were proven to be pathogenic in sepsis and septic shock; however, single targeting of cytokines did not ameliorate sepsis in many trials using anti-TNF, anti-IL-1β, and other cytokines (43).

Interestingly, and as suggested elsewhere, anti-inflammatory cytokines are also elevated early in the course of sepsis. This supported the notion that secretion of pro- and anti-inflammatory mediators in septic shock occurs as a simultaneous immune response program initiated early in the course of the disease (44), and in severe sepsis the IL-10/lymphocyte ratio was significantly correlated with the APACHE II score and strongly predicted 28-day mortality (45). Apoptotic cell infusion represents a more holistic approach, leading to rebalancing of all pro- and anti-inflammatory cytokines and chemokines, growth factors, and other immuno-modulating agents, and reprogramming of monocytes/macrophages and dendritic cells (13).

In the first few days of clinically apparent infection, there is an innate immune response in all patients. Gene expression studies have shown that transcripts from sepsis and severe viral infections involve pathways associated with signaling through TLRs, IL-27, IL-12, IFN-γ, type I IFN-inducible transcripts, and the JAK-STAT pathway. These molecules are overabundant in the acute phase. These elevated levels persist until defervescence occurs and may lead to endothelial dysfunction (45). The mechanism through which cytokines such as TNF might mediate endothelial dysfunction are not clear, though changes in the integrity of inter-endothelial cell junctions is a possible cause. Most permeability-inducing factors bind to endothelial cell plasma membrane receptors, activate heterotrimeric G proteins, and cause an increase in intracellular Ca2+. This results in myosin-driven endothelial contraction and opening of tight junctions. In some viral diseases, increased capillary permeability occurs when viremia is in steep decline and serum cytokine concentrations are at or near their peak levels (46). In addition, pathogen-induced lung injury can progress into acute lung injury or its more severe form, acute respiratory distress syndrome (ARDS), as seen with sepsis and SARS-CoV or viral influenza infections.


4.1 Conclusions

These results may reflect a novel and safe mechanism for treatment of sepsis and diseases associated with cytokine storm such as flu complications, acute lung injury, acute respiratory distress syndrome as seen in SARS-CoV and influenza virus infections (47), CAR-T therapy (48, 49), and the more recently described COVID-19 (50, 51). To further evaluate Allocetra™-OTS effectiveness, a randomized-controlled trial is needed.




Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors upon reasonable request. Requests to access the datasets should be directed to DM, (mevorachd@hadassah.org.il).



Ethics Statement

The studies involving human participants were reviewed and approved by Human Subjects Review Board, The Helsinki Committee, Hadassa Medical Center, Jerusalem, Israel. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

PvH performed the study and wrote the manuscript. AA and SS performed the study and participated in writing. EZ, AN, SZ, and BF performed the study and collected data. Re-A and YS analyzed blood samples. BR prepared figures and participated in writing. DM designed the study and wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

The study received funding from Enlivex Therapeutics Ltd. The funder was not involved in the study design, collection, analysis, interpretation of data, the writing of this article or the decision to submit it for publication.



References

1. Martin-Loeches, I, Levy, MM, and Artigas, A. Management of Severe Sepsis: Advances, Challenges, and Current Status. Drug Des Devel Ther (2015) 9:2079–88. doi: 10.2147/DDDT.S78757

2. Rello, J, Valenzuela-Sanchez, F, Ruiz-Rodriguez, M, and Moyano, S. Sepsis: A Review of Advances in Management. Adv Ther (2017) 34(11):2393–411. doi: 10.1007/s12325-017-0622-8

3. Venkatesh, B, Finfer, S, Cohen, J, Rajbhandari, D, Arabi, Y, Bellomo, R, et al. Adjunctive Glucocorticoid Therapy in Patients With Septic Shock. N Engl J Med (2018) 378(9):797–808. doi: 10.1056/NEJMoa1705835

4. Vincent, JL, and Grimaldi, D. Novel Interventions: What’s New and the Future. Crit Care Clin (2018) 34(1):161–73. doi: 10.1016/j.ccc.2017.08.012

5. Finfer, S, Bellomo, R, Lipman, J, French, C, Dobb, G, and Myburgh, J. Adult-Population Incidence of Severe Sepsis in Australian and New Zealand Intensive Care Units. Intensive Care Med (2004) 30(4):589–96. doi: 10.1007/s00134-004-2157-0

6. Fleischmann, C, Scherag, A, Adhikari, NK, Hartog, CS, Tsaganos, T, Schlattmann, P, et al. Assessment of Global Incidence and Mortality of Hospital-Treated Depsis. Current Estimates and Limitations. Am J Respir Crit Care Med (2016) 193(3):259–72. doi: 10.1164/rccm.201504-0781OC

7. Liu, V, Escobar, GJ, Greene, JD, Soule, J, Whippy, A, Angus, DC, et al. Hospital Deaths in Patients With Sepsis From 2 Independent Cohorts. JAMA (2014) 312(1):90–2. doi: 10.1001/jama.2014.5804

8. Machado, FR, Cavalcanti, AB, Bozza, FA, Ferreira, EM, Angotti Carrara, FS, Sousa, JL, et al. The Epidemiology of Sepsis in Brazilian Intensive Care Units (the Sepsis Prevalence Assessment Database, SPREAD): An Observational Study. Lancet Infect Dis (2017) 17(11):1180–9. doi: 10.1016/S1473-3099(17)30322-5

9. Reinhart, K, Daniels, R, Kissoon, N, Machado, FR, Schachter, RD, and Finfer, S. Recognizing Sepsis as a Global Health Priority — a WHO Resolution. N Engl J Med (2017) 377(5):414–7. doi: 10.1056/NEJMp1707170

10. Rhee, C, Dantes, R, Epstein, L, Murphy, DJ, Seymour, CW, Iwashyna, TJ, et al. Incidence and Trends of Sepsis in US Hospitals Using Clinical vs Claims Data, 2009-2014. JAMA (2017) 318(13):1241–9. doi: 10.1001/jama.2017.13836

11. Hotchkiss, RS, Moldawer, LL, Opal, SM, Reinhart, K, Turnbull, IR, and Vincent, JL. Sepsis and Septic Shock. Nat Rev Dis Primers (2016) 2:16045. doi: 10.1038/nrdp.2016.45

12. Tang, D, Kang, R, Coyne, CB, Zeh, HJ, and Lotze, MT. Pamps and Damps: Signal 0s That Spur Autophagy and Immunity. Immunol Rev (2012) 249(1):158–75. doi: 10.1111/j.1600-065X.2012.01146.x

13. Trahtemberg, U, and Mevorach, D. Apoptotic Cells Induced Signaling for Immune Homeostasis in Macrophages and Dendritic Cells. Front Immunol (2017) 8:1356. doi: 10.3389/fimmu.2017.01356

14. Mevorach, D, Zuckerman, T, Reiner, I, Shimoni, A, Samuel, S, Nagler, A, et al. Single Infusion of Donor Mononuclear Early Apoptotic Cells as Prophylaxis for Graft-Versus-Host Disease in Myeloablative HLA-Matched Allogeneic Bone Marrow Transplantation: A Phase I/Iia Clinical Trial. Biol Blood Marrow Transplant (2014) 20(1):58–65. doi: 10.1016/j.bbmt.2013.10.010

15. Rowan, KM, Kerr, JH, Major, E, McPherson, K, Short, A, and Vessey, MP. Intensive Care Society’s APACHE II Study in Britain and Ireland–I: Variations in Case Mix of Adult Admissions to General Intensive Care Units and Impact on Outcome. BMJ (1993) 307(6910):972–7. doi: 10.1136/bmj.307.6910.972

16. Knaus, WA, Draper, EA, Wagner, DP, and Zimmerman, JE. APACHE II: A Severity of Disease Classification System. Crit Care Med (1985) 13(10):818–29. doi: 10.1097/00003246-198510000-00009

17. Minne, L, Abu-Hanna, A, and de Jonge, E. Evaluation of SOFA-Based Models for Predicting Mortality in the ICU: A Systematic Review. Crit Care (2008) 12(6):R161. doi: 10.1186/cc7160

18. Moon, BH, Park, SK, Jang, DK, Jang, KS, Kim, JT, and Han, YM. Use of APACHE II and SAPS II to Predict Mortality for Hemorrhagic and Ischemic Stroke Patients. J Clin Neurosci (2015) 22(1):111–5. doi: 10.1016/j.jocn.2014.05.031

19. Vincent, JL, and Moreno, R. Clinical Review: Scoring Systems in the Critically Ill. Crit Care (2010) 14(2):207. doi: 10.1186/cc8204

20. Singer, M, Deutschman, CS, Seymour, CW, Shankar-Hari, M, Annane, D, Bauer, M, et al. The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA (2016) 315(8):801–10. doi: 10.1001/jama.2016.0287

21. Raith, EP, Udy, AA, Bailey, M, McGloughlin, S, MacIsaac, C, Bellomo, R, et al. Prognostic Accuracy of the SOFA Score, SIRS Criteria, and Qsofa Score for in-Hospital Mortality Among Adults With Suspected Infection Admitted to the Intensive Care Unit. JAMA (2017) 317(3):290–300. doi: 10.1001/jama.2016.20328

22. Vincent, JL, Moreno, R, Takala, J, Willatts, S, De Mendonca, A, Bruining, H, et al. The SOFA (Sepsis-Related Organ Failure Assessment) Score to Describe Organ Dysfunction/Failure. On Behalf of the Working Group on Sepsis-Related Problems of the European Society of Intensive Care Medicine. Intensive Care Med (1996) 22(7):707–10. doi: 10.1007/BF01709751

23. Chaudhry, H, Zhou, J, Zhong, Y, Ali, MM, McGuire, F, Nagarkatti, PS, et al. Role of Cytokines as a Double-Edged Sword in Sepsis. In Vivo (2013) 27(6):669–84.

24. Chousterman, BG, Swirski, FK, and Weber, GF. Cytokine Storm and Sepsis Disease Pathogenesis. Semin Immunopathol (2017) 39(5):517–28. doi: 10.1007/s00281-017-0639-8

25. Chousterman, BG, and Arnaud, M. Is There a Role for Hematopoietic Growth Factors During Sepsis? Front Immunol (2018) 9:1015. doi: 10.3389/fimmu.2018.01015

26. Aziz, M, Jacob, A, Yang, WL, Matsuda, A, and Wang, P. Current Trends in Inflammatory and Immunomodulatory Mediators in Sepsis. J Leukoc Biol (2013) 93(3):329–42. doi: 10.1189/jlb.0912437

27. Jones, BJ, Tan, T, and Bloom, SR. Minireview: Glucagon in Stress and Energy Homeostasis. Endocrinology (2012) 153(3):1049–54. doi: 10.1210/en.2011-1979

28. Meyer, S, Schuetz, P, Wieland, M, Nusbaumer, C, Mueller, B, and Christ-Crain, M. Low Triiodothyronine Syndrome: A Prognostic Marker for Outcome in Sepsis? Endocrine (2011) 39(2):167–74. doi: 10.1007/s12020-010-9431-4

29. Plikat, K, Langgartner, J, Buettner, R, Bollheimer, LC, Woenckhaus, U, Scholmerich, J, et al. Frequency and Outcome of Patients With Nonthyroidal Illness Syndrome in a Medical Intensive Care Unit. Metabolism (2007) 56(2):239–44. doi: 10.1016/j.metabol.2006.09.020

30. Wiersinga, WJ, and Seymour, CW. Handbook of Sepsis. Cham, Switzerland: Springer Int. Publ. AG (2018).

31. Bonnefoy, F, Gauthier, T, Vallion, R, Martin-Rodriguez, O, Missey, A, Daoui, A, et al. Factors Produced by Macrophages Eliminating Apoptotic Cells Demonstrate Pro-Resolutive Properties and Terminate Ongoing Inflammation. Front Immunol (2018) 9:2586. doi: 10.3389/fimmu.2018.02586

32. Poon, IK, Lucas, CD, Rossi, AG, and Ravichandran, KS. Apoptotic Cell Clearance: Basic Biology and Therapeutic Potential. Nat Rev Immunol (2014) 14(3):166–80. doi: 10.1038/nri3607

33. Saas, P, Daguindau, E, and Perruche, S. Concise Review: Apoptotic Cell-Based Therapies-Rationale, Preclinical Results and Future Clinical Developments. Stem Cells (2016) 34(6):1464–73. doi: 10.1002/stem.2361

34. Krispin, A, Bledi, Y, Atallah, M, Trahtemberg, U, Verbovetski, I, Nahari, E, et al. Apoptotic Cell Thrombospondin-1 and Heparin-Binding Domain Lead to Dendritic-Cell Phagocytic and Tolerizing States. Blood (2006) 108(10):3580–9. doi: 10.1182/blood-2006-03-013334

35. Beer, L, Mildner, M, Gyöngyösi, M, and Ankersmit, HJ. Peripheral Blood Mononuclear Cell Secretome for Tissue Repair. Apoptosis (2016) 21(12):1336–53. doi: 10.1007/s10495-016-1292-8

36. Hoetzenecker, K, Assinger, A, Lichtenauer, M, Mildner, M, Schweiger, T, Starlinger, P, et al. Secretome of Apoptotic Peripheral Blood Cells (APOSEC) Attenuates Microvascular Obstruction in a Porcine Closed Chest Reperfused Acute Myocardial Infarction Model: Role of Platelet Aggregation and Vasodilation. Basic Res Cardiol (2012) 107(5):292–2. doi: 10.1007/s00395-012-0292-2

37. Lichtenauer, M, Mildner, M, Baumgartner, A, Hasun, M, Werba, G, Beer, L, et al. Intravenous and Intramyocardial Injection of Apoptotic White Blood Cell Suspensions Prevents Ventricular Remodelling by Increasing Elastin Expression in Cardiac Scar Tissue After Myocardial Infarction. Basic Res Cardiol (2011) 106(4):645–55. doi: 10.1007/s00395-011-0173-0

38. Lichtenauer, M, Mildner, M, Hoetzenecker, K, Zimmermann, M, Podesser, BK, Sipos, W, et al. Secretome of Apoptotic Peripheral Blood Cells (APOSEC) Confers Cytoprotection to Cardiomyocytes and Inhibits Tissue Remodelling After Acute Myocardial Infarction: A Preclinical Study. Basic Res Cardiol (2011) 106(6):1283–97. doi: 10.1007/s00395-011-0224-6

39. Hacker, S, Mittermayr, R, Nickl, S, Haider, T, Lebherz-Eichinger, D, Beer, L, et al. Paracrine Factors From Irradiated Peripheral Blood Mononuclear Cells Improve Skin Regeneration and Angiogenesis in a Porcine Burn Model. Sci Rep (2016) 6(1):25168. doi: 10.1038/srep25168

40. Lee, YJ, Moon, C, Lee, SH, Park, HJ, Seoh, JY, Cho, MS, et al. Apoptotic Cell Instillation After Bleomycin Attenuates Lung Injury Through Hepatocyte Growth Factor Induction. Eur Respir J (2012) 40(2):424–35. doi: 10.1183/09031936.00096711

41. Ren, Y, Xie, Y, Jiang, G, Fan, J, Yeung, J, Li, W, et al. Apoptotic Cells Protect Mice Against Lipopolysaccharide-Induced Shock. J Immunol (2008) 180(7):4978–85. doi: 10.4049/jimmunol.180.7.4978

42. Kasiri, MM, Beer, L, Nemec, L, Gruber, F, Pietkiewicz, S, Haider, T, et al. Dying Blood Mononuclear Cell Secretome Exerts Antimicrobial Activity. Eur J Clin Invest (2016) 46:853–63. doi: 10.1111/eci.12667

43. Cohen, J, Opal, S, and Calandra, T. Sepsis Studies Need New Direction. Lancet Infect Dis (2012) 12(7):503–5. doi: 10.1016/S1473-3099(12)70136-6

44. Tamayo, E, Fernandez, A, Almansa, R, Carrasco, E, Heredia, M, Lajo, C, et al. Pro- and Anti-Inflammatory Responses Are Regulated Simultaneously From the First Moments of Septic Shock. Eur Cytokine Netw (2011) 22(2):82–7. doi: 10.1684/ecn.2011.0281

45. Li, X, Xu, Z, Pang, X, Huang, Y, Yang, B, Yang, Y, et al. Interleukin-10/Lymphocyte Ratio Predicts Mortality in Severe Septic Patients. PloS One (2017) 12(6):e0179050. doi: 10.1371/journal.pone.0179050

46. Libraty, DH, Endy, TP, Houng, HS, Green, S, Kalayanarooj, S, Suntayakorn, S, et al. Differing Influences of Virus Burden and Immune Activation on Disease Severity in Secondary Dengue-3 Virus Infections. J Infect Dis (2002) 185(9):1213–21. doi: 10.1086/340365

47. Pugin, J, Ricou, B, Steinberg, KP, Suter, PM, and Martin, TR. Proinflammatory Activity in Bronchoalveolar Lavage Fluids From Patients With ARDS, a Prominent Role for Interleukin-1. Am J Respir Crit Care Med (1996) 153(6 Pt 1):1850–6. doi: 10.1164/ajrccm.153.6.8665045

48. Gauthier, J, and Turtle, CJ. Insights Into Cytokine Release Syndrome and Neurotoxicity After CD19-Specific CAR-T Cell Therapy. Curr Res Transl Med (2018) 66(2):50–2. doi: 10.1016/j.retram.2018.03.003

49. Giavridis, T, van der Stegen, SJC, Eyquem, J, Hamieh, M, Piersigilli, A, and Sadelain, M. CAR T Cell-Induced Cytokine Release Syndrome Is Mediated by Macrophages and Abated by IL-1 Blockade. Nat Med (2018) 24(6):731–8. doi: 10.1038/s41591-018-0041-7

50. Huang, R, Xia, J, Chen, Y, Shan, C, and Wu, C. A Family Cluster of SARS-CoV-2 Infection Involving 11 Patients in Nanjing, China. Lancet Infect Dis (2020) 20(5):534–5. doi: 10.1016/S1473-3099(20)30147-X

51. Mehta, P, McAuley, DF, Brown, M, Sanchez, E, Tattersall, RS, Manson, JJ, et al. COVID-19: Consider Cytokine Storm Syndromes and Immunosuppression. Lancet (2020) 395(10229):1033–4. doi: 10.1016/S0140-6736(20)30628-0




Conflict of Interest: PvH received honoraria from Enlivex Ltd as a consultant. DM is the founder, and CMO of Enlivex Therapeutics Ltd. YS and BR are part of
the research team of Enlivex Therapeutics Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as potential conflicts 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 van Heerden, Abutbul, Sviri, Zlotnick, Nama, Zimro, el-Amore, Shabat, Reicher, Falah and Mevorach. 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: 30 September 2021

doi: 10.3389/fimmu.2021.756321

[image: image2]


Desmoglein2 Regulates Claudin2 Expression by Sequestering PI-3-Kinase in Intestinal Epithelial Cells


Natalie Burkard 1, Michael Meir 1, Felix Kannapin 1, Christoph Otto 1, Maximilian Petzke 1, Christoph-Thomas Germer 1, Jens Waschke 2 and Nicolas Schlegel 1*


1 Department of General, Visceral, Transplant, Vascular and Pediatric Surgery University Hospital Würzburg, Würzburg, Germany, 2 Institute of Anatomy and Cell Biology, Department I, Ludwig-Maximilians-Universität München, Munich, Germany




Edited by: 

Janos G Filep, Université de Montréal, Canada

Reviewed by: 

Tsaffrir Zor, Tel Aviv University, Israel

Bin Gong, University of Texas Medical Branch at Galveston, United States

*Correspondence: 

Nicolas Schlegel
 Schlegel_N@ukw.de
orcid.org/0000-0001-5705-3945

Specialty section: 
 This article was submitted to Inflammation, a section of the journal Frontiers in Immunology


Received: 10 August 2021

Accepted: 10 September 2021

Published: 30 September 2021

Citation:
Burkard N, Meir M, Kannapin F, Otto C, Petzke M, Germer C-T, Waschke J and Schlegel N (2021) Desmoglein2 Regulates Claudin2 Expression by Sequestering PI-3-Kinase in Intestinal Epithelial Cells. Front. Immunol. 12:756321. doi: 10.3389/fimmu.2021.756321



Inflammation-induced reduction of intestinal desmosomal cadherin Desmoglein 2 (Dsg2) is linked to changes of tight junctions (TJ) leading to impaired intestinal epithelial barrier (IEB) function by undefined mechanisms. We characterized the interplay between loss of Dsg2 and upregulation of pore-forming TJ protein Claudin2. Intraperitoneal application of Dsg2-stablising Tandem peptide (TP) attenuated impaired IEB function, reduction of Dsg2 and increased Claudin2 in DSS-induced colitis in C57Bl/6 mice. TP blocked loss of Dsg2-mediated adhesion and upregulation of Claudin2 in Caco2 cells challenged with TNFα. In Dsg2-deficient Caco2 cells basal expression of Claudin2 was increased which was paralleled by reduced transepithelial electrical resistance and by augmented phosphorylation of AKTSer473 under basal conditions. Inhibition of phosphoinositid-3-kinase proved that PI-3-kinase/AKT-signaling is critical to upregulate Claudin2. In immunostaining PI-3-kinase dissociated from Dsg2 under inflammatory conditions. Immunoprecipitations and proximity ligation assays confirmed a direct interaction of Dsg2 and PI-3-kinase which was abrogated following TNFα application. In summary, Dsg2 regulates Claudin2 expression by sequestering PI-3-kinase to the cell borders in intestinal epithelium.
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Introduction

The intestinal epithelium provides a selective barrier which separates the gut lumen containing nutrients, commensal bacteria and pathogens from the inner part of the body (1). Loss of intestinal epithelial barrier (IEB) integrity is known to contribute to the pathogenesis of inflammatory bowel diseases (2, 3).

Under basal condition the intestinal mucosa is lined by a single layer of polarized epithelial cells (enterocytes) that are sealed by tight junctions (TJ) and held together by adherens junctions and desmosomes (3–5). Adherens junctions are composed of E-cadherins which are tethered to the actin cytoskeleton while desmosomes in the intestine are composed of the desmocadherins desmoglein2 (Dsg2) and desmocollin2 (Dsc2) (3, 6). Both are linked to the intermediate filament system via various adapter proteins. Previously, it was reported that desmosomal integrity is not only essential to maintain the intestinal epithelial barrier under basal conditions but it is meanwhile established that loss of Dsg2 significantly contributes to inflammation-induced breakdown of the gut barrier in inflammatory bowel diseases (6–11). Desmosomes are known to stabilize IEB function by strengthening intercellular adhesion. In addition they are increasingly recognized as signaling hubs that mediate a variety of signals linked to cell proliferation, apoptosis and barrier regulation (3, 11–16).

Beside the growing evidence for the importance of desmosomal integrity to maintain the IEB in health and disease, it is well established that the main diffusion barrier within the junctional complex is formed by tight junctions that consist of various transmembrane proteins including claudins and occludin which are typically found at the most apical part of the membranes (5). The majority of the claudins that are typically present in the intestine such as claudin1, 3, 4, 5, 7, and 8 exert barrier-sealing properties. In contrast, Claudin2 which is strongly upregulated in intestinal inflammation is a pore-forming claudin which increases the permeability for cations like Na+, K+, Li+ and water (9, 10, 17–19). Upregulation of Claudin2 has been linked to diarrhea as typical clinical symptom of gut barrier changes. Under basal conditions Claudin2 is largely absent in the adult colon tissue whereas it has been described to be expressed in the human small intestine along the crypt-villus axis especially in the crypts (20). It is known that Claudin2 is increased following stimulation of enterocytes with cytokines such as TNFα, which is also regarded as a key cytokine contributing to mucosal injury in inflammatory bowel diseases (18, 21, 22).

Many studies meanwhile described a close correlation between the integrity of desmosomes and tight junctions (23–25). In line with this, we found a correlation between inflammation-induced loss of Dsg2 and increased Claudin2 expression in patients with Crohn’s disease and in vitro in a previous study. Interestingly, we observed that restoration of Dsg2-mediated adhesion using a Dsg-linking tandem peptide (TP) blocked TNFα-induced upregulation of Claudin2 (10). Based on this, we tested here whether Dsg2-mediated adhesion/signalling may be directly involved in the regulation of Claudin2.



Materials and Methods


Test Reagents

TNFα (Biomol, Hamburg, Germany) was used at 100 ng/ml (10). Tandem Peptide was used at 20 µM in vitro and 10 µM in vivo (Bachem, Bubendorf, Switzerland). The PI-3-kinase inhibitor LY294002 was used at 20 µM (Millipore, Darmstadt, Germany). Dsg2 binding was blocked by using a Dsg2 specific monoclonal mouse antibody directed against the third extracellular repeat domains of Dsg2 (anti-Dsg2EC) (clone 10G11, sodium azide free, Progen, Heidelberg, Germany) applied 1:50 (14). If not indicated otherwise cells were incubated with the mediators for 24h alone or in combination. When combinations of different reagents were used, they were applied simultaneously.



Animal Experiments

After approval by the animal care committee (Laboratory Animal Care and Use Committee of the District of Unterfranken; AZ 2-272), experiments were performed in male C57BL6/J mice (Janvier Labs, Le Genest Saint Isle, France). Animals were kept under conditions that complied with the NIH Guide for the Care and Use of Laboratory Animals, and studies were approved by the governments of Unterfranken and Germany. Animals were kept on a standard diet and 12-hour day and night cycles.



Experimental Setup

We used dextran sulfate sodium (DSS)-induced colitis in mice as (a murine) model for inflammatory bowel disease. Eight-week-old male mice received 2.5% DSS in autoclaved drinking water ad libitum for 4 days. The control group received normal drinking water ad libitum. Mice were monitored daily to evaluate the disease activity index (DAI) as described previously (8). Animals were randomized in different groups. One group received intraperitoneally (i.p.) 10 µM TP dissolved in 100µl 0.9% NaCl (DSS+TP) whereas the other group received 100µl 0.9% NaCl i.p. (DSS group). Injections were administered daily up from day 4 onwards every 24 hours for 3 days. Endpoint of the experiment was defined after 6 days.



Measurement of Intestinal Permeability, Colon Length, and Tissue Harvesting

Intestinal permeability was measured as described previously (8): After 6 days, mice were anaesthetized mice using isoflurane (Forene, Abbott, Wiesbaden, Germany). Following laparotomy, the colon was mobilized and opened at the ileocaecal valve and at the upper rectum. After flushing the colon with PBS at RT to remove blood and stool, the colon was ligated at the cutted ends without compromising the blood supply. To determine intestinal permeability 200µl of 4kDa FITC dextran diluted in PBS (1 mg/ml) was injected in the ligated colon. After 1h blood from the inferior vena cava was taken to measure the concentration of 4 kDa FITC dextran translocated from the colonic lumen into the blood. The blood samples were centrifuged at 13.400 rpm for 10 minutes at 4°C, and the luminescence of the serum was quantified by using Genios Pro Reader (Tecan, Maennedorf, Switzerland). After blood collection mice were euthanized by exsanguination, the colon was harvested and the length was measured.

The ligations of the colon were removed and the colon was cut longitudinally into two pieces. One part was fixed in 4% paraformaldehyde embedded in paraffin and sectioned. The other half of the colon was lyzed and homogenized with a Tissue Lyzer (Quiagen, Hilden, Germany) in a SDS lysis buffer and used for Western Blot analysis.



Histological Injury Score

Two blinded investigators quantified the inflammation of the tissue in H.E.-stained sections of the colon using the following inflammation score (26): Extent of inflammatory cell infiltration (none =1, mucosal infiltration =2, submucosal infiltration =3 transmural infiltration =4) and severity of epithelial damage (no epithelial damage =1, focal lesions =2, multiple lesions =3, extended ulcerations =4), resulting in a total scoring range from 2 – 8 per mouse.



Immunostaining

Animal tissue samples were embedded in paraffin and sectioned in 1µm slices. Immunostaining was performed after removal of paraffin as described for CaCo2 cells.

Cultured cell monolayers were prepared for immunostaining as described previously (27). In brief, CaCo2 cells were grown to confluence on coverslips. After incubation with or without different mediators, cells were fixated with 2% formaldehyde for 10 minutes and permeabilized with 0.1% Triton-X100 for 15 minutes afterwards, at room temperature. The coverslips were incubated at 4°C overnight using following primary antibodies at 1:100 in phosphate-buffered saline (PBS): rabbit anti-Desmoglein2 (MyBiosource, Kampenhout, Belgium); mouse anti-Claudin2 (ThermoFisher, Schwerte, Germany); mouse anti-PI-3-kinase (Santa Cruz, Heidelberg, Germany). As secondary antibodies, we used Cy3- or 488- labeled goat anti-mouse, goat anti-rabbit (all diluted 1:600, Dianova, Hamburg, Germany). Coverslips were mounted on glass slides with Vector Shield Mounting Medium as anti-fading compound, which included DAPI to visualize cell nuclei additionally (Vector Laboratories, Burlingham, CA). Representative experiments were documented with a confocal microscope (Leica LSM 780) (Zeiss, Oberkochen, Germany).



Western Blot

For Western blot analyses of mouse tissue, the specimens were lyzed in a SDS lysis buffer using TissueLyzer (Quiagen, Hilden Germany). CaCo2 cells were grown on 6-well plates, incubated with different mediators for 24h and finally homogenized in sodium dodecyl sulfate (SDS) lysis buffer containing 25 mmol/l HEPES, 2 mmol/l EDTA, 25 mmol/l NaF and 1% SDS. SDS gel electrophoresis and blotting were carried out after normalization of the protein amount using BCA assay (Thermo Fisher, Waltham, MA), as described previously (27). The following antibodies were used: mouse anti-Desmoglein 2 diluted 1:1000 (ThermoFisher, Schwerte, Germany); mouse anti-Claudin 2 diluted 1:700 (ThermoFisher, Schwerte, Germany); rabbit anti-PI-3-kinase diluted 1:500 (abcam, Cambridge, UK); rabbit anti-Phospho Akt (Ser473) diluted 1:1000 (Cell Signaling, Leiden, Netherlands); rabbit anti-Phospho Akt (Thr308) diluted 1:700 (Cell Signaling, Leiden, Netherlands), rabbit anti-Akt diluted 1:1000 (Cell signaling, Leiden, Netherlands) in 5% bovine serum albumin (BSA) and 0.1% Tween. As secondary antibodies horseradish peroxidase-labeled goat anti-rabbit IgG, goat anti-mouse IgG (all Santa Cruz Biotechnology, Heidelberg, Germany) were used (1:3000 in 5% BSA, 0.1% Tween). To validate equal loading of the gels peroxidase-labeled β-Actin or GAPDH (both Sigma-Aldrich, Munich, Germany) antibodies were applied. Chemiluminescence signal detection and quantification were performed by densitometry (ChemicDoc Touch Bio-Rad Laboratories GmbH, Munich, Germany). Optical densities (OD) were quantified in each Western Blot using Image Lab ChemicDoc Touch (Bio-Rad Laboratories GmbH, Munich, Germany) for statistical evaluation.



Cell Culture

Caco2 cells (Caco2 Dsg2WT) were acquired from ATCC (Wesel, Germany) and were cultured in Eagle’s Minimum Essential Medium (EMEM, ATCC, Wesel, Germany) supplemented with 50 U/ml Penicillin-G, 50 µg Streptomycin and 10% fetal calf serum (FCS, Biochrom, Berlin, Germany). Cultures were used for experiments when grown to confluent monolayers. For experiments, cells were serum-starved for 24h. In addition, our Dsg2-deficient Caco2 cell line (Caco2 Dsg2-/-) was used as described in detail previously (8).



Dispase-Based Enterocyte Dissociation Assays

As described previously (10), confluent cells in 24-well plates were exposed to the test reagents as indicated above, washed with Hank’s buffered saline solution plus (HBSS, Sigma-Aldrich, Munich, Germany) and incubated with Dispase-II (Sigma-Aldrich, Munich, Germany) for 30 minutes to release the monolayer from the well bottom. Afterwards, the cell sheet was exposed to shear stress by pipetting 5 times. Four fields of view were photographed with BZ-9000 (BIOREVO, Keyence, Osaka, Japan) and numbers were quantified.



Measurement of FITC-Dextran Flux Across Monolayers of Cultured Epithelial Cells

As described previously (27), Caco2 cells were seeded on top of transwell filter chambers on 12-well plates (0.4μm pore size; Falcon, Heidelberg, Germany). After reaching confluence, cells were rinsed with PBS, and incubated with fresh DMEM without phenol red (Sigma) containing 10 mg/ml FITC-dextran (4 kDa). Paracellular flux was assessed by taking 100μl aliquots from the outer chamber over 2 h of incubation. Fluorescence was measured using a Tecan GENios Microplate Reader (MTX Lab systems, Bradenton, USA) with excitation and emission at 485 and 535 nm, respectively. For all experimental conditions, permeability coefficients (PE) were calculated by the following formula (28): PE = [(ΔCA/Δt) × VA]/S × ΔCL, where PE = diffusive permeability (cm/s), ΔCA = change of FITC-dextran concentration, Δt = change of time, VA = volume of the abluminal medium, S = surface area, and ΔCL = constant luminal concentration. Experiments were performed in triplicates for each conditions and mean values of each triplicates were taken together as one independent experiment.



Measurements of Transepithelial Electrical Resistance (TER)

To measure transepithelial electrical resistance (TER) we used ECIS trans-Filter Adapter for ECIS 1600R across cell monolayers (Applied Biophysics, Ibidi GmBH, Martinsried, Germany). Cells were seeded on 8 well arrays with 40 electrodes per well (Applied Biophysics, Ibidi GmBH, Martinsried, Germany) as described previously (8). At confluency of monolayers cells were treated with different mediators and measurements were started immediately after application of the reagents.



Real Time Quantitative (q)RT-PCR

RNA from CaCo2 wildtype and CaCo2 Dsg2 knock-out cells was isolated using TRIZOL and cDNA was synthesized with iScript™ cDNA Synthesis Kit (Biorad, Munich, Germany). Quantitative PCR was performed using MESA GREEN qPCR MasterMix Plus for SYBR® Assay No ROX (Eurogentec, Cologne, Germany) on the CFX96 Touch Real-Time PCR Detection System (Biorad, Munich, Germany). Gene expression was analyzed via the Bio-Rad CFX Manager software with β-actin as a reference gene. All reactions were done in duplicates at 60.0°C annealing temperature. Primers were applied at a concentration of 5 µM. Primer sequences: humanDSG2 f: 5`- AACGACAACTGTCCCACACT -3`, humanDSG2 r: 5`- TTTCTTGGCGTGCTATTTTC -3`; human claudin2 f: 5`- CTCCCTGGCCTGCATTATCTC -3`; human claudin2 r: 5`- ACCTGCTACCGCCACTCTGT -3`



Membrane Protein Extraction Assay

Protein fractionation was carried out using Mem-Per Plus Kit (Thermo Fischer, Waltham, MA, USA) as described previously (8). Cells were harvested in growth media by scraping them from the bottom with a cell scraper. After centrifugation at 300 rpm for 5 minutes and washing three times, cells were permeabilized with a permeabilization buffer to release the cytosolic fraction. The cytosolic fraction was separated by centrifugation at 16.000 rpm for 15 minutes. The pellet containing the membrane-associated proteins was then re-suspended in a solubilization buffer. The suspension was centrifuged another time at 16.000 rpm for 15 minutes to remove particulate material. Then the cytosolic and membrane-associated supernatants were used for Western Blot analysis.



Co-Immunoprecipitation Experiments

Cells were seeded on 6-well plates. Monolayer cells at confluency were treated with different mediators and harvested after different incubation times in RIPA-buffer (ThermoFisher). Samples were steamed for 1min and centrifuged for 15min at 15.000g and 4°C. Total protein concentration was determined by measuring absorbance at 280nm.

The Co-IP experiments were done using the immuno-precipitation Starter Pack (GE Healthcare, Germany). The amount of 300-600 µg protein was used. After an initial pre-clearing step of one hour at 4°C (500µl of whole cell lysate with respectively 25µl protein G/A sepharose beads), antigens were coupled overnight at 4°C to 2.5 µg purified antibody rabbit anti-PI-3-kinase (Santa Cruz Biotechnology, Heidelberg, Germany). Protein-antibody complexes were precipitated with a mix of 25µl protein A and G sepharose beads for one hour at 4°C. The beads were washed three times with isotonic salt buffer (RIPA-buffer), once with wash-buffer (50 mM TRIS, pH 8) and suspended in 50µl Laemmli buffer. After denaturation for 5min at 95°C and a following centrifugation step, the supernatant was analyzed by western Blot analyses as described above. Detection was performed with mouse anti-Dsg2 diluted 1:1000 (Invitrogen, Carlsbad, CA, USA). Optical densities (OD) were quantified in each Western Blot using Image Lab ChemicDoc Touch (Bio-Rad Laboratories GmbH, Munich, Germany) for statistical evaluation. A ratio of the co-immununoprecipitated proteins was calculated to determine the potential changes detected under different conditions.



Proximity Ligation Assay

Proximity ligation assays (PLA) were carried out as recommended by the manufacturer ((Sigma-Aldrich, Munich, Germany): In brief, cells were seeded on coverslips and treated with TNFα for 24h when reached confluency. Two primary antibodies from different species were selected. Following antibodies were used: mouse anti-Dsg2 (Invitrogen, Carlsbad, CA, USA) at a dilution of 1:100, rabbit anti-PI-3-kinase 1:100 (Cell signaling, Leiden, Netherlands), mouse anti-Plakoglobin 1:100 (Progen, Heidelberg, Germany) and rabbit anti-Dsg2 1:100 (abcam, Cambrige, UK). After blocking of unspecific binding sites, slides were incubated with the mentioned primary antibodies. Next, a pair of oligonucleotide-labeled secondary antibodies (PLUS and MINUS Probes) which bind to the primary antibody were applied. When the PLA probes are in close proximity, connector oligos join the PLA probes and become ligated by addition of ligase at a dilution of 1:40. As a consequence, a closed circle DNA template is formed and acts as a primer for a DNA polymerase. Finally, labeled oligos hybridize to the complementary sequences within the amplicon, which are then visualized as discrete spots (PLA signals) by microscopy analysis. As negative controls, the same procedure was carried without application of primary antibodies as recommended by the manufacturer.



Quantification of Immunostaining

Quantification of immunostaining was carried out as described previously (9). In brief, 10μm line was placed orthogonal to the cell border with the cell border representing the middle of this line. The fluorescence pixel intensity was measured using ImageJ, which resulted in a graph with a maximum peak in the middle of the curve if the staining pattern was at the cell border. Loss of staining intensity at the cell borders resulted in a flattening of the curve. Indicating a redistribution of the proteins in the cytoplasm. For each sample at least ten randomly chosen junctions were measured by a blinded observer. For merge images the position and length of each line was then saved and also measured in the corresponding image field, thus resulting in 60 measurements at 30 distinct junctions per condition. After calculating the average and subtracting the gray value of the backgrounds three lane profiles per protein and condition were analyzed using a Two-way ANOWA with multiple comparisons.



Statistics

Statistical analysis was performed using Prism (GraphPad Software, La Jolla, CA, USA). Data are presented as means ± SE. Statistical significance was assumed for p<0.05. Paired Student’s t-test was performed for two-sample group analysis after checking for a Gaussian distribution. Analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test and Bonferroni correction was used for multiple sample groups. The tests applied for each of the different experiments are indicated in the figure legends.




Results


DSS-Induced Colitis and Increased Intestinal Permeability in Mice Were Attenuated by Application of Dsg-Linking Tandem Peptide (TP)

Previously, we demonstrated that Dsg-linking tandem peptide (TP) restored TNFα-induced loss of intestinal epithelial barrier function in Caco2 cells in vitro by increasing Dsg2-mediated adhesion (10). To test the effects of TP on IEB in an in vivo model of intestinal inflammation, we induced acute colonic injury with 2.5% dextran sulfate sodium (DSS) in mice. C57Bl/6 mice (n=17) received 2.5% DSS (n=6) in autoclaved drinking water ad libitum, whereas control mice (n=5) received normal drinking water. One group of mice (DSS + TP, n=6) were injected intraperitoneally beginning at day 4 with 10 µM of TP in 100µl 0.9% sodium chloride whereas the other group (DSS) received 100µl 0.9% sodium chloride i.p daily.

Following DSS application, the disease activity index (DAI) and the stool index were increased to 2.0 ± 0.75 and 2.33 ± 0.89 (Figures 1A, B). Both were significantly reduced at day 6 (endpoint of the experiment) in animals treated with TP. The bodyweight was reduced in the DSS group compared to controls and following treatment with TP (Figure 1C). In the control group, the colon length was 75.4 ± 3.54mm which was reduced to 48.17 ± 2.72mm in the DSS group. Reduction of colon length was attenuated by TP application (60.0 ± 3.55mm; Figure 1D). Intestinal permeability as revealed by measurements of 4 kDa FITC–dextran flux across the IEB was increased in DSS animals compared to control animals whereas treatment with TP attenuated inflammation-induced increase of intestinal permeability (Figure 1E). Histological analyses of H&E-stained colon sections showed a severe inflammation pattern after treatment with DSS (Figure 2Ab) which was attenuated by injection of TP (Figure 2Ac). TP application alone did not have an obvious effect on crypt architecture in colon sections (data not shown). Histological injury score also revealed an acute inflammation following DSS administration (control 2.00 ± 0.01 vs. DSS 7.13 ± 0.48, p<0.0001). Again, TP reduced inflammation (histological score DSS+TP 5.63 ± 0.52, p<0.05 compared to DSS) (data not shown).




Figure 1 | DSS- induced colitis in mice was attenuated by application of Tandem peptide (TP). (A) Disease activity index (DAI) is shown for C57/Bl6 mice receiving 2.5% DSS alone or in combination with TP at 10 µM i.p. (n= 6) for each group. DAI was significantly reduced in mice treated with TP (p<0.0001; unpaired t-test for each time point). (B) The stool index was increased in DSS colitis and significantly reduced (p<0.0001) at day 6 in mice treated with TP (unpaired t-test for each time point). (C) Body weight of control animals was unchanged in the course of experiments whereas in mice with DSS colitis body weight was significantly reduced (p<0.05; unpaired t-test for each time point). (D) DSS treatment resulted in a significantly reduced colon length (p<0.0001, n=8) compared to controls. Treatment with TP attenuated colon length reduction compared to DSS animals (p<0.05, n=8) (ordinary 1-way ANOVA). (E) Measurements of 4 kDa FITC dextran flux across the IEB show increased levels of luminescence in the blood compared to controls (n=5, p<0.05). Treatment of DSS animals with TP attenuated increased intestinal permeability compared to DSS induced colitis (n=5, p<0.05) (ordinary one-way ANOVA).






Figure 2 | TP affected DSS-induced redistribution of Dsg2 and Cld2 at the cell border in vivo. (A) Representative H&E staining of mouse colon are shown (left overview; right magnification). Controls (a) show a normal morphology of the gut whereas DSS (2.5% DSS) animals (b) show signs of severe inflammation with mucosal damage. Treatment of animals with 10 µM TP (c; DSS+TP) attenuated inflammation-induced changes in the colon. Images shown are representatives for n=6 in each group. (B) Immunostaining for Dsg2 (a, d, g), Claudin2 (b, e, h) or merged images with staining of cell nuclei using DAPI (c, f, i) are shown for the same conditions. The loss of Dsg2 in DSS animals (d) compared to controls (a) is attenuated by TP treatment (g). This is paralleled by augmented Claudin2 staining (e) in DSS colitis compared to controls (b) whereas TP blocked inflammation-induced increase of Claudin2 (h). Images shown are representatives of n=6 in each group. Scale bar is 25 µm. (C) Western Blots from colon lysates of control animals, animals with DSS colitis treated with TP (DSS+TP), DSS colitis alone and with TP alone are shown for Dsg2 and Claudin2 and β-actin. A set of 3 different animals is shown. (D) Quantitative analyses of the optical densities for Dsg2 Western blot bands normalized to β-actin showed reduced Dsg2 compared to DSS-colitis. This reduction was not observed in DSS+TP-treated animals (p<0.05 compared to the control group, n=6; p<0.01 compared to DSS+TP-treated mice; TP showed no significant change compared to all other groups; n=6 for each group, ordinary 1-way ANOVA). (E) Quantitative analyses of the optical densities for Claudin2 Western Blot bands normalized to β-actin showed significantly increase of Claudin2 in DSS mice compared to control mice (p<0.05) which was blocked by TP (p<0.01) (n=6 for each group; ordinary one-way ANOVA).



To verify the close correlation between the integrity of Dsg2 and Claudin2 that we had previously observed in vitro (10), immunostaining was carried out for both proteins from the gut specimens of the different experimental groups of the in vivo experiments. In the control group, Dsg2 in colon sections showed a regular staining pattern along the cell borders of enterocytes whereas Claudin2 was hardly detectable (Figure 2Ba–c). In DSS-colitis, Dsg2 was reduced in intestinal epithelium whereas Claudin2 was present along virtually all enterocytes (Figure 2Bd–f). Both the reduction of Dsg2 and the strong increase of Claudin2 were attenuated when TP was applied to animals with DSS-colitis (Figure 2Bg–i). In line with this, in Western blot analyses DSS-induced reduction of Dsg2 compared to control conditions (p<0.05, n=6) was restored after TP treatment (p<0.01, n=6) (Figures 2C, D). Moreover, DSS-induced increase of Claudin2 compared to controls (p<0.05, n=6) was decreased after TP application (p<0.01, n=6) (Figure 2E). In summary, these data confirmed a critical role of Dsg2 for intestinal barrier stabilization and accordingly TP is effective to stabilize intestinal barrier function in vivo. Additionally, the close correlation between the integrity of Dsg2 and Claudin2 strengthened our hypothesis of a causal interaction between both proteins in the regulation of intestinal permeability.



TNFα-Induced Loss of Dsg2-Mediated Adhesion Augmented Claudin2 Expression in Caco2 Monolayers

Next, we used our in vitro system of differentiated Caco2 cells and performed immunostaining following TNFα application to mimic inflammation. In Caco2 cells, TNFα resulted in reduced Dsg2 at the cell borders compared to untreated controls (Figure 3A). TNFα-induced loss of Dsg2 was completely blocked when TP was applied while TP application alone did not have an effect on Dsg2 staining (Figure 3Ac, d). Claudin2 staining was augmented when TNFα was applied to epithelial monolayers (Figure 3Ae, f), which was attenuated following TP application (Figure 3Ag, h). Western blot analyses confirmed a strong increase of Claudin2 expression in Caco2 cells following application of TNFα, which was blocked even below control levels when TNFα and TP were applied together (Figure 3Ag, h, B, C). Dsg2 expression did not change significantly in Western blot analysis under the different conditions (data not shown). However, in line with the observed loss of Dsg2 at the cell borders, dispase-based enterocyte dissociation assays demonstrated that TNFα led to a 2.5-fold increased fragmentation of epithelial monolayers (Figure 3D). Application of TP blocked TNFα-induced cell dissociation which confirmed the significant role of Dsg2 in this context (Figure 3D) (n=4, p<0.05). Measurements of 4kDa FITC dextran flux across CaCo2 monolayers showed augmented epithelial permeability following incubation with TNFα (Figure 3E) (n=16, p<0.01). This was attenuated when TP was applied together with TNFα (n=16, p<0.05). Taken together, the in vitro experiments in CaCo2 monolayers confirmed that TNFα-induced loss of Dsg2 at the cell borders led to increased epithelial permeability, cell dissociation and Claudin2 expression. All of these effects were attenuated when Dsg-stabilising TP was applied, suggesting a direct link between Dsg2 integrity and Claudin2 expression.




Figure 3 |  TP attenuated TNFα-induced redistribution of Dsg2 and Cld2 in vitro. (A) Representative immunofluorescence staining of Caco2 cells after 24h treatment with either TNFα (100 ng/ml) or TP (20 µM) or both (TNFα+TP) are shown for Dsg2 (green; a-d), Claudin2 (red; e-h) or merged images with DAPI staining (blue; i-l) to visualize cell nuclei. Compared to controls (a,e,i) application of TNFα resulted in reduced Dsg2 (b) and increased Claudin2 (f) at the cell borders. TNFα-induced changes were blunted by application of TP (c,g,k). TP alone had no effect on Dsg2 and Claudin2 (d,h,l) compared to controls. Images shown are representative for n=7, scale bar is 50 µm. (B) Representative Western Blot from Caco2 lysates under the conditions outlined in A for Claudin 2 is shown; ß-actin is shown as loading control. (C) Quantitative analyses of the optical densities for Claudin2 Western Blot bands normalized to β-actin showed a significant increase of Claudin2 protein levels compared to controls which is attenuated following incubation of cells with TNFα+TP. TP alone has no effect on Claudin2 expression. N= 4 for controls and n=6 for all other experimental conditions; ordinary 1-way ANOVA (D) Results from enterocyte dissociation assays are shown for the same conditions outlined in (A) Incubation of Caco2 cells with TNFα results in increased fragmentation of monolayers whereas TNFα+TP blocked this effect. Effects of TP alone on Caco2 monolayers were absent (p<0.05, n=4, ordinary 1-way ANOVA). (E) Permeability coefficient (PE) measured as 4 kDa FITC dextran flux across confluent Caco2 monolayers are shown. TNFα-induced increase of epithelial permeability compared to controls (p<0.01) was blocked by application of TP (p<0.05, compared to TNFα); n=16 for each group; ordinary 1-way ANOVA.





Loss of Dsg2 Integrity Increased Claudin2 Expression

To directly interfere with Dsg2-mediated adhesion, we applied a monoclonal antibody directed against the extracellular second and third extracellular repeat domains of Dsg2 (anti-Dsg2EC) on Caco2 monolayers as described previously (6, 14). This resulted in a reduction of Dsg2 at the cell borders after 6h and 12h of incubation with anti-Dsg2EC in immunostaining (Figure 4Aa–c). The loss of Dsg2 at the cell borders was paralleled with a strong increase of Claudin2 which was sparsely seen under control conditions and regularly present at the cell borders after 6h and after 12h of incubation with anti-Dsg2EC (Figure 4Ad–f). In contrast, the staining pattern of barrier-sealing TJ protein Claudin1 was modestly changed when compared to Claudin2 staining pattern after 6h and 12h of incubation with anti-Dsg2 EC (Figure 4Aj–l). In line with this, application of anti-Dsg2EC led to decreased Transepithelial Electrical Resistance (TER) after 6h and 12h to 0.87 ± 0.04-fold and 0.88 ± 0.03-fold of control (Figure 4B) whereas measurements of 4 kDa FITC dextran flux remained unaltered under these conditions (Figure 5B).




Figure 4 | Antibody-induced loss of Dsg2 increased Claudin2 at the cell borders.(A) Immunostaining of Caco2 monolayers for Dsg2 (a-c) Claudin2 (d-f), Claudin1 (j-l) following incubation with a Dsg2 antibody directed against parts of the extracellular domain of Dsg2 (Dsg2EC; 1:50) for 6h (b, e, h, k, n) and 12h (c, f, i, o) are shown. Application of Dsg2EC results in loss of Dsg2 at the cell borders (b,c) compared to controls (a). This was paralleled by increased Claudin2 (e,f) whereas changes of Claudin1 staining following Dsg2EC application are modest (k,l). Images are representative for n=8; scale bar is 20 µm. (B) Application of Dsg2EC antibody decreases Transepithelial Electrical Resistance (TER) after 6h (p<0.03, n=14, ordinary 1-way ANOVA) and 12h (p<0.01, n=14, ordinary 1-way ANOVA) and 12h compared to untreated CaCo2 cells .(C) Representative Western Blot after cell compartment separation assay is shown for Dsg2 and Claudin2 after incubation of Caco2 with TNFα (24h) or Dsg2EC (12h). GAPDH served to document the separation in cytosolic and membrane fraction. Both TNFα and Dsg2EC decrease Dsg2 and augment Claudin2 the membrane-bound fraction; n=5. (D) Quantitative (q)RT-PCR showed that Claudin2 expression was elevated in Dsg2-deficient Caco2 cells (Dsg2-/-) under basal conditions compared to CaCo2WT (p<0.0001, n=10, ordinary 1-way ANOVA). Application of TNFα (24h) increased Claudin2 mRNA levels in Caco2WT compared to untreated cells (p<0.019, n=10, ordinary 1-way ANOVA) but not in CaCo2 Dsg2-/-. (E) qRT-PCR shows that mRNA levels of Dsg2 are not altered following application of Dsg2EC antibody and no Dsg2 was detectable in Caco2 Dsg2-/- (n=10, ordinary 1-way ANOVA).






Figure 5 | Claudin2 was increased following Dsg2 knockout in Caco2 cells. (A) Measurements of Transepithelial Electrical Resistance (TER) of CaCo2WT compared to CaCo2 Dsg2-/- monolayers under baseline conditions demonstrate reduced baseline TER in Dsg2-deficient cells (p<0.001, n=13, ordinary 1-way ANOVA). (B) Permeability coefficient (PE) of 4kDa FITC Dextran on Caco2WT cells (p<0.003 compared to control, n=12, ordinary 1-way ANOVA) and in Caco2 Dsg2-/- cells (p<0.004 compared to Caco2 Dsg2-/- control, n=12, ordinary 1-way ANOVA) show increased permeability after incubation with TNFα whereas no differences under baseline conditions are obvious (n=12, ordinary 1way ANOVA). (C) Western Blot experiments of CaCo2WT and CaCo2 Dsg2-/- monolayers is shown for Dsg2, Claudin2 and for ß-actin to verify equal loading of the Western Blots. This confirms loss of Dsg2 in CaCo2 Dsg2-/- cells and augmented basal expression of Claudin2 compared to CaCo2WT; the experiment shown is representative for n=8. (D) Immunostaining of Caco2WT and Caco2 Dsg2-/- for Dsg2 (a, g, m, s), Claudin2 (c, i, o, u) and Claudin1 (e, k, q, w) are shown under baseline (control) conditions (a-f, m-r) and following application of TNFα (g-l, s-x) for 24h. Dsg2 is found at the cells borders in Caco2WT under control conditions (a). TNFα leads to a loss of Dsg2 at the cell borders (g) and in Caco2 Dsg2 -/- no Dsg2 was detectable (m, s). Claudin2 is hardly detectable in CacoWT under control conditions (c) but can be found at the cell membrane after TNFα incubation (i). In Caco2 Dsg2-/- cells Claudin2 staining pattern shows a distribution at the cell borders in both control and after TNFα treatment (o, u). Claudin1 is found at the membrane in both Caco2WT and Caco2Dsg2-/- cells under control conditions (e, q), which is reduced following application of TNFα (k, w) (n=4; scale bar is 20 µm).



In cell compartment separation assays application of anti-Dsg2EC or TNFα reduced Dsg2 in the membrane-bound fraction compared to controls (Figure 4C). This was paralleled with an increase of Claudin2 in the membrane-bound fraction both after application of anti-Dsg2EC and after incubation with TNFα. In line with these observations, application of anti-Dsg2EC and TNFα augmented Claudin2 mRNA-levels in Caco2 Dsg2WT (Figure 4D) whereas Dsg2 mRNA levels were not affected (Figure 4E).

To further determine a causal relationship between loss of Dsg2 and increased Claudin2 we used our Dsg2-deficient Caco2 cell line (Caco2 Dsg2-/-) (8). Measurements of TER values across differentiated monolayers revealed a significantly higher basal resistance in Caco2WT of 238 ± 20 Ω*cm² compared to Caco2 Dsg2-/- with 110 ± 5 Ω*cm² when cultured under the exact same conditions (Figure 5A). However, Permeability coefficient-values as revealed by measurements of 4 kDa FITC dextran flux across epithelial monolayers showed that basal permeability was not different when Caco2WT and Caco2 Dsg2-/- were compared (Figure 5B). Incubation of monolayers with TNFα increased permeability in both cell lines (Figure 5B). In immunostaining of differentiated Caco2 Dsg2WT monolayers Dsg2 was regularly distributed at the cell borders whereas Claudin2 was sparsely found (Figure 5Da–d). In Caco2 Dsg2-/- no Dsg2 (Figure 5Dm) was detected in immunostaining whereas Claudin2 (Figure 5Do) was found to be regularly present at the cell borders under basal conditions. Application of TNFα resulted in reduced Dsg2 (Figure 5Dg) and significantly augmented Claudin2 staining at the cell borders in Caco2 Dsg2WT (Figure 5Di). In Caco2 Dsg2-/-, Claudin2 was located at the cell borders under both conditions (untreated and TNFα) (Figure 5Do, u). Claudin1 was regularly distributed at the cell borders of Caco2 Dsg2WT and Caco2 Dsg2-/- under basal conditions (Figure 5Do, u) which was reduced by application of TNFα (Figure 5Dk, w).

In Western blot analyses Dsg2 was equally expressed under basal conditions and following application of TNFα in Caco2WT (Figure 5C) whereas no Dsg2 was found in Caco2 Dsg2-/- (Figure 5C). In WT cells Claudin2 was augmented following application of TNFα (Figure 5C). In Caco2 Dsg2-/- basal expression of Claudin2 was increased compared to Caco2WT and was further augmented after incubation with TNFα (Figure 5C).

In line with this, qRT-PCR showed similar results indicating changes of Claudin2 at the level of protein expression rather than on changes in protein turnover (Figure 4D).



Loss of Dsg2 Augmented Basal Activation of PI-3/AKT-Signaling

Previously it was reported that inflammation-induced Claudin2 upregulation in intestinal epithelial cells is dependent on PI-3-kinase/AKT signaling (29–31). Based on this, we first verified that inhibition of PI-3-kinase using LY294002 blocked TNFα-induced upregulation of Claudin2 (Figure 6). In line with previous data, LY294002 attenuated the TNFα-induced phosphorylation of AKT at Ser 473 in Caco2 Dsg2WT and upregulation of Claudin2 (Figure 6). In Caco2 Dsg2-/- where basal Claudin2 expression was increased, augmented basal phosphorylation of AKTSer473 was observed (Figures 6A–C). Application of TNFα strongly increased phosphorylation of AKTSer473 which was diminished after application by LY294002 (Figures 6A, B). Phosphorylation of AKTThr308 was unaffected under all experimental conditions (Figure 6A).




Figure 6 | PI-3K/Akt pathway is involved in the regulation of Claudin2. (A) Western Blot of Caco2WT and Caco2 Dsg-/- are shown for Claudin2, p-AKTSer473,p-AKTThr308, total AKT and ß-actin as loading control under the different experimental conditions. Experiment shown is representative for n=3. (B) Quantitative analyses of the optical densities for p-AKTSer473/total AKT; ordinary 1-way ANOVA are presented. (C) Quantitative analyses of the optical densities for Claudin2 Western Blot bands normalized to β-actin are shown; ordinary 1-way ANOVA. (D) Western Blot of Caco2WT for p-AKTSer473 and total AKT for the different experimental conditions are shown. Experiment shown is representative for n=4. (E) Quantitative analyses of the optical densities for p-AKTSer473/total AKT; ordinary 1-way ANOVA. Asterisks mark significant difference *p < 0.01, **p < 0.001, ***p < 0.0001, ****p < 0.00001). Comparisons are indicated by the lines above the columns.



Taken together these data confirmed a critical role of PI-3/AKT signaling in the regulation of Claudin2. Furthermore the increased basal phosphorylation of AKTSer473 followed by an exaggerated phosphorylation pattern after TNFα incubation in Dsg2-deficient cells pointed to a potential role for Dsg2 in modulating PI-3-kinase. To substantiate this conclusion we tested whether application of TP would affect phosphorylation of AKTSer473. As outlined above incubation of Caco2 monolayers resulted in augmented phosphorylation of AKTSer473 to 1.6 ± 0.1-fold of controls. This effect was blocked when Caco2 cells were incubated with TNFα together with TP (1.1 ± 0.1-fold of controls), (Figures 6D, E).



Dsg2 Sequesters PI-3-Kinase Under Basal Conditions

To further resolve the potential contribution of Dsg2 to regulate both Claudin2 expression and PI-3-kinase signaling we next performed co-immunostaining of Dsg2 and PI-3-kinase under basal conditions and following stimulation with TNFα in Caco2WT cells (Figure 7A). Under basal conditions both Dsg2 and PI-3-kinase p110ß were found at the cell borders where they co-localized (Figure 7Aa–c). Incubation with TNFα resulted in loss of Dsg2 at the cell borders and redistribution of PI-3-kinase into the cytoplasm (Figure 7Ad–f). Accordingly, the co-localization of Dsg2 and PI-3-kinase was abrogated following application of TNFα (Figure 7Af). This visual impression was confirmed when quantifications of the immunostaining were carried out. Under basal conditions the mean peak of the staining intensity was found at the cell borders for both Dsg2 and PI-3-kinase. Application of TNFα resulted in a flattening of the curves for Dsg2 and PI-kinase indicating a redistribution of both proteins from the cell borders in the cytoplasm (Figures 7B, C).




Figure 7 | Dsg2 sequesters PI3-kinase under basal conditions. (A) Immunostaining for Dsg2 (a,d)=and PI-3-kinase Caco2 cells under control conditions (a-c) and following treatment with TNFα for 24h at 100 ng/ml (d-f) are shown. Merge images include staining with DAPI to visualize cell nuclei (c,f). Images shown are representative for n=4 experiments, scale bar is 2 βµm. (B, C) Quantification of all experiments for the conditions of the immunostaining images shown in A are presented; dashed lines in the graphs indicate the area of cell junctions; Asteriks mark significant difference ****p < 0.00001; two way ANOVA.



Since this suggested a direct interaction of Dsg2 and PI-3-kinase we performed proximity ligation assays and co-immunoprecipitation studies. Proximity ligation assays revealed a direct interaction of Dsg2 and PI-3-kinase under basal conditions as revealed by the fluorescent spots throughout the cytoplasm (Figure 8Aa) and at the cell periphery (Figure 8Ab; inset). This interaction was reduced following incubation of Caco2WT cells with TNFα (Figure 8Ac, d). To ensure the staining specificity, the same experiments were carried out using Caco2 Dsg2-/- cells, where no spots i.e. no interaction between Dsg2 and PI-3-kinase was detectable both under basal conditions (Figure 8Ae, f) and after incubation with TNFα (Figure 8Ag,h). PLAs were also performed in Caco2WT with Dsg2 and the desmosomal plaque protein plakoglobin which is a known interaction partner of Dsg2 (32) (Figure 8i–l). This confirmed an interaction between Dsg2 and Plakogblobin (Figure 8i, inset in j) under basal conditions which was reduced following incubation of Caco2 cells with TNFα. Negative controls to exclude unspecific staining patterns induced by the duolink fluorescent detection reagent (Figure 8Am–p) were performed without application of primary antibodies. This did not result in the visualization of any spots.




Figure 8 | Dsg2 and PI-3-K show direct interaction. (A) Images following Proximity ligation assays (PLA) are shown. Images were stained with DAPI to visualize cell nuclei (b, f, j, n, d, h, l). In CacoWT (a-d) red fluorescent spots within cells are shown after incubation of cells with antibodies directed against Dsg2 and PI-3-kinase under basal conditions (a, b). Insert in (b) highlights spots at the cell periphery. Incubation of monolayers with TNFα reduced the number of spots (c, d). PLAs using CacoDsg2-/- (e-h) under the same conditions and CacoWT without primary antibodies (m-p) served as negative controls. CacoWT were stained with Dsg2 and Plakoglobin as positive control (i-l); images shown are representative for n=5 experiments. Scale bar is10µm. (B), (C) Co-Immunoprecipitations (IP) are shown that were performed with 2.5µg PI-3-kinase antibody in Caco2WT cells under control conditions, incubated for 24h with TNFα (100 ng/ml), TP (20 µM), LY294002 (20 µM, PI-3-kinase inhibitor) or in combination. Beads without primary antibody served as negative controls. Western Blot of PI-3-kinase from whole cell lysates of Caco2 Dsg2WT is also shown. ß-actin served as loading control. (D) Quantifications of all IPs from (C) are presented. Quantifications were carried out by calculating Dsg2/PI-3-kinase ratio from the ODs; n= 4 experiments, Ordinary 1-way ANOVA Asteriks mark significant differences *p < 0.01, ***p < 0.0001, ****p < 0.00001; comparisons are indicated by the lines above the columns. (E) Quantification of PI-3-kinase protein level showed no significant difference, n=5, Ordinary 1-way ANOVA.



Co-immunoprecipitation (IP) using cell lysates from Caco2 Dsg2WT confirmed the interaction of Dsg2 and PI-3-kinase under basal conditions (Figures 8B–D) whereas application of TNFα led to decreased interaction of these two proteins. In quantifications of the IPs TNFα reduced the interaction between TNFα and PI-3-kinase to 0.34 ± 0.06-fold of controls whereas incubation of TP with TNFα restored the interaction to control levels (0.99 ± 0.05-fold of controls) and TP alone had no effect (0.92 ± 0.11-fold of control). LY294002 blocked even augmented the interaction between Dsg2 and PI-3-kinase when applied alone (1.6 ± 0.27-fold of control) and when applied together with TNFα (1.5 ± 0.16-fold of control) (Figure 8D). Quantification of PI-3-kinase protein levels in whole cell lysates of Caco2 DsgWT showed no significant differences under the different experimental conditions (Figures 8C, E).




Discussion

The present study extends our previous investigations on the role of desmosomal adhesion and signaling in the regulation of IEB integrity. Here, we show that Dsg2 at the cell borders is required to inhibit upregulation of pore-forming tight junction protein Claudin2. Loss of Dsg2-mediated adhesion induced by antibodies, TNFα or knock-out of Dsg2 induces the activation of PI-3-kinase/AKT signaling which results in the upregulation of Claudin2. This can be explained by the observation that Dsg2 sequesters PI-3-kinase under basal conditions keeping PI-3-kinase/AKT signaling axis in an inactive state. This shows a new mechanism how desmosomal integrity is involved in the regulation of tight junctions in intestinal epithelium.


Stabilization of Dsg2 by TP Reduced Intestinal Permeability in Acute DSS Colitis In Vivo

The stability of intestinal barrier function has been increasingly reported to be dependent on desmosomal integrity in particular by Dsg2-mediated adhesion and signaling (6, 7, 10, 13). Based on this, it has also been proposed that strengthening Dsg2-mediated adhesion between enterocytes might be an attractive target for intestinal barrier stabilization under conditions of inflammation (3). This notion is now substantiated by our present data using the acute DSS-colitis model in which we clearly demonstrate a barrier-protective effect following application of TP in vivo. This was accompanied by an improved disease activity score in vivo and by reduced overall inflammation as revealed by H.E.-staining. The observation that TP effectively strengthens IEB function and thereby reduces intestinal inflammation supports the overall clinical importance of intestinal barrier integrity and the impact of Dsg2-mediated adhesion as an important player in this context (2, 3, 33).

TP was originally designed as 2 cyclized peptides connected through a flexible amino hexan linker to bind to Dsg1 and was later confirmed to bind Dsg2 as well because of its high sequence homology (10, 34). Since it has been shown that E-cadherin binds Dsg2 on the E-cadherin cis binding interface which appears to be important for desmosome assembly (35) it is possible that TP also binds E-cadherin and thereby strengthens cellular adhesion. On the other hand previous data demonstrated that TP did not modulate homophilic binding of classical cadherins such as E‐cadherin or N‐cadherin (34, 36). The fact that loss of Dsg2 was attenuated using TP both in immunostaining and in Western blot analyses suggests that crosslinking of neighboring Dsg2 proteins may already be sufficient to prevent loss of intercellular adhesion and the induction of barrier-compromising signaling events. This is supported by our in vitro data in Caco2 cells, where TP attenuated loss of intercellular adhesion in dispase-based enterocyte dissociation assays and by the fact that loss of intercellular adhesion induced by the application of antibodies directed against the extracellular domain of Dsg2 was sufficient to increase permeability of Caco2 monolayers. Comparable observations were made in previous studies (6, 11).



Loss of Dsg2 and of Dsg-2-Mediated Adhesion Are Directly Linked With Claudin2 Expression

An interplay between desmosomes and tight junction integrity has been discussed in the recent years although detailed mechanistic insights remained absent (37). It has been proposed that the control of microtubule stabilization by desmosomes could promote the trafficking of tight junction proteins (38). In the intestine, it can be assumed that a mechanical break of tight junctions as a consequence of reduced Dsg2-mediated adhesion may induce increased intestinal permeability. Given the close correlation between loss of tight junctions in general and Dsg2 at the cell borders this appears to be reasonable (6–8, 10). However, the fact that the Claudin2 is upregulated on both, RNA- and protein levels following loss of Dsg2 indicates a mechanistic interplay between these two proteins instead of only a passive interplay of tight junctions. Following this, Dsg2 may serve as a scaffold protein to modulate downstream signaling either in response to other upstream signaling events and/or to changes in cell adhesion. The observation that loss of Dsg2 induced by TNFα, by gene knock out and by antibody-induced loss of intercellular adhesion resulted in increased Claudin2 levels demonstrates that all of these events are sufficient to induce Dsg2-dependent signaling. The role of Dsg2 as a protein critically involved in cellular signaling events has been recognized earlier in the context of apoptosis, where a fragment of the intracellular domain of Dsg2 contributed to the induction of cell death under certain experimental conditions (12, 13, 15). In addition is has been observed that Dsg2 or desmosomes in general contribute to the regulation of Rho GTPase activity by the modulation of Rho GEF and regulate the activity of protein kinase C which was observed in the context of plakophilin2 in keratinocytes and in cardiomyocytes (39–44).



Dsg2-Mediated Sequestering of PI-3-Kinase Regulates Activity of the PI-3-Kinase/AKT Signaling Axis

Increased Claudin2 levels are a typical hallmark in response to inflammatory stimuli in the intestine (45, 46). According to this, Claudin2 is upregulated under conditions of acute inflammation in DSS-induced colitis in mice (47) and in patients with IBD (9, 10, 48). On a functional level Claudin2 as a pore-forming tight junction protein is critically involved in symptoms such as diarrhea in intestinal inflammation (49). On a mechanistic level it has been demonstrated earlier that upregulation of Claudin2 is dependent on PI-3-kinase activation leading to phosphorylation of AKT. Accordingly, inhibition of PI-3-kinase using LY294002 was effective to attenuate inflammation-induced upregulation in previous studies (30, 31, 50, 51). This supports our current observation where LY294002 blocked TNFα-induced upregulation of claudin2 in Caco2 cells. The TNFα-induced activation of PI-3-kinase may lead to Cdx2 expression as described previously for IL-6 (30). The enhanced expression of the transcription factor Cdx2 may then activate the claudin2 promotor resulting in the increased Claudin2 expression (29). The fact that LY294002 completely blocked both AKT phosphorylation and increased Claudin2 expression indicates that the critical event is upstream of AKT i.e. at the level of PI-3-kinase activation.

The novel observation here is that Dsg2 sequesters PI-3-kinase in intestinal epithelial cells. The finding that we observed increased phosphorylation of AKTSer473 in Dsg2-deficient cells when compared to WT cells under basal conditions and highly increased phosphorylation following application of TNFα led to the assumption that the sequestering of PI-3-kinase by Dsg2 may regulate its activity. On the other hand, the fact that TNFα application still results in increased Claudin2 expression and AKT phosphorylation in Dsg2-deficient cells also points to the presence of Dsg2-independent pathways in addition to the proposed mechanism here. The Dsg2-independent pathways may involve direct AKT phosphorylation by TNFα-induced activation of src kinase (52) by miRNAs (53) and also by integrins as has been observed in platelets (54) upstream of PI-3-kinase. Nonetheless, the experiments using TP to stabilize Dsg2-mediated adhesion showed that this was sufficient to block TNFα-induced AKT-phosphorylation and Claudin2 upregulation which overall supports the notion that Dsg2 is critically involved in the regulation of the PI-3-kinase/AKT signaling axis.

Application of TNFα not only resulted in loss of Dsg2 at the cell borders but also remarkably removed PI-3-kinase to the cytoplasm in immunostaining. The direct interaction of PI-3-kinase and Dsg2 was proven by PLA-assays and co-immunoprecipitation. However, when taking into account the staining pattern in PLA-assays it appears that not only desmosomal Dsg2 at the cell borders but also extradesmosomal Dsg2 which can be found apically in enterocytes also appears to be involved in sequestering PI-3-kinase (11). The presence of extradesmosmal Dsg2 may also explain the dotted staining pattern across the whole cells in PLAs. Interestingly, both TP and LY294002 blocked the dissociation of PI-3-kinase and Dsg2. According to the quantifications of the co-immunoprecipitation assays, LY294002 even increased the interaction between Dsg2 and PI-3-kinase above baseline levels both when applied alone and following application of TNFα. This suggests that activation of PI-3-kinase causes disassembly of both proteins leading to increased Claudin2 expression. On the other hand as outlined above the stabilization of Dsg2 by TP blocked the dissociation of Dsg2 and PI-3-kinase and thereby attenuated AKT phosphorylation. Taking all these observations together, it is conceivable that the sequestering of PI-3-kinase to Dsg2 is required to prevent further downstream signaling in response to PI-3-kinase activation. Therefore, loss of the interaction triggers further downstream signaling. In addition, it can be speculated that loss of Dsg2 may further promote the susceptibility PI-3-kinase to be further activated. Based on this, we suggest that Dsg2 recruits PI-3-kinase under basal conditions. Loss of Dsg2 or Dsg2-mediated adhesion promotes the activation of PI-3-kinase and/or downstream signaling leading to AKT phosphorylation which then results in the upregulation of Claudin2.

In summary, our current data not only show a novel and important mechanism by which Dsg2 i.e. desmosomes are directly involved in the regulation of tight junction proteins but also strengthen the potential role of Dsg2 as a promising therapeutic target to stabilize intestinal barrier function in intestinal inflammation.
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Inflammatory response is a host-protective mechanism against tissue injury or infections, but also has the potential to cause extensive immunopathology and tissue damage, as seen in many diseases, such as cardiovascular diseases, neurodegenerative diseases, metabolic syndrome and many other infectious diseases with public health concerns, such as Coronavirus Disease 2019 (COVID-19), if failure to resolve in a timely manner. Recent studies have uncovered a superfamily of endogenous chemical molecules that tend to resolve inflammatory responses and re-establish homeostasis without causing excessive damage to healthy cells and tissues. Among these, the monocyte chemoattractant protein-induced protein (MCPIP) family consisting of four members (MCPIP-1, -2, -3, and -4) has emerged as a group of evolutionarily conserved molecules participating in the resolution of inflammation. The focus of this review highlights the biological functions of MCPIP-1 (also known as Regnase-1), the best-studied member of this family, in the resolution of inflammatory response. As outlined in this review, MCPIP-1 acts on specific signaling pathways, in particular NFκB, to blunt production of inflammatory mediators, while also acts as an endonuclease controlling the stability of mRNA and microRNA (miRNA), leading to the resolution of inflammation, clearance of virus and dead cells, and promotion of tissue regeneration via its pleiotropic effects. Evidence from transgenic and knock-out mouse models revealed an involvement of MCPIP-1 expression in immune functions and in the physiology of the cardiovascular system, indicating that MCPIP-1 is a key endogenous molecule that governs normal resolution of acute inflammation and infection. In this review, we also discuss the current evidence underlying the roles of other members of the MCPIP family in the regulation of inflammatory processes. Further understanding of the proteins from this family will provide new insights into the identification of novel targets for both host effectors and microbial factors and will lead to new therapeutic treatments for infections and other inflammatory diseases.
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Introduction

Inflammatory response is an immunological defense mechanism of the host to infections and tissue damage (e.g., ischemic insults) or stress (1). Damaged or stressed cells are thought to release danger-associated molecular patterns (DAMPs) that can trigger the innate immune system in the same manner as microbial components, the so-called pathogen-associated molecular patterns (PAMPs), by binding to host pattern-recognition receptors (PRRs) presented on various cells, including immune cells (T-cells, B-cells and NK cells) and the tissue cells such as endothelial cells, cardiomyocytes, and even neurons (1). This recognition triggers a series of signaling cascades that initiate the activation of transcriptional factor nuclear factor-κB (NFκB) and NLRP3 inflammasome, leading to the release of inflammatory mediators, like tumor necrosis factor-alpha (TNFα), monocyte chemoattractant protein-1 (MCP-1), interleukin-1 (IL-1) and IL-6 (2, 3). The inflammatory response is beneficial to the host by eliminating the harmful agents (PAMPs or DAMPs) and is usually resolved in a timely manner; however, failure to resolve can cause excessive or persistent inflammation that is often disruptive and can cause marked tissue damage (4).

The resolution of inflammation is a programmed active process that involves the biosynthesis of a variety of active molecules that act on key events of inflammatory response to terminate the production of pro-inflammatory mediators and restore tissue homeostasis (5). There is an increasing body of evidence that many pro-inflammatory mediators produced during the inflammatory phase can simultaneously initiate a program for active resolution (6). For example, TNFα can effectively induce A20 (also known as tumor necrosis factor-α-induced protein 3 or TNFAIP3), an ubiquitin editing enzyme that negatively regulates the inflammatory response by interfering with NFκB signaling pathway, leading to the resolution of inflammation (7). The newly synthesized molecules not only act as signals for the termination of the inflammatory response, but also promote the clearance of dead cells to accelerate the resolution of inflammation (4, 8).

A major contribution of our group to the field was the discovery of the novel zinc-finger protein, named MCP-1–induced protein (MCPIP), which was originally detected in MCP-1 treated human peripheral blood monocytes (9, 10). Subsequent studies demonstrated that MCPIP belongs to a new Zc3h12 family consisting of four members (MCPIP-1, -2, -3, and -4) that are encoded by Zc3h12a, Zc3h12b, Zc3h12c, and Zc3h12d, respectively (11). MCPIP-1 is the most-studied protein that contains an N-terminal domain, a PilT N-terminus like (PIN) domain, a zinc finger domain, and a C-terminal domain (12). Emerging evidence indicates that MCPIP-1 plays an essential role in the regulation of inflammatory response, with additional roles in defense against viruses and various stresses, cellular differentiation, and apoptosis (13, 14), all of these are key cellular and molecular components that contribute to the successful resolution of inflammation (9, 10, 15–18). The focus of this review is to present evidence illustrating that the role played by MCPIP-1 is important in the resolution of inflammation initiated by virus infections or ischemic injuries and highlight recent advances on the actions of this protein and its potential clinical significance. We also discuss the available evidence regarding the role of other members (MCPIP-2, -3, and -4) from this family in the regulation of inflammatory processes.



Expression and Dynamic Regulation of MCPIP-1

MCPIP-1 was originally identified in human peripheral blood monocytes stimulated with MCP-1 (9). Subsequent studies demonstrated that MCPIP-1 is produced in many other cell types, either constitutively or after induction by a wide range of stimuli, such as inflammatory cytokines (e.g., IL-1β, IL-17 and TNFα) and oxidative stress (13, 19, 20). Further studies demonstreated that the expression of MCPIP-1 can be induced by ischemia in the heart and the brain (21, 22). Infections by virus such as hepatitis C virus (HCV), hepatitis B virus (HBV), influenza A virus (IAV), Japanese encephalitis virus (JEV) and Dengue virus as well as by bacteria and fungal increase the expression of MCPIP-1 (23–25). The extracellular high mobility group box 1 (HMGB1), a non-histone DNA-binding protein released from dying cells in response to tissue injuries, also increases microglium expression of MCPIP-1 that negatively regulates HMGB-1-mediated neuroinflammation and neuronal toxicity (26). Minocycline, a member of tetracycline antibiotics with anti-inflammatory properties, also induces MCPIP-1 expression in the heart and the brain (27, 28).

Although the molecular mechanisms responsible for MCPIP-1 expression are still poorly understood, MCP-1 binding to its cognate receptor CCR2 was thought to activate ERK or AKT pathways, leading to the expression of MCPIP-1 (9). Activation of NFκB signaling was suggested to induce the expresion of MCPIP-1 by inflammatory cytokines such as IL-1β (29). Transcription factors Elk-1 and SRF were also reported to mediate IL-1-dependent expression of MCPIP-1 by binding to the promoter region of MCPIP-1 (30). Activation of JAK/STAT3 signaling was also reported to mediate MCPIP-1 expression in epithelial cells (31). At the post-transcriptional level, MCPIP-1 mRNA was found to be downregulated by miR-9 in LPS-activated microglial cells (32). MCPIP-1 also cleaves its own transcript (33, 34). Moreover, the translated MCPIP-1 protein can be phosphorylated by IκB kinase (IKK) β and then undergoes ubiquitination and degradation (35) or cleaved by the paracaspase Malt-1 (33, 36). These data indicate that MCPIP-1expression is tightly controlled by an autoregulatory feedback mechanism, which ensures an appropriate level of MCPIP-1 aimed to minimize any disruption of immune homeostasis.



Functional Features of MCPIP-1

MCPIP-1 was first described as a transcriptional activator owing to the structural feature of a potential DNA binding zinc finger domain (9). Subsequent studies indicate that MCPIP is localized to both the cytoplasmic and nuclear compartments, depending on the distinct functions it plays in different cell types (11, 37, 38). Mutational analysis of MCPIP-1 has identified the two regions of the primary structure that are critical for its biological activity (12, 39–41). The first region consists of the ubiquitin-associated domain from 43-89, which is associated with the control of protein ubiquitination; whereas the second region consists of PIN domain from 133–270, which is associated with RNA-cleaving function and is why it was later renamed as Regnase-1 (regulatory RNase-1) (40, 42). In addition to these two regions, the C-terminal region of the NYN domain is crucial for suppressing microRNA (miRNA) biogenesis via cleavage of the terminal loops of precursor miRNAs (16, 40–44).


MCPIP-1 Regulates Protein Ubiquitination

Ubiquitination has emerged as a crucial mechanism that regulates signal transduction in the inflammatory response (3, 45). The use of MCPIP-1-deficient mice has revealed the crucial role of MCPIP-1 in the regulation of inflammatory cytokine signaling pathways. Mice lacking MCPIP-1 are normal at birth but suffer growth retardation and die prematurely due to massive multi-organ inflammation, indicative of a key role for MCPIP in immune homeostasis of the host (41). Macrophages from MCPIP-1-deficient mice showed up-regulation of pro-inflammatory mediators together with a greatly increased ubiquitination of TRAFs (TNF receptor–associated factors) and the receptor-interacting protein (RIP) kinases, both of which play a central role in the LPS-, IL-1β- and TNF-induced activation of NFκB signaling pathway (46). The purified MCPIP-1 protein was shown to cleave K48- or K63-linked polyubiquitin chain, while this action of MCPIP-1 was inhibited by N-ethyl maleimide, a known inhibitor of cysteine proteinases (41). Consistent with this finding, treatment of high-molecular-weight K63-linked polyubiquitin with purified MCPIP-1 caused hydrolysis of the polyubiquitin, leading to the inhibition of phosphorylation of TAK1 (47), a critical factor for activation of the downstream kinase IKK, thereby mediating IκBα phosphorylation and NFκB activation (48). Accordingly, deletion of the ubiquitin association domain of MCPIP-1 resulted in the loss of inhibition of TNFα-induced NFκB activation (41). These results indicate that MCPIP-1 can act as a deubiquitinase to hydrolyze K63-, K48-linked polyubiquitin chains and inhibits NFκB transcriptional activity, thus contributing to suppression of the pro-inflammatory response (Figure 1). MCPIP-1 has also been reported to stabilize NFκB essential modulator by promoting deubiquitination, resulting in subsequent inhibition of NFκB activation induced by DNA damage (49). MCPIP-1 was also shown to stabilize the hypoxia-inducible factor 1alpha protein that is required for macrophage maturation under hypoxic conditions, in which deubiquitination plays a key regulatory role (50).




Figure 1 | Schematic representation of anti-inflammatory activity of MCPIP-1. Binding of molecules (DAMPs) derived from tissue damage or pathogens (PAMPs) to PRRs triggers interactions between the cytoplasmic adaptor proteins and the kinases IRAK. This engages the ubiquitin ligase TRAF6 to make polyubiquitin chains that activate the IKK complex, leading to phosphorylation and subsequent ubiquitination IKBα. This releases P50/p65 dimer for entry into the nucleus to cause transcriptional activation of NFκB-dependent genes encoding inflammatory cytokines. Ubiquitylation of RIP1, and potentially other components of the complex, recruits IKKγ and TAK1 for NFκB and MAPK activation (not shown). MCPIP-1 hydrolyzes all of these K48- and K63-linked polyubiquitins to block NFκB activation. The RNase activity of MCPIP-1 also degrades viral RNA and some mRNAs encoding for inflammatory cytokines, leading to dampening of protein expression of the inflammatory cytokines. The anti-Dicer activity of MCPIP-1 can cleave the terminal loops of pre-miRNAs leading to destabilization of pre-miRNAs and suppression of the miRNA biogenesis.





MCPIP-1 Regulates Inflammatory mRNA Stability

MCPIP-1 can also act as an RNase to regulate mRNA stability (19, 33, 40, 51). MCPIP-1 can directly bind the 3′-untranslated region (UTR) of IL-6 mRNA and manifested RNase activity to degrade IL-6 transcripts (40). A similar finding was demonstrated in the expression of IL-1β mRNA that was degraded by the increased level of MCPIP-1 in HepG2 and U937 cells (19). Genome-wide association studies showed that the PIN domain of MCPIP-1 contains the RNase catalytic center that requires an interaction with the N-terminus for its full RNase activity and the zinc-finger domain is responsible for the recognition and direct binding of the mRNAs (12, 39, 51). With the cooperation of its domains, MCPIP-1 recognizes and degrades target mRNAs by recognizing stem-loop structures at the 3′-UTRs of these genes (40, 51). In T cells, MCPIP-1 downregulates a set of genes by cooperating with roquin, another CCCH type zinc finger protein (36, 51). However, a recent study in other type of cells indicates that, although roquin and MCPIP-1 control shared mRNAs, they do so in different mechanisms within different subcellular compartments (51). Thus, the co-operation between MCPIP-1 and roquin remains incompletely understood. In different cell types, MCPIP-1 recognizes and degrades target mRNAs may be cell-specific.

To date, MCPIP-1-dependent degradation of inflammatory mRNAs has been increasingly identified. In addition to IL-6 and IL-1β, mRNAs encoding for IL-2, IL-12 and IL-17 have been identified as direct targets of MCPIP-1 (51, 52). Both CXCL1 and CXCL2, two important chemokines contributing to early stage neutrophil recruitment during tissue inflammation (53), are also direct targets of MCPIP-1 (51). MCPIP-1 also degrades mRNAs encoding T-cell co-stimulatory receptors such as ICOS, TNFR2 and OX40 as well as T-cell activation marker CD44 (33), all of which play a key role in permitting T cell mature and activation. Importantly, MCPIP-1 degrades mRNA encoding for the anti-apoptotic immediate early response 3 (IER3) protein (54), resulting in apoptosis of macrophages that contributes to resolution of inflammation. Thus, MCPIP-1 controls inflammatory response not only by preventing the transcription of the inflammatory cytokines, but also by dampening of the protein expression of the inflammatory cytokines at the post-transcriptional level as well (Figure 1).



MCPIP-1 Regulates miRNA Processing

Emerging studies have shown that miRNAs modulate many aspects of the immune responses such as proliferation, differentiation, cell fate determination, immune cell function, and cytokine responses (55, 56). when miRNAs are aberrantly expressed they contributes to the pathogenesis of inflammatory and autoimmune diseases by regulating their cellular and molecular targets (55). Besides targeting mRNA, MCPIP-1 was shown to regulate miRNA biogenesis by counteracting Dicer, a central ribonuclease in miRNA biosynthesis (42, 57). MCPIP-1 can cleave the terminal loop of pre-miRNAs, thereby inhibiting their maturation (41). Studies have shown that miRNA-146a and miRNA-155 are specifically down-regulated by MCPIP-1 (42, 58). Both miR-146a and miR-155 have been proposed to regulate the macrophage activation by forming a combined negative and positive regulatory loop that alters NFκB activity (59). miR-155 is highly transcribed upon an inflammatory stimulus, which can amplify NFκB activity, while as an inflammatory response develops, miR-146a levels accumulate, which causes suppression of IRAK1 and TRAF6, leading to the inhibition of NFκB activation (59). However, a study by Mino et al. indicated that expression of both miR-155 and miR-146 was not altered in mouse embryonic fibroblasts from MCPIP-1-deficient mice (51). Therefore, MCPIP appears to utilize distinct mechanisms to keep the inflammatory signaling suppressed and to re-establish immune hemostasis (Figure 1).



The Pro-Apoptotic Activity of MCPIP-1

Apoptosis is an evolutionarily conserved cell death program that is tightly regulated by the Bcl-2 family of proteins, which contains both pro-apoptotic and pro-survival members that balance the decision between cellular life and death (60). Microarray analysis revealed that MCPIP-1 upregulates the pro-apoptotic genes and downregulates the anti-apoptotic genes in the myocardium (9). Along this line, MCPIP-1 was found to mediate endothelial cell apoptosis and dysfunction upon MCP-1 treatment (61). The pro-apoptotic activity of MCPIP-1 was further documented in vitro assays in HEK 293 cells (9), H9c2 cardiomyoblasts (62), neonatal rat cardiomyocytes (63), macrophages (64, 65), neutrophils (66), T cells (67), and even cancer cells (68). Mechanistically, MCPIP-1 selectively binds and cleaves the mRNAs of anti-apoptotic genes, such as Bcl-2A1, Bcl-2L1, and RELB, leading to down-regulation of anti-apoptotic proteins and upregulation of pro-apoptotic proteins (66, 68). The inhibition of miRNA biogenesis by MCPIP-1 is also linked to its pro-apoptotic activity. MCPIP-1 has been shown to downregulate miR-3613-3p expression in neuroblastoma cells, which in turn upregulates apoptotic protease activating factor 1, causing apoptosis by caspase-9 proteolysis (69). The pro-apoptotic activity of MCPIP-1 was found to be associated with its influence on the formation of stress granules (SGs), one kind of non-membranous ribonucleoprotein complexes containing untranslated mRNA formed in response to stress exposure (70). MCPIP-1 can completely block SG formation and promote macrophage apoptosis (71).

It is well documented that the amount of reactive oxygen species (ROS) produced and the extent of oxidative stress in a cell determine the fate of the cell to die or survive (72). The pro-apoptotic activity of MCPIP-1 was strongly correlated with its ability to induce intracellular ROS that cause endoplasmic reticulum (ER) stress, resulting in autophagy and apoptosis in cardiomyocytes (62, 63), macrophages (64, 73), endothelial cells (74, 75), and in renal cell carcinoma (76). Deubiquitination of RIP1 by CYLD or A20 has been suggested to facilitate cell death (77, 78). As a new member of the deubiquitinase family, however, the role of the deubiquitinating activity of MCPIP-1 in cell death remains to be determined. While it has been reported that MG-132, a proteasome inhibitor, effectively upregulates MCPIP-1 expression, potently activating the apoptosis of cancer cells (79). Further research is needed to fully understand its significance in regulating cell death.




Roles of MCPIP-1 in the Resolution of Inflammation

Resolution of inflammation is a coordinated and active process that involves the suppression of pro-inflammatory reaction, apoptosis and subsequent clearance of activated inflammatory cells, and repolarization of macrophages towards a resolving phenotype aimed at restoration of tissue integrity and function (5, 6). As mentioned above, the functions of MCPIP-1 support the notion that MCPIP-1 has critical roles in restricting inflammation (Figure 2). In the following we present the experimental findings to provide an overview of MCPIP-1 that drives these resolution processes.




Figure 2 | Biological roles of MCPIP-1 associated with resolution of inflammation. During the early phase of inflammation, inflammatory response initiated by infection or tissue injury activates the endogenous defense mechanisms aimed to bring about proper resolution. The expression of MCPIP-1 induced by the inflammatory response modulates a wide range of cellular and molecular events associated with the resolution of inflammation. The expression of MCPIP-1 results in the suppression of NFκB activation and reduced pro-inflammatory cytokines. MCPIP-1 is able to induce apoptosis of infected or damaged cells, leading to their clearance by macrophages. In addition, MCPIP-1 promotes M2 macrophage polarization and enhances angiogenic differentiation of mesenchymal stem cells (MSCs). These events will create a favorable environment contributing to the resolution and tissue homeostasis.




MCPIP-1 Restricts Virus Replication and Inflammation

Acute inflammation occurs in response to pathogen infection. This process involves the activation of innate responses that enhance innate microbial killing and clearance to protect organ structure and function (80). MCPIP-1 has been evident in cells infected with various viruses and exerts antiviral activity (23–25, 81, 82). MCPIP-1 can distinguish mRNAs from the host genome and can selectively degrade foreign mRNAs through its RNase activity (83). Indeed, MCPIP-1 is activated upon viral infections and has been shown to restrict virus replication by directly binding and subsequently degrading viral RNAs, such as JEV, IAV, DEN, coxsackievirus B3, encephalomyocarditis virus, and HIV (23, 81, 84). The deubiquitinase activity has not been shown to play a role in the antiviral effect of MCPIP-1, even though ubiquitination has been implicated in virus replication (85, 86). MCPIP-1 also restricts HCV replication by directly degrading HCV RNA and inhibits HCV-mediated expression of pro-inflammatory response (23, 24). In patients with chronic hepatitis C, the expression of MCPIP-1 in the liver has been suggested to have a protective role in antiviral responses (87). Type I interferons (IFNs) are recognized as the first line of defense against viral infection (88). MCPIP-1 has been proven to be a positive feedback amplifier of IFN signaling and promotes innate antiviral immunity independently of its RNase and deubiquitinase activities (82). Therefore, MCPIP-1 seems to be a very promising target for antiviral infections by degrading viral genomes, suppressing virus-mediated expression of pro-inflammatory cytokines or through the induction of antiviral effector molecules, resulting in the resolution of inflammation. These findings also reveal an exciting possibility for MCPIP-1 protecting against the infection caused by the SARS-CoV-2, an RNA virus that may cause severe acute respiratory distress syndrome due to “cytokine storms” induced by a hyper-activation of inflammatory cytokine response (89, 90).



MCPIP-1 Regulates Post-Ischemic Inflammation

Inflammatory response represents one of the first immune processes following ischemic injury, which is usually self-limiting, followed by tissue repair and healing responses (91, 92). Ischemic preconditioning is a well-established phenomenon, in which brief episodes of sub-lethal ischemia and reperfusion elicit strong cellular protection against the subsequently sustained ischemia in the heart and the brain (93, 94). There is increasing evidence that ischemic preconditioning induces a powerful anti-inflammatory response (94–96), which has been well illustrated by ‘endotoxin tolerance’ and is thought to be an adaptive response conferring protection by suppression of the hyper-activation of the innate immune system through auto-regulatory network of cytokines (94, 97). Preconditioning stimuli with low doses of LPS, a primary ligand for TLR4, provides protection against subsequent challenges with injurious focal ischemia in the brain that is similar to ischemic preconditioning (98). Diminished activation of cellular inflammatory responses to ischemia by LPS preconditioning has been suggested to play an important role for protection against ischemic injury (98, 99). In a mouse model of middle cerebral artery (MCA) occlusion, LPS induces upregulation of MCPIP-1 in the brain and the neuroprotection offered by LPS preconditioning was diminished due to MCPIP-1 deficiency, suggesting MCPIP-1 expression initiated by LPS preconditioning may be an intrinsic cellular defense mechanism against the sustained ischemic injury (100). Consistently, mice lacking MCPIP-1 showed an enhanced leakage of blood–brain barrier, increased production of cytokines and a larger infarct volume after MCA occlusion (21, 101). This scenario was further demonstrated in the heart, where cardiac-specific expression of MCPIP-1 protected against LPS-induced myocardial inflammation and dysfunction (44). Consistently, mice with cardiac-specific expression of MCPIP-1 showed cardioprotective effects against myocardial infarction, as evidenced by the improved cardiac function, mitigated interstitial myocardial fibrosis, increased apoptosis of inflammatory cells, and decreased myocardial inflammation (22). In cardiomyocytes, NFκB activity was increased in response to LPS but suppressed by forced expression of MCPIP-1, thus linking MCPIP-1 to the suppression of myocardial inflammation in response to cardiac stress (22, 44). Consistent with this findings, NFκB activity initiated by myocardial infarction was inhibited by forced expression of MCPIP-1, suggesting that the preconditioning-like effects of MCPIP-1 probably involve its ability to inhibit NFκB activation (22, 44). The murine hearts expressing MCPIP-1 also displayed lower expression of inflammation-associated miR-126,-146,-155 and -199a when compared to those seen in the wild type mice (22). Preconditioning by minocycline is a pharmacological alternative to ischemic preconditioning, which enhances neuroprotection after ischemic stroke (102). Minocycline preconditioning inhibits the inflammatory cytokine response to ischemia through preferential induction of MCPIP-1, and the protective role of minocycline was diminished in the MCPIP-1-deficient mice subjected to focal cerebral ischemia/reperfusion (I/R) injury (27). Similar findings were observed in a mouse model of myocardial I/R injury, in which minocycline attenuated myocardial I/R injury via upregulating MCPIP-1 that subsequently inhibited NFκB activation and pro-inflammatory cytokine secretion (28). These findings are in agreement with the previous reports that MCPIP-1 deficiency results in massive multi-organ inflammation and premature death in mice (40, 41, 43).

The mechanisms underlying the preconditioning-like cellular protection by MCPIP-1 need further investigation. MCPIP-1 is likely to alter the immune responses to the ischemic insults by limiting pro-inflammatory cytokine transcription, dampening of protein expression of pro-inflammatory cytokines, regulating synthesis of pro-inflammatory miRNAs or enhancing clearance of the infiltrated inflammatory cells (44, 100). The combination of these mechanisms may result in an effective resolution of inflammation, pointing to MCPIP-1 as a promising target for the development of new therapeutic strategies to treat post-ischemic inflammation, and therefore warrant future studies on the molecular mode of action of MCPIP-1 in inflammatory diseases.



Pleiotropic Effects of MCPIP-1 On Inflammation

Resolution of inflammation is a coordinated process that requires a tight interplay between macrophages, stem and progenitor cells, together with stromal cells to restoration of tissue integrity and function (5, 6). Beyond its anti-inflammatory activity, MCPIP-1 has also shown some beneficial pleiotropic effects, contributing to the resolution of inflammation and the restoration of tissue homeostasis.

MCPIP-1 was shown to induce angiogenesis by promoting the migration and apoptosis of human umbilical vein endothelial cells (HUVECs) and the expression of angiogenesis-related gene CDH12 and CDH19 (103). Moreover, MCPIP-1 inhibits the production of anti-angiogenetic miR-20b and miR-34a, which repress the translation of HIF-1α and SIRT-1 respectively, leading to promoting angiogenesis in the HUVECs (50). These findings agree with the animal data showing that forced expression of MCPIP-1 induces angiogenesis of bone marrow monocytic cells and accelerates post-ischemic neovascularization (104). Mesenchymal stem cells (MSCs) are candidates for cellular therapies aimed at promoting tissue repair or immunoregulation (105). MCPIP-1 was shown to increase angiogenic and cardiac differentiation capacity of bone marrow-derived MSCs, contributing to repair and regeneration of ischemic myocardium (106). Vascular endothelial and smooth muscle cells play critical roles in the stability and tonic regulation of vascular homeostasis. MCPIP-1 was shown to regulate the phenotypic switching of both endothelial and smooth muscle cells via suppression of synthesis of miRNAs, such as miR-126, 145, -146a, and -223 (43, 107). However, Marona et al. reported that MCPIP-1 reduces tumor vascularity in clear cell renal cell carcinoma by inhibiting the recruitment of bone marrow-derived endothelial progenitor cells (EPCs) and phosphorylation of VE-cadherin via the degradation of mRNAs encoding for IL8, VEGF and CXCL12 (108).

A key event required for resolution of inflammation is efferocytosis of apoptotic and necrotic cells, mostly by macrophages acquiring an alternative M2 phenotype (109). We reported the ability of MCPIP-1 to control macrophage reprogramming toward a M2 phenotype, resulting in reduced production of pro-inflammatory cytokines and increased release of anti-inflammatory and reparative mediators (16). With MCPIP-1 mutants that have only one of the two catalytic activities, both the deubiquitinase and RNase activities of MCPIP-1 were shown to play a critical role in M2 macrophage polarization (16, 110). MCPIP-1was also reported to suppress the synthesis of miR155 and upregulate miR-223 and miR-146 expression, contributing to M2 polarization (111). By its RNase activity, MCPIP-1 is capable of suppressing the expression of a group of mRNAs encoding factors involved in Th1 differentiation (36, 112). Similar effects were observed in Th17 differentiation, MCPIP-1 works cooperatively with roquin to suppress the differentiation of pro-inflammatory Th17 cells (36). IL-17, a cytokine produced by Th17 cells, has been indicated in the pathogenesis of chronic inflammatory and autoimmune diseases such as psoriasis (113). MCPIP-1 is induced by IL-17A via the phosphorylation of STAT3 (31) and negatively regulate IL-17-dependent inflammation through the degradation of IL-17A-induced target gene transcripts and IL-17RA mRNA (112). Ablation of MCPIP-1 in keratinocytes resulted in the upregulated expression of transcripts encoding factors related to inflammation and keratinocyte differentiation (114). Similar to the results obtained with Th17 cells, MCPIP-1 was shown to play a role in Th2 cell differentiation by dampening of Gata3 expression through the degradation of Gata3 mRNA (115). Mice lacking MCPIP-1 suffered severe airway inflammation, with increased numbers of airway Th2 cells and elevated level of IL-5 (115). These findings suggest MCPIP-1 has pleiotropic effects that contributes to maintaining homeostasis under inflammatory conditions.

The involvement of MCPIP-1 in adipogenesis was also reported, in which MCPIP-1 was thought to induce p47phox, a critical component of NADPH oxidase that contributes to the increase of ROS, which initiates the sequential differentiation process (116, 117). Other studies, however, reported an opposite effect of MCPIP-1 on adipogenesis (118), which shows that forced expression of MCPIP-1 decreases mRNA levels of the C/EBPβ and PPARγ, two key transcription factors controlling adipogenesis, leading to the impairment of adipogenesis (118). Although the evidence described above suggests that MCPIP-1 may exhibit diverse actions according to normal or pathological conditions and the types of cells, it should be noted that most of the evidence regarding the pleiotropic effects of MCPIP-1 were observed in vitro. In addition, most of the studies dissecting the effects of MCPIP-1 were associative and further investigations are warranted to address the pleiotropic effects of MCPIP-1.




Roles of MCPIP-2, -3, and -4 in the Regulation of Inflammation

Compared to MCPIP-1, the biological roles played by other three members of the Zc3h12 family are less characterized, although it appears that these members are also involved in inflammatory processes. Similar to MCPIP-1, MCPIP-2 has been shown to regulate the course of inflammation. MCPIP-2 participates in the degradation of IL-6 mRNA, resulting in reduced production of IL-6 protein upon stimulation with IL-1β (119). MCPIP-2 also interacts with other known substrates of MCPIP-1 and MCPIP-4, such as the 3’UTR of IER3 mRNA, leading to the degradation of the target mRNAs (119). In a separate study by Huang et al. (120) indicated that IL-6 mRNA is not a direct target of MCPIP-2, which could not exclusively attributable to the different cell line used. In addition, Suzuki et al. (42) showed that MCPIP-2 lacks the miRNA silencing activity, which is attributed to the lack of the proline-rich domain important for this activity. The biological roles of MCPIP-2 remain completely unknown, and further investigations are warranted to address this issue.

MCPIP-3 also contains an RNase domain at the N-terminus before the CCCH-zinc finger domain. Liu et al. (121) showed that MCPIP-3 is able to inhibit the endothelial cell inflammatory response in vitro by suppressing NFκB activation in human endothelial cells. Mice with MCPIP-3 deficiency developed hypertrophic lymph nodes and a higher proportion of immature B cells and innate immune cells, particularly macrophages, by regulating IFN signaling (122). Like MCPIP-1, MCPIP-3 is an RNase essential for immune homeostasis, which binds, degrades and regulates mRNAs, such as MCPIP-1 and IL-6, as observed by reduction in luciferase activity (123). Further comparative structural analysis of MCPIP-3 suggests that the RNA substrate is cooperatively recognized by the PIN and Zinc finger domains of MCPIP-3 (123). Unlike MCPIP-1, MCPIP-3 is specifically expressed in macrophages and is transcriptionally controlled by IFN signaling (122). In humans, MCPIP-3 has been linked with chronic immune disorders like psoriasis via regulating TNFα and Th1 activation (124, 125). Recently, Liu et al. reported that MCPIP-3 expression is positively associated with psoriasisform lesions, and highly expressed in macrophages and plasmacytoid dendritic cells (126). In the same study, the authors demonstrated that MCPIP-3 may promote TNFα/IL-12 via the degradation of MCPIP-1 and IL-6 via direct mRNA degradation, contributing to psoriatic skin inflammation. Consistently, mice with MCPIP-3 deficiency are protected from imiquimod-induced psoriasiform lesions. These data suggest that MCPIP-3 could be a potential inhibitory target to treat psoriasis and other autoimmune diseases (126).

MCPIP-4 was originally reported as a putative tumor suppressor that is deregulated in transformed follicular lymphoma in human (127). A single nucleotide polymorphism analysis indicated that MCPIP-4 is associated with the suppression of tumor cell growth both in vitro and in vivo (128). Similar to MCPIP-1, the expression of MCPIP-4 was markedly induced by TLR ligands through the activation of JNK and NFκB signal pathways, while forced expression of MCPIP-4 inhibited the activation of JNK, ERK, and NFκB signaling in macrophages (129). The latter is achieved by the inhibition of global protein ubiquitination, a key event in the regulation of NFκB activation, suggesting MCPIP-4 is a novel negative feedback regulator of TLR signaling and macrophage activation (129). MCPIP-4 also participates in the degradation of pro-inflammatory mRNAs, such as the mRNAs of IL-2, IL-6, IL-10, TNFα, IER3, and MCPIP-1 (130, 131). Mechanistically, it was demonstrated that MCPIP-4 interacts with MCPIP-1 to form a protein complex, but acts independently in the regulation of IL-6 mRNA degradation (120). To test the in vivo effect of MCPIP-4 in determining host immunity, Minagawa et al. generated a model with MCPIP-4 deletion in mice that displayed normal phenotypes under normal condition, but exhibited more activated lymphocytes, particularly Th17 cells, upon inflammatory stimulation (132). In experimental autoimmune encephalitis induced in the MCPIP-4-deficient mice, a higher proportion of Th17 cells with increased IL-17A mRNA levels were observed in the brain of MCPIP-4 deficient mice than did those in MCPIP-4 wild-type mice, suggesting MCPIP-4 may suppress excessive inflammation in the brain by inhibiting the infiltration and activation of Th17 cells in the experimental autoimmune encephalitis (132).



Conclusions and Perspectives

In this review, we summarized the relevant literature about the role of MCPIP family proteins, in particular MCPIP-1, in the regulation of inflammatory response in different stress conditions. In vivo and in vitro studies revealed that MCPIP-1 expression by immune and non-immune cells contributes to the resolution of inflammation through distinct cellular and molecular programs. Overall, the expression of MCPIP-1 may be a promising target for the prevention and treatment of inflammatory disorders. Besides its crucial role the regulation of inflammation, MCPIP-1 appeared to play a significant role in diverse cellular functions in a variety of cell types, including macrophages, T cells, MSCs, endothelial progenitor cells and adipocytes, as we discussed above in this review. Macrophages are a major source of active inflammation associated with various chronic inflammatory diseases, such as cardiovascular disease, obesity, atherosclerosis, bone loss, and cancer. Understanding how MCPIP-1 regulates macrophage phenotype and modulates nflammatory response may offer promising opportunities for the development of novel therapeutic approach for these disorders. In addition, MCPIP-1 processes antiviral cellular response by degrading the genomic nucleic acids of both positive-sense and negative-sense RNA viruses and DNA viruses. There is a clear potential for MCPIP-1 to be considered as a therapeutic target to prevent the deleterious effects of cytokine storms caused by SARS−CoV−2 infection, although much remains to be investigated. On the other hand, other MCPIP members appear to be involved in the regulation of inflammatory processes. Additional studies are needed to elucidate the effects of other members on the regulation of inflammation, which would include the crosstalk of the proteins from this family and the mechanisms of their actions, especially those related to the resolution of inflammation. Finally, it should be assessed in the future whether the modulation of these proteins should contribute to the discovery of new pharmacological targets that allow us to design specific strategies to resolve inflammation, especially in the context of acute or chronic inflammatory diseases.
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Syndecan-1 (SDC-1) is a transmembrane proteoglycan of heparin sulfate that can regulate various cell signal transduction pathways in the airway epithelial cells and fibroblasts. Airway epithelial cells and human bronchial fibroblasts are crucial in airway remodeling. However, the importance of SDC-1 in the remodeling of asthmatic airways has not been confirmed yet. The present study was the first to uncover SDC-1 overexpression in the airways of humans and mice with chronic asthma. This study also validated that an increase in SDC-1 expression was correlated with TGFβ1/Smad3-mediated airway remodeling in vivo and in vitro. A small interfering RNA targeting SDC-1 (SDC-1 siRNA) and homo-SDC-1 in pcDNA3.1 (pc-SDC-1) was designed to assess the effects of SDC-1 on TGFβ1/Smad3-mediated collagen I expression in Beas-2B (airway epithelial cells) and HLF-1 (fibroblasts) cells. Downregulation of the SDC-1 expression by SDC-1 siRNA remarkably attenuated TGFβ1-induced p-Smad3 levels and collagen I expression in Beas-2B and HLF-1 cells. In addition, SDC-1 overexpression with pc-SDC-1 enhanced TGFβ1-induced p-Smad3 level and collagen I expression in Beas-2B and HLF-1 cells. Furthermore, the levels of p-Smad3 and collagen I induced by TGFβ1 were slightly increased after the addition of the recombinant human SDC-1 protein to Beas-2B and HLF-1 cells. These findings in vitro were also confirmed in a mouse model. A short hairpin RNA targeting SDC-1 (SDC-1 shRNA) to interfere with SDC-1 expression considerably reduced the levels of p-Smad3 and remodeling protein (α-SMA, collagen I) in the airways induced by ovalbumin (OVA). Similarly, OVA-induced p-Smad3 and remodeling protein levels in airways increased after mice inhalation with the recombinant mouse SDC-1 protein. These results suggested that SDC-1 of airway epithelial cells and fibroblasts plays a key role in the development of airway remodeling in OVA-induced chronic asthma.
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Introduction

Asthma is an inflammatory disease of the airways induced by allergens, gastroesophageal reflux, and genetic factors with complex pathogenesis (1). The normal structures and functions of bronchial epithelial cells and human fibroblasts are necessary to the standard functioning of lung tissues. Epithelial cells in the airways undergo interstitial transformation with disease progression, and fibroblasts are activated and differentiated into myofibroblasts (2). These cells produce numerous extracellular matrix proteins, including type I collagen and α-smooth muscle actin (α-SMA) (2). These changes in airway composition transform normal repairable injury responses to pathologic consequences, such as loss of epithelial integrity and excessive matrix deposition in interstitial, which, in turn, accelerate the structural remodeling of the airways (3).

Transforming growth factor β1 (TGFβ1), an important cytokine, mediates and regulates cellular transformation in various diseases (4). Large amounts of TGFβ1 are secreted after cell injury and other factors, which then participate in the regulation of various transcription factors and the synthesis of protein components of the extracellular matrix, thereby accelerating changes in cellular structures (5). Smad3, a member of the Smad protein family, is a TGFβ1 signaling downstream activator (6). TGFβ1/Smad3 signaling transduction plays a key regulatory role in the progression of liver fibrosis (7), pulmonary fibrosis (8), renal fibrosis (9), airway remodeling (10), cardiac structural remodeling (11), skin scar hyperplasia (12), and other diseases.

SDC-1 is a transmembrane heparin sulfate proteoglycan that carries various side chains, such as heparin sulfate (HS), chondroitin sulfate (CS), and hyaluronic acid (HA) (13). The SDC-1 core protein comprises extracellular, transmembrane, and intracellular regions (14). SDC-1 shedding has been widely studied in septic-related lung and kidney injury models (15). SDC-1 abscission is affected by many factors, such as inflammation and oxidative stress. In addition, Filla et al. (16) found that the cell surface proteoglycan SDC-1 mediates fibroblast growth factor-2 binding and activity. Hayashida et al. (17) reported that SDC-1 expression in epithelial cells can be induced by TGFβ1 through a PKA-dependent pathway. The special structural functions of SDC-1 in various physiological and pathological processes, such as cell proliferation (18), cell adhesion (19), and cell scarring (12), have been extensively studied. However, the exact role of SDC-1 in patients with asthma remains unclear.

The acute and chronic asthma models induced by OVA are respectively dominated by inflammation (20) and airway remodeling (21). SDC-1 has not been clearly described in OVA-induced acute or chronic asthma models. Therefore, the changes in SDC-1 in airway epithelium and alveolar lavage fluid (BALF) were further observed in OVA-induced acute or chronic asthma models. SDC-1 is hypothesized to be involved in airway remodeling by affecting TGFβ1/Smad3 signal transduction due to its role in regulating multiple cellular signal transduction pathways. Results suggested that SDC-1 is an important regulatory factor in the development of TGFβ1/Smad3 signal-mediated airway remodeling. Therefore, SDC-1 might be a novel therapeutic target in the pathologic form of airway remodeling in patients with asthma.



Materials and Methods


Reagents

Ovalbumin (OVA) and 4, 6-diamino-2-phenylindole dihydrochloride (DAPI) were purchased from Sigma-Aldrich (USA). The rabbit monoclonal antibodies SDC-1, p-Smad3, Smad3, and collagen I were prepared by Abcam (USA). Meanwhile, the rabbit monoclonal antibody GAPDH, HRP-conjugated goat anti-rabbit IgG, Alexa Fluor goat anti-rabbit, recombinant human TGFβ1, recombinant mouse SDC-1, and recombinant human SDC-1 were acquired from RD Biotechnology Ltd. Small interfering RNA targeting SDC-1 (SDC-1 siRNA), homo-SDC-1 in PCDNA3.1 (pc-SDC-1), and SDC-1 short hairpin RNA (SDC-1 shRNA) were synthesized by Gene Chem Co., Ltd. (Jinan, China).



Human Subject

Human subjects were diagnosed with chronic asthma following the criteria of the 2019 Edition Global Asthma Initiative, and age-matched healthy subjects were enrolled at Qianfoshan Hospital (Jinan, China). The characteristics of patients with asthmatic and healthy subjects are shown in Table 1. This study was approved by the Human Research Ethics Review Committee of Qianfoshan Hospital of Shandong University.


Table 1 | Characteristics and physiologies of asthmatic patients and the normal.





Cell Culture and Treatment

Beas-2B and HLF-1 cells (Cell Line Bank, Shanghai, China) were cultured in different DMEM containing 10% fetal bovine serum. The cells were seeded in 6- or 24-well culture plates under the following conditions: an incubator at 37°C, 95% air, 5% CO2, and a humid atmosphere. Serum-free synchronization was conducted for 24 h before the experiment and then used in all tests.

Beas-2B and HLF-1 cells were stimulated by 10 ng/mL TGFβ1 at different times (1, 2, 3, and 4 days), and changes in the cells were observed. The appropriate stimulating time point of TGFβ1 for Beas-2B or HLF-1 cells was selected by observing the protein levels of SDC-1, p-Smad3, Smad3, and collagen I.

The cell experiment was divided into four groups: 1) NC siRNA group: serum-free culture+siRNA negative control; 2) SDC-1 siRNA 1: cells cultured in serum-free culture and transfected with SDC-1 siRNA 1; 3) SDC-1 siRNA 2: cells cultured in serum-free culture and transfected with SDC-1 siRNA 2; 4) SDC-1 siRNA 3: cells cultured in serum-free culture and transfected with SDC-1 siRNA 3. Lipofectamine 3000 and NC siRNA or SDC-1 siRNA were added into the cell culture dishes for transfection according to the transfection manual. The SDC-1 siRNA and NC siRNA sequences were as follows: 1) SDC-1 siRNA 1: 5′-CCAAAUUGUGGCUACUAAUTT-3′; 2) SDC-1 siRNA 2: 5′-GCAGGACUUCACCUUUGAATT-3′; 3) SDC-1 siRNA 3: 5′-CCACCAAACAGGAGGAAUUTT-3′; 4) NC siRNA: 5′-UUCUCCGAACGUGUCACGUTT-3′. The effectiveness of SDC-1 siRNA in silencing SDC-1 protein expression was used for further studies.

Cells were then further divided into five groups: 1) Control group: cells cultured in serum-free culture without any stimulus factor; 2) NC siRNA group: serum-free culture+siRNA negative control; 3) SDC-1 siRNA: cells cultured in serum-free culture and transfected with SDC-1 siRNA. 4) NC siRNA+TGFβ1 group: cells cultured in serum-free culture with 10 ng/mL TGFβ1 and transfected with NC siRNA; 5) SDC-1 siRNA+TGFβ1: cells cultured in serum-free culture with 10 ng/mL TGFβ1 and transfected with SDC-1 siRNA. Lipofectamine 3000 and NC siRNA or SDC-1 siRNA were also transfected with cells according to the transfection manual.

The experiment was further divided into the following groups to observe the effects of pc-SDC-1: 1) Control group: cultured in serum-free culture without any stimulus factor; 2) pcDNA3.1 group: serum-free culture+pcDNA3.1 negative control; 3) pc-SDC-1 group: cells cultured in serum-free culture and transfected with pc-SDC-1; 4) TGFβ1 group: cells cultured in serum-free culture with 10 ng/mL TGFβ1; 5) pc-SDC-1+TGFβ1: cells cultured in serum-free culture with 10 ng/mL TGFβ1 and transfected with pc-SDC-1 for SDC-1 overexpression. The CDS region of the NM_002997 transcript of the SDC-1 gene was constructed into the pcDNA3.1 plasmid vector (Figure 5A), and pcSDC-1 was transferred into cells to generate SDC-1 overexpression according to the transfection manual. The effective of pc-SDC-1 in overexpressing SDC-1 protein was used for further studies.

Then, cells were divided into the following groups to investigate the effects of human recombinant SDC-1 protein: 1) Control group; 2) TGFβ1 group; 3) TGFβ1+recombinant SDC-1 (500 ng/mL); 4) TGFβ1+recombinant SDC-1 (1000 ng/mL); 5) TGFβ1+recombinant SDC-1 (2000 ng/mL). The cells in the TGFβ1+recombinant SDC-1 groups were c-ultured with 10 ng/mL TGFβ1 and the different dosages of human recombinant SDC-1 protein.



Animals and Grouping

C57BL/6 female mice (18–20 g) were purchased from Pengyue Animal Breeding Co., Ltd. (Jinan, China). The mice were raised on an OVA-free diet without pathogens. The mice were then studied in accordance with the National Institutes of Health guidelines for the care and use of laboratory animals and approved by the Institutional Review Committee of Shandong University–Qianfoshan Hospital.

The mice were randomly divided into four groups to observe the dynamic changes in each index (n = 8/group): 1) Control-4 weeks group; 2) OVA-4 weeks group; 3) Control-8 weeks group; 4) OVA-8 weeks group. The sensitization, challenges, and atomization processes are shown in Figure 2A.

The Control-8 weeks and OVA-8 weeks groups were selected as the research object to further study SDC-1. The mice were randomly divided into four groups (n = 8/group): 1) Control group; 2) LV2NC group; 3) OVA group; 4) OVA+SDC-1 shRNA group. The specific process is outlined in Figures 8A1, A2. The LV2NC or SDC-1 shRNA sequences were as follows: 1) LV2NC: 5′-TTCTCCGAACGTGTCACACGT-3′; 2) SDC-1 shRNA: 5′-GAACAAGACTTCACCTTTGAA-3′.

Then, mice were divided into four groups to asses the effects of mouse recombinant SDC-1 protein on OVA-induced chronic asthma (n = 8/group): 1) Control group; 2) Recombinant SDC-1 group; 3) OVA group; 4) OVA+recombinant SDC-1 group. The mice in the OVA+recombinant SDC-1 group were inhaled with recombinant SDC-1 (2000 ng/mL) after preatment with OVA (3% g/mL). The specific process is outlined in Figure 8A3.



Morphological Changes in the Airways

Lung tissues were fixed with 4% paraformaldehyde for 2 days, dehydrated with alcohol, embedded with paraffin, and finally cut into 5 μm thick paraffin sections. Airway inflammation was assessed by hematoxylin and eosin staining (HE). Collagen deposition was evaluated by Masson staining. The tissue sections were scored in accordance with the method described by Mohammadtursun et al. (22).



Immunohistochemistry Assay

The 5 μm thick paraffin sections were antigenically repaired and endogenous peroxidase was removed, and then SDC-1 antibody was incubated at 4°C for 15 h. Subsequently, the lung tissue sections were washed with PBS solution and incubated with goat anti-rabbit antibody in the dark for 40 min. The lung tissue sections were washed with PBS solution and then incubated with DAB solution for 4 min. Finally, the tissue sections were dehydrated with alcohol, dewaxed until transparent with xylene, and photographed under a microscope. Protein expression was evaluated using Image J.



Western Blot Analysis

The protein samples were added to 12% SDS polyacrylamide gel for electrophoresis separation, and then the proteins were transferred to a PVDF membrane, which was incubated with 5% skim milk for 90 min at room temperature. The primary antibodies (SDC-1, p-Smad3, Smad3, collagen I, α-SMA, and GAPDH) were incubated at 4°C for 15 h after washing with TBST solution. The PVDF membrane was washed with TBST and then incubated with HRP-conjugated goat anti-rabbit IgG for 1.5 h. The PVDF membrane was washed three times with TBST and then visualized using an enhanced chemiluminescence reagent.



Immunofluorescence

The lung tissues were repaired with citric acid antigen and washed with PBS and then incubated with the antibodies of SDC-1, TGFβ1, p-Smad3, collagen I, and α-SMA at 4°C for 15 h. The lung tissues were washed with PBS and then stained with Alexa Fluor goat anti-rabbit and DAPI. Finally, the lung tissues were observed and photographed under a fluorescence microscope (Olympus, Japan).

The Beas-2B or HLF-1 cells were seeded on soul plates in 24-well plates. The cells were fixed with 4% paraformaldehyde after different pretreatments and treatments and incubated with the antibody of SDC-1 overnight at 4°C. The soul plates were washed with PBS and then stained with Alexa Fluor goat anti-rabbit and DAPI. Finally, the cell images were photographed under a fluorescence microscope (Olympus, Japan).



Measurement Inflammatory Cytokine and SDC-1 Level in BALF

The mice were anesthetized with 4% chloral hydrate and intubated. BALF was obtained via multiple intratracheal injections of PBS (a total of 1.0 mL PBS). BALF was centrifuged at 3500 rpm at 4°C; for 15 min, and the supernatant was collected. Levels of SDC-1 (Zcibio Biotechnology, China), IL-4 (70-EK204/2, Multisciences), IL-5 (70-EK205, Multisciences), and IL-13 (70-EK213, Multisciences) in BALF were detected using an ELISA kit.



Statistical Analysis

All data were expressed as the mean ± standard deviation, and differences among groups were analyzed by one-way ANOVA and SNK test. p < 0.05 was considered statistically significant. All statistical analyses were performed using SPSS19.0.




Results


SDC-1 Is Overexpressed in the Bronchial Epithelium of Human Chronic Asthma

The protein level of SDC-1 in the human subjects with chronic asthma was detected by immunohistochemistry. Results showed that SDC-1 was overexpressed in the lung airways of the asthmatic subjects, and the degree of overexpression in the tracheal epithelium was considerably higher than that around the trachea (Figures 1A, C). In addition, Masson staining indicated that substantial amounts of collagen were deposited around the bronchial duct in the subjects with chronic asthma, suggesting the possible involvement of SDC-1 in airway remodeling (Figures 1B, D).




Figure 1 | SDC-1 levels in the asthmatic and normal human bronchial samples were evaluated by immunohistochemical staining (A). Collagen deposition in the asthmatic and normal human bronchial samples was evaluated by Masson staining (B). (C) SDC-1 intensity analysis of (A). (D) Collagen intensity analysis of (B) Data are shown as the means ± SD of three independent experiments. #p < 0.05 versus the control group.





Syndecan-1 Is Upregulated in the Bronchial Epithelium of OVA-Induced Chronic Asthma

Changes in SDC-1 expression in the airways of mice with acute and chronic asthma were detected by immunofluorescence. Results showed that SDC-1 expression slightly decreased in the tracheal epithelium and periductal of OVA-induced acute asthma compared with normal mice (Figures 2B, C). However, SDC-1 expression remarkably increased in the tracheal epithelium and periductal of OVA-induced chronic asthma (Figures 2B, C). In addition, SDC-1 levels in the BALF were higher in chronic asthma than in acute asthma (Figure 2D)




Figure 2 | Animal experimental schedule is shown in (A). SDC-1 (B) and α-SMA (E) levels were detected by immunofluorescence. Collagen deposition was evaluated by Masson staining (G). Histopathologic changes were detected by HE staining (I). Levels of SDC-1 shedding (D), IL-4 (J), IL-5 (K), and IL-13 (L) in BALF were measured by ELISA. (C, F) immunofluorescence intensity analysis of (B, E). (H) collagen deposition intensity analysis of (G) Data are shown as the means ± SD of three independent experiments. #p < 0.05 versus the control group. #*p < 0.05 versus the OVA (4 weeks) or control group.



The results of masson staining and α-SMA indicated that airway remodeling induced by OVA-induced was considerably higher in chronic asthma than in acute asthma (Figures 2E-H).

HE staining and ELISA detection results of inflammatory factors (IL-4, IL-5, and IL-13) showed that the inflammatory response was substantially higher in OVA-induced acute asthma (OVA-4 weeks group) than that in chronic asthma (OVA-8 weeks group) (Figures 2I-L). These findings suggested that SDC-1 was overexpressed in human subjects with chronic asthma and mice with OVA-induced chronic asthma.



TGFβ1/Smad3 and Collagen I Are Upregulated in the Bronchial Epithelium of OVA-Induced Acute and Chronic Asthma

Moreover, collagen I expression in the airways of mice with OVA-induced acute asthma was higher than that in normal mice (Figures 3A, D). Meanwhile, collagen I expression in the airways of mice with chronic asthma induced by OVA sharply increased compared with that in the acute asthma group (Figures 3A, D).




Figure 3 | Animal experimental schedule is shown in Figures 2A. Collagen I (A), p-Smad3 (B), and TGFβ1 (C) were detected by immunofluorescence. (D–F) Immunofluorescence intensity analysis of (A–C), respectively. Data are shown as the means ± SD of three independent experiments. #p < 0.05 versus the control group. #*p < 0.05 versus the OVA (4 weeks) or control group.



TGFβ1/Smad3 signaling plays an important role in airway remodeling. Accordingly, changes in the expression of TGFβ1/Smad3 and collagen I in the airways with acute and chronic asthma were detected via immunofluorescence. Results showed that TGFβ1 and p-Smad3 expression substantially increased in the airways of mice with acute asthma induced by OVA compared with normal mice (Figures 3B, C, E, F). However, TGFβ1 and p-Smad3 expression slightly decreased in the OVA-induced chronic asthma compared with the acute asthma group.



SDC-1 siRNA Deletion of SDC-1 Suppresses Collagen I Expression by TGFβ1/Smad Signaling in Beas-2B Cells

The siRNA targeting SDC-1 was used to knock out SDC-1 expression to evaluate the role of SDC-1 in Beas-2B cells. Immunofluorescence revealed that three kinds of SDC-1 siRNA downregulated SDC-1 expression, and the most remarkable downregulation of SDC-1 expression was observed after SDC-1 siRNA 3 interference (Figures 4A, B). Therefore, SDC-1 siRNA 3 was selected for downstream studies to target the knockout of SDC-1 expression.




Figure 4 | Effects of SDC-1 siRNA on collagen I and p-Smad3 in Beas-2B cells were observed. Deletion effects of SDC-1 siRNA 1, SDC-1 siRNA 2, and SDC-1 siRNA 3 on SDC-1 expression (A) were detected by immunofluorescence. Changes in SDC-1 (C), p-Smad3 (D), and collagen I (E) under TGFβ1 stimulation at different periods were detected by Western blot. Effects of SDC-1 siRNA 3 on SDC-1 (F, I), p-Smad3 (G, J), and collagen I (H, K) were detected by Western blot. (B) SDC-1 immunofluorescence intensity analysis of (A). (L–T) Protein intensity analysis of (C-K), respectively. Data are shown as the means ± SD of three independent experiments. #p < 0.05 versus the control group. #*p < 0.05 versus the NC siRNA+TGFβ1 group.



TGFβ1/Smad3 signaling plays an important role in collagen deposition. Therefore, changes in the expression of SDC-1, p-Smad3, and collagen I over time under TGFβ1 stimulation were detected by Western blot analysis. Results showed that SDC-1, p-Smad3, and collagen I expressions substantially increased after 2 days of TGFβ1 stimulation (Figures 4C-E, L-N). Therefore, TGFβ1 stimulation for 2 days was selected in the downstream study.

Interestingly, Western blot analysis revealed that TGFβ1 stimulation substantially induced the levels of SDC-1, p-Smad3 and collagen I in Beas-2B cells compared with those in the control group (Figures 4F-H, O-Q). However, SDC-1 downregulation by SDC-1 siRNA strongly inhibited the levels of p-Smad3 and collagen I induced by TGFβ1 stimulation in Beas-2B cells (Figures 4F-H, O-Q). In addition, SDC-1 intervention alone had no significant difference in p-Smad3 and Collagen I compared with those in the control group (Figures 4I-K, R-T).

These results suggested that SDC-1 siRNA might improve collagen deposition by inhibiting TGFβ1/Smad3 signaling.



SDC-1 Overexpression Aggravates Collagen I Expression by TGFβ1/Smad Signaling in Beas-2B Cells

A plasmid vector was constructed to overexpress SDC-1 and further explore the role of SDC-1 in p-Smad3 and collagen I expressions. Interestingly, the pc-SDC-1 considerably increased TGFβ1-induced SDC-1 expression compared with the TGFβ1 group (Figures 5B, I). The pc-SDC-1 upregulation of SDC-1 expression also notably enhanced the level of TGFβ1-induced p-Smad3 and collagen I expressions in Beas-2B cells (Figures 5C, D, J, K). In addition, SDC-1 overexpression alone had no significant difference in p-Smad3 and Collagen I compared with those in the control group (Figures 5E, F, L, M).




Figure 5 | Effects of SDC-1 overexpression by pc-SDC-1 or addition of the recombinant human SDC-1 protein on the levels of collagen I and p-Smad3 in Beas-2B cells were observed. Plasmid vector atlas of SDC-1 overexpression (A). Effect of pc-SDC-1 overexpression on TGFβ1-stimulated SDC-1 expression (B) was detected by Western blot. Effect of SDC-1 overexpression on the levels of p-Smad3 (C, E) and collagen I (D, F) were detected. Effects of the addition of different concentrations of the recombinant human SDC-1 protein on TGFβ1-stimulated p-Smad3 (G) and collagen I (H) were detected by Western blot. (I–O) Protein intensity analysis of (B–H), respectively. Data are shown as the means ± SD of three independent experiments. #p < 0.05 versus the control group. #*p < 0.05 versus the TGFβ1 group.



The effects of exogenous recombinant human SDC-1 addition on p-Smad3 and collagen I expressions were also investigated. Results demonstrated that high concentrations of recombinant human SDC-1 slightly increased the levels of p-Smad3 and collagen I induced by TGFβ1 compared with those in the TGFβ1 group (Figures 5G, H, N, O).

These results suggested that SDC-1 overexpression and SDC-1 detachment might aggravate collagen deposition by enhancing TGFβ1/Smad3 signaling.



SDC-1 siRNA Deletion of SDC-1 Suppresses Collagen I Expression by TGFβ1/Smad Signaling in HLF-1 Cells

Fibroblasts play an important role in airway remodeling. SDC-1 expression in fibroblasts was obtained through database retrieval (www.proteinatlas.org). Therefore, the effects of SDC-1 on TGFβ1/Smad3 signal in fibroblasts were further explored.

The role of three SDC-1 siRNAs in HLF-1 cells was reevaluated to analyze the effects of SDC-1 on HLF-1 cells. Immunofluorescence results confirmed that SDC-1 expression was most notably downregulated after SDC-1 siRNA 3 interference (Figures 6A, B). Therefore, SDC-1 siRNA 3 was also selected for the downstream study to target the knockout of SDC-1 expression in HLF-1 cells.




Figure 6 | Effects of SDC-1 siRNA on HLF-1 cells were detected. Deletion effects of SDC-1 siRNA 1, 2, or 3 on SDC-1 expression (A) were observed by immunofluorescence. Changes in levels of SDC-1 (C), p-Smad3 (D), and collagen I (E) under TGFβ1 stimulation were detected by Western blot. Effect of SDC-1 siRNA 3 on the levels of SDC-1 (F, I), p-Smad3 (G, J), and collagen I (H, K) were detected by Western blot. (B) SDC-1 immunofluorescence intensity analysis of (A). (L–T) Protein intensity analysis of (C–K), respectively. Data are shown as the means ± SD of three independent experiments. #p < 0.05 versus the control group. #*p < 0.05 versus the NC siRNA+ TGFβ1 group.



Western blot analysis revealed that SDC-1, p-Smad3 and collagen I substantially increased after 1 day of TGFβ1 stimulation (Figures 6C-E, L-N). Therefore, TGFβ1 stimulation for 1 day was selected in the downstream study of HLF-1 cells.

Western blot analysis revealed that SDC-1 downregulation by SDC-1 siRNA strongly inhibited the levels of TGFβ1-induced p-Smad3 and collagen I in HLF-1 cells compared with those in the TGFβ1-treated group (Figures 6F-H, O-Q). While downregulation SDC-1 alone had no significant difference in p-Smad3 and Collagen I compared with those in the control group (Figures 6I-K, R-T).



SDC-1 Overexpression Aggravates Collagen I Deposition by TGFβ1/Smad Signaling in HLF-1 cells

Interestingly, the pc-SDC-1 substantially increased TGFβ1-induced SDC-1 expression in the pc-SDC-1+TGFβ1 group compared with that in the TGFβ1 group (Figures 7A, H). The pc-SDC-1 also notably enhanced the level of TGFβ1-induced p-Smad3 and collagen I in the pc-SDC-1+TGFβ1 group compared with that in the TGFβ1 group (Figures 7B, C, I, J). However, SDC-1 overexpression by pc-SDC-1 alone had no significant difference in p-Smad3 and Collagen I compared with those in the control group (Figures 7D, E, K, L).




Figure 7 | Effects of SDC-1 overexpression by pc-SDC-1 or the addition of the recombinant human SDC-1 protein on the collagen I and p-Smad3 in HLF-1 cells were observed. Effects of pc-SDC-1 overexpression on TGFβ1-stimulated SDC-1 expression (A) were detected. Effects of pc-SDC-1 on the levels of p-Smad3 (B, D) and collagen I (C, E) were detected by Western blot. Effects of the recombinant human SDC-1 protein addition on TGFβ1-stimulated p-Smad3 (F) and collagen I (G) expression were detected by Western blot. (H-N) Protein intensity analysis of (A-G), respectively. Data are shown as the means ± SD of three independent experiments. #p < 0.05 versus the control group. #*p < 0.05 versus the TGFβ1 group.



p-Smad3 and collagen I expression in the TGFβ1+recombinant human SDC-1 group increased compared with that in the TGFβ1 group (Figures 7F, G, M, N). These results indicated that SDC-1 overexpression might transfuse signaling to fibroblasts to enhance collagen expression.



SDC-1 Overexpression Accelerates Airway Remodeling-Induced by OVA in Chronic Asthma

The similarities in SDC-1 overexpression in mice and humans with chronic asthma suggested that airway remodeling had a conserved effect across species. Therefore, SDC-1 deficient mice with lentivirus were constructed to determine the functional role of SDC-1 in airway remodeling.

No difference in the airway of control and LV2NC mice was found (Figures 8B, C, F). The mice with OVA-induced chronic asthma showed higher levels of inflammation and collagen deposition (Figures 8B–G) as well as SDC-1, p-Smad3, collagen I and α-SMA expression than the control group (Figures 9A–P). However, SDC-1 downregulation by SDC-1 shRNA in the OVA+SDC-1 shRNA group remarkably alleviated OVA-induced p-Smad3, collagen deposition, and collagen I and α-SMA expression compared with that in the OVA group (Figures 8C, F and 9A–P).




Figure 8 | Animal experimental intervention schedule is shown in (A). Effects of SDC-1 deletion by SDC-1 shRNA or inhalation with the recombinant mouse SDC-1 protein on collagen deposition (C, E) and pathological changes (B, D) were observed. (F, G) Collagen intensity analysis of (C, E), respectively. Data are shown as the means ± SD of three independent experiments. #p < 0.05 versus the control group. #*p < 0.05 versus the OVA group.






Figure 9 | Animal experimental intervention schedule is shown in Figures 8A1, A3. Effects of SDC-1 deletion by SDC-1 shRNA on the levels of SDC-1 (A, E), p-Smad3 (B, F), collagen I (C, G), and α-SMA (D, H) in mice were observed by immunofluorescence and Western blot. (I–L) Immunofluorescence intensity analysis of (A–D), respectively. (M–P) Gray intensity analysis of (E–H), respectively. Data are shown as the means ± SD of three independent experiments. #p < 0.05 versus the control group. #*p < 0.05 versus the OVA group.



These findings collectively clarify the mechanism of SDC-1 overexpression in airway remodeling in mice and humans.



Inhalation With Recombinant Mouse SDC-1 Protein Accelerates Airway Remodeling-Induced by OVA in Chronic Asthma

ELISA detected the presence of shedding SDC-1 in the BALF, and the concentration of SDC-1 in mice with chronic asthma was higher than that in mice with acute asthma (Figure 2D). Thus, the mice were induced to inhale the recombinant mouse SDC-1 protein to investigate the effects of shedding SDC-1 on airway remodeling.

No difference was found in pathological form, Smad3 phosphorylation, collagen deposition, and α-SMA and collagen I expression in the airways of the control and inhalation with the recombinant mouse SDC-1 protein mice (Figures 8D, E, G, 10A–L). Smad3 phosphorylation and collagen I and α-SMA expression induced by OVA increased compared with those in the control mice (Figures 10A-L). However, inhalation with the recombinant mouse SDC-1 protein in the OVA+SDC-1 group increased collagen deposition and the expression levels of p-Smad3, α-SMA, and collagen I compared with those in the OVA group (Figures 8E, G, and 10A-L). These findings were consistent with the results of in vitro experiments.




Figure 10 | Animal experimental intervention schedule is shown in Figures 8A1, A3. Effects of inhalation with the recombinant mouse SDC-1 protein on the levels of p-Smad3 (A, D), collagen I (B, E), and α-SMA (C, F) in mice were observed. (G–I) Immunofluorescence intensity analysis of A–C), respectively. (J–L) Gray intensity analysis of (D–F), respectively. Data are shown as the means ± SD of three independent experiments. #p < 0.05 versus the control group. #*p < 0.05 versus the OVA group.



These results suggested that shedding SDC-1 might strengthen TGFβ1/Smad3 signaling to participate in the airway remodeling of mice and humans.




Discussion

Airway remodeling is an important feature in the development of chronic asthma. Blocking or slowing down airway remodeling has become a hot topic in the research on asthma (23, 24). The present study was the first to demonstrate the involvement of SDC-1 in airway remodeling in chronic asthma in vivo and in vitro. The primary finding of this study was that SDC-1 may mediate TGFβ1/Smad3 signaling to participate in airway remodeling (Figure 11).




Figure 11 | Structure of SDC-1 overexpression with aggravated airway remodeling by strengthening TGFβ1/Smad3 signaling in OVA-induced chronic asthma.



SDC-1, a major component of glycocalyx, is an important signaling transmembrane protein molecule. SDC-1 has an extracellular glycosaminoglycan chain comprising HS, HA, and CS (13, 15). First, SDC-1 protrudes from extracellular structural features and functions as a physical barrier, capturing signal molecules and directing them to receptors on the membrane (14). Second, the transmembrane structure and cytoplasmic region of SDC-1 can transmit extracellular signals into cells and then mediate a series of intracellular reactions (25). The previous study confirmed the role of SDC-1 as a barrier against permeability in the LPS-induced ARDS model (15). Parimon et al. (26) confirmed that SDC-1 promotes lung fibrosis by regulating epithelial reprogramming through extracellular vesicles. The present results showed that SDC-1 and collagen deposition synchronously increased in humans and mice with chronic asthma, whereas that after SDC-1 shRNA intervention in mice or SDC-1 siRNA intervention in cells synchronously decreased to reduce SDC-1 level. To a certain extent, this study also supported the idea that SDC-1 enhances intracellular signal transduction through the recruitment of its external domain amplification ligand.

The present study also found an interesting phenomenon that SDC-1 expression in bronchial epithelial and periductal cells decreased in humans and mice with acute asthma stage, whereas that in humans and mice with chronic asthma stage substantially increased. These results led to speculation that SDC-1 has different mechanisms of action in various disease stages. The inflammatory damage caused by inflammatory responses can lead to a certain increase in SDC-1 shedding (27, 28). Xu et al. (29) reported that the SDC-1 ectodomains of the airway epithelium are closely related to the inflammatory response of acute asthma. Changes in inflammatory cytokines, such as IL-4, IL-5, and IL-13 in BALF, were further detected in the present study. ELISA results showed that the levels of IL-4, IL-5, and IL-13 sharply increased in mice with acute asthma compared with normal mice. However, the levels of IL-4, IL-5, and IL-13 substantially decreased in mice with chronic asthma compared with those in mice with acute asthma. These results indicated the possible relation of shedding of the SDC-1 ectodomains of the airway epithelium in mice with acute asthma to acute inflammatory response. By contrast, the persistence of chronic inflammatory response had minimal effect on SDC-1 expression in chronic asthma.

The SDC-1 ectodomains of epithelial cells have anti-inflammatory, antipermeability, and other barrier effects. However, the shedding of the SDC-1 exodomain has different roles in various models. Li et al. (30) found that the abdication of the SDC-1 exogenous domain regulates bleomycin-induced intrapulmonary transport of neutrophils in acute lung injury. Xu et al. (29) uncovered that the shedding of the SDC-1 exodomain has anti-inflammatory properties in acute asthma. Different degrees of SDC-1 exodomain shedding in acute and chronic asthma were observed in the present study, and inhalation with SDC-1 promoted collagen deposition in OVA-induced chronic asthma models. These findings suggested that SDC-1 shedding has different regulatory functions in various disease models.

TGFβ1 is a kind of factor with multiple effects on the different disease models, such as pro-airway remodeling, as well as anti-inflammatory or pro-inflammatory effects (31, 32). Hogan et al. (33) reported that the TGFβ1 pathway is required for NF-κB signaling in mouse keratinocytes. However, TGFβ1 plays an anti-inflammatory, pro-inflammatory, and pro-airway remodeling role in the pathogenesis of asthma at different stages (34–36). TGFβ1 was substantially higher in mice with acute asthma than those with chronic asthma in the present study. These results led to speculation regarding the possible role of TGFβ1 levels in the production of IL-4, IL-5, and IL-13. In addition, TGFβ1 stimulates epithelial or fibroblast transcription and suppresses collagenase transcription, thus allowing TGFβ1/Smad3 signaling to play a key role in collagen deposition (37, 38). TGFβ1/Smad3 is crucial in promoting airway remodeling in chronic asthma, and this phenomenon was also verified in this study. Therefore, these results strongly suggested that SDC-1 overexpression played an important role in collagen I expression in the epithelial cells or fibroblasts through TGFβ1/Smad3 signaling.

Overall, the present study was the first to demonstrate that the high expression of SDC-1 in the trachea of patients with chronic asthma is closely related to airway remodeling, and SDC-1 may regulate collagen deposition in epithelial cells or fibroblasts through the TGFβ1/Smad signaling pathway. This study provides a theoretical basis for the treatment of asthma in the future.
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Every immune response has accelerators and brakes. Depending on the pathogen or injury, monocytes can play either role, promoting or resolving immunity. Poly I:C, a potent TLR3 ligand, licenses cross-presenting dendritic cells (DC1) to accelerate a robust cytotoxic T cells response against a foreign antigen. Poly I:C thus has promise as an adjuvant in cancer immunotherapy and viral subunit vaccines. Like DC1s, monocytes are also abundant in the LNs. They may act as either immune accelerators or brakes, depending on the inflammatory mediator they encounter. However, little is known about their contribution to adaptive immunity in the context of antigen and Poly I:C. Using monocyte-deficient and chimeric mice, we demonstrate that LN monocytes indirectly dampen a Poly I:C induced antigen-specific cytotoxic T cell response, exerting a “braking” function. This effect is mediated by IL-10 production and induction of suppressor CD4+ T cells. In a metastatic melanoma model, we show that a triple-combination prophylactic treatment consisting of anti-IL-10, tumor peptides and Poly I:C works because removing IL-10 counteracts the monocytic brake, resulting in significantly fewer tumors compared to mice treated with tumor peptides and Poly I:C alone. Finally, in human LN tissue, we observed that monocytes (unlike DCs) express high levels of IL-10, suggesting that anti-IL-10 may be an important addition to treatments. Overall, our data demonstrates that LN monocytes regulate the induction of a robust DC1-mediated immune response. Neutralization of either IL-10 or monocytes can augment Poly I:C-based treatments and enhance T cell cytotoxicity.
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Introduction

The mononuclear phagocyte (MP) system in the healthy lung is comprised of tissue-specific alveolar macrophages, interstitial macrophages, dendritic cells (DCs) and monocytes (1). Of these MPs, DCs and monocytes can acquire antigen in the lung, migrate to the lung-draining lymph node (LLN), and present antigen to induce T cell differentiation. The induction of naïve T cells into effector T cells is mainly attributed to two DC subtypes, DC1 and DC2, with further subdivision of DC2 into subsets (2–5). In a previous publication, we demonstrated that DC1 is the main driver of a Poly I:C-induced CTL response (6). When lung was stimulated with Poly I:C and antigen, DC1 was shown to be essential for differentiating cytotoxic T cells (CTL) (6). DC2 could cross-present the antigen and induce T cell proliferation but could not differentiate the antigen-specific T cells to become effector T cells. In addition to DCs, the LN contains monocytes, which are as abundant as any DC subset (1, 7–9), so in this study we ask, what role are the LN monocytes playing.

Monocytes represent ~5-10% of circulating PBMCs and have a half-life of ~20 hours (7, 10). They are continuously trafficking into tissue and LNs and are often referred to as inflammatory monocytes or macrophages. This is a misnomer, as Ly6C+ monocytes continuously enter tissue and LNs in healthy animals (during steady state) to survey the environment (7). The rapid migration into tissue is illustrated in parabiotic mice where Ly6C+CD62L+ monocytes never reach 50:50 equilibrium regardless of the amount of time the mice share circulation (7, 11–13). Most importantly, the trafficking of monocytes, like DCs, into tissue and LNs does not require commensals (7), suggesting that monocytes are critical players in immune regulation both in steady state and inflammation. Based on the turnover, number and surveying property of monocytes, many questions arise for the role of monocytes; particularly after it has been shown that monocytes are not readily replacing steady state macrophages in some cases, such as alveolar macrophages and microglia, while in others this replacement occurs regularly such as intestinal and liver macrophages (7, 11, 14–22).

Once monocytes enter tissue, they can display phagocytic properties and secrete inflammatory mediators such as TNF and NO, or anti-inflammatory mediators such as IL-10 and VEGF (8, 17, 23, 24). Although these examples suggest that monocytes can have macrophage-like properties, monocytes can also display DC-like properties, upregulating CCR7 and migrating down afferent lymphatics from tissue to LNs (7, 25). Upon entering the LNs, monocytes present exogenous antigen to cognate T cells and induce their differentiation into effector CD4 or CD8 T cell (i.e., Th1, Th2, Th17, T reg, CTL etc.) (9, 19, 26–32). All in all, the stimulus (i.e., pathogen associated molecular pattern) and environment (i.e., growth factors) dictate the outcome and role of monocytes during an immune response, highlighting their plasticity.

The importance of understanding how LN monocytes contribute to the adaptive immune response is largely based on the growing number of clinical trials that use DC-based vaccine designs containing tumor-associated antigens or personalized neoantigens with Poly I:C (33, 34). The efficacy of such vaccines was demonstrated in recent studies in which treatment of stage III melanoma patients with personalized neoantigens and Poly I:C resulted in complete tumor regression, with no recurrence at 2-year follow-up (33, 34). Since monocytes contribute to the development of effector T cells or suppressor T cells and are highly present in the draining LNs, we set out to address the role of monocytes in the context of antigen and Poly I:C vaccination, and perhaps provide insight on how to enhance the efficacy of this promising cancer and viral vaccine.



Materials and Methods


Mice

Six to eight-week-old C57BL/6 Ly5.1 (CD45.1), Ly5.2 (CD45.2), WT mice were purchased from Charles River or Jackson Laboratory. CCR2-/-, IL-10-/-, H–2Kbm1, OTI, OTII, MHCII-/- and IL-10 GFP (Tiger) mice were purchased from Jackson Laboratory. PDL1/2-/- mice were kindly provided by Dr. Daniel Barber and Keith Kauffman. OTII mice were crossed with IL-10 GFP to generate OTIl IL-10 GFP reporter mice. All mice were genotyped upon arrival and prior to their use in experiments. Mice were housed in a specific pathogen-free environment at National Jewish Health and Dartmouth Hitchcock Medical College, an AAALAC accredited institution, and used in accordance with protocols approved by the Institutional Animal Care and Utilization Committee.



Bone Marrow Chimera Mice

Eight-week-old CD45.1 or CD45.2 C57BL/6 mice were lethally irradiated with 900 rads and reconstituted intravenously at a bone marrow (BM) cell ratio of 80:20 from CCR2-/- and either WT, H–2Kbm1, PDL1/2-/-, or IL-10-/- mice. Six to eight weeks post-reconstitution, mice were assessed for chimerism prior to use.



Flow Cytometry and LN Digestion

Lung-draining LNs were teased with 26G needles and digested in 1ml of 2.5 mg ml−1 collagenase D (Roche) solution in 1X RPMI at 37°C for 30 min. After incubation, 100 μl of 100 mM EDTA was added to stop the enzymatic reaction. The cells were pipetted up and down with glass Pasteur pipets and then passed through a 70 μm nylon filter. Single cell suspensions were collected and centrifuged at 300 g for 5 min. Cells were stained with the following monoclonal Abs: Phycoerythrin (PE)-conjugated to Vα2, CD4 and CD64; PerCP-Cy5.5- conjugated to CD11b and CD4; PE-Cy7-conjugated to CD11c and CD44; BUV395-conjugated to CD11b; BUV805-conjugated to CD8a, fluorescein isothiocyanate (FITC)-conjugated to CD4, CD45.1 and CD103; allophycocyanin (APC)-conjugated to Vβ51, CD45.2, CD45 and CD103; APC-Cy7-conjugated to CD45.2 and MHCII; and BV510 conjugated to Ly6C and MHCII. The PE-conjugated MHC Tetramer H-2kb OVA SIINFEKL was purchased from MBL international. The viability dye 4’,6-diamidino-2-phenylindole (DAPI) (#D9542, Sigma) was added immediately before each sample acquisition on a BD Symphony A3 analyzer (BD Biosciences). Data were analyzed using FlowJo (Tree Star, Ashland, OR). Antigen-specific antibodies and isotype controls were obtained from BioLegend, eBioscience and BD Biosciences.



Proliferation of OVA-Specific Transgenic OTI or OTII T Cells

Spleen cells from OTI or OTII GFP mice, in which the TCR of CD8+ or CD4+ T cells are restricted to an OVA peptide, were labeled with 10 μM carboxyfluorescein succinimidyl ester (CFSE) for 10 mins. Half a million of these cells were transferred intravenously into recipient mice 1 day before intranasal delivery of 2 μg soluble OVA and 20 μg Poly I:C. Mice were sacrificed 3 days after intranasal deliveries for analysis of T cell proliferation (CFSE dye dilution) in the LLN. For OTI: Isolated cells were cultured 5 hours in RPMI 10% FCS containing 10 μM OVA peptide (257-264) and Brefeldin A 10 μg/ml. Following surface staining, BD Foxp3 intracellular staining kit was used. Cells were stained with APC-conjugated to IFNγ, PerCP-Cy5.5-TNFα, or isotype controls (BD Pharmingen). For OTII: Isolated cells were cultured 5 hours in RPMI 10% FCS containing 10 μM OVA peptide (323-339) and Brefeldin A 10 μg/ml. Following stimulation, cells were stained with PE-conjugated to CD4, APC-conjugated to Vβ51, PE-Cy7-conjugated to Vα2, APC-Cy7-conjugated to CD44, BUV805-conjugated to CD8 (BD Pharmingen, eBioscience or Biolegend).



Quantitative Reverse-Transcription PCR

Monocytes from CD11b enriched cell suspension (Miltenyi) were sorted (FACSAriaIII sorter). Total RNA was extracted using the RNeasy Minikit (Qiagen). Equal amounts of total RNA from each sample were reverse transcribed into cDNA using SuperScript™ VILO™ Master Mix (Invitrogen). qPCR was set up using PowerUp SYBR Green PCR Master Mix (Applied Biosystems) and analyzed on Bio-Rad C-1000 CFX96. RT-PCR primers for IL-10: Forward-GGTTGCCAAGCCTTATCGGA; Reverse-ACCTGCTCCACTGCCTTGCT. Relative quantification of gene expression was performed by normalizing expression levels of genes of interest over housekeeping (Thoc1) gene within each sample followed by relative expression to control (mean of triplicate).



B16F10 Lung Melanoma Model

B16F10 melanoma cells were purchased from ATCC (CRL-6475) and maintained in RPMI with 10% FCS, 1% Pen/Strep/L-glutamine (Sigma), 1% non-essential amino acids (Sigma), 1% sodium pyruvate (Sigma), 10 mM HEPES (Sigma) and 0.1 mM β-mercaptoethanol.


Immunization With B16F10 Peptides, Poly I:C, and Anti-IL-10

Melanoma vaccine was freshly prepared prior to inoculation. Vaccine consisted of 10 μg each peptide premelanosome protein (Pmel17 or gp100) (25-30; seq: EGSRNQDWL, Anaspec) and tyrosinase-related protein-2 (TRP-2) (180-188; seq: SVYDFFVWL, Anaspec), and 50 μg Poly I:C (TLR3 agonists). To deplete IL-10, some mice were given three i.p. injections of anti-IL-10 (JES5-2A5 clone, BioXcell) at days 2 (300μg), 5 (100μg) and 22 (100μg).



Tumor Assessment Post Prophylactic Therapy

After treatment, mice were intravenously challenged with 2 × 105 viable B16F10 cells and euthanized 16 days post injection. Lungs of mice were perfused with PBS and then inflated with 1% agarose. Experimentally blind laboratory member counted the B16F10 lung surface metastases.




Human Lung-Draining LNs

We received de-identified non-diseased human lung with attached LLNs from the International Institute for the Advancement of Medicine (Edison, NJ, USA). We selected donors without a history of chronic lung disease and with reasonable lung function with a PaO2/FiO2 ratio of >225, a clinical history and X-ray that did not indicate infection, and limited time on a ventilator. Lungs were removed en bloc in the operating room and included the trachea, LNs and pulmonary vessels. Pulmonary arteries were perfused in the operating room with cold histidine-tryptophan-ketoglutarate (HTK) solution to preserve endothelial cell function and prevent intravascular clot formation. The lungs were submerged in HTK, and immediately shipped on ice. All lungs were processed within 24 hours of removal. The lungs were visually inspected for lesions or masses and were eliminated from the study if grossly abnormal. Peribronchial LNs were identified and removed. Procedure additionally described in (35, 36). The Committee for the Protection of Human Subjects at National Jewish Health approved this research. RNA sequencing was completed as previously described (11).



Statistics

Statistical analysis was conducted using Prism software. All bar graphs are expressed as the mean ± SEM. Statistical tests were performed using two-tailed Student’s t-test and ANOVA. P < 0.05 was considered statistically significant.




Results


The Absence of LN Monocytes Significantly Increases Poly I:C Induced Antigen-Specific CTL Response

Monocytes require CCR2 to exit the bone marrow and enter tissue under steady-state and inflammatory conditions (7, 37). As anticipated, 24 hours post intranasal delivery of antigen and Poly I:C, the total number of migratory DCs in the LLN was similar between WT and CCR2-/- mice (Figure 1A). In contrast, monocytes are substantially deficient in the CCR2-/- mice compared to WT mice (17, 23, 37).




Figure 1 | Lymph node monocytes suppress Poly IC-induced antigen-specific cytotoxic CD8+ T cells. (A) Flow plots of LLN from WT and CCR2-/- mice were isolated 24 hours postimmunization with OVA and Poly IC. Gated live cells illustrate Ly6C+CD11b+ monocytes (left plots) and CD11c+MHCIIhigh population (middle plots), CD103+ DC1 and CD11b+ DC2 (right plots). Scatter plot, each dot represents a mouse. Total number of migratory DCs in the LLN 24 hours post immunization. Data are 2 independent experiments. (B) Immunization protocol for CTL response, top. Total number of proliferating OTI T cells 3 days post- immunization. Data are cumulative from 3 independent experiments with n = 4 per group. (C) Representative flow plots display gating strategy of cytokine production from WT and CCR2-/- mice, left. Scatter plot analysis of cytokine frequency from individual mice, right. Data are cumulative from 2-3 independent experiments of n = 3,4 per group. Data are shown as mean ± SEM. Each dot represents a mouse. ****P < 0.0001. **P value < 0.01.



To examine the role of LN monocytes in a Poly I:C-induced antigen-specific CTL response, CFSE labeled naïve OVA-specific CD8+ T cells (OTI) were adoptively transferred into WT and CCR2-/- mice. Three days post inoculation of antigen and Poly I:C, LLN OTI T cells were analyzed for the production of CTL cytokines, IFNγ and TNFα. Although we observed a relatively similar number of proliferating CFSE+ OTI T cells between WT and CCR2-/- mice (Figure 1B), the frequency of IFNγ and TNFα producing OTI T cell was significantly greater in CCR2-/- mice compared to WT mice (Figure 1C), showing that monocytes downregulate the intensity of cytokine production in proliferated OTI T cells.



Temporary Depletion of LN Monocytes Significantly Increases Poly I:C Induced Antigen-Specific CTL Response

To support the findings in the CCR2-/- mice, where LN monocytes are continually deficient, we examined whether temporary depletion of monocytes would also result in an increased Poly I:C induced CTL response. Using anti-Gr1, monocytes were temporarily depleted in WT mice on the same day as the inoculation of antigen and Poly I:C. A caveat to note is that in addition to monocytes, anti-Gr1 depletes neutrophils, plasmacytoid DCs and Ly6C+ T cells but not DCs for up to 2-3 days (6, 38). As observed in CCR2-/- mice, WT mice with transiently depleted monocytes displayed a significant increase in IFNγ and TNFα producing antigen-specific CD8+ T cells compared to mice treated with control antibody (Supplementary Figure 1). Collectively, data from mice either constitutively (CCR2-/-) or temporarily (via anti-Gr1 treatment) depleted of LN monocytes suggest that the role of monocytes is to restrict an exaggerated CTL response in the context of antigen and Poly I:C.



IL-10 Production by LN Monocytes Is Required to Dampen an Enhanced CTL Response

We investigated three possible mechanisms by which monocytes could dampen a Poly I:C induced CTL response. First, we hypothesized that monocytes directly interfere with the cross-presentation and cross-priming of CTLs by TLR3 stimulated DC1s. To address this hypothesis, we took advantage of the H–2Kbm1 mice which have mutations to the antigen binding site of MHCI, rendering antigen presenting cells incapable of inducing proliferation of OTI T cells (39). Lethally irradiated CD45.1 C57BL/6 mice were reconstituted with a mixture of 80% CCR2-/- and 20% H–2Kbm1 bone marrow (BM) cells or with 20% CD45.1 WT BM in control mice. In this competitive setting, CCR2-sufficient BM cells will outcompete CCR2-deficent cells in the reconstitution of CCR2 dependent cell types, resulting in the complete repopulation of LN monocytes by H–2Kbm1-derived BM cells (or CD45.1 WT BM cells in control mice). Importantly DCs, which do not depend on CCR2 for their migration into tissue, are found at a ratio of 80:20 CD45.2:CD45.1 in the LNs of control mice, reflecting the ratio of transferred BM cells (Figure 2A). Thus, in chimeric mice, 100% of LN monocytes are incapable of directly presenting antigen to OTI T cells while antigen presentation by DCs is minimally affected.




Figure 2 | Direct antigen presentation and PDL1 expression by monocytes are dispensable for suppression of cytokine production in antigen-specific CD8+ T cells (A) Lethally irradiated mice were reconstituted 80:20 with CCR2-/- CD45.2 or WT CD45.1 BM cells. Six weeks post-reconstitution, LNs were assessed for monocyte BM derivation. Flow plots illustrate monocyte derivation was ~100% derived from CCR2 sufficient, WT CD45.1 BM cells compared to DC subtypes which were mainly derived from CCR2-/- CD45.2 BM with a portion from WT CD45.1 BM. (B) WT and PDL1/2-/- mice were treated with OVA or OVA and Poly IC, 24 h post treatment, PDL1 protein expression was examined on lung and LN monocytes (top) and total migratory DCs (bottom). (C) Lethally irradiated mice were reconstituted 80:20 with CCR2-/- and H–2Kbm1 BM cells: R2:Bm1 chimeric mice. Control mice were reconstituted 80:20 with CCR2-/- and WT BM cells: R2:WT chimeric mice. Six-eight weeks after reconstitution, mice were immunized as described in Figure 1B and cytokine production was examined in OTI proliferating T cells. Right panels represent flow plots demonstrate gating strategy for cytokine production by proliferating OTI T cells. Left, scatter plot analysis of cytokine frequency from R2:WT and R2:Bm1 chimeric mice. Data are 3-4 independent experiments n=3-5 mice per group. Each dot represents a mouse. (D) Lethally irradiated mice were reconstituted 80:20 with CCR2-/- and PDL1/2-/- BM cells: R2:PDL1/2 chimeric mice. Control mice were reconstituted 80:20 with CCR2-/- and WT BM cells: R2:WT chimeric mice. Scatter plot analysis of cytokine frequency from R2:WT and R2:PDL1/2 chimeric mice. Data are 2 independent experiments, n=3-5 mice per group. Data are shown as mean ± SEM. Each dot represents a mouse. ****P <0.0001. ***P value < 0.001. **P value < 0.01. *P value < 0.05. Non-significant (ns).



In BM chimeras where the LN monocytes were derived from WT or H–2Kbm1 BM, we observed no difference in the cytokine production in Poly I:C induced CTLs (Figure 2C). Therefore, we examined our second hypothesis that PDL1 expression on monocytes directly dampen the CTL response. In the LLN, PDL1 is highly expressed in steady-state and inflamed monocytes (Figure 2B). However, in the lung, monocytes and not DCs upregulate PDL1 after Poly I:C exposure (Figure 2B) (7). When we created BM chimeric mice where monocytes lacked PDL1/2 expression, there was a slight decrease in cytokine production from proliferating antigen-specific T cells compared to PDL1/2 expressing monocytes (Figure 2D). In summary, the mechanism of action that LN monocytes use to regulate a Poly I:C-induced antigen-specific CTL response is not mediated via cross-presentation or PDL1 expression.

Thirdly, we hypothesized that the production of IL-10, a well-described anti-inflammatory cytokine secreted by monocytes and macrophages in response to PAMP stimulation, might provide the mechanism by which monocytes dampen a Poly I:C-induced CTL response. First, we confirmed that monocytes produce IL-10 after an intranasal bolus of antigen and Poly I:C using IL-10 reporter mice (Figure 3A). Among extravascular CD11b+ cells, CD64+Ly6C+ monocytes uniquely expressed IL-10 after exposure to Poly I:C; intravascular cells were excluded by labeling with injection of anti-CD45 antibody given 5 minutes prior to harvest. Moreover, in the LLN, monocytes increased their mRNA expression of IL-10 after nasal inoculation of antigen and Poly I:C (Figure 3B). Using the same bone marrow chimera approach described previously (Figure 2), we created mice with IL-10 deficient LN monocytes. Compared to IL-10 sufficient LN monocytes, IL-10 deficient LN monocytes were unable to dampen the CTL response induced by antigen and Poly I:C (Figure 3C). In conclusion, these data suggest that monocytes require IL-10 production to dampen a CTL response. However, whether this effect is direct or indirect is unclear.




Figure 3 | Poly IC-induced IL-10 production by monocytes is required to suppress antigen-specific CTL response. (A) IL-10 GFP reporter mice were inoculated i.n. with 2 μg OVA ±20 μg Poly IC. Five minutes prior to sacrifice and tissue harvest, 5 ul of anti-CD45 antibody was given intravenously. Lung monocytes were isolated and analyzed by flow cytometry for IL-10 expression, left plots. Middle plots illustrate gated IL-10 producing cells, where all extravascular IL-10 producing cells were CD64+ cells. Right plots display overlay of intravascular (red) and extravascular (blue) IL-10 producing cells, which were all CD64+ Ly6C+ monocytes with extravascular monocytes displaying signs of maturation, up-regulation of MHCII. (B) Normalized mRNA expression of IL-10 in LLN of WT mice after i.n. immunization with 2 μg OVA ±20 μg Poly IC as outlined in Figure 1B. Box plot is the mean of two independent experiments. (C) Lethally irradiated mice were reconstituted 80:20 with CCR2-/- and IL-10-/- BM cells: R2:IL-10. Control mice were reconstituted 80:20 with CCR2-/- and WT BM cells: R2:WT chimeric mice. Scatter plot analysis of cytokine frequency from R2:WT and R2:IL-10 chimeric mice. Datum is representative of two independent experiments. Data are shown as mean ± SEM. Each dot represents a mouse. **P value < 0.01. Non-significant (ns).





Monocytes Are Required for the Induction of Suppressor Antigen-Specific T Cells

Next, we investigated whether other immune cell populations were involved in the modulation of adaptive immune response promoted by monocytes. Suppressor T cells (Treg) are known for their critical role in controlling autoimmunity and suppressing inflammatory responses. They also promote tumor development and progression by dampening the anti-tumor immune response. Therefore, we examined whether there was an increase in suppressor T cells in WT mice compared to CCR2-/- mice. Suppressor T cells can be either Foxp3+ or Foxp3- (35). We observed no difference in the frequency of Foxp3+ regulatory T cells between WT and CCR2-/- mice (Supplementary Figure 2). Then, we examined the frequency of endogenous CD44+CD4+ IL-10 producing T cells post antigen and Poly I:C exposure and observed an increase in IL-10 producing CD4+ T cells in WT mice compared to CCR2-/- mice (Supplementary Figure 2). Since these data do not convey antigen-specificity, OTII OVA-specific CD4 T cells were crossed with an IL-10 reporter and transferred these into WT or CCR2-/- mice. After delivery of antigen with Poly I:C, WT mice displayed a significant increase in IL-10 producing antigen-specific CD4+ T cells compared to CCR2-/- monocyte deficient mice (Figure 4A).




Figure 4 | Monocytes are required for the induction of suppressive CD4+ T cells. (A) After immunization as outlined in Figure 1B and adoptive transfer of OTII IL-10 GFP+ cells, LLN antigen-specific OTII IL-10 GFP+ T cells was examined in WT and CCR2-/- mice. Representative flow plots display OTII population gated on Vα2+Vβ5+CD4+IL-10 GFP+ from WT and CCR2-/- mice, top. Scatter plot analysis of targeted population frequency from individual mice, Bottom. Combined set of 2 independent experiment. (B) WT splenic DCs and CFSE-labeled OTI cells were co-cultured with CD4+ T cells isolated from LLN of either naïve mice or WT and CCR2-/- mice immunized with OVA ± Poly IC as outlined in Figure 1B. Bar graph demonstrates IFNγ (left) and TNFα (right) producing OTI T cells after 5 days of co-culture. Data are representative of two independent experiments, n=4 mice per group. Data are shown as mean ± SEM. ***P value < 0.001. *P < 0.05.



Based on this finding, we examined ex vivo whether endogenous CD4+ T cells from antigen and Poly I:C treated WT mice are more suppressive than those from CCR2-/- mice. We isolated CD4+ T cells from the LLNs of WT and CCR2-/- mice treated with antigen and Poly I:C and co-cultured them with antigen-specific CD8 T cells and stimulants (splenic DCs, antigen and Poly I:C). After five days in culture, antigen-specific CD8+ T cells co-cultured with CD4+ T cells from WT mice compared to CCR2-/- mice produced significantly less IFNγ (Figure 4B). This suggests that LN monocytes are required for the induction of an antigen-specific CD4+ T cell that suppresses the Poly I:C induced CTL response.

To clearly demonstrate that antigen presentation by monocytes is required for the induction of suppressor T cells, we created BM chimeric mice where monocytes lacked MHCII expression (80:20, CCR2-/-MHCII-/- BM). First, we examined whether endogenous Poly I:C-induced antigen-specific CD8+ T cells were significantly increased when monocytes lacked the ability to differentiate suppressor CD4 T cells. Indeed, when monocytes lacked MHCII expression, tetramer staining illustrated a significant increase in endogenous Poly I:C induced antigen-specific CD8+ T cells (Figure 5A). When CCR2-/-:MHCII-/- BM chimeras were challenged with antigen, Poly I:C, and antigen-specific CD8+ T cells, as in Figure 1, mice lacking MHCII expression on monocytes, displayed significantly enhanced cytokine production in Poly I:C-induced antigen-specific T cells (Figure 5B). Finally, we demonstrated in MHCII sufficient monocyte BM chimeras that the differentiation of IL-10 producing antigen-specific CD4+ T cells was significantly greater than in MHCII deficient monocyte BM chimeras (Figure 5C). Overall, these data suggest that MHCII expression on monocytes and not DCs is required for the differentiation of IL-10 suppressor antigen-specific CD4+ T cells that regulate the Poly I:C induced CTL response.




Figure 5 | Poly IC-induced IL-10 production to suppress antigen-specific CTL response is done by MHCII+ monocytes. (A) OTI SIINFEKL tetramer+ T cells was examined in BM Chimeric mice after immunization and adoptive transfer (i.v.) of OTI cells. Scatter plot shows analysis of targeted population frequency from individual mice (right) and flow panel illustrate the representative CD44+ Tetramer+ OTI cells (left). Combined set of 2 independent experiment, n=3-5 mice per group. (B) After immunization as outlined in Figure 1B, LLN antigen-specific OTII IL-10 GFP+ T cells was examined in BM Chimeric mice. Combined set of 3 independent experiments, n=3-5 mice per group. (C) Lethally irradiated mice were reconstituted 80:20 with CCR2-/- and MHCII-/- BM cells: R2:MHCII chimeric mice. Control mice were reconstituted 80:20 with CCR2-/- and WT BM cells: R2:WT chimeric mice. Flow and Scatter plot analysis of cytokine frequency from respective BM chimeric mice. Representative data of 2 independent experiments, n=3-5 mice per group. Data are shown as mean ± SEM. Each dot represents a mouse. ****P value < 0.0001. **P < 0.01.





Blocking IL-10 Improves Prophylactic Treatment in Metastatic Melanoma Model

Next, the relevance of these findings was demonstrated in a prophylactic metastatic melanoma model. Treatment with anti-IL-10 was performed instead of monocyte depletion, as there are currently no human monocyte specific depleting antibodies. A triple combination therapy of anti-IL-10, tumor peptides and Poly I:C, was compared to tumor peptides +/- Poly I:C, types of therapy already known to promote anti-tumor immunity. Although the tumor peptides with Poly I:C alone displayed a robust anti-tumor immune response, the triple combination therapy of melanoma challenged mice displayed the greatest anti-tumor immunity (Figure 6 and Supplementary Figure 3). This finding demonstrates that an anti-tumor immune response can be significantly enhanced in combination with IL-10 neutralization.




Figure 6 | Immunization with B16F10 Peptides (TP) +Poly IC +anti IL-10 subunit vaccine produces anti-tumor effect in metastatic B16F10 melanoma model. (A) Schematic protocol for vaccination and B16F10 i.v. injection in WT mice for anti-tumor effect. (B) WT with TP (peptides) only, with TP +Poly IC and with TP +Poly IC +anti-IL-10 were harvested after i.v. B16F10 challenge and mouse lungs were inflated. Pics depict total surface metastases (mets) per lung (top), which were enumerated and illustrated by scatter plot, each dot represents one mouse (bottom). Combined data of three independent experiments with 4-5 mice per group. Data are shown as mean ± SEM. ****P value < 0.0001. ***P < 0.001. **P < 0.01.





Human Lung-Draining LN Monocytes Selectively Express IL-10

Finally, to translate our findings to clinical practice, we examined whether human LN monocytes, like mice, express IL-10. Indeed, like mice, human LLNs contained a similar number of CD14+CD11chiHLADR+ monocytes as CD14-CD11chiHLADR++ DCs (Figure 7A) (36, 40), and expressed significantly more IL-10. Transcriptionally, the lung and LLN monocytes expressed ~10 to 100-fold greater amounts of IL-10 compared to LN DCs and immature blood monocytes (Figure 7B). This demonstrates that human monocytes produce IL-10 after extravasation into tissue and LN and perhaps, play a continuous role of regulating immunity.




Figure 7 | Compared to LN DCs, human lung and lung-draining LN monocytes express IL-10. (A) Top, flow cytometry gating strategy to identify human lung-draining LN monocytes and DCs: live cell gate, DAPI-, followed by CD11c+ cells and intermediate-high side scatter with the final HLADR+/high APC gate: displaying CD14+CD141low/+ monocytes and DC subsets (CD14-CD141-, CD1c+, DEC205+). Flow plot is representative of over 30 human LLNs analyzed (36, 40). (B) RNA sequencing, transcripts per million (TPM) of monocytes and DCs sorted from human blood, lung and lung-draining LN (40). Data are shown as mean ± SEM.






Discussion

In this study, we found that monocytes regulate Poly I:C-induced antigen-specific CTL response. First, we demonstrated that in the absence of LN monocytes (in CCR2-/- mice), there was an enhanced Poly I:C-induced CTL response compared to WT mice. Second, using BM chimeric mice that lack key functional properties of monocytes—MHCI antigen cross-presentation, PDL1, IL-10, and MHCII antigen presentation—we found that the absence of IL-10 production and MHCII expression impaired monocyte function, resulting in enhanced CTL response. Third, we demonstrated that the production of IL-10 by monocytes was required to promote the differentiation of suppressor CD4+ T cells. When CD4+ T cells were isolated from WT mice inoculated with antigen and Poly I:C, and co-cultured with stimulated OTI T cells, CTL cytokines were significantly suppressed compared to CD4+ T cells isolated from monocyte deficient mice. These results demonstrate that the presence of monocytes is required to develop antigen-specific suppressor CD4+ T cells. Fourth, in a metastatic melanoma model, we examined the importance of removing the monocytic brake in a prophylactic treatment consisting of anti-IL-10, tumor peptides and Poly I:C. The triple combination therapy resulted in significantly fewer tumors compared to mice treated with tumor peptides and Poly I:C alone. Finally, we found that like mice, only human LN monocytes (but not DCs) expressed IL-10. This finding converges with other studies of human orthologs of splenic APCs, which show that monocytes (compared to other cell types) have strong transcriptional correspondence across species (1, 41). Overall, our findings suggest that monocytes exert a braking function on Poly I:C-induced CTL responses through the production of IL-10 and indirectly via the induction of suppressor CD4+ T cells. This novel function of LN monocytes limits the potential for DC-mediated over-exuberant CTL responses that might be damaging to the host. The development of a suppressor CD4+ T cell population is likely important in returning the immune system to homeostasis after an inflammatory response.

Our findings have implications for the development of vaccines and other therapeutics that depend on Poly I:C. The future of personalized medicine is here, and the synthesis of personalized neoantigens with Poly I:C and immune checkpoint blockade is currently in clinical trials. Although these trials appear to be efficacious, understanding what may potentiate or limit the efficiency is critical in developing additional treatments for combination therapy, such as IL-10 as demonstrated here. In addition, the tumor microenvironment contains suppressive monocyte-derived cells which can be targeted in a similar fashion as illustrated here for LN monocytes. Thus, defining the role each antigen-presenting cell subtype may play during the induction of the desired cancer or pathogen vaccine is imperative and may enhance our ability to develop immunotherapies for cancer and other diseases.
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Sepsis is a life-threatening condition characterized by excessive inflammation in its early phase. This is followed by an aberrant resolution phase associated to a prolonged period of immune suppression that can ultimately lead to multiple organ dysfunctions. This immunosuppression can be mediated by the functional reprogramming of gene transcription in monocytes/macrophages in response to prolonged lipopolysaccharide (LPS) exposure. Surprisingly, there is no report on the role of AP-1 transcription factors in this reprogramming process. Herein, we used the endotoxin tolerance model on murine bone marrow-derived macrophages in which tolerant cells stimulated twice with LPS were compared to naïve cells stimulated once. Out of all AP-1 transcription factors tested, Fosl1 gene stood out because of its unique regulation in tolerized cells. Moreover, we could correlate FRA-1 expression to the expression of an essential anti-inflammatory molecule involved in sepsis response, Lipocalin 2 aka NGAL. Identical results were obtained in human PBMC following the endotoxin tolerance model. When using FRA-1 deficient macrophages, we could confirm that FRA-1 regulates NGAL expression during the tolerant state. Interestingly, ChIP-seq and ChIP-qPCR revealed the binding of FRA-1 on Lcn2 promoter after LPS stimulation in these cells. Finally, we used an in vivo septic model of consecutive injection of LPS, in which the second stimulation is performed before the resolution of inflammation, in wild type and FRA-1 deficient mice. NGAL secretion was elevated in lung, spleen and serum of wild type tolerant mice, whereas it was significantly lower in tolerant FRA-1 deficient mice. Moreover, an increased inflammatory state likely dependent of the low level of NGAL was observed in these FRA-1 deficient mice. This was characterized by an increase of neutrophil infiltration in lung and an increase of apoptotic follicular cells in spleen. This suggests that FRA-1 expression supports resolution of inflammation in this model. Collectively, our data indicate that FRA-1 is involved in myeloid cell tolerance responses by mediating the functional reprogramming of Lcn2 transcription in response to prolonged LPS exposure. In conclusion, FRA-1 may have a protective role in the tolerance response of sepsis through the regulation of NGAL, leading to resolution of inflammation.
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Introduction

Sepsis is a life-threatening condition, which represents the leading cause of death in intensive care units (ICUs) worldwide (1). In the last decades, numerous treatments to ameliorate sepsis outcome have failed in clinical trials. There is therefore a strong need to better understand the underlying sepsis mechanism to develop new therapeutic strategies (2). Sepsis is caused by a dysregulated host response to infection that consists of two dynamic phases. The initial and uncontrolled systemic inflammatory response (SIRS) is followed by an unchecked compensatory anti-inflammatory response (CARS). This latter phase often fails to adequately resolve the systemic inflammation and predisposes to immune dysfunction. The failure of resolution process can lead to collateral tissue destruction and multiple organ dysfunction often lethal (3).

The most prominent feature of sepsis-induced immunosuppression is the diminished capacity of innate immune cells, especially monocytes and macrophages, to release pro-inflammatory cytokines in response to pathogen associated molecular patterns (PAMP) (3). Ultimately, these deactivated macrophages adopt an immunosuppressive phenotype making them unresponsive to secondary infections, but prone to resolve inflammation and regenerate tissue. In the case of sepsis, this tolerization process can be studied in the context of endotoxin tolerance induced by consecutive LPS stimulations (4).

Two classes of genes have been categorized in tolerant macrophages in previous studies: genes not inducible described as ‘tolerizable’ genes and genes still inducible named ‘non-tolerizable’ genes (5). Interleukin-6 (Il6), known as a classical pro-inflammatory cytokine in sepsis, is a typical tolerizable gene. Despite being a TLR inducible gene, the induction of IL-6 expression by macrophages was abolished after a second LPS stimulation. On the other side, non-tolerizable genes such as lipocalin-2 (Lcn2) were found to be significantly elevated in tolerant macrophages (5). Also known as neutrophil gelatinase-associated lipocalin, NGAL is a mammalian protein expressed by myeloid and epithelial cells in response to TLR activation during infections. NGAL plays an anti-microbial role by inhibiting bacterial siderophores and therefore depriving bacteria of iron (6). In parallel to this anti-microbial function, NGAL expression is also important for the immune response. In a LPS-induced sepsis model, Lcn2 knockout mice showed a dysregulated iron metabolism that resulted in an increased apoptosis of leukocytes, an increased release of pro-inflammatory cytokines and a higher mortality (7). Similarly, NGAL has been shown to induce the production of the anti-inflammatory cytokine IL-10 in macrophages during Streptococcus pneumoniae infection, making NGAL not only a marker of macrophages deactivation but also a deactivator of macrophages (8). Interestingly, a feed forward regulation between IL-10 and NGAL has been suggested in another sepsis model, in which NGAL expression correlates with IL-10 level and a better outcome after polymicrobial sepsis (9). Collectively, these researches imply that NGAL plays a role in controlling inflammation and thereby contributes to the resolution of severe inflammation (7). However, its transcriptional regulation, especially in the tolerant cells remains to be defined since regulating the expression of NGAL may provide novel therapy for the resolution of sepsis.

Recent investigations have focused on the mechanisms underlying the functional reprogramming of the gene transcription in macrophages in response to prolonged LPS exposure. Up-regulation of hypoxia-inducible factor-α (HIF-1α) and subsequent elevation of the negative regulator of TLR signaling IRAKM have been involved in the establishment of an endotoxin-tolerant state in monocytes which interestingly possess anti-bacterial and wound-healing properties (10). At the transcriptional level, the cyclin-dependent kinase inhibitor p21 has been shown to tune NF-κB pathway that controls part of the macrophages reprogramming happening during endotoxin tolerance. A high level of p21 favors p50-p50 over p65-p50 for binding to NF-κB sites on DNA, resulting in lower IFN-β production and a hypo-responsive phenotype of macrophage (11). Surprisingly, no data has been reported on the role of AP-1 transcription factors in this reprogramming process. AP-1 family is mainly composed of c-Fos and c-Jun related transcription factors. Depending on stimuli and cell type, they can be activated by phosphorylation or methylation, promptly assembled into homodimers or heterodimers through their leucine-zipper domain and bound to AP-1 sites on target gene promoter, resulting in the promotion or inhibition of gene expression (12).

In the present work, we studied AP-1 transcription factors role using the endotoxin tolerance model in both murine bone marrow-derived macrophages (BMDM) and human peripheral blood mononuclear cell (PBMC). We found that the expression of FRA-1 and NGAL were positively correlated in response to LPS, both in tolerant murine and human cells in vitro. With the help of FRA-1 deficient BMDM, we showed that FRA-1 positively regulates NGAL expression especially in the tolerant state. Using ChIP-seq and ChIP-qPCR, FRA-1 was shown to bind Lcn2 promoter, especially in the tolerant state. Finally, in vivo septic model using consecutive injection of LPS showed a decreased resolution as well as an increased inflammation in FRA-1 depleted conditions, likely dependent on the low level of NGAL in these mice. Collectively, our results indicate that FRA-1 transcription factor is involved in myeloid cell tolerant responses by mediating the functional reprogramming of Lcn2 transcription in response to prolonged LPS exposure.



Methods and Materials


Animals

Wild type C57Bl/6NCrl mice were purchased from Charles River. The generation of Fosl1 floxed and Mx-Cre mice has been described before (13). Briefly, the Fosl1 gene knockout in Fosl1∆Mx mice was induced 2 weeks before the experiment by 3 consecutive injections of 250 μg poly(I:C) per mouse every other day. Littermate Fosl1fl/fl mice were used as controls and were treated with poly (I:C) like the deficient mice. Mice were bred and maintained on a 129/B6 mixed background. All experiments were performed with 8-12-week-old mice (both male and female). Animals were kept under standardized conditions. A 12-hour light/12-hour dark cycle was maintained, and standard diet and water were provided ad libitum. All animal experiments were discussed and approved by the University of Friedrich-Alexander-Universität Erlangen-Nürnberg ethics committee and carried out in accordance with protocols approved by the German law.



Cell Preparation

Bone marrow-derived macrophages (BMDM) were generated from total bone marrow cells flushed out from 8-12 weeks old mice. The total bone marrow cells were then incubated within 10 cm petri dishes in 5% CO2 at 37°C in DMEM and GlutaMAX (Gibco, Thermo Fisher Scientific) supplemented with 10% (v/v) FCS (Gibco, Thermo Fisher Scientific), 1% (v/v) penicillin/streptomycin (Gibco, Thermo Fisher Scientific), and 20% (v/v) supernatant from L929 fibroblast cultures [ATCC clone CCL-1] as a source of macrophage colony-stimulating factor (M-CSF) (14). After overnight incubation, the non-adherent cells were then harvested and reseeded into 10 cm petri dishes supplemented with the medium above at the concentration of 5x106 cells/dish. 7 days later, BMDM were carefully harvested, counted and replated into 12-well plates at the concentration of 1x106 cells/well in RPMI-1640 (Gibco, Thermo Fisher Scientific) supplemented with 10% (v/v) FCS (Gibco, Thermo Fisher Scientific) and 1% (v/v) penicillin/streptomycin (Gibco, Thermo Fisher Scientific). After overnight incubation, the adherent cells were stimulated with 10 ng/mL LPS (Naïve) or stimulated with 100 ng/mL LPS for 24 h, washed twice with warm PBS and stimulated again with 10 ng/mL LPS (Tolerant) as described in previous study (5).

Human peripheral blood mononuclear cells (PBMCs) were isolated from EDTA-blood of normal, healthy donors, using a Ficoll gradient (Lymphoflot, Bio-Rad). PBMCs were then incubated overnight in RPMI-1640 (Gibco, Thermo Fisher Scientific) supplemented with 10% (v/v) FCS (Gibco, Thermo Fisher Scientific) and 1% (v/v) penicillin/streptomycin (Gibco, Thermo Fisher Scientific) and adherent cells were stimulated with once or twice LPS as described above.



Isolation of CD11b+ Cells

The single cell suspensions from the organs were created by using gentleMACS dissociation tubes (Miltenyi Biotec). CD11b+ cells were then isolated via CD11b microbeads (Miltenyi Biotec) under the manufacturer’s instructions.



Real-Time PCR Analysis

A standard phenol-chloroform extraction was performed with Trizol reagent to isolate total RNA from cells. cDNA was synthesized from 1 μg of total RNA with a High-Capacity cDNA Reverse Transcription Kit (ThermoFisher). Real-time PCR analysis was then performed and analysed with a SYBR label (SYBR Select Mastermix, Applied Biosystems) in QuantStudio™ 6 Flex Real-Time PCR System. The real-time PCR primer sequences are listed in Supplementary Table 1. The relative expression of the gene of interest (GOI) was calculated with the ΔΔCt method using β-actin (Actb) expression as normalizer (norm) and the not-stimulated naïve control as calibrator: relative expression = 2-ΔΔCt where ΔΔCt = (CtGOI - Ctnorm)unknown - (CtGOI - Ctnorm)calibrator.



ELISA

The IL-6 and NGAL concentrations in the relevant supernatant or serum were quantified with the Mouse IL-6 DuoSet ELISA Kit and Mouse Lcn2 DuoSet ELISA Kit following the manufacturer’s instructions (R&D Systems).



Western Blot Analysis

Proteins from BMDM stimulated once or twice with LPS were collected at 0, 0.5, 1, 2 or 4 h with RIPA buffer supplied with protease inhibitors (Roche, cOmplete™ ULTRA Tablets, 05892970001). The protein extracts were then separated by SDS-PAGE electrophoresis and semi-dry transferred to a PVDF membrane. The membrane was incubated with antibodies against FRA-1 (sc-605, Santa-Cruz, 1: 200) and GAPDH (#2118, Cell Signalling, 1:1000) overnight at 4°C.



Chromatin Immunoprecipitation-seq and ChIP-qPCR

The ChIP-seq results have been deposited online in the GEO datatabase (GSE178865) along with our previous publication (13). The raw ChIP-seq data were re-analyzed with GALAXY (15) to explore the binding of FRA-1 on the promoter sites of Il6 and Lcn2, with or without stimulation with LPS. In brief, the data sets were firstly trimmed by Trimmomatic to remove adapters and trim reads to improve the overall quality. The sequenced reads were mapped using Bowtie2. The peak-calling step was then performed by MACS2 to identify significantly enriched loci in the genome. Finally, the output files were visualized with the help of Integrated Genome Browser (16).

For further promoter analysis, the 4.000 bp nucleotide sequences upstream of the transcription start sequence (TSS) of Il6 and Lcn2 genes were identified thanks to the NCBI Gene database. The putative AP-1 binding sites on Il6 and Lcn2 promoters were predicted via an online tool TFBIND (17) and relative primers to detect each site were designed accordingly.

ChIP-qPCR on peritoneal macrophages and BMDM was performed with the ChIP-IT High Sensitivity® (HS) Kit (Active Motif) following the manufacturer’s instructions. Briefly, thioglycollate-elicited macrophages were generated by injecting mice i.p. with 2.5 mL of 4% (w/v) Brewer’s thioglycolate medium (Sigma-Aldrich). FRA-1 deficient mice and littermates were sacrificed 72 hours after injection. Peritoneal cavity cells were harvested by lavage, and cells were washed and plated in RPMI-1640 (Gibco, Thermo Fisher Scientific) supplemented with 10% (v/v) FCS (Gibco, Thermo Fisher Scientific) and 1% (v/v) penicillin/streptomycin (Gibco, Thermo Fisher Scientific). BMDM were prepared as described above (Cell Preparation). After overnight incubation, adherent cells were stimulated with 10 ng/mL LPS for 1h (Naïve) or stimulated with 100 ng/mL LPS for 24 h, washed twice with warm PBS and stimulated again with 10 ng/mL LPS for 1h (Tolerant). The cells were fixed with 1% formaldehyde for 15 min to cross-link the proteins to the DNA and then washed for 3 times. The pellet was re-suspended in ChIP lysis buffer and lysate was sonicated to shear DNA to an average fragment size of 200–1000 bp. 30 µg chromatins were incubated with antibodies against FRA-1 (sc-605 from Santa-Cruz for peritoneal macrophages, since the production of this antibody has been discontinued by the company, we used PA5-81175 from Invitrogen for BMDM, 5µg/sample) or Normal Rabbit IgG (#2729, Cell Signalling, 5µg/sample) overnight at 4°C. On the second day, samples were incubated with protein A/G beads for 3 hours. DNA was then eluted, de-crosslinked overnight and purified. 25 µl starting chromatins without incubation with antibodies were also de-crosslinked and purified, named as Input. The enrichment of each binding site was evaluated by ChIP-qPCR. The data was normalized and calculated with Percent Input Method: Adjust Input=CtInput-log2(VChromatin/VInput), V means volume. % Input= 100*2(Adjusted Input - Ct Chromatin). The ChIP-qPCR primer sequences are listed in Supplementary Table 1.



In Vivo Endotoxin Tolerance Model

The in vivo endotoxin tolerance model was established by consecutive i.p. injection of LPS. Briefly, mice were rendered tolerant to LPS by an initial injection of 25 µg of LPS and stimulated 3 days later with another similar dose of LPS for 2 h. The naïve group injected only once with LPS and sacrificed 2h after (Figure 5A). PBS-injected mice served as control.



Histological Analysis

Mice were sacrificed with CO2 at indicated time point under respective treatment. The organs were then harvested and fixed in 4% formaldehyde for 12 h. Then, the samples were embedded in paraffin, cut to 1 μm thickness and mounted onto glass slides. For HE staining, the slides were stained with Hematoxylin and Eosin as common procedure. To quantify the LPS-induced changes in the spleen, the follicular areas were measured with ImageJ in 4-fold magnified images. For the evaluation of pulmonary inflammation in response to LPS, the categories “cellular infiltration” and “alveolar wall thickening” were used as described in previous study (18). Briefly, for cellular infiltration, 0 means no immune cell infiltration, 1 means moderate infiltration and 2 means massive infiltration. For alveolar wall thickening, 0 is normal, 1 represents thickening fewer than 50% while 2 is over 50%. Four representative images in 20-fold magnification per slide were analyzed and the respective values for each sample were summed up and then compared among diverse treatments.



TUNEL Staining

TUNEL staining of the spleen slides were performed with the In Situ Cell Death Detection-Kit (POD) following the manufacturer’s instructions. Four representative images in 20-fold magnification per slide were analyzed and the apoptotic splenocytes within the follicular area were counted and compared among diverse treatments.



Data Analysis

GraphPad Prism version 8.0 (GraphPad Software, San Diego, CA) was used for statistical treatment. Experimental data was shown as mean ± s.e.m. Two-tailed unpaired student’s t-test for two groups or ANOVA with multiple comparisons test were used as indicated in respective experiments. For kinetic expression of genes and proteins, repeated measures two-way ANOVA (two-way RM ANOVA) was used in which the time factors are matched, to account for the nestedness of the data.




Results


Fosl1 Expression Is Altered After Induction of Endotoxin Tolerance in Murine Macrophages

To evaluate the AP-1 expression within the two phases of sepsis, we first set up the endotoxin tolerance model in wild type murine bone marrow-derived macrophages (BMDM) by consecutive stimulation of LPS (Figure 1A) (5). The adherent BMDM were stimulated with 10 ng/mL LPS (Naïve) or stimulated with 100 ng/mL LPS for 24 h, washed twice with warm PBS and stimulated again with 10 ng/ml LPS (Tolerant). The cells were then harvested at 0, 0.5, 1, 2 or 4 h after the stimulation. The validity of our experimental model was confirmed by analyzing the kinetic expression of genes previously known as tolerizable or non-tolerizable (5) at the indicated time point in naïve and tolerant macrophages. The tolerizable genes (Il6, Il12b and Mmp13) were significantly up-regulated in the naïve cells, while significantly diminished in the tolerant cells compared to the naïve one. Meanwhile, the non-tolerizable genes (Saa3, Lcn2) were only weakly induced by LPS in naïve cells but showed a strong and sustained expression in stimulated tolerant cells (Figure 1B). The analysis of the protein secretion for IL-6 and NGAL (neutrophil gelatinase-associated lipocalin, protein name of Lcn2) in the supernatant of murine BMDM further confirmed the mRNA results (Figure 1C). IL-6 cytokine levels in the supernatant were significantly elevated after the first LPS stimulation, and abolished after the second stimulation, while the NGAL protein expression was still increased in the tolerant state. After this confirmation, we studied the expression kinetic of AP-1 transcription factor genes in murine BMDM in both naïve and tolerant state. The expression of Fosl2, Fos, Fosb, Junb and Jun peaked shortly (0.5-1h) after LPS stimulation in naïve cells, whereas the induction of these genes was strongly diminished in tolerant cells (Figure 1D). In this homogenous family picture, two AP-1 members stood out: Jund was unresponsive to LPS stimulation and was therefore not considered further, whereas Fosl1 response was more interesting. In naïve cells, Fosl1 responded alike the other AP-1 transcription factors. However, in tolerant cells, Fosl1 did not show the small expression peak observed for the other AP-1 members but an initial level of expression dramatically reduced (6% of the unstimulated naïve cells) that slowly and steadily increased after LPS re-stimulation. Therefore, our results in wild type BMDM suggested that the induction of AP-1 gene expression by LPS stimulation in naïve cells was strongly reduced in tolerant cells, and Fra-1 expression seemed unique compared to the other members.




Figure 1 | Fosl1 expression is altered after induction of endotoxin tolerance in murine macrophages. (A) Experimental scheme of the induction of endotoxin tolerance in wild type murine BMDM. A kinetic analysis of genes and proteins expression was performed at the indicated time point in macrophages harvested following one (Naïve) or two (Tolerant) LPS stimulations. (B) Quantitative RT-PCR analysis of the expression of tolerizable genes (Il6, Il12b Mmp13) and non-tolerizable genes (Saa3, Lcn2), normalized to the expression of Actb. (C) Quantification of IL-6 and NGAL protein secretion in cell culture supernatant. (D) Quantitative RT-PCR analysis of AP-1 transcription factor genes, normalized to the expression of Actb. Data are shown as mean ± s.e.m. *p < 0.05; **p < 0.01; ***p < 0.001 by two-way RM ANOVA with Tukey’s multiple comparisons test. The data shown are from one experiment representative of three independent biological replicates.





Fosl1 Expression Is Altered After Induction of Endotoxin Tolerance in PBMC

To verify whether our findings on AP-1 response in tolerant state can be transposed in human, the endotoxin tolerance was studied in isolated human PBMC (Figure 2A). Alike in murine cells, the tolerizable genes (TNF, IL6) were up-regulated by LPS stimulation in naïve cells, but could not be induced similarly in the tolerant cells. As expected, the expression of LCN2 was higher in the tolerant state compared to the naïve one (Figure 2B). These data demonstrate a response of human PBMC to endotoxin tolerance consistent with the one observed in mouse macrophages. Next, AP-1 gene transcriptions were analyzed. Alike in mouse cells, the peak expression of FOS, JUNB and JUN observed in naïve cells after 0.5-1 h of LPS stimulation diminished in stimulated tolerant cells. Here again, FOSL1 expression was initially strongly decreased in tolerant cells and could be gradually increased up to 8-fold (1.21/0.15) by LPS stimulation (Figure 2C). Despite that this pattern was reproduced by other AP-1 transcription factors gene like JUNB (4.6-fold, 1.94/0.43) and JUN (2.7-fold, 0.90/0.33), FOSL1 was the most LPS responsive AP-1 gene. Therefore, these results established that the data obtained with the mouse macrophages can be confidently transposed to human PBMC.




Figure 2 | Fosl1 expression is altered after induction of endotoxin tolerance in human peripheral blood mononuclear cells. (A) Experimental scheme of the induction of endotoxin tolerance response in human PBMC. A kinetic analyses of gene expression was performed at the indicated time point in PBMC harvested following one (Naïve) or two (Tolerant) LPS stimulations. (B) Quantitative RT-PCR analysis of tolerizable genes (TNF, IL6) and non-tolerizable genes (LCN2), normalized to the expression of Actb. (C) Quantitative RT-PCR analysis of AP-1 transcription factor genes, normalized to the expression of Actb. Data are shown as mean ± s.e.m. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 by two-way RM ANOVA with Tukey’s multiple comparisons test. The data shown are from one experiment representative of three independent biological replicates.





Increased Expression of NGAL in Tolerant Macrophages Depends on FRA-1 Expression

Considering the significantly different expression of Fosl1 in naïve and tolerant state in both murine and human phagocytes, we speculated that FRA-1 could play an important role in regulating the tolerance induced transcriptional reprogramming. To evaluate how FRA-1 influenced the inflammatory response in endotoxin tolerance, inducible FRA-1 deficient mice were generated by crossing Fosl1 lox mice to Mx-Cre mice. After the induction of FRA-1 deficiency by consecutive poly (I: C) injection, BMDM were isolated from the FRA-1 deficient mice and their littermates to study their response to the endotoxin tolerance model in vitro. After LPS stimulation, naïve macrophages from littermates induced Fosl1 expression following a similar pattern as wild type macrophages but to a higher extent. This slightly increased Fosl1 expression might be due to the heterogeneity of their genetic background. The up-regulation of Fosl1 by LPS was abolished in the naïve and tolerant FRA-1 deficient BMDM (Figure 3A). The mRNA expression profiles of other AP-1 members such as Fosb, Junb and Jun were not significantly altered by the absence of Fosl1 and responded similarly to the LPS stimulation (Figure 3A). This transcriptional data could be correlated at the translational level: FRA-1 expression after LPS stimulation is reduced in wild type cells after tolerance induction and is strongly diminished in FRA-1 deficient cells (Figure 3B).




Figure 3 | Increased expression of Lcn2 after induction of endotoxin tolerance is reduced in Fosl1 knockout murine macrophages. (A) Quantitative RT-PCR analysis of AP-1 transcription factor gene expression in littermate control and Fra-1 deficient BMDM after LPS stimulation in both naïve and tolerant state, normalized to the expression of Actb. (B) Western blot detection of FRA-1 protein after LPS stimulation in littermate control and FRA-1 deficient BMDM in both naïve and tolerant state. GAPDH was used as loading control. (C) Quantitative RT-PCR analysis of Il6 and Lcn2 in littermate control and FRA-1 deficient BMDM after LPS stimulation in both naïve and tolerant state. Left panels represent the kinetic of gene expression normalized to the expression of Actb and right panels represent the area under curve (AUC) for the respective genes. (D) IL-6 and NGAL protein levels in the supernatant of wild type and FRA-1 deficient BMDM after LPS stimulation in both naïve and tolerant state. Left panels represent the kinetic of protein secretion and right panels represent the area under curve (AUC) for the respective protein. The data shown are from one experiment representative of three independent biological replicates and they are shown as mean ± s.e.m. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 by two-way RM ANOVA with Tukey’s multiple comparisons test. Black asterisks indicated significant difference between naïve (n=6) versus tolerant (n=9) state in littermate control mice; red asterisk indicated significant difference between naïve (n=3) versus tolerant (n=9) state in FRA-1 deficient mice; #p < 0.05; ##p < 0.01; ####p < 0.0001 by two-way RM ANOVA with Tukey’s multiple comparisons test. Black hash sign indicated significant difference between FRA-1 deficient and littermate cells in naïve state; red hash sign indicated significant difference between FRA-1 deficient and littermate cells in tolerant state.



To determine the influence of FRA-1 on the regulation of the tolerizable and non-tolerizable genes, we next investigated the expression pattern of Il6 and Lcn2 in FRA-1 deficient cells. In absence of Fosl1, expression of Il6 mRNA was strongly decreased, especially in naïve state (Figure 3C, black hash sign), without significantly altering the early secretion of IL-6 protein (Figure 3D). Interestingly, the elevated expression of Lcn2 in the tolerant cells was significantly reduced in FRA-1 knockout macrophages both at mRNA and protein levels (Figures 3C, D). This data suggested that expression of FRA-1 and NGAL are positively correlated, especially in tolerant cells.



FRA-1 Transcriptionally Regulates Il6 and Lcn2 at the Promoter Level

Considering the fundamental role of FRA-1 as a transcription factor, we hypothesized that FRA-1 can regulate directly the transcription of Il6 and/or Lcn2 in the context of endotoxin tolerance. Using our previously published ChIP-seq analyses performed in peritoneal macrophages with or without LPS stimulation (13), we discovered that FRA-1 can bind to the promoter sites of Il6 and Lcn2, especially after LPS stimulation. For further analysis of these promoters, we considered the 4.000 bp upstream of their transcription start (TSS) (gray area depicted in Supplementary Figures 1A, B). The putative AP-1 binding sites on Il6 and Lcn2 promoters were predicted in silico (Figures 4A, B) (17). To confirm this analysis, ChIP-qPCR were then performed with anti-FRA-1 antibody in BMDM from FRA-1 deficient mice and littermates under naïve or tolerant conditioning and compared to not stimulated cells. In this experiment, Fosl1∆Mx BMDMs expressing minimal amount of FRA-1 were used as control for the anti-FRA-1 antibody specificity. ChIP-seq data were partly confirmed by our new ChIP-qPCR experiment: FRA-1 could be detected on the promoter of Il6 at the loci 1, 4, 5 and 6 in all conditions including non-stimulated cells. Upon LPS stimulation, naïve cells showed an increase of FRA-1 binding on most of the Il6 promoter locus (all but 1). A similar pattern was observed upon re-stimulation of tolerant cells and diminished in FRA-1 deficient tolerant cells (Figure 4C). Interestingly, FRA-1 could not be detected on most of the loci of Lcn2 promoter in resting cells. However, LPS stimulation strongly mobilized FRA-1 loci 1 to 8 on this promoter in naive cells. Moreover, this binding could be increased for loci 7 and 8 in tolerant cells (Figure 4D). This FRA-1 binding pattern on Il6 and Lcn2 promoter was confirmed by performing a similar analysis in peritoneal macrophages (Supplementary Figures 1C, D). Therefore, our data implies important transcriptional regulation of the Lcn2 promoter by FRA-1 especially in the tolerant state.




Figure 4 | FRA-1 binds stronger to the promoter of Lcn2 after induction of endotoxin tolerance in murine BMDM. (A, B) Prediction of the AP-1 binding sites by the online tool TFBIND and the locations of the primers for each site on Il6 (A) and Lcn2 (B) promoters. (C, D) ChIP assays showing the recruitment of the endogenous FRA-1 on the AP-1 binding sequence of Il6 (C) and Lcn2 (D) promoters after one (naïve) or two (tolerant) stimulations with LPS in bone marrow-derived macrophages isolated from Fosl1ΔMx or littermate mice. +p < 0.05; ++p < 0.01; +++p < 0.001 by one-way ANOVA with Sidak’s multiple comparisons test. + means compared to the IgG group. *p < 0.05; **p < 0.01; ***p < 0.001 by one-way ANOVA with Sidak’s multiple comparisons test.





Increased Inflammation in the Immunosuppressive Phase of Sepsis in Fosl1∆Mx Mice Compared to Littermates

Once established the role of FRA-1 in endotoxin tolerance in vitro, we decided to investigate if this finding could be transposed in vivo in a model mimicking the induction of endotoxin tolerance observed during sepsis. To do so, we applied consecutive injection of LPS to Fosl1∆Mx and the littermate control mice (Figure 5A). Mice were rendered tolerant to LPS by an initial i.p. injection of 25 µg of LPS and stimulated 3 days later with another similar dose of LPS for 2 h. These mice were compared to naive mice injected only once with LPS. PBS-injected mice served as control. Lungs and spleens were then harvested to quantify the inflammation induced by LPS in these organs. In vivo injection of LPS in mice is characterized by a recruitment of immune cells to the lung and an increase of the thickness of the alveolar walls. In littermate control mice, LPS injection significantly thickens the lung alveolar walls of naïve mice. Interestingly, this thickening was decreased in tolerant mice despite a similar immune cell infiltration in the lung when compared to naïve mice (Figure 5B). This acute inflammatory response could also be observed in Fosl1∆Mx mice but to a lower extend. Tolerant FRA-1 deficient mice showed thickening of their alveolar walls similar to the tolerant littermate control mice but a significantly decreased infiltration of their lung by immune cells (Figure 5C). We further investigated the inflammatory conditions in the spleen of these mice. Even though the follicular area of the spleen was significantly increased by LPS injection in the naïve wild type mice, it appears that this criterion went back to normal and became unresponsive to LPS in tolerant wild type mice. No significant difference was observed between the Fosl1∆Mx mice and the littermates in the tolerant state (Supplementary Figure 2). Another consequence of systemic inflammatory response induced by LPS is the induction of apoptosis in leukocyte (7). Our TUNEL staining confirmed that LPS injection increased the number of apoptotic cells in the splenic follicular area of naïve mice (control vs naïve, p=0.0224). Interestingly, this induction of apoptosis by LPS was not observed in tolerant mice (control vs tolerant, p=0.7671). This tolerance seems to be dependent on Fosl1 expression as tolerant FRA-1 deficient mice showed a higher number of apoptotic leukocytes compared to littermate control tolerant mice (tolerant vs tolerant FRA-1 deficient mice, p=0.0005) (Figures 5D, E). Altogether, our data suggested that a more severe inflammation as well as a weaker resolution in lung and spleen occurred in tolerant FRA-1 deficient mice compared to their wild type littermates.




Figure 5 | Increased inflammation in the immunosuppressive phase of sepsis is observed in Fosl1∆Mx mice compared to littermates. (A) Experimental scheme of the induction of endotoxin tolerance response in vivo. (B, C) Representative H&E microscopy images and quantification of alveolar thickness and immune cell infiltration in the lung of Fosl1∆Mx and the littermate mice 2 h after once (Naïve) or twice (Tolerant) LPS stimulation. Scale bar = 200μm. (D, E) Representative TUNEL staining images and quantification of apoptotic cells adjusted to follicular area in the spleen of Fosl1∆Mx and the littermate mice after once (Naïve) or twice (Tolerant) LPS stimulation. Scale bar = 40μm. Graph points indicate individual mice. Data are shown as mean ± s.e.m. *p < 0.05; **p < 0.01; ***p < 0.001 by one-way ANOVA with Sidak’s multiple comparisons test.





Increased Expression of NGAL in the Immunosuppressive Phase of Sepsis Is Reduced in Fosl1∆Mx Mice

To understand how AP-1 transcription factors and particularly FRA-1 are involved in our endotoxin tolerance model, we investigated their gene expression profile in murine sepsis model. Fosl1, Junb and Jun were significantly increased by LPS in both lung and spleen of naïve mice. However, establishment of endotoxin tolerance in wild type mice strongly reduced the increased of Fosl1 and Junb in lung and of Jun in spleen by LPS (Figure 6A). In the same line, we measured the expression of Il6 and Lcn2 as standard tolerizable and non-tolerizable genes respectively, in lung and spleen of the control, naïve and tolerant mice. As expected, Il6 was strongly induced only in naïve mice whereas Lcn2 was induced in naive and even more in tolerant mice. For these two genes, protein secretion in the serum fully matched the mRNA data obtained in lung and spleen (Figures 6B, C). For the Fosl1∆Mx and littermate control mice, we first quantified the knockout efficiency within the organs and found that Fosl1 expressions were significantly decreased in lung and spleen in the tolerant state, especially in CD11b+ cells (Figures 6D, E). Alongside, we could confirm the influence of FRA-1 on the cytokine secretion as FRA-1 deficient mice have a lower level of circulating IL-6 and NGAL (Figure 6F). Altogether, our in vivo experiments confirm that NGAL expression is controlled by FRA-1 during tolerance induction.




Figure 6 | Increased expression of Lcn2 in the immunosuppressive phase of sepsis is reduced in Fosl1∆Mx mice. (A, B) Quantitative RT-PCR analysis of AP-1 transcription factors (A) and Il6 and lcn2 genes (B) in lung and spleen of control, naïve or tolerant wild type mice 2 h after LPS infection. (C) IL-6 and NGAL levels in serum of control, naïve or tolerant wild type mice 2 h after LPS infection. (D, E) Quantitative RT-PCR analysis of Fosl1 transcription factor genes in total organ (D) or CD11b+ cells (E) from lungs and spleens of Fosl1∆Mx and the littermate mice in tolerant state, normalized to the expression of Actb. (F) IL-6 and NGAL levels in serum of Fosl1∆Mx and the littermate mice in tolerant state. Graph points indicate individual mice. Data are shown as mean ± s.e.m. *p < 0.05; **p < 0.01; ***p < 0.001 by one-way ANOVA with Tukey’s multiple comparisons in (A–C) and student t test in (D–F).






Discussion

In the present study, we delineated the expressions of the AP-1 transcription factor family in vitro with an endotoxin tolerance model applied to murine BMDM and human PBMC and in vivo with a murine LPS induced sepsis model. These experiments revealed that the AP-1 transcription factor FRA-1 regulates NGAL expression during the establishment of tolerance in myeloid cells. Interestingly, ChIP-qPCR data further demonstrated a direct regulation on Lcn2 expression by FRA-1, through its binding on Lcn2 promoter in tolerant macrophages. This observation could be transposed in the in vivo septic model of consecutive injection of LPS. FRA-1 deficient mice showed a decreased resolution of inflammation likely dependent on their low level of circulating NGAL. Thus, our data indicates that FRA-1 is involved in myeloid cell tolerance responses by mediating the functional reprogramming of Lcn2 transcription in response to prolonged LPS exposure. In addition, FRA-1 may have a protective role in the tolerance response and resolution of inflammation in sepsis through the regulation of NGAL.

Sepsis is a lethal systemic inflammatory response. Due to the high mortality rate and the lack of efficient therapy, the main mechanisms sustaining this disease are still under investigation. Although initially not appreciated, the rapid display of profound immunosuppression in most patients with sepsis is now a well-established phenomenon (4, 19). However, the immunological and molecular mechanism of the immunosuppression is still poorly understood. Here, we used the endotoxin tolerance model as described previously (5) in vitro and in vivo to mimic the prolonged LPS stimulation that can induce immunosuppression during sepsis. Endotoxin tolerance model is a convenient model for analyzing macrophage hyporesponsiveness. It is induced after exposure of macrophages or mice to a non-lethal low dose of LPS that induces hyperinflammation and then with a second exposure to LPS deactivates the macrophages, resulting in the establishment of immunosuppression (20). With endotoxin tolerance model, we could observe an increase of pro-inflammatory genes upon the first LPS stimulation, and diminished significantly after the second LPS stimulation as shown by Simmie L. Foster and her colleagues (5). We also observed in vivo a significantly increased alveolar wall thickness and neutrophil infiltration in the lung and more follicular apoptotic cells in the spleen in the naïve state, while this phenotype was ameliorated in the tolerant state as shown by Frank M. Davis et al. (21), vividly illustrating the whole process of sepsis..

After the tolerance induction, macrophages undergo functional reprogramming and change to an anti-inflammatory phenotype that activates resolution and regeneration programs, promoting a return to tissue homeostasis (11). Scientific advances have highlighted the role of transcriptional regulation in this functional reprogramming process underlying the immunosuppressive phase (10, 11, 22). The AP-1 transcription factor family is involved in numerous processes such as cell proliferation, differentiation and death, depending on the stimulus, the microenvironment and the cell type (12). The wide range of possible combinations and the occurrence of post-translational modifications explain the great functional heterogeneity of AP-1 transcription factors (12, 23). The function of FRA-1 is clearly established in bone and tumor biology (24, 25). There, FRA-1 needs to heterodimerize with another AP-1 transcription to function. This peculiarity makes FRA-1 an interesting transcription factor as its deletion alters the functions of its partners on their shared target genes. Nonetheless, the role of FRA-1 in the context of inflammation, especially concerning Il6 expression, is still controversial. Mimicking the tumor microenvironment in vitro, the 4T1 mammary carcinoma cells promoted de novo overexpression of Fosl1 in RAW264. 7 cells, and the subsequent binding of FRA-1 on the Il6 promoter and an increase of IL-6 production in response to LPS (26). On the contrary, Morishita et al. reported that IL-6 production after LPS stimulation could be inhibited in RAW264.7 macrophages by overexpressing FRA-1 thanks to a lentiviral vector. This phenotype could be reversed by knockdown of Fosl1 in this cell line (27). In parallel, no significant difference was observed on Il6 expression in FRA-1 deficient alveolar macrophages in a LPS triggered acute lung injury model, even though the KO mice exhibited lower mortality rates compared to the control (28). Thus, the function of FRA-1 on IL-6 expression upon inflammation appears to vary depending on the stimulating strategy, the initial intracellular concentration of FRA-1 and the cell type. This multi-factorial context probably influences the non–AP1 transcription factors and the nature of the partner of FRA-1 in the AP-1 heterodimer binding to the Il6 promoter. This ambivalent function of FRA-1 should rely on opposite regulatory mechanisms. Indeed, FRA-1 has been described as a positive regulator of transcription for genes involved in innate immunity (13) as well as a mediator to repress gene expression in related context (29). In the present study, we could first confirm that Il6 was a strongly tolerizable gene. In addition, we showed that Il6 mRNA expression upon LPS stimulation was dependent on the de novo expression of Fra-1 in naïve macrophages. If our limited kinetic could not illustrate this FRA-1 dependency for the IL-6 protein secretion in vitro, we observed in vivo that circulating IL-6 level were decreased in tolerant mice subjected to our sepsis model.

The role of FRA-1 on Lcn2 expression has yet to be reported. NGAL has been described as a marker of deactivated macrophages and was initially characterized as an anti-microbial protein targeting bacterial siderophore (6, 8). In addition, NGAL supports the establishment of hypoferremia during inflammation to restrict iron availability for the pathogens and thus contributes to the resolution of sepsis (7). Therefore, expression of NGAL promotes microbicidal activities of the immune system and would ultimately contribute to the resolution of sepsis. In our results, the elevated expression of Lcn2 in the tolerant state was significantly reduced in the Fosl1 knockout macrophages, at both mRNA and protein level. This correlation between FRA-1 and Lcn2 expression suggest that this transcription factor offers an additional layer of regulation to the already tightly controlled Lcn2 promoter. Indeed, transcription factors classically activated under inflammatory conditions such as STAT1 or NF-kB have been previously linked to the regulation of Lcn2 expression (30, 31). Strikingly, we also observed this correlation in vivo. FRA-1 deficient mice subjected to endotoxin tolerance had a significantly decreased level of circulating NGAL. These mice also showed less neutrophil infiltration in the lung and more apoptotic cells in the spleen, implying a higher level of inflammation. Altogether, we propose that FRA-1 have a protective role in response endotoxin induced sepsis through the regulation of NGAL.

Therefore, a better understanding of how AP-1, especially FRA-1, expression and functions in tolerant macrophages can provide valuable insights into the fundamental mechanisms underlying sepsis. Characterizing the regulation of the downstream targets of these transcription factors could open new avenue for the development of therapeutic options against sepsis.
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Supplementary Figure 1 | FRA-1 binds to the promoters of Il6 and Lcn2. (A, B) ChIP-seq data (13) of thioglycollate-elicited macrophages from wild type mice, unstimulated or stimulated with LPS were used to identify FRA-1 target genes. Bindings of FRA-1 on the Il6 (A) and Lcn2 (B) promoter are indicated (C, D) ChIP assays showing the recruitment of the endogenous FRA-1 on the AP-1 binding sequence of Il6 (C) and Lcn2 (D) promoters in thioglycollate-elicited macrophages isolated from Fosl1ΔMx or littermate mice after once (naïve) or twice (tolerant) stimulation of LPS. Data are shown as mean ± s.e.m. *p < 0.05; **p < 0.01; ***p < 0.001 by one-way ANOVA with Tukey’s multiple comparisons test.

Supplementary Figure 2 | Follicular area is not significantly altered in the immunosuppressive phase of sepsis in Fosl1∆Mx mice compared to littermates. Representative H&E microscopy images and quantification of follicular area in the spleen of Fosl1∆Mx and the littermate mice after once (naïve) or twice (tolerant) stimulation of LPS. Scale bar = 200μm. Graph points indicate individual mice. Data are shown as mean ± s.e.m. *p < 0.05 by one-way ANOVA with Sidak’s multiple comparisons test.

Supplementary Figure 3 | Uncropped blots results of (Figure 3B) Western blot detection of FRA-1 protein after LPS stimulation in littermate control and FRA-1 deficient BMDM in both naïve and tolerant state. GAPDH was used as loading control.


Supplementary Table 1 | Primers sequences used for Real-Time PCR and ChIP-qPCR.
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Heatstroke (HS) can cause acute lung injury (ALI). Heat stress induces inflammation and apoptosis via reactive oxygen species (ROS) and endogenous reactive aldehydes. Endothelial dysfunction also plays a crucial role in HS-induced ALI. Aldehyde dehydrogenase 2 (ALDH2) is a mitochondrial enzyme that detoxifies aldehydes such as 4-hydroxy-2-nonenal (4-HNE) protein adducts. A single point mutation in ALDH2 at E487K (ALDH2*2) intrinsically lowers the activity of ALDH2. Alda-1, an ALDH2 activator, attenuates the formation of 4-HNE protein adducts and ROS in several disease models. We hypothesized that ALDH2 can protect against heat stress-induced vascular inflammation and the accumulation of ROS and toxic aldehydes. Homozygous ALDH2*2 knock-in (KI) mice on a C57BL/6J background and C57BL/6J mice were used for the animal experiments. Human umbilical vein endothelial cells (HUVECs) were used for the in vitro experiment. The mice were directly subjected to whole-body heating (WBH, 42°C) for 1 h at 80% relative humidity. Alda-1 (16 mg/kg) was administered intraperitoneally prior to WBH. The severity of ALI was assessed by analyzing the protein levels and cell counts in the bronchoalveolar lavage fluid, the wet/dry ratio and histology. ALDH2*2 KI mice were susceptible to HS-induced ALI in vivo. Silencing ALDH2 induced 4-HNE and ROS accumulation in HUVECs subjected to heat stress. Alda-1 attenuated the heat stress-induced activation of inflammatory pathways, senescence and apoptosis in HUVECs. The lung homogenates of mice pretreated with Alda-1 exhibited significantly elevated ALDH2 activity and decreased ROS accumulation after WBH. Alda-1 significantly decreased the WBH-induced accumulation of 4-HNE and p65 and p38 activation. Here, we demonstrated the crucial roles of ALDH2 in protecting against heat stress-induced ROS production and vascular inflammation and preserving the viability of ECs. The activation of ALDH2 by Alda-1 attenuates WBH-induced ALI in vivo.
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Highlights

	• Mice carrying the human ALDH2*2 variant were susceptible to whole-body heating-induced acute lung injury.

	• Silencing ALDH2 induced 4-HNE and ROS accumulation in endothelial cells subjected to heat stress.

	• Alda-1 attenuated the heat stress-induced activation of inflammatory pathways, senescence and apoptosis in vitro.

	• Activation of ALDH2 by Alda-1 attenuated whole-body heating-induced acute lung injury in vivo.





Introduction

Heat-related illness (HRI) affects a large number of people and is an increasing cause of health issues, as climate change results in elevated global temperatures (1, 2). The heatstroke (HS) -related inflammatory response is akin to the systemic inflammatory response syndrome and lead to a rapid deterioration in clinical status, resulting in disseminated intravascular coagulation, acute lung injury (ALI), multiorgan failure syndrome (MODS) and death (3, 4). Heat stress induces several inflammatory and apoptotic pathways and increases the production of reactive oxygen species (ROS) and endogenous reactive aldehydes (5–9). As an inducible transcription factor, nuclear factor-kappa B (NF-κB) can be activated by ROS, cytokines, and endotoxin and is associated with the pathophysiological changes associated with heat stress and strenuous exercise (10–12). Endothelial cells (ECs) play an essential role in maintaining the stability of microvascular permeability. Heat stress induces cellular senescence, apoptosis and pyroptosis in a variety of cell types, and endothelial activation/dysfunction with hyperpermeability play crucial roles in HS-induced ALI (13–17). The accumulation of toxic aldehydes and oxidative stress and upregulation of the NF-κB signaling pathway have been found in the hippocampus and lung tissues of rats subjected to HS (18, 19). Scavenging ROS significantly inhibited HS-induced necroptosis, suggesting that preventing necroptosis could alleviate HS-induced small intestinal tissue injury and cell death (20).

Mitochondrial aldehyde dehydrogenase 2 (ALDH2) is an enzyme that detoxifies aldehydes by converting toxic exogenous and endogenous aldehydes such as 4-hydroxy-2-nonenal (4-HNE) protein adducts and lipoperoxides such as malondialdehyde (MDA) to form nontoxic carboxylic acids. Although ALDH2 was initially known for its crucial role in ethanol metabolism in the liver, it has since been implicated in a variety of diseases, such as cardiovascular diseases (CVDs), diabetes, neurologic dysfunctions and ischemia reperfusion injury (IRI), in several organs (21–25). Endogenous aldehydic products, such as 4-HNE and MDA, can be formed by lipid peroxidation of mitochondrial and plasma membranes under oxidative stress conditions (26, 27). ALDH2 deficiency is known to increase oxidative stress due to an imbalance in antioxidant defense and ROS generation (8, 28). A single point mutation in ALDH2 at E487K, which is known as ALDH2*2, intrinsically lowers ALDH2 activity in approximately 40% of East Asian individuals. The ALDH2 activator Alda-1 binds to ALDH2 and restores ALDH2 activity by acting as a structural chaperone (29). Previous studies indicated that Alda-1 attenuated the formation of 4-HNE protein adducts and inactivated the NF-κB pathway in several disease models (30–34). Pretreatment with Alda-1 had been shown to have beneficial effects on hyperoxia and acrolein induced ALI through preserving the endothelial barrier and mitochondrial dysfunction (35–37).

While ALDH2 protects against oxidative damage through the oxidation of toxic aldehydes, few studies have investigated the role of ALDH2 in the pathogenesis of HS. We hypothesized that ALDH2 can protect against heat stress-induced vascular inflammation and ROS and the accumulation of toxic aldehydes. We further tested whether the ALDH2 activator Alda-1 could be an adjunctive therapy for HS-induced ALI.



Materials and Methods


Cell Culture and Reagents

Human umbilical vein endothelial cells (HUVECs) were obtained from Cell Applications (San Diego, CA, USA) and Taiwan Medical Cell and Bioresource Collection and Research Center (BCRC, Taiwan). Cells at passages 3-5 were used for the experiments with ALDH2-silencing RNA (siALDH2, Santa Cruz, sc-60147) and Alda-1 (Adooq Bioscience, A15805, 20 mM in DMSO as stock solution, 1:1,000 dilution (20μM) for the in vitro experiments). According to previous published literatures and our own experiences (24–26, 38), we believe that DMSO in such concentration would not exert obvious toxic or protective effects on endothelial cells. HUVECs were cultured in M200 medium supplemented with endothelial growth factor (Gibco, Medium 200 and LSGS) and maintained in a humidified atmosphere at 37°C and 5% CO2. The control cells were maintained in an incubator at 37°C. For heat stress induction, cells were subjected to 42°C for 2 h and then at 37°C overnight, as previously described (11, 15).



Immunoblotting

Protein lysates from the cells and lung tissues were subjected to SDS-PAGE followed by electroblotting onto PVDF membranes. The membranes were probed with monoclonal antibodies against ALDH2 (Abcam, ab108306), cytochrome c (Santa Cruz, sc-7159), caspase 3 (CST, #9662), 4-HNE (Abcam, ab46545), p-p38 (CST, #9215), p38 (CST, #9212), p-p65 (CST, #3033), p65 (CST, #3034), NOX1 (GeneTex, GTX103888), NOX4 (GeneTex, GTX121929) and GAPDH (Santa Cruz, sc-32233). Bands were visualized by chemiluminescence detection reagents, and densitometric analysis was conducted with imaging processing software (Multi Gauge, Fujifilm). These data are expressed as the fold changes relative to the controls.



Determination of ALDH2 Activity

ALDH2 activity was measured using an ALDH2 activity assay kit according to the manufacturer’s protocol (Abcam, ab115348, Cambridge, UK). In brief, the activity was estimated by measuring the conversion of oxidized nicotinamide adenine dinucleotide (NAD+) to reduced nicotinamide adenine dinucleotide (NADH) at an absorbance of 450 nm every 5 minutes for 2 hours period in the lung tissues and every 30 minutes for a 6 hours period (39).



Measurement of ROS

ROS measurement was performed according to the manufacturer’s recommendations (OxiSelecte in vitro ROS/reactive nitrogen species (RNS) assay kit, Green Fluorescence; Catalog #STA-347, Cell Biolabs, Inc., San Diego, CA, USA). This in vitro assay measured total ROS/RNS free radical activity. Unknown ROS or RNS samples or standards were added to the wells with a catalyst that helps accelerate the oxidative reaction. Samples were measured fluorometrically against hydrogen peroxide. The free radical content in the samples was determined by comparison with a hydrogen peroxide standard curve. In brief, the cell lysates were stained with 2’,7’-dichlorofluorescein diacetate (DCFH-DA), which is oxidized by ROS to form fluorescent 2’,7’-dichlorofluorescein and were measured at an excitation wavelength of 488 nm and an emission wavelength of 535 nm. In addition, the dihydroethidium (DHE) method was also used to detect superoxide production at an excitation wavelength of 518 nm and an emission wavelength of 606 nm. The samples were loaded onto black 96-well plates and incubated for 30 min at 37°C, and the relative fluorescence units (RFUs) were determined by a fluorescence microplate reader (BMG Labtech, Ortenberg, Germany).



ALDH2*2 Gene-Targeted Knock-In Mice

Knock-in mice on a C57BL/6J background with an inactivating point mutation in ALDH2 (ALDH2*2) were generated by homologous recombination, as previously described (34). There were no significant phenotypic changes in ALDH2*2 KI mice. Homozygous ALDH2*2 KI mice were used for the experiments.



Murine Model of Whole-Body Hyperthermia

C57BL/6J mice and homozygous ALDH2*2 KI mice with a C57BL/6J background were used for the animal experiments. The mice were directly exposed to whole-body heating (WBH) at 42°C for 1 h at 80% relative humidity using a temperature-controlled environmental chamber from room temperature and then returned to room temperature for 6-hour recovery period. Rectal temperature was measured using a copper-constantan thermocouple probe inserted into the rectum and connected to a thermometer. After the 1-h heating period, the mice were returned to their home cages and given food and water ad libitum (40). These mice were treated with either vehicle control (20% DMSO and 20% PEG 400 in 100μl PBS) or Alda-1 [16 mg/kg in 100 μl in PBS with 20% DMSO and 20% PEG 400 (Sigma, 06855)] intraperitoneally 30 minutes prior to WBH as previously described with some modification (34, 41). Previous literatures had showed that there were no obvious toxic or protective effects of this DMSO preparation on animal experiments (34, 42). Mice were considered adequately anesthetized when no attempt to withdraw the limb after pressure was observed. At the end of the study, the mice were euthanized by exsanguination under anesthesia. Bronchioalveolar lavage fluid (BALF) was collected at the end of the experiment by slowly irrigating the right lung with two separate 0.7-ml aliquots of PBS, of which 1.2 ml could be retrieved consistently. To avoid overdistention, the pressure should be kept less than 20 mmH2O. All experimental protocols and procedures were approved by the Institutional Animal Care Committee of the National Defense Medical Center (Taipei, Taiwan) (43).



Assessment of ALI

Lungs were collected after the mice were sacrificed following WBH. The wet weights of the organs were measured, and their dry weights were determined after the tissues were fully dried in an oven at 105°C. The water content was calculated as a percentage according to the following formula: 100×(wet weight-dry weight)/wet weight. One BALF aliquot was used immediately to measure the total cell counts. Erythrocytes were lysed using erythrocyte lysis buffer (Sigma, 1814389001), and the BALF was centrifuged at 400 g for 5 min and the supernatant was discarded. The pelleted cells were resuspended in 1.0 ml of PBS for the total leukocyte count by using a hemocytometer as previously described (44). The protein concentration in the supernatant was determined using bicinchoninic acid (BCA) method (Pierce, Rockford, IL, USA).



Histology and Immunohistochemistry

Lung injury was evaluated by histological analysis as described previously. In brief, lung tissue was fixed in 10% formalin solution for 24 h and stained with hematoxylin and eosin (H&E). Lung injury was scored based on (1) the infiltration or accumulation of neutrophils in the airspace or vessel wall and on (2) the thickness of the alveolar wall. These two observations were scored from 0 (normal) to 5 (most severe injury or greatest thickness, respectively) (45).



Cell Viability

Cell proliferation was analyzed by the MTT assay (Sigma, #11465007001) in accordance with the manufacturer’s protocols. Briefly, 5,000 cells/well were grown in 96-well plates, exposed to heat stress at 42°C for 2 h and recovered at 37°C overnight. Then, the cells were incubated with MTT medium in a 5% CO2 incubator at 37°C. After 4 h, the absorbance was measured at 570 nm using a Clariostar microplate reader (BMG Labtech, Ortenberg, Germany).



Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End-Labeling Assay

Cell apoptosis was evaluated by a TUNEL assay using a fluorescein direct in situ apoptosis detection kit (Millipore, S7110) according to the manufacturer’s recommended protocol. Apoptosis was determined as the percentage of positive cells per 1,000 DAPI-stained nuclei, and the cells were visualized under a fluorescence microscope (Nikon Eclipse 50i) at a magnification of 100×.



Senescence Assay

Cellular aging was assessed with a senescence cell staining kit according to the manufacturer’s instructions (Sigma, CS0030). Cultured HUVECs were fixed and then incubated with fresh X-gal staining solution (1 mg/ml, 5 mmol/l potassium ferrocyanide, 5 mmol/l potassium ferricyanide, and 2 mmol/l MgCl2; pH 6). After the cells were stained, the numbers of blue-stained and total cells were determined, and the percentage of β-galactosidase-positive cells was calculated.



Assessment of Mitochondrial Injury

The mitochondrial membrane potential (ΔΨm) has been used as a parameter of mitochondrial function (46). To assess mitochondrial function in HUVECs after HS, JC-1 (5,5’,6,6’-tetrachloro-1,1’,3,3’- tetraethylbenzimidazolcarbocyanine iodide) staining (BD Biosciences, 551302) was performed and assessed by fluorescence microscopy (Nikon Eclipse 50i) at a magnification of 200×. The images represent the merging of red and green channels. In addition, the fluorescence intensity of the cells was measured by a fluorescence microplate reader (BMG Labtech, Ortenberg, Germany). The data are expressed as the ratio of red fluorescence to green fluorescence intensity.



Serum Levels of Organ Injuries

The serum levels of creatine kinase (CK), aspartate transferase (AST), and blood urea nitrogen (BUN) were measured by a FUJI Dri-chem slide on a FUJIDRI-CHEM 4000i instrument.



Statistical Analysis

All experiments were performed independently at least 3 times, and all continuous variables are presented as the mean ± standard deviation (SD). The F test for equal variance was performed before the differences among groups were analyzed. Comparisons between two groups were analyzed using Student’s t test. For multiple groups, the data were analyzed using one-way ANOVA. For post hoc analysis, the Tukey test was used to correct for multiple comparisons, and the Fisher Least Significant Difference test was used for planned comparisons. Target protein expression measured by immunoblotting was analyzed by densitometry and is expressed as percent changes relative to an internal control or as the phosphorylated protein level relative to the total protein expression. Statistical significance was defined as a P value less than 0.05. Analyses were performed using a statistical software package (SPSS version 16.0 for Windows; SPS, Inc; Chicago, IL, USA) and GraphPad software.




Results


ALDH2*2 KI Mice Are Susceptible to HS-Induced ALI In Vivo

There were no significant differences in body temperature between wild-type (WT) and ALDH2*2 KI mice after WBH (Supplementary Figure 1). Compared to WT mice, ALDH2*2 KI mice were more vulnerable to WBH with increased mortality rates (Figure 1A). ALDH2*2 mice were susceptible to WBH-induced ALI, there was a significant increase in the wet/dry ratio of lung tissue in WBH-induced mice (Figure 1B). WBH significantly induced pathological fluid accumulation and inflammatory cell infiltration in the lung (Figure 1C). Increased inflammatory cells, protein levels and ROS production were observed in the BALF of ALDH2*2 KI mice subjected to WBH compared with WT mice (Figures 1D–F). In lung homogenates, the ROS production was increased in ALDH2*2 KI mice subjected to WBH compared with that in WT mice (Figure 1G). ALDH2 activity was decreased in the livers of ALDH2*2 KI mice compared with WT mice (Figure 1H). WBH significantly induced the accumulation of 4-HNE, NOX1, the phosphorylated-p65:p65 ratio and the phosphorylated-p38:p38 ratio (Figure 1I). There were no significant differences in NOX4 expression between the groups. In addition, there were significantly elevated serum levels of AST, CK and BUN in ALDH2*2 KI mice subjected to WBH compared with WT mice (Supplementary Figure 2). Taken together, these results indicate that ALDH2*2 KI mice are susceptible to WBH-induced ALI.




Figure 1 | Effects of ALDH2 on HS-induced ALI in vivo. C57BL/6J WT and ALDH2*2 KI mice were exposed to WBH (42°C, 80% RH for 1 h) and then analyzed. (A) Survival of mice subjected to WBH (n = 20 in each group). (B) Representative images of the lungs and wet/dry ratio of the lungs (n = 5). (C) H&E stain of the lungs (n = 5). (D) Total cells in the BALF (n = 5). (E) Total protein in the BALF (n = 5). (F) ROS production in the BALF as determined by DHE fluorescence measurement using a fluorescence microplate reader with an excitation wavelength of 518 nm and an emission wavelength of 606 nm (n = 5). (G) ROS production in lung homogenates as determined by DCF fluorescence measurement using a fluorescence microplate reader with an excitation wavelength of 488 nm and an emission wavelength of 535 nm (n = 5). (H) The ALDH2 activity in liver homogenates was measured by NADH production using the O.D. absorbance at 450 nm in a microplate reader (n = 5). (I) The protein and 4-HNE levels in lung homogenates were measured by immunoblotting. Densitometric analysis was conducted with imaging processing software. The data were quantified by normalization to GAPDH; phosphorylated proteins were normalized to total proteins (n = 5). The data are expressed as the mean ± SD. Statistical significance is indicated as *p < 0.05.





Silencing ALDH2 Exacerbates Heat Stress Induced Inflammatory Pathways and Reduced the Viability of HUVECs In Vitro

To further confirm the effect of ALDH2 on heat stress in vitro, silencing ALDH2 was used in HUVECs with or without heat stress. As expected, the protein and activity of ALDH2 were decreased by silencing ALDH2 (Figures 2A, B). There was increased ROS accumulation in HUVECs subjected to 42°C for 2 h (Figures 2C, D). Silencing ALDH2 reduced the viability and exaggerated apoptosis and senescence of HUVECs subjected to heat stress (Figures 2E–G). Consistent with the results of previous studies (5, 47), heat stress induced mitochondrial dysfunction and apoptosis. We found silencing ALDH2 attenuated the level of ΔΨm (Figure 2H) and increased the expression of cytochrome c and cleaved caspase 3 relative to the HS in HUVECs (Figure 2I). Meanwhile, the phosphorylated-p65:p65 ratio, the phosphorylated-p38:p38 ratio, the expression of NOX1 and the toxic 4-HNE were accumulated in the silencing ALDH2 subjected to HS in HUVECs (Figure 2I). NOX4 expression was not significantly different between the group. These results suggest that reduced ALDH2 exacerbates heat stress induced NF-kB inflammatory pathways, ROS production, mitochondrial dysfunction and reduces the viability of HUVECs in vitro.




Figure 2 | Silencing ALDH2 augmented heat stress-induced activation of NF-κB, ROS production and apoptosis in HUVECs in vitro. HUVECs were transfected with ALDH2 siRNA or control siRNA (scramble) before heat stress induction (42°C for 2 h). (A) ALDH2 protein expression was measured by immunoblotting (n = 5). (B) The ALDH2 activity in cell lysate was determined by measuring NADH production based on the O.D. absorbance at 450 nm in a microplate reader (n = 5). (C) Measurement of ROS production based on DCF fluorescence using a fluorescence microplate reader with an excitation wavelength of 488 nm and an emission wavelength of 535 nm (n = 5). (D) Measurement of cellular ROS production based on DHE fluorescence using a fluorescence microplate reader with an excitation wavelength of 518 nm and an emission wavelength of 606 nm (n = 5). (E) The viability of HUVECs was measured by the MTT assay based on the O.D. absorbance at 570 nm in a microplate reader (n = 5). (F) The levels of apoptosis were measured by the TUNEL assay as determined fluorescence microscopy. The percentage of apoptotic cells was determined based on the number of TUNEL-positive cells among the total number of cells (n = 5). (G) The levels of senescence were measured by β-galactosidase activity detection using bright field microscopy (n = 5). (H) Detection of mitochondrial dysfunction by the JC-1 assay, revealing a decrease in the mitochondrial membrane potential (ΔΨm) in live cells as determined by fluorescence microscopy and fluorescence microplate reader. The ΔΨm level is expressed as the merge of the red and green channels, and the data were quantified as the ratio of red fluorescence intensity to the green fluorescence intensity (n = 5). (I) The protein and 4-HNE levels in lung homogenates were measured by immunoblotting. Densitometric analysis was conducted with imaging processing software. The data were quantified by normalization to GAPDH; phosphorylated proteins were normalized to total proteins (n = 5). The data are expressed as the mean ± SD. Statistical significance is indicated as *p < 0.05.





Alda-1 Attenuates Heat Stress-Induced Activation of Inflammatory Pathways and Preserved Viability in HUVECs In Vitro

To understand the effect of ALDH2 activation on HS, Alda-1 was pretreated in HS induced HUVECs. Consistent with previous studies (29, 31, 48), Alda-1 (20μM) significantly augmented ALDH2 activity (Figure 3A) and reduced heat stress-induced ROS accumulation (Figures 3B, C). Alda-1 ameliorated the heat stress-induced cell death (Figure 3D) and reduced heat stress-induced apoptosis (Figure 3E) and senescence (Figure 3F) in HUVECs. Alda-1 reversed the heat stress-reduced ΔΨm (Figure 3G). Alda-1 attenuated the heat stress-induced phosphorylated-p65:p65 ratio, phosphorylated-p38:p38 ratio, cytochrome c, cleaved caspase 3, NOX1 and 4-HNE accumulation (Figure 3H). There were no significant differences regarding NOX4 expression. These results suggest that activation of ALDH2 by Alda-1 reduces heat stress induced mitochondrial dysfunction and ROS accumulation of HUVECs in vitro.




Figure 3 | Effects of Alda-1 on HS-induced vascular inflammation, ROS and apoptosis in vitro. Alda-1 (20 μM) was added to HUVECs for 6 h before HS (42°C for 2 h). (A) The ALDH2 activity in cell lysate was determined by measuring NADH production based on the O.D. absorbance at 450 nm in a microplate reader (n = 5). (B) Measurement of ROS production based on DCF fluorescence as determined by using a fluorescence microplate reader with an excitation wavelength of 488 nm and an emission wavelength of 535 nm (n = 5). (C) Measurement of cellular ROS production based on DHE fluorescence as determined using a fluorescence microplate reader with an excitation wavelength of 518 nm and an emission wavelength of 606 nm (n = 5). (D) The viability of HUVECs was measured by the MTT assay based on the O.D. absorbance at 570 nm in a microplate reader (n = 5). (E) The levels of apoptosis were measured by the TUNEL assay as determined by fluorescence microscopy. The percentage of apoptotic cells was determined based on the number of TUNEL-positive cells among the total number of cells. (F) The levels of senescence were measured by β-galactosidase activity detection using bright field microscopy (n = 5). (G) Detection of mitochondrial dysfunction by the JC-1 assay, revealing that the mitochondrial membrane potential (ΔΨm) was decreased in live cells as determined by fluorescence microscopy and a fluorescence microplate reader. The ΔΨm level is expressed as the merge of the red and green channels, and the data were quantified as the ratio of red fluorescence intensity to green fluorescence intensity (n = 5). (H) The protein and 4-HNE levels in lung homogenates were measured by immunoblotting. Densitometric analysis was conducted with imaging processing software. The data were quantified by normalization to GAPDH; phosphorylated proteins were normalized to total proteins (n = 5). The data are expressed as the mean ± SD. Statistical significance is indicated as *p < 0.05.





Alda-1 Ameliorates WBH-Induced ALI In Vivo

We then tested the protective effects of Alda-1 on WBH-induced ALI in vivo. Pretreatment with Alda-1 significantly increased HS-related survival rates by 25% (Figure 4A). Alda-1 ameliorated WBH-induced ALI, there was a significant decrease in wet/dry ratio of lung tissue in mice that received WBH exposure with Alda-1 pretreatment (Figure 4B). In addition, Alda-1 significantly reduced pathological fluid accumulation and inflammatory cell infiltration in the lung (Figure 4C). There were decreased inflammatory cell protein levels and ROS production in the BALF of Alda-1-pretreated mice subjected to WBH (Figures 4D–F). In lung homogenates, mice subjected to WBH increased ROS accumulation by 2.8-fold relative to the control, whereas pretreatment with Alda-1 reduced the level by 2.9-fold (Figure 4G). As expected, Alda-1-treated mice had significantly elevated ALDH2 activity (Figure 4H) in liver homogenates. Alda-1 significantly decreased the WBH-induced accumulation of 4-HNE, NOX1 expression, the phosphorylated-p65:p65 ratio, the phosphorylated-p38:p38 ratio, cytochrome c expression and cleaved caspase 3 expression (Figure 4I). NOX4 expression was not significantly different between the groups. Alda-1 attenuated HS-induced elevations in serum levels of AST, CK, and BUN (Supplementary Figure 2). These results suggest that pretreatment with Alda-1 ameliorates WBH-induced ALI in vivo through reduced activation of NF-kB and apoptotic pathways and ROS accumulation.




Figure 4 | Alda-1 attenuates HS-induced ALI in vivo. Alda-1-pretreated C57BL/6J mice were exposed to WBH (42°C, 80% RH for 1 h) and then analyzed. (A) Survival of mice subjected to WBH (n = 20 in each group). (B) Representative images of the lungs and wet/dry ratio of the lungs (n = 5). (C) H&E stain of the lungs (n = 5). (D) Total cells in the BALF (n = 5). (E) Total protein in the BALF (n = 5). (F) Measurement of ROS production in BALF based on DHE fluorescence as determined using a fluorescence microplate reader with an excitation wavelength of 518 nm and an emission wavelength of 606 nm (n = 5). (G) Measurement of ROS production in lung homogenates based on DCF fluorescence as determined using a fluorescence microplate reader with an excitation wavelength of 488 nm and an emission wavelength of 535 nm (n = 5). (H) The ALDH2 activity in lung homogenates was measured by NADH production based on the O.D. absorbance at 450 nm in a microplate reader (n = 5). (I) The protein and 4-HNE levels in lung homogenates were measured by immunoblotting. Densitometric analysis was conducted with imaging processing software. The data were quantified by normalization to GAPDH; phosphorylated proteins were normalized to total proteins (n = 5). The data are expressed as the mean ± SD. Statistical significance is indicated as *p < 0.05.






Discussion

In this study, we demonstrated the protective role of ALDH2 in HS-induced ALI. Alda-1 attenuated HS-induced ALI by reducing the accumulation of ROS and toxic aldehydes and alleviating vascular inflammation and endothelial dysfunction. A schematic is shown in Figure 5.




Figure 5 | Schematic of the role of ALDH2 in HS.



In this study, we highlight 4-HNE and ROS production as a vicious cycle in heatstroke-induced ALI and the roles of ALDH2 in breaking the vicious cycle. Activation of NF-κB-induced NOXs activation and ROS production (34, 49, 50). Previous studies indicated that 4-HNE increased the production of ROS through NOX and 5-lipoxygenase (5-LO) (51). 5-LO expression induced by HNE is regulated by activation of the p38 MAPK and NF-κB pathways in macrophages (52). The activation of 5-LO by HNE enhanced the CD36 expression and MMP-2 production and led to macrophage foam cell formation and atherosclerotic plaque instability (53, 54). Nicotinamide adenine dinucleotide phosphate oxidases (NOX) are transmembrane enzymes that catalyze the generation of superoxide anions through the transfer of electrons from NADPH to molecular oxygen and NOXs-derived ROS induce endothelial dysfunction (55). NOX1 is a major source of ROS that induces p38 and NF-kB activation and 4-HNE expression, thereby causing inflammation and oxidative stress (56, 57). In addition, NF-kB and p38 activation upregulate NOX-1 overexpression in ECs (38, 58). NOX-derived ROS causes a decrease in the ΔΨm, resulting in an increase in mitochondrial-derived ROS, whereas mitochondrial ROS production cause a secondary activation of NOXs (59). NOX-derived ROS are mediators of endogenous biological changes under HS (60), consistently, we also found that acute HS induces NOX1 overexpression but not NOX4. Using mice carrying the human ALDH2*2 dysfunctional polymorphism, we demonstrated that this ALDH2*2 variant conferred susceptibility to HS, as evidenced by increased ROS and 4-HNE accumulation, vascular inflammation and endothelial dysfunction. Previous studies have shown increased inflammatory markers in patients with HS and in animal models of HS. HS resembles sepsis in several aspects, and increasing evidence suggests that endotoxemia and cytokines may be implicated in HS pathogenesis (16). HS significantly elevates the levels of cytokines in BALF and activates the NF-κB signaling pathway in lung tissue (61). HS induces p38 activation and inflammatory signaling, apoptosis and pyroptosis in vascular cells (14, 15, 17, 62). Consistent with previous studies, we also found that mice subjected to HS had increased accumulation of ROS and 4-HNE (18). ALDH2*2 variants are associated with the increased incidence of several neurodegenerative, cardiovascular and endocrinological diseases as well as lung and alimentary tract cancers (62). The accumulation of 4-HNE has been implicated in the pathogenesis of numerous oxidative stress-related diseases and in the development and progression of CVDs (63–65). The rs671 polymorphism in ALDH2 promotes macrophage foam cell formation and vascular inflammation in atherosclerosis (65, 66). Patients with ALDH2 deficiency have higher postoperative oxidative stress levels and are susceptible to cisplatin-induced cytotoxicity via the overproduction of ROS (67, 68). Genetic ALDH2-deficient mice are prone to ethanol-induced liver inflammation and fibrosis by paracrine activation of IL-6 in Kupffer cells (69). Consistent with previous studies, we also found that decreased ALDH2 activity resulted in enhanced phosphorylation of p65 and p38 and apoptosis in ECs (40, 70, 71).

The primary treatment for HS is the alleviation of hyperthermia. Adjunctive therapies for organ injury are still limited (3). We provided a rationale for the use of an ALDH2 activator as an adjunctive HS treatment in this study. ALDH2 was shown to protect against oxidative stress and the subsequent accumulation of toxic aldehydes and adducts in IRI (24). ALDH2 protects against heat shock and is involved in the pathogenesis of sepsis (72). ALDH2 overexpression prevented acetaldehyde-induced cell injury and decreased apoptosis in ECs and oxidative stress-induced endothelial dysfunction (73–75). Alda-1 binds to ALDH2 and restores ALDH activity by acting as a structural chaperone (29). Previous studies demonstrated decreased ALDH2 expression due to increased ALDH2 protein turnover in both humans with the ALDH2*2 variant and in ALDH2*2 KI mice (76, 77). Aldehydes and 4-HNE also inactivate ALDH2 itself and the mitochondrial electron transport chain (64). Alda-1 restored the high-glucose-induced decrease in ALDH2 protein expression and activity in rat cardiomyocytes (78). Consistently, we also found that Alda-1 increased ALDH2 activities and protein expression under heat stress. Nonetheless, Alda-1 increased the ALDH2 activity but not its protein expression in the control cells. We speculated that Alda-1 stabilizes heat stress-induced ALDH2 degradation by acting as a chemical chaperone (29). ALDH2 protects against angiotensin II-induced ROS generation and prevents ROS-induced vessel contraction (28). Pretreatment with Alda-1 upregulated ALDH2 activity and reduced 4-HNE and MDA accumulation in various models of intestinal IRI (32). Accelerated aldehyde degradation by Alda-1 also decreased bile duct ligation-induced liver necrosis, inflammation and fibrosis (33). Alda-1 attenuated 4-HNE-induced vascular smooth muscle cell proliferation and migration by regulating NF-κB activation, ameliorated vascular remodeling in a mouse model of pulmonary hypertension and inhibited atherosclerosis and fatty liver in hyperlipidemic mice (30, 31). Alda-1 inhibits oxidized low-density lipoprotein-induced priming and activation of the NLRP3 inflammasome by reducing oxidative stress in macrophages (79). Alda-1 attenuated high-glucose-induced mitochondrial injury in H9c2 cells (80). In this study, we found that Alda-1 attenuated HS-induced accumulation of 4-HNE and ROS and further prevented HS-induced ALI. Our previous study also demonstrated that Alda-1 attenuated AngII-induced abdominal aortic aneurysm (AAA) in ApoE-KO mice (34).

Increased immune cells in BALF could be due to endothelial activation/dysfunction and recruitment of inflammatory cells. Consistent with previous studies (14, 17), We have found that there were increased total cells in the BALF in mice subjected to HS. A recent study regarding hyperoxia induced ALI also revealed that pretreatment with Alda-1 reduced hyperoxia induced immune cell infiltration, alveolar damage and lung inflammation and preserved alveolar permeability through the activation of Akt and mTOR pathways (35). Here we demonstrated that pretreatment with Alda-1 prevented HS-induced ALI by reducing ROS production, toxic aldehydes and mitochondrial injury and preserving the viability of ECs.

Through HS clearly induces endothelial barrier dysfunction and hyperpermeability (13–17), the potential role of hydrostatic lung edema formation in HS induced ALI models are otherwise limited. Accumulated ROS also induced lung edema formation through downregulation of alveolar epithelial Na/K-ATPase activity with impaired alveolar fluid reabsorption (81).


Limitations

We are aware that the development of HS could be multifactorial in nature, including other cell types, mediators and pathways. Infiltrated immune cells in BALF could be determined to further elucidate the roles of ALDH2 on HS. The roles of ALDH2 in other inflammatory cells as well HS-induced changes in pulmonary hemodynamics, lung endothelial permeability and the alveolar fluid resorption should be further investigated. Heat shock response systems, including the heat shock factor-1 (HSF-1) and heat shock protein (HSP) stress systems, provide protection against thermal insult by regulating the transcription of several HSPs and promoting chaperone activities to alleviate proteotoxic stresses in eukaryotic cells. The interplay among HSF-1, HSPs and ALDH2 should be further explored. HSF-1 can upregulate the expression of ALDH2 via protein kinase C (82). 4-HNE targets and impairs the function of HSP70 and the endoplasmic reticulum homolog of HSP70, glucose-regulated protein 78 (83, 84).




Conclusion

We demonstrated the crucial role of ALDH2 in protecting against heat stress-induced ROS production and vascular inflammation and preserving the viability of ECs. ALDH2 activation by Alda-1 attenuated WBH-induced ALI in vivo.
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Supplementary Figure 1 | The core temperature of the experimental animals. Body temperature changes in WT and ALDH2*2 KI mice subjected to WBH.


Supplementary Figure 2 | The serum levels of AST, CK, and BUN in experimental animals. ALDH2*2 KI mice and their littermates (A) and Alda-1-treated mice (B) subjected to WBH. The data are expressed as the mean ± SD. Statistical significance is indicated as *p < 0.05.


Supplementary Figure 3 | Alda-1 increased the ALDH2 activity but not its expression in HUVECs. (A) ALDH2 protein expression was measured by immunoblotting (n = 5). (B) ALDH2 activity was measured by NADH production as determined by the O.D. absorbance at 450 nm in a microplate reader (n = 5). The data are expressed as the mean ± SD. Statistical significance is indicated as *p < 0.05.
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Both the initiation and the resolution of inflammatory responses are governed by the sequential activation, migration, and control/suppression of immune cells at the site of injury. Bioactive lipids play a major role in the fine-tuning of this dynamic process in a timely manner. During inflammation and its resolution, polymorphonuclear cells (PMNs) and macrophages switch from producing pro-inflammatory prostaglandins and leukotrienes to specialized pro-resolving lipid mediators (SPMs), namely, lipoxins, resolvins, protectins, and maresins, which are operative at the local level to limit further inflammation and tissue injury and restore homeostasis. Accumulating evidences expand now the role and actions of these lipid mediators from innate to adaptive immunity. In particular, SPMs have been shown to contribute to the control of chronic inflammation, and alterations in their production and/or function have been associated with the persistence of several pathological conditions, including autoimmunity, in human and experimental models. In this review, we focus on the impact of pro-resolving lipids on T cells through their ability to modulate T-cell responses. In particular, the effects of the different families of SPMs to restrain effector T-cell functions while promoting regulatory T cells will be reviewed, along with the underlying mechanisms. Furthermore, the emerging concept of SPMs as new biological markers for disease diagnostic and progression and as putative therapeutic tools to regulate the development and magnitude of inflammatory and autoimmune diseases is discussed.
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Introduction

The natural resolution of inflammation is a tightly controlled dynamic process that engages several molecular and cellular mediators to prevent excessive and/or chronic immune responses and tissue damage that may compromise organ function. Indeed, a dysregulation of this process has been incriminated in many inflammatory disorders (1–5). While the mechanisms regulating the onset of inflammation have been well characterized for almost a century and are mainly carried out by innate immune cells, which release pro-inflammatory lipids (i.e., eicosanoids: prostaglandins, leukotrienes, and thromboxanes) and cytokines/chemokines, the first endogenous mechanisms that terminate the inflammatory response have been identified exactly 20 years ago and now comprise over 25 lipid mediators derived from polyunsaturated fatty acids (PUFAs) and collectively termed specialized pro-resolving mediators (SPMs). The biosynthesis of all SPMs identified to date is initiated by the enzymatic addition of oxygen to four dietary PUFAs, namely, ω-6 arachidonic acid (AA), ω-3 eicosapentaenoic acid (EPA), ω-3 docosahexaenoic acid (DHA), and ω-3 docosapentaenoic acid (DPA), by means of the stereoselective and concerted action of the very same enzymes used for eicosanoid production, namely, the lipoxygenase (LOX) isozymes, the cyclooxygenase-2 (COX-2), and, to a minor extent, the cytochrome P450 (6).

SPMs include distinct families of bioactive lipids: AA-derived lipoxins (LXA4 and LXB4), EPA-derived E-series resolvins (RvE1-RvE4), DHA-derived D-series resolvins (RvD1-RvD6), protectins (PD1 and PDX), and maresins (MaR1-MaR2), together with their respective sulfide-conjugates in tissue regeneration (RCTR1-3, PCTR1-3, and MCTR1-3), DPA-derived 13-series resolvins (RvT1-RvT4), and RvDn-3DPA (Figure 1). These lipid mediators, identified between 2001 and 2021 in the laboratory of Prof. Serhan in many tissues during acute inflammation (inflammatory exudates, plasma, brain, lymph nodes, etc.), are mostly produced locally by professional phagocytes [tissue-resident macrophages, recruited monocytes, immature dendritic cells (DCs)] and also by vascular endothelial cells and fibroblasts, to some extent. They act as “immunoresolvents,” i.e., immune-pharmacological agents of resolution (distinct from immunosuppressive agents), and induce (i) cessation of leukocyte infiltration and stimulation of nonphlogistic recruitment of mononuclear cells, (ii) macrophage-mediated phagocytosis of apoptotic polymorphonuclear cells (efferocytosis) and cellular debris, (iii) killing and clearance of pathogens, (iv) production of anti-inflammatory mediators while inhibiting secretion of pro-inflammatory cytokines and reactive oxygen species, (v) shortening time of resolution and activation of endogenous resolution programs, and (vi) promotion of tissue regeneration and healing (5–7).




Figure 1 | SPM biosynthesis. Chemical structures of AA, EPA, and DHA and outline of the individual families of the main pro-inflammatory eicosanoids and SPMs biosynthesized from these PUFAs. AA, arachidonic acid; COX, cyclooxygenase; LOX, lipoxygenase; Cyt, cytochrome; PGs, prostaglandins; LTs, leukotrienes; TXs, thromboxanes; EETs, epoxy eicosatrienoic acids; HETEs, hydroxy eicosatetraenoic acids; Rv, resolvin; PD, protectin; MaR, maresin; PCTR, protectin conjugates in tissue regeneration; RCTR, resolvin conjugates in tissue regeneration; MCTR, maresin conjugates in tissue regeneration.



SPMs trigger their pro-resolving signals via specific transmembrane G protein-coupled receptors (GPCRs) that display a variable level of redundancy and include FPR2 (or ALX), GPR32 (or DRV1), GPR18 (or DRV2), ChemR23 (or ERV), BLT1 (or LTB4R/GPR16), LGR6, GPR37, RORα, and GPR101 (8, 9). Of note, each SPM can act by activating different receptors, and each receptor is often engaged by several SPMs, which can also compete with pro-inflammatory lipids for binding. For instance, leukotriene B4 (LTB4) and RvE1/E2 are both ligands for BLT1 but exert opposite effects by respectively acting as an agonist (i.e., favoring neutrophil survival) or an antagonist (promoting neutrophils apoptosis) (10, 11).

The role of SPMs has been extensively explored in the context of inflammation-resolution operated by innate immune cells (mainly neutrophils and monocytes/macrophages) to resolve acute inflammatory diseases and infections (12, 13). However, accumulating evidence now pleads for an additional direct action of SPMs on the adaptive immune system and highlights their capacity to prevent the transition into chronic inflammation (5, 14, 15). Indeed, T lymphocytes express SPM receptors and are sensitive to omega-3- and omega-6-derived bioactive lipids, which, in the local microenvironment, can exert pro- or anti-inflammatory actions and thus influence T-cell fate and functions. More generally, it becomes increasingly clear that the mechanisms controlling T-cell responses and resolution of inflammation are tightly linked.

In this review, we will present in both human and mouse the evidence highlighting the role of SPMs, in comparison to their pro-inflammatory lipid counterparts, in the regulation of T-cell responses and T-cell-mediated immunity and autoimmunity. We will also discuss their putative usage as biomarkers of disease development or progression as well as therapeutic agents to restore tissue and immune homeostasis through their direct and/or indirect targeting of T cells.



Pro-inflammatory Lipid Mediators and T Cells

The first evidence for a role and action of bioactive lipids on T cells has been documented in the early 2000s by studies uncovering the capacity of pro-inflammatory leukotrienes (LTs), especially of LTB4, to mediate effector T-cell (Teff) recruitment to inflammatory sites. Indeed, activated CD4+ and CD8+ Teff express the LTB4 high affinity receptor BLT1 but not naïve T cells (16, 17). LTB4 chemoattractant property was demonstrated in experimental models of peritonitis (16), asthma (18), transplantation (19), airway hyperresponsiveness (20, 21), and oxazolone (OXA)-induced contact dermatitis (22). T-cell trafficking into peripheral tissues was impaired in BTL1-deficient mice or in mice treated with a BLT1 antagonist, leading to the reduction of inflammation, graft rejection (19), and airway responsiveness (21). Adoptive transfer models using BLT1+/+ versus BLT1-/- CD8+ T cells further strengthened the key role of the LTB4-BLT1 pathway in the migration of Teff to inflamed tissues or tumoral niches and the development of immune responses (16, 20, 21, 23). In vitro studies on mouse and human T cells confirmed the capacity of LTB4 to promote effector function by increasing Th1 (IFN-γ), Th2 (IL-4), and Th17 (IL-17) cell migration and responses while decreasing Foxp3+ regulatory T cells (Tregs) in polarization assays (17, 24, 25). LTB4 was also shown to induce the differentiation of T follicular helper (Tfh) cells from naïve T cells, which activate naïve B cells to form germinal centers (26).

Prostaglandins (PGs) also affect T-cell responses through binding to the E-prostanoid receptors (EP)1-4 (27). Notably, PGE2 boosts and expands Th1 and Th17 cells, which express EP2 and EP4, while inhibiting Th2 cells (28). T cells deficient for EP4 are insensitive to PGE2 and downregulate IL-12 and IFN-γ receptor expression, reducing their in vivo pathogenicity (28). Similarly, administration of EP antagonists impaired the development of experimental arthritis, psoriasis, and multiple sclerosis through the inhibition of Th1 and Th17 responses (29–31). These pro-inflammatory effects are in line with the capacity of PGE2 to dampen the differentiation of type 1 regulatory T cells (Tr1) (32) and Foxp3+ Tregs (33), although some contradictory results were reported (34). Overall, both LTs and PGs, being central in the perpetuation of inflammatory signals that are at the basis of the transition from acute to chronic inflammation, act as “cytokine amplifiers” by stimulating almost all Teff subsets (Figure 2).




Figure 2 | SPMs and T-cell responses. SPMs and pro-inflammatory lipids promote or inhibit, in opposite ways, T-cell differentiation (from Th0 precursors to Tregs, Th1, Th2, Th17). Th2 and Treg cells are also able to biosynthesize few SPMs, such as 17R-RvD3, RvD4, MaRn-3DPA, and PD1, respectively.





Immunomodulatory Role of SPMs on Pathogenic T Cells

T-cell activation and differentiation into T helper (i.e., Th1, Th2, Th17, Th22 cells) or cytotoxic subsets is instrumental to fight pathogens. They must, however, be controlled and limited in space and time to avoid T-cell hyperactivation, a hallmark of chronic inflammation and autoimmunity. Accordingly, an increasing number of recent studies in mice and humans now document the capacity of several families of SPMs to inhibit pathogenic T cells (Figure 2), thereby contributing to the resolution of inflammation.

Initial studies on the effect of SPMs on T cells came from lipoxins, whereby LXA4 and LXB4 inhibited ERK-dependent TNF-α secretion from peripheral T cells stimulated with anti-CD3 antibody (35). These effects were mediated by the LXA4 receptor FPR2/ALX, expressed at a higher level on activated CD25+ and memory CD45RO+CD4+ T cells, with respect to their CD25- and naïve CD45RA+CD4+ counterparts (35, 36). Accordingly, treatment with LXA4 inhibited Th1 and Th17 activation, as observed in vivo in the cervical draining lymph nodes of mice with dry eye disease (37), and in vitro using peripheral blood from healthy donors (38). LXA4 was also reported to differentiate naïve CD4+ T cells from tonsils and peripheral blood into Tfh cells in an FPR2-dependent manner (26).

The evidence that the other SPM families were capable of modulating T-cell responses was first unveiled through indirect studies showing reduced T-cell migration into target organs and decreased production of inflammatory cytokines after SPM in vivo administration in various experimental models of inflammation (detailed in the last section and Table 1). The capacity of SPMs to directly impact T-cell response was demonstrated by Chiurchiù and colleagues, who extended these observations to RvD1, RvD2, MaR1, and aspirin-triggered RvD3. Indeed, these SPMs were able to reduce the pro-inflammatory activity of both human CD4+ and CD8+ T cells upon stimulation of their T-cell receptor, to inhibit cytokine production by circulating Th1 and Th17 cells, and to prevent Th1 and Th17 commitment of naïve CD4+ T cells, without, however, impacting T-cell viability and proliferative capacity (52). These findings were also supported by the in vivo evidence that mice deficient for elongase 2, the key enzyme involved in the biosynthesis of DHA, the precursor of D-resolvins, protectins, and maresins, showed increased percentages of Th1 and Th17 cells, which were reduced upon dietary supplementation with DHA or in vivo treatment with RvD1 (52). Of note, the capacity of SPMs to prevent Th17 polarization was also observed in patients with inflammatory diseases such as rheumatoid arthritis or systemic lupus erythematosus (59, 63). Interestingly, RvD1, RvD2, and MaR1 were not capable to modulate IL-4 production and Th2-cell development in vitro (which may, however, not reflect in vivo processes) (52). These results are in line with studies reporting that, in Th2-driven pathologies and mouse models, DHA-derived SPMs like RvD1 and PD1 do not affect IL-4 release and might ameliorate clinical outcome by acting on different cellular targets (64, 65).


Table 1 | In vivo treatment with SPMs and impact on T-cell subsets and functions.



In contrast, RvE1, which is derived from EPA, was reported to promote resolution of asthmatic airway inflammation and atopic dermatitis by reducing Th2 cytokines; however, evidence of a direct T-cell targeting is missing (66–68). Although data supporting the suppressive effect of RvE1 on Th1, Th2, and Th17 cells are mostly indirect, obtained either upon in vivo administration or in vitro stimulation of dendritic cells (39, 40, 42, 66–71), a very recent study showed that this bioactive lipid can directly impact Th17 development by inhibiting their IL-6 and TGF-β-induced polarization (72). The effect of SPMs on other T helper subsets like Th22 and Th9, either direct or indirect, is still unknown.

SPM-mediated modulation of T-cell fate and function is associated with the expression of several SPM receptors, including ALX/FPR2, GPR32, GPR18, BLT1, and ChemR23, with higher levels reported on activated and effector cells (albeit at significantly lower levels compared to innate immune cells), indicating that activated T cells are more responsive to SPMs in general (35, 36, 52). However, clear data on their expression and signaling pathway in the different T-cell subsets remain currently very limited and deserve further investigations. Accordingly, human Th1 express higher mRNA levels of ALX/FPR2 and also higher protein levels of GPR32 compared to Th0 (52), while Th17 express higher protein levels of both GPR32 and ChemR23 (52, 72). These receptors account for the reported effects of RvD1 and RvE1 in reducing Th1 and Th17 responses. The role of the other SPM-binding receptors in mediating the effects of RvD2, PD1, and MaR1 remains to be explored. This may be related to their more recent discovery, such as GPR37 that was identified as the PD1 receptor in 2018 and investigated only in macrophages (73) or LGR6, the surface receptor for MaR1, identified in 2019 and mainly expressed in neutrophils and macrophages, with little expression on total CD3+ T cells (74). Thus, additional thorough studies are necessary at the systemic and tissue levels to better decipher the expression profile and activity of SPM receptors on T cells, which may account for their activation, migration, and control.

Lastly, while it is now well documented that T cells can respond to several SPMs, little information is known about their capacity to produce pro-resolving lipids. As yet, only one study reported that human Th2-polarized peripheral blood mononuclear cells (PBMCs) with IL-4, but not IL-12/IFNγ-polarized Th1 cells, produced PD1 in a 15-LOX-dependent manner (55). However, due to likely cellular contaminants in the experimental setting using total PBMC and not highly purified naïve CD4 T cells, the possibility that other IL-4-responding cell types (i.e., monocytes and dendritic cells) were the source of PD1 cannot be ruled out.



Impact of SPMs on Regulatory T Cells

Among all T-cell subsets, Tregs are arguably the one that fits the most with the concept of resolution of inflammation due to their crucial role in maintaining immune equilibrium and homeostasis (75). They not only play a vital role in the prevention of autoimmunity and the maintenance of self-tolerance but have also been shown to promote macrophage pro-resolving functions, i.e., efferocytosis through an IL-13/IL-10/Vav1 pathway, expression of SPM receptors, and SPM production in target tissues (76, 77). Of note, recent studies suggest that the abundance and function of Tregs change during inflammation and that the pool of peripheral Tregs is diverse and can derive from other pathogenic T helper cells; for instance, Th17 can transdifferentiate into Tregs during the resolution of inflammation (78).

Despite the key role of Tregs in regulating immune and tissue homeostasis, the experimental evidence reporting the impact of SPMs on these tolerogenic T cells dates back only to 2015, first with the in vitro demonstration of the direct effect of MaR1 in amplifying the TGF-β-induced de novo generation of Foxp3+ Tregs (iTregs) (58), and second with the in vivo observation of an increased frequency of Foxp3-expressing T cells after LXA4 treatment (37). These findings were extended to RvD1, RvD2, and MaR1 in the human setting, with iTregs showing increased CTLA-4 expression, IL-10 release, and suppressive capacity (52). However, although mice genetically unable to produce SPMs (Elovl2-/- mice) displayed decreased proportion of Foxp3+ Tregs, none of the tested SPMs was capable, per se, to induce Foxp3 expression and convert naïve CD4+ T cells into Tregs without the required TGF-β-enriched polarizing milieu (52).

The positive impact of SPMs on Foxp3+ Tregs was further corroborated in vivo upon administration of SPMs (mainly RvD1, LXA4, and MaR1) in several experimental models of chronic inflammatory or neurodegenerative diseases, although the enhanced Treg proportion observed in these contexts may be due to both direct and indirect effect on T cells (50, 51, 59, 63, 79) (Table 1). Of note, a majority of these studies also reported an improved Treg/Th17-Th1 balance in the target tissue or draining lymph nodes, associated with SPM therapeutic efficacy. Concerning PD1, its in vivo administration has recently been associated with increased frequency of IL-10-producing CD4+ T cells in the colon, suggesting an impact on Tr1 cells (80). Yet, no evidence has been reported for a role of this DHA-derived SPM on Foxp3+ Tregs.

Only two studies have examined which receptor might be involved in mediating the SPM-induced Treg generation. Both studies focused on RvD1 and, by using neutralizing antibodies, they demonstrated that GPR32 was responsible for the Foxp3+ Treg differentiation in humans (52), while ALX/FPR2 was at play in mice (51).

Interestingly, a recent work reported that human and mouse Foxp3+ Tregs express the 5/12/15-lipoxygenases and are able to biosynthetize several SPMs from all four major bioactive metabolomes, but only 17R-RvD3, RvD4, and MaRn-3DPA were significantly produced at a higher amount compared to naïve CD4+ T cells (81). Genetic ablation of ALOX15 in Tregs decreased Foxp3 expression and altered their transcriptional and metabolic programs, resulting in impaired suppressive function and increased effector pathways. Also, Foxp3 binding elements were identified in the ALOX15 promoter region, allowing a direct positive regulation of ALOX15 expression by Foxp3 (81).

Collectively, these findings demonstrate that SPMs can target different T-cell subsets to modulate their development and functions, and emphasize the pro-resolving and homeostatic actions of SPMs (Figure 2). They also pinpoint that mechanisms driving immune regulation and resolution of inflammation are complementary and interconnected, which supports the potential of new therapeutic opportunities. Additionally, SPMs may be produced not only by innate immune cells but also by T cells, possibly exerting autocrine and paracrine anti-inflammatory actions, ultimately contributing to immune regulation.



Defective Pro-resolving Pathways Associated With Pathogenic T-Cell Responses

Chronic diseases are characterized by excessive inflammation and impairment of natural resolution mechanisms. Bioactive lipids are implicated in the pathologic processes, with an unbalanced production of inflammatory over pro-resolving lipids, driving the aberrant recruitment and activation of immune cells, including effector T lymphocytes, leading to tissue damage and ultimately disease symptoms (5). Pathogenic T-cell responses have been associated with defective resolution pathways and disease progression. However, so far, few studies have investigated and demonstrated a direct link between a deficient SPM pathway and exacerbated T-cell reactivity.

In experimental models of autoimmune dry eye disease or autoimmune neuritis (mimicking human inflammatory demyelinating polyradiculoneuropathy), reduced RvD1 or LXA4 amounts correlated with decreased proportion of Foxp3+ Tregs in the inflamed tissues, respectively (37, 50). In humans, the BLT1 receptor was found upregulated on T cells isolated from the airways of patients presenting obliterative bronchiolitis after lung transplantation (19), or from the blood of asthmatic patients (82). These data suggest an increased T-cell sensitivity to pro-inflammatory LTB4 and a critical role of BLT1 in T-cell recruitment into target organs as evidenced in animal models. Conversely, T cells from patients with chronic heart failure expressed reduced levels of GPR32 as compared to healthy subjects, correlating with an impaired responsiveness of CD4+ and CD8+ T cells to RvD1 and RvD2 (assessed by the inhibition of inflammatory cytokine production) (83). In the context of multiple sclerosis (MS), ALX/FPR2, GPR32, GPR18, and ChemR23 were differentially expressed on PBMCs according to disease activity, with decreased mRNA levels in patients with progressive MS as compared to patients presenting relapsing or remitting MS (84). Of note, while BLT1 showed similar expression in all donor groups, these SPM receptors were globally upregulated in relapsing or remitting MS compared to healthy donors, which may reflect the engagement of resolution mechanisms in immune cells, including T cells, in response to inflammation and autoimmunity. Lastly, a recent study showed that LXA4 modulated in vitro activation, TNF-α, IFN-γ, IL-17 production, and transendothelial migration capacity of CD4+ and CD8+ T cells from both healthy donors and patients with relapsing–remitting MS (38). However, we have to keep in mind that these analyses were performed on circulating T cells, not on tissue-infiltrating T cells, which may exhibit distinct functional characteristics and behavior influenced by the local inflammatory/resolving lipid balance.

Of interest, in the last years, lipidomic analysis of plasma or serum recovered from patients with chronic inflammatory disorders implicating pathogenic T-cell responses constantly showed decreased SPM concentrations at the time of active disease, compared with healthy and/or inactive disease status. This was reported for MaR1 and PD1 in rheumatoid arthritis (RA) (59, 85) and for RvD1 in SLE, MS, and chronic heart failure (63, 83, 84). Lower levels of RvD3, RvD4, and RvE3 were also observed in a small cohort of stage III RA patients, with concomitant increase in inflammatory TBX2 (86). In some instances, SPM abundance negatively correlated with disease severity (63, 84, 85). Similarly, patients with leprosy and acute Th1-mediated inflammatory episodes showed reduced plasma levels of RvD1 as compared to patients without Th1 hyperreactivity (87). In most cases, opposite patterns were observed for arachidonic acid-derived inflammatory lipids (LTB4, PGs), which were found in higher abundance at the time of progressive disease.

However, available information is overall limited, and caution should be brought on the interpretation of these results. Indeed, depending on the clinical context, higher levels of plasmatic SPMs can be detected in patients presenting inactive/controlled inflammatory and autoimmune pathologies as compared to healthy individuals, which may reflect perturbed resolution processes related to an attempt to counteract inflammation. In addition, systemic levels of bioactive lipids may not coincide with tissue abundance, and a decrease in the SPM level could result from higher consumption, reduced production, or both conditions. Lastly, expression of SPM receptors on T cells and their responsiveness to SPMs have so far been explored in few pathological contexts. These investigations need to be extended to additional immune disorders to better understand the impact of resolutive pathways on effector and regulatory T-cell subsets and to identify putative failures at the systemic and tissue levels, which may contribute to the defective immune regulation leading to disease progression.

Thus, these findings call for further deciphering, in mice and humans, the impact of resolution mechanisms and the SPM pathway on adaptive immunity, in particular their role in the dysregulated effector/regulatory T-cell responses responsible for the progression and chronicity of immune and autoimmune diseases.



In Vivo Therapeutic Efficacy of SPMs Through T-Cell Reprogramming

The potent pro-resolving properties of SPMs have encouraged their therapeutic application in various experimental models of inflammation (Table 1 and Figure 3). Particularly, RvD1 and RvE1, but also RvD2, MaR1, PDX, and LAX4, have been tested in a number of pathological contexts presenting resolution defects accentuated by effector T-cell infiltration and activity in target organs. The protocols used were very variable depending on the model: SPMs were administered through systemic (intravenous, intraperitoneal) or local (topical application on the eye, intravitreal, subconjunctival) routes, at an average dose of 5 μg/kg, i.e., approximately 100 ng/mouse (ranging from 20 to 500 ng/injection), with single or repeated injections over several weeks.




Figure 3 | SPM-based therapeutic opportunities. Targeting the SPM pathway can impact innate and adaptive immune cells to induce efficient resolution of excessive inflammatory responses and to restore immune tolerance and tissue homeostasis. Nϕ, neutrophil; Mϕ, macrophage; DC, dendritic cell; Teff, effector T cell; Tn, naïve T cell; Treg, regulatory T cell.



Overall, SPM treatment reduced the severity of inflammatory diseases (in most cases experimentally induced in animal models), marked by decreased tissue damage, immune cell infiltration, and inflammatory cytokines. Indeed, Th1 and Th17 cells were repeatedly found in lower numbers in target organs and draining lymph nodes, together with less in situ expression (mRNA and/or protein) of IFN-γ, TNF-α, IL-17, IL-6, and IL-1β in the context of endotoxic uveitis (46, 47), concanavalin-A-induced hepatitis (53), sepsis-induced lung injury (88), stromal keratitis (herpes simplex virus-induced ocular inflammatory lesions) (40, 57, 89), periodontitis (43, 54), and rheumatoid arthritis (59, 85). Similar positive outcomes were observed in allergic manifestations such as chronic allergic eye disease (49), allergic airway inflammation (39), and psoriatic dermatitis (41). SPM therapy has been explored in few autoimmune diseases, i.e., RvD1 in Sjögren’s syndrome (90) and SLE (63), and LXA4 in experimental autoimmune uveitis (EAU) (62) and encephalomyelitis (EAE) (38), with here again the amelioration of symptoms and reduction of pathogenic T-cell trafficking to target tissues and inflamed responses. Of note, the metabolic program of CD4+ T cells was found modulated in LXA4-teated mice, marked by decreased glycolytic responses associated with reduced IFN-γ production (62). Lastly, RvE1 has been applied in a model of corneal transplantation, promoting graft survival associated with diminished Th1 and Th17 CD4+ T cells and inflammatory cytokines in the allogeneic transplant (42, 91).

In some studies, the decrease in effector T lymphocytes observed after SPM treatment was paralleled by an increase in Fox3+ Treg frequency and associated immunomodulatory cytokines such as IL-10 and TGF-β (50, 51, 54, 59, 63, 85). Administration of SD-208, a TGF-β receptor antagonist, reversed the RvD1 therapeutic effect in autoimmune neuritis, showing the closed relationship between these two modulatory pathways (50). The cross-talk between SPMs and Tregs was highlighted in a model of ischemia/reperfusion-induced acute kidney injury (IRI-AKI mice) by the abrogation of RvD1 therapeutic effect after the administration of the anti-CD25 PC61 monoclonal antibody, which preferentially depletes Tregs (51). Furthermore, the beneficial effect of RvD1 on Treg frequency was suppressed after in vivo blockade of FPR2 with a specific antagonist (Boc-1), leading to severe renal tubular injury (51).

Therefore, these experimental data support SPM-based therapy as a promising avenue for the treatment of a wide range of T-cell-mediated immune and autoimmune diseases. Especially, the in vivo therapeutic efficacy of SPMs and associated dampening of effector T-cell responses can benefit from both a direct effect on T cells and an indirect action through antigen-presenting cells (APCs: DCs, macrophages), expressing SPM receptors, as SPMs downregulate APC activation, expression of costimulatory molecules, and secretion of inflammatory cytokines, which subsequently prime effector T cells (72).

In terms of clinical application, a pilot study has been launched in patients undergoing total knee arthroplasty to investigate the impact of preoperative supplementation with Lipinova® (Solutex), described as a concentrate of EPA, DHA, and SPMs (NCT03434236). However, the clinical use of SPMs as therapeutic agents is impeded by their metabolically labile and unstable state, restricted bioavailability, and rapid clearance, and thus calls for the development of SPM synthetic analogs displaying pharmacokinetic properties in compliance with in vivo usage (92, 93). In this line, a RvE1 mimetic, RX-10045, has been tested as an ophthalmic solution for dry eye symptoms (NCT00799552), allergic conjunctivitis (NCT01639846), and in patients undergoing cataract surgery (NCT02329743). Promising results were recently reported in a phase 1 trial evaluating the safety and efficacy of BLXA4, a LXA4 analog, to treat periodontitis (NCT02342691): daily rinsing with mouthwash containing BLXA4 reduced gingival inflammation, and this was associated with a shift in serum lipid mediators toward a pro-resolving profile (94).

The development of SPM receptor agonists is also in the pipeline, as recently documented by the study of Trilleaud et al. who tested a new anti-ChemR23 agonist antibody in models of acute and chronic colitis (induced by DSS or adoptive transfer of CD4+CD45RBhigh T cells, respectively) and inflammation-driven cancers (95). This antibody was able to activate the pro-resolving ChemR23 pathway and trigger the resolution of inflammatory responses.



Conclusion

SPMs display a wide range of anti-inflammatory actions, which are increasingly explored in adaptive immunity, notably through their ability to bind several GPCRs expressed by T cells, to regulate T-cell functions, and to trigger the resolution of inflammatory and immune-mediated diseases in animal models. Of note, a number of studies also report SPM activity on humoral responses, with, however, some discrepant results, as RvD1 increased the production of IgM and IgG (96) while decreasing the secretion of IgE by activated B lymphocytes (97, 98). IgM and IgG production and antigen-specific memory B-cell responses were similarly reduced by LXA4 (99). Building on the potent immunoresolvent properties of SPMs and their multiple targets, these findings open a new field of investigations that may provide a better understanding of the physiological regulation of adaptive immune response and its failure in pathophysiological contexts. SPM lipidomic analyses are indeed performed in the frame of several clinical studies as a read-out of disease diagnosis and progression, inflammatory profile [for instance in COVID19 patients (100)], as well as response to therapeutic interventions (NCT04698291, NCT04452942, NCT04697719, NCT01865448, NCT04308889, NCT04377334, and NCT02719665) (101).

In addition, the pathways governing immune regulation and resolution programs are interrelated and provide the mechanistic rationale for developing SPM-based therapeutic strategies that can be beneficial for the treatment of chronic inflammatory disorders, autoimmune diseases, and organ transplantation, notably through the control of effector T cells and boost of Tregs. This is reinforced by the positive outcomes observed in various pathological settings after dietary intervention using SPM precursors, DHA and EPA, or omega-3 lipids, which enhance SPM levels and help in controlling excessive inflammation and autoimmunity in both humans and mice (102–104). Thus, the multiple actions of SPMs on innate and adaptive immunity provide novel opportunities for SPM-based biomarker and drug development (Figure 3). The production of metabolically stable SPM analogs or receptor agonist with increased half-life, together with the design of nanocarriers to protect SPMs from degradation, may accelerate the way toward clinical translation.
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Osteoarthritis (OA) may result from impaired ability of synovial macrophages to resolve joint inflammation. Increasing macrophage counts in inflamed joints through injection with bone marrow mononuclear cells (BMNC) induces lasting resolution of synovial inflammation. To uncover mechanisms by which BMNC may affect resolution, in this study, differential transcriptional signatures of BMNC in response to normal (SF) and inflamed synovial fluid (ISF) were analyzed. We demonstrate the temporal behavior of co-expressed gene networks associated with traits from related in vivo and in vitro studies. We also identified activated and inhibited signaling pathways and upstream regulators, further determining their protein expression in the synovium of inflamed joints treated with BMNC or DPBS controls. BMNC responded to ISF with an early pro-inflammatory response characterized by a short spike in the expression of a NF-ƙB- and mitogen-related gene network. This response was associated with sustained increased expression of two gene networks comprising known drivers of resolution (IL-10, IGF-1, PPARG, isoprenoid biosynthesis). These networks were common to SF and ISF, but more highly expressed in ISF. Most highly activated pathways in ISF included the mevalonate pathway and PPAR-γ signaling, with pro-resolving functional annotations that improve mitochondrial metabolism and deactivate NF-ƙB signaling. Lower expression of mevalonate kinase and phospho-PPARγ in synovium from inflamed joints treated with BMNC, and equivalent IL-1β staining between BMNC- and DPBS-treated joints, associates with accomplished resolution in BMNC-treated joints and emphasize the intricate balance of pro- and anti-inflammatory mechanisms required for resolution. Combined, our data suggest that BMNC-mediated resolution is characterized by constitutively expressed homeostatic mechanisms, whose expression are enhanced following inflammatory stimulus. These mechanisms translate into macrophage proliferation optimizing their capacity to counteract inflammatory damage and improving their general and mitochondrial metabolism to endure oxidative stress while driving tissue repair. Such effect is largely achieved through the synthesis of several lipids that mediate recovery of homeostasis. Our study reveals candidate mechanisms by which BMNC provide lasting improvement in patients with OA and suggests further investigation on the effects of PPAR-γ signaling enhancement for the treatment of arthritic conditions.
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Introduction

Osteoarthritis (OA) is a common and debilitating condition that similarly affects horses and people (1, 2). Because chronic synovial inflammation is a hallmark of OA and often the single driver of related degenerative changes (3–7), the use of anti-inflammatory drugs (steroidal and non-steroidal) has been a logical and long-accepted approach for the treatment of many arthritic conditions (8, 9). However, acute inflammation is not simply a clinical sign to alleviate. Acute inflammation is a critical event in promoting tissue repair and setting the stage for endogenous resolution of the inflammatory process and recovery of homeostasis (10). Importantly, anti-inflammatory and pro-resolving effects are not the same, and resolution is not merely the passive termination of the inflammatory process. Anti-inflammation is based on inhibiting key pro-inflammatory mediators, such as chemokine and cytokine production and leukocyte extravasation to the site of injury. Resolution is an active process driven primarily by macrophages and their derived cytokines and lipid mediators, which shift the phlogistic phase of inflammation into a non-phlogistic process that culminates with tissue repair and recovery of homeostasis (11, 12). Most importantly, the recruitment of macrophages and the production of pro-resolving mediators is triggered by enzymes synthesized during the acute inflammatory process (13). Macrophages play such a fundamental role in resolving inflammation and promoting tissue repair that impaired macrophage chemotaxis and/or macrophage depletion results in inefficient healing or chronic inflammation (14–16). Blocking acute inflammation with anti-inflammatory medications interferes, at least to some degree, with macrophage recruitment and the pro-resolving response, and often prevents effective resolution and recovery of homeostasis (12, 13). Targeted therapies for chronic joint inflammation should therefore have pro-resolving properties, which precisely combine pro- and anti-inflammatory mechanisms (12).

Synovial macrophages are the central drivers of the inflammatory response in osteoarthritic synovium (17, 18). In fact, synovial macrophage activation is directly related to disease activity, severity, and pain in OA-affected patients (19). However, this relationship is not causative. Synovial macrophages are also essential keepers of synovial homeostasis through phagocytic clearance and secretion of anti-inflammatory and pro-resolving cytokines, chemokines, enzymes, and growth factors (20–23). Following injury, synovial macrophages proliferate to form a protective immunological barrier in the synovial lining for intra-articular structures (24, 25). When regulatory functions are overwhelmed by the amount of damage, synovial macrophages upregulate inflammation, signaling to monocytes and other leukocytes (e.g., neutrophils and lymphocytes) to help counteract the increased demands for tissue repair and restore homeostasis (17, 26). During the progression of OA, the recruitment of myeloid monocytes into joints seems to be impaired (27), which combined with continuous joint damage, overwhelms the pro-resolving mechanisms of synovial macrophages, leading to degeneration (17, 27, 28).

The mononuclear cell fraction of bone marrow aspirates (bone marrow mononuclear cells -BMNC) is a rich source of pro-resolving macrophages that have been used therapeutically to improve tissue repair and inflammation resolution (29–39). Macrophages within BMNC are the main drivers of such effect, which’s documented pro-resolving functions include increased production of IL-10 (30, 33), diverse types of prostaglandins and specialized lipid mediators (13, 40, 41). The production of these molecules induce decreased production of IL-6 (33), increased phagocytic clearance of debris and apoptotic cells (efferocytosis) (30, 39) and enhanced PPAR-gamma signaling (42–47). Increasing the numbers of myeloid macrophages present in osteoarthritic knees, by injection of BMNC, restored joint homeostasis with long-lasting effects (48). Similarly, BMNC therapy increased counts of pro-resolving macrophages and induced marked resolution of joint inflammation in in vivo and in vitro models of equine synovitis (49, 50). In these models, there was a coordinated spectrum of pro-inflammatory, pro-resolving and anti-inflammatory events, including increased IL-10, IGF-1, and PGE2 production, and self-limiting IL-1 signaling (α and β). These events are all innately required for efficient synovial homeostasis and tissue repair and are commonly antagonized by therapeutic corticosteroids (30, 51–53). While these findings partially explain the durable effects of BMNC in the treatment of OA, little is known about BMNC-related mechanisms of resolution. Therefore, our purpose was to identify cellular mechanisms from BMNC driving joint homeostasis that could be used for developing targeted pro-resolving joint therapies and uncovering biomarkers of arthritis resolution. The aim of this study was to identify transcriptional signatures of BMNC leading to inflammation resolution using RNA-sequencing and relate these to the expression of key gene products in the synovial membrane. We hypothesized that gene networks linked to macrophage proliferation, negative regulation of inflammatory response, and to a lesser extent, NF-ƙB signaling, would be temporally upregulated in response to inflammation.



Materials and Methods


Study Design

Samples used in the current report were obtained from two previous studies using the same horses. These in vitro (50) and in vivo (49) studies were counterparts of a larger project assessing the effects of BMNC on joint inflammation resolution. Briefly, eight skeletally mature Thoroughbred horses (3-9 years old, median 5 years; 2 females and 6 castrated males) free of OA or systemic inflammation were used under IACUC approval and oversight. General and musculoskeletal health were confirmed by clinical, hematological and orthopedic evaluations. Following sternal bone marrow aspiration for BMNC isolation, synovitis was induced in both radiocarpal joints, as a way of producing more homogeneous inflammation and inflamed synovial fluid (ISF) than could be acquired from naturally occurring OA. Normal synovial fluid (SF) was collected from healthy middle carpal joints. BMNC from each horse were cultured independently (not pooled) in neat (100%) autologous SF or ISF and harvested at 0 (uncultured), 48 and 96 hours, and 6 and 10 days for RNA isolation. RNA-seq was used to identify transcriptional signatures of BMNC in response to acute joint inflammation. The transcriptome of BMNC was assessed over time within the same group (SF or ISF), as well as comparatively between groups at each time point (Figure 1). The expression of 9 potential upstream regulator genes identified following bioinformatical analysis was assessed by immunohistochemistry in the synovium of inflamed joints from the same horses, 6 days after treatment with BMNC or Dulbecco’s phosphate buffered saline (DPBS). Four protein coded by genes identified in key activated pathways were also assessed by IHC.




Figure 1 | (A) Study design showing timing of bone marrow aspiration and induction of synovitis (LPS, 0.5 ng/joint) (top). Harvesting and processing of bone marrow for BMNC isolation, and normal (SF) and inflamed synovial fluid (ISF) (middle) for cell culture following depletion of native SF cells (bottom). (B) Bioinformatics pipeline used for RNA-sequencing, quantification and analysis. (C) Immunohistochemical assessment of the synovium of inflamed joints treated with BMNC leading to inflammation resolution or DPBS as a control for the expression of genes identified as upstream regulators or key in activated pathways.





BMNC Isolation, Induction of Synovitis, and Synovial Fluid Harvest

Bone marrow harvest and processing of BMNC, and induction of the synovitis model were performed as previously described in our related study (49). Briefly, BMNC were isolated by density gradient centrifugation. Synovitis was induced by intra-articular injection of 0.5 ng lipopolysaccharide (LPS) into each radiocarpal joint (49, 54). At peak inflammation (8 hours following induction of the model), SF and ISF were collected using aseptic technique. Synovial fluid cytology (SF and ISF) was performed to confirm the health of normal joints and ensure LPS effectively induced synovitis. Synovial fluid was then centrifuged (5,000g; 20 min; 4°C) for cell depletion and the cell-free supernatant used as autologous growth medium. Parameters used to differentiate SF from ISF included quantification of cytokine as reported in our related study (50), total protein (<2.5 g/dL in SF and >4g/dL in ISF) and synovial fluid cytology (total nucleated cells/µL < 1,500 in SF and ~130,000 in ISF; neutrophil count <10% in SF and >80% in ISF).



BMNC Culture in SF and ISF

BMNC were plated in 24 well culture plates (2x106 viable cells/50 µL DPBS/well) and covered with 500 µL SF or ISF. Cell viability was assessed at baseline using trypan blue and ranged from 74-96% across horses. Well contents were carefully mixed and plates incubated at 37°C in 5% CO2 and 90% humidity. Remaining SF and ISF was preserved at 4°C for later addition of medium to replenish cell nutrients (200 µL added every 48 hours). All conditions and time points were performed in duplicate wells with cells from one well used for RNA-sequencing and the other for flow cytometry (macrophage activation markers CD14, CD86, CD206 and IL-10). Conditioned medium was aspirated at the same time points of cell harvest (48 and 96 hours and 6 and 10 days) centrifuged, and the cell-free supernatant used for cytokine and growth factor quantification (FGF-2, GM-CSF, IL-1β, IL-6, MCP-1, IL-10, TNF-α, SDF-1, IGF- 1, IL-1ra, and PGE2) using a PGE2 ELISA kit (KGE004B; R&D Systems) and the Milliplex Map Equine chemokine/cytokine bead based array (Eqcttmag-93K,; MilliporeSigma). Details and findings from flow cytometry and cytokine and growth factor quantification are reported elsewhere (50) and were used in this study as a trait for weighted gene co-relation network analysis (WGCNA).



Transcriptome Analysis of BMNC Cultured in SF and ISF


RNA Isolation and Sequencing

Cultured cells were recovered in 10 mM EDTA, centrifuged (12,000g; 10 min; 4°C) and the cell pellet placed in guanidinium chloride-phenol (Trizol®, Life Technologies, 15596018, Carlsbad, CA). RNA was purified with on-column DNase digest (DirectZol™ RNA microprep kit, R2061, Zymo Research, Irvine, CA), quantified (Qubit® 3.0 Fluorometer, 33216, ThermoFisher Scientific, Carlsbad, CA), and stored at -80°C. RNA quality was assessed (Bioanalyzer 2100, Agilent Technologies, Santa Clara, CA) and cDNA libraries prepared using TruSeq DNA Library Preparation kits (Illumina, Inc., San Diego, CA), followed by sequencing (NovaSeq 6000 S4, Illumina) to generate an average of 34.5 (range, 24-54) million stranded paired-end reads (2 x 150 nt) per sample.



Bioinformatics Pipeline

Reads were trimmed for quality and adapters with TrimGalore 0.4.3 and mapped to the equine reference genome (EquCab 3.0) (55) using STAR (56) algorithm (version 2.7.2a) and GeneCounts, and expression values determined as gene length corrected trimmed mean of M-values (GeTMM) (57) with the Ensembl v104 annotation. Differentially expressed genes (DEGs) were determined using DESeq2 based upon a false discovery rate (FDR) adjusted P-value (q-value) <0.05 after Benjamini–Hochberg correction for multiple testing, by comparing datasets from consecutive time points within SF or ISF, and by comparing ISF to SF datasets at any given time point. The cutoff set for considering a transcript expressed prior to analysis was 10 fragment alignments. DEGs were represented by principal component analysis using JMP Pro 13 and by volcano plots using Origin software (version 2019, OriginLab, Northampton, MA, USA).



Functional Genomics

We adopted a multidisciplinary approach to functional genomics by employing several bioinformatics tools to tease out the biological significance of our data. We used WGCNA and DAVID in a semi-supervised analysis to identify biological processes of interest, and IPA to identify upstream regulators and activated and inhibited signaling pathways. By using this approach, we took advantage of both the superior annotation of biological processes from DAVID and the better pathway annotation of IPA. Together, these tools enabled us to make associations to our previous clinical studies to start to draw clinical translations to our findings.

Weighted gene co-relation analysis was performed using WGCNA version 1.66 package in R to construct gene co-expression networks as described elsewhere (58, 59). Gene co-expression clusters were generated from the whole transcriptome in SF and ISF datasets separately over time. Only genes expressed in at least 50% of samples in each dataset were included in the analysis (16,318 genes in SF and 18,038 genes in ISF). In order to normalize the data, the GeTMM values for each gene were log2 transformed. Next, a pairwise correlation matrix was constructed between all pairs of genes across the samples, and a matrix of weighted adjacency was generated by raising co-expression to a power β = 9, as determined for our sample set (58, 60). A topological overlap matrix (TOM) was then assembled and used as input for hierarchical clustering analysis. Then, a dynamic tree cutting algorithm was used to identify gene clusters or modules (i.e., genes with high topological overlap) in an unsupervised fashion. Gene modules were visualized by heatmap plot (TOMplot) of the gene network topological overlap. Module relationships were summarized by a hierarchical clustering dendrogram and TOMplot of module eigengenes (MEs). Associations between gene modules and traits of interest were tested by correlating MEs to trait score. Module–trait correlations were visualized using a heatmap plot and only modules with trait relationship significance (R2) higher than 0.7 and a p-value ≤0.05 were considered for further analysis. Traits of interest used for WGCNA included: timeline from our previous study, previously reported CD14, CD86, CD206 and IL-10 expression measured by flow cytometry, and IL-10, IGF-1, MCP-1, IL-1β, TNF-α, PGE2 and SDF-1 concentrations quantified in conditioned SF and ISF (50). Module memberships (MM; correlation between each gene expression profile (GeTMM) and the ME of a given module as an indicator of the intramodular connectivity) and gene significance (GS; correlation between the gene expression profile (GeTMM) and the trait score (e.g. cytokine concentration in conditioned SF/ISF) as a measure of biological relevance) were calculated (58). Genes (network nodes) having MM ≥ 0.90, P-value < 0.05, and GS ≥ 0.5 were identified as intramodular hub genes (61). Gene ontology (GO) analysis was performed on the entire gene list derived from each module as described above using DAVID Bioinformatics Resources version 6.8 (62) to functionally annotate their biological processes (BP). Of note, no single time point was chosen to determine the module-trait correlations. The entire timeline of the study was itself a trait. Therefore, genes within each module were co-expressed at all time points and thus dominant (overrepresented) BPs for a given module were the same at all time points.

To predict upstream regulators relevant for each set of DEGs, analysis was performed using the Ingenuity Pathway Analysis software (IPA, 2018) (63). The analysis output provided a P-value of overlap, activation Z-scores, and the downstream targets for each predicted upstream regulator. Z-scores were used to predict activation state (activation or inhibition) of each upstream regulator/signaling pathway. Predicted upstream regulators were considered significant if they had P < 0.05 and activation Z-score >2 (activated) or <−2 (inhibited). Subsequently, we investigated overlap between the predicted upstream regulators for each set and the DEGs from the same set to identify potential regulators among those DEGs. Genes in common between the two analyses with Z-scores (generated by IPA) matching the direction of fold change (generated by DESeq2) were defined as potential regulators. To investigate the interaction and relationships between potential upstream regulators, all known protein–protein interactions were referenced and matched using STRING version 10.5 (64). Potential upstream regulators of high interaction were selected to have their protein expression assessed in synovium from inflamed joints treated with BMNC or DPBS, as a means of identifying candidate biomarkers of BMNC-mediated resolution. Synovial membrane samples were obtained from a related study in which BMNC therapy induced marked inflammation resolution (49) and represented inflamed joints treated with autologous BMNC or DPBS. IPA was also used to determine activated and inactivated signaling pathways, considering significance at P < 0.05 and activation Z-score >2 (activated) or <−2 (inhibited) and a -log(p-value > 1.3, which corresponds to p>0.05). For cases in which a large list of pathways met this criterion, those with a -log(p-value > 3 (FDR <0.01) were given priority attention.




Immunohistochemistry

Formalin-fixed paraffin-embedded synovial membrane samples from inflamed joints of 6 horses treated with either BMNC or DPBS were sectioned at 5-7 µm and baked at 38°C for 48 hours. Sectioned tissues were processed with the BOND-MAX system (Leica Microsystems, Buffalo Groove, IL) using antibodies for the following gene-products, identified as key upstream regulators or key genes from most activated pathways: peroxisome proliferator-activated receptor γ (PPARγ; rabbit anti-human, clone 16643-1-AP, ThermoFisher Scientific), phospho- PPARγ (rabbit anti-human, clone PA536763, ThermoFisher Scientific), PPARγ co-activator 1 alpha (PPARGC1A; rabbit anti-human, clone PA5-38021; ThermoFisher Scientific), mevalonate kinase (MVK; rabbit anti-human, clone PA528650, ThermoFisher Scientific), 3-Hydroxy-3-Methylglutaryl-CoA Synthase 1 (HMGCS1; rabbit anti-human, clone PA529488, ThermoFisher Scientific), colony-stimulating factor 1 (CSF1; rabbit anti-mouse, clone PA5-95279; ThermoFisher Scientific), interleukin-1β (IL-1β; rabbit anti-human, clone P420B; Invitrogen), transcription factor MAFB (MAFB; rabbit anti-human, clone PA5-40756; ThermoFisher Scientific) and sirtuin 2 (SIRT2; rabbit anti-human, clone PA3-200; ThermoFisher Scientific). Positive controls included equine liver, heart, and kidney. Negative controls were prepared with mouse (for PPARγ, phospho- PPARγ, MVK, HMGCS1, PPARGC1A, IL-1β, MAFB, SIRT2 antibodies) or goat (CSF1) IgG (Santa Cruz Biotechnology, Inc.). Photographs of representative areas were scored by 3 experienced investigators for staining intensity (0-absent, 1-mild, 2-moderate, 3-intense) and distribution (0-absent, 1-scattered, 2-focal, 3- across the entire villi lining) as previously described (49). Composite scores for immunohistochemical data were presented as median and 95% confidence interval and analyzed by paired t-tests with significance set as p ≤ 0.05 using Prism GraphPad 7.




Results


Temporal Transcriptional Changes in BMNC Following Culture in SF and ISF


Differential Gene Expression

Principal component analysis (PCA) of DEGs between BMNC cultured in SF and ISF showed clear differences in clustering patterns as early as 48 hours, and progressively diverged over time, representative of differences in BMNC response to normal and inflammatory environments (Figure 2A). Volcano plots depict up and downregulated DEGs when comparing ISF to SF cultures at each time point (Figure 2B). Vertical and horizontal comparisons were made, with the number of DEGs between any two conditions reported (Figure 2C). In vertical comparisons, ISF cultures were compared to their SF counterparts at each time point. Counts of upregulated genes were most remarkable at 96 hours and 6 days. In horizontal comparisons, each subset of BMNC was compared with its nearest time point to analyze gene expression variation from BMNC response along the timeline. From baseline to 48 hours, when myeloid progenitors in BMNC commit to the monocyte/macrophage lineage, the number of DEGs was highest among all time points, for both SF and ISF. The expression patterns of DEGs identified in all vertical and horizontal comparisons were also visualized by heat map (Figure 3A). Further, Venn diagrams were used to illustrate the intersection between DEGs identified by horizontal comparisons and revealed that SF and ISF cultures shared 64.9% of DEGs over the 10 days, while those expressed exclusively in the SF or ISF dataset represented 15.0% and 20.1%, respectively (Figure 3B). Upset plots elucidating the intersection between DEGs identified by vertical comparisons revealed that most DEGs were exclusively expressed in ISF cultures at 6 days (Figure 3C). An entire list of DEGs is available at Supplementary Table 1.




Figure 2 | Kinetics of transcriptional signatures of BMNC cultured in SF and ISF. (A) Principal Component Analysis from 8456 genes differentially expressed (DEGs) by BMNC following culture in SF (green to blue dots; top) and ISF (yellow to red dots; bottom) for 10 days shows increasing divergence in the patterns of gene expression over time. Each dot color represents a different time point and each dot represents an individual horse. (B) Volcano plots depicting downregulated (left red quadrant) and upregulated (right red quadrant) DEGs in ISF compared to SF cultures at each time point, showing major changes at 6 days. (C) Schematic of changes in gene expression of BMNC cultured in SF (bottom) and ISF (top) for 10 days, depicting the number of DEGs over consecutive time points within groups (horizontal comparisons in SF or ISF) and between groups (vertical comparisons) at each time point (FDR ≤0.05). Numbers represent upregulated (red text) and downregulated genes (blue text) between the compared conditions.






Figure 3 | Differentially expressed genes (DEGs) in BMNC cultured in normal (SF) and inflamed autologous synovial fluid (ISF). (A) Heatmap of DEGs (FDR<0.05) identified among all possible comparisons (n=8456) between SF and ISF cultures over 10 days. The heatmap was created using Log10 transformed GeTMM values expressed on a color scale denoting high (red) and low (blue) expression. Each dataset (SF and ISF) included all DEGs displayed in a fixed position for comparison of the effect of culture medium over the same genes. (B) Venn diagram illustrating the intersection between DEGs identified by horizontal comparisons in either SF or ISF cultures. (C) Upset plots elucidating the intersection between DEGs identified by vertical comparisons. The nature of each intersection is indicated by the dots under the vertical bars, which denote the number of DEGs in each intersection, while horizontal bars represent the number of DEGs in each comparison.





Co-Expression Network Analysis From BMNC in Response to Inflammation

WGCNA provided further insights into the patterns of gene co-expression and the identification of genes with the highest interaction or connectivity (hub genes) among SF and ISF datasets separately (hub genes are denoted by bold cells in Supplementary Table 2). Co-expression analysis of 18,038 genes in ISF identified 11 module eigengenes (i.e., clusters) (Figure 4A). Among these, modules turquoise, green, blue, brown, black and pink were positively associated with three of the assigned traits. The turquoise and green modules were positively associated with IL-1β concentrations in conditioned ISF, and thus interpreted as having an overall pro-inflammatory nature. Modules blue, brown, black and pink were positively associated with the timeline. The blue module was also associated with CD86 expression assessed by flow cytometry, which denotes macrophage activation (50). In the SF dataset, analysis of the 16,318 genes identified the same 11 gene modules; however, the timeline was the only trait with a positive relationship to MEs, which like ISF included the blue, brown, black and pink modules (Figure 4B). Thus, the IL-1β-related green and turquoise modules are the standout, inflammation-associated differences between ISF and SF cultures, while the blue module also differed in the number of positively associated traits. Since events associated with inflammation resolution would only be present in an inflammatory environment, further dissection of WGCNA findings were centered on data from ISF cultures, while data from SF cultures were used as a point of comparison.




Figure 4 | Weighted gene co-expression network analysis (WGCNA): module-trait relationships. (A) WGCNA of 18,038 genes in ISF identified 11 modules eigengene (ME), of which 6 were positively associated (R2≥0.7, p=≤005) with the assigned traits. The turquoise and green modules were positively associated with IL-1β quantification in ISF conditioned by BMNC. MEs blue, brown, black and pink were positively associated with the timeline. The blue module was also associated with CD86 expression assessed by flow cytometry (29). (B) In the SF dataset, analysis of the 16,318 genes identified the same 11 gene modules; however, timeline was the only trait with a positive association to MEs blue, brown, black and pink modules, as in ISF.



To assess the temporal behavior of each module, the mean expression profile (mean GeTMM values for all genes) for each module was plotted over time for both SF and ISF separately (Figure 5A). This comparison revealed that the blue and brown modules exhibited increasing mean expression profiles that similarly dominated over time in both SF and ISF, which however, were higher in ISF. The pink and black modules had lesser expression among modules identified which completely overlapped between SF and ISF, and therefore are not graphically represented. Additional comparisons for a given module between ISF and its SF counterpart also included the functional annotation of the genes within such modules (Figures 5B–E). The blue, brown, black and pink modules completely overlapped between ISF and SF regarding their gene list, HUB genes list (Supplementary Table 2) and functional annotations (Supplementary Tables 3, 4). Exclusive to ISF, the green module peaked at 48 hours, the same time at which the blue and brown modules started to exhibit increased expression in comparison to its SF counterpart. The mean expression profile in the ISF’s turquoise module progressively decreased from baseline. Functional annotation of genes within each module was then inspected (Figures 5B–E).




Figure 5 | Expression profile, gene ontology enrichment and overrepresented biological processes within dominant modules. The green and turquoise modules were only significant in ISF and positively associated with IL-1β quantification in conditioned ISF, and overall associated with pro-inflammatory mechanisms. The blue and brown modules were significantly associated to the timeline for both SF and ISF, while the blue module was positively associated to CD86 expression in ISF. (A) Mean expression profiles of significant modules in SF and ISF derived from all transcripts in each cluster. In ISF, the presence of the pro-inflammatory green and turquoise modules are associated to increased mean expression of the homeostatic/pro-resolving blue and brown modules. Overrepresented Biological Processes (BPs) in the blue (B), brown (C), green (D), turquoise (E) modules and their corresponding fold enrichment. The complete list of significant modules, BPs and related genes for each module is presented in Supplementary Tables 2, 3.





Modular Gene Ontology Enrichment and Overrepresented Biological Processes (BPs)

Overrepresented BPs were ranked based on fold enrichment and having an FDR <0.05 (Supplementary Table 3). For cases in which a large list of BPs met this criterion, BPs with FDR <0.01 were given priority attention. Fold enrichment was determined by comparing the background frequency of total genes annotated to a certain BP in the specified species to the sample frequency of genes under such BP. Overrepresentation was defined by a positive fold enrichment value (65). Since the gene list for modules blue, brown, pink and black completely overlapped between SF and ISF (Supplementary Table 2), overrepresented BPs in any of these modules were the same for both groups (Figures 5B–E). For the blue module, isoprenoid biosynthesis was the most overrepresented of the 79 BPs identified by GO. Given the high number of overall (n=4148) and hub genes (n=699) in this module, a diversity of BPs was identified within it, and is collectively discussed below. Of note, genes identified with pro-resolving functions in the related previous studies (IL10 and IGF1) (49, 50) also allocated to the blue module. In the brown module, while the most overrepresented BP was “antigen presentation via MHC class II”, most BPs in this module related to mitochondrial response to oxidative stress and energy metabolism homeostasis. Overrepresented BPs in the pink and black modules constituted a minor list and were associated with a variety of cell homeostasis and housekeeping functions.

Exclusive to ISF cultures, BPs in the IL-1β-associated green module were primarily associated with macrophage response to damage, including mitosis, adjustment of lipid and glucose metabolism following circadian distress, activation of the amphireguling-STAT3 axis (GO:0032355~response to estradiol) and noncanonical NF-κB signaling, thus, likely a module with a pro-inflammatory signature. In the turquoise module, also associated with IL-1β production, overrepresented BPs reflected the response of myeloid progenitors to stress and IL-4 signaling, a key event in the response of pro-resolving macrophages, amplifying chromatin opening for enhanced mRNA transcription (44–46). In summary, ISF triggered an early pro-inflammatory response in BMNC progenitors (green module) leading to macrophage commitment and priming (turquoise module). These events enhanced the constitutive expression of homeostatic mechanisms from macrophages (blue and brown modules) required to counteract damage and recover homeostasis (Figures 5A–E).



Pathway Analysis, Upstream Regulators and Their Network Interactions

Ingenuity Pathway Analysis revealed activated and inactivated pathways in SF and ISF cultures (Table 1, Supplementary Table 4). Our pathway analysis results from 0-48 hours (performed with IPA) agrees with findings from GO analysis and points repeatedly to activation of the mevalonate pathway and isoprenoid biosynthesis (superpathways of cholesterol biosynthesis, geranylgeranyl diphosphate biosynthesis, cholesterol biosynthesis I, II and III, and mevalonate pathway I). The patterns of expression of genes involved in these pathways, comparing BMNC cultured in SF and ISF (Figure 6), highlight the increased expression of genes such as ACAA2, HADHA ACAT2 and FDPS in ISF, essential for the synthesis of isoprenoids and mitochondria beta-oxidation of fatty acids. Additional pathways activated at 0-48 hours included unfolded protein response in agreement with overrepresented BPs in the blue module, and estrogen biosynthesis, in agreement with the BP “response to estradiol” from the green module, peaking at 48 hours and progressively decreasing.


Table 1 | Top 3 most activated or inactivated pathways (Z-score > 2.0 or < -2.0; -log (p-value) > 1.3 = p>0.05) identified by IPA from DEGs between consecutive timepoints in SF and ISF.






Figure 6 | Heatmaps depicting the patterns of expression of genes involved in the most highly activated signaling pathways associated with resolution of synovitis, comparing BMNC cultured in SF and ISF. Further details are available at Supplementary Table 4.



From 48-96 hours, the PPAR- signaling pathways were repeatedly identified, which agrees with the identification of PPARG as highly connected upstream regulator, depicting the activation of the PPAR-γ and PPAR-α signaling pathways. Comparisons for BMNC cultured in SF and ISF for the expression of genes involved in these pathways (Figure 6), highlight the higher expression of PPAR genes in ISF. It also highlights the higher expression of NFKB2 and RELB genes, encoding for drivers of non-canonical NF-κB signaling, which has essential pro-resolving functions. After 96 hours of culture in ISF, a mix of pathways involved in cartilage metabolism (Heparan Sulfate Biosynthesis), cellular homeostasis/inflammation resolution (Cell Cycle: G2/M DNA Damage Checkpoint Regulation, Unfolded Protein Response) and leukocyte migration during inflammation (Netrin Signaling) were observed to be activated. This mixed profile may have resulted from continuously challenging BMNC with ISF every 48 hours as performed in our model (50). Inhibited pathways included leukocyte extravasation signaling, IL-6 across the time course, IL-15 production and acute phase response signaling, key players in the development and maintenance of synovitis and degenerative processes observed in osteoarthritis. While the “Osteoarthritis Pathway” was identified as the third most activated pathway in SF at 6-10 days, neither the model used in our study, nor the list of genes involved in such functional annotation support such a finding.

Twenty-three potential upstream regulators were identified as activated (p <0.05 and a Z-score ≥2) in ISF and 35 in SF (Figure 7A, Supplementary Table 5, Supplementary Figure 1). Within these, 5 transcription factors (EIF4E, LARP1, MAFB, NFE2L2 and SIRT2 genes), the transmembrane receptor TREM2, the enzymes LPL and PIK3R1, and the multifunctional receptor GABARAP were conserved between ISF and SF. Inactivated upstream regulators (p <0.05 and a Z-score ≤ 2) were also identified in both ISF (n=17) and SF (n=32). Within these, IL1B and its downstream signaling transcription factor RELA, the mitochondria fission receptor MFN2, and the transcription factor GATA1 were conserved between ISF and SF.




Figure 7 | Potential upstream regulators of genes differentially expressed between consecutive time points (DEGcts) in SF and ISF cultures. (A) Time window specific identification of upstream regulators analysis of the DEGcts using Ingenuity Pathway Analysis (IPA). The colored circles are upstream regulators identified for each comparison of consecutive time points with an activation or inhibition Z-score (> 2.0 or < -2.0), respectively (Supplementary Table 5). Colors of the circles correspond to colors of the module eigengene from WGCNA to which that specific gene associated. Activated upstream regulators are shown at the top and those inhibited at the bottom. Upstream regulators were grouped into five categories: `Transcription regulator’, `Membrane receptor’, `Cytokine/Growth Factor (GF)’, ‘Enzyme/Kinase’ and `Other’. (B) Interaction network among activated (left) and inhibited (right) upstream regulators in BMNC cultured in ISF. Color coding of nodes relate to the corresponding module eigengene. Interaction networks reflect a response to inflammation-induced oxidative stress associated with proliferation and differentiation of BMNC into macrophages (CSF1 - green arrow), and a PPARγ-reliant inflammation resolution (red arrow), associated with inhibition of the IL-1β signaling pathway (black arrow) as suggested by complimentary analyses.



Interaction networks generated by STRING among activated and inhibited upstream regulators in ISF cultures revealed predicted interactions between upstream regulators in and outside their same module (Figure 7B). Among activated upstream regulators, the blue module was overrepresented in ISF (50%; including PPARG, SCAP, MAFB and SIRT2) followed by the brown module (CSF1, LARP1, LPL, NFE2L1) and turquoise module (including CDKN1A, CDKN2A, EIF4E, TG) equally representing 16.6% of upstream regulators, while the grey (12.5%; CREB3L2, MEF2D, NFE2L2) and green (8.3%; STAT3 and GABARAP) modules were minimally represented. Amongst inhibited upstream regulators in ISF (Figure 7B), the turquoise module was overrepresented (70.5%) and largely related to the IL-1β/NF-κB signaling pathway. Overall, such interactions underscore the proliferation and differentiation (CSF1) of BMNC into macrophages (50), and their response to inflammation-induced oxidative stress (PPARG, NFE2L1) (43, 66, 67) involving changes in lipid metabolism (LPL) (68). Such a response likely mediates resolution, at least partially in a PPAR-γ-reliant manner, downregulating the IL-1β/NF-κB signaling pathway (IL1B and RELA genes) (43).




Tissue Expression of Upstream Regulators and Genes Central to Activated Pathways

From the patterns of gene expression for each activated upstream regulator assessed over time (GeTMM counts and fold change, Supplementary Table 6), those with a high network interaction and exhibiting evident fold changes over time (decreasing or increasing) were selected for immunohistochemistry. Genes identified as essential drivers of the most activated pathways, were also selected as IHC targets. Ultimately, available immunohistochemistry targets with antibodies known to cross-react with equine proteins included PPARγ, phospho-PPARγ, PPARGC1A, MVK, HMGCS1, IL-1β, MAFB, SIRT2, and CSF1. Tissue expression for phosphorylated PPARγ (p=0.0032) and mevalonate kinase (p=0.0291) were lower in BMNC-treated joints (Figure 8), likely because the resolution process had already been achieved, and is similar to the patterns of expression of IL-10 in our previous study using the same synovial samples (49). None of the remaining histochemical findings reached statistical significance. Tissue expression for PPARGC1A was consistently higher in BMNC-treated joints for 5/6 horses compared to those treated with DPBS. In contrast, CSF1 and MAFB tended toward higher expression in DPBS-treated joints. No differences were observed in the staining patterns for SIRT2 and IL-1β.




Figure 8 | Immunohistochemistry of synovial membranes from 6 horses with experimental synovitis treated with BMNC or DPBS. Marked resolution of inflammation was evident following BMNC therapy (31). Selected targets were potential upstream regulators of high network interaction that were differentially expressed in ISF cultures over consecutive time points, or central drivers of most activated pathways. (A) Scatterplots of composite staining scores (median, 95% confidence interval) for PPARγ (PPARG gene), phosphorylated PPARγ, PPARγ co-activator 1 alpha (PPARGC1A gene), colony stimulating factor 1 (CSF1 gene), mevalonate kinase (MVK gene), 3-Hydroxy-3-Methylglutaryl-Coenzyme A Synthase 1 (HMGCS1 gene), interleukin-1β (IL-1β gene), sirtuin 2 (SIRT2 gene), and transcription factor MAFB (MAFB gene). Each dot in the scatterplot represents the composite score for each individual horse. Tissue expression for phosphorylated PPARγ (p=0.0032) and mevalonate kinase (p=0.0291) were lower in BMNC-treated joints. (B) Representative sections of synovium from inflamed joints treated with BMNC or DPBS and stained for selected markers detailed above (scale bars 100µm).






Discussion

In this study, we identified differential transcriptional signatures of BMNC in response to ISF and SF. These same BMNC were previously shown to resolve synovitis following exposure to an inflamed synovial environment in vivo and in vitro (49, 50). We demonstrate a temporal behavior of co-expressed gene networks and their association with traits from our previous studies (49, 50), as well as with the expression of key proteins in the synovium by immunohistochemistry. Our findings illustrate the elaborate balance of pro- and anti-inflammatory mechanisms shifting dominance through the recovery of joint homeostasis. BMNC responded to ISF with an early pro-inflammatory response (green module), characterized by a short spike in the expression of NF-ƙB-related genes, coincident with the peak of IL-1β secretion in conditioned ISF (50). This response was associated with increased expression of the blue and brown modules, 2 gene networks with homeostatic functions comprising known drivers of resolution, which were more highly expressed in ISF and were dominant among activated upstream regulators. Significant differences in the expression of phosphorylated PPARγ and mevalonate kinase in synovial membranes from inflamed joints treated with BMNC, and equivalent IL-1β staining between BMNC- and DPBS-treated joints, emphasize the fine tuning of so-called pro-inflammatory pathways that must remain active at physiological levels during the resolution process. These observations highlight the differences between the pro-resolving effects associated with BMNC therapy compared to the anti-inflammatory effects observed following clinical treatment with corticosteroids (30, 49–51, 69, 70).

The short spike of expression of the pro-inflammatory green module observed in ISF, is essential to trigger a cascade of events that culminates in a pro-resolving response. NF-ƙB-related and mitogen genes co-expressed in the green module (Supplementary Table 3) play a key role in promoting the proliferation of macrophages necessary to counteract damage (24, 25). NF-ƙB-related genes also induce increased expression of genes with anabolic and anti-inflammatory functions within the blue and brown modules, which have critical roles in driving resolution of joint inflammation. The top four overrepresented BPs in the green module relate to a group of genes sharing important mitogenic activity. Genes such as MAD1L1 and CHAMP1 encode proteins that interact and regulate cell structure organization preceding mitosis (71, 72). NR4A3 and NR1D2 encode transcriptional activators involved in proliferation, survival and differentiation of myeloid progenitor cells, and in adjusting myeloid progenitor cell metabolism to oxidative stress (73, 74). NR1D2 does so by activation of IL-6 transcription, which is also required to induce expression of the IL-4 receptor and related downstream regulatory functions of macrophages, including their self-renewal (75–77). The BP “response to estradiol” was characterized by the expression of the amphiregulin (AREG) and STAT3 genes. Macrophages are an important source of amphiregulin produced during acute inflammation. The AREG/ERK/STAT3 signaling axis is required for the differentiation of progenitor cells during tissue repair and establishing a pro-resolving response (78–81). AREG was more highly expressed in ISF and exhibited progressively decreasing expression over time, as the resolving response progressed (Supplementary Table 6). Additionally, estrogen accelerates the resolution of inflammation through the regulation of IL-10/STAT3-mediated deactivation of pro-inflammatory responses, such that post-menopausal women are prone to developing chronic inflammation (82). STAT3 was the activated upstream regulator in ISF cultures with the highest connectivity. The NIK/NF-ƙB signaling in the green module was highlighted by the expression of RELB and NFKB2. Both RELB and NFKB2 are subunits of the non-canonical NF-κB signaling, which in macrophages, can exert both pro- and anti-inflammatory effects (83, 84). Non-canonical NF-κB signaling is critical to produce SDF-1α and recruit monocytes to the site of damage immediately following injury (83). Further, during monocyte-macrophage differentiation, non-canonical NF-κB signaling prevents hyperactivation of new macrophages by accelerating the removal of RelA and c-Rel (canonical NF-κB subunits) from pro-inflammatory gene promotors preventing overt inflammation. As such, blocking non-canonical NF-κB by inactivation of its IKKα subunit results in increased inflammation (84). In both SF and ISF cultures, RELB expression was positively regulated, with decreasing expression over time, while RELA was downregulated (Figure 6; Supplementary Table 6). Combined, these signatures illustrate a fraction of molecular drivers of the acute response of BMNC to inflammation, which also sets the stage for establishing a pro-resolving response.

Increased expression of the blue module in response to inflammation, in parallel with the surge of the green module, and over a timeline associated with resolution in our previous studies (49, 50), suggests a pro-resolving identity. Genes encoding established drivers of joint inflammation resolution (IL-10, IGF-1) allocated to the blue module (Supplementary Table 2). A major functional signature of this module was the activation of the mevalonate pathway and isoprenoids biosynthesis, comprised by the expression of genes encoding central drivers of the mevalonate/isoprenoid pathway (COQ2, HMGCR, FDPS, HMGCS1, GGPS1, MVK, PDSS1, PDSS2, GGDPS1, FDPS, ACAA2, HADHA and ACAT2. In agreement, the super pathway of cholesterol biosynthesis, geranylgeranyl biosynthesis (an isoprenoid) and mevalonate pathway had the highest activation scores in ISF cultures between 0 and 48 hours, as detected by IPA. The roles of the mevalonate pathway in steroidogenesis, counteracting oxidative stress and inflammation resolution, are well documented in the macrophage response to damage and inflammation resolution (85–88). Deficiency of mevalonate kinase (MVK), a key enzyme in the mevalonate pathway, causes reduced synthesis of isoprenoids, leading to mitochondrial damage, subsequent oxidative stress and severe inflammation (89, 90). Importantly, exogenous isoprenoid treatment in models of inflammation induces decreased oxidative stress and production of inflammatory markers, by increasing expression of the NF-κB inhibitor IκBα and antioxidant selenoproteins (86, 91–93). Gene expression for MVK and HMGCS1, key enzymes in the mevalonate pathway, exhibited a similar expression profile between themselves (Figure 6; Supplementary Table 6). These enzyme genes were more highly expressed in SF, suggesting that inflammation negatively affects this pathway. A similar pattern of gene expression for IL10 and IGF1 was observed in our previous study, in which both genes were more highly expressed in SF than ISF (50). However, concentrations of IL-10 and IGF-1 in ISF were higher than in SF, because the decreased relative production in ISF was compensated for by higher macrophage counts (50). Our ongoing lipidomic study on BMNC-conditioned SF and ISF from the same samples used in this study may help elucidate if a similar context applies for isoprenoid production. Interestingly, it was recently evidenced that transcriptional dysregulation of the mevalonate pathway is a key signature of the overt inflammation caused by SARS-CoV-2 infection, highlighting its importance for inflammation resolution (88). Differences in MVK expression detected in synovial membranes suggests that the in situ activity of MVK in synovitis resolution happens earlier in time, as suggested by our pathway analysis and in vivo study (49).

The second overrepresented BP in the blue module “proteasome ubiquitin-dependent protein catabolism” was comprised of genes that characterize the formation of the 26S proteasome. Inflammation-derived oxidative stress damages nascent proteins that become misfolded and targeted for degradation (94). The 26S proteasome is essential for the degradation of these proteins, preventing aggregate formation, which is part of the pathogenesis of several conditions (94). Such observation from GO analysis agrees with the IPA findings where the “Unfolded Protein Response” was identified among the most activated pathways following isoprenoid biosynthesis through the mevalonate pathway. The next overrepresented BP was “protein localization to the Cajal body”. These are coiled bodies found in the nucleus of proliferating or metabolically active cells and are implicated in telomere homeostasis (95, 96). This BP was represented primarily by genes encoding chaperonin containing tailless (CCT) proteins that are critical regulators of telomerase folding and trafficking (97). Depletion of CCT proteins cause Cajal body and telomerase mislocalization and failure of telomere elongation (97). CCTs are also required for folding of cytoskeletal proteins during cell proliferation (98). The fourth dominant BP, “response to thyroid hormone stimulus”, reflects the effects of triiodothyronine on regulation of macrophage maturation and responses. Such responses include controlling cell migration and conferring protection against endotoxemia and LPS exposure, in great part through proliferation of tissue resident macrophages (99, 100). In addition, half of the genes characterizing this BP encode for cathepsins that mediate endolysosomal protein degradation. In summary, the dissection of a minute part of the blue module, illustrates the effect of isoprenoids and thyroid hormones in improving metabolism and performance of BMNC-derived macrophages to counteract the effects of inflammatory oxidative stress (85, 89, 90, 99, 100). This response is, at least partially, achieved by adjusting proteostasis through the 26S proteasome and Cajal bodies, preventing degenerative protein aggregate formation during increased cell transcription, proliferation and metabolism in response to inflammation (94, 97, 98).

The signature of the brown module were BPs that comprised of a series of gene groups encoding proteins that regulate the mitochondrial respiratory chain and mitochondria-mediated regulation of energy metabolism (101, 102). There is growing evidence of the pivotal role of mitochondria in energy metabolism adjustments required for inflammation resolution as shown in the brown module (103–105). In the face of inflammatory challenges, enhanced cell respiration induces oxidative stress, activating alternative sources of energy driving gluconeogenesis and enhancing mitochondrial fatty acid oxidation (101, 102) as denoted by the increased expression of genes such ACAA2 and HADHA in ISF cultures (Figure 6). These genes were, however, associated with the isoprenoid biosynthetic pathway, highlighting the recently reported role of mitochondrial isoprenoid biosynthetic process (106). Enhancing the mitochondrial respiratory chain is a homeostatic mechanism that prevents mitochondrial DNA damage and its subsequent cytosolic and extracellular release signaling through damage-associated molecular pattern (DAMP) receptors (107). The peroxisome proliferator-activated receptor-gamma (PPAR-γ) co-activator 1-α (PPRGC1A; PPRGC1A gene), a master regulator of mitochondria biogenesis and liver gluconeogenesis was among the outstanding genes involved in mitochondrial regulatory functions listed in the brown module (101) and exhibited a trend for higher expression in BMNC treated joints (Figure 8).

Following interaction with PPRGC1A, PPAR-γ exhibits increased activity, interacting with a multitude of transcription factors and PPAR-γ responsive elements (43). PPAR-signaling was an important activated pathway identified by IPA in both SF and ISF cultures between 48 and 96 hours (Table 1, Figure 6), denoting its homeostatic functions. Among different PPARs, PPAR-γ was one of the most highly connected upstream regulators. In macrophages and other cells, PPAR-γ signaling is a cornerstone of tissue repair and inflammation resolution, exhibiting myriad functions that are either PPAR-γ-mediated or -dependent (43). Examples include shifting the production of pro-inflammatory cytokines towards anti-inflammatory and pro-resolving mediators, driving apoptosis and clearance of neutrophils, enhancing macrophage traffic, recruitment, phagocytosis and efferocytosis, improving mitochondrial respiratory performance, and the overall transcriptome of a regulatory response driving recovery of homeostasis (43, 47, 101, 108). Of note, some isoprenoids, the signature of the blue module, as well as some specialized pro-resolving molecules, signal through PPAR-γ, conferring increased production of IL-10, resistance to inflammatory stimuli and attenuated NF-ƙB activation following LPS stimulation (43, 81, 109–111). Gene expression for PPARG was higher in ISF compared to SF. Significantly lower staining for phospho-PPAR-γ expression in synovial membranes detected by IHC, combined with the timing at which PPARG was identified as an Upstream Regulator, suggest that its activity modeling synovitis resolution almost overlap with the acute phase of inflammation. Importantly, PPAR-signaling findings from IPA at 48-96 coincide with the time at which pro-resolving effects were observed in our previous in vivo and in vitro studies (49, 50). Histochemical findings for phospho-PPAR-γ and PPRGC1A in BMNC compared to DPBS-treated controls suggests PPAR-γ signaling was not only a BMNC response to the inflamed synovial environment, but also part of the beneficial effects of BMNC on treated joints. Moreover, there is recent evidence that PPRGC1A expression is required for chondrocyte metabolism and cartilage homeostasis, with PPRGC1A knockouts exhibiting delayed endochondral ossification, disruption of physeal morphology and severe premature osteoarthritis (112).

Also in the brown module, CSF1 was identified as an upstream regulator gene and was more highly expressed in ISF than SF cultures. The marked proliferation of BMNC in ISF observed in vitro (50) may also be a response from CSF-1 signaling (50). Following a spike of proliferation, stimulation of macrophage progenitors with interferon-gamma (IFN-γ) or LPS induce maturation and cell cycle arrest, increasing MHC-II expression and developing the capability to quickly respond to inflammatory stimuli and antigen presentation (113). Given that synovitis in our model was induced by injection of LPS, it is not surprising that “antigen processing and presentation of polysaccharide antigen via MHC class II” was a dominant BP in the brown module, particularly considering that IFN-γ was not detected by immunoassay in conditioned SF or ISF in a preliminary screening performed in our study (50). Combined, these observations from the brown module highlight the importance of macrophage proliferation and maturation, and PPRGC1A/PPAR-γ signaling during macrophage-mediated joint homeostasis, identifying the need for further investigation of the therapeutic roles of PPAR-γ-agonists in the recovery of joint health.

The combined overrepresented BPs in the turquoise module, exclusive to ISF, reflect the dynamic of serine/threonine phosphorylation, autophosphorylation and dephosphorylation during cytokine signaling and subsequent mRNA transduction (114). In our study, these events happened in response to IL-4 (50). IL-4 signaling regulates the establishment of a pro-resolving response in macrophages by adjusting chromatin conformation and access for RNA transcription initiation (45). It also represses the expression of classical pro-inflammatory genes, decreasing inflammasome activation, IL-1β production and pyroptosis (44). Alternatively, IL-4 signaling enhances DNA binding of RNAPII-pS2 and RNAPII-pS5, and H3K27Ac as a positive epigenetic modification that leads to increased expression of several gene networks with a pro-resolving function (44). STAT6, which also allocates to the turquoise module, is a major regulator of IL-4 (likely through IL-4r expression) and PPAR-γ signaling (46). STAT6 facilitates binding of PPAR-γ to DNA, which, like IL-4, increases the number of regulated genes and the magnitude of response from macrophages (44, 46, 47, 115). IL-4r expression was increased in BMNC cultured in both SF and ISF, but was significantly higher in ISF (50), in agreement with the overall findings in this module. We did not, however, detect gene expression for IL-4 or the IL-4r agonist IL-13. Also, neither IL-4 nor IL-13 were detected in the synovial fluid (SF or ISF) in our in vitro and in vivo studies (29,31). Collectively, these findings suggest that, if produced by cells in the joint other than BMNC, their concentrations were either below detectable limits or absent, raising the possibility of signaling by an unidentified IL4r agonist or an unconsidered pathway with equivalent gene ontology. The decreasing mean expression of the turquoise module in relationship to the increasing mean expression of the blue and brown modules, indicates that the biological processes included in the turquoise module are primarily required for priming the macrophages in BMNC towards a pro-resolving response (45).

IL1B gene expression in BMNC and protein expression in synovial fluid coincided in time and duration, peaking at 24 hours and progressively decreasing over time (49, 50). The IL1B gene was identified as a centerpiece among inhibited upstream regulators in ISF. Interestingly, IL-1β expression in the synovial membrane at 6 days following LPS model induction remained evident in both BMNC- and DPBS-treated joints. This finding suggests that the physiological levels of IL-1β expression required for homeostasis were conserved and not blocked, as commonly observed with the use of corticosteroids (51). Staining patterns for the other selected markers were inconclusive due to variability between individual horses. Although our experimental design was aimed at minimizing variability by including only horses of the same breed and a narrow range of age, variability is expected when working with human populations and animal models. Inbred mice poorly mimic the inflammatory reaction of people (116). While this study comprised a small cohort, the horse is an excellent model for the translation of inflammation (117) and an established model for the study of degenerative and inflammatory joint disease (1, 118). In agreement with our in vivo (49) and in vitro (50) findings using the same horses, the combined effects of gene networks comprised by each module depict a pro-resolving response, dissecting some important signatures of this process, and identifying candidate biomarkers of synovitis resolution, such as PPAR-γ and MVK expression and synovial fluid quantification of isoprenoids. The overall agreement between different analytical tools used in this study (between gene ontology of WGCNA-derived modules with IPA pathways and upstream regulator analysis) reinforce the significance of our data. However, future mechanistic studies are necessary to further determine the specific roles of pathways and biological processes identified in our study. A study of the transcriptome analysis from synovial samples from naturally inflamed joints treated with BMNC and DPBS would complement our current observations and further illustrate the molecular drivers of the synovial response to BMNC injection.



Conclusion

Our current data suggest that BMNC-derived mechanisms of resolution are primarily represented by constitutively expressed homeostatic mechanisms, whose expression is enhanced to counteract tissue damage. These homeostatic mechanisms translate into macrophage proliferation, enlarging the “macrophage army” to fight aggressors, also improving their general and mitochondrial metabolism to better resist the challenges of inflammatory oxidative stress. Such effect is partially achieved through the synthesis and signaling of lipid mediators that promote recovery of homeostasis. Further exploration of BPs and pathways not dissected in this study may identify additional targets for future investigations. The combined findings of our equine studies (27, 49, 50) and human clinical trials (48, 119) highlight the long-lasting and superior pro-resolving effects of BMNC in the treatment of arthritic conditions. This study reveals important transcriptional signatures of BMNC-induced resolution of synovitis and reinforce that pro-resolving macrophages do not fit within commonly described pro- or anti-inflammatory phenotypes established in artificial in-vitro systems (120, 121). Current knowledge, including our study, suggests that in vivo, macrophages are by default homeostatic cells that, following injury, drive inflammation with the purpose of counteracting tissue aggressors, further guiding inflammation resolution and recovery of homeostasis (24, 25, 39, 122–125). Our study also highlights candidate mechanisms by which BMNC provide lasting improvement in patients with OA. Therapeutic enhancement of PPAR-γ signaling in joints with chronic inflammation may represent a novel strategy for resolving joint inflammation. Defining multiple mechanisms of macrophage-mediated synovitis resolution may provide means to develop pharmacological pro-resolving therapies, bypassing the need for more invasive bone marrow aspiration and further advancing the treatment of many inflammatory arthropathies, not just OA.
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Nonresolving inflammation is a critical driver of several chronic inflammatory diseases, including inflammatory bowel diseases (IBD). This unresolved inflammation may result from the persistence of an initiating stimulus or from the alteration of the resolution phase of inflammation. Elimination of apoptotic cells by macrophages (a process called efferocytosis) is a critical step in the resolution phase of inflammation. Efferocytosis participates in macrophage reprogramming and favors the release of numerous pro-resolving factors. These pro-resolving factors exert therapeutic effects in experimental autoimmune arthritis. Here, we propose to evaluate the efficacy of pro-resolving factors produced by macrophages after efferocytosis, a secretome called SuperMApo, in two IBD models, namely dextran sodium sulfate (DSS)-induced and T cell transfer-induced colitis. Reintroducing these pro-resolving factors was sufficient to decrease clinical, endoscopic and histological colitis scores in ongoing naive T cell-transfer-induced colitis and in DSS-induced colitis. Mouse primary fibroblasts isolated from the colon demonstrated enhanced healing properties in the presence of SuperMApo, as attested by their increased migratory, proliferative and contractive properties. This was confirmed by the use of human fibroblasts isolated from patients with IBD. Exposure of an intestinal epithelial cell (IEC) line to these pro-resolving factors increased their proliferative properties and IEC acquired the capacity to capture apoptotic cells. The improvement of wound healing properties induced by SuperMApo was confirmed in vivo in a biopsy forceps-wound colonic mucosa model. Further in vivo analysis in naive T cell transfer-induced colitis model demonstrated an improvement of intestinal barrier permeability after administration of SuperMApo, an intestinal cell proliferation and an increase of α-SMA expression by fibroblasts, as well as a reduction of the transcript coding for fibronectin (Fn1). Finally, we identified TGF-β, IGF-I and VEGF among SuperMApo as necessary to favor mucosal healing and confirmed their role both in vitro (using neutralizing antibodies) and in vivo by depleting these factors from efferocytic macrophage secretome using antibody-coated microbeads. These growth factors only explained some of the beneficial effects induced by factors released by efferocytic macrophages. Overall, the administration of pro-resolving factors released by efferocytic macrophages limits intestinal inflammation and enhance tissue repair, which represents an innovative treatment of IBD.
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1 Introduction

Inflammatory bowel diseases (IBD, including Crohn’s disease [CD] and ulcerative colitis [UC]) consist in a family of chronic idiopathic relapsing diseases characterized by a dysregulated response of the innate and adaptive immune system. This dysregulated response leads to the damage of the intestine and of the colonic mucosa (1). Today, the most commonly available treatments for IBD are based on immunosuppressive agents that target the deleterious effector arm of the pathogenic immune response (2). However, these current approaches are not entirely effective and not specific to pathogenic immune cells triggering IBD. They are responsible for multiple adverse effects, including an increased susceptibility to infections. In most cases, surgical resection remains the ultimate therapeutic alternative. Despite significant improvements in the management of IBD patients brought by the development of innovative drugs [such as biologic agents like anti-TNF therapy (3, 4)], new therapeutic strategies are needed.

Non-immune components of the intestinal mucosa are also involved in the pathogenesis of IBD (5). This is illustrated by intestinal epithelial cell (IEC) damage which participates in IBD pathogenesis (6). Indeed, mucosal healing is emerging as a critical endpoint in clinical trials and practice (2, 7). Under normal homeostatic conditions, once neutrophils have controlled and eliminated the mucosal insult, they undergo apoptosis at the site of inflammation (8), and then attract blood-derived monocytes through “find-me” signals (9). Together with tissue-resident phagocytes, monocyte-derived macrophages eliminate apoptotic cells through a process called efferocytosis (10). Along with a pro-inflammatory to pro-resolving lipid shift (11), efferocytosis triggers the resolution of inflammation, leading to restoration of homeostasis and regeneration of a functional tissue (12). Factors produced by efferocytic macrophages promote wound repair (13). This repair involves the migration, proliferation and differentiation of different cell types, including macrophages, fibroblasts, as well as IEC in IBD (2). The secretome of macrophages triggered by apoptotic cell removal (thereafter called SuperMApo) demonstrates its ability to terminate chronic inflammation and restore tissue homeostasis in several inflammatory situations, particularly in ongoing arthritis (14). SuperMApo contains several factors, including chemokines (CCL5, CXCL2, and CCL22) and cytokines (IL-1RA, IL-10, and TGF-β) (14). In the treatment of collagen-induced arthritis with SuperMApo, TGF-β demonstrated a critical role in association with co-factors (14). In that context, SuperMApo induced auto-antigen-specific regulatory T cells through the reprogramming of antigen-presenting cells, in particular macrophages (14).

During intestinal inflammation, the differentiation of monocytes into mature intestinal macrophages is disrupted; this delays efferocytosis and aborts the resolution phase. Neutrophils accumulate in the lamina propria (15), resist transiently to apoptosis (16) and generate a highly inflammatory microenvironment contributing to tissue destruction (17). This favors a pro-inflammatory macrophage profile; these activated macrophages release inflammatory mediators (18, 19) preventing neutrophil apoptosis and delaying the pro-inflammatory to pro-resolving lipid shift (20, 21). This creates a pro-inflammatory loop.

Triggering an efficient resolution of inflammation in IBD seems an innovative approach to limit inflammation and favor tissue healing (22, 23). Apoptotic cell-based approaches have been successfully evaluated to trigger resolution in two experimental models of IBD, triggering resolution through the efficient elimination of apoptotic cells by phagocytes and the consequent release of pro-resolutive factors (24, 25). We therefore addressed whether the administration of pro-resolving factors released by macrophages after efferocytosis would be able to restore intestinal mucosa homeostasis. Here, we provide evidence that reintroducing these pro-resolving factors enhances tissue repair as the colon mucosa ameliorations observed in the DSS-induced chronic colitis model, showing similarities with UC (notably the presence of crypt abscesses), and in the T cell transfer-induced colitis showing similarities with CD (notably endoscopic and histological deep ulcerations and inflammatory cell infiltration), thanks to video-endoscopy. The same pro-healing properties of SuperMApo pro-resolutive drug were also observed in absence of systemic inflammation using a model of forceps-induced intestinal wound. Pro-resolving factors modulate local fibroblasts and IEC, which then acquire pro-resolving properties. Our findings reveal that pro-resolving factors released by macrophages after efferocytosis represent important modulators of mucosal inflammation and healing. This represents a new therapeutic approach for the treatment of IBD.



2 Material and Methods


2.1 Mice

Four to eight-week-old C57BL/6 female mice were obtained from Charles River Laboratories (L’Arbresle, France) and kept in quarantine for at least one week before any experimental procedure. Rag2-deficient (Rag-2–/–) C57BL/6 mice were bred in our specific pathogen-free rodent facility. Mice were housed in this facility (#D25-056-7) in standard plastic cages with cellulose bedding in environmentally controlled and germ-free rooms at 22°C, and kept under a 12-hour light/dark cycle. Pellet food and sterile tap water (Hydropack; Plexx) were available ad libitum. Experimentation (#02831) was approved by the local ethic committee (#58) and the French Ministry of Higher Education and Research (Ministère de l’Enseignement Supérieur, de la Recherche et l’Innovation) and was conducted in accordance with the European Union Directive 2010/63.



2.2 In Vivo Intestinal Mucosal Injury Procedure

An intestinal mucosal wound was performed as previously described (26). To wound the C57BL/6 mouse colon, a biopsy forceps was inserted into the working channel of the endoscope (superslim 8.4 Fr, 2.8 mm, flexible video ureteroscope [URF V2; Olympus]) and introduced into the colon of a 2% isoflurane-anaesthetized 6 to 8-week-old mice. Under visual control, a small piece of mucosa was carefully removed. SuperMApo or vehicle (X-vivo) was administrated i.p. the day of the injury and 48 hrs later (1 mL per mouse/injection). The process of wound healing was subsequently monitored by daily endoscopies.



2.3 Naive T Cell Transfer-Induced Colitis

Naive CD25−CD45RBhighCD4+ T cells were sorted by flow cytometry (cell sorter SH800Z, SONY) from magnetically enriched CD4+ spleen and lymph node cell suspensions (EasySep Mouse CD4+ T Cell Isolation Kit; StemCell Technology) to a >95% purity. According to the described model (27), 5.10e5 naive T cells sorted from C57BL/6 were injected into the tail vein of 6 to 8-week-old Rag-2–/– C57BL/6 mice to induce colitis. Mice were monitored daily for clinical assessment of colitis and twice a week by video-endoscopy to appreciate colon mucosa. SuperMApo or vehicle (X-vivo) was administrated i.p. at day 10, after T cell transfer, and 48 hrs later (1 mL/mouse/injection). At that time (10 days post-T cell transfer) mice experimented a 6 to 7 MEICS score, out of 15. In additional in vivo experiments, TGF-β, IGF-I and VEGF recombinant growth factors (R&D systems), or PBS, were administrated i.p. at day 10, after T cell transfer, and 48 hrs later (1 mL per mouse/injection; TGF-β: 700 pg/mL, IGF-I: 1050 pg/mL and VEGF 350 pg/mL).



2.4 Dextran Sulfate Sodium (DSS)-Induced Colitis

Chronic DSS colitis was induced in 6 to 8-week-old C57BL/6 mice with the addition of 3% of DSS (MP Biomedicals LLC) in drinking water for seven consecutive days. Then, regular water was given for the next 10 days, and this cycle was repeated twice. Control mice were given with tap water only. Mice were monitored daily for clinical assessment of colitis and twice a week by video-endoscopy to appreciate their colon mucosa. SuperMApo or vehicle (X-vivo) were given i.p. the day of the first DSS cycle initiation, and 48 hrs later (1 mL/mouse).



2.5 Mice Monitoring and Video-Endoscopy

The mice were monitored daily for clinical assessment of colitis according to a total clinical score of 0 to 9 assigned to each animal and composed of the sum of the body weight loss (0 to 5% of weight loss = 0; 5 to 10% = 1; 10 to 15% = 2; 15 to 20% = 3; >20% = 4), the feces appearance (normal = 0; diarrhea = 1; bloody stools = 2), and the general behavior (normal = 0; mild alteration = 1; piloerection and motor activity altered = 2; severe alteration = 3). The mice were monitored twice a week by video-endoscopy under 2% isoflurane-induced anesthesia, without bowel preparation nor starving. Video-endoscopy was performed using a superslim 8.4 Fr (2.8 mm) flexible video ureteroscope (URF V2; Olympus), connected to OTV-S190 and CLV-S190 visera elite monitor system (Olympus), with a narrow band imaging system enhancing visibility of vascular structures. Endoscopic assessment of mucosal inflammation was reported with the murine endoscopic index of clinical severity (MEICS) score (28), composed of five parameters rated from 0 to 3, including: thickening of the colon, changes in the vascular pattern, fibrin deposition, granularity of the mucosal surface, and stool consistency.



2.6 Intestinal Permeability Evaluation

The mice were submitted to gavage with fluorescein isothiocynate (FITC)-dextran (MW 4000; Sigma-Aldrich) at 80 mg/kg of body weight, five hrs prior to blood collection through retro orbital puncture. Fluorescence intensity in the serum was measured at 520 nm (Perkin Elmer). FITC-dextran concentrations were determined from a standard curve generated by a serial dilution of FITC-dextran. Quantification of regenerating islet derived protein 3-γ (REG-3γ) concentrations in plasma was determined by ELISA (Cloud clone corporation) according to the manufacturer’s instructions.



2.7 Generation of pro-Resolving Factors Released by Efferocytic Macrophages

Pro-resolving factors from mouse or human pro-resolving macrophages (called SuperMApo) were produced as described previously (14). Briefly, SuperMApo consisted in the supernatant of a 48-hr culture of apoptotic thymocytes (rendered apoptotic by a 35 Gy-irradiation) with thioglycolate-elicited peritoneal macrophages, in X-vivo culture medium to a 5 to 1 ratio, respectively (14). Human SuperMApo consisted in the 48-hr culture supernatant of M-CSF blood monocyte-derived macrophages cultured with apoptotic autologous peripheral blood mononuclear cells (rendered apoptotic by a 35 Gy-irradiation) to a 5 to 1 ratio in MEM medium, respectively (14). Supernatants were collected, centrifuged to eliminate debris, filtered through a 0.22 µm filter and frozen or lyophilized and frozen for conservation. SuperMApo was used directly in culture experiments (see Functional Assays) or injected i.p. for in vivo experiments (1 ml/mouse repeated 48 hrs later, in total 2 ml per mouse). In some in vitro experiments, VEGF (AF493NA), TGF-β (MAB240) and IGF-I (AF791) neutralizing antibodies or control anti-goat IgG (AB-108-C) or anti-mouse IgG1 antibodies (MAB002) (all from R&D systems), were used in addition to SuperMApo. In some in vivo experiments, growth factors were immuno-magnetically depleted from SuperMApo. Briefly, 10 µg/ml of antibodies directed against VEGF and IGF-I (the same clones than in blocking experiments) as well as 50 µg/ml of anti-TGF-β antibody (2G7 clone; provided by Prof. L. Chatenoud) were incubated for one hour with SuperMApo at room temperature. Then, goat anti-mouse IgG (Polysciences Europe GMBH) or rabbit anti-goat IgG (Rockland) coated magnetic beads were incubated separately with a pre-formed antigen (Ag)-antibody (Ab) complex for 20 minutes or one hour respectively, at room temperature. The Ag-Ab-bead complexes were then captured using a magnetic separator. Protein levels of FGF, EGF, TGF-β, IGF-I and VEGF in SuperMApo were determined by ELISA (all from R&D systems), according to the manufacturer’s protocols.



2.8 Histological Analysis and Immunofluorescence

Immediately after sacrificing the mice, tissue samples from the proximal, median and distal parts of the colon were collected and fixed overnight in 5% formalin. Paraffin inclusions were performed on the macroscopic injured area. Then, 4 µm sections were stained with hematoxylin-eosin-saffron (HES). A histological evaluation was performed by an experimented pathologist blinded to the nature of the mice being examined, using a five-degree severity score based on inflammatory cell infiltration, erosions and ulcerations, epithelial hyperplasia and mucin depletion, as previously described (29). Cytofix/Cytoperm buffer (eBioscience) was applied for the detection of nuclear staining. The primary antibodies used for immunostaining of mouse tissue and primary fibroblasts were: rabbit anti-mouse Ki-67 (clone SP6; Abcam), rabbit anti-human α-smooth muscle actin (α-SMA) (polyclonal; Abcam) and Alexa 488-conjugated rabbit anti-vimentin (Clone D21H3; Cell signaling). The secondary antibody was Alexa Fluor 555 goat anti-rabbit IgG (H+L) (Life Technologies). The nuclei were counterstained with DAPI (Sigma-Aldrich). Fluorescence analysis was performed with Olympus IX81 and Fluoview FV1000 software (Olympus). For quantitative analyses, at least four to five representative high-power fields (HPF, 40X) per section were evaluated in a blinded manner.



2.9 RNA Isolation and PCR Analysis

Total RNA were extracted from tissues or cells using the RNeasy mini kit (Qiagen) and 1 to 2 µg of RNA was reversed-transcribed into cDNA using the high capacity RNA to cDNA kit (Applied Biosystems). Then, cDNA were quantified by real time RT-PCR using the power SYBR green PCR master mix (Applied Biosystems) using Col1a1 (Mm0080 1666_m1), Col3a1 (Mm0125 4476_m1), Fn1 (Mm0125 6744_m1) and GAPDH primers (from Applied Biosystems). Relative mRNA levels were determined using the ΔΔCt method. Values were expressed relative to GAPDH levels.



2.10 Cell Isolation and Culture

Fibroblasts were isolated from C57BL/6 mice colon mucosa or from human colon biopsies (30). Colon biopsies were collected according to standard procedures. This study was approved by the Ethics Committee of Besançon (#14/456; date of approval: July 13th, 2021), and all participants signed an informed consent form. Mucosal sheets were treated with 5 mM of EDTA (Life Technologies) in calcium-free HBSS (Life Technologies) five times at 37°C for 15 min to remove the epithelial layer. The mucosal sheets without epithelial cells were then cut into small pieces and cultured in completed RPMI-1640 medium (Life Technologies) containing 10% of FBS (Life technologies), 1% of penicillin/streptomycin and 10 mg/mL of collagenase D (Roche) for 60 min at 37°C, 5% CO2. Isolated fibroblasts were cultured in RPMI-1640 medium containing 10% of FBS, 1% of penicillin/streptomycin, 10 mM of sodium pyruvate (Lonza), 1 mM of non-essential amino acids (Lonza) and 0.05 mM of 2 beta-mercaptoethanol (Sigma Aldrich). The cultured fibroblasts were used for experiments after two to four passages. The immortalized MODE-K cell line derived from mouse small IEC was obtained from INSERM U1111 (31). Cells were cultured in completed RPMI-1640 medium at 37°C, 5% CO2.



2.11 Functional Assays


2.11.1 Proliferation and Phagocytosis

Cell proliferation was determined by mitochondrial activity using the 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) assay according to the manufacturer’s instructions. For the phagocytic assay, apoptotic cells were stained with carboxyfluorescein succinimidyl ester (CFSE; Invitrogen) according to the manufacturer’s protocol, and co-cultured with MODE-K cells for six hours in 24-well plates with 1 mL of SuperMApo or X-vivo control medium. Phagocytosis was determined by FACS.



2.11.2 Wound Healing Scratch Assay and Migration Assay

For the wound-healing scratch assay, cells were seeded in 6-well plates (5.10e5 cells/well) and grown to confluence. Then, linear mechanical scratch wounds were performed in each well using a 1000-µl plastic pipette tip, and the rate of cell migration in the presence of 5 mL of SuperMApo or X-vivo control medium was measured by determining the surface empty of cells immediately after wounding (day 0) and at different times as indicated. For migration assays, 8-µm pore size transwells (Greiner) were used with cells seeded on the top of the transwells, and incubated for 24 hrs at 37°C, 5% CO2, in the presence of 1 mL of SuperMApo or X-vivo control medium. Then, after removing cells from the top using a cotton bud, cells at the bottom of the wells were fixed with 100% of ethanol, stained with 2% of crystal violet and pictures from each membrane were taken. Finally, the invasive cells located in the lower chamber were counted manually.



2.11.3 Contraction Assay

Concerning the contraction assays, collagen culture gel was prepared as previously described (32). Briefly, collagen was prepared by mixing 0.1% of acetic acid with rat-tail type 1 collagen (Corning®) to 3 mg/mL. Then, 400 µL of cell suspension was mixed with 200 µL of collagen solution in a 24-well plate. Quickly, 1 M of NaOH was added to the well for gel solidification. After 20 min, the gel was finally detached from the bottom of the well and incubated during 24 hrs at 37°C, 5% CO2 in the presence of 1 mL of SuperMApo or X-vivo control medium. Gel contractions were determined by the measurement of collagen disk diameters at different time points.




2.12 Statistical Analysis

Data are expressed as mean ± standard error of the mean (s.e.m.), and were analyzed using adapted statistical tests, as indicated in figure legends, using GraphPad Prism software (5.01 version). A p-value below 0.05 was considered statistically significant.




3 Results


3.1 Pro-Resolving Factors Released by Macrophages After Efferocytosis Promote the Resolution of Inflammatory Bowel Diseases

The pro-resolving functions of the factors released by macrophages after co-culture with apoptotic cells (named SuperMApo) have been described previously (14). These factors were evaluated for their capacity to stop naive T cell transfer-induced colitis. SuperMApo was injected twice (at a 48-hr interval) in mice exhibiting ongoing colitis, as attested by a MEICS score of 6 to 7 out of 15 (determined by live colonic endoscopy). The day after the last injection, colonic lesions stopped progressing in SuperMApo-treated mice, as attested by the MEICS score stagnation, whereas these lesions aggravated in vehicle-treated mice (Figure 1A). A thickening and increased granularity of the colon mucosa, a high fibrin deposition as well as thinner and tortuous blood vessels demonstrated lesion worsening between the last day of treatment (day 10) and day 19 in vehicle-treated mice (Figure 1A). MEICS score improvement after SuperMApo treatment was associated with reduced weight loss and reduced colitis clinical score (Figures 1B, C). Intestinal necropsy 10 days post-treatment showed an increased length of the colon in IBD mice receiving SuperMApo compared to the colon length in vehicle-treated mice. Colons of vehicle-treated mice were shorter, hyperemic and contained fewer feces due to massive diarrhea (Figures 1A, D). Altogether, this indicates inflamed colons. Histological examination of the intestines showed a reduced infiltration of inflammatory cells, notably in the rectum, in SuperMApo-treated mice (Figure 1E). Overall, these data demonstrate that the injection of pro-resolving factors released by efferocytic macrophages in mice with ongoing IBD could control IBD progression and inflammatory cell infiltration.




Figure 1 | Pro-resolving factors released by macrophages after efferocytosis promote intestine mucosal healing and limit colitis. Colitis was induced by the transfer of naïve CD4+CD25–CD45RBhi T cells into Rag2–/– C57BL/6 mice. (A) Colon examination was performed by colonoscopy and lesion quantification was assessed by the murine endoscopic index of colitis severity (MEICS) score. Mice developing colitis received twice (arrows) pro-resolving factors (SuperMApo) or vehicle (1 mL/mouse, i.p.) 10 days after the induction of colitis (i.e., naïve T cell transfer) when they experimented a MEICS score of 6 to 7 out of 15, and 48 h later. Representative pictures are displayed from day 10 and 19 according to MEICS items. Black arrows identify the MEICS items on each picture. Cumulated data from one representative experiment out of three, expressed as mean ± s.e.m. (5 to 6 mice per groups) were also shown. (B, C) Body weight loss and clinical score changes were assessed on colitis mice. Data are expressed as mean of group ± s.e.m. (5 to 6 animals per groups) from one representative experiment out of three independent experiments; ***p < 0.001 (two-way ANOVA with Bonferroni post-test). (D) Colon length was assessed on colitis mice from a. Representative colon pictures are shown as well as cumulative data from one representative experiment out of three independent experiments (5 to 6 mice per group); *p < 0.05 (nonparametric Mann-Whitney test). (E) Representative HES staining of paraffin-embedded sections of the colonic tissues obtained from colitis mice from (A), and cumulative histological scores (pooled from 3 independent experiments) are shown and expressed as mean of group ± s.e.m. (5 to 6 mice per group); **p < 0.01 (nonparametric Mann-Whitney test).



We further evaluated the wound healing properties of factors produced by efferocytic macrophages in DSS-induced colitis model. Administered on the day of colitis induction and 48 hrs later, SuperMApo strongly prevented colitis severity as attested by a reduced clinical score (which reached a score of 0 by day 48 following treatment), and a reduced MEICS score (Figures 2A, B) throughout the 50 days of the experiments. Body weight loss was not significantly improved (Figure 2C). Vehicle-treated mice exhibited worse colitis lesions, such as high fibrin deposition within the colon, a thickened and bleached mucosa with spontaneous bleeding, superficial ulceration and edema (Figure 2B). Macroscopic and histologic examinations confirmed mucosa improvement in mice receiving pro-resolving factors (Figures 2D, E). Overall, these factors exhibit pro-resolving properties in inflamed intestine mucosa.




Figure 2 | Pro-resolving factors released by macrophages after efferocytosis promote healing of colon lesions induced by dextran sodium sulfate and limit colitis. (A) C57BL/6 Mice were subjected to three cycles of DSS and received at day 0 and day 2 pro-resolving factors (SuperMApo, 1 mL/mouse; i.p.) or vehicle, and were monitored daily for clinical changes over 50 days. Data are expressed as mean of group + s.e.m. (5 to 6 mice per group) and are representative of two independent experiments; ***p < 0.001 (two-way ANOVA with Bonferroni post-test). (B) Endoscopic assessment according to the MEICS score was also performed on colitis mice from (A) as well as body weight loss (C). Representative pictures of colonoscopy at day 7 and day 49 are shown, as well as cumulated MEICS score from two independent experiments. Data are expressed as mean of group + s.e.m. (5 to 6 mice per group); **p < 0.01 (two-way ANOVA with Bonferroni post-test). (D) Colon length was assessed on the colitis mice from a, and representative colon pictures were shown as well as cumulative data from two independent experiments. Data are expressed as mean of group + s.e.m. (5 to 6 mice per group); **p < 0.01 (nonparametric Mann-Whitney test). (E) Representative HES staining of paraffin-embedded sections of the colonic tissues from colitis mice from a (at x50 and x100 magnifications). Cumulative histological scores from one experiment are shown as mean of group + s.e.m. (5 to 6 mice per group); *p < 0.05 (nonparametric Mann-Whitney test).





3.2 Pro-Resolving Factors Released by Macrophages After Efferocytosis Induce Wound Healing Properties in Mouse Fibroblasts and Intestinal Epithelial Cells

Fibroblasts and epithelial cells are the main cells involved in tissue wound healing. Next, we addressed whether these cells are affected by pro-resolving factors released by macrophages after efferocytosis (i.e., SuperMApo treatment). First, primary mouse fibroblasts extracted from colon tissues were cultured with SuperMApo. α-SMA expression was strongly increased by SuperMApo and, at the same time, mRNA levels of extracellular matrix-associated genes coding for fibronectin, type I and III collagens, were decreased (Figures 3A, B). SuperMApo-treated mouse fibroblasts demonstrated enhanced proliferative and migratory properties (Supplemental Figures 1A, B). This was further confirmed using a scratch assay where these fibroblasts showed enhanced wound healing capacities (Figure 3C). In addition, using floating collagen gels, SuperMApo-treated fibroblasts demonstrated increased contraction capacities (Figure 3D). Thus, in vitro, primary fibroblasts isolated from colon demonstrated higher healing properties in the presence of pro-resolving factors released by macrophages after efferocytosis.




Figure 3 | Pro-resolving factors released by macrophages after efferocytosis trigger wound healing properties in fibroblasts and intestinal epithelial cells. (A) Expression of vimentin, α-smooth muscle actin (α-SMA) assessed by immunofluorescence and DAPI staining in mouse colon primary fibroblasts cultured in the presence of SuperMApo or control medium for 24 (h) Representative pictures are shown as well as cumulative data representative of α-SMA expression from three independent experiments, as mean ± s.e.m.; ***p < 0.001 (unpaired student’s t test). (B) mRNA expression of genes coding for fibronectin (Fn1), type I (Col1a1) and type III (Col3a1) collagen in fibroblasts from (A). Data are expressed as mean of duplicate per condition ± s.e.m. from three independent experiments pooled together. **p < 0.01, ***p < 0.001 (unpaired student’s t test). (C) Migration of mouse fibroblasts in wound-healing scratch assays in the presence of SuperMApo or control medium. Data are expressed as mean of duplicates per conditions ± s.e.m. from one representative experiment out of three independent experiments. **p < 0.01 (two-way ANOVA with Bonferroni post-test). (D) Contractility of mouse fibroblasts was assessed in floating collagen gels containing medium or SuperMApo. Representative pictures are shown, as well as cumulative data (mean ± s.e.m.) from one representative experiment out of three independent experiments. **p < 0.01 (two-way ANOVA with Bonferroni post-test). (E) Engulfment of CFSE-labelled apoptotic cells by the mouse intestinal epithelial cell line MODE-K assessed by flow cytometry after 6 h of co-culture in presence of control medium or SuperMApo. To confirm that this represents an active mechanism and to appreciate CFSE-labelled apoptotic cells stick to MODE-K cells, the same experiment was performed at +4°C instead of 37°C. Data are expressed as representative dot plots showing the percentage of CFSE+ MODE-K cells and as index of phagocytosis ± s.e.m. from one representative experiment out of three independent experiments; ****p < 0.0001 (non-parametric Mann-Whitney test). (F, G) Primary human fibroblasts harvested from biopsies of non-inflamed (Fibro) or inflamed (infFibro) colon tissue were grown in the presence of medium (med) or SuperMApo. (F) Proliferation was determined by MTT assay and (G) wound closure was analyzed using the scratch assay at 0, 24, 48 and 72 h of culture. Data are expressed as mean of group ± s.e.m., and are representative of three independent experiments; *p < 0.05, **p < 0.01, ***p < 0.001 (two-way ANOVA with Bonferroni post-test).



We then analyzed the effects on IEC using the MODE-K intestinal immortalized epithelial cell line. We observed a similar improvement of healing functions, such as increased proliferative and migratory capacities, as well as increased wound closure properties (Supplemental Figures 1D–F). In addition to the gain in healing properties, SuperMApo allowed MODE-K epithelial cells to acquire phagocytic capacities to eliminate apoptotic cells (Figure 3E), as previously demonstrated in the lung mucosa (33). These data indicate that pro-resolving factors produced by efferocytic macrophages trigger wound healing properties in fibroblasts and IEC, providing IEC with phagocytic activity as well.



3.3 Pro-Resolving Factors Released by Macrophages After Efferocytosis Restores Healing Properties of Human Fibroblasts Isolated From Patients Diagnosed With IBD

SuperMApo-treated mouse fibroblasts demonstrate all the features of activated fibroblasts but without overexpressing extracellular matrix-associated genes. This suggests that fibroblasts acquired a specific pro-resolving profile. These properties were therefore evaluated on human fibroblasts isolated from colon biopsies (from inflamed lesions and control tissues of patients diagnosed with IBD). In the presence of human SuperMApo (i.e., the secretome of human macrophages that have eliminated human apoptotic cells), the wound healing functions of control fibroblasts (i.e., isolated from control tissue) were strongly increased including higher proliferative properties and higher wound closure capacities (Figures 3F, G). Concerning inflamed lesion-derived fibroblasts, proliferative properties and wound closure capacities were also increased and less modestly (Figures 3F, G). These data demonstrate that pro-resolving factors released by efferocytic macrophages could restore the healing functions of IBD fibroblasts, and thus support the use of SuperMApo in IBD patients.



3.4 Pro-Resolving Factors Released by Efferocytic Macrophages Limits the Loss of Intestinal Permeability by Inducing Intestinal Epithelial Cell Proliferation and Fibroblast Activation

The enhanced healing functions induced by pro-resolving factors released by efferocytic macrophages were then addressed in vivo using a biopsy forceps-wounded colonic mucosa model in which inflammation is localized to the injured tissue and not systemic. In this model, i.p. injection of SuperMApo on the day of mucosa injury significantly accelerated the lesion wound healing observed by video endoscopy, compared to the lesions of control vehicle-treated mice (Figure 4A). We addressed the integrity of the intestinal barrier after naive T cell transfer-induced colitis by using FITC-Dextran oral administration and its quantification in the mouse serum. Reduced systemic levels of FITC-Dextran were found in colitis mice receiving SuperMApo compared to control mice (Figure 4B). This attested for a conserved barrier permeability, further supported by a lower MEICS score (Figure 4C). In addition, the levels of the intestinal barrier integrity marker, the regenerating islet-derived protein 3γ (REG3γ) (34, 35), were also found reduced in colitis mice treated with SuperMApo (Figure 4D). These results suggest a restored intestinal barrier permeability by administration of pro-resolving factors. This was associated with a marked in vivo proliferation of cells within the crypts and activation of fibroblasts in the colon mucosa of colitis mice receiving SuperMApo, as attested by increased Ki67+ cell number per mucosal crypt, and with an increased expression of α-SMA in colonic fibroblasts, respectively (Figures 4E, F). Moreover, a slight decrease of colon mRNA expression of extracellular matrix-associated genes Fn1, Col1a1, Col3a1 and Tgf-β was observed in colitis mice receiving SuperMApo treatment. This decrease was significant for Fn1 (Figure 4G). Overall, our data demonstrate that treatment of mice experiencing ongoing colitis with pro-resolving factors released by efferocytic macrophages restores intestinal barrier permeability by inducing IEC proliferation and activating local fibroblasts in vivo.




Figure 4 | Treatment with pro-resolving factors released by macrophages after efferocytosis maintains intestinal barrier permeability via intestinal epithelial cell proliferation and fibroblast activation. (A) Wild-type mice were monitored daily by video-endoscopy to evaluate healing of the colon mucosa, wounded at day 0 by forceps and receiving at day 0 and 2 SuperMApo or vehicle (1 mL/mouse; i.p.). Representative pictures are displayed from day 0 to day 4, as well as cumulated data (expressed as % of wound healing, right hand side panel). Data are representative of three independent experiments showing similar results, and expressed as mean of group ± s.e.m. (5 to 6 animals per group); *p < 0.05, **p < 0.01 (two-way analysis of variance [ANOVA] with Bonferroni post-test). (B–D) Colitis was induced by transfer of naive CD4+CD25–CD45RBhi T cells into Rag2–/– C57BL/6 mice and mice received vehicle or SuperMApo at day 10 and 12 (1 mL/mouse; i.p.). (B) FITC-dextran particle gavage and quantification in the serum was assessed to appreciate intestinal barrier integrity. Data are expressed as mean of group ± s.e.m. (5 to 6 mice per group) and are representative of two independent experiments; *p < 0.05 (two-way ANOVA with Bonferroni post-test). (C) Colonoscopy evaluation of the mice and (D) regenerating islet-derived protein 3-gamma (REG3ɣ) quantification in the serum were also performed. Data are expressed as mean of group ± s.e.m. (5 to 6 mice per group) and representative of four independent experiments; **p < 0.01 (two-way ANOVA with Bonferroni post-test). (E) Cell proliferation in the epithelial crypts and (F) fibroblast differentiation into myofibroblasts were determined by Ki-67 and α-SMA staining, respectively, of colon cuts from colitis mice from (B). Nuclei are counterstained with DAPI and an isotype control antibody was used as control (Iso ctrol). (G) Expression of mRNA of genes coding for extracellular matrix proteins type I [Col1a1] and type III [Col3a1] collagen, fibronectin [Fn1]) and TGF-β (tgf-b) was assessed by RT-qPCR in the colon of the colitis mice from (B) Data are expressed as mean of group ± s.e.m. (5 to 6 mice per group) and are representative of two; *p < 0.05 (Unpaired student t test), **p < 0.01; ****p < 0.0001 (nonparametric Mann-Whitney test).





3.5 TGF-β, IGF-I and VEGF Growth Factors Participate in the Wound Healing Induced by Factors Released by Macrophages After Efferocytosis

Several pro-resolving factors have been shown to be released by macrophages after efferocytosis (36, 37). Thus, different growth factors, including EGF, FGF, TGF-β, IGF-I and VEGF, were quantified in the SuperMApo supernatant. TGF-β, IGF-I and VEGF were detected in significant higher quantities than in control supernatants, whereas EGF and FGF were not detectable (Figure 5A). When blocking antibodies directed against TGF-β, IGF-I and VEGF were used, we observed a non-significant decrease of SuperMApo-induced α-SMA expression (Supplemental Figure 2A). The reduction of SuperMApo-induced Col1a1, Col3a1 and Fn1 mRNA expression in primary fibroblasts was not significantly affected by growth factor blockade (Supplemental Figure 2B). The proliferative and contractive properties of mouse primary fibroblasts were not affected by antibodies blocking these growth factors (Supplemental Figures 2C, D). However, blockade of TGF-β or IGF-I significantly reduced the proliferation of IEC line MODE-K (Figure 5B). In addition, SuperMApo-enhanced cell migration of fibroblasts and IEC was reduced by the addition of blocking antibodies whatever the neutralized growth factor (i.e., TGF-β, IGF-I or VEGF) (Figure 5C). Thus, while proliferation and migration of IEC induced by SuperMApo are sustained by TGF-β, IGF-I and VEGF growth factors, only migration of fibroblast is associated to these growth factors.




Figure 5 | Pro-resolving factors released by macrophages after efferocytosis include TGF-β, IGF-I and VEGF and their capacity to attract primary fibroblasts and IEC are dependent on these growth factors. (A) EGF, FGF, TGF-β, IGF-I and VEGF were quantified by ELISA in the supernatants of macrophages after efferocytosis (SuperMApo) and in the control supernatants of macrophages (MacroSup) cultured alone or apoptotic cells (ApoSup) cultured alone. Data represented as mean ± s.e.m. are the pool of six independents experiments; *p < 0.05; ***p < 0.001 (one-way ANOVA with Tukey’s multiple comparison post-test). (B) Proliferation of mouse primary fibroblasts was assessed by MTT assay for 4 days with or without neutralizing antibodies to TGF-β, IGF-I or VEGF, or control isotype. Data are from one representative experiment out of three and expressed as mean + s.e.m. of 3 replicates per condition; *p < 0.05; **p < 0.01, ****p < 0.0001 (two-way ANOVA with Bonferroni post-test). (C) Mouse primary fibroblasts or MODE-K IEC were incubated with medium or SuperMApo, with or without neutralizing antibodies to TGF-β, IGF-I or VEGF, or control isotype, and migration was determined using a transwell assay during 24 (h). Data are shown as representative pictures and as pooled data expressed as mean of migrated cells/field of duplicates per group ± s.e.m. from one representative experiment out of three. **p < 0.01, ****p < 0.0001 (one-way ANOVA with tukey’s multiple comparisons post-test).



The role of TGF-β, IGF-I and VEGF growth factors was further addressed in vivo using the T cell-transfer colitis model in which all the growth factors tested in vitro were infused together. While colon lesions were not ameliorated – as attested by a similar MEICS score between growth factor-treated and control mice (Figure 6A), weight loss and the composite clinical score were slightly improved by the treatment with the three growth factors (Figure 6B). We next decided to deplete the SuperMApo supernatant from TGF-β, IGF-I and VEGF using antibody-coupled microbeads before its injection to colitis mice. Depletion of TGF-β, IGF-I and VEGF from SuperMApo inhibited the improvement of the MEICS score induced by SuperMApo (Figure 6C). However, the absence of TGF-β, IGF-I and VEGF in the SuperMApo supernatant partially reduced the properties of SuperMApo in terms of weight loss prevention and clinical score reduction (Figure 6D). These data demonstrate that TGF-β, IGF-I and VEGF participate in intestinal mucosal healing induced by SuperMApo but are not sufficient to resolve global IBD inflammation.




Figure 6 | TGF-β, IGF-I and VEGF found in the SuperMApo supernatant participate in lesion healing. (A, B) Colitis was induced by the transfer of naive CD4+CD25–CD45RBhi T cells into Rag2−/− C57BL/6 mice and mice received at day 10 and 12 vehicle (PBS; 1 mL/mouse) or the three following recombinant growth factors: TGF-β (700 pg/mL/mouse), IGF-I (1050 pg/mL/mouse) and VEGF (350 pg/mL/mouse) (red arrows) when they exhibited a MEICS score of 6-7, and were then monitored daily. (A) Endoscopic assessment according to the MEICS score was performed and results are shown as representative pictures of mini-colonoscopy at day 10, 13, 17 and 19, as well as cumulated score. (B) Clinical score changes and body weight loss were also assessed and results are expressed as mean of groups ± s.e.m. (5 to 6 mice per group). Data are from two independent experiments pooled together; ***p < 0.05, p < 0.001 (one-way ANOVA with Bonferroni post-test). (C) Colitis was induced similarly and mice received SuperMApo, or SuperMApo depleted in TGF-β, IGF-I and VEGF (SuperMApo-GF), or SuperMApo treated similarly but using isotype control antibodies instead of antibodies against growth factors (SuperMApo-iso), or vehicle when they exhibited a MEICS score of 6-7 and were then monitored daily. Endoscopic assessment according to the MEICS score was performed and results are shown as representative pictures of mini-colonoscopy at day 10, 13, 17 and 19, as well as cumulated score. (D) Clinical score changes and body weight loss were also assessed and results are expressed as mean of groups ± s.e.m. (5 to 6 mice per group). Data are from three independent experiments pooled together; **p < 0.01 (one-way ANOVA with Bonferroni post-test).



Altogether, these results highlight pro-resolving factors released by efferocytic macrophages as a promising therapeutic approach to both circumvent inflammation and promote lesion healing in the setting of inflammatory bowel diseases.




4 Discussion

IBD is a family of inflammatory diseases that ultimately lead to damage of the distal small intestine and the colonic mucosa. Available treatments for IBD based on immunosuppressive agents try to diminish the effector response and treat the sequelae of uncontrolled/nonresolving inflammation. However, these drugs are not entirely effective, exert nonspecific functions and result in multiple adverse effects, including infections. In most cases, surgical resection is the last alternative. This illustrates the need for new therapeutic approaches that specifically modulate both components of the disease, namely uncontrolled inflammation and tissue repair. Recent studies have shown that IBD patients who achieve and maintain colonic mucosal healing have more favorable long-term outcomes than patients who do not. Thus, mucosal healing is emerging as a critical endpoint in clinical trials and practice (2, 7). Resolution pharmacology proposes to trigger the resolution phase of inflammation and initiate tissue repair (38, 39). Apoptotic cell-based therapy can be an interesting approach in this setting, since apoptotic cell infusion has been shown to improve chronic intestinal inflammation in two different experimental colitis models, naive T cell transfer- and DSS-induced colitis (24, 25, 40). These approaches are based on the triggering of the resolution phase of inflammation induced by efferocytosis. Soluble factors released by macrophages after efferocytosis play an important role in the success of apoptotic cell-based therapies (41, 42). Here, the novelty resides in the use of the cell-free whole secreted factors issued from macrophages that have eliminated apoptotic cells in order to reengage and foster the resolution of established inflammation in ongoing colitis. This new biologic complex product SuperMApo, contains all the factors released by efferocytic macrophages. These factors are involved in the resolution of inflammation and in tissue healing (14). In the present work, we wanted to focus on the healing properties of SuperMApo using colitis models in which lesions can be regularly followed up by live endoscopy in order to appreciate mucosa lesion healing (26). How SuperMApo factors affected the cells orchestrating tissue repair, namely fibroblasts and IEC, was addressed in the context of colitis and wound healing. Three in vivo models were used in which video-endoscopy (26) allowed us to better appreciate lesion healing. With the naive T cell-transfer model (27), we were able to address the therapeutic effect of SuperMApo injection in mice presenting colon lesions, lesions that are mostly T cell dependent. With the DSS-induced colitis model, the preventing role of SuperMApo treatment (injected at the time of DSS administration initiation) was addressed up to 50 days and, this model also helped us to determine the capacity of the drug candidate to prevent metabolite-induced microbiota alteration favoring mucosal lesion occurrence. Furthermore, using the biopsy forceps-wounded colonic mucosa model (26) we addressed mucosal wound healing in absence of systemic inflammation, focusing on the property of the product to enhance tissue healing. Collectively, the data provide several key insights. First, we demonstrated that SuperMApo stimulates the wound healing properties of colonic fibroblasts and IEC, the main cell types orchestrating the tissue repair process (43–46). In vitro treatment of fibroblasts with SuperMApo increases the expression of α-SMA. This is confirmed in vivo in naive T cell transfer-induced colitis. This suggests the differentiation of fibroblasts into myofibroblasts, but paradoxically SuperMApo decreases the expression of genes coding for extracellular matrix proteins, particularly Fn1 in vivo. Our observation suggests that, under this pro-resolving microenvironment (i.e., exposure to SuperMApo), fibroblasts appear as activated (as attested by α-SMA expression) but with reduced pro-fibrotic functions (i.e., reduced expression of extracellular matrix genes). Other fibroblast functions involved in wound healing are also stimulated in vitro by SuperMApo, including migratory, proliferative and contractive properties. While there is a difference between the biology of mouse and human pro-resolving macrophages (47), human pro-resolving factors (i.e., SuperMApo) also increase the capacity of human fibroblasts isolated from colons of IBD patients to proliferate, migrate and close a wound in vitro. In addition, this targets human fibroblasts either from inflammatory or non-inflammatory intestinal tissues. Concerning IEC, we also observed a gain of pro-healing properties both in vitro and in vivo after the reintroduction of pro-resolving factors released by efferocytic macrophages, as well as the acquisition of efferocytic capacities. It has been previously demonstrated that a dysregulated clearance of apoptotic cells is associated with many inflammatory diseases (48, 49), and that boosting apoptotic cell clearance dampens inflammation, notably through increasing colonic epithelial cell efferocytosis of apoptotic cells (33). Therefore, an interesting extrapolation of this work is that improving apoptotic cell clearance by IEC in the early stages of IBD could potentially help to reduce the inflammatory responses seen in later stages of the disease.

Second, pro-resolving factors released by efferocytic macrophages promote mucosal healing in vivo in three different intestinal models whatever the initial injury (mechanical [biopsy forceps], T cell-mediated, or chemical [DSS]). SuperMApo stimulates wound healing via the pro-healing properties of fibroblasts and IEC. We did not study whether efferocytosis factors also promoted extra-intestinal bone marrow-derived cell recruitment to participate in wound healing, as observed in a recent study using a parabiosis chemical-induced colitis model (50). It has been shown that colonic fibroblasts are critically involved in tissue repair in the gastrointestinal tract (43). In the colon, based on their location (just beneath the IEC) and on their net-like structures, intestinal fibroblasts seem to be ideally located for sensing damage signals resulting from disintegration of the IEC layer (44). Following injury, adjacent IEC rapidly migrate into the damaged area to restore barrier integrity (a process called epithelial restitution). Proliferation of IEC then increases the number of enterocytes to reduce this damaged area resulting from the wound. Furthermore, differentiation of IEC is needed to restore the mucosal barrier and epithelial function (45, 51). Thus, our data confirm that pro-resolving factors contained in SuperMApo initiate these mechanisms involved in intestinal mucosal healing, including migration and activation of fibroblasts into myofibroblasts, which facilitate the wound gap closure, as well as migration and proliferation of IEC. As discussed above, a decrease in extracellular matrix gene expression in the colons of SuperMApo-treated mice has been also observed, despite a higher expression of α-SMA expression in fibroblasts. This is associated with a decrease of tgf-b mRNA expression in the colons of SuperMApo-treated mice. TGF-β is produced by a variety of cell types. Macrophages, as the critical source of this growth factor, have been shown to promote fibrosis (52). Thus, TGF-β is considered as fibrotic, as it contributes to myofibroblast differentiation by stimulating α-SMA expression (53) and their survival (54). It also stimulates the production of extracellular matrix proteins by myofibroblasts (54), as well as migration (55) and contraction (56) of myofibroblasts. Our data suggest that within SuperMApo, TGF-β improves myofibroblast contractility to enhance the wound gap closure without promoting extracellular matrix production and possibly fibrosis. Neutralization experiments confirmed that TGF-β in SuperMApo stimulated fibroblast proliferation and migration, as well as IEC migration. Further studies are thus necessary to elucidate whether resolving α-SMA positive “extracellular matrix negative” fibroblasts should be considered as healing myofibroblasts or as advanced healing stage fibroblasts.

Third, the different phases of wound healing are controlled by several proteins, such as chemokines, defensins, growth factors (TGF-β, EGF, FGF, or IGF-I), cytokines (e.g., IL-1β, IL-6 and IL-22), as well as trefoil peptides (57, 58). Here, we focused on 5 but 3 growth factors that were detectable in significant amounts in SuperMApo. This corresponds to TGF-β, IGF-I and VEGF that may participate, at least partially, in SuperMApo-induced wound healing in vitro and in vivo. While i.p. administration of the corresponding recombinant forms of these growth factors, at concentrations similar to those found in SuperMApo, did not ameliorate mucosal lesions, body weight loss was significantly delayed with recombinant growth factor injection. Depletion of the growth factors from SuperMApo confirm that these 3 factors exert a significant effect on wound healing. Body weight loss and clinical score amelioration were only partially affected by the depletion of these growth factors from SuperMApo. This suggests that other factors present in SuperMApo in combination with growth factors, participate in the global resolution of ongoing colitis. This is in line with what we observed in vitro. Growth factors induced fibroblast and IEC migration and, only TGF-β and IGF-I induced the proliferation of MODE-K IEC line. Again, this suggests that other factors in SuperMApo may participate. Whether other SuperMApo factors are directly or indirectly involved in wound healing and participate to the treatment of colitis remains to be determined.

In summary, this work demonstrates that SuperMApo improves ongoing IBD, by controlling inflammation and enhancing mucosal healing in mice. SuperMApo also targets human fibroblasts isolated from colons of IBD patients. Thus, SuperMApo emerges as a potential “bio-mimetic” drug belonging to resolution pharmacology, able to terminate ongoing IBD and achieve mucosal healing.
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Phagocytosis, degranulation, and neutrophil extracellular traps (NETs) formation build the armory of neutrophils for the first line of defense against invading pathogens. All these processes are modulated by the microenvironment including tonicity, pH and oxygen levels. Here we investigated the neutrophil infiltration in cardiac tissue autopsy samples of patients with acute myocardial infarction (AMI) and compared these with tissues from patients with sepsis, endocarditis, dermal inflammation, abscesses and diseases with prominent neutrophil infiltration. We observed many neutrophils infiltrating the heart muscle after myocardial infarction. Most of these had viable morphology and only few showed signs of nuclear de-condensation, a hallmark of early NET formation. The abundance of NETs was the lowest in acute myocardial infarction when compared to other examined diseases. Since cardiac oxygen supply is abruptly abrogated in acute myocardial infarction, we hypothesized that the resulting tissue hypoxia increased the longevity of the neutrophils. Indeed, the viable cells showed increased nuclear hypoxia inducible factor-1α (HIF-1α) content, and only neutrophils with low HIF-1α started the process of NET formation (chromatin de-condensation and nuclear swelling). Prolonged neutrophil survival, increased oxidative burst and reduced NETs formation were reproduced under low oxygen tensions and by HIF-1α stabilization in vitro. We conclude that nuclear HIF-1α is associated with prolonged neutrophil survival and enhanced oxidative stress in hypoxic areas of AMI.
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Introduction

Neutrophils are the first circulating cells to respond to microbial attacks or tissue damage. They initiate and orchestrate the inflammatory response (1). Besides performing phagocytosis and degranulation, neutrophils are capable to externalize chromatin and form Neutrophil Extracellular Traps (NETs) at sites of inflammation (2). The expelled chromatin is decorated with a plethora of nuclear and granular proteins; several of these display enzymatic activities. Initially NET formation is proinflammatory, however, at high neutrophil densities the NETs tend to aggregate and form aggregated NETs (aggNETs). The latter are endowed with robust proteolytic activities that degrade various soluble cytokine and toxic compounds in the resolution phase of inflammation (3–5).

During infection, NETs immobilize and kill bacteria, protozoa and fungi and limit their spread (6–10). Besides this beneficial, physiologic role, NETs and aggNETs reportedly also induce adverse effects. Indeed, NETs occlude Meibomian glands (11) and pancreatic ducts (12), promote formation and growth of gallstones (13) and salivary stones (14), and precipitate vasculopathy as well as immunothrombosis in COVID-19 (15). Furthermore, NETs may contribute to septic multi organ failure during tumor thrombosis (16–18) and malaria (19). Dysregulated NET metabolism and chronic persistence of circulating NETs and its degradation products, namely cell-free DNA, citrullinated Histone H3, Myeloperoxidase-/Neutrophil Elastase-DNA complexes, precipitate autoimmunity and inflammatory vessel damage (20–22).

After stimulation of the neutrophil, the NOX2-dependent oxidative burst and mitochondrial production of reactive oxygen species (ROS) are crucial in many pathways of NET formation (23). ROS initiate the disintegration of the nuclear envelope and the granular membranes (24). Although pathways independent of ROS have been described (10), conventional suicidal NET formation largely depends on the capability of the membrane-bound NADPH oxidase and myeloperoxidase (MPO) to produce hydrogen peroxide and its derivatives (25, 26). A sufficient supply with oxygen warrants the continuous formation of NETs in tissues (27). Slightly alkaline microenvironment favors the formation of NETs while acidic conditions are associated with reduced NET formation (28). Tissue hypoxia is often accompanied by a metabolic reprograming that conditions the acidification of the microenvironment. Interestingly, PMA induced NET formation was completely abolished in hypoxia but not NET formation triggered by Staphylococci (29). This indicates a fine regulation of the stimulating signals received by the neutrophil in vitro. Very little is known about the influence of tissue hypoxia on neutrophils in vivo.

Under normoxia, cytoplasmic hypoxia-inducible factor-1α (HIF-1α) is bound by hydroxyl groups and von Hippel- Lindau protein (VHL) and, consequently, degraded by the proteasome (30). In hypoxia, HIF-1α is protected from degradation by the prolyl hydroxylase domain-containing proteins (PHDs) and accumulates in the nucleus, where it induces the transcription of hypoxia-regulated genes. The most prominent transcripts are vascular endothelia growth factor (VEGF), erythropoietin (EPO) and adrenomedullin (31–33). In neutrophils, HIF-1α induces the transcription of NF-κB, which leads to reduced apoptosis and prolonged survival of neutrophils in hypoxia (34). The role of HIF-1α and hypoxia during NET formation in vivo has not been studied yet.

NET formation in normoxia or hypoxia setups was evaluated by (I) stimulation of isolated human peripheral blood neutrophils, and (II) collection of human tissue samples from acute myocardial infarction and other neutrophil-rich diseases without overt hypoxia through immunohistochemical analysis of HIF-1α and neutrophil elastase (NE). We sought to compare the level of expression of HIF-1α in apparently healthy neutrophils with neutrophils displaying already de-condensed nuclei on a single cell level in systematic immunofluorescence analyses of various human tissues.

Here we report that in acute myocardial infarction, a condition of pronounced hypoxia, most neutrophils showed high nuclear levels of HIF-1α and displayed a viable nuclear morphology. In contrast, the neutrophils that had started chromatin decondensation showed a low HIF-1α content. Furthermore, NET formation in vitro was reduced under hypoxia and HIF-1α stabilization by two PHDs inhibitors, roxadustat (RXD) and cobalt2+ (Co2+). These observations illustrate that hypoxia modulates NET formation in vitro and in vivo deepening our understanding of the influence of the microenvironment on the biology of neutrophils during initiation and resolution of sterile inflammation.



Material and Methods


Patients

Investigations on human material were performed in accordance with the Declaration of Helsinki and with the approval of the ethical committee of the University Hospital Erlangen (permit 243_15 B and permit 3755). A written informed consent was given by each donor.



Neutrophil Isolation

Heparinized blood (20 U/ml) was drawn and diluted 1:1 with phosphate buffered saline (PBS) without calcium and magnesium (Thermo Fisher Scientific, Waltham, MS, US) and centrifuged at 350 RCF for 30 min at room temperature on a Ficoll (Bio-Rad, 824012, Dreieich, Germany) density gradient. The polymorphonuclear cells (PMNs) are separated from mononuclear cells forming a layer on the top of the red blood cells. PMNs were collected and subjected to 2 short cycles of hypotonic lysis with 36 ml deionized water. Osmolarity was restituted after 20 s with the addition of 4 ml 10 x PBS. Isolated PMNs containing more than 98% of neutrophils were suspended in PBS without calcium and magnesium and used for in vitro experiments immediately.



Normoxia and Hypoxia

Buffer medium R0 consisting of RPMI 1640 containing 24 mM NaHCO3 (Gibco Thermo Fisher Scientific) and supplemented with 1 mM CaCl2 was equilibrated to pH 7.4 by incubation for 24 hours in a 5 % CO2 atmosphere. With the addition of 24 mM of NaHCO3 the pH was adjusted to 7.8. All buffers were equilibrated at 37°C, 5 % CO2 at 20 % oxygen for normoxia and at 2 % oxygen for hypoxia for 24 hours in a Heracell CO2 Incubator (ThermoFisher Scientific, Rockford, USA) or in the Whitley H35 hypoxystation (Meintrup-DWS, Bingley, UK) before starting the experiments, respectively.



HIF-1α Stabilization

Equilibrated R0 medium was used to incubate the isolated neutrophils in R0 with 5µM Roxadustat for 30 min prior to the addition of the stimuli (RXD; Selleckchem, Houston, USA) or in the presence of cobalt chloride (Co2+, Sigma-Aldrich C8661, Taufkirchen, Germany) at the indicated concentrations during the stimulation period. RXD is an inhibitor of the prolyl hydroxylase domain-containing proteins (PHDs) which hydroxylates HIF-1α avoiding its ubiquitination and proteasome degradation (30). Co2+ oxidates ascorbate which is essential to reduce Fe3+ to Fe2+ in the catalytic sites of PHDs, thus inhibiting its activity and stabilizing HIF-1α in cells (35, 36).



NET Assays

The sytox DNA externalization assay was employed to quantify the amount of DNA expelled by the neutrophils during NET-formation. Briefly, neutrophils (150,000/well) were seeded in 96-well plates (Greiner, flat bottom transparent polystyrene plate) in R0 buffer. The membrane impermeable DNA-dye sytox green was added (3.2 µM) just before starting the incubation at the indicated conditions. Extracellular trap formation was triggered by addition of LPS from Klebsiella pneumoniae at 2.5 µg/ml, PMA at 10 ng/ml, Ionomycin at 5µg/ml and 24 mM bicarbonate (pH 7.8) in R0 buffer medium. The increase of the sytox green fluorescence (ΔF) emitted at 525nm after 4 hours of incubation was recorded with the plate reader Infinite F200 Pro fluorometer (TECAN, Männedorf, Swiss). NET formation was confirmed by indirect immunofluorescence staining of neutrophils cultured on chamber slides under the same conditions. The percentage of inhibition of NET formation by various concentrations of Co2+ was calculated relative the ΔF of sytox green of those wells without Co2+.



Indirect Immunofluorescence

Tissue samples from autopsies or biopsies were fixed in 4% formalin, dehydrated and embedded in paraffin blocks. Three μm sections were mounted and dried on Superfrost Plus slides (Thermo Fisher Scientific, Waltham, MS, US). Sections were dewaxed by incubation at 64°C for 1 hour. Paraffin residues were washed out in multiple steps with a solution containing decreasing concentrations of RotiHistol (Roth Chemie GmbH, Karlsruhe, Germany). Sections were rehydrated with Isopropanol following by incubation at 90°C for 20 min in Epitope Retrieval Solution (50 mM sodium citrate, pH 6). Chamber slides containing in vitro stimulated neutrophils were washed with PBS and fixed with 4% paraformaldehyde. Sections and chamber slides were then rinsed with deionized water, and permeabilized for 5 min with 0.5 % Triton X100 in PBS at RT.

The fixed slides were treated with blocking buffer (PBS supplemented with 1 % BSA; 2 % goat serum; 0.05 % Tween 20; 0.5 % Triton X100) for 2 h. Unconjugated primary antibodies (Table 1) were diluted in blocking buffer and incubated on the slides over night at 4°C. On the next day, the slides were washed with deionized water twice and rinsed with PBS once. Secondary antibodies (Table 1) were mixed with propidium iodide (PI, Sigma, P4641) for co-staining of DNA in blocking buffer. The mixture was added for 1.5 h at RT in darkness. Slides were rinsed three times with PBS, and embedded in DAKO fluorescent mounting medium (BIOZOL, Eching, Germany). Analysis was performed employing a BZ-X710 fluorescence microscope (Keyence, Neu-Isenburg, Germany) and (Nikon GmbH, Düsseldorf, Germany). We conducted Z-stacks in order to increase depth and to improve the visualization of NETs on these images. Images were post-processed using Photoshop CS6 (Adobe, München, Germany).


Table 1 | Antibodies used in immune fluorescence.





Apoptosis Detection by Flow Cytometry

For the quantification of cell viability and apoptosis, neutrophils incubated under normoxia and hypoxic conditions for 4 hours were stained with annexin A5 (AxA5-FITC) and propidium iodide (PI). In brief, 100 µl of cell suspension was incubated for 30 min at 4°C with 400 µl Ringer`s solution (Braun) containing 0.5 µg/ml AxA5-FITC 2 µg/ml PI (Sigma-Aldrich). Then, cells were analyzed with a Gallios™ flow cytometer (Beckman Coulter, Hialeah, FL). FITC fluorescence was excited with 488 nm and recorded on a fluorescence 1 (FL1) channel (525 nm BP 40). PI fluorescence was excited with 488 nm and recorded on a fluorescence 3 (FL3) channel (620 nm BP 30). Data were processed with Kaluza™ software, version 2.1, after electronic compensation to eliminate bleed through of fluorescence. At least three independent experiments, each in triplicates, were performed. Acquired neutrophils were classified in viable (AxA5/PI negative), apoptotic (AxA5 positive/PI negative), and necrotic (AxA5 positive/PI positive) cells, respectively.



Oxygen Saturation of Culture Medium in a Cell-Free System

In order to determine the reduction of oxygen saturation of medium, we employed 96-well microplates Oxoplates® with integrated chemical optical oxygen sensors (Pressens, Regensburg, Germany). Oxygen saturated medium with and without 100µM ascorbate (Sigma-Aldrich, A92902, Taufkirchen, Germany) was incubated with the indicated concentrations of Co2+ for 1 hour. The percentage of oxygen saturation was calculated according manufacturer instructions after measuring the fluorescence from two filter pairs for the indicator (excitation: 535 nm, emission: 680 nm) and reference dye (excitation: 540 nm, emission: 590 nm).



Quantification of Reactive Oxygen Species by Flow Cytometry

For the measurement of intracellular ROS, isolated neutrophils were loaded for 20 minutes with 2 µM CM-H2DCFDA (ThermoFisher) at in PBS. For the measurement of mitochondrial ROS, isolated neutrophils were loaded for 10 minutes with 5 µM MitoSOX™ (ThermoFisher) in PBS. The ROS produced by the neutrophils was calculated as the fold increase of the fluorescence detected by the FL1 (525 nm BP 40) and FL2 (575 BP 30) channels of the Gallios Flow Cytometer upon stimulation with 100 ng/ml PMA for 30 minutes.



Cytomorphometry

Distribution and co-localization of fluorescence signals of immunofluorescence images were processed using self-generated macros for Photoshop CS6. Staining, magnification, exposure, and processing were identically performed for all samples. Positive samples and negative controls were simultaneously co-processed. Regions infiltrated with neutrophils (neutrophil elastase) of various pathologies were selected and the grey levels of Cy5 and PI were recorded. Signals with a grey level less than 4 were considered remaining background signal and not included in the analysis. Neutrophil elastase positive areas were classified according to its appearance as either condensed multilobulated neutrophils (viable neutrophils) or as diffuse extracellular NE pattern (NET aggregates). The ratio of the area of the NE-signal associated with lobulated nuclei to the total area of the elastase signal defined the % area of neutrophil elastase in viable neutrophils. The ratio of the area of the NE-signal associated with NET aggregates to the total area of the elastase signal defined the % area of neutrophil elastase of NET aggregates. Various forms of neutrophils and NETs were observed and are described and summarized in the Table 2. The HIF-1α fluorescence in myocardial tissues was also quantified recording the grey value (MFI) of the pixels co-localizing with PI fluorescence. The nuclear area of each leukocyte was quantified by the pixel area of PI fluorescence. A Pearson correlation analysis between the HIF-1α fluorescence intensity and the nuclear area of the leukocyte infiltrates was performed.


Table 2 | Morphological forms of tissue neutrophils and NETs.





Data Presentation and Statistical Analysis

Quantitative results are displayed as means and individual values. If not indicated otherwise, two-way analyses of variance (ANOVAs) were used for establishing statistical differences among groups. In case of multiple comparisons, either Sidak’s or Tukey´s multiple comparisons tests were applied. Statistical analysis was performed with the software GraphPad Prism 6.0 (GraphPad Software, USA).




Results


Morphologies of Tissue Neutrophils

We stained tissue sections from various diseases for DNA with PI (red) and for neutrophil elastase (green). The most representative nuclei that were associated with neutrophil elastase signals were selected for a composite image showing various forms of appearance of neutrophil in tissues (Figure 1). The specificity of the anti-neutrophil elastase antibody was confirmed in non-infiltrated areas of the same section (Supplementary Figure 1). The nuclei of viable neutrophils showed a lobulated morphology with cytoplasmic neutrophil elastase (Figure 1, column 1). Some neutrophils had swollen nuclei and showed extracellular spreading of neutrophil elastase (signs of degranulation). In some cases neutrophil elastase remnants were found associated to the nuclear membrane (columns 2-3). Various steps of chromatin externalization of NET forming neutrophils were observed (columns 4-9): DNA decondensation, nuclear swelling and increase of cellular diameter (4), deformation of the nucleus (5, 6), and mixture of chromatin with granular enzymes (7). Finally, spreading of chromatin and aggregation of neutrophils without NETs (8) or in aggregated NETs (9). Interestingly, the predominant morphologic form of neutrophils varied among the investigated diseases. The main morphological features of tissue neutrophils are summarized in Table 2.




Figure 1 | Composite image of various stages of degranulation or NET formation of tissue neutrophils. Immunofluorescence staining of various biopsies for DNA with PI (red) and for neutrophil elastase (green). Various types of tissue neutrophils were identified and classified in a composite image showing (1) viable neutrophils, (2) chromatin decondensation and spreading of granular content, (3) highly decondensed chromatin with associated granular remnants. (4-9) various steps of chromatin externalization: (4) nuclear swelling and increase of cellular diameter, (5-6) loss of nuclear shape, (7) mixture of DNA with granular enzymes, and (8-9) aggregation of swollen neutrophils with and without chromatin externalization. The upper panel shows selected nuclei from slides lacking of the first antibody. Each individual field represent 50 x 50 µm.



A total of 145 tissue samples of 67 patients with various diseases (Table 3) were stained for DNA (PI) and neutrophil elastase. In acute myocardial infarction, a disease with tissue damage caused by severe hypoxia, the DNA of most neutrophils (PI; red) displayed a condensed multilobulated nuclear appearance and neutrophil elastase (immune fluorescence; green) was invariably found in the cytoplasmic granules (Figure 2A). We consider these cells viable neutrophils. In contrast, in abscesses (Figures 2B, J), acute pancreatitis (Figure 2D), infectious endocarditis (Figures 2E, F), COVID-19 (Figure 2K) and many more conditions (Figures 2B–L; Table 3) the neutrophil elastase appeared often diffuse and associated or not with extracellular chromatin/DNA. This suggests abundant degranulation and/or formation of neutrophil extracellular traps.


Table 3 | Neutrophil-driven diseases included in this study.






Figure 2 | Viable neutrophils dominate samples from acute myocardial infarction. Immunofluorescence microphotographs of histological sections of various pathologies stained for neutrophil elastase (green) and counterstained for DNA (PI; red). Note, in acute myocardial infarction (A) neutrophils showed lobulated nuclei, cytoplasmic granular elastase and little extracellular DNA, indicating viable neutrophils. In contrast, in hepatic abscess (B), inflamed dermal tissue in systemic lupus erythematodes (C), acute pancreatitis (D), infectious endocarditis (E, F), Sjögren syndrome (G), abdominal aortic aneurysm (H), infiltrated dental calculi (I), sinus pilonidalis abscess (J), vascular plugs in the lungs of COVID-19 (K), and glomerulonephritis in COVID-19 (L) most neutrophils have formed NETs or NET aggregates. The size bar represents 200 µm.



The cytomorphometric analyses showed that viable neutrophils with cytoplasmic pattern of neutrophil elastase immunostaining dominated the sections of patients with acute myocardial infarction (Figure 3). Whereas only few viable neutrophils were to be detected in the other diseases (p < 0.0001). In all other pathologies analyzed mostly diffuse neutrophil elastase immunostaining associated or not with extracellular chromatin/DNA was observed (p < 0.0001).




Figure 3 | Pattern of neutrophil elastase in various tissues. Cytomorphometry of viable neutrophils and NETs (aggregates) found in tissue sections described in Table 1 and exemplarily shown in Figure 2: MI, acute myocardial infarction; LI, liver of a patient with severe COVID-19; SK, epidermal inflammation; AB, abscesses; EC, heart muscle of patients with infective endocarditis; PA, pancreatitis; SS, lip salivary glands of patients with Sjögren’s syndrome; AO neutrophil infiltrates of patients with aortic aneurysms; DE, dental calculi infiltrated by neutrophils; L1, vascular plugs in the central lung of patients with COVID-19; L2, vascular plugs in the peripheral lung of patients with COVID-19; KI, renal thrombosis in patients with COVID-19. Note that in acute myocardial infarction tissue neutrophils remained predominantly viable compared to other diseases (p < 0.0001). Conversely, neutrophils formed large amounts of aggregates in all other diseases, but not in acute myocardial infarction (p < 0.0001). The p values are from a two-way ANOVA after Tukey´s multiple testing correction.





NET Formation Under Hypoxia and Stabilized HIF-1α

We aimed to quantify NET formation triggered by ionomycin, PMA, LPS and pH 7.8 in hypoxia and normoxia (2 % and 21 % O2, respectively). We confirmed in the first instance that neutrophils treated with the mentioned stimuli formed NETs. Spread extracellular DNA were decorated with neutrophil elastase identified as NETs in immunostainings of neutrophil cultures (Figure 4A). In order to quantify changes in the ability to form NETs, a sytox green-based DNA-externalization assay was employed. In normoxia, PMA, LPS, elevated pH as well as ionomycin induced robust DNA externalization when compared to the unstimulated condition (p = 0.0093, p = 0.0205, p = 0.0116 and p = 0.0514 in the ANOVA corrected by Tukey´s multiple comparisons, respectively). Under conditions of hypoxia DNA externalization was partially abrogated. Neither PMA (p = 0.302), LPS (p = 0.838), elevated pH (p = 0.441) nor ionomycin (p = 0.097) induced significant DNA externalization when compared to the unstimulated condition. Furthermore, the intensity of DNA externalization induced under hypoxia was significantly lower than those measured under normoxic conditions (Figure 4B). We further analyzed induced DNA externalization after treatment with RXD, an inhibitor of PHDs, which hydroxylates HIF-1α avoiding its ubiquitination and proteasome degradation. The stabilization of HIF-1α led to a partial but significant reduction of DNA release after simulation with PMA, LPS, pH 7.8 and ionomycin (Figure 4C). We also stabilized HIF-1α by Co2+ which catalyzes the oxidation of ascorbate, favouring the Fe3+ redox state, inactivating PHD activity and stabilizing HIF-1α (35, 36). A doses-dependent inhibition by Co2+ of NET formation was observed in the DNA-externalization experiments (Figure 4D) without significant reduction of the viability of neutrophils (Figure 4E). Interestingly, the reduction of the oxygen saturation induced by the Co2+-dependent oxidation of ascorbate in the cell-free assays fairly overlaps with the inhibition of NET formation (Figure 4F). Additionally, we confirmed that under hypoxic conditions neutrophils are rescued from the spontaneous apoptosis and that most of the neutrophils retained their membrane integrity during the indicated incubation times (Figure 4G). Notably, hypoxia not only prolonged the lifespan of neutrophils in vitro, it also fostered the production of ROS in the cytoplasma without affecting the oxidative burst in the mitochondria of isolated neutrophils as measured by the probes CM-H2DCFDA and MitoSOX (Figure 4H).




Figure 4 | Modulation of neutrophil functions during hypoxia. Immunofluorescence stainings of stimulated neutrophils in chamber slides showing nuclear decondensation, DNA spreading and colocalization of neutrophil elastase with extracellular DNA (A). The quantification of NET formation in hypoxia and normoxia was done by DNA externalization. The delta of the Sytox green fluorescence between 0 and 4 hours of incubation in normoxia and hypoxia is shown in (B) and after HIF-1α stabilization (RXD) in (C). Doses-dependent inhibition of NET formation by Co2+ in sytox assays after stimulation with Ionomycin, LPS and PMA (D). Frequencies of viable (AxA5-/PI-), apoptotic (AxA5+/PI-), and necrotic (AxA5+/PI+) neutrophils after 4 hours incubation in medium with increasing concentrations of Co2+ (E). The oxygen saturation of medium in the presence of increasing concentrations of Co2+ after the oxidation of ascorbic acid for 1 hour (F). The proportion of viable (AxA5-/PI-), apoptotic (AxA5+/PI-), and necrotic (AxA5+/PI+) neutrophils after 4 hours incubation in normoxia and hypoxia are shown in (G). The production of ROS in the cytoplasma (CM-H2DCFDA) and mitochondria (MitoSOX) of neutrophils was measured upon PMA stimulation under hypoxia and HIF-1α stabilization. Displayed are the fold increase of the fluorescence of the indicated ROS sensors upon PMN stimulation after 30 minutes incubation (H). Results were obtained from at least 3 independent experiments with 3 to 4 different blood donors. The p values are from a two way ANOVA after Sidak´s multiple testing correction.



Next, serial tissue sections of patients with acute myocardial infarction were immunostained for nuclear HIF-1α, neutrophil elastase and DNA (Figure 5A). The cytomorphometry analysis showed that neutrophils with viable appearance contained more nuclear HIF-1α than those with decondensed nuclei (Figures 5B, C; p < 0.0001). The correlation analysis after Pearson showed a significant inverse correlation between the intensity of HIF-1α and the nuclear area of myocardial neutrophils (r -0.5574, p <0.0001).




Figure 5 | Neutrophils with high nuclear levels of HIF-1α under hypoxia display viable morphologies. Serial slices of neutrophil infiltrates of ischemic areas of human acute myocardial infarction were stained by immunofluorescence for HIF-1α (green), neutrophil elastase (NE, green) and DNA (PI, red) (A). Overview (B, upper panel) and composite details (B, lower panels) of HIF-1α positive nuclei. The size bar represents 400 µm. Neutrophils with condensed nuclei (viable) showed bright HIF-1α staining (B, left lower panel), whereas neutrophils with decondensed nuclei (early stage of NET formation) contained less HIF-1α (B, right lower panel). The pattern and intensity of HIF-1α inversely correlated (Pearson r -0.5574, p <0.0001) with the nuclear area of neutrophils (C). Round and square dots distinguish the sample of AMI analyzed (two samples). MFI, mean fluorescence intensity.






Discussion

The main function of NETs is to form surrogate barriers against invading pathogens during acute phase of inflammation (8). Additionally, NETs are endowed with potent intrinsic anti-microbial and anti-inflammatory activities that result vital for tissue homeostasis (3). The formation of NETs suppose the destruction of the neutrophil and the loss of other important defensive functions like degranulation and phagocytosis. Our systematic observational study of various pathologies demonstrates that NETs are found in tissues without overt ischemia and are practically absent in the ischemic myocardium. We sought therefore to evaluate the factors contributing to the decision of the neutrophil to form NETs based on the pattern of appearance of neutrophils, NETs and HIF-1α, the key factor in cell response to hypoxia, in human tissues.

Under hypoxia, HIF-1α is stabilized and transferred into the nucleus of neutrophils. This results in an increase of NF-κB, which mediates neutrophil survival and cytokine transcription (34). Our in vitro data indicate that low oxygen tension and nuclear HIF-1α strongly reduce the capacity of neutrophils to form NETs, prolong survival and favor the production of cytoplasmic ROS. This is in line with previous investigations showing that elevated expression of HIF-1α in neutrophils promotes their phagocytotic capabilities and prolongs their survival (37).

We confirmed in the human AMI that neutrophils displaying a viable multilobulated nuclei express high levels of HIF-1α in their nuclei. Conversely, low levels of nuclear HIF-1α were associated with DNA decondensation, an early step NET formation. Under hypoxic conditions, neutrophils exhibit elevated release of matrix metalloproteinase-9, lactoferrin, myeloperoxidase, and elastase suggesting increased degranulation and enhanced tissue damage potential (38). Branitzki-Heinemann et al. failed detecting up-regulation of the expression of HIF-1α in neutrophils exposed to hypoxia (29). HIF-1α nuclear translocation is reportedly required to maintain degranulation and chemotaxis active in neutrophils during hypoxia (39) while cytoplasmic HIF-1α is required for LPS induced NET formation (40). We see a clear nuclear accumulation of HIF-1α in dense multilobulated neutrophil nuclei in vivo and inhibition of NET formation at low oxygen tension and with the chemical stabilization of HIF-1α in vitro.

The chemical stabilization of HIF-1α simulates transcriptional responses of cells exposed to low oxygen tensions. Oxygen, ascorbate and 2-oxoglutarate are required to maintain Fe2+ in PHDs in a chain of well-balanced redox reactions (41). The amount of Co2+ required for the oxidation of ascorbate is directly proportional to the lack of oxygen. This assumption allows us to extrapolate the level of hypoxia required to inhibit NET formation by measuring the amount of oxygen consumed in the medium during the oxidation of ascorbate by Co2+. In this fashion, we observed a reduction of 20% of the NET formation by Co2+ with the same concentration of Co2+ that caused 20% reduction of the oxygen saturation of the medium. In terms of oxygen tension in the medium this would be around 120 mmHg pO2. Further experiments are needed to confirm this approximation.

Our observations along with the published data suggest specific roles of HIF-1α according to its subcellular localization in neutrophils. The main limitation of our observational study is the natural bias derived from unilateral observations. However, we have demonstrated with standard research tools and employing appropriate controls that neutrophils have different appearances in different human tissues and diseases. The molecular mechanism behind this particular behavior of neutrophils need further investigations in both, in vitro and in vivo models of ischemic disease.

In our experiments, the ability to produce ROS in the mitochondria of neutrophils was not affected by low oxygen tensions. Cytoplasmic oxidative burst was contrarily enhanced under hypoxia. This means that atmospheric oxygen is dispensable for the oxidative metabolism of the neutrophil and suggest that compensatory metabolic pathways are engaged to maintain neutrophil functions active at sites with low oxygen availability. It has been reported that the stabilization of HIF-1α up-regulate the pentose phosphate pathway ensuring the cytoplasmic supply of NADPH (42–44). Furthermore, the pharmacological activation of the glycolytic pathway through the phosphofructokinase-1 liver type, as it occurs during hypoxia, inhibits NET formation (45). In sum, low oxygen tensions prompt neutrophils to cause tissue damage through a sustained degranulation and secretion of reactive oxygen species and a reduction of pro-resolving NETs.

The decision between neutrophil survival and NET formation is also influenced by the equilibrium among CO2, bicarbonate and pH. NETs are readily externalized under conditions with high pH and a high ratio between   and CO2, less NETs are formed under low pH (28). During ischemia, oxygen levels are diminished and the environmental pH is decreased (46). In myocardial infarction neutrophils are attracted by cell debris and inflammatory signals released by activated neighboring cells and massively infiltrate the infarcted area in the first few hours following onset of ischemia (47). Our observations on AMI demonstrate that neutrophils do not externalize chromatin at sites of ischemia and hypothesize that they remain active being able to remove cell debris or releasing matrix-degrading enzymes and reactive oxygen species. This concurs in a weakening of myocardial extracellular matrix and enhancement of the infarct area (48). Elevated rates of complications after AMI such as ventricular wall rupture or papillary muscle disruption are associated with neutrophil infiltration (49), indicating a pivotal role of neutrophils in wound healing and scar formation (50). Since the aggregation of NETs have been reported to degrade inflammatory mediators (3) and sequester proteolytic enzymes (51), we suggest that the lack of NET formation contributes the prolonged inflammatory insult to the myocardium in AMI.
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SPMs  Analog/Receptor agonist Clinical trials Effects References
RVE1 RX-10045 (analog) Combined Phase | and Il in patients with dry eye Safe and well tolerated NCT00799552
symptoms
LXA4  15(R/S)-methyl-lipoxin A4 Study in Infantine eczema Well tolerated (198)
(analog) Reduction of eczema severity
LXA4  BLXA4-ME (analog) Phase I/Il in patients with gingivitis (on going) Assess safety and preliminary efficacy NCT02342691
LXA4  LXA4 (native) Study in patients with asthma XA, attenuated leukotriene C4-induced (199
bronchoconstriction
LXA4  5(S),6(R)-LXAs methyl ester Pilot study in asthmatic children Safe and well tolerated (200)

(analog),
BML-111 (agonist)

Improvement of pulmonary functions
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SPMs

Native
Analogs

Receptor agonists

Small molecules

Monoclonal antibodies

Disadvantages

Short half-life
Short half-life

Short half-life

Manufacturing costs

Advantages

Biological activities

Increased Stability

Biological activities

Increased Stability

Easy to develop

Biological activities

Long exposure for chronic disease
Easy to develop

Specificity and selectivity
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Nature

Analogs

AT-SPM
analogs
Receptor
agonists

SPMs

LXA4
PD-1
MaR1
RvE1
LXA4

FPR2/LXA4
GPR32

ChemR23

Name Reference

15(R/S)-methyl-LXA4, 16-phenoxy-LXA4 (190)
22-F-PD1 (162)
78-MaR1 (191)
19-(o-fluorophenoxy)-RvE1 methyl ester (27)

ATL-1 (15-epi-16-(para-fluoro)phenoxy-LXA4) (152, 158, 165, 175)
BML-111 (5(S),6%,7- trihydroxyheptanoic acid methyl ester) (170-173)
NCGC00120943 (C1A), NCGC00135472 (C2A) (19)
PMPPF, and pMPPI

Monoclonal antibody (192)

Here are listed SPM mimetics, including analogs, AT-SPM analogs and receptor agonists that show increased stability and biological activities in inflammation resolution settings.
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SPMs

LXA4

RvD1

RvD2

RVE1

RvD2, RvD3, RvD4
RvD1, RvD2, RvE1
RvD1, RvD3

MaR1

Cancer Models

Colorectal cancer

Hepatocellular carcinoma

Papilomas

Melanoma

Pancreatic
Hepatocellular carcinoma

Melanoma

oscc

Lung, Melanoma
Hepatocellular carcinoma

Lung, Lymphoma, Melanoma
Lung, Pancreatic cancer, Prostate

Lung
Skin inflammation

Molecules

Native

BML-111 or AT-LXA4
BML-111

BML-111

BML-111

Native

ATL-1, BML-111

ATL-1

BML-111
Native
Native
Native
Native
Native
Native
Native
Native
AT-RvD1, AT-RvD3
Native

Effects

Suppress early development of colorectal cancer (M¢)

Inhibit tumor growth

Inhibit tumor growth

Inhibit EMT and metastasis (M¢)

Inhibit proliferation, invasion and angiogenesis of cancer cells (M)
Inflammation resolution

Reduce the risk of cancer transformation

Inhibit tumor growth

Alter TAM phenotype in vivo (M)

Decrease monocyte infiltration in tumor (M¢)

Alters TAM phenotype in vivo (M)

Reduce liver metastases

Block CAF pro-tumor effects on tumor growth and metastases
Prevent liver injury and cancer transformation

Reduce pulmonary metastasis

Tumor growth reduction (M¢)

Reduce pulmonary metastasis

Prevent liver injury and cancer transformation

Reduce metastases and improve survival (preoperative context)
Inhibit tumor growth

Inhibit tumor growth

Prevent cancer risk following UVB irradiation

References

(38)
(166, 170)
(170, 171)

(172)
(173)
(174)

(165, 170)
(175)

(176)
{77
(178)
(86)
(179)
(86)
(178)
(180)
(86)
(176)
(181)

Bold, SPM analogs or receptor agonists.
Please refer to Prevete et al. (182) for previous studies reported SPMs’ anticancer effects (182). M¢ indicated studies where SPM anticancer effects were mediated through counter

requlation of TAM protumor functions or TAM repolarization.
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Macrophages SPMs

Human monocyte-derived RvD1 — RvD2 - RvE1 (1pM - 100nM)
macrophages
Human monocyte-derived TAM X4 (ATL-1) (10nM)

Human monocyte-derived LXA4 - RvD1 — RvD3 (AT-SPM)
macrophages (100pM-100nM)
THP-1 monocytes RvD1-RvD2 (1-100nM)

Bold, SPM analogs or receptor agonists.

Effects

Increase phagocytosis of tumor cell debris and reduce pro-inflammatory
cytokine secretion

Suppress TAM phenotype

Decrease IL-10 secretion

Increase phagocytosis of tumor cell debris and reduce pro-inflammatory
cytokines secretion

Suppress TAM phenotype

References
(86)
(165)
(166)

(167)
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Macrophages SPMs Effects References

Human monocyte-derived macrophages LXA4 (250nM) Protect macrophages from apoptosis (150)

(M1-like, M2-like) LXA4 (0.1-10nM) Increase phagocytosis of zymosan particles (151)

Human monocytes LXA4 (ATL-1) Inhibit monocytes’ apoptosis (152)
(1-100uM)

Primary human macrophages LXA4 (ATL-1) (100puM)  Increase phagocytosis (1563)

Decrease secretion of pro-inflammatory cytokines

Human monocyte-derived macrophages RvD1 (0.1-1nM) Increase phagocytosis of microbial particles and apoptotic PMN (154)

(M1-like) RvD1 (0.1-10nM) Increase phagocytosis of zymosan particles (151)
RvD1 (10nM) Switch M1-like to M2-like macrophages (155)

Human alveolar macrophages RvD1 and RvD2 (100 Increase phagocytosis of microbial particles (E. coli) (156)
nM) Decrease secretion of pro-inflammatory cytokines

Primary human macrophages RvD1 (10nM) Polarize resting primary macrophages and repolarize M1-like macrophages to a (157)

pro-resolving phenotype

M1-like macrophages RvD5 (10nM) Increase phagocytosis of microbial particles ©7)

Human monocyte-derived macrophages RVvET (10nM) Increase phagocytosis of microbial particles (158)

(M1-like)

Primary human macrophages RVET (10nM) Induce a pro-resolving phenotype (159)

Human monocyte derived macrophages RVE2 (1-10nM) Increase phagocytosis of zymosan particles (160)

(GM-CSF)

Human macrophages (M2-like) MaR1 (1 nM) Increase efferocytosis of apoptotic PMN (161)

Human monocyte-derived macrophages MaR1 (10pM-10nM) Increase phagocytosis (E. coli, zymosan) and efferocytosis of apoptotic PMN (19)

(M1-like, M2-like)

Human monocyte-derived macrophages MaR1 (10 nM) Switch M1-like to M2-like macrophages (185)

(M1-like)

Human macrophages PD-1 (22-F-PD1) Increase macrophages’ efferocytosis of apoptotic PMN (162)

Bold, SPM analogs or receptor agonists.

(0.001-10nM)
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Characteristic Normal Asthmatic
Number 24 24
Age (years) 63.8+6.4 60.7 +7.0
Gender (male/female) 12/12 1113
FEV1 (% of predicted) 1146 +£85 42.3+ 14.6
BDT Negative Positive
Past history of cough Occasional Always
Other diseases: COPD, lung tumors, coronary heart disease, rheumatic heart disease, allergic rhinitis, bronchitis NO NO

Data are depicted as means + SD. FEV1, forced expiratory volume in one second; FEV1/FVC, the ratio of forced expiratory volume in the first second to forced vital capacity; BDT,

bronchial dilation test.
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Time ISF SF

Activated
z-score; -log (p-value)

Inhibited
z-score; -log (p-value)

Activated
z-score; -log (p-value)

Signaling by Rho GTPases Superpathway of cholesterol biosynthesis
(-3.35; 8.00) (4.24; 8.74)
Leukocyte extravasation signaling Geranylgerany! diphosphate Biosynthesis |
(-3.20; 14.9) (via Mevalonate)

0-48  Superpathway of cholesterol biosynthesis
hr (4.14;10.3)
Geranylgeranyl diphosphate Biosynthesis |
(via Mevalonate)

Inhibited
z-score; -log (p-value)

IL-5 production
(-3.00; 4.43)
Apoptosis signaling
(-2.55; 4.13)

(3.31; 4.88) (3.31; 5.83)
Mevalonate Pathway | IL-5 production Mevalonate Pathway | Signaling by Rho GTPases
(3.00; 4.54) (-8.317;5.43) (3.00; 5.34) (-2.35; 4.12)
48-96 PPAR signaling Acute Phase Response signaling LRX/RXR activation Natural Killer cell signaling
hr (3.41;9.22) (-4.42; 5.96) (3.71; 4.08) (-5.85; 4.12)
PPAR/RXRa. activation Natural Killer Cell signaling PPAR signaling IL-6 signaling
(3.08; 9.22) (-4.13;6.23) (3.41; 9.89) (-56.24; 14.9)
LXR/RXR activation IL-6 signaling PPARo/RXRa. activation Acute Phase Response signaling
(2.67; 3.27) (-4.01; 10.50) (2.59; 12.00) (-4.87;7.31)
96 hr- Heparan Sulfate Biosynthesis (Late IL-6 signaling =020 @ nm——_———————————
6d Stages) (-2.23; 2.08)
(2.0; 1.79)
Heparan Sulfate Biosynthesis PRRs in Pathogen Recognion @~ ———————————————
(2.0; 1.66) (-2.0; 1.69)
6-10 Cell Cycle: G2/M DNA Damage Cell cycle control of chromosomal GP6 Signaling Pathway EIF2 signaling
d Checkpoint Regulation replication (3.05; 4.83) (-5.456; 41.90)
(2.33; 5.27) (-3.60; 8.78)
Unfolded Protein Response Kinetochore Mataphase signaling Osteoarthritis Pathway Oxidative Phosphorylation
(2.44; 3.23) (-2.98; 16.61) (2.53; 4.15) (-3.00; 2.81)
Netrin signaling Mitotic Roles of Polo-Like Kinases Tumor Microenvironment Pathway Autophagy
(2.23; 1.39) (-2.12; 6.89) (3.31; 2.80) (-2.23; 0.00)

In agreement with GO, dominant responses related to inflammation-derived oxidative stress and an antioxidant response relying on lipid biosynthesis and activation of the PPAR signaling
pathway. While the IL-6 pathway inhibition was common to both SF and ISF, it was a more frequent in ISF cultures. A detailed list of activated and inactivated pathways is presented on

Supplementary Table 4.
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SPM Disease/Model Treatment Therapeutic efficacy and MOA Ref.
RVET  Allergic airway-inflammation/mouse 5,000 ng/kg/day for 3 days (v) Airway inflammation resolution: (@9)
11L-23 and IL-6 and cell infilrate within the bronchoalveolar lavage fiuid.
1 Th1/Th17 ratio.
HSV-induced stromal keratits (SK)/mouse 60,000 ng/kg/day for 8 days(topical, eye) 1 SK severity (40)
1 comeainfiux of neutrophis, Th1 and Th17 cels, IFN-y, and IL-6.
Imiquimod (IMQ) challenge-induced psoriasis/mouse 8,000 ng/kg/day (v) 1 psoriasis severitySuppression of IL-23-producing DCs and 1 T cells. (@1)
Comeal allograft/mouse 50,000 ng/kg at day 0 and 7 (subconjunctival) 1 graft survival (@2)
1 Th1 and Th17 infitration and edema into the graft and draining lymph
nodes
Ligature-induced periodontitis/mouse 140 ng/kg/day for 10 days (topical) 1 bone loss 3)
| T-cel inftrate and preservation of Tregs.
Hypersensitiity skin model/mouse 10,000 ng/kg/day at day -1, 0, and 5 (v) 1 ear swelling (@4)
1 IFN-y-producing CD8" T cells in the skin
Femoral artery wire injury/mouse 8,000 ng/kg/day (ip) (2 days before surgery) 1 T-cell recruitment to perivascular areas. (5)
1 IFN-y and IL-2 mRNA levels in injured arteries.
RWDI  Endotoxin-induced uveitis/at 10 t0 1,000 ng/kg (W/intravitreal) 1 uveitis. (46,47)
1 neutrophils, T and B cells, M1 macrophages infitration
1 TNF-a, CXCL8, and RANTES in the eye.
Experimental autoimmune encephalomyeitis/mouse 5,000 ng/kg/day for 40 days (oraljor during 15 days starting | disease severity (@8)
atday 7 (ip) 1 autoreactive T cell infilration
OVA-induced allergic eye disease (AED)/mouse 1,000 ng/kg/day for 7 days (topical) 1 AED score (49)
1 conjunctival immune cells (except macrophages).
Experimental autoimmune neuritis (EAN)/rat 5,000 ng/kg/day for 12 days (ip) Enhanced EAN recovery (50)
| effector T cels.
1 Tregs and IL-10, TGF-B.
Ischemia/reperfusion-induced acute kidney injury/mouse 5,000 ng/kg/day for 3 days (v) 1 Tregs and alleviated renal tubular injury. ©1)
1 serum levels of IFN-y, TNF-a,, and IL-6 in a ALX/FPR2-dependent
pathway.
DHA deficiency (Elovi2™~)/mouse 5,000 ng/kg/day with 50 pg of anti-CD3 (ip) 1 IFN-y and IL-17 by peripheral blood CD4* T cells (62)
RVD1/  Concanavalin Arinduced hepatitis/mouse 10,000 ng/kg/day (v) 1 lver injury (63)
RVET 1 CD4* and CD8* T-cell liver infitration, inflammatory cytokines, and NF-
KB/AP-1 activity.
RD2  Porphyromonas gingivalis-induced experimental 25,000 ng for 3 days plus 5,000 ng for 6 days (over 2 Prevent alveolar bone loss (64
periodontitis/mouse weeks) (ip) ITht priming and chronic IFN-y secretion.
1 pro-resolving macrophages in the gingiva.
ITregs.
PD1 Zymosan A-induced peritonitis/mouse 5,000 ng/kg, 2 h prior to challenge (iv) 1 T-cell infiitration in the peritoneum (55)
IMQ-induced psoriasis/mouse 10-1,000 ng/kg/day for 7 days (sc) 1 psoriasis severity|. inflammatory cytokines in lesion and serum (56)
1 Th1/Th17 cells in spleen
HSV-induced stromal keratitis (SK)/mouse 15,000 ng/kg twice/day for 10 days(topical, eye) 1 SK severity ©7)
1 infilration of neutrophils and pathogenic CD4* T cells
1 inflammatory oytokines, chemokines, and angiogenic factors in the
comea
MaR1  OVA-induced allergic inflammation/mouse 50 ng/kg/day for 4 days (v) 1 Tregs 8)
1 IL-13 secretion by ILC2 in the bronchoalveolar lavage fluid
Collagen-induced arthritis/mouse 5,000 ng/kg/day for 16 days () 1 arthvitis severityt Treg/Th17 ratio (draining lymph node) (59)
IMQ-induced psoriasis/mouse 8,000 ng/kg/day for 5 days (topical) 1 skin inflammation (60)
1 IL-17-producing CD4* and v T cells in the skin.
Spontaneous coliis/IL-10" mouse 50 ng/kg/day for 14 days (ip) 1 CD4* T cells in colon lamina propia ©1)
1 TNF-0,, IFN-, IL-6, and IL-17 levels in colon
LXA4  Autoimmune dry eye/mouse 5,000-50,000 ng/kg/day for 10 days(topical/systemic) 1 Tht and Th17 celis in draining lymph nodest Treg @7
Experimental autoimmune encephalomyeltis (EAE)/ 5,000 ng/kg/day, daily (ip) | EAE severity (@8
mouse 1 Tht and Th17 cell infilration into the central nervous system
1 levels of pro-inflammatory lipids in spinal cord fluid.
Experimental autoimmune uveitis (EAU)/mouse 40,000 ng/kg (mouse; ip)/day, daily 1 EAU severity ©2)

CD, cluster of difflerentiation; DC, dendritic cel; HSV, herpes simplex virus; IFN, interferon;

| Th1 and Th17 cell infiltration
1CD4* T cell glycolytic responses and IFN-y production

interleukin; ILC, innate lymphoid cells; ip, intraperitoneal; iv, intravenous; LXA4, lipoxin A4; MaR1, maresin 1; MOA, mode of action; OVA, ovalbumin,

PD1, protectin 1; RANTES, regulated upon activation, normal T cell expressed and secreted; RvDI, resolvin D1; RvD2, resolin D2; RVET, resolvin E1; sc, subcutaneous; TCR, T-cel receptor; Th, T helper; TNF, transforming necrosis factor;
Treg, reguiatory CD4* T cell.
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Receptor

CB1 and CB2

GPR18

GPRS5

TRPV2

TRPA1

TRPM8

Location in immune cells/tissue

- Immune tissue (spleen and thymus) and
leukocyte subpopulations like natural killer
cells, B-cells, and peripheral blood
mononuclear cels (83, 84)

- Spleen (105)
- CD4*- and CD8* T cells and CD19* B cells
(106)

- Leukocytes

- Human and mouse B cells
- Human denditic cells and neutrophis
- Mouse monocytes and macrophages

- Expressed on human lung fibroblasts and
epithelial cells (117)

- Co-expressed with several clusters of
differentiation (CD) ke CD38, CD79%a,
CD138, and in mature B-cell neoplasms (119)

Function in immunity

- Reduces IL-2 synthesis (85)

- Suppression of T cell activation (86-89)

- Inhibition of lymphocyte proliferation and
IL-17 secretion (36)

- Regulation of function of intestinal neutrophils
(90)

- Regulation of acute trafficking of neutrophis
tosite of inflammation (91)

- Retention of immature B cells in the bone

marrow (92)

Immunosuppression in B cells after AEA or

A°-THC ligand binding (23)

- Immune regulation in the small intestine for
normal homeostasis of CD8* subsets of IELs
(CDB and CDBo IELS) (107)

T cell migration (109)
Hyperalgesia associated with inflammatory
and neuropathic pain (110)

Translocation of TRPV2 to the plasma
membrane plays a role in the chemotaxis of
macrophages and in phagocytosis (114)
Some analgesic and anti-proliferative
properties of CBD may be mediated by
TRPV2 activation (115)

- Agonist binding leads to release of IL8
Role in modulation of the release of
chemokines in inflamed airways (117)

Role in cold hypersensitivity associated with
inflammatory and neuropathic pain (120)

Ligands

Endocannabinoids:
- 2:AG (94),
Phytocannabinoids:
- AS%-THC and AS-THC as partial agonists
regulating pain management (96, 97)

- BN as agonist (98)

- CBD as a weak antagonist (99), as a negative
allosteric modulator (100), and as an inhibitor
of anandamide uptake (101)

- CBG as a weak partial agonist (102, 103), and
as an inhibitor of AEA uptake (101)

- CBCas weakagonist (103), and as an inhibitor
of AEA uptake (101)

- A9-THCV as an antagonist (104)

Endocannabinoids:

- NAGly

Phytocannabinoids:

- A9-THC as an agonist (108)

- CBD as antagonist (108)

Endocannabinoids:

- AEA, 2-AG, and virodhamine (111)

Phytocannabinoids:

- AS-THC as an agonist (112) and LP! inhibitor
(113)

- GBD as antagonist (111)

- CBG as weak LPl inhibitor (113)

- A%-THCV as a partial agonist and LP| inhibitor
(113)

- CBDVas a LP inhibitor (113)

Phytocannabinoids:

- AS-THC, CBD, CBG, A®-THGV, and GBDV
as agonists (101, 116)

AEA (95)

(108)

Phytocannabinoids:

- A%-THC, CBG (118)

- BN and CBC as antagonists (101)
Phytocannabinoids:

- AS-THC, CBG (118)

- BN and CBC as antagonists (101)

CB, cannabinoid receptor; 2-AG, 2-arachidonoylglycerol; AEA, N-arachidonoylethanolamide; NADA, N-arachidonoyl dopamine; THC, tetrahydrocannabinols; CBN, cannabinol; CBD,
cannabiciol; CBG, cannabigerol; CBC, cannabichromene; THCV, tetrahydrocannabinol; GPR, G protein-coupled receptor; LP), lysophosphaticyiinositol; CBDV, cannabidivarin; NAGY,
N-arachidonyl glycine; TRPV2, transient receptor potential cation chennel; subfamily V: member 2; IELs, intraepithelial lymphocytes; TRPA1, transient receptor potential cation chennel:
subfamily A; member 1; TRPMS, transient receptor potential cation channel: subfamily M, member 8.
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Group median age

Median age
Gender F:M
Allergies

Asthma

Aspirin Sensitivity
Previous Surgery
Smoking

Saline Wash
Topical Steroids
Systemic Steroids
Antibiotics
Regular medication
PRN medication

Control n=16 CRSWNP n=27 URTI n=8
31 51 32
Plasma n=15 Nasal secretions n=4 Plasma n=24 Nasal secretions =16 Plasma & nasal secretions n=8
31 29 47 49 32
F7:M8 F1:M3 Fo:M14 F6:M10 F4:M4
2 1
4 2
2 1
23 2 1
4 2
3 1
1
1
3 2 1
3 2

Participant demographics. Of the 16 healthy participants none were on regular medication or had a past medical history involving the ear, nose and throat region of the body. Of
participants with CRSWNP all required surgical intervention as a result of persistent disease with poor quality of life following medical intervention. 8 of the CRSWNP participants used
topical treatments. One participant had received a course of systemic steroids and antibiotics in the preceding 8 weeks prior to recruitment. Seven participants had a history of asthma and

4 reported aspirin sen:
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OPS/images/fimmu.2022.726153/table3.jpg
Pathology Number of sections Number of patients

Acute myocardial infarction 25 7

Infectious endocarditis 23 5

Abscesses™ 22 6
Thrombosis in COVID-19 22 6
infection**

Acute pancreatitis 20 4

Dermal inflammation™* 12 12
Infiltrated dental calculin 14 4
Granuloma 6 3

Abdominal aortic aneurysm 5 5

Sjégren Syndrome 4 4

Liver failure in COVID 19 4 1

Total 145 67

*Several abscesses were included from different sites of the body: dermal abscess (1), liver
abscess (1), perianal abscess (1), perimandibular abscess (1), pharyngeal abscess (1),
and sinus pilonidalis abscess (1).

**Thrombosis in COVID-19 patients were found in central lungs (6), peripheral lungs (9)
and in the kidneys (7).

**Dermal inflammation included sections from following pathologies: pemphigoid (2),
psoriasis pustulosa (4), and systemic lupus erythematodes (6).
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Pg/50 mg tissue Naive Day 3 p.i. Day 6 p.i. Day 12 p.i.

PCTR1 124 +16 1.3+0.8" 8320 17.5+09
PD1 49.1£3.7 143 14" 31.0+ 86 52.8+3.7"
17-HDHA 1152.1 £ 61.9 3556.5 + 46.2* 965.0 + 168.3" 1711.9 = 128.7%

Mice were infected with 10° PFU of RSV and lung was obtained at the specified time points post infection (p.i,). Values are mean of n = 3-4 mice per time point + SEM. *p < 0.01 vs naive,
n < 0.01 vs day 3 post-infection by one-way ANOVA with Holm-Sidak’s multiple comparisons correction.
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Morphologic form
Viable neutrophils
Degranulated neutrophils

Granules

Neutrophils with decondensed chromatin in
hypoxic areas

Viable neutrophils in hypoxic areas

NETs

NET aggregates

Features

Many granules with 0.0025-0.25 pm?; granular cytoplasmic elastase not-colocalizing with nuclear chromatin; no or
inactive cytoplasmic HIF-10; 90-100 pm?

Few granules; granular cytoplasmic elastase not-colocalizing with nuclear chromatin; no or inactive cytoplasmic HIF-1o;;
90-100 pm?

High levels of elastase; no DNA; 0.0025-0.25 um?

Low active nuclear HIF-1¢; 100-200 pm?

High active nuclear HIF-1a; 90-100 um?
Granular cytoplasmic elastase colocalizing with extranuclear chromatin; 400-1000 pm?
Granular cytoplasmic elastase colocalizing with extranuclear chromatin; can extend almost unlimited
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Primary antibodies

Rabbit anti-human neutrophil elastase; 1:100
Rabbit anti-human anti-HIF-1o.

1:100

Secondary antibodies

Cy5-conjungated goat anti-rabbit IgG; 1:400
AF647-Goat anti-Rabbit IgG (H+L)

Invitrogen (1:400)

Serial number

ab68672
Orb378857

111-175-144
ab150079

Company

Abcam, United Kingdom
Biorbyt, Cambridge, United Kingdom

Jackson ImmunoResearch, Sufiolk, United Kingdom
Abcam, United Kingdom
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Categories of Major Treatment Strategy

Vagus Nerve Stimulation

Agonists and antagonists of major mediators
in the CNS-spleen axis

Approaches targeting proinflammatory
responses
Catecholamines

Type of Treatment Strategy

Vagus Nerve stimulation

Transcutaneous vagus nerve
stimulation

CNI-1493

Amiodarone and MSH
CNI-1493

Amiodarone and MSH
GTS-21

CHRNA?7 agonists
a-chemokine receptor
inhibitors

Stearoyl
lysophosphatidylcholine
Antibodies against
proinflammatory cytokines
Epinephrine, Norepinephrine,
and dopamine

Description

Similar to carotid sinus massage in which a pressure point on the
neck is pressed for 5-7 seconds
Electrically stimulates the vagus nerve

Vagus nerve stimulator

Vagus nerve stimulator

Inhibitor of macrophage activation and TNF release
Inhibitor of TNF synthesis, and suppresses edema

A small molecule agonist for CHRNA7 and reduces sepsis
Reduces sepsis

Decreases inflammation by inhibiting cytokines

«  Stimulates neutrophils to eliminate invading pathogens
*  Suppresses HMGB1 release from macrophages

+  Anti-TNF decreased inflammation

*  Anti-HMGB1(ethyl pyruvate) decreased inflammation

«  Along with cortisol decrease inflammation

Study
Conducted in

Mice (62)

Mice (63)
(64
(65)
Mice (64)
Mice (65)
Mice (66)
Mice (67,

Mice (68, 69)

)
)
)
)
)
)

Mice (70)

Mice (41, 52, 71,
72)
Mice (73)
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Control (pg/mg protein) CRSwWNP (pg/mg protein) URTI (pg/mg protein)
DHA metabolome mean + sem mean + sem mean + sem
RvD1 e - 0.03 + 0.03
17R-RvD1 - -
RvD2 - - -
RvD3 - = 1.86 + 1.56
17R-RvD3 = 0.42 + 0.23 =
RvD4 = = =
RvD5 103.06 + 85.45 398.47 + 143.36 975.15 + 493.43
RvD6 = - -
PD1 = 10.71 + 3.4 1.62 + 0.93
108,17S-diHDAH 9.41 + 8.59 25.30 + 25.70 56.49 + 40.33
22-OH-PD1 - - -
17R-PD1 - 091 + 0.70 -
MaR1 = 788.95 + 559.54 26.22 + 25.47
7S,14S-diHDHA = 26.74 + 11.86 1.57 + 1.19
MaR2 = 16.13 + 12.97 0.62 + 0.46
22-OH-MaR1 s - -
22-COOH-MaR1 - - -
14-oxo-MaR1 = b b
4,14-diHDHA = 0.33 + 0.34 =
n-3 DPA metabolome
RvT1 - = 0.37 + 0.32
RvT2 - = =
RvT3 ws - =
RvT4 = = =
RvD1,.3 pra = 0.02 + 0.01 =
RvD2n.3 pra = 0.04 + 0.04 -
RvD5,..3 ppa e 2126 + 10.28 0.93 + 0.65
PD1 s ppa 498 + 454 = =
PD2 1.5 ppa 44,61 + 40.72 = 29.21 + 23.99
10S, 17S-diHDPA = 0.06 + 0.06 0.10 + o1
22-OH-PD1n n.3 ppa = = =
MaR 1.3 ora = = =
MaR2;,.3 ppa = - -
78,14S-diHDPA N - -
AA metabolome
RVE1 = = =
RvE2 - - -
RVE3 104.09 + 95.02 78.40 + 79.65 48.23 + 29.01
AA metabolome
LXA; = 3.22 + 2.00 149.68 + 164.44
LXB4 - 3275 + 16.98 37.82 + 13.93
5S,15S-diHETE 146.84 + 134.05 96.91 + 98.46 135.93 + 84.12
13,14-dehydro-15-oxo-LXA4 - - -
15-0x0-LXA4 s 1.57 + 0.88 0.04 + 0.03
15-epi-LXA, - 246 + 1.97
15-epi-LXB, 263.41 + 240.46 0.15 + 0.16 0.00 + 0.00
LTB, 71.93 + 42.07 161.59 + 56.43 157.18 + 80.03
5S,12S-diHETE - 0.32 + 0.32 -
6-trans-LTB, 38.19 E3 33.42 85.22 + 39.31 124.85 + 60.29
6-trans-12-epi-LTB, i 94.39 + 44.69 52.73 + 49.82
20-OH-LTB, = 501.80 + 373.60 26.16 + 21.46
20-COOH-LTB, = 1017 + 4.7 13.50 + 6.26
PGE, 1926.04 + 1110.20 265.65 + 54.78 1408.65 + 411.74
PGD, 1.81 & 1.65 37.97 + 19.05 489.73 + 236.24
PGFz2a 718.47 + 501.80 96.36 + 18.92 434.53 + 148.98
TxB> 7.69 + 4.45 5.96 + 4.75 3.18 + 1.46
LTC4 - - =
LTD, = = =
LTE, = 9.73 + 295 255 + 1.45

Plasma was collected from patients with CRSwINP (n = 16) healthy volunteers (n = 5) and subjects with URTI (8) and LM were extracted using C18 SPE and LM concentrations determined

using LC-MS/MS based LM profiling.

= Below limits.
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Control (pg/mL) CRSwWNP (pg/mL) URTI (pg/mL)
DHA metabolome mean + sem mean + sem mean + sem
RvD1 0.05 + 0.06 0.12 + 0.08 147, + 0.41
17R-RvD1 . 0.04 + 0.03 021 E= 021
RvD2 133.94 + 86.45 30.44 + 18.38 465.20 + 194.48
RvD3 0.03 + 0.02 - -
17R-RvD3 1.49 + 1.20 0.01 + 0.01 -
RvD4 = = =
RvD5 0.19 + 0.11 0.03 + 0.03 1.48 + 1.22
RvD6 = = 0.18 + 0.18
PD1 0.29 + 0.25 0.61 + 0.27 0.78 + 0.58
108,17S-diHDAH 0.59 + 0.35 & 0.66 + 0.43
22-OH-PD1 2.05 + 212 - -
17R-PD1 0.32 + 0.29 0.32 + 0.26 0.24 + 0.18
MaR1 225 + 1.33 0.75 + 0.41 1.95 + 0.97
78,14S-diHDHA 0.84 + 0.73 0.18 + 0.18 -
MaR2 = 0.08 + 0.06 =
22-OH-MaR1 0.65 + 0.46 . =
22-COOH-MaR1 . = =
14-oxo-MaR1 = - =
4,14-diHDHA - - -
n-3 DPA metabolome
RvT1 - 0.36 + 0.26 -
RvT2 0.04 + 0.04 0.03 + 0.02 0.06 + 0.06
RvT3 0.07 + 0.07 1.29 + 0.95 0.53 + 0.26
RvT4 0.66 + 0.35 0.05 + 0.03 237 + 1.89
RVD1 a5 oFa 0.55 + 057 1.26 + 1.01 0.20 + 0.20
RvD2 n-3 pea 0.21 e 0.15 0.04 + 0.04 £
RvD5 .3 ppa 0.55 + 0.35 0.39 + 0.28 -
PD1 .3 oPa 0.90 - 0.87 - -
PD2 1.3 pPa = = .
108, 17S-diHDPA 0.47 + 0.49 = =
22-OH-PD1p.5 pea - - -
MaR1 1.5 ora 0.09 + 0.09 - 0.61 + 0.40
MaR2 5 ppa 7.05 + 238 = =
78,14S-diHDPA = - =
EPA metabolome
RVE1 4.39 + 4.37 0.04 S 0.04 =
RVE2 = 0.19 + 0.07 0.10 + 0.10
RVE3 = = 1.41 + 1.41
AA metabolome
XA, 0.04 £ 0.02 1.20 + 092
LXBs 5.76 + 4.44 = 5.69 + 5.69
5S,158-diHETE 0.13 + 0.09 13.40 + 9.04 -
13,14-dehydro-15-oxo-LXA,
15-0x0-LX4 0.02 + 0.01 0.39 + 0.39
15-epi-LXA, 0.22 + 0.17 0.06 + 0.03 1.49 & 1.49
15-epi-LXB4 228 3 1.76 0.08 + 0.08 5.69 + 5.69
LTB, 7.96 £ 497 7.56 + 1.87 8.53 + 3.84
5S,12S8-diHETE 7.41 + 519 3.19 + 1.91 2.48 + 1.76
6-trans-LTB, 1.57 £ 118 218 + 1.10 2.36 + 1.61
6-trans-12-epi LTB, 0.06 + 0.07 0.14 + 0.07 -
20-OH-LTB, 0.00 + 0.00 0.94 + 0.42 0.59 + 0.59
20-COOH-LTB, 0.43 + 0.30 0.62 + 0.26 2.08 + 208
PGE, 2.47 + 1.60 4.24 + 0.96 5.43 + 234
PGD, 5.72 + 3.53 3.39 + 0.80 3.39 + 1.15
PGFza 1.05 + 0.84 3.45 + 1.08 3.89 + 1.56
TxBa 28.68 + 23.94 71.19 + 28.47 29.88 + 15.95

Plasma was collected from patients with CRSWINP (n = 24) healthy volunteers (n =15) and subjects with URTI and LM were extracted using C18 SPE and LM concentrations determined

using LC-MS/MS based LM profiling.

= Below limits.





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fimmu.2021.637983/fimmu-12-637983-g005.jpg
Tcells+ DCS Teels+DCs  Tcalise DG T celis+ DCs

1520240 NO 31VD

INEL . APAMGK,  PAMLCSK,+ REL
” . o ’
9955 bt 1 1 2 3
b o =
ol s
w
ot
R
w
; ! K
13 16.9£18.7 1654164 2074148
R(m o G010 L o 100 10t 10
s f™ H
- 2 @ 2
] - 2.
K ~8
gzl 1 o} M
* H[ ‘ m “3 l‘
.
- . N
IL-17A i ccL2o -2
i 1 2
2% a7 L
] ;





OPS/images/fimmu.2021.637983/fimmu-12-637983-g006.jpg
e DO
+PAM,CSK,

Tho Thi? Teells + DCs.

chemia3

%ChemR23+ Cells
—
F—






OPS/images/fimmu.2021.637983/fimmu-12-637983-g007.jpg
3 Teells+ DCs. i Sanighinind oo d

Teellse 0Cs +RVEL +PAMLCSK, +PAM,CSK, + REL
. w 0 -
o e -
o | | - | 1w
o o o o
i R TR TWRTR TR
* s *
iy
g 1 -
ge L1
48 W
- r‘ﬁﬁ
e’ L L L L
e vt
ek L L
wa 3
i 11c0Cs  100ng
l P Read Out
0 2
t
o sl
e el
IL-6 TGFB1 -2
—_ . m’ —
u
o nl‘l,-_






OPS/images/fimmu.2021.637983/fimmu-12-637983-g001.jpg
EHIE 3 ,_
]IJL Ly
BERREC gy
N 4 H
3 3
B 3 3 EEERER
E 3 EO . 218,50 Ut
H H H T SI190 .5209%
H]
TTTee TTETe . I8
EEEEE AT R RS R
N 4
=
! ] i 6] .
L e |
. Tve° g HEEIEIE
s8§38° FEEEE° iEg i’ st va%
b 1INy +
i T sooseweams

03/cD28

RVEL





OPS/images/fimmu.2021.637983/fimmu-12-637983-g002.jpg
Taats
N1

P

K

Teulis
+ab-co3/co28

Teells
+3b.co3/c028
ILS/TGEBe RiEL

i

Ji)

z?rx;: S o
G

aels
ns/rep

e

o

wes ]
w0
ojns

e

=






OPS/images/fimmu.2021.637983/fimmu-12-637983-g003.jpg
IL-17A IL-17F ccL2o
4 -
o
o
]
wq
o o o
21 IL-10 -2
- L e
\ o
-
‘ 400 200
" 11
., B
CD3/CD28 - A + + + - +
IL-6/TGF) - + + : ] + » +
/TGFR t t P -

RVE1

e





OPS/images/fimmu.2021.637983/fimmu-12-637983-g004.jpg





OPS/images/fimmu-12-641999/fimmu-12-641999-g006.gif
e

PBSHLPS 24n

aBeLPS 24n





OPS/images/fimmu-12-641999/fimmu-12-641999-t001.jpg
Gene

TNFa

COox2

iNOS

Beclin1

GAPDH

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Primer sequence (3/~ ')

TAGTCCTTCCTACCCCAATTTCC
TTGGTCCTTAGCCACTCCTTC
TGCCTATGTCTCAGCCTCTT
GAGGCCATTTGGGAACTTCT

TCA TTC ACC AGA CAG ATT GCT
AAG CGT TTG CGG TAC TCATT
CCC TTC AAT GGT TGG TAC ATG G
ACA TTG ATC TCC GTG ACA GCC
‘GCACCATGCAGGTGAGCTTC
TTTCGCCTGGGCTGTGGTAA
GGTTGTCTCCTGCGACTTCA
TGGTCCAGGGTTTCTTACTCC
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No

20

21

22

23

24

25

26

27

28
29
30
31
32
33
34
35

36
37
38
39
40
4
42

43
44

Patient no./Gender/
Age group

01/M/60-69
02/M/50-59
02/M/50-59
03M/70-79
07/M/60-69
07/M/60-69
07/M/60-69
07/M/60-69
07M/60-69
07/M60-69
07/M/60-69
07/M/60-69
07/M/60-69
08/M/80-89
08/M/80-89
08/M/80-89
08/M/80-89
08/M/80-89
08/M/80-89
08/M/80-89
08/M/80-89
09/M/80-89
09/M/80-89
09/M/80-89
09/M/80-89
09/M/80-89
10/M/70-79
11/F/70-79
11/F/70-79
11/F/70-79
11/F/70-79
11/F/70-79
11/F/70-79
11/F/70-79
11/F/70-79
12/F/60-69
12/F/60-69
12/F/60-69
12/F/60-69
12/F/60-69
12/F/60-69
12/F/60-69

12/F/60-69
12/F/60-69

Adverse Event

Rigors

Tachycardia

Temperature elevation to 37.9 C
Elevated liver enzymes
Dizziness

Anemia

Gamma-glutamy! transferase out of
range - high

Lactic dehydrogenase out of range
- high

Creatine phosphokinase out of
range - high

Alkaline phosphatase out of range
- high

WBC out of range - high

Neutrophils out of range - high

Lactic dehydrogenase out of range
- high
Rigors

Glucose out of range
Sodium out of range
General atopy

Lymphocytes out of normal range
- high

Lactic dehydrogenase out of range
- high

Bilirubin out of range

Glucose out of range
Elevated ALK.P

Elevated LDH

Elevated WBC
Lymphocyte ABS decrease
Low glucose level

Diarrhea

Low total protein blood level
Low albumin blood level
Elevated LDH blood level

Low CPK blood level

Low potassium blood level
Elevated CRP blood level
Elevated lactate blood level
Elevated alkaline phosphatase
blood level

Elevated lactate blood level
Low total bilirubin blood level
Elevated ALT blood level

Low ALT blood level

Elevated AST blood level
Elevated LDH blood level
Elevated alkaline phosphatase
blood level

Low BUN blood level
Elevated lactate blood level

Severity/
Intensity

Not serious/
Mild

Not serious/
Mild

Not serious/
Mild

Not serious/
Mild

Not serious/
Mild

Not serious/
Mild

Not serious/
Mild

Not serious/
Mild

Not serious/
Mild

Not serious/
Mild

Not serious/
Mild

Nor serious/
Mild

Not serious/
Mild

Not serious/
Mild

Not serious/
Mild

Not serious/
Mild

Not serious/
Mild

Not serious/
Mild

Not serious/
Mild

Not serious/
Mild

Not serious/
Mild

Not serious/
Mild

Not serious/
Mild

Not serious/
Mild

Not serious/
Mild

Not serious/
Mild

Not serious/
Mild

No

No

No

No

No

No

No

No

No
No
No
No
No
No
No

No
No

Relationship to
Study Drug

Possibly related
Possibly related
Possibly related
Not related
Possibly related
Not related

Not related

Not related

Not related

Not related

Not related

Not related

Not related
Possibly related
Not related

Not related

Not related

Not related

Not related

Not related

Not related

Not related

Not related

Not related

Not related
Possibly related
Unlikely related
Mild

Mild

Mild

Mild

Mild

Mild

Mid

Mild

Mild

Mild

Mild

Mild

Mild

Mild

Mild

Mild
Mild

Action Taken with Study
Treatment

Drug interrupted; rate changed.
Dose unchanged
Dose not changed
Dose not changed
Not applicable
Dose not changed
Not applicable
Not applicable
Not applicable
Not applicable
Not applicable
Not applicable
Not applicable
Not applicable
Not applicable
Not applicable
Not applicable
Not applicable
Not applicable
Not applicable
Not applicable
Not applicable
Not applicable
Not applicable
Not applicable
Not applicable
Not applicable
Dose not changed
Not related

Not related

Not related

Not related

Not related

Not related

Not related

Not related

Not related

Not related

Not related

Not related

Not related

Not related

Not related

Not related
Not related

Outcome of
Adverse Event

Recovered/Resolved
Recovered/Resolved
Recovered/Resolved
Recovered/Resolved
Recovered/Resolved
Not recovered/Not
resolved

Not recovered/Not
resolved
Recovered/Resolved
Recovered/Resolved
Not recovered/Not
resolved
Recovered/Resolved
Recovered/Resolved
Recovered/Resolved
Recovered/Resolved
Recovered/Resolved
Recovered/Resolved
Recovered/Resolved
Recovered/Resolved
Recovered/Resolved
Recovered/Resolved
Recovered/Resolved
Recovered/Resolved
Recovered/Resolved
Recovered/Resolved
Recovered/Resolved
Not recovered/Not
resolved
Recovered/Resolved
Dose not changed
Dose not changed
Not applicable

Not applicable

Dose not changed
Dose not changed
Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable
Not applicable
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Mean age
(range)
Male/female
Mortality

Patient

01-001
Pneumonia
01-002
Pneumonia
01-003
Pneumonia
01-006
Pneumonia
01-007
Endovascular
01-008 UTI

01-009 Bliary
01-010 Biliary
01-011 Biiary

01-012
Pneumonia
Average (range)

Allocetra-OTS-
treated patients
(n=10)

All Historical
Controls (n=37)
Historical;
pneumonia
(n=19)
Historical;
Endovascular
(n=3)

Historical; UTI

)

Historical; Biliary
(n=10)

Total Sepsis
Treated patients
(n =10, 100%)
71.5 (51-83)

8/2
0/10

SOFA score at
screening

2

2
3.4 (2-6)
SOFA score at
presentation
[Average (range)]
3.4 (2-6)
3.8(1-7)

36 (2-7)

6 (6-7)

3.8 (2-5)

3.4 (2-5)

Total Sepsis Matched-Controls

(n =37, 100%)

73.1(50-79)

31/6
10/37 (27%)

Predicted mortality (%) based
on SOFA at presentation

7

7

9.5 (7-15) %

Predicted mortality (%) based
on SOFA at presentation

[Average (range)]
9.5 (7-15) %

99 (4519 %

95 (7-19) %

14 (8-19) %

9.8 (7-12) %

92 (4.5-12) %

Sepsis source: Pneu-
monia Treated Patients
(n=5, 50%)

67.8 (51-79)

41
0/5

APACHE Il Score

12

i)

21

9

13

16

8

16

12.3 (8-21)

APACHE Il Score
[Average (range)]

12.3 (8-21)

5 (5-35)

4 (5-24)

24 (17-35)

5 (12-21)

14 (6-20)

Sepsis source: Pneumonia
Matched Controls
(n=19, 51.3%)

67.8 (50-79)

15/4
6/19 (31.5%)

Predicted mortality %)
based on APACHE Il

15

8

24

15

40

8

15

24

12

35
20 (8-40) %

Predicted mortality (%)
based on APACHE II
[Average (range)]

20 (8-40) %
23 (8-85) %

20 (8-40) %

50 (24-85) %

22 (15-40) %

20 (8-40) %

28-day outcome in
patients treated with
Allocetra-OTS

Alive. Sepsis and organ
dysfunction resolved
Alive. Sepsis and organ
dysfunction resolved
Alive. Sepsis and organ
dysfunction resolved
Alive. Sepsis and organ
dysfunction resolved
Alive. Sepsis and organ
dysfunction resolved
Alive. Sepsis and organ
dysfunction resolved
Alive. Sepsis and organ
dysfunction resolved
Alive. Sepsis and organ
dysfunction resolved
Alive. Sepsis and organ
dysfunction resolved
Alive. Sepsis and organ
dysfunction resolved
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