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Editorial on the Research Topic 


Macrophage Plasticity in Sterile and Pathogen-Induced Inflammation



Macrophages are dynamic and heterogenous group of immune cells that play multiple instrumental roles in homeostasis, surveillance and host defence. Owing to their remarkable functional plasticity, macrophages are involved in the initiation, amplification, and termination of immune responses. The localization of macrophages in a variety of tissues and their capacity to respond in a timely manner to a plethora of stimuli such as pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs) underscores their importance in the modulation of inflammatory responses. Distinct pathogens induce characteristic and divergent profiles of macrophage activation that can either boost or dampen inflammation. Besides PAMPs, DAMPs released by injured or stressed cells during sterile inflammatory processes contribute to the shaping of macrophage phenotype. Macrophages are major determinants in disease models that are linked to sterile inflammation. Pathogenesis of sterile inflammatory diseases including metabolic diseases is affected by macrophage activity. In all these instances, macrophages orchestrate immune responses through close interactions with both immune and non-immune cells.

Our aim with this Frontiers in Immunology Research Topic “Macrophage Plasticity in Sterile and Pathogen-Induced Inflammation” is to showcase some of the latest mechanistic insights into how macrophages control responses to pathogens and sterile inflammatory insults. We herein give an overview of this Frontiers in Immunology topic which includes 9 original articles and 8 (mini) review articles.

Pantazi et al. describe a novel mechanism by which activation of angiotensin converting enzyme 2 (ACE2) may form the basis of an anti-inflammatory therapy that blocks the cytokine storm observed in COVID-19 patients. They propose that treatment of macrophages with the SARS-CoV-2 spike (S) protein results in the hyper-responsiveness of macrophages to Toll-like receptor (TLR) signals thereby promoting expression of pro-inflammatory mediators. The authors present evidence that treatment with S protein suppresses the inactive kinase isoform of IL-1R-associated kinase (IRAK)-M that is a central regulator of TLR responsiveness. They conclude that activation of ACE2 may represent a therapeutic strategy to interfere with the development of cytokine storm observed in COVID-19 patients.

Knoll et al. review the key concepts and findings on the role of peripheral blood monocytes and pulmonary macrophages in COVID-19. Blood monocytes in patients with moderate COVID-19 have an inflammatory phenotype linked to interferon-stimulated gene expression and cellular dysfunction. Along the same line, monocytes-derived pulmonary macrophages from COVID-19 patients exhibit a hyperactivated state that promotes pro-inflammatory cytokine release and subsequent tissue damage at the site of infection.

Li et al. also demonstrate the role of macrophages in lung inflammation. In particular, the authors show that expression of total and de-oligomerized surfactant protein D (SP-D) is elevated following the lipopolysaccharide (LPS)-induced acute lung injury (ALI). Consistently, treatment with de-oligomerized SP-D resulted in enhanced acute lung injury linked to classically activated/M1 macrophages and pro-inflammatory cytokine production. The authors propose targeting de-oligomerized SP-D as a strategy to treatment of ALI and acute respiratory distress syndrome (ARDS).

Long non-coding RNAs (lncRNAs) are endogenous factors that have been linked to the regulation of innate inflammatory responses including the control of macrophage polarization. Ahmad et al. elucidate a novel role for the lncRNAs RN7SK and GAS5 in monocyte to macrophage differentiation into M1 (using granulocyte-macrophage colony-stimulating factor) and M2 (using macrophage colony-stimulating factor) macrophages. The knockdown of either RN7SK or GAS5 during the differentiation process resulted in the downregulation of M2 surface markers and concomitant increase in M1 markers, alongside enhanced antigen uptake and processing. In addition, the absence of RN7SK promoted the phagocytosis of Escherichia coli by M1 and M2 macrophages. This study reinforces the concept of lncRNA-mediated epigenetic regulation of macrophage differentiation and innate immune functions.

Macrophage activity has been implicated in the regulation of inflammatory responses during arthritis. Abji et al. used single cell RNA sequencing to identify cell populations in the synovial fluid from patients with psoriatic arthritis compared to those with osteoarthritis and rheumatoid arthritis. They report macrophages are one of the main cellular components in the synovial fluid of patients with psoriatic arthritis. As multiple proteinases are present in arthritic joint, the authors characterised the proteinase activity in synovial fluid samples. Trypsin-like serine proteinase activity was particularly elevated in psoriatic arthritis. Tryptase-6 was identified as a possible activator of proteinase-activated receptor 2 (PAR2) signaling that impacts on the production of monocyte chemoattractant protein-1. Thus, tryptase-6/PAR2 axis might be targeted to inhibit monocytes/macrophages recruitment in psoriatic arthritis joints.

Macrophage-dependent responses have also been linked to the orchestration of bone remodelling and the maintenance of normal bone morphology. Yao et al. review our current understanding of the contribution of monocytes and tissue macrophages to osteoclast formation. The authors further describe the role of macrophages and osteoclasts on bone damage mediated by inflammation and immune diseases.

Ross et al. review the role of macrophages in the onset and resolution rheumatoid arthritis and allergic asthma in terms of “The Good, the Bad, and the Gluttony”. The authors contrast macrophage diversity and regulatory function in healthy individuals with joint macrophages from rheumatoid arthritis and lung macrophages in allergic asthma. They emphasize the role of efferocytosis, and extracellular vesicles derived from apoptotic cells on the control of macrophage phenotype during inflammation resolution and in the control of adaptive immune responses.

Inflammasome activity can modulate the function of monocytes, precursors of macrophages. EMR2/ADGRE2, the human paralogue of the mouse F4/80 macrophage antigen, is an adhesion G protein-coupled receptor expressed by myeloid cells. I et al. provide evidence that EMR2/ADGRE2 signalling mediates the activation of the NOD-like receptor family, pyrin domain containing 3 (NLRP3) inflammasome in human monocytes. Specifically, the authors demonstrate that stimulation of EMR2/ADGRE2 using an agonistic monoclonal antibody activates the phospholipase C-β pathway, inducing downstream signalling through the Akt, mitogen-activated protein kinase (MAPK) and nuclear factor-κB (NF-κB) pathways. This results in calcium mobilization and efflux of potassium ions leading to the activation of the NLRP3 inflammasome. Thus, EMR2/ADGRE2 is a novel GPCRs that can activate the NLRP3 inflammasome in human myeloid cells.

Regulation of death in immune cells, including macrophages, is of paramount importance in shaping the outcome of inflammatory responses. Fischer et al. review recent findings on the regulation of the proinflammatory form of cell death called pyroptosis, mediated by membrane pore-forming proteins called gasdermins. The assembled gasdermin D pores measure up to 20 nm in diameter and allow the secretion of small molecules including mature IL-1β generated through active inflammasome. The authors further describe endogenous mechanisms that could be targeted to block inflammation through modulation of pyroptosis. They conclude gasdermins are promising targets for therapeutic targeting to modulate cell death and immune responses.

A recent breakthrough in immunology has been the demonstration in mammals that the innate immune system is able to recall a first challenge to respond more efficiently to a secondary challenge. This phenomenon has been called trained immunity. Macrophage-dependent responses have been associated with the induction and orchestration of innate immune memory. Jentho and Weis summarize experimental data supporting the involvement of host-derived DAMPs on the modulation of innate immune memory. They end their mini review by highlighting several open questions that will drive the field of trained immunity the next few years.

Macrophages have substantial roles at multiple points during the process of reproduction. They influence the cycling uterus and gestational processes including implantation, placentation, and parturition. Chambers et al. discuss the impact of macrophage polarization in the development of adverse obstetric outcomes. The authors propose that the characterisation of environmental influences may unravel new mechanisms regulating macrophage polarization at the maternal-fetal interface, thus supporting the development of approaches to alleviate adverse outcomes.

Metabolic alterations have been described as key determinants in macrophage inflammatory responses. Whilst classically activated or M1 macrophages switch from oxidative phosphorylation to glycolysis and pentose phosphate pathway to increase antimicrobial functions, alternatively activated M2 macrophages maintain oxidative metabolism through fatty acid oxidation, providing energy for a sustained tissue repair. Verberk et al. provide evidence that absence of the metabolic enzyme ATP citrate lyase (Acly) in macrophages leads to hyperinflammatory gene expression in response to LPS stimulation in vitro. Despite this, myeloid-specific deletion of Acly did not worsen inflammation in in vivo models of endotoxin-induced peritonitis, obesity-induced low-grade inflammation or experimental autoimmune encephalomyelitis. As such, therapeutic targeting of Acly with macrophage-specific Acly inhibitors may not drive beneficial effects in all inflammatory disorders.

Maretti-Mira et al. describe a novel mechanism of macrophage activation mediated by the different degrees of cholesterol oxidation. Using human peripheral blood CD14+ monocyte-derived macrophages and hepatic macrophages (i.e. Kupffer cells), the authors show that highly oxidized low-density lipoproteins (HoxLDL) affect global gene expression in M2-like macrophages and instead promote M4-like polarization. This involves decreased expression IL10, MRC1, and CD163 and reduced phagocytic capacity. HoxLDL-derived M4 polarization promotes in vitro neutrophil recruitment and generation of neutrophil extracellular traps (NETs). These findings provided a link between oxidized LDL and alteration of the functions of blood-derived and liver macrophages.

Macrophage phagocytic activity is a major contributor to the clearance of red blood cells and hemoproteins both during hemolytic disorders and after tissue injury. Pfefferlé et al. utilise a model of anti-CD40 macrophage-driven sterile liver inflammation to demonstrate phenylhydrazine-mediated acute erythrophagocytosis blocks macrophage activation, inflammatory cytokine release syndrome and necrotizing hepatitis. Moreover, treatment of liver macrophages with heme-albumin complexes results in an anti-inflammatory phenotype that protects against sterile liver inflammation. Together, this work suggests heme signalling suppresses proinflammatory macrophage function and protects from sterile liver inflammation.

Tissue-resident and recruited macrophages play a central part in the development of inflammation and fibrosis progression in the liver. Zwicker et al. review our current understanding of macrophage heterogeneity and plasticity in the liver, and the responses of hepatic macrophages to both pathogen-induced and sterile inflammation. Similarly, Singanayagam and Triantafyllou summarize recent findings related to the phenotypic and functional alterations that macrophages undergo during liver failures. The authors highlight potential therapeutic options for targeting macrophages in liver diseases.

Interactions between macrophages and other types of immune or non-immune cells modulate inflammatory responses. In this respect, Bhattacharjee et al. focus on the crosstalk between epithelial cells and dermal macrophages. Using a model of integrin-β1 (Itgβ1) knockout skin, they present data indicating Itgβ1-/- skin epithelial cells produce cytokines, chemokines and DAMPs that activate and enhance an M2-like pro-remodelling phenotype of tissue resident and monocyte-derived macrophages. These data highlight the role of the epithelial-immune crosstalk in priming macrophage cell fate.

In summary, this Research Topic provides better understanding of the mechanistic role of macrophages in multiple different inflammatory conditions. Many important questions remain unsolved and given their pivotal function in host defence and the potential danger posed by uncontrolled inflammation, understanding macrophage activity is essential for harnessing pathological mechanisms. Identification of novel mechanisms that regulate plasticity and immune functions of macrophages will unravel new therapeutic strategies.
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Macrophages (Mφ) are immune cells that exhibit remarkable functional plasticity. Identification of novel endogenous factors that can regulate plasticity and innate immune functions of Mφ will unravel new strategies to curb immune-related diseases. Long non-coding RNAs (lncRNAs) are a class of endogenous, non-protein coding, regulatory RNAs that are increasingly being associated with various cellular functions and diseases. Despite their ubiquity and abundance, lncRNA-mediated epigenetic regulation of Mφ polarization and innate immune functions is poorly studied. This study elucidates the regulatory role of lncRNAs in monocyte to Mφ differentiation, M1/M2 dichotomy and innate immune responses. Expression profiling of eighty-eight lncRNAs in monocytes and in vitro differentiated M2 Mφ identified seventeen differentially expressed lncRNAs. Based on fold-change and significance, we selected four differentially expressed lncRNAs viz., RN7SK, GAS5, IPW, and ZFAS1 to evaluate their functional impact. LncRNA knockdown was performed on day 3 M2 Mφ and the impact on polarization was assessed on day 7 by surface marker analysis. Knockdown of RN7SK and GAS5 showed downregulation of M2 surface markers (CD163, CD206, or Dectin) and concomitant increase in M1 markers (MHC II or CD23). RN7SK or GAS5 knockdown showed no significant impact on CD163, CD206, or CD23 transcripts. M1/M2 markers were not impacted by IPW or ZFAS1 knockdown. Functional regulation of antigen uptake/processing and phagocytosis, two central innate immune pathways, by candidate lncRNA was assessed in M1/M2 Mφ. Compared to scramble, enhanced antigen uptake and processing were observed in both M1/M2 Mφ transfected with siRNA targeting GAS5 and RN7SK but not IPW and ZFAS1. In addition, knockdown of RN7SK significantly augmented uptake of labelled E. coli in vitro by M1/M2 Mφ, while no significant difference was in GAS5 silencing cells. Together, our results highlight the instrumental role of lncRNA (RN7SK and GAS5)-mediated epigenetic regulation of macrophage differentiation, polarization, and innate immune functions.




Keywords: long noncoding RNA, macrophage polarization, phagocytosis, antigen uptake and processing, epigenetic regulation and gene expression



Introduction

The crux of immune protection lies in the conglomerate activities of innate and adaptive immune systems that eventually converge towards clearance of the pathogenic microorganisms. Macrophages (Mφ), dendritic cells (DCs) and neutrophils are the key sentinels of human innate immune system (1–4). Leveraging a specific repertoire of receptors (viz toll-like receptors; TLRs), Mφ recognize and uptake pathogens and clear them primarily by phagocytosis, in addition they also coordinate with the adaptive immune system (e.g., T and B cells) by processing and presenting pathogen specific antigens to these cells (5, 6). Numerous reports have now suggested that Mφ polarization during the recognition of patterns at the surface of a diversified pathogen via PPR regulates the sequence of events leading to the activation of the adaptive arm of the immune system. Binding of pathogens to immune cell receptors activates a plethora of downstream signals including chromatin-modifying complexes and transcription factors, which eventually decide the type of macrophage polarization, M1 or M2 (7–9). M1 macrophages possess a pro-inflammatory phenotype, while M2 are of anti-inflammatory (reparative) in nature. Human studies have shown that M1 and M2 polarization can be reversible upon environmental changes (10). Thus, we hypothesize that the identification of specific biomolecules leading to the development of M1 and M2 Mφ will be helpful to discern, 1) activation status of Mφ, 2) and resolution of the infection/inflammation.

Lately, 200 nt long, non-protein coding RNAs, dubbed as lncRNAs, are expressed in specific cell types. LncRNAs have now been classified as long intergenic ncRNAs (lincRNAs), natural antisense transcripts (NATs), transcripts of uncertain coding potential (TUCP), enhancer RNAs (eRNAs), and pseudogene-derived lncRNAs (11, 12). With the exception of lincRNAs and NATs, lncRNAs express at a lower level as compared to protein-coding genes (12). Various reports have now elucidated the role of lncRNAs in a multitude of biological processes, including the development of cardiomyocytes (13), stem cells (14), epithelial cells (15), erythrocytes (16), and adipocytes (17). Furthermore, the studies have deciphered the roles of lncRNAs in the maturation of specific immune cells via Hematopoietic stem cells (HSC) (18). Two lncRNAs, HOTAIRM1 and Morrbid (Myeloid RNA regulator of Bim-induced death), regulate the crucial genes involved in myeloid cell differentiation (HOXA1 and HOXA2, as well CD11b and CD18) and regulate the lifespan of short-lived myeloid cells (e.g. neutrophils, eosinophils, and classical monocytes), respectively (19–21).

A study by Wang et al. has unequivocally highlighted the expression bias of an lncRNA (lnc-DC) in the human conventional DC population, as compared to monocytes. This study has further divulged that the expression of lnc-DC (driven by PU.1) is instrumental in maintaining the activation status of classical DCs via regulating STAT3 phosphorylation pathway (22). Other studies also emphasized the role of lncRNAs in human Mφ innate immune functions. A single exon, 793 bp long lncRNA PACER (p50-associated COX2 extragenic RNA) was found to regulate the transcription of PTGS2 (COX2) by acting as a decoy molecule in the NF-κB signaling pathway (23). PACER is reported as LPS inducible lncRNA, which interacts and sequesters the repressor subunit of NF-κB and therefore, enables the binding of NF-κB complex binding at the promoter of PTGS2. Also, Ptgs2 divergent (Ptgs2 opposite strand; Ptgs2os) lncRNA was reported to be induced in mice fibroblast upon TLR activation (24). These studies, in a concerted manner, suggest that the expression dynamics of lncRNAs act as imperative sensors and regulate the sequence of events, eventually leading to clearance of pathogens via modifying the epigenetics of their targeting genetic loci.

Contemplating it, we examined the changes in lncRNA expression during M2 macrophage differentiation and addressed whether their differential expression regulates the polarization and innate immune functions (antigen uptake/processing and phagocytosis). Based on differential expression and further knockdown studies, our results divulges the key roles of lncRNAs, RN7SK, and GAS5 in regulating macrophage plasticity (M1/M2), antigen uptake/processing and phagocytosis.



Materials and Methods


Primary Human Monocyte Isolation and Differentiation

Peripheral blood mononuclear cells (PBMCs) were purified from freshly prepared buffy coats collected from healthy donors (n = 4; Sylvan N. Goldman Oklahoma Blood Institute, Oklahoma City, OK) using Ficoll Paque (GE Healthcare, Piscataway, NJ) based density centrifugation, as described earlier (25–30). CD14+ monocytes were isolated from PBMCs by incubating with magnetic-labeled CD14 beads (Miltenyi Biotec, Cologne, Germany), according to the manufacturer’s instructions. The purity of CD14+ cells was >95%, as determined by flow cytometry. For generation of M1 Mφ and M2 Mφ, monocytes were plated in DMEM (without FBS) supplemented with penicillin (100 U/ml) and streptomycin (100 mg/ml). After 2 h, media was removed and replaced with complete DMEM containing 10% FBS (Life Technologies, Grand Island, NY), and 1,000 U/ml recombinant human (rh) GM-CSF for generation of M1 or 50 ng/ml M-CSF (PeproTech, Rocky Hill, NJ) for generation of M2 macrophages. Fresh media was replaced every 72 h. At day 7, cells were harvested, and surface expression of CD14, CD163, and HLA-DR was examined by flow cytometry analysis.



Transient siRNA Transfection

LncRNA or control siRNAs were purchased from Sigma (Germantown, MD). Transient transfection of siRNA was performed in M1 and M2 macrophages using Lipofectamine 2000 (Life Technologies), as per manufacturer’s instructions. siRNAs were used at final concentration of 100 nM. As a transfection positive control, siGLO Red Transfection Indicator is a fluorescent oligonucleotide duplex labeled with DY-547 (ThermoFisher).



Cell Viability Assay

Cell viability was determined using the CellTiter 96 AQueous Cell Proliferation Assay Kit (Promega, Madison, WI). Briefly, M1 and M2 macrophages were differentiated in 96-well plates, transfected with lncRNA or control siRNA (100 nM), and assays were performed 24 and 48 h post transfection, according to manufacturer’s protocol.



LncRNA Profiling Using PCR Array

Total RNA was isolated from M2 macrophages and monocytes using the miRNeasy mini Kit (Qiagen), according to the manufacturer’s instructions. First-strand cDNA was synthesized from 1 µg total RNA using the Reverse Transcription Kit (Qiagen). For lncRNA expression profiling, Human lncFinder RT² lncRNA PCR Array plate (LAHS-001Z) containing eighty-eight different lncRNAs and controls in 96-well format was used (Qiagen) using real-time PCR (StepOne Plus Thermocycler; Applied Biosystems, Carlsbad, CA). Expression levels were normalized with respect to SNORA73A, and the fold change was calculated using delta-delta CT method.



Quantitative Real-Time Reverse Transcriptase-Polymerase Chain Reaction

Total RNA was isolated from 18 h, day 3, day 5, and day 7 differentiated cells using miRNeasy micro kit (Qiagen). A total of 250 ng RNA was used to synthesize cDNA, which was synthesized from first-strand cDNA synthesis kit (Invitrogen). The expression levels of GAS5, IPW, and β-actin genes were analyzed in a StepOne 7500 thermocycler (Applied Biosystems). The Ct values of three replicates were analyzed to calculate fold change using the 2−ΔΔCt method.



Flow Cytometry

Cells were harvested and washed in ice-cold PBS supplemented with 1% (v/v) FBS and 0.08% sodium azide. Cellular debris were excluded based on size (forward scatter [FSC]) and granularity (side scatter [SSC]). The FSC/SSC gate for Monocyte comprised ∼60%, total events. Couplets were excluded based on SSC versus FSC and SSC versus pulse width measurements. Samples were stained for cell surface markers with FITC, PE, and APC conjugated antibodies. For polarization analysis, human antibodies for CD23, MHCII (both M1 marker), CD163, CD206, and dectin (M2 marker) were purchased from BD Pharmingen or BioLegend. Unstained and isotype control treated cells were used as controls. Samples were analyzed using a FACScan or BD Cyan flow cytometer using CellQuest software (BD Biosciences, San Jose, CA. Further analysis was performed using FlowJo software (Tree Star, Ashland, OR). Cells were gated according to their forward scatter (FSC) and side scatter (SSC) properties including the larger cells with high granularity and excluding the small-sized debris with a low SSC and FSC shown at the bottom left corner of the dot plot.



Antigen Uptake and Processing Assay

LncRNA or control siRNA transfected MΦ were challenged with a combination of Texas Red- and DQ™-conjugated Ova (1 mg/ml, Molecular Probes, Grand Island, NY) in complete media for 2–4 h at 37°C, as described earlier (26). DQ™-Ova consist of Ova that are heavily conjugated with BODIPY FL, resulting in self-quenching. Upon proteolytic degradation of DQ-Ova to single dye-labeled peptides, bright green fluorescence is observed. For flow cytometry, cells were harvested with Accutase (Cell Biolabs, San Diego, CA) treatment, washed twice with 1× PBS/0.1% BSA and analyzed on BD Fortessa (BD Biosciences, Franklin Lakes, NJ).



Phagocytosis Assay

Macrophages (400,000/well, 96-well plate) were transfected on day 6 with lncRNA or control siRNA. Phagocytosis assay was performed with pHrodo Green conjugated E. coli (Invitrogen, Carlsbad, CA) 24 h post transfection, according to the manufacturer’s protocol. Briefly, the labeled E. coli bioparticles were resuspended in Live Imaging Buffer (Life Technologies) and homogenized by sonication for 2 min and resuspended in culture media, as described earlier (25). The cells were incubated with labeled E. coli for 2 h, then washed three times with PBS, fixed with 4% paraformaldehyde, and analyzed by flow cytometry.



Statistical Analysis

All the data were analyzed and plotted using GraphPad Prism (La Jolla, USA). The results are represented as SD or SEM from three independent replicates. P-values were calculated using Students t-test, and P <0.05 was considered significant. *P < 0.05, **P < 0.01, ***P < 0.001.




Results


Differential Expression of Long Non-Coding RNAs in Monocyte-Differentiated Macrophages

To evaluate the differential expression of lncRNAs during macrophage differentiation, sorted CD14+ monocytes from human PBMCs were treated with M-CSF for 7 days. Figure 1A shows the schematic representation of lncRNA profiling workflow. We profiled eighty-eight different lncRNAs using a focused PCR array and detected 49 lncRNAs in monocytes and/or Mφ (with a cut-off value Ct =>34). Interestingly, six lncRNAs were expressed either in Mφ (CDKN2B-AS1, HOXA-AS2, and NAMA) or monocytes (MIAT, HOXA-AS3, and PTENP1), thereby strongly suggesting a plausible role of lncRNAs in coordinating macrophage differentiation events (Figure 1B). Compared to monocytes, twelve lncRNAs were upregulated and five were downregulated in M2 Mφ (fold change ≥2) (Figure 1C). CDKN2B-AS1, GAS5, HOXA-AS2, IPW, MALAT1, OIP5-AS1, HOTAIRM1, RBM5-AS1, SNHG16, TUG1, NAMA, and ZFAS1 were upregulated, while MIAT, HOXA-AS3, PTENP1, RN7SK, and NEAT1 were downregulated in M2 Mφ (Figure 1C). Figure 1D shows the heat map of the expression profiles of differentially expressed lncRNAs. The fold change and P values of the differentially expressed lncRNAs are listed in Table 1. It can be noted that some lncRNAs showed higher P value (>0.05) but were included in the list because they were detected in two out of three donors (either monocyte or macrophage) but were consistently absent in other cell types or showed Ct very low values. These results show a unique acquisition of lncRNA species or expression changes during monocyte to macrophage differentiation.




Figure 1 | Differential expression of lncRNAs occurs in monocyte-derived macrophages. (A) Schematics of the experimental design to evaluate lncRNA profiles. (B) Venn diagram summarizing differentially expressed lncRNAs genes in monocyte and day 7 differentiated M2 macrophages. Corresponding numbers in left and right elucidate the lncRNA identified in either monocytes or M2 Mφ. The number depicted in the overlapping region shows the number of lncRNAs expressed in monocytes and M2 Mφ. (C) Number of significantly up- and downregulated lncRNAs in M2 Mφ compared to monocytes. LncRNAs with fold-change ≥2 were considered differentially expressed. (D) Heat map based elucidation of lncRNAs showing differential expression pattern in monocytes and M2 Mφ. The numbers on the top of the heat map show the monocytes isolated from three donors for M2 Mφ conversion. (E−H) Time kinetics of GAS5 and IPW expression in M1 and M2 Mφ with respect to monocytes using RT-qPCR. Data were normalized with β-actin as a housekeeping control. Each bar is representative of at least three different experiments and represents the mean ± standard deviation. Two-tailed t-test was used to evaluate statistical significance. *P < 0.05, **P < 0.01, ***P < 0.001.




Table 1 | List of differentially expressed lncRNA identified in monocyte to M2 macrophage differentiation.



In the above observation, the expression of a subset of lncRNAs is differentiation responsive. We therefore monitored the expression kinetics of selected lncRNAs GAS5 and IPW in M1 and M2 macrophages at 18 h, day 3, day 5, and day 7 of differentiation. Interestingly, the expression of GAS5 exhibits a similar expression profile in differentiating M1 and M2 Mφ. Its expression increased approximately twofolds on day 3 and maintained at comparable levels on days 5 and 7 (~threefolds) (Figures 1E, F). IPW expression shows markedly differential pattern in M1 and M2 Mφ. In M2 Mφ, IPW levels decrease gradually until day 5 (~90%) and then sharply increase on day 7 (~25%) (Figure 1G). In M1 Mφ, expression of IPW increased steadily until day 3 (~threefolds), drastically decrease at day 5 (~60%) and maintained at similar levels at day 7 (Figure 1G). Expression of GAS5 and IPW in day 7 M2 Mφ corroborates with PCR array. This data clearly shows that lncRNAs are responsive to the extracellular milieu and might be involved in regulating macrophage polarization status.



LncRNAs Regulate M1 and M2 Macrophage Polarization

Next, we asked whether the differentially expressed lncRNA directly affects macrophage polarization. To answer this, we silenced RN7SK (highly expressed in monocytes), GAS5, IPW, and ZFAS1 in M2Mφ by siRNA transfection on day 3 and examined the changes in M1 and M2 phenotype markers on day 7. Using siGLO Red, we consistently obtain ~90% transfection efficiency in macrophages as observed under florescence microscope or flow cytometry (Supplementary Figures 1A, B).

Transient transfection of siRNA targeting candidate lncRNA resulted in approximately 70, 80, 50, and 80% reduction in the expression of RN7SK, GAS5, IPW, and ZFAS1 as compared to control (Supplementary Figure 1C). To evaluate the impact of siRNA on cell death, we performed cell viability assay in cells transfected with siRNA and did not observe any significant changes (data not shown). siRNA transfected M2Mφ were evaluated for the expression of M1/M2 specific surface markers by flow cytometry at day 7. Gating strategy for the flow cytometric analysis and the percentages of gated cell population are shown in Supplementary Figure 2A. Single cells between FSC-Area and FSC-Height were included inside the slanted shape gate to examine the expression changes in M1 and M2 surface markers.

Interestingly, RN7SK knockdown resulted in significant upregulation of M1 markers, MHCII (~10%; P > 0.05) and CD23 (~30%; P < 0.05) and downregulation of all three M2 surface markers, CD206 (~80%; P < 0.01), dectin (~60%; P < 0.01), and CD163 (~18%; P > 0.05) levels (Figures 2A–E), and as compared to control (Figure 2A). Scatter dot plots show overall changes in the viable cell population for M1 and M2 markers (Supplementary Figure 2B). Knockdown of GAS5 (another differentially expressed lncRNA) significantly increased the levels of M1 marker MHCII (~20%; P < 0.05) (Figures 2A–E). Conversely, M2 markers CD163 (~45%; P < 0.05) and CD206 (~20%; P > 0.05) exhibited reduced expression in GAS5 knockdown, but the changes were not significant compared with control (Figure 2). CD23 (M1 marker) and Dectin (M2 marker) did not show any significant change in the expression in GAS5 knockdown. IPW knockdown induced the expression of M2 marker Dectin (20%; P < 0.05), whereas CD163 was downregulated (50%; P < 0.05). CD206 expression showed a similar expression compared to the control. On the other hand, IPW knockdown did not exhibit significant changes in the surface expression of M1 markers MHCII and CD23 (Figures 2A–E). Thus, the role of IPW in Mφ polarization is not clear. This data substantiated the role of lncRNA in the M1/M2 switch. The effect of RN7SK can be considered as stronger as compared to IPW and GAS5. Taken together, our results indicate that lncRNA RN7SK promotes M2 phenotype.




Figure 2 | Knockdown of RN7SK and GAS5 skew macrophage polarization by suppressing M2 phenotype markers. Day 3 M2 macrophages were transfected with 100 nM siRNA targeting GAS5, IPW, ZFAS1, RN7SK or scramble control. After 72 h, the effect of lncRNA knockdown on the expression of (A) MHC II, (B) CD23 (surface markers for M1 Mφ), (C) CD163, (D) CD206 and (E) Dectin (surface markers for M2 Mφ) was assessed by flow cytometry. Histograms showing percent geometric mean fluorescence intensity (Geo. MFI) for five different polarization markers after lncRNA knockdown. Data are mean ± SEM of three independent experiments (n = 3). Two-tailed t-test was used to evaluate the statistical significance compared to control siRNA. *P < 0.05, **P < 0.01.



Next, we examined whether lncRNA-mediated impact on the protein levels of M1/M2 markers occurs at the transcriptional levels. Expression levels of CD206, CD163, and CD23 transcripts were examined in M2 Mφ transfected with siRNA targeting RN7SK and GAS5, which showed most significant changes in flow cytometric analysis. Compared to control siRNA, no significant changes in the expression of CD206, CD163, or CD23 were observed in GAS5 knockdown cells (Supplementary Figures 3A–C). However, knockdown of RN7SK, showed slight upregulation in the expression of CD163, albeit not significant compared to control or GAS5 (Supplementary Figures 3A–C). These results indicate that RN7SK and GAS5-mediated changes likely occur at the post-transcriptional or post-translation levels.



RN7SK and GAS5 Augments Antigen Processing and Presentation

Macrophages are key antigen-presenting cells (APCs) that bridge innate and adaptive immunity (1–4). These cells recognize a diverse array of antigens, internalize them by endocytosis/phagocytosis, and subsequently present specific epitopes of processed antigens to T cells for efficient priming via MHC class I or II. We therefore examined if lncRNAs regulate antigen uptake and processing by MΦ. Cells were transfected with siRNA targeting GAS5, IPW, ZFAS1, and RN7SK and antigen uptake and processing were concurrently assessed by incubating with ovalbumin conjugated with Texas Red (for uptake) and BODIPY FL dye (DQ) ovalbumin (for processing). To assay the antigen uptake and processing, we harvested cells and quantitated fluorescence by flow cytometry.

Overlay of histograms of control and lncRNA targeting siRNA show marked differences in antigen uptake and processing by lncRNAs (Figures 3A, B). Control siRNA normalized percent changes in lncRNA silenced M1 and M2 MΦ are shown for uptake and processing (Figures 3C, D). The antigen uptake and processing for three independent experiments are shown as percentage mean fluorescent intensity (MFI) for M1 and M2 macrophages, respectively (Figures 3E, F). Compared to control, knockdown of GAS5 and RN7SK augmented antigen uptake and processing in both M1 and M2 MΦ as observed by higher Texas Red and BODIPY signals, while a modest reduction in antigen uptake or processing was observed in IPW knockdown in M2 MΦ but not in M1 MΦ (Figures 3A–D). No significant differences were observed in ZFAS1 silenced cells. GAS5 knockdown induced Ova uptake and processing by ~3.5- and 6-folds, respectively, in M1 MΦ. Similarly, knockdown of GAS5 in M2 MΦ induced Ova uptake and processing by ~1.3- and ~1.5-folds, respectively (Figures 3C, D). In RN7SK silenced M1 MΦ, approximately 2- and 3.5-fold increase in antigen uptake and processing was observed, while knockdown of RN7SK in M2 MΦ enhanced antigen uptake and processing by ~1.5- and ~1.6-folds (Figures 3C, D). The knockdown of IPW in M2 MΦ showed a reduction in antigen uptake and processing by ~20%, albeit not significant. However, M1 MΦ showed an opposing effect of IPW silencing than M2 MΦ, with a slight increase in antigen uptake (~40%) and processing IPW (~15%) (Figures 3C, D).




Figure 3 | RN7SK and GAS5 silencing enhance antigen uptake and processing in macrophages. Day 3 M1 or M2 macrophages were transfected with 100 nM siRNA targeting GAS5, IPW, ZFAS1, RN7SK or scramble and their impact on antigen uptake and processing was analyzed after 72 h. Antigen uptake and processing were monitored by measuring Texas Red and BODIPY fluorescence, respectively. (A–D) Overlay of cell population histograms in control or lncRNA targeting siRNA to assess the differences in antigen uptake and processing. (E–F) Differential Mean fluorescence intensity (MFI) of Texas Red and BODIPY in M1 and M2 macrophages (lncRNA siRNA vs control siRNA). The ratio of geometric mean fluorescence intensity (geo. MFI) value of control and lncRNA targeting siRNA was obtained and were converted to percentages. Each bar is representative of at least three different experiments and represents the mean ± standard deviation. Two-tailed t-test was used to evaluate statistical significance. *P < 0.05, **P < 0.01, ***P < 0.001.





RN7SK and GAS5 Regulate Phagocytosis in Macrophages

Myeloid cells, including macrophages, phagocytose the invading pathogens, process and present antigenic epitopes to T cells that elicit efficient adaptive immune responses. After phagocytosis, these APCs migrate from tissues to lymph nodes and subsequently activate naive T cells (1–9). Both processes allow crosstalk of innate and adaptive immune cells. We examined the impact of RN7SK and GAS5, which regulated macrophage polarization and antigen uptake/processing, on phagocytosis by M1 and M2 polarized Mφ. Cells were transfected with siRNA targeting RN7SK, GAS5, or control siRNA. After 72 h post-transfection, sufficient time for siRNA-mediated knockdown of target RNA, phagocytosis assays were performed using pHrodo™ Green labeled E. coli. In both M1 and M2 Mφ, knockdown of RN7SK augmented phagocytosis but no significant impact was observed for GAS5. Figure 4A showed representative images of M1 and M2 Mφ in control, RN7SK or GAS5 knockdown. Compared to control, higher intensity of green E. coli was observed in RN7SK knockdown cells. Flow cytometry analysis of harvested cells further confirmed this observation. Histograms show higher mean geometric fluorescent intensity (MFI) in RN7SK knockdown compared with control (Figure 4B). On the contrary, the GAS5 knockdown did not significantly affect bacterial uptake in M1 or M2 Mφ (Figures 4A, B). Dot plots show a clear shift in the population towards right in RN7SK and GAS5 knockdown cells, indicating a higher uptake of E. coli by M1 and M2 Mφ transfected with RN7SK or GAS5 siRNA compared to control (Supplementary Figure 4). Overall, these results indicate that differentially expressed lncRNAs regulate critical biological functions and polarization of macrophages.




Figure 4 | Knockdown of RN7SK augments bacterial phagocytosis in M1 and M2 macrophages. Day 3 M1 or M2 macrophages were transfected with 100 nM siRNA targeting GAS5, RN7SK or scramble. Phagocytosis was assayed using GFP labeled E. coli for 2 h by imaging and flow cytometry. (A) Representative images showing phagocytosed bacteria (green) in M1 and M2 macrophages transfected with lncRNA or control siRNA. Images were captured using fluorescent microscope. Scale bar—200 µm. (B) Cells harvested after phagocytosis assay and quantitative differences in phagocytic efficiency were measured. Geometric Mean Fluorescent intensity (Geo. MFI) of phagocytosed green E. coli in M1 and M2 macrophages was calculated for GAS5, RN7SK or control siRNA and percent changes were calculated with respect to control. Each bar is representative of at least three different experiments and represents the mean ± standard deviation. Two-tailed t-test was used to evaluate statistical significance (*P < 0.05, **P < 0.01).






Discussion

Timely polarization, differentiation, and activation of macrophages are key to orchestrate the sequence of events leading to the immune response against invading pathogen. To date, multiple reports have consensus that concerted actions of pro- and anti-inflammatory cytokine milieu during pathogen proliferation drives M1 and M2 polarization of macrophages, respectively. Assessment of cytokine milieu can be misleading towards the assessment of macrophage dynamics due to unexpectedly high systemic presence of anti-inflammatory cytokines (IL-4, IL-6, IL-10, IL-1Rα) during initial phases of certain infections, the short half-life of cytokine, and certain infection location in tissue may not be conducive for the collection of regional samples (31, 32). Therefore, there is a demand for sensitive and robust molecular markers to assess M1 and M2 macrophages that will advance our understanding of unique lncRNAs with M1/M2 specific expression.

LncRNAs exhibit cell-specific expression (11, 12, 18) and regulate epigenetic (histone modification and DNA methylation), post-transcription (RNA processing and mRNA stability) and translation pathways to govern multiple aspects of cellular functions (33–38). Therefore, in this study, we have profiled lncRNAs (using lncRNA PCR array) in sorted CD14+ monocytes and in vitro differentiated M2φ (via M-CSF treatment) in the absence of any pro- and anti-inflammatory cytokine. Of the 49 detected lncRNAs, three expressed exclusively in monocytes and three lncRNAs showed expression in M2 macrophages only. Among the up- and downregulated lncRNAs mentioned in Table 1, we selected GAS5, IPW, ZFAS1, and RN7SK to study their involvement in monocyte-to-macrophage polarization and innate immune functions. Our results showed that the lncRNAs–RN7SK and GAS5 influence macrophage polarization, antigen uptake/processing and phagocytosis.

Small nuclear RNA 7SK (RN7SK)—approximately 330 nts long and ubiquitously expressed noncoding RNA—is transcribed by RNA pol III (39–42). RN7SK negatively regulates RNA Polymerase II transcription elongation via binding to the positive transcription elongation factor b (P-TEFb). Interestingly, its interaction with HMGA1 high mobility group AT-hook competes with its binding to DNA (43, 44). By virtue of its regulatory role in transcription factor activity, RN7SK controls cellular differentiation, cell proliferation and senescence. RN7SK expression is significantly downregulated in stem cells and human tumor tissues, and its overexpression enhances (45–47). However, the role of RN7SK in macrophage polarization is not studied. RN7SK was identified as one of the most significantly altered lncRNA in our expression profiling. Interestingly, knockdown of RN7SK promotes M1 and suppresses M2 phenotype. Of the tested markers, M2-associated CD206 and dectin were downregulated in RN7SK knockdown, while M1 markers MHCII (not significant) and CD23 (significant) exhibit upregulation. However, we did not observe any significant changes in the expression of CD206, CD163, or CD23 mRNA in RN7SK knockdown cells. This observation suggests that RN7SK directly interacts with and alters the stability of aforementioned proteins at post-translation levels or may act through indirect regulatory factors that drive stability of surface proteins. LncRNAs act as modular regulatory RNA and their role in post-translational and post-transcriptional regulation is shown for different proteins and transcripts (11, 12, 22–24). Nonetheless, these observations strongly support that RN7SK favors the M1 phenotype by suppressing M2 markers at the protein levels. Augmented phagocytosis (of E. coli) and antigen uptake/processing further corroborated this observation. M1Mφ are more potent in phagocytosis and antigen uptake/processing compared with M2Mφ. Consistent with the surface marker expression analysis, we have also noticed that RN7SK knockdown in M2Mφ augments phagocytosis of E. coli. Our results, for the first time, describe the role of RN7SK in skewing macrophage polarization and its regulation of key innate immune function in macrophages.

GAS5 locus generates ~4 kb long transcript, which yields 10 different snoRNAs (SNORD) and 24 mature RNA isoforms. GAS5 was identified in a screening of genes expressed in G0 serum-starved NIH/3T3 cells (48). Overexpression of GAS5 appeared as a strategy for the tumor therapeutics via inducing apoptosis and concomitant attenuated cell proliferation (49). Similar to the lncRNA RN7SK function, GAS5 also significantly increases MHCII (M1 marker) and inhibits CD163 and CD206 (albeit not significant) expression at the same time. At the RNA levels, GAS5 knockdown does not alter expression of CD206, CD163 or CD23 transcripts. In this context, it can be inferred that the GAS5 knockdown favors M1 but less strongly as compared to RN7SK. GAS5 is known to silence CCL1, a chemokine secreted by M2 macrophages and is shown to regulate macrophage polarization. Our results show that GAS5 is highly expressed in M1 macrophages compared to M2, and this expression increases with differentiation (compare Day 1 to Day 5 or 7) and corroborates with the previous studies (50, 51). However, unlike our findings of the pro-M1 phenotype by GAS5, other studies have shown a pro-M2 phenotype. Hu et al. showed that overexpression of GAS5 promoted macrophage (RAW) polarization toward an M1 phenotype by inducing nitric oxide synthase (iNOS), IL-1β, and TNF-α compared with the empty vector control (49). GAS5-mediated increase in the proinflammatory cytokines IL-6, IL-1β, and TNF-α was shown in ox-LDL-induced THP-1 macrophages (50). Mechanistically, GAS5 inhibits transcription Topoisomerase-Related Function 4 (TRF4), a key factor controlling M2 macrophage polarization (51). This discrepancy could be attributed to the differences in the experimental design, use of cell lines instead of primary cells, polarization marker analysis and macrophage differentiation. Our experiments were performed by transfecting lncRNA targeting siRNA at day 3 of M-CSF stimulated M2 macrophages and the surface expression of M1 and M2 markers is assessed at day 7. This allowed us to examine changes during the differentiation process and not in the polarized macrophages examined in the aforementioned studies.



Conclusion

In summary, this study unravels the following imperative features—1) remarkable changes in lncRNA profile are associated with monocyte-to-macrophage differentiation, 2) knockdown of RN7SK and GAS5 downregulates M2 markers and upregulates M1 markers suggesting that lncRNAs regulate macrophage polarization by skewing them towards M2 phenotype, and 3) RN7SK negatively regulates antigen uptake/processing and bacterial phagocytosis. Overall, our findings describe a key role of lncRNAs in macrophage differentiation, polarization, and regulating innate functions including antigen processing and phagocytosis.
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Supplementary Figure 1 | Efficient siRNA-mediated silencing of lncRNA in macrophages. Fluorescent oligos (siGLO Red) were used as positive control for transfection. (A) Image showing uptake of siGLO Red confirming the successful transfection. (B) Flow cytometric analysis of siGLO Red positive (~90%) M2 macrophages. (C) Macrophages were transfected with 100 nM siRNA targeting GAS5, IPW, ZFAS1, RN7SK or control and the cells were harvested after 72 h. The expression of lncRNAs was quantified by RT-qPCR and the fold change was calculated with respect to control siRNA. GAPDH was used as a housekeeping control. Each bar is representative of at least three different experiments and represents the mean ± standard deviation. Two-tailed t-test was used to evaluate statistical significance. **P < 0.01, ***P < 0.001.

Supplementary Figure 2 | Gating strategy and cell population used for M1 and M2 surface marker expression by flow cytometry. (A) Schematic view of the gating strategy used for flow cytometric analysis. Scatter dot plots showing the expression of (B) M1 and (C) M2 surface markers.

Supplementary Figure 3 | Expression of M1 and M2 marker transcripts is not impacted by lncRNA knockdown. M1 or M2 macrophages were transfected with 100 nM siRNA targeting GAS5, RN7SK or control and total RNA was isolated after 72 h. Expression of (A) CD206, (B) CD163 and (C) CD23 was quantified by RT-qPCR and the fold change was calculated with respect to control siRNA. GAPDH was used as a housekeeping control. Each bar is representative of at least three different experiments and represents the mean ± standard deviation. Two-tailed t-test was used to evaluate statistical significance.

Supplementary Figure 4 | Scatter dot plots showing cell population of M1 and M2 macrophages after phagocytosis assay. (A) Schematic view of the gating strategy used for phagocytosis assay analysis. Dot plots of population showing the phagocytosis of pHrodo Green labelled E. coli by (B) M1 and (C) M2 macrophages.
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EMR2/ADGRE2 is an adhesion G protein-coupled receptor differentially expressed by human myeloid cells. It modulates diverse cellular functions of innate immune cells and a missense EMR2 variant is directly responsible for vibratory urticaria. Recently, EMR2 was found to activate NLRP3 inflammasome in monocytes via interaction with FHR1, a regulatory protein of complement Factor H. However, the functional involvement of EMR2 activation and its signaling mechanisms in eliciting NLRP3 inflammasome activation remain elusive. In this study, we show that EMR2-mediated signaling plays a critical role in triggering the activation (2nd) signal for the NLRP3 inflammasome in both THP-1 monocytic cell line and primary monocytes. Stimulation of EMR2 by its agonistic 2A1 monoclonal antibody elicits a Gα16-dependent PLC-β activation pathway, inducing the activity of downstream Akt, MAPK, NF-κB, and Ca2+ mobilization, eventually leading to K+ efflux. These results identify EMR2 and its associated signaling intermediates as potential intervention targets of NLRP3 inflammasome activation in inflammatory disorders.




Keywords: adhesion G protein-coupled receptor, inflammasome, NLRP3, signaling, pathogen-associated molecular patterns



Introduction

Proteolytic conversion of procaspase-1 to active caspase-1 and the subsequent processing and secretion of inflammatory IL-1β and IL-18 are the hallmarks of inflammasome activation (1, 2). Although it is a critical immune response to microbial infection and tissue injury, dysregulated inflammasome activities are often linked to pathological manifestations such as autoinflammatory, autoimmune, and metabolic disorders as well as cancer (3–5). The NLRP3 inflammasome is a large assembly of multimeric NLRP3, ASC and procaspase-1, and represents the principal inflammasome activated in innate immune cells through recognition of pathogen-associated molecular patterns (PAMPs) and/or damage-associated molecular patterns (DAMPs) (6, 7). The canonical NLRP3 inflammasome activation pathway is normally mediated by a two-signal mechanism; the priming (1st) signal is induced by PAMPs and the activation (2nd) signal elicited by diverse cellular stressors or DAMPs such as extracellular ATP, pore-forming toxins and particulates (6, 8). While the priming signal is mostly transmitted by pattern recognition receptors (PRRs), the activation signal can be triggered by an increasing number of different cell surface proteins including G protein-coupled receptors (GPCRs) (8, 9). As GPCRs are extensively-proven drug targets, identification and characterization of novel GPCRs involved in NLRP3 inflammasome activation not only can advance our understanding of this important immune reaction, but also be exploited for potential therapeutics of inflammasome-associated disorders (10).

EMR2/ADGRE2 is a human-specific paralogue of the well-known mouse tissue macrophage (Mφ)-specific F4/80 antigen (Ag) (11). Both EMR2 and F4/80 belong to the ADGRE/EGF-TM7 subfamily of adhesion GPCRs (aGPCRs) that is distinguished by multiple extracellular epidermal growth factor (EGF)-like domains (12–14). Unlike F4/80, however, EMR2 is more widely expressed and differentially regulated in cells of the myeloid lineage including monocytes, Mφ, neutrophils (Nφ), and myeloid dendritic cells (DCs) (13, 15). EMR2 expression is up-regulated restrictedly within inflamed tissues and its levels on Nφ are positively correlated with the severity and overall mortality of patients of systemic inflammatory response syndrome (SIRS) and liver cirrhosis (16, 17). These findings indicated an immune regulatory function for EMR2. Indeed, EMR2 activation has been shown to potentiate adhesion, migration and anti-microbial activities of Nφ in response to diverse inflammatory stimuli (18–20). A missense EMR2-pC492Y variant was identified recently as the cause of familial vibratory urticaria (VU), a rare autosomal dominant dermal allergic disorder resulting from vibration-induced mast cell activation (21).

We have previously identified dermatan sulphate (DS) as an endogenous glycosaminoglycan ligand of EMR2 (22). DS-EMR2 interaction plays a potential role in recruiting monocytes to the inflamed synovium in rheumatoid arthritis (RA) (23). Interaction of the VU-inducing EMR2-pC492Y variant with DS or a specific 2A1 monoclonal antibody (mAb) sensitizes mast cells for hyper-degranulation upon vibratory stimulation, indicating a mechanosensing role for EMR2 (21). Our earlier results revealed that 2A1-induced EMR2 activation in monocytic cells lead to Mφ-like phenotypes and enhanced production of IL-8 and TNF via a Gα16-dependent pathway activating the downstream effectors, including phospholipase C (PLC)-β, PI3K, Akt, MAPK, and NF-κB (24). Interestingly, 2A1-induced EMR2 signaling occurred only when the mAb was immobilized on the culture plates (24). In a recent study, complement Factor H-related protein 1 (FHR1) was shown to function both as a sensor of necrotic cells and a specific serum ligand of EMR2 (25). Consequently, FHR1 was shown to mark necrotic regions of vasculopathies such as anti-neutrophil cytoplasmic antibody-associated vasculitis (AAV) and atherosclerosis, and concomitantly triggered EMR2-mediated NLRP3 inflammasome activation in monocytes via a Gβγ-dependent PLC signaling pathway. Peculiarly, the FHR1-induced EMR2 activation was induced only in the presence of normal human serum (NHS) and immobilized FHR1 (25). Taken together, EMR2 is a human myeloid-restricted aGPCR whose activation and signaling is involved in distinct innate immune functions including NLRP3 inflammasome activation.

In this study, we show that 2A1-induced EMR2 signaling plays a critical role in triggering the NLRP3 inflammasome activation (2nd) signal, due to the intracellular K+ efflux evoked via a Gα16-dependent PLC-β activation and Ca2+ mobilization. EMR2 and its downstream signaling effector molecules hence represent novel GPCR-associated targets for intervention of NLRP3 inflammasome activation in relevant inflammatory disorders.



Materials and Methods


Reagents and Antibodies

All chemicals and reagents were purchased from Sigma (St. Louis, MO, USA) and Invitrogen (CA, USA) unless specified otherwise. ATP, N-acetyl-L-cysteine (NAC), diphenyleneiodonium chloride (DPI), U73122, BAPTA-AM, Glyburide, Bay 11-7082, and sp600125 were all from Sigma. Monosodium urate (MSU) was from Invitrogen. Gallein was from Tocris Bioscience (Bristol UK). U0126 was from Promega (Madison, WI, USA). SB203580 was from Cayman Chemical (Ann Arbor, MI, USA). z-YVAD-fmk (ALX-260-074) and Ac-YVAD-CHO (ALX-260-027) were from Enzo Life Sciences (Farmingdale, NY, USA). Muramyl dipeptide (MDP), Pam3CSK4, FLA-ST, and LPS-B5 Ultrapure were obtained from InvivoGen (San Diego, CA, USA). AZD9056 was from MedChemExpress (Princeton, NJ, USA). Monoclonal antibodies (mAbs) used for Western blotting included: anti-caspase-1 (D3U3E) and anti-human IL-1β (D7F10) were obtained from Cell Signaling Technology (Beverly, MA, USA); anti-ASC (AL177) was from AdipoGen (San Diego, CA, USA); anti-NLRP3 (ALX-804-819) was from Enzo Life Sciences; Anti-β-actin mAb was purchased from BD Biosciences (San Jose, CA, USA). Anti-GAPDH mAb was from Proteintech (IL, USA). Abs used for cell stimulation (2A1 and mouse IgG1 control) and for the detection of signaling molecules have been described previously (24).



Cell Culture and Primary Cell Isolation

THP-1 (ATCC®TIB-202™), as well as THP-1-defNLRP3 and THP-1-defASC monocytic cell lines (Invitrogen) were cultured in RPMI 1640 medium supplemented with 10% Fetal bovine serum (FBS) (Thermo HyClone), 1% L-glutamate, 1% penicillin, 1% streptomycin and 100 μg/ml Normocin (Invitrogen). For THP-1-defNLRP3 and THP-1-defASC cells, Hygromycin B Gold (10 mg/ml)(Invitrogen) was added to culture medium. All cells were cultured in a 5% CO2 incubator at 37°C. Ficoll-Plague PLUS (Amersham Bioscience, Ltd) gradient centrifugation was used to purify peripheral blood mononuclear cells (PBMCs) from venous blood of healthy donors as described previously (24). All procedures were approved by the Chang Gung Memorial Hospital Ethics Committee (CGMH IRB No: 201700390B0 and 202001020B0) and performed according to their guidelines. Monocytes were isolated from PBMCs by immune-magnetic separation using human CD14 MicroBeads MACS cell separation kit (Miltenyi Biotec, Inc) and cultured in complete RPMI 1640 medium. Unless otherwise specified, 12- or 6-well cell culture plates were pre-coated with appropriate mAbs (usually 10 μg/ml) in 1× PBS at 4°C for 24 h. Cells (5x105~2x106 cells/ml) were treated without or with lipopolysaccharide (LPS)(50-100 ng/ml) or other PAMPs as indicated for 24 h. For inhibitor treatment, cells were incubated with culture medium containing the following reagents as indicated: z-YVAD-fmk (50 μM), Ac-YVAD-CHO (50 μM), Bay117082 (10 μM), U0126 (10 μM), sp600125 (10 μM), SB203580 (10 μM), LY294002 (20 μM), TPAC-1 (10 μM), Gallein (10 μM), Glyburide (25 μg/ml), U73122 (20 μM), BAPTA-AM (10 μM), NAC (10 μM), and DPI (10 μM). Normal human serum (NHS) was derived from fresh human peripheral blood left to clot at room temperature for 30 min, followed by centrifugation at 1,500 x g for 10 min at 4°C. NHS was kept frozen in aliquots at −80°C and used at a final concentration of 5%.



siRNA-Mediated Gene Silencing

All siRNAs used were purchased from Invitrogen. Briefly, 200 nM of gene-specific siRNAs were transfected into THP-1 cells using DharmaFECT-2 transfection reagent (GE Dharmacon) and incubated for 48 h as suggested by the manufacturer. The siRNA sequence information is listed below: NLRP3-siRNA #1: 5’-ACCGCGGUGUACGUCUUCUUCCUUU-3’, NLRP3-siRNA #2: 5’-GGAUUGAAGUGAAAGCCAAAGCUAA-3’, NLRP3-siRNA #3: 5’-UCCACCAGAAUGGACCACAUGGUUU-3’, ASC-siRNA #1: 5’-GGCUGCUGGAUGCUCUGUACGGGAA-3’, ASC-siRNA #2 ASC-siRNA: 5’-ACCCAAGCAAGAUGCGGAAGCUCUU-3’, ASC-siRNA #3: 5’-GCCUGG AACUGGACCUGCAAGGACU-3’. EMR2-specific, Gα16-specific, and scramble control siRNAs were used as described previously (24).



Detection of ASC Oligomerization

THP-1 cells (4 × 106 cells) were pelleted by centrifugation and resuspended in 300 μl ice-cold buffer 1 (20 mM HEPES-KOH, pH 7.5, 150 mM KCl, 320 mM sucrose, 0.01 μg/ml Aprotinin, 10 mM AEBSF, 20 mM Levamisole, 0.1 mM sodium orthovanadate (Na3VO4) and protease inhibitor mixture) and lysed by vortex vigorously for 10 s. Cell lysates were centrifuged at 520× g for 8 min at 4°C and pellets removed. Supernatants were diluted with 300 μl Buffer 2 (20 mM HEPES-KOH, 5 mM MgCl2, 0.5 mM EDTA, 0.1% CHAPS) and centrifuged at 4000× g for 8 min to pellet the ASC pyroptosome (26). Next, the pellets were resuspended in 300 ml Buffer 3 (20 mM HEPES-KOH, 2 mM DSS, 5 mM MgCl2, 0.5 mM EDTA), incubated at room temperature for 30 min, and pelleted again by centrifugation at 4000× g for 10 min. The cross-linked pellets were resuspended in SDS sample buffer (30 μl), separated in 12% SDS-PAGE by gel electrophoresis, and blotted using anti-ASC mAb.



Cytokine ELISA Assay

Unless specified otherwise, cells (2 × 106 cells/well) were seeded into 6-well plates pre-coated with or without 2A1 mAb in the absence or presence of various PAMPs, then incubated at 37°C for 24 h. Conditioned medium was collected by centrifugation at 1000x g for 5 min at 4°C and transferred into new 1.5 ml eppendorf tubes. The levels of human IL-8, IL-1β, and IL-18 were measured by DuoSet® ELISA Development Systems (R&D System) according to the protocols suggested by the manufacturer.



Western Blot Analysis

Cell lysates for Western blot analysis were collected at specific time points as indicated. In brief, cells were harvested by centrifugation at 1500 rpm for 5 min at 4°C, washed once with ice-cold 1× HBSS, and lysed in 100 μl ice-cold modified cell lysis buffer as described previously (24). Proteins were quantified using Bicinchoninic acid (BCA) protein assay kit (PIERCE, Rockford, USA). Proteins were denatured and separated by electrophoresis in SDS-polyacrylamide gels, and transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, MA, USA). The blotted PVDF membranes were incubated in blocking buffer (5% of BSA in washing buffer) for 1 h with agitation, followed by incubation with the indicated 1st Ab (2–4 μg/ml in blocking buffer) for 1 h. The membranes were washed extensively and then incubated with appropriate horseradish peroxidase (HRP)-conjugated 2nd Ab (1:2000-1:5000 in blocking buffer). Following final extensive washes, bound 2nd Ab was detected by chemiluminescence (ECL, Amersham Life Science Ltd or SuperSignal West Pico Plus, Pierce).



Statistical Analysis

Quantitative analysis was based on results of at least three independent experiments unless indicated otherwise. Data were analyzed using one-way ANOVA analysis by Prism 5 software (GraphPad Software Inc., La Jolla, California, USA) and shown as means ± standard error of the mean (SEM). The statistical significance of p value was set at *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.




Results


Ligation and Activation of EMR2 Receptor in Human Monocytic Cells Enhance IL-1β and IL-18 Production in the Presence of PAMPs

To investigate the role of EMR2-induced signaling in inflammasome activation, THP-1 monocytic cells were cultured on plates coated with EMR2-specific 2A1 mAb in the absence or presence of various PAMPs. Low but significant levels of IL-1β were noted when cells were stimulated with 2A1 or LPS individually. However, much higher IL-1β levels were detected when cells were treated simultaneously with 2A1 and LPS, indicating a synergistic effect (Figure 1A). By contrast, neither the isotype control nor the soluble 2A1 mAb had any effect on IL-1β production (Supplementary Figure 1A). Importantly, the specificity of 2A1-induced EMR2 activation in up-regulating IL-1β was verified in cells transfected with EMR2-specific siRNAs (Figure 1B and Supplementary Figure 1B). These results were in line with our previous data and hence all following experiments were performed using immobilized 2A1 mAb (24). Similar 2A1-induced IL-1β up-regulation was obtained in cells treated with conventional or ultrapure LPS, and this effect was both concentration- and time-dependent; ranging from 5–10 μg/ml of 2A1 mAb and starting as early as 4 h of incubation (Figures 1A, C and Supplementary Figure 1C). In parallel, significantly higher IL-18 levels were produced by cells co-stimulated with 2A1 plus LPS or 2A1 plus Pam3CSK4 (TLR2/TLR1 ligand) than those treated with the stimulus alone (Figure 1D). Finally, enhanced levels of IL-1β were also identified in cells co-stimulated with 2A1 and various TLR and NLR ligands including Pam3CSK4, FLA-ST (TLR5 ligand) and MDP (NOD2 ligand)(Figure 1E). These results suggest that EMR2 activation can collaborate with the signaling of diverse PRRs to up-regulate IL-1β and IL-18 production in monocytic cells.




Figure 1 | EMR2 receptor ligation in THP-1 cells by 2A1 mAb induces IL-1β and IL-18 production in the presence of PAMPs. (A–C) THP-1 cells (1x106 or 5x105 cells/ml) were cultured in 6-well (A, B) or 12-well (C) plates coated without or with 2A1 mAb in the absence or presence of conventional or ultrapure LPS (uLPS) for durations as indicated. When indicated, cells were transfected with EMR2-specific siRNAs (EMR2-siRNA#1, #2 or #3) to test the specific effect of 2A1-induced EMR2 activation (B). Culture supernatant was collected for the detection of mature IL-1β by ELISA. Mouse IgG1 was included as a negative control. Ctl, scrambled siRNA control. (D) THP-1 cells (5x105 cells/ml) in 12-well plates were treated without or with immobilized 2A1 mAb in the absence or presence of LPS or Pam3CSK4 for 24 h. Culture supernatant was collected and analyzed for IL-18 by ELISA. (E) THP-1 cells (2x106 cells/ml) in 6-well plates were treated without or with immobilized 2A1 mAb in the presence of different TLR and NLR ligands (MDP, Pam3CSK4, and FLA-ST) as indicated for 24 h, then the level of IL-1β in culture supernatant was determined by ELISA. Data are means ± SEM of five independent experiments performed in triplicate and analyzed by one-way ANOVA. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.



Along with the time-dependent IL-1β up-regulation, increased levels of pro-IL-1β and active caspase-1 were detected in the cell lysate and conditioned medium, respectively, of cells co-treated with LPS and 2A1 than those treated individually with 2A1 or LPS (Figures 2A, B). Conversely, EMR2-induced IL-8 levels remained unchanged in the presence of LPS, indicating a specific synergistic effect of EMR2 activation on IL-1β up-regulation (Figure 2A). Critically, EMR2-induced IL-1β and IL-18 up-regulation was markedly diminished in cells pre-treated with an irreversible caspase-1 inhibitor, z-YVAD-fmk, confirming the essential role of active caspase-1 in EMR2-promoted IL-1β and IL-18 production (Figures 2C, D). Taken together, activation of EMR2 in THP-1 cells by immobilized, but not soluble, 2A1 mAb significantly up-regulates IL-1β and IL-18 production in the presence of PAMPs, most likely due to inflammasome activation.




Figure 2 | Caspase-1 activity is required for EMR2-induced IL-1β and IL-18 production in THP-1 cells. (A) ELISA analyses of IL-1β and IL-8 in the supernatants of THP-1 cells cultured on plates coated without or with 2A1 mAb in the absence or presence of LPS for different periods as indicated. (n=3, mean ± SEM; one-way ANOVA. (B) WB analyses of relevant protein components of the NLRP3 inflammasome in cell supernatant and cell lysate of THP-1 cells as treated in (A). (C, D) The levels of IL-1β (C) and IL-18 (D) in the supernatants of THP-1 cells pre-treated with or without z-YVAD-fmk (50 μM), followed by stimulation with 2A1 mAb and LPS as indicated. (n=3, mean ± SEM; one-way ANOVA. The bottom panel in (C) showed the WB analyses of active capase-1 and pro-capase-1 in the cell supernatant and cell lysate, respectively. ****p<0.0001.





EMR2 Stimulation Activates the NLRP3 Inflammasome

The NLRP3 inflammasome is the most common inflammasome activated by diverse PAMPs in monocytes and was reported to be elicited by FHR1-EMR2 interaction (25). We hence examined the role of 2A1-induced EMR2 ligation in NLRP3 inflammasome activation by first performing gene-specific siRNA knock down targeting ASC and NLRP3. As shown, up-regulated IL-1β production induced by the combined LPS and 2A1 treatment was greatly attenuated in THP-1 cells transfected with the ASC- or NLRP3-specific siRNAs, but not the scrambled control siRNA. Concomitantly, reduced levels of active caspase-1 were found in ASC- and NLRP3-knock down cells (Figures 3A, B).




Figure 3 | EMR2-enhanced IL-1β production in THP-1 cells is ASC- and NLRP3-dependent. (A, B) THP-1 cells were transfected with the ASC-specific siRNAs (A) or NLRP3-specific siRNAs (B) then cultured on plates coated without or with 2A1 mAb in the absence or presence of LPS for 24 h. A scrambled siRNA was included as a negative control. IL-1β in supernatant was analyzed by ELISA (top panel), while active caspase-1, ASC and NLRP3 protein expression was verified by WB analyses as indicated (bottom panel). Treatment of cells included: lane 1, cells only; lane 2, LPS alone; lane 3, immobilized 2A1 alone; lane 4, immobilized 2A1 plus LPS. The siRNA knock down efficiency was shown as a ratio determined by quantitative comparison of the density of the ASC and NLRP3 protein bands normalized to the β-actin band. (C, D) The parental (# 1), def-ASC (# 2), and def-NLRP3 (# 3) THP-1 cell lines were cultured on plates coated without or with 2A1 mAb in the absence or presence of LPS for 24 h. Cell supernatant was collected and analyzed for IL-8 and IL-1β by ELISA (C). The expression of relevant proteins (NLRP3, ASC, caspase-1, procaspase-1, IL-1β) in the supernatant and cell lysate was examined by WB analyses as indicated (D). Data are means ± SEM of at least three independent experiments performed in triplicate and analyzed by one-way ANOVA. *p<0.05,  **p<0.01, ***p<0.001, ****p<0.0001 versus the THP-1 control group.



Thereafter, we employed commercially available ASC-deficient (def-ASC) and NLRP3-deficient (def-NLRP3) THP-1 cell lines to clarify the role of EMR2-induced signaling in activating the NLRP3 inflammasome. Comparable EMR2 expression levels were detected in all three THP-1 cell lines, suggesting no direct roles for ASC and NLRP3 in regulating EMR2 expression (Supplementary Figure 1D). As expected, the enhanced IL-1β levels induced by 2A1 plus LPS in parental THP-1 cells were greatly diminished in def-ASC and def-NLRP3 cells (Figure 3C). Likewise, notably reduced levels of IL-1β and active caspase-1 were detected in the conditioned medium of def-ASC and def-NLRP3 cells (Figure 3D). Conversely, comparable IL-8 levels were induced in all three cell lines treated with 2A1, LPS, or 2A1 plus LPS, again supporting the specific role of ASC and NLRP3 in EMR2-promoted IL-1β production (Figure 3C). Collectively, these results establish a role for EMR2-mediated signaling in promoting NLRP3 inflammasome activation.



EMR2 Ligation Triggers the Activation Signal for NLRP3 Inflammasome Activation

In accordance with the canonical two-signal activation mechanism of NLRP3 inflammasome (8, 9), our results suggested that 2A1-activated EMR2 most likely elicited the activation (2nd) signal. To validate this, we incubated THP-1 cells with 2A1 in the absence or presence of exogenous ATP or monosodium urate (MSU) crystal, two typical triggers of the activation signal. As reported elsewhere, ATP and MSU treatments lead to significant IL-1β up-regulation in the presence, but not in the absence, of LPS. However, no apparent IL-1β enhancement was detected in cells co-stimulated with 2A1 plus ATP or MSU versus cells treated with 2A1 alone (Figure 4A). Additionally, ASC oligomerization, a signature feature of NLRP3 inflammasome assembly and activation, was more readily identified in cells co-treated with LPS and 2A1 than those treated singly with LPS or 2A1 (Figure 4B, Supplementary Figure 2). These results indicate strongly that 2A1-induced EMR2 activation predominantly provides the activation signal for NLRP3 inflammasome activation.




Figure 4 | EMR2 ligation triggered the activation signal for NLRP3 inflammasome activation and induced ASC oligomerization in THP-1 cells. (A) ELISA analysis of IL-1β in the supernatants of THP-1 cells cultured on plates coated without or with 2A1 mAb in the absence or presence of LPS for 24 h. Cells were either treated without (lane 1) or with additional stimuli (lane 2, 5 mM ATP; lane 3, 100 mg/ml MSU), or 10 μg/ml mouse IgG1 (lane 4) as a negative control (n=3, mean ± SEM; one-way ANOVA. *p<0.05, ***p<0.001). (B) THP-1 cells were cultured on plates coated without or with 2A1 mAb in the absence or presence of LPS for 24 h. The ASC oligomers and relevant components of NLRP3 inflammasome in the cell lysate and pellets were analyzed by Western blotting as indicated.



Unlike murine myeloid cells, human primary monocytes promptly secrete mature IL-1β in response to the PAMP-triggered priming signal alone. This is mainly due to the heightened responsiveness of human primary monocytes, leading to the release of endogenous ATP or activation of the “alternative” inflammasome activation pathway following PAMP stimulation (27–30). To attest to the role of EMR2 ligation in inducing the NLRP3 inflammasome activation signal, primary CD14+ monocytes were isolated and incubated with 2A1 in the absence or presence of LPS. In line with previous reports, significant IL-1β production was induced in cells receiving LPS treatment alone. Importantly, cells treated with LPS plus 2A1 produced markedly higher IL-1β levels, while those stimulated with 2A1 alone generated only basal IL-1β levels as did control cells (Figures 5A–D). Again, the enhanced IL-1β induced by LPS or LPS plus 2A1 in primary monocytes was significantly attenuated in the presence of a selective inhibitor of caspase-1, Ac-YVAD-CHO (Figures 5C, D).




Figure 5 | EMR2 ligation triggers the activation signal for NLRP3 inflammasome activation in human primary monocytes. (A–F) Isolated CD14+ primary monocytes (2 x 106 cells/well) were incubated in 6-well plates coated without or with 2A1 mAb in the absence or presence of LPS for 24 h (A–D). When necessary, cells were pretreated with Ac-YVAD-CHO (50 μM) for 1 h before treatment with LPS and 2A1 (C, D) or cultured in medium containing 5% NHS or ATP (5 mM) as described (E, F). Cell supernatants were collected and analyzed for IL-1β by ELISA (A, C, E, F). Cell lysates were analyzed by WB analysis for relevant proteins as indicated (B, D). Data are means ± SEM of three independent experiments performed in triplicate using cells from three different donors (E, F). Data were analyzed by one-way ANOVA. *p<0.05, **p<0.01, ***p< 0.001, ****p<0.0001 versus the control group. ns, non significant.



During the course of this study, Irmscher et al. identified the complement system protein FHR1 as an EMR2-specific ligand and showed that FHR1-EMR2 interaction triggered NLRP3 inflammasome activation in primary monocytes (25). Intriguingly, the FHR1-induced NLRP3 inflammasome activation took place only in the presence of normal human serum (NHS) and when FHR1 was immobilized (25). These findings are somewhat similar to ours and prompted us to investigate the effect of NHS on 2A1-induced EMR2 activation. Interestingly, combined treatment of NHS and 2A1 generated little effect on IL-1β production in primary monocytes in comparison to cells treated with NHS or 2A1 alone. Nevertheless, NHS was efficient in up-regulating IL-1β production by monocytes treated with LPS or LPS plus 2A1 (Figure 5E). Likewise, addition of NHS, ATP, or both in the monocyte culture increased IL-1β levels significantly only in the presence of LPS (Figure 5F). Similar results were also observed in THP-1 cells subjected to the same culture conditions (Supplementary Figure 3). Hence, unlike in the case of FHR1, NHS is not required for 2A1-induced EMR2 activation. We conclude that the major role of 2A1-elicited EMR2 signaling is to trigger the activation (2nd) signal for NLRP3 inflammasome activation.



EMR2-Induced NLRP3 Inflammasome Activation Signal Is Mediated via the PLC-β/Akt/Ca2+/MAPK/NF-κB Axes Downstream of Gα16

Our previous studies have established that 2A1-elicited EMR2 signaling activated the Gα16/PLC-β/PI3K/Akt/MAPK/NF-κB axes (24). On the other hand, FHR1-induced EMR2 activation involved a Gβγ-dependent PLC-sensitive pathway (25). Gα16 belongs to the Gαq subfamily that is known to activate PLC-β isoforms, leading to the generation of diacylglycerol (DAG) and inositol triphosphate (IP3), which then triggered MAPK and NF-κB activation as well as intracellular calcium ion (Ca2+) mobilization, respectively (31). Similarly, the Gβγ subunits are also able to signal independently via PLC-β isoforms when dissociated from the active Gα subunit (32). To dissect the 2A1-induced EMR2 signaling cascades that triggered the NLRP3 inflammasome activation signal, we performed biochemical analyses using gene-specific siRNAs and diverse signaling inhibitors in THP-1 cells and monocytes.

As expected, 2A1-enhanced IL-1β levels were reduced in THP-1 cells transfected with Gα16-specific siRNAs but not scrambled siRNA controls (Supplementary Figure 4A). Intriguingly, no significant effects on IL-1β production were observed by Gβγ inhibition both in THP-1 cells and monocytes, whereas the use of PLC inhibitor (U73122) and cell-permeable Ca2+ chelator (BAPTA-AM) attenuated 2A1-enhanced IL-1β release markedly (Figures 6A, B). In parallel, 2A1-induced IL-1β up-regulation was diminished following the blocking of cellular K+ efflux in THP-1 cells and monocytes (Figures 6C, D). These results indicate that 2A1-induced EMR2 activation in monocytes stimulates a Gα16-dependent (but Gβγ-independent) Ca2+ mobilization signaling activity leading to intracellular K+ efflux, which is generally considered a common trigger of the NLRP3 inflammasome activation signal (confirmed in Supplementary Figure 4B).




Figure 6 | EMR2-mediated signaling in THP-1 cells induces a Gβγ-independent PLC-β activation and Ca2+ mobilization signaling activity, leading to K+ efflux and NLRP3 inflammasome activation. (A, B) Culture supernatants of THP-1 cells (A and B top panel) and monocytes (A, bottom panel) treated with indicated conditions for 24 h were collected for the detection of IL-1β by ELISA and relevant NLRP3 inflammasome proteins by western blotting analyses (B, bottom panel). (C, D) Culture supernatants of THP-1 cells (C) and monocytes (D) treated with indicated conditions for 24 h were collected for the detection of IL-1β by ELISA. Data are means ± SEM of at least three independent experiments performed in triplicate in THP-1 cells (A–C) or monocytes from three different donors (A, D). Data were analyzed by one-way ANOVA. ns, non-significant, **p<0.01, ***p< 0.001, ****p<0.0001 versus the control group. Gallein, Gβγ inhibitor; U73122, PLC inhibitor; BAPTA-AM, Ca2+ chelator; Glyburide, inhibitor of the sulfonylurea receptor 1 (SUR1) subunit of the ATP-sensitive potassium channels; AZD9056, a selective P2X7 receptor antagonist; KCl, high extracellular KCl concentration served to inhibit cellular K+ efflux.



In line with our earlier findings, western blot analyses revealed time-dependent phosphorylation and/or activation of Akt, ERK, and IκB following 2A1-induced EMR2 signaling (24). Critically, these signaling activities were further enhanced in cells co-treated with 2A1 and LPS (Figure 7A and Supplementary Figure 5A). Concomitantly, EMR2-induced IL-1β up-regulation was mitigated significantly in cells pre-treated with selective inhibitors of ERK (U0126), JNK (SP600125), and IκB kinase (IKK)(Bay 11-7082), but not the p38 inhibitor (SB203580) (Figures 7B, C). Similarly, IL-8 production induced by EMR2 activation was also reduced by the inhibition of ERK, JNK and IKK but not p38, reconfirming our earlier results (24). Further extensive western blot analyses of 2A1-activated THP-1 cells treated with various signaling inhibitors revealed intricate signaling regulation and potential cross-talk among selective signaling molecules. As such, inhibition of PLC-β (with U73122), PI3K (with Wortmannin and LY294002), and NF-κB activation (with TPCA-1 and Bay11-7082) did not only inactivate Akt, but also ERK phosphorylation. By contrast, inhibition of ERK (with U0126) had no impact on Akt phosphorylation, while inhibition of reactive oxygen species (ROS) production (with NAC) specifically inactivated JNK but not ERK (Figure 8A, Supplementary Figure 5B) Therefore, inhibition of Akt (with LY294002) and ROS (with NAC and DPI) both lead to diminished IL-1β and IL-8 production in 2A1-activated THP-1 cells (Figures 8B, C and Supplementary Figure 5C). These results prompted us to propose a Gα16-mediated PLC-β dependent signaling network evoked by 2A1-elicited EMR2 activation that worked collectively to induce K+ efflux and hence the NLRP3 inflammasome activation signal (Figure 9).




Figure 7 | EMR2-mediated signaling in THP-1 cells results in phosphorylation and activation of Akt, ERK, and NF-κB, leading to NLRP3 inflammasome activation. (A) Western blot analyses of EMR2-mediated signaling in THP-1 cells incubated with 2A1 in the absence or presence of LPS at different time points as indicated. Cells treated with mouse IgG1 and LPS alone were included as negative and positive controls, respectively. Blots were probed to detect phospho-Akt, phospho-ERK, IκB and GAPDH level. (B, C) Culture supernatants of THP-1 cells treated with indicated conditions for 24 h were collected for the detection of IL-1β by ELISA (top panel) and relevant NLRP3 inflammasome proteins by western blotting analyses (bottom panel). Data are means ± SEM of at least three independent experiments performed in triplicate and analyzed by one-way ANOVA. **p<0.01, ***p< 0.001, ****p<0.0001 versus the control group. U0126, MEK1/2 inhibitor; SP600125, JNK inhibitor; SB203580, p38 inhibitor; Bay 11-7082, IκB kinase inhibitor.






Figure 8 | EMR2-mediated signaling in THP-1 cells induces Akt activation and ROS production, leading to NLRP3 inflammasome activation. (A) Western blotting analyses of EMR2-mediated signaling in THP-1 cells incubated with or without 2A1 and specific signaling inhibitors as indicated for 30 min. Blots were probed to detect phospho-Akt, phospho-ERK and β-actin level. Cells treated with mouse IgG1 and LPS were included as negative and positive controls, respectively. (B, C) Culture supernatants of THP-1 cells treated with indicated conditions for 24 h were collected for the detection of IL-1β by ELISA. Data are means ± SEM of at least three independent experiments performed in triplicate and analyzed by one-way ANOVA. ***p< 0.001, ****p<0.0001 versus the control group. LY294002, PI3K inhibitor; NAC (N-Acetyl-L-cysteine) and DPI (Diphenyleneiodonium), ROS inhibitors.






Figure 9 | Proposed signaling pathways elicited by 2A1-activated EMR2 receptor that lead to NLRP3 inflammasome activation in monocytic cells. The solid lines indicate positive regulation and the dotted lines represent possible negative regulation/cross talk. ASC, Apoptosis-associated speck-like protein containing a CARD; DAG, diacylglycerol; EMR2, EGF-like module-containing mucin-like hormone receptor-like 2; GAIN, GPCR autoproteolysis-inducing; GPS, GPCR proteolysis site; IP3, inositol triphosphate; MAPK, mitogen-activated protein kinase; NLRP3, NOD-, LRR-, and pyrin domain-containing protein 3; PAMP, pathogen-associated molecular pattern; PI3K, phosphoinositide 3-kinase; PLC, phospholipase C; TLRs, toll-like receptors; ROS, reactive oxygen species.






Discussion

EMR2/ADGRE2 is a human myeloid-restricted aGPCR strongly associated with diverse inflammatory pathologies such as RA, SIRS, and VU (20, 33). However, EMR2-mediated signaling events and their functional significance remained to be fully elucidated. In this study, we have unraveled the signaling mechanisms of EMR2 in inducing NLRP3 inflammasome activation in monocytes. The conclusion that EMR2-mediated signaling triggers the activation (2nd) signal for NLRP3 inflammasome is reminiscent of other inflammasome-activating GPCRs such as the calcium sensing receptor (CaSR) and its closely-related GPRC6A protein (10). Our findings hence confirm and mark EMR2 as one of a limited number of GPCRs known to activate NLRP3 inflammasome in human myeloid cells.

EMR2 is a typical aGPCR that undergoes autoproteolytic processing at the extracellular GPCR proteolysis site (GPS) and is expressed as a bipartite complex containing the extracellular N-terminal fragment (NTF) and the seven-transmembrane (7TM) C-terminal fragment (CTF) (34, 35). One of the aGPCR activation mechanisms is the tethered-ligand activation model, in which an aGPCR is activated when the NTF dissociates from CTF following the binding of its specific extracellular ligand(s), possibly with the help of mechanical cues (36, 37). This allows the exposure of the most N-terminal region of the CTF, called the Stachel peptide, which then acts as a tethered ligand to interact and activate its own 7TM region. Indeed, the EMR2-pC492Y variant has been shown to function as a mechanosensor in mast cells of VU patients and is prone to shed its NTF in response to vibratory challenge (21). As such, it is of great interest to note the compulsory requirement of 2A1 and FHR1 immobilization for efficient EMR2 activation. These results strongly suggested that the multivalent ligation of the receptor molecule by fixed 2A1 and FHR1 ligands likely induced the shedding/dislocation of EMR2-NTF and the subsequent activation of EMR2-CTF in monocytes. Whether EMR2-NTF is shed and, if so, the extent of shedding upon the binding of EMR2 to immobilized 2A1 and FHR1, remain to be characterized.

It is noteworthy to mention that the EMR2-pC492Y variant on mast cells is activated by the 2A1 mAb as well as its specific glycosaminoglycan ligand, DS (21, 38). The role of glycosaminoglycans in modulating inflammasome activation and inflammatory responses in general has been highlighted by numerous studies (39). For example, the abnormal accumulation of cellular glycosaminoglycans in lysosomal storage disorders was strongly implicated in the pathogenic activation of NLRP3 inflammasome (40). The small proteoglycan, biglycan, was shown to function as a danger signal and induce NLRP3 inflammasome activation by interacting with the TLR2/4 and purinergic P2X4/P2X7 receptors (41). On the other hand, chondroitin sulfate was recently found to attenuate MSU-induced macrophage inflammatory activation in vitro (42). Considering the ubiquitous presence of DS in extracellular matrix and cell surface proteoglycans, the role of EMR2 in modulating NLRP3 inflammasome activation by monocytes in response to quantitative and qualitative changes of DS in tissue microenvironments will be of great interest for a later study.

The identification of a Gα16-dependent PLC-β activation pathway induced by 2A1-activated EMR2 is consistent with our earlier findings (24). Importantly, EMR2 coupling to Gα16 and PLC-β activation was also demonstrated recently by Bhudia et al. who showed that HEK-293T cells co-expressing Gα16 and EMR2-CTF resulted in inositol monophosphate (IP1) accumulation as well as a strong increase of the NFAT-luciferase activity, two critical indicators of the activated Gα16/PLC-β/Ca2+ signaling axis (43). While these results reiterate the specific and strong coupling of EMR2 with the Gα16 protein, we failed to find the involvement of Gβγ in 2A1-induced EMR2 signaling, unlike that of FHR1-EMR2 interaction. Interestingly, a recent study by Naranjo et al. similarly revealed that vibratory interaction of DS and EMR2-pC492Y in mast cells induced a Gβγ-, Gαq/11-, and Gαi/o-independent mechanism leading to specific activation of PLC-β, PI3K, ERK1/2 and a transient cytosolic calcium increase (38). One possibility for these differential signaling activities might be due to the potential biased signaling mediated by EMR2 in different cell types (monocyte vs. mast cell) in response to different stimuli (2A1 vs. FHR1 plus NHS vs. DS and vibration). This possibility is further supported by the fact that we did not find a role for NHS in 2A1-induced EMR2 activation (Figure 5), while it is absolutely required for EMR2 activation elicited by FHR1. The exact role of NHS in FHR1-induced NLRP3 inflammasome activation warrants further investigation.

Although most of the downstream signaling effectors of Gα16/PLC-β activation, including ERK1/2, JNK, NF-κB, and Akt have been reported in our previous study and re-confirmed here and elsewhere, we further showed that Ca2+ mobilization, ROS production, and K+ efflux are critically involved in the signaling pathways of EMR2-induced NLRP3 inflammasome activation (Figure 9). While both Ca2+ and ROS are well-known triggers of NLRP3 inflammasome, cellular K+ efflux has been considered to be the universal inducer of NLRP3 inflammasome activation, involved in the signaling of almost all NLRP3 stimuli, such as ATP, nigericin, and particulate matter (6, 8). Hence, we conclude that 2A1-induced EMR2 activation is initiated by Gα16 coupling and PLC-β stimulation, followed by the activation of Akt, ERK1/2, JNK, NFkB, Ca2+ mobilization, and ROS production, likely via the generation/activation of DIG, IP3, and PI3K. The collective actions of these signaling events eventually trigger K+ efflux and NLRP3 inflammasome activation (Figure 9). It is of great interest to note that PLC-β, Akt, ERK1/2, NFkB, and Ca2+ mobilization are consistently identified in several independent studies of EMR2 activation and signaling. These signaling intermediates along with EMR2 itself hence represent potential targets of therapeutic intervention for relevant inflammatory disorders.
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Macrophages are key components of the innate immune system and exhibit extensive plasticity and heterogeneity. They play a significant role in the non-pregnant cycling uterus and throughout gestation they contribute to various processes underpinning reproductive success including implantation, placentation and parturition. Macrophages are also present in breast milk and impart immunomodulatory benefits to the infant. For a healthy pregnancy, the maternal immune system must adapt to prevent fetal rejection and support development of the semi-allogenic fetus without compromising host defense. These functions are dependent on macrophage polarization which is governed by the local tissue microenvironmental milieu. Disruption of this microenvironment, possibly by environmental factors of infectious and non-infectious origin, can affect macrophage phenotype and function and is linked to adverse obstetric outcomes, e.g. spontaneous miscarriage and preterm birth. Determining environmental influences on cellular and molecular mechanisms that control macrophage polarization at the maternal-fetal interface and the role of this in pregnancy complications could support approaches to alleviating adverse pregnancy outcomes.
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Introduction

The establishment and ongoing success of pregnancy is reliant on finely tuned, dynamic maternal immune adaptations. It is critical that a balance between maintaining tolerance to the semi-allogenic fetus and upholding immune function for protection against infection is established to ensure a healthy pregnancy (1). A unique immunological crosstalk is established between mother and fetus which continues postpartum through breastfeeding. Important to this process of immune adaptation is the increase of innate immune cells at the maternal-fetal interface, specifically natural killer (NK) cells and macrophages, evident from the very beginning of pregnancy (2, 3). These macrophages and NK cells not only regulate local immune function but also directly promote migration and other functions of extravillous trophoblasts (EVT), support spiral artery remodeling and angiogenesis, and provide mediators that support fetal growth and development; all critical processes in placental and fetal development (4–6). Macrophages remain an important immune cell type to the maternal-fetal dyad post-partum as they exist in high numbers in breast milk and provide an element of protection against infection and inflammation to the nursing infant (7, 8).

Macrophages are found in all tissues where they play a role in maintaining tissue homeostasis and responding to the presence of infectious and non-infectious threat via the detection, ingestion and elimination of dead cells, foreign matter and other debris (9). They are a heterogenous population of immune cells displaying remarkable plasticity with their phenotype and function very much dependent on the local tissue microenvironment (6). Macrophages are classically divided into two groups; M1 macrophages (stimulated by interferon (IFNγ) or Toll-like receptor (TLR) ligands, such as lipopolysaccharide (LPS)) typically associated with pro-inflammatory responses and M2 macrophages (stimulated by interleukin (IL)-4/IL-13) typically associated with anti-inflammatory responses (10). While this has emerged as an over-simplification of the spectrum of macrophage phenotypes linked to specific effector functions it provides a starting point for discussing the role of macrophages in pregnancy. As such, the balance of macrophage polarization at the maternal-fetal interface has emerged as vital in sustaining a healthy pregnancy. Throughout gestation the number and proportion of M1/M2 macrophages at the maternal-fetal interface is finely tuned with the initial polarization state skewed towards M1 during the window of implantation contributing to the inflammatory response that is important for successful implantation (11). As pregnancy progresses M2-like macrophages are more abundant in order to establish and maintain tolerance to the fetus as well as contribute to the normal development and functioning of the placenta (5, 12, 13). Parturition has been characterized as an inflammatory process with macrophages being key to this process as demonstrated by increased numbers of M1 macrophages in the decidua of laboring tissue (14, 15). Failure to support the necessary immunological changes by macrophage maladaptation to or perturbations in the local tissue microenvironment, possibly due to alterations in the wider environment that the mother is being exposed to, is increasingly implicated in various pregnancy complications such as preeclampsia and preterm birth (1, 16).

This review will discuss the current understanding of the role of macrophages in the reproductive setting, namely the maternal-fetal interface as well as in breast milk, and the environmental factors that can influence their function including infection, obesity, and pollution.



Macrophage Polarization and Plasticity

The diverse roles of macrophages are governed by their incredible plasticity. In response to extrinsic factors derived from the tissue microenvironment, macrophages activate different intracellular pathways leading to specific polarization patterns. As noted above, macrophages are categorized broadly into classically activated/M1 macrophages or alternatively activated/M2 macrophages and based on their response to differing stimuli M1 macrophages were suggested to preferentially elicit a Th1 type response and M2 a Th2 response (17–19). However, we now know that these classifications represent macrophages at either ends of a continuum and macrophage phenotype may be better described as a series of gradations within a large spectrum (20). Consequently, M2 macrophages have been further categorized into M2a, M2b, M2c, and M2d based on the molecules that lead to their activation as well as their gene expression profiles (21). The various groups of macrophages differ in their expression of cell surface markers, cytokine secretion and biological function which are summarized in Figure 1.




Figure 1 | Macrophage polarization. Overview of the polarization spectrum of macrophages highlighting stimuli, surface marker expression, cytokine and chemokine secretion and functions of M1 and M2 polarized macrophages. AR, adenosine receptor; CCL, chemokine (C-C motif) ligand; CXCL, chemokine (C-X-C) ligand; IFNγ, interferon-gamma; GC, glucocorticoids; IC, immune complexes; LPS, lipopolysaccharide; MHC, major histocompatibility complex; TGFb, transforming growth factor-beta; TNFα, tumour necrosis factor alpha; TLR, Toll-like receptor; iNOS, inducible nitric oxide synthase; VEGF, vascular endothelial growth factor.



The activation of macrophages by LPS and Th1 cytokines (including IFNγ and TNFα) results in M1 polarization with granulocyte-macrophage colony-stimulating factor (GM-CSF) also implicated as an important M1-inducer (22). These macrophages are characterized by surface marker expression that includes CD80, CD86, TLR4, and TLR2 and the release of cytokines and chemokines such as TNFα, IL-1β, CXCL9, and CXCL10. These soluble mediators drive further M1 polarization via positive feedback, yielding potent pro-inflammatory cells with critical microbicidal and tumoricidal functions (Figure 1) (22). M2 polarization on the other hand is induced by signals from anti-inflammatory cytokines such as IL-4 and IL-13 as well as macrophage colony-stimulating factor (M-CSF) (22). M2 macrophages express surface markers such as CD206, CD209, and CD163 and upregulate the production of cytokines and chemokines such as IL-10, transforming growth factor (TGF-β), CCL1, and vascular endothelial growth factor (VEGF; Figure 1). M2 macrophages play important roles in tissue repair, angiogenesis, and immunomodulation (22).

A growing body of evidence demonstrates specific metabolic processes as critical determinants of immune cell effector functions including macrophages. A multitude of metabolic processes have been implicated in pro- and anti-inflammatory macrophage activation. These processes include glycolysis, the Krebs cycle, oxidative phosphorylation (OXPHOS), amino acid metabolism and fatty acid metabolism (23). Under homeostatic conditions and in an anti-inflammatory environment, macrophages rely primarily on catabolic pathways such as glucose oxidation for their energy supply and function (24, 25). Upon activation via pattern recognition receptor (PRR; e.g. TLR) signals, macrophages engage in anabolic metabolism in order to maintain inflammatory function (24, 26). Thus in M1 macrophages, aerobic glycolysis is recognized as a crucial metabolic event with inhibition of glycolysis affecting pro-inflammatory functions such as phagocytosis and cytokine release (27, 28). A high proportion of glycolysis-derived carbon is shunted into the pentose phosphate pathway to produce biosynthetic precursors required for nucleotide synthesis (pentose sugars and ribose-5-phosphate), and nicotinamide adenine dinucleotide phosphate (NADPH) which is required for reductive biosynthesis reactions and as a substrate for NADPH oxidase (NOX2) to generate ROS as part of their anti-microbial response (29, 30).

The Krebs cycle has emerged as a central immunometabolic regulator of macrophages, at least in mice, with specific breakpoints in the cycle resulting in accumulation of the intermediates succinate and citrate during pro-inflammatory macrophage activation. These metabolites are involved in the regulation of inflammatory gene expression (31, 32). The metabolite itaconate, which is synthesized from the Krebs cycle intermediate cis-aconitate, is also an important immunomodulator in M1 activated macrophages. Itaconate is produced in large quantities in LPS activated macrophages where it regulates inflammation by inhibiting pro-inflammatory cytokine and ROS production (33). Itaconate additionally displays antimicrobial properties by inhibiting bacterial isocitrate lyase (34). Another Krebs cycle intermediate, α-ketoglutarate, has been demonstrated as crucial for complete murine M2 macrophage activation via epigenetic alterations in M2-associated genes. These epigenetic alterations involve the demethylation of histone H3 K27 on the promoters of M2 marker genes thus enhancing their expression (35). However, while the Krebs cycle is implicated in both M1 and M2 polarization, it is intact in M2 cells with no breakpoints observed. M2 macrophage metabolism is also characterized by enhanced glucose oxidation via OXPHOS, with the anti-inflammatory cytokine IL-10 reported to stimulate OXPHOS to oppose M1 polarization (36–38). Originally, fatty acid oxidation (FAO) was thought to be important in supporting OXPHOS in these anti-inflammatory macrophages, however, the importance of FAO in M2 polarization is under scrutiny as many studies based this conclusion on inhibition of carnitine palmitoyltransferase-1A (facilitates long-chain fatty acid transport across the mitochondrial outer membrane) using etomoxir. However, high concentrations of etomoxir (exceeding 3 µM) have been demonstrated to disrupt free coenzyme A levels disrupting M2 polarization (39). The effect of FAO on murine macrophage polarization also has been studied using fatty acid transporter protein (FATP1) knockouts and overexpression models. FATP1 deficiency in macrophages induced a switch from FAO to glycolysis whereas overexpression inhibited pro-inflammatory macrophage responses supporting the hypothesis that FAO is important for anti-inflammatory M2 polarization (40). However, despite this evidence linking murine M2 polarization to FAO, FAO was found to be dispensable for M2 polarization of human macrophages and the role of FAO in human M2 polarization awaits clarification (41). Differential metabolism of the amino acid arginine might also contribute to M1/M2 polarization. M1 macrophages favor the inducible nitric oxide synthase (iNOS) pathway in which arginine is converted to citrulline and nitric oxide (NO) enhancing cytotoxicity, whereas M2 macrophages utilize the arginase pathway which involves the hydrolysis of arginine into urea and ornithine which is important for cell proliferation and tissue repair (42). While there are many fascinating insights into the link between macrophage metabolism and function the vast majority of macrophage metabolism studies have been carried out using murine cells and availability of human data is limited. Thus, more effort to understand the effects of metabolism on macrophage polarization in humans is needed.

The polarization patterns of macrophages within the female reproductive system varies throughout the menstrual cycle and during pregnancy. These patterns are dependent on gestational age, must be finely tuned to ensure pregnancy success and are perturbed in adverse pregnancy outcomes. Here we will provide an overview of human macrophage populations within the non-pregnant uterus (uterine macrophages), pregnant uterus (decidual macrophages), placenta (placental macrophages or Hofbauer cells) and breast milk. While placental macrophages are of fetal origin all other populations are of maternal origin.


Uterine Macrophages

The uterine endometrium is an important site of mucosal immunity and must simultaneously maintain a hospitable environment for implantation while providing protection against pathogens. The physiological processes of the female reproductive system such as the menstrual cycle, implantation and the onset of labor all have been described as inflammatory events (43). Key to these inflammatory events are macrophages which are distributed throughout the uterine tissue and constitute about 10% of the leukocytes present in the human uterus and 10% of total uterine cells in the mouse (44, 45). These uterine macrophages have been demonstrated to display an M2-like phenotype characterized by high secretion of anti-inflammatory IL-10 and the typical M2 cell membrane markers CD163 and CD206 (46). This population of macrophages is likely regulated by the sex hormones estrogen and progesterone as inferred by the alterations in leukocyte populations which correspond to the menstrual cycle (Figure 2) (47, 48). Early murine studies revealed that ovariectomy, which prevents cyclical estrogen and progesterone production, leads to decreased macrophage numbers in the uterus within 6 days. Upon injection with estrogen and progesterone, macrophage numbers were restored highlighting a role for these hormones in macrophage regulation in the uterus (49). The macrophages in the uterine endometrium express the estrogen related receptor-β indicating the possibility of estrogen-dependent regulation of these cells (50). However, uterine macrophages lack progesterone receptor expression implying indirect regulation via factors secreted by other progesterone-responsive endometrial cells (51). Progesterone and estrogen additionally stimulate uterine cells to produce M-CSF and levels of this cytokine correlate to the presence of macrophages in the mouse uterus highlighting the role for sex steroids in controlling uterine macrophage numbers indirectly (52). The estrogen dominant follicular or proliferative phase of the menstrual cycle involves the proliferation and thickening of the endometrium. During the secretory or luteal phase of the menstrual cycle, in which progesterone dominates, decidualization involving morphological and functional changes of the endometrial stromal cells as well as spiral arteriole development to prepare for implantation begins (53). If implantation occurs, the decidualization reaction continues. However, in the absence of pregnancy, progesterone levels decrease resulting in an inflammatory cascade and the breakdown and loss of the functional layer of the endometrium in menses.




Figure 2 | Macrophage polarization in the non-pregnant and pregnant uterus. The number and function of macrophages in the non-pregnant uterus changes during the menstrual cycle with numbers peaking during menses where they play a role in the breakdown of the endometrial functional layer through secretion of MMPs as well as debris clearance through phagocytosis. Upon exposure to seminal fluid, the endometrium is thought to induce an inflammatory response resulting in the recruitment of macrophages that display an M1-like phenotype. As pregnancy proceeds and extravillous trophoblasts (EVTs) invade the decidual stroma, decidual macrophages (DMs) shift towards a mixed M1/M2 profile and eventually a predominantly M2 phenotype to prevent fetal rejection. Placental macrophages (PMs) additionally display an M2 phenotype and aid in regulation of angiogenesis in the feto-placental vasculature through secretion of VEGF and fibroblast growth factor (FGF)2. Term labor is associated with an increased number of M1 macrophages and inflammatory cytokines in the decidua and it is this inflammatory environment which is thought to induce labor.



Despite the apparent M2 phenotype of uterine macrophages they secrete both anti-inflammatory (e.g., IL-10 and IL-1 receptor antagonist (IL-1RA)) and pro-inflammatory (e.g. TNFα and IL-1β) cytokines and express variations of surface markers throughout the menstrual cycle (54). Macrophage numbers are low during the proliferative phase and they express the activation markers CD69 and CD71 and the adhesion marker CD54 suggesting their potential involvement in the proliferation and regeneration of the functional endometrium (55). An influx of macrophages occurs in the secretory phase of the menstrual cycle where they are thought to be important in the preparation of the endometrium for implantation. Leukemia inhibitory factor (LIF) is a key molecule involved in implantation contributing through, for example, chemoattraction of macrophages. This role of LIF is best demonstrated in mouse models wherein LIF-knockout mice have a more than 50% reduction in macrophages in uteri that experience implantation failure (56).

The uterine macrophage population peaks during the menses phase following progesterone withdrawal (57). The decrease in progesterone levels as well as the release of paracrine factors from various cells of the endometrium results in the upregulation of matrix metalloproteinases (MMPs). These proteolytic proteinases are key to the breakdown of the endometrium during menstruation (58). Macrophages express various forms of these MMPs and additionally secrete various molecules involved in their regulation such as IL-17 which has been shown to upregulate MMP expression (59–61). Immunolocalization techniques have revealed that MMP-9 colocalizes with various leukocytes including macrophages immediately prior to and during menstruation suggesting that these immune cells are the major MMP-9 source in the menstrual tissue (61). MMP-12 is also secreted by uterine macrophages and is upregulated during menstruation highlighting the role of macrophage-derived MMPs in the tissue degradation associated with menstruation (62, 63). The endometrium resembles a “wound” during menstruation and it is critical that the wound-healing process maintains reproductive function (64). Inflammation is key to wound healing with macrophages having a pivotal role through removal of dead cells (64) and the remodeling of tissue (65). Endometrial cells shed during menstruation undergo apoptosis and are phagocytosed by macrophages (66). Subsequent vascular remodeling following progesterone withdrawal results in vasoconstriction and a hypoxic environment that creates proangiogenic macrophages and stimulates the release of VEGF by macrophages and stromal cells (67, 68).

Macrophages are therefore important for the normal functioning of the uterus throughout the menstrual cycle. Consequently, dysregulation of their activity seems to have a significant role in abnormalities and pathologies of the uterus including endometriosis and endometrial cancer (66). Endometriosis is a common condition affecting many menstruating women. It is characterized by hormone-dependent growth of vascularized endometrial tissue outside of the uterus resulting in pelvic pain and infertility. Macrophages are abundant in endometrial lesions found outside of the uterus (primarily in the peritoneum) and are implicated in endometriosis (69, 70). Macrophages within the peritoneum demonstrate increased secretion of pro-inflammatory cytokines (IL-1β, IL-6, and TNFα) and angiogenic factors (VEGF) contributing to a microenvironment that favors the implantation of endometrial cells outside of the uterus to establish and maintain endometriosis (71). The growth of endometrial lesions is likely enhanced by the presence of macrophages as demonstrated by the increased proliferation and invasiveness of endometrial stromal cells when co-cultured with macrophages (72). As well as endometrial lesion-associated macrophages in the peritoneum, macrophages were also increased in the endometrium of women with endometriosis during the proliferative phase of the menstrual cycle however alterations in their functions are yet to be identified (66). Elevated macrophage numbers in the endometrium of women with endometriosis may be due to the increased levels of macrophage migration inhibitory factor (MIF) and monocyte/macrophage activating chemoattractant protein (MCP-1/CCL2) that simultaneously limit macrophage migration from and recruitment of macrophages into the endometrium, respectively (73, 74). It is not clear whether these alterations in macrophages and other immune cell types implicated in endometriosis are cause or effect (75) but clarification of mechanisms mediating macrophage maladaptation could be critical in the development of treatment for endometriosis.



Decidual Macrophages

As mentioned above, fluctuation of macrophage number and function in the endometrium is a physiological feature of the normal menstrual cycle in non-pregnant women (76). When pregnancy occurs there is an increase in the number of macrophages so that they comprise 20% to 30% of decidual leukocytes (77). During the peri-implantation period in mice, when the uterus is exposed to seminal fluid, there is an increase in M1-skewed macrophages (11) recruited by chemokines secreted by decidual stromal cells (78). The extent to which seminal fluid impacts the human endometrial environment is not well understood, however a similar inflammatory response is observed in the human cervix upon exposure to seminal fluid which results in the recruitment of leukocytes including macrophages, accompanied by inflammatory cytokines and chemokines such as IL-6 and IL-8 (CXCL8) (79). These immune changes are thought to facilitate preparation of the female reproductive tissue for pregnancy through clearance of debris and pathogens and sperm selection (80). Despite the primary site of semen deposition in the human female reproductive tract being the cervix, in vitro studies demonstrate that these immune changes probably extend to the uterus as seminal plasma was able to induce expression of proinflammatory cytokines in primary endometrial epithelial cells from fertile woman (81).

Although this initial inflammatory, pro-M1 period is key in the preparation for pregnancy, a shift towards a more immune tolerant environment must occur for pregnancy to continue (6). As EVTs begin to invade the uterine stroma, a mixed profile of M1/M2 macrophages is established (11). A shift towards a predominantly M2 phenotype then occurs in order to prevent fetal rejection (Figure 2) (6). However, the diverse phenotypes of decidual macrophages in the first and second trimester differ from conventional M1/M2 cells. Early murine studies demonstrated that macrophages, identified by expression of Fcγ receptor expression, isolated from the pregnant uterus were immunosuppressive as they were able to inhibit the inflammatory response of spleen cells to polyclonal mitogen phytohemagglutinin (PHA) suggesting that these macrophages may contribute to the immunoregulatory environment at the maternal-fetal interface (82).

Two distinct subsets of first trimester decidual macrophages classified by the level of expression of CD11c have been described (83). Gene expression analysis using RNA microarray revealed that CD11chi macrophages express genes involved in inflammation and lipid metabolism such as OLR1 (oxidized low-density lipoprotein) and LPL (lipoprotein lipase). This subset was additionally much better at antigen processing and may therefore be the major antigen presenting population in the decidua. On the other hand, CD11clo macrophages upregulate expression of genes associated with extracellular matrix formation, muscle regulation, and tissue growth such as DMD (dystrophin), an important gene in muscle cell viability, and IGF1 (insulin-like growth factor 1), a gene important for the development and functional maturation of skeletal tissues and reproductive organs (83). However, both of these decidual macrophage subsets secrete pro- and anti-inflammatory cytokines and might contribute to the inflammatory balance during the first trimester that maintains immune homeostasis without compromising defense against invading pathogens at the maternal-fetal interface (83). In contrast, gene expression profiling and phenotyping by surface marker expression of term decidual macrophages demonstrates that they most closely resemble M2 skewed cells (12, 15, 84). This phenotype is important for immunomodulatory functions and tissue remodeling (12). These term decidual macrophages are the major source of the immunosuppressive cytokine IL-10 in the decidua and display low expression of CD80 and CD86 (co-stimulatory molecules necessary for antigen presentation and T-cell activation) thus confirming their immunomodulatory role (85). As well as IL-10, there are many other factors at the maternal-fetal interface that are responsible for modulating this phenotype. For example, trophoblast-derived M-CSF along with IL-10 have been demonstrated to induce this M2 regulatory phenotype in maternal monocytes (86). Soluble human leukocyte antigen G5 (sHLAG5), a soluble isoform of human leukocyte antigen, has additionally been implicated as an important soluble factor responsible for macrophage polarization during pregnancy. sHLAG5 is able to promote differentiation of macrophages to an immunomodulatory phenotype with reduced expression of CD86 and increased CD163 expression (87). These macrophages additionally displayed increased phagocytic ability as well as greater expression of indoleamine 2,3-dioxygenase [a marker of decidual macrophages (85)] and secretion of IL-6 which prevented proliferation of and IFN-γ production by T cells.

Decidual macrophages have been reported to be involved in various stages of placental development. They contribute to decidual invasion of EVT from placental villi and uterine spiral artery remodeling that support the nutritional and oxygen demands of the growing fetus. As with endometrial remodeling in the menstrual cycle the production of MMPs, specifically MMP-7 and -9, is critical as these degrade the extracellular matrix enhancing EVT invasion (88). Additionally, the secretion of M2-associated factors such as IL-33 and Wnt-5a by decidual macrophages may enhance proximal cell column proliferation and could be important for EVT development (89). Macrophages also localize in the immediate vicinity of spiral arteries even before EVTs are present highlighting their role in early vascular remodeling (88).

Apoptosis is central to appropriate development of the decidua (90), for example, trophoblast cells lost via apoptosis are replaced with a younger population (91), and macrophages engulf these apoptotic cells preventing the release of their potentially pro-inflammatory and pro-immunogenic intracellular contents that might be lethal for the fetus (90). Thus, appropriate removal of apoptotic cells by macrophages and potentially the production of anti-inflammatory mediators such IL-10 and TGF-β in response to apoptotic cells (92) is important for maintaining tissue homeostasis at the maternal-fetal interface.

While an M2-like decidual macrophage phenotype dominates for much of pregnancy, labor at term is associated with an increased number of M1 macrophages when compared with term in the absence of labor suggesting a role for pro-inflammatory macrophages in the induction of term labor (15). Additionally, parturition is associated not only with the infiltration of macrophages but also increased mRNA expression of the pro-inflammatory cytokines IL1B and IL6 in laboring tissue (93). However, an earlier study identified only marginal differences in macrophage activation status between spontaneous vaginal delivery compared with caesarean section questioning the involvement of decidual macrophage activation in parturition (84).



Placental Macrophages

Placental macrophages, also known as Hofbauer cells, are fetal macrophages found within the chorionic villi. They appear as early as the 18th day of gestation and are round, highly vacuolated cells (94). As placental macrophages are observed before the fetal circulation is established, it is suggested that they are derived from mesenchymal cells in the villous stroma from early stages of gestation (95–97). A recent study additionally concluded that first trimester placental macrophages were derived from primitive hematopoiesis as they are transcriptionally similar to yolk sac derived macrophages but not embryonic monocytes (98). Other studies have suggested that upon development of the fetal circulation, placental macrophages are recruited from fetal monocytes in later stages of pregnancy as transitional forms of monocytes and placental macrophages are observed (99–101). The pool of placental macrophages is thought to be sustained through recruitment of monocytes by factors such as MCP-1 produced by villous fibroblasts (102). It is additionally debated whether placental macrophages are able to self-renew with some studies demonstrating mitotic activity (103) while others did not (104). Placental macrophages also have been shown to display an M2-like phenotype. M1-associated genes such as TLR9, IL1B, IL12RB2, and CD48 were silenced by hypermethylation whereas pro-M2 genes including CCL2, CCL13, CCL14, and CD209 were hypomethylated (105). Flow cytometry confirms the presence of the M2 cell surface markers CD209 and CD206 on placental macrophages and supernatants from these cells have high concentrations of immunosuppressive cytokines such as IL-10 and TGF-β (106, 107). This M2 phenotype aids in the prevention of fetal rejection and allows for fetal growth (107) and is dictated by the local microenvironment. For example, M1 polarized monocyte-derived macrophages favor the M2 phenotype upon co-culture with placental mesenchymal stem cells isolated from the chorionic villi (108).

The phenotype and function of placental macrophages remains poorly understood and has recently been debated due to the finding that a population of maternal derived macrophages is present in placental digests that have likely been unaccounted for in previous studies (98). Despite this, a number of studies support a key role for them in angiogenesis, vasculogenesis, and placental mesenchyme development (94, 109, 110) which remains true even with the removal of this contaminating population of maternal macrophages (98). The placenta is a highly vascularized organ and placental macrophage secretion of VEGF and fibroblast growth factors (FGFs) such as FGF2 underscores their likely role in the regulation of angiogenesis in the feto-placental vasculature (109, 111). Additionally, placental macrophages express Sprouty (Spry) proteins which are involved in regulating branching morphogenesis and attracting fibroblasts to support this process (102). Although characterized as M2-like, placental macrophages can mount a pro-inflammatory response upon activation via TLRs (98, 112). TLRs are a group of transmembrane proteins that function as PRRs, recognizing pattern-associated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs) (113). Activation of term placental macrophages via TLR4 (with LPS) or TLR3 (with polyinosinic-polycytidylic acid (poly I:C)) increased IL-6 and IL-8 secretion suggesting that placental macrophages have an important role in host defense within the placenta and the triggering of local inflammation (112). Placental macrophage anti-viral responses have been studied further using 5′ triphosphate double-stranded RNA (5′ppp-dsRNA) which is a synthetic ligand for the retinoic acid-inducible protein I (RIG-I) (114), another type of PRR. There are gestational differences in the capacity of placental macrophages to respond to 5′ppp-dsRNA. Early/mid gestation placental macrophages quickly adopted classically activated phenotypes with the production of some inflammatory cytokines whereas term macrophages remained outwardly inactivated despite the transcriptional upregulation of the antiviral genes MX1 and Viperin (114). These results suggest that placental macrophage response to viral stimulation may be temporally regulated across gestation. First trimester placental macrophages additionally demonstrate microbicidal activity as they display phagocytic capacity and ROS production (98).



Breast Milk Macrophages

Macrophages continue to have an important role even after the baby is born via the breast milk. Breast milk is composed of many immunological factors which facilitate immune development of the neonate (115). Macrophages are present in breast milk in large numbers comprising up to 80% of total cells in early human milk with numbers per milliliter of milk declining with milk maturation (116). These cells are thought to be derived from maternal peripheral blood monocytes which extravasate and migrate to the mammary gland and enter the breast milk through the epithelium. Upon arrival, breast milk macrophages demonstrate great phagocytic activity without prompting a significant, uncontrolled immune reaction that would result in inflammation and tissue damage (117).

Although monocytes are thought to be the precursors of breast milk macrophages, these two populations have distinct phenotypes. Breast milk macrophages are larger, contain numerous cytoplasmic inclusions and display increased expression of molecules involved in T cell stimulation, including HLA-DR, CD86, and CD40 (116). The glycoprotein CD83, a molecule expressed by mature dendritic cells (DCs) and in activated cells of other lineages such as neutrophils (118), is expressed by breast milk macrophages but not monocytes (116). These results suggest that breast milk macrophages are committed to DC differentiation. This is also supported by their spontaneous production of GM-CSF, the most potent monocyte-derived DC differentiation factor. Indeed, upon exposure to IL-4 breast milk macrophages can differentiate into DCs able to stimulate T cells and potentially mediate T cell dependent immune responses (116). Breast milk macrophages also secrete the multifunctional protein osteopontin which activates Th1 cells highlighting the role for these macrophages in T cell modulation (119). A Th1 gastrointestinal environment in the infant has been implicated in the prevention of allergies however clear evidence is limited due to environmental influences on individual levels of any mediators measured in breast milk (119). Breast milk macrophages can survive in the neonatal murine gut for several hours with some mucosal uptake suggesting a direct contribution of breast milk macrophages to gastrointestinal immune response in the offspring (120). However, the function and transfer of breast milk macrophages in human infants remains poorly understood.

Breast milk macrophages are also suggested to have a host defense role. An increase in breast milk macrophage numbers beyond what is considered normal at the different lactation stages occurs with infection in both the mother and infant (121, 122). However, as well as this protective role, breast milk macrophages might contribute to mother to child transmission of pathogens (123). For example, TLR10 is especially overexpressed on breast milk macrophages from women infected with HIV-1 compared with uninfected women. TLR10 contributes to HIV-1 infection and replication in breast milk macrophages through interaction with the HIV-1–specific structural protein gp41 leading to the production of IL-8 (124).



Environmental Factors Implicated in Adverse Obstetric Outcomes

The central role of macrophages is to respond to the local tissue environment to maintain and restore tissue homeostasis including mounting an inflammatory response to pathogenic and non-pathogenic insult. Consequently, macrophages are uniquely positioned to respond to maternal environmental pressures with infection and obesity among the most studied but with increasing interest in other factors such as air pollution. The effects of environmental influences on macrophage phenotype and function at the maternal-fetal interface and resulting adverse outcomes are summarized in Figure 3.




Figure 3 | Environmental influences on macrophages in the female reproductive system resulting in adverse obstetric outcomes. Maternal obesity, infection and air pollution have all been linked to adverse obstetric outcomes and this could be linked to macrophage alterations at the maternal-fetal interface. Obese mothers have demonstrated increased numbers of placental macrophages along with increased levels of pro-inflammatory cytokines. This placental inflammation has been linked to preeclampsia, preterm birth and fetal programming of organ function. In utero infection by bacteria and viruses can result in neural defects, preterm and stillbirth. Placental and decidual macrophages have been shown to act as reservoirs for these pathogens as well as upregulate their pro-inflammatory cytokine production resulting in an imbalance of M1/M2 macrophages at the maternal-fetal interface. Air pollutants such as black carbon and chemicals found in plastics that are inhaled as well as ingested can cross the placental barrier and be phagocytosed by macrophages. The effects of air pollution on placental/decidual macrophage function are yet to be fully elucidated however certain pollutants have been shown to increase pro-inflammatory cytokine production as well as increase prostaglandin production which could lead to preterm birth.




Infection

Infection is included here as the best studied environmental influence to provide a comparison to the other environments of interest rather than an extensive review. The immune response during pregnancy is finely controlled to allow close contact between maternal and fetal cells. However, maternal systemic infections as well as ascending infections from the vagina can result in placental dysfunction and thereby adverse pregnancy outcomes (Figure 3). Viruses and bacteria can reach the decidua and placenta through hematogenous transmission or by ascending from the lower reproductive tract (125). Infection by the family of TORCH organisms which include Toxoplasma, Others (syphilis, varicella-zoster, parvovirus B19), Rubella, Cytomegalovirus (CMV), and Herpes as well as Hepatitis E virus (HEV-1) and Zika virus (ZIKV) during pregnancy can result in severe maternal and/or fetal morbidity (126). Decidual and placental macrophages have been proposed as a line of defense against these pathogens however progressive research has demonstrated that these macrophages rather harbor live pathogens serving as a reservoir for fetal infection (127, 128). These invading pathogens manipulate the macrophages resulting in perturbed function. For example, infection of placental macrophages by ZIKV results in cell proliferation and hyperplasia of these cells (129). ZIKV infection also increased secretion of pro-inflammatory cytokines, such as IFNα and IL-6, and chemokines such as MCP-1, implicated in monocyte infiltration, and IP-10, involved in effector T cell recruitment (128). The putative migratory abilities of these infected placental macrophages might facilitate the spread of the virus to the fetal brain resulting in neural abnormalities and microcephaly (130).

Aberrant macrophage activation also occurs with Toxoplasma gondii infection during pregnancy, especially if this occurs during the first trimester, and can lead to neural defects as well as stillbirth, miscarriage and preterm labor (131). A number of studies have demonstrated aberrant decidual macrophage activation upon infection with T. gondii. Expression of M1-associated molecules, such as CD80 and CD86, was upregulated and M2 functional molecule expression was down-regulated in infected decidua (131, 132). T. gondii infection also increased pro-inflammatory cytokine secretion from decidual macrophages which have been shown to induce trophoblast apoptosis (131, 133). Altered balance of M1 versus M2 decidual macrophages might contribute to T. gondii-mediated adverse obstetric outcomes by dysregulating immune tolerance.

Placental macrophages can however provide some protection against certain infections. For example, they have been found to limit HIV-1 replication and possibly contribute to reduced mother to child transmission despite the expression of HIV-1 co-receptors such as CD4 and DC-SIGN on their surface (107). This limited replication is thought to be due to the increased production of immunoregulatory cytokines such as IL-10 by these placental macrophages as IL-10 has been shown to inhibit HIV-1 replication (107).

Therefore, macrophages at the maternal-fetal interface are a double-edged sword during infection as polarization towards an M1 microbicidal phenotype will result in compromised tolerance and threat to fetal health however an anti-inflammatory M2 phenotype compromises maternal and fetal protection from pathogens.



Obesity

Obesity in women of child-bearing age is increasing worldwide. The 2019 National Maternity and Perinatal Audit Clinical Report reports that more than half (50.4%) of UK women were overweight or obese at the time of initial antenatal booking appointment and an estimated obesity prevalence of 31.8% in women aged 20–39 years was recorded in the United States in 2012 (134, 135). Obesity has been associated with infertility as well as a number of obstetric complications such as spontaneous miscarriage, preeclampsia and macrosomia (Figure 3) (134). The mechanisms underpinning this are not completely understood but as obesity demonstrates characteristics of a low-grade inflammatory state (136), an altered immune balance likely contributes. Little data is available on the role uterine macrophages play in infertility in obese woman however a study on women with polycystic ovary syndrome (which is associated with infertility) revealed that obesity induces an inflammatory environment with increased numbers of macrophages and TNFα signaling in the endometrium of these women (137). This inflammatory environment could contribute to fertility failures in these women. Additionally, obesity is a risk factor for the gynecological disorder known as adenomyosis which is characterized by invasion of endometrial glands and stroma within the uterine myometrium (138, 139). Women with adenomyosis have reduced IVF implantation rates and it has been demonstrated that there is an increased density of macrophages and NK cells in these women suggesting successful implantation in these women may be hindered through an immunological mechanism (140). Placental macrophages are emerging as having a role in this with increased numbers in placentas from obese compared with normal weight women and an accompanying augmentation of the pro-inflammatory cytokines TNFα, IL-1, and IL-6 (141). However, not all studies report an increase in placental macrophages with maternal obesity although greater expression of pro-inflammatory cytokines in placentas of obese women is emerging as a consistent finding (142). Placental macrophages therefore seem to be contributing to the inflammatory environment observed in chronic villitis associated with maternal obesity (143). Placental macrophages express PRRs such as TLR4 and can bind saturated fatty acids to induce production of potent pro-inflammatory mediators such as TNFα, IL-6, and IL-8 (144, 145). An in vitro model of obesity using high levels of glucose, insulin and palmitic acid (saturated lipid) in culture additionally demonstrated that palmitate alone was enough to cause NLRP3 inflammasome activation, resulting in the release of IL-1β, as well as induce placental macrophage apoptosis (146). This placental inflammation might have negative impacts on the development of the fetus, including the brain, resulting in long term alteration in neural function (147).

The effects of obesity on decidual macrophage populations have also been studied. Macrophage populations in the decidua parietalis of obese women show fewer M1 macrophages but no change in M2 macrophages compared with healthy controls (148). This decrease in M1 macrophages in the decidua parietalis might be a compensatory mechanism for the heightened inflammatory state observed in obesity. While only term placentas from uncomplicated pregnancies were included in this study, it was suggested that failure of this compensatory mechanism could lead to adverse pregnancy outcomes associated with obesity (148).

Obesity has been considered a risk factor for preeclampsia, a condition characterized by new onset hypertension and proteinuria (149). Preeclampsia is associated with deficient spiral artery remodeling and is linked to altered numbers of placental immune and trophoblast cells (149). Many mechanisms linking the two conditions have been proposed including that insulin resistance and hyperinsulinemia (commonly observed in obesity) precede the clinical manifestation of preeclampsia (150). Additionally, increased insulin levels in pregnant rodents led to raised blood pressure (151). Metabolic alterations associated with obesity including hyperinsulinemia, hyperleptinemia and hyperlipidemia all affect placental function and perfusion (152). Increased levels of low-density lipoproteins (LDL) and triglycerides have been observed in women with preeclampsia and LDLs have been reported to reduce trophoblast migration (153). Increased numbers of decidual macrophages from patients with preeclampsia that were localized to the spiral arteries whereby trophoblast invasion was reduced also has been demonstrated (154). While apparently paradoxical, this increase in placental macrophages might accompany the increased apoptosis of placental trophoblasts implicated in preeclampsia pathogenesis (155). This likely reflects increased sensitivity of EVTs to Fas-mediated apoptosis (156) with decidual macrophages in preeclamptic placentas displaying increased Fas-ligand expression potentiating their ability to induce Fas-mediated apoptosis of the Fas-expressing trophoblasts and limiting trophoblast invasion (155). Restricted trophoblast invasion leads to decreased spiral artery remodeling and reduced uteroplacental blood flow. TNFα has a key role in this increased apoptosis of trophoblast implicating M1-like macrophages (157). Local enhanced levels of GM-CSF, a potent inducer of M1 macrophages (see Figure 1), occurs in the preeclamptic placenta and might underpin changes in macrophage phenotype and function (158). However, the increase in pro-inflammatory cytokines will stimulate decidual cells to upregulate factors, such as M-CSF, that induce M2 polarization for increased phagocytosis of the apoptotic trophoblasts (159).

Studies on the effects of maternal obesity on breast milk macrophage phenotype and function are limited. Two recent ex vivo studies revealed that breast milk macrophages from mothers with high BMI displayed reduced phagocytic ability as well as reduced ROS production upon exposure to zymosan particles (160, 161). These results suggest that breast milk macrophages from obese mothers might be less efficient at responding to infection.



Air Pollution

Tobacco smoke exposure is the best studied maternal inhaled exposure and the detrimental effects of tobacco smoking on pregnancy outcomes such as miscarriage, stillbirth and preterm birth are well recognized (162). Many molecules in tobacco cigarettes can cross the placental barrier and affect placental function and fetal development but the specific causal mechanisms are not completely understood (163). Term placental macrophages become dysfunctional upon in vitro exposure to cigarette smoke extract (164). Phagocytosis is compromised and increased release of TNFα and IL-33 but decreased IL-10 potentially perturbs the immune tolerance ecosystem within the placenta leading to adverse pregnancy outcomes. Increasing epidemiological and experimental evidence highlight an association between other air pollution exposures during fetal development and similar adverse obstetric outcomes including low birth weight, preterm birth and preeclampsia as well as long term-term complications for the offspring (165, 166). While numerous studies have described these associations, little is known about the mechanisms underpinning these adverse outcomes. Both indirect (such as respiratory and intrauterine inflammation) and direct (such as particle translocation) processes probably contribute. Black carbon, as found in particulate matter (PM), has been observed in the human placenta where it seems to localize to and be phagocytosed by placental macrophages (167, 168). PM negatively affects placental trophoblast cells with endocytosis-mediated accumulation of PM associated with increased IL-6 production and decreased cell growth linked to decreased human chorionic gonadotropin (hCGβ) (169). Other phenotypic responses of trophoblast exposed to PM related to molecular transport, cell survival and inflammation were reminiscent of those described in preeclampsia and intrauterine growth restriction but effects of PM on human placental macrophages are unknown. Mouse placental macrophage exposure to PM significantly increased gene expression of inflammatory markers such as IL-1B and oxidative stress markers such as heme oxygenase 1 (170) further highlight the need to study the effects of PM on human placental macrophages.

Studies on the effects of other pollutants on reproductive tract macrophages are emerging. Diethylhexyl phthalate (DEHP) is a pollutant that can be found in dust and can be inhaled. DEHP is commonly used in the production of polyvinyl chloride (PVC) products such as pipes, medical devices and automotive parts. If DEHP is not covalently bonded to the PVC it can be released into the environment. The active metabolite of DEHP is mono-2-ethylhexyl phthalate (MEHP) and exposure to this metabolite during the prenatal period is associated with increased risk of preterm birth (171). MEHP has been found in maternal serum, placental tissue, fetal cord serum and amniotic fluid indicating that the metabolites of DEHP are transferable to the fetus from maternal blood (172). Exposure of placental macrophages to MEHP resulted in significantly increased prostaglandin E2 (PGE2; a labor inducer) levels perhaps providing a link between DEHP exposure, placental macrophages and preterm birth (173).

Environmental pollutants can additionally be transferred from mother to infant postnatally through the breast milk (174). One example of these toxic compounds is the metal barium which is present in natural sources such as rocks and contaminate drinking water or can be released into the environment through industry (175). Barium chloride nanoparticles have toxic effects on breast milk phagocytes including reduced cell viability and intracellular calcium release which is important in promoting cell activity (175). Exposure to barium chloride also increased apoptosis in breast milk phagocytes suggesting that reduced numbers might reach the infant and therefore negatively affect their immune development.

While data on the effects of air and other pollutants, other than environmental tobacco smoke, on different reproduction-associated macrophages is nascent there is clearly a need to investigate these interactions given the long-term health detriments for the fetus of exposures during pregnancy.





Discussion

Macrophages are significant contributors to immune function and homeostasis at the maternal-fetal interface. Compelling evidence suggests that these cells are involved in various stages of reproduction including implantation, placentation, pregnancy maintenance, parturition and in the development of the neonatal immune system through breastfeeding. The ability of macrophages to perform this plethora of functions is due to their high plasticity, with their phenotype governed by the local tissue microenvironmental milieu. Precise regulation of macrophage polarization is necessary for successful pregnancy. Alterations in macrophage polarization due to environmental influences are proposed in pregnancy complications however the mechanisms involved have not been elucidated fully.

Macrophage plasticity along with their significant role in directing pregnancy outcomes offers potential therapeutic targets in pregnancy complications. Modulating macrophage phenotypes through immunotherapy could prevent adverse pregnancy outcomes. The modulation of macrophage phenotype using epigenetic modifiers has been carried out with success in inflammatory disease models such as acute lung injury in mice (176). Epigenetic modulators could have therapeutic potential in ameliorating adverse obstetric outcomes, but one has to question what affect these epigenetic alterations might have on the baby. Recent data has provided insight into the contribution of cellular metabolic pathways such as glycolysis and oxidative phosphorylation to macrophage phenotype plasticity (23). Therefore, there is scope to therapeutically target these events too as already postulated for autoimmune diseases and cancer (177–179). For example, dimethyl fumarate (DMF), a cell permeable derivative of fumarate, targets and inactivates the glycolytic enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH) downregulating glycolysis and preventing activation of macrophages leading to a balance of inflammatory and regulatory cells (178). DMF is used to treat relapsing multiple sclerosis by inhibiting pro-inflammatory pathways and offers potential for treating the pro-inflammatory profile of many adverse pregnancy outcomes. However, again application in the reproductive setting might be challenging and we lack fundamental information about the relative contribution of different cellular metabolic processes to macrophage function at different sites and at different stages of pregnancy as well as in breast milk postnatally. Effort needs to be made to elucidate the signaling pathways and specific mechanisms controlling macrophage polarization in reproductive tissues for fundamental insight and translation for the development of therapeutics to counter adverse obstetric and longer-term health outcomes.

A potentially less hazardous approach to modifying reproductive macrophage behavior might be through lifestyle modification and nutraceutical approaches to achieve local microenvironmental changes that translate as change to macrophage function. Perhaps therefore the most effective way to avoid adverse obstetric outcomes due to environmental influences would be to educate women as to the effects of these factors and highlight the importance of a healthy lifestyle to minimize obesity, exposure to infection and environmental pollutants prior to conception and during pregnancy and breastfeeding.
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Objective

Multiple proteinases are present in the synovial fluid (SF) of an arthritic joint. We aimed to identify inflammatory cell populations present in psoriatic arthritis (PsA) SF compared to osteoarthritis (OA) and rheumatoid arthritis (RA), identify their proteinase-activated receptor 2 (PAR2) signaling function and characterize potentially active SF serine proteinases that may be PAR2 activators.



Methods

Flow cytometry was used to characterize SF cells from PsA, RA, OA patients; PsA SF cells were further characterized by single cell 3’-RNA-sequencing. Active serine proteinases were identified through cleavage of fluorogenic trypsin- and chymotrypsin-like substrates, activity-based probe analysis and proteomics. Fluo-4 AM was used to monitor intracellular calcium cell signaling. Cytokine expression was evaluated using a multiplex Luminex panel.



Results

PsA SF cells were dominated by monocytes/macrophages, which consisted of three populations representing classical, non-classical and intermediate cells. The classical monocytes/macrophages were reduced in PsA compared to OA/RA, whilst the intermediate population was increased. PAR2 was elevated in OA vs. PsA/RA SF monocytes/macrophages, particularly in the intermediate population. PAR2 expression and signaling in primary PsA monocytes/macrophages significantly impacted the production of monocyte chemoattractant protein-1 (MCP-1). Trypsin-like serine proteinase activity was elevated in PsA and RA SF compared to OA, while chymotrypsin-like activity was elevated in RA compared to PsA. Tryptase-6 was identified as an active serine proteinase in SF that could trigger calcium signaling partially via PAR2.



Conclusion

PAR2 and its activating proteinases, including tryptase-6, can be important mediators of inflammation in PsA. Components within this proteinase-receptor axis may represent novel therapeutic targets.
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Introduction

Inflammation is central to the pathogenesis of arthritis. In psoriatic arthritis (PsA) the cells involved in bone formation (osteoblasts) and resorption (osteoclasts), synoviocytes and immune cells (such as macrophages, neutrophils, mast cells, T cells and B cells) are sources of inflammatory components within the synovial space (1, 2). A greater understanding of the role of cytokines such as TNFα and IL-17 has led to the development of effective therapies. For example, targeting the IL-23–IL-17 pathway is effective in the management of PsA (3). However, almost 40% of patients fail to show a clinically meaningful response with these agents (4–6) and pain and inflammation persist, particularly when these therapies are not introduced early in the disease course. Thus, it is critical to identify the underlying pathogenic mechanisms that lead to inflammation, joint damage, and persistent pain. This insight will generate new targets for therapies that can halt or reverse progressive joint damage, provide pain relief and improved the quality of life of patients with PsA.

Proteolytic activity is crucial to the maintenance of cartilage and bone integrity in the joint. Excessive activity of proteinases (7), including matrix metalloproteinases (MMPs) (8, 9) and cysteine proteinases, such as cathepsins (10), are involved in bone resorption and the degradation of proteins in the cartilage, tendons and bone extracellular matrix (ECM) (8, 11, 12). Elevated levels of MMPs (in particular MMP-3) have been detected in blood, synovial tissue and synovial fluid (SF) samples obtained from patients with spondyloarthritis (SpA), including PsA (13–15). Serine proteinases such as those of the coagulation and fibrinolysis cascades and those involved in the complement cascade are another group of enzymes of potential importance in arthritis (16–21). Our analysis of SF from patients with PsA has revealed kallikrein-related serine peptidases (22).

Proteinase-activated receptors (PARs) include a family of four G-protein-coupled receptors with pro-inflammatory functions (23, 24). Serine proteinases, cysteine proteinases and metalloproteinases can activate three of these receptors (PAR1, PAR2 and PAR4), unmasking a self-activating ligand. Activation of PARs is linked to joint inflammation, damage and pain in both mouse models and human arthritides (25–36), but PAR expression and activity in PsA has not been reported.

The upstream activators of PARs within the human joint have not been elucidated. Serine proteinases regulate PAR function in other settings such as colitis and skin inflammation and inhibition of these proteinases in murine models of arthritis has pointed to their role as potential PAR activators in human arthritides (23, 37, 38). Most studies on PARs in arthritis have relied on rodent models of inflammation and studies in patient cohorts are lacking. The aim of this study was to characterize the immune effector cell populations in SF of human PsA patients, their PAR expression, and to identify proteinase mediators that might influence PAR signaling and function. For the purpose of this study, we focused on PAR2, known to be implicated in inflammation and pain (7) and its major activators, serine proteinases. SF cells from rheumatoid arthritis (RA) patients, a well-known inflammatory arthritis, and osteoarthritis (OA) patients, a commonly used control characterized by less inflammation, were used as reference. First, we characterized the cell populations present in the SF of individuals with PsA compared to OA and RA and their expression of PAR2, with a focus on monocyte/macrophages, known to be a source of several proteinases in inflammatory arthritis (39). Next, we identified serine proteinases in PsA SF and their potential impact on signaling via PAR2. Finally, we sought to investigate a role for PAR2 in regulating monocyte/macrophage function in PsA.



Materials and Methods


Study Subjects

PsA patients (n=56) with available SF samples from the knee joint were selected from a cohort of patients followed prospectively at the University of Toronto PsA clinic. All PsA patients had psoriasis confirmed by a dermatologist and satisfied the ClASsification for Psoriatic ARthritis (CASPAR) study group criteria (40). Additional SF samples from the knee joint were obtained from patients with RA (n=22) and OA (n=30) for comparison. SF was obtained during routine joint aspirations (PsA, RA) or arthroscopy (OA). Patients with OA had a grade II-IV knee OA by the Kellgren-Lawrence classification system (41). This study was approved by the University Health Network Research Ethics Board and was conducted according to principles of the Declaration of Helsinki. All participants provided written informed consent.



Flow Cytometry and Single Cell 3’-RNA-Sequencing

Cells from SF samples were separated by centrifugation and cells from OA patients were labeled immediately due to the low numbers of cells present. For PsA and RA patients, cells were stored at −80°C in RPMI medium supplemented with 20% FBS and 10% DMSO until ready for analysis. Single cell 3’-RNA-sequencing was performed on samples from patients with PsA (n=3) using the 10X Genomics Chromium platform (42, 43). A total of 1000 cells were captured for each sample and sequencing was performed to a depth of 60,000 reads per cell on the Illumina NextSeq 500. The quality control metrics were obtained using RNA-SeQC (v1.1.7). The raw FASTQ data files were aligned to the human genome (GRCh38) using the STAR aligner (STAR v2.5.2b). Gene-barcode matrices were obtained using the CELLRANGER (v3.0.2) pipeline. These were further loaded into R (v3.6.1) for the final graphical output of results and statistical analysis.

Flow cytometry was used to characterize cell subtypes present in SF from PsA, RA and OA patients (n=10 in each group) and to identify PAR2- and CCR2-expressing cell populations. Cells (when frozen) were thawed rapidly at 37°C and filtered through a 35 µm cell strainer and labeled using the following markers or appropriate isotype controls: CD45-pacific blue (clone 2D1), CD14-PE-Cy7 (clone 63D3), CD16-BV510 (clone 3GB), HLA-DR-PerCP-Cy5.5 (clone L243), CCR2-APC-Cy7 (clone KO36C2) and PAR2-PE (Santa Cruz Biotechnology, Dallas, TX, USA, clone SAM11). Fluorophore-conjugated antibodies were purchased from BioLegend (San Diego, CA, USA) or as indicated above. Data were acquired using a BD FACS Canto II and analysis was performed using FlowJo (v10). Gating was performed based on a previously described method (44).



Fluorogenic Proteinase Activity Assay

Proteinase activity was measured in SF samples by measuring cleavage of fluorogenic substrates for trypsin-like [Boc-Val-Pro-Arg- Aminomethylcoumarin (VPR-AMC), I-1120.0050, and H-D-Val-Leu-Lys- Aminomethylcoumarin (VLK-AMC), 4008009.0050, Bachem Laboratories, Bubendorf, Switzerland] and chymotrypsin-like [Suc-Ala-Ala-Pro-Phe- Aminomethylcoumarin (AAPF-AMC), Bachem Laboratories, 4012873.005] proteinases. Assay buffer [phosphate-buffered saline (PBS), pH=7.5] was combined with substrate (1 mM for VPR-AMC and VLK-AMC; 2 mM for AAPF-AMC) and 10 µl of samples (SF or enzyme) in a total reaction volume of 100 µl in 96-well plates. Fluorescence activity was measured on a FLUOstar Omega plate reader at excitation of 380 nm and emission of 460 nm (BMG Labtech, Ortenberg, Germany). Fluorescence release due to substrate cleavage was monitored for 20 min at 37°C to generate a kinetic curve [fluorescence units (FU)/min]. Trypsin-like or chymotrypsin-like proteinase activity was determined relative to a standard curve of fluorescence release by different concentrations of active trypsin (Millipore Sigma, Burlington, MA, USA, T0303) or chymotrypsin (Millipore Sigma, C3142). All samples were run in duplicate and normalized to total protein levels (in mg). The Pierce BCA Protein Assay kit was used to measure total protein levels (Thermo Fisher Scientific, Waltham, MA, USA, 23227).



In-Gel Trypsin Digestion and Identification of Proteinases by Mass Spectrometry

SF samples from PsA, RA and OA patients (n=2 in each group) were run on precast PAGEr Tris-Glycine Gold 4–20% gels under reducing conditions to identify potential serine proteinases based on size (Lonza, Basel, Switzerland, 59522). Proteins were stained using Coomassie Brilliant Blue R-250 Staining Solution (Bio-Rad Laboratories, Hercules CA, USA, 1610436) and individual bands were excised and digested based on a previously described protocol (45). Peptides were analysed on the Q Exactive Plus Mass Spectrometer (Thermo Fisher Scientific). Proteins were identified using MaxQuant (46), with a false discovery rate (FDR) of 0.01 as the filtering criteria at both the protein and peptide level for identification. Differences between groups were determined using the Perseus software (47). This procedure was followed by the removal of potential protein contaminants (e.g. keratin) (48) and serine proteinases were further screened based on biological function for further investigation.



Visualization of Active Serine Proteinases in Synovial Fluid and Western Blot Analysis Following Covalent Labelling With a Biotinylated Activity-Based Probe Reagent

SF samples from PsA, RA and OA patients (n=2 per group) were reacted with a biotin-tagged serine proteinase-targeted activity-based probe, biotin-Pro-Lys-diphenylphosphonate (Bio-PK-DPP4) (49), based on a previously described protocol (50). Five microliter of SF was incubated in the presence or absence of 4 µg/ml of soybean trypsin inhibitor (STI; Millipore Sigma, T9128). Proteins were denatured at 95°C and stored at −20°C until ready for visualization by western blot analysis. Additional SF samples without reaction with the activity-based probe were prepared for analysis on a parallel western blot for detection of a serine proteinase (tryptase-6) that had been found previously to be present in the samples using in-gell trypsin digestion and mass spectrometric analysis.

The activity-based probe-labeled SF sample was diluted 1:5 using Laemmli sample buffer prior to electrophoretic analysis using a 4–15% Mini-PROTEAN TGX Precast Protein Gel under reducing conditions (Bio-Rad Laboratories, 4561086). In parallel, 2.5 µl of PsA, RA and OA SF from the same patients (n=2 each) for whom activity-based probe analyses were done, were analysed on the same gel with 5 µl of the precision plus protein standard (Bio-Rad Laboratories, 1610374). The gel was then transferred to an Immun-Blot PVDF membrane (Bio-Rad Laboratories, 1620177) and cut for separate probing to detect the activity-based probe labelled enzymes and tryptase-6. Blots to detect the biotin-tagged activity-based probe were blocked overnight at 4°C in 4% casein in Tris-buffered saline containing 0.1% Tween 20 (TBS-T), washed, and incubated for 1 h in streptavidin-HRP (Jackson ImmunoResearch, West Grove, PA, USA, 016-030-084) diluted 1:10,000 in 1% casein-TBS-T. After extensive washing, the activity-based probe-proteinase complexes were visualized by addition of ECL prime western blotting reagent (GE Healthcare, Chicago, IL, USA, 45-002-401) using the ChemiDoc MP imaging system (Bio-Rad Laboratories). Blots for tryptase-6 were blocked for 1 h at room temperature in 4% casein-TBS-T. This blocking was followed by overnight incubation at 4°C in rabbit anti-tryptase-6 antibody (Aviva Systems Biology, San Diego, CA, USA, OAAF06983) diluted 1:1,000 in 1% casein-TBS-T. The blot was then washed and incubated in goat anti-rabbit HRP secondary antibody (Thermo Fisher Scientific, 31462) diluted 1:10,000 in 1% casein-TBS-T. Blots were washed and visualized as described above.



Tryptase-6 ELISA Quantification, Pull-Down Activity Measurement and Antibody Affinity Chromatography Isolation

Total tryptase-6 levels were measured in SF from PsA, RA and OA individuals (n=10 per group) using a commercially available ELISA (Aviva Systems Biology, OKCD02115). Samples were diluted 1:10 using the standard diluent provided with the kit.

Active tryptase-6 was detected in the SF samples using a pull-down assay adapted from a previously described protocol, whereby enzyme captured by plate-immobilized antibody retains its measurable enzymatic activity to cleave substrate in the supernatant (51). Trypsin-like serine proteinase activity was measured by cleavage of fluorogenic substrates (0.25 mM VPR-AMC or 0.5 mM VLK-AMC) using a FLUOstar Omega plate reader (BMG Labtech) set at 380 nm for excitation and 460 nm for emission at 37°C over a 60 min time interval. The slopes of the resulting kinetic plots (FU/min) were normalized to either total protein (mg) or total tryptase-6 (ng).

Total tryptase-6 was isolated from PsA SF samples (n=2) for treatment of cells in the assays described below using the catch and release reversible immunoprecipitation (IP) antibody affinity chromatography system, according to the manufacturer’s instructions (Millipore Sigma, 17-500). Samples were incubated with either anti-tryptase-6 or anti-rabbit IgG antibody (Cell Signaling Technology, Danvers, MA, USA, 7074S) as a negative control. To confirm enzymatic activity of the IP tryptase-6 eluate, 10 µl of eluate was incubated with 1 mM of VPR-AMC and assay buffer (PBS, pH=7.5) in 96-well plates in duplicate. Fluorescence release was measured as done above for the pull-down assay. All samples were run in duplicate and background fluorescence (buffer only) was subtracted. The resulting fluorescent activity was normalized to total protein levels in the eluate. For calcium signaling experiments, the FU/min/ng of tryptase-6 in the volume used is indicated. To confirm the presence of tryptase-6, the eluate and SF from the same patients were visualized by Western blot analysis as described above.



Calcium Cell Signaling Assay

Cultured PAR-responsive human embryonic kidney (HEK)-293 cells were used to establish the ability of SF samples to activate PAR2, as described elsewhere (52). HEK-293 cells were cultured to confluence in DMEM medium containing high glucose and L-glutamine (Millipore Sigma, D5796) supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific, 12484028) and 100 U/ml penicillin/streptomycin (Thermo Fisher Scientific, 15140122). Cells were plated in black 96-well plates at 40,000 cells per well and left to stabilize overnight in a 37°C/5% CO2 incubator. The calcium-regulated fluorescent intracellular calcium indicator, Fluo-4 AM (Thermo Fisher Scientific, F36206) was used to monitor real-time elevations of intracellular calcium following activation or inhibition of PAR2, according to the manufacturer’s instructions. The PAR2 activating peptide, 2-furoyl-LIGRLO-NH2 (2fLI) and the selective PAR-2 inhibitor, I-191 [International Publication No. WO 2015/048245A1 (PCT/US2014/057390)], were used (53–55). Fluorescence was normalized to the signal generated by the calcium ionophore A23187 used at a concentration of 2 µM (Millipore Sigma, C7522). Calcium ionophore was used as a positive control to reflect calcium signaling by Fluo-4-loaded cells, as done previously (56). Data were acquired on a FLUOstar Omega plate reader at 37°C with excitation at 494 nm and emission at 516 nm (BMG Labtech, Ortenberg, Germany).

Calcium signaling in CRISPR-eliminated HEK-293 PAR2 knockout cells, generated in keeping with a previously published procedure (57), was monitored as described elsewhere (58). Fluorescence was normalized to the response caused by 2 µM calcium ionophore. Data were generated using a Perkin-Elmer spectrophotometer with excitation at 480 nm and emission at 530 nm with recordings every 0.5 sec for 1 min.

Human macrophage-related THP-1 cells (ATCC, Manassas, VA, USA) were used to test PAR2 signaling in a monocyte/macrophage cell model. Cells were seeded at 50,000 cells per well in black 96-wells and cultured in RPMI media (Thermo Fisher Scientific, 11875093) supplemented with 10% FBS, 1 mM sodium pyruvate (Thermo Fisher Scientific, 11360070), 100 U/ml penicillin/streptomycin and 25 nM of phorbol 12-myristate 13-acetate (PMA, Millipore Sigma, P8139) for 72 h to induce differentiation of cells into macrophages. Calcium signaling after activation with 2fLI and PsA SF-derived tryptase-6 and/or inhibition with I-191 was measured as described in HEK-293 cells.

Primary monocytes/macrophages were obtained from fresh SF and blood samples from PsA patients. Due to the difficulty of obtaining sufficient number of fresh SF samples, blood samples from PsA patients not receiving treatment with biologic therapy were used to complement the experiments from fresh SF samples. Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized blood by Ficoll-Hypaque gradient density separation. CD14+ monocytes/macrophages were obtained from SF cells and PBMCs by magnetic-activated cell sorting (MACS) using positive selection for CD14, according to the manufacturer’s instructions (Miltenyi Biotec, Bergisch Gladbach, Germany, 130-050-201). Blood cells were further processed to select for the PAR2-expressing monocytes/macrophages by staining cells with PAR2-PE antibody (Santa Cruz Biotechnology) coupled with indirect labelling and separation of cells by positive selection using anti-PE microbeads (Miltenyi Biotec, 130-105-639). Cells were plated at 100,000 cells/well in poly-D-lysine coated black 96-well plates in RPMI medium containing L-glutamine supplemented with 10% human AB serum (Thermo Fisher Scientific, ICN2930949) and 100 U/ml penicillin/streptomycin for 48 h before performing calcium signaling experiments.



Multiplex Cytokine Assay and ELISA

Fresh blood-acquired PAR2-expressing monocytes/macrophages were isolated from PsA patients (n=8) as described above and seeded at 100,000 cells per well in 24-well plates in RPMI media containing 10% human AB serum and 100 U/ml penicillin/streptomycin. Cells were cultured for 48 h in the presence or absence of 100 µM of 2fLI. Due to the low levels of cytokines released from unstimulated cells (59), 2.5 ng/ml of LPS (Millipore Sigma, L2630) was added during the last 4 h to induce cytokine expression. LPS is a TLR4 agonist that is recognized as a potent activator of monocytes/macrophages (60). Conditioned medium and harvested cells were stored at -80°C until analysis. Samples were screened for the expression of 20 chemokines/cytokines (MCP-1, MIP-1α, MIP-1β, CXCL1, CXCL2, CXCL10, G-CSF, GM-CSF, IFNα, IFNγ, IL-1β, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-17/IL-17A, IL-17E, PD-L1, TNFα) using the Luminex Performance Human XL Cytokine Discovery Magnetic Panel, according to the manufacturer’s instructions (R&D Systems, Minneapolis, MN, USA, FCSTM18-20).

Additional blood-derived PAR2-expressing monocytes/macrophages were isolated from PsA patients (n=6) for measurement of monocyte chemoattractant protein-1 (MCP-1) in the presence or absence of 2fLI and I-191. Cells were isolated and stored at −80°C until ready for analysis. Cells were thawed rapidly at 37°C and cultured untreated or in the presence of 100 µM 2fLI, 30 µM I-191 or both for 48 h and stimulated with LPS during the last 4 h. Total MCP-1 levels were measured in conditioned medium using the Human MCP-1 Quantikine ELISA, according to the manufacturer’s instructions (R&D Systems, DCP00).



Statistical Analysis

The Kolmogorov–Smirnov normality test was performed for all analyses, and values were predominantly found not to be normally distributed. When comparing multiple groups, the Kruskal-Wallis test with Dunn’s multiple comparisons test or Mann Whitney U test were used. When comparing paired values, the Wilcoxon matched-pairs signed rank test was used. Statistical analysis was performed using GraphPad Prism (version 8.0.1). For all the statistical tests, p<0.05 was accepted as significant.




Results


Characterization of Monocyte/Macrophage Cell Subtypes in Synovial Fluid

To identify the cell populations in PsA SF, single cell 3’-RNA-sequencing of cells from PsA SF samples (n=3) was performed using the 10X Genomics platform (42, 43). Twelve main clusters of cells were predicted (Figure 1A) and the most abundant clusters had a predominance of monocytes/macrophages gene expression (differential heatmap shown in Figure 1B). Neutrophil transcriptomic signatures could not be detected due to low cell viability.




Figure 1 | Single cell RNA sequencing. The clustering of predicted cell subpopulations from SF cells of 3 PsA patients identified 12 different cell populations, with the most dominant being monocytes/macrophages (A). The monocytes/macrophages were comprised of four subpopulations, three of which were large (macrophages 1, 2 and 3) with expression levels of unique cell markers and transcriptomic signatures. The expression of top differentially expressed genes within the monocyte/macrophage subpopulations is shown in (B).



The total monocyte/macrophage populations in SF as well as their expression of PAR2 were compared between PsA, RA and OA patients by flow cytometry (n=10 each). Overall monocyte/macrophage populations were similar between patient groups, but differences were identified in subset populations within PsA and RA. CD14+C16- classical monocytes/macrophages were elevated in RA compared to PsA SF (p=0.030), while CD14+CD16+ intermediate monocytes/macrophages were more predominant in PsA compared to RA SF (p=0.038, Figure 2A). PsA or RA monocyte/macrophage subset populations were not significantly different compared to OA SF. When we compared the expression of PAR2 within the cell populations, OA patients had elevated levels of PAR2 in the total monocyte/macrophage group compared to both PsA (p=0.014) and RA (p=0.046), evident particularly in the intermediate monocyte/macrophage subset (p=0.008 vs. PsA; Figure 2B). No significant differences in PAR2 expression between monocyte/macrophage subsets were observed in PsA patients (Figure 2C).




Figure 2 | Identification of specific monocyte/macrophage subtypes and their expression of PAR2 in SF of PsA, OA and RA patients. Flow cytometry was used to determine the total (A) and PAR2-expressing (B) monocytes/macrophages from SF of PsA, OA and RA patients (n=10 each). Classical (CD14+CD16-) monocytes/macrophages are elevated in RA compared to PsA (p=0.030) while intermediate (CD14+CD16+) cells are higher in PsA compared to RA (p=0.038). PAR2 expression is increased in OA compared to PsA (p=0.014) and RA (p=0.046) patients and is expressed predominantly in cells with an intermediate phenotype (p=0.008). No significant differences are observed in PAR2 expression between cell subpopulations of PsA SF cells (C). Populations were compared using the Kruskal-Wallis test with Dunn’s multiple comparisons test. Asterisks are used to indicate significant differences between groups, where *p<0.05 and **p<0.01.





Identification of Serine Proteinases in Synovial Fluid

Investigations of serine proteinase activity in samples from PsA patients have not yet been performed. This unmet need, together with our finding that serine proteinases which signal through PAR2 can be present in PsA SF (22) and combined with the availability of various tools for detecting total serine proteinase activity, led us to focus on this group of proteinases for further study. The presence of serine proteinase activity in SF samples from patients with PsA, RA and OA was confirmed by a fluorogenic proteinase substrate activity assay. A significantly higher level in trypsin-like activity of serine proteinases with a preference for lysine (VLK-AMC substrate) was found in SF from patients with PsA (median 13.51 nM/mg total protein, range 6.58–32.84, p <0.0001) and RA (median 15.57 nM/mg total protein, range 7.73–24.73, p=0.0002) compared to OA (median 4.21 nM/mg total protein, range 2.89–7.28). No significant differences in trypsin-like activity of serine proteinases with a preference for arginine (VPR-AMC substrate) were found between patient groups (Figure 3A). Chymotrypsin-like activity was higher in RA (median 23.70 nM/mg total protein, range 16.29–37.03) compared to PsA SF (median 14.55 nm/mg total protein, range 8.59–22.10, p=0.005), with OA SF levels (median 21.93 nM/mg total protein, range 11.40–29.21) not significantly different to either RA (p=0.718) or PsA SF levels (p=0.129; Figure 3B). Representative standard curves of active trypsin and chymotrypsin for each substrate are shown in Figure 3C.




Figure 3 | Serine proteinase activity in SF from PsA, RA and OA patients. Serine proteinase activity using fluorogenic substrates for trypsin-like proteinases with a preference for arginine (VPR) or lysine (VLK) (A) and chymotrypsin-like proteinases (B) is shown. Fluorescence release was monitored for 20 min of a kinetic cycle and the slope of the resulting curve was extrapolated relative to a standard curve of fluorescence release by known concentrations of either trypsin or chymotrypsin and normalized to the total protein concentration of the sample. Representative standard curves are shown in (C) for each substrate. Groups were compared using the Kruskal-Wallis test with Dunn’s multiple comparisons test. Asterisks are used to indicate significant differences between groups, where **p<0.01 and ***p<0.001.



Next, serine proteinases that might prove to be active in the SF were identified by in-gel trypsin digestion of all gel bands identified by Coomassie blue staining to capture as much of all proteinase forms present, followed by identification using mass spectrometry analysis. After filtering out data for known common contaminants (e.g. keratin), a total of 756 proteins were identified, 42 of which were potentially biologically active. There were proteinases identified which were unique to each patient group, and 25 proteinases overlapped between all three groups. The full list of identified proteinases containing proteinase domains and listed as biologically active in the homo sapiens MEROPS database (61) is shown in Table 1. There were 3 proteinase-related proteins that were unique to PsA patients, including the cysteine proteinase bleomycin hydrolase [BLMH], the pseudoprotease sequence-containing sonic hedgehog protein [SHH] and the aspartic acid proteinase cathepsin D (CTSD). Overall, the majority of the identified entries were serine proteinases which were primarily involved in the coagulation and complement cascade. The remaining serine proteinases identified were evaluated according to their potential biological function, particularly in relation to monocytes/macrophages given their prevalence in PsA SF. Tryptase-6 (PRSS33), originally termed EOS, was of particular interest due to its predicted molecular weight falling in the range of known tryptic enzymes, its presence in all patient samples and a previous report which first identified tryptase-6 as a novel serine proteinase expressed predominantly by macrophages (62).


Table 1 | List of proteins with proteinase sequences identified in SF of PsA, OA and RA patients.





Tryptase-6 Is an Active Serine Proteinase in Synovial Fluid

Our next step was to determine if tryptase-6 was present in SF as an active enzyme. To this end, we used western blot analysis using a tryptase-6-targeted antibody and an antibody affinity column to capture and isolate active enzyme from the SF samples. A serine proteinase-targeted biotinylated activity-based probe that selectively reacts with the active serine in trypsin-like proteinases was also used to identify active serine proteinases in the SF samples. Upon covalent reaction with the proteinase, this probe enables the visualization of the active biotinylated enzyme by an avidin-based western blot procedure. The activity-based probe labelling was done in the absence and presence of soybean trypsin inhibitor (STI) to determine if the proteinases in SF were active and not binding to the activity-based probe non-specifically. The western blot analysis was done with a polyclonal antibody specific for tryptase-6 which reacts with an epitope in the N-terminal region of tryptase-6 (within amino acids 30–70), allowing potentially for the detection of both active and non-active forms of the enzyme (62). Western blots analysis was done using OA, RA and PsA SF samples (n=3), with representative blots for the enzyme detected by the tryptase-6 antibody shown in Figure 4A. Based on molecular weight, antibody reactivity was observed for all three patient-derived samples in the 25 kDa region, as expected for the active form of tryptase-6 (Figure 4A). Antibody reactivity was also seen for all three samples in the higher molecular mass region of the gel (50 to 70 kDa: Figure 4A). These proteins may represent an enzyme dimer or a larger inactive enzyme form bound to a proteinase inhibitor. A biotin signal localizing a proteinase tagged by the biotinylated serine proteinase-selective activity-based probe was also observed in the 25 kDa region of the gel similar to an enzyme with the mobility of tryptase-6 (Figure 4B). The signal in the 25 kDa region of the gel was clearly reduced by STI in samples from the RA and PsA patients; less so in the sample from the OA individual. An activity-based-probe-labelled enzyme with a reduced signal in the presence of STI was also observed in the 200 kDa range for the RA and PsA samples; and an STI-inhibited enzyme with a mass > 250 kDa was also observed in the RA sample (Figure 4B). The biotinylation of many other activity-based-probe-labelled enzymes was not affected by STI (Figure 4B), pointing to a wide spectrum of active enzymes not susceptible to STI inhibition. The tryptase-6 antibody also visualised a 25 kDa protein eluted from the antibody affinity beads that captured the protein from the PsA-derived SF samples (Figure 4C). This result indicated that the tryptase antibody affinity column could interact with enzymatically active enzyme which could be eluted for further analysis (compare histograms in the upper panel of Figure 4C with the blots in the lower panel).




Figure 4 | Synovial fluid tryptase-6 aligns with active serine proteinases from PsA, OA and RA patients. Tryptase-6 was detected by western blot analysis of individual SF samples from PsA, OA and RA patients (A). In parallel, trypsin-like serine proteinase activity was identified in SF samples from the same individuals after covalent labelling with a biotinylated ABP probe for trypsin-like serine proteinases in the presence or absence of the trypsin inhibitor, STI (4 µg/ml), and visualization by western blot detection using streptavidin-HRP (B). An ABP-labelled band at the predicted molecular weight of active tryptase-6 (~25 KDa), for which labelling was reduced in the presence of STI was observed (arrow, B). A column-based antibody affinity chromatography procedure was used to isolate tryptase-6 from PsA SF samples (n=2). The activity of the isolated enzyme and its identity were confirmed by its ability to cleave the substrate, VPR-AMC, and by western blot detection with a tryptase-6 antibody, respectively (C).



After detecting active tryptase-6 in the affinity column-isolated SF samples, we used a more targeted and quantitative approach to compare total immunoreactive and enzymatically active levels of tryptase-6 in SF from PsA, RA and OA patients (n=10 each). As shown in Figure 5A, the total levels of tryptase-6 measured by the ELISA were higher in RA (median 115 ng/ml, range 87.6–175.5) compared to OA SF (median 70.1 ng/ml, range 50.3–87.9, p=0.002), but not PsA-derived samples (median 91.6 ng/ml, range 61.8–129.4, p=0.248). Using a pull-down assay, active tryptase-6 in SF was quantified by its incubation with varying concentrations of the fluorogenic substrates for serine proteinases with a preference for arginine (VPR-AMC) and lysine (VLK-AMC). Tryptase-6 activity increased when both substrates were added, with the resulting substrate cleavage curve shown for VPR-AMC in Figure 5B. The specific activity levels of tryptase-6 measured with the VPR-AMC substrate for SF samples from the PsA, RA, and OA patients are shown normalized to total protein levels (Figure 5C) and tryptase-6 levels (Figure 5D). No significant differences were observed between the three patient groups. Taken together, these results confirm that active tryptase-6 is present in arthritic SF samples at comparable levels of enzyme activity.




Figure 5 | Total and active tryptase-6 levels detected in SF from PsA, OA and RA patients. Total and active tryptase-6 levels were determined by a commercially available ELISA and a pull-down activity assay, respectively in PsA, OA and RA SF samples (n=10 per group). As shown in (A), total levels of tryptase-6 were elevated in RA (median 115.6 ng/ml, range 87.6-175.5) compared to OA SF (median 70.08 ng/ml, range 50.3–87.9, p=0.002, Mann Whitney U test). The activity of pulled down-tryptase-6 from PsA SF towards VPR-AMC generated the substrate cleavage curve shown in (B). Tryptase-6 activity from SF samples, after normalization to either total protein levels (C) or total tryptase-6 (D), did not reveal any significant differences between groups. Asterisks are used to indicate significant differences between groups, where **p<0.01.





Tryptase-6 Triggers Calcium Signals in HEK-293 Cells Partially via PAR2

The next goal was to investigate whether active tryptase-6 could stimulate a calcium signaling response in intact cells and to determine whether this response was mediated by PAR2. Initially the widely-used PAR-responsive cell line, HEK-293, was used. Treatment of HEK-293 cells with the PAR2 peptide agonist (2fLI) caused a concentration-dependent increase in calcium signaling with an EC50 of 0.14 µM (Figure 6A). As shown in Figure 6B, the PAR2-selective inhibitor, I-191, successfully blocked the PAR2 calcium response when cells were pre-treated with increasing concentrations of I-191, followed by 0.15 µM of 2fLI. The IC50 for the ability of I-191 to block PAR2 signaling was 2.1 nM (Figure 6B). Thus, stimulation of wild-type HEK cells with 0.15 µM of 2fLI (Figure 6C) was inhibited 99% by 10 nM of I-191 (Figure 6D). Treatment of the same wild-type HEK cells with 10.0 FU/min/ng tryptase-6 isolated from the PsA SF by antibody affinity chromatography caused an increase in intracellular calcium (Figure 6E) which was inhibited 34% by 10 nM of I-191 (Figure 6F). In addition, calcium signaling upon stimulation with tryptase-6 was assessed in CRISPR-eliminated PAR2 knockout HEK-293 cells (Figure 7). The PAR2-null cells were not responsive to the potent selective PAR2 peptide agonist, 2fLI (5 µM), but were still sensitive to 2.5 µM of the receptor-selective PAR1 agonist, TFLLR-amide (Figure 7, tracing A). In these PAR2-null/PAR1-expressing HEK cells, treatment with 5.8 FU/min/ng of PsA SF-derived tryptase-6 caused an elevation of intracellular calcium that was desensitized to the second challenge with tryptase-6. The tryptase-6-desensitized cells no longer responded to a PAR1-associated response caused by stimulation with 0.5 U/ml of thrombin (open circle, first tracing in Figure 7B). In contrast, a robust response to thrombin was observed for the cells not pre-treated with tryptase-6 (right-hand tracing, open circle, Figure 7B). Thus, tryptase-6 was able to prevent thrombin’s ability to activate PAR1 either by signal desensitization or by removing the PAR1 tethered ligand so as to “disarm” PAR1. The ability of tryptase-6 to activate MAPKinase signaling was also assessed in HEK-293 cells by western blot analysis. In keeping with the calcium signaling data, western blot detection of activated phospho-MAPKinase caused by tryptase-6 was able to demonstrate the activation of MAPKinase in both PAR2-expressing and PAR2-null HEK cells (data not shown). These results indicate that tryptase-6 stimulates both calcium and MAPKinase signaling in HEK-293 cells not only via PAR2 but also via a PAR2-independent mechanism. Therefore, in the microenvironment of the SF containing tryptase-6, multiple receptors on monocytes/macrophages or other cell types in principle can be activated by this proteinase, including PAR2.




Figure 6 | PAR2 and tryptase-6 trigger calcium signals in HEK-293 cells. Calcium signaling assay using the fluorescent indicator, Fluo-4 AM, was used to confirm the signaling potential of PAR2 and determine whether tryptase-6 can elicit a calcium response via PAR2 in HEK-293 cells. The concentration-effect curve for the PAR2 agonist 2fLI with an EC50 of 0.14 µM (A) and the concentration–inhibition curve for the PAR2 inhibitor I-191 with an IC50 of 2.1 nM (B) are shown. Stimulation of cells with 0.15 µM of 2fLI (C) was inhibited 99% by 10 nM of I-191 (D). Stimulation of cells with 10.0 FU/min/ng tryptase-6 isolated by antibody affinity chromatography from PsA SF caused an elevation of intracellular calcium (E) and 10 nM of I-191 caused a 34% inhibition of this signal (F). Calcium traces are shown with agonists (2fLI and tryptase-6) added at time zero with or without pre-treatment with I-191 (x-axis=time post addition of agonist, y-axis=units of fluorescence due to calcium release).






Figure 7 | Tryptase-6 triggers calcium signals in PAR2 knockout HEK-293 cells. The calcium signaling assay [fluorescence emission at 530 nm, as a percentage of the signal generated by the calcium ionophore A23187 (%)] was used to determine whether tryptase-6 can trigger calcium signaling via PAR2-independent pathways. Tracing (A): The absence of a response to the potent PAR2-selective agonist, 2fLI (open triangle) but presence of a response to the selective PAR1 peptide agonist, TFLLR-amide (open square) confirmed the absence of functional PAR2 and the presence of functional PAR1 in the HEK-293-PAR2-null cells. Tracing (B): Volume equivalent to 5.8 FU/min/ng of PsA SF-derived tryptase-6 (solid circle) elicited a robust calcium response (dark circle), that was desensitized by the second consecutive exposure to tryptase-6 (second solid circle, Tracing B). These tryptase-6-treated cells no longer responded to the PAR1 activator, thrombin (0.5 U/ml, open circle, first tracing panel B). Cells not treated with tryptase-6 showed a strong calcium signal caused by thrombin (right-hand tracing, panel B).





Tryptase-6 Triggers Calcium Signals in THP-1 Cells and Primary Monocytes/Macrophages Partially via PAR2

In keeping with the data obtained for the HEK-293, THP-1 cells were used to establish the ability of tryptase-6 to activate calcium signaling in monocytes/macrophages via PAR2. THP-1 cells were partially differentiated into macrophages using PMA to increase endogenous PAR2 expression (63, 64). Concentrations of 50 to 200 µM of 2fLI produced small but reliable increases in intracellular calcium in the cells. In Figure 8A, 150 µM of 2fLI induced calcium release that was inhibited 12% by 1 µM of the potent PAR2-selective inhibitor I-191 (Figure 8B). Calcium flux by stimulation with 44.8 FU/min/ng tryptase-6 eluate (Figure 8C) was also inhibited 15% by I-191 (Figure 8D). Similarly, treatment of peripheral blood-derived PAR2-expressing monocytes/macrophages from PsA patients with 100 µM of 2fLI caused an increase in intracellular calcium (Figure 8E), which was inhibited 8% by 1 µM (Figure 8F) and 27% by 2 µM of I-191 (Figure 8G). Treatment of cells with 89.6 FU/min/ng tryptase-6 isolated from PsA SF also caused an elevation of intracellular calcium (Figure 8H) that was inhibited 13% by 1 µM of I-191 (Figure 8I). In PsA SF-isolated monocytes/macrophages, 200 µM of 2fLI caused an increase in intracellular calcium (Figure 8J), which was inhibited 51% by 1 µM of I-191 (Figure 8K). Treatment of cells with 44.8 FU/min/ng tryptase-6 derived from PsA SF also caused an elevation of intracellular calcium (Figure 8L) that was inhibited 40% by 1 µM of I-191 (Figure 8M). These data indicate that tryptase-6 mediates calcium signaling in PsA monocytes/macrophages in part via PAR2. Furthermore, PsA SF monocytes/macrophages seem more responsive to PAR2 activation, including calcium signalling responses triggered by tryptase-6, compared to peripheral monocytes/macrophages.




Figure 8 | PAR2 and tryptase-6 trigger calcium signals in THP-1 cells and PsA PAR2+ monocytes/macrophages. Calcium signaling assay using the fluorescent indicator, Fluo-4 AM, was used to confirm the signaling potential of PAR2 and determine whether tryptase-6 can elicit a calcium response via PAR2 in THP-1 cells and primary monocytes/macrophages from PsA patients. Stimulation with 2fLI in THP-1 (150 µM, A) or primary blood PAR2+ monocytes/macrophages (100 µM, E) was inhibited 12% (B) and 8% (F) by 1 µM of I-191, respectively. In blood cells, 2 µM of I-191 inhibited this signal by 27% (G). Stimulation of THP-1 cells (C) and primary cells (H) with volume equivalent to 44.8 or 89.6 FU/min/ng tryptase-6 isolated with the antibody affinity column from PsA SF, respectively, caused an elevation of intracellular calcium. Treatment with 1 µM of I-191 caused a 15% (D) and 13% (I) inhibition of this signal, respectively. Similarly, in primary SF monocytes/macrophages, 2fLI (200 µM, J) and volume equivalent to 44.8 FU/min/ng tryptase-6 (L) caused a calcium flux that was inhibited 51% (K) and 40% (M) by 1 µM of I-191, respectively. Calcium traces are shown with agonists (2fLI and tryptase-6) added at time zero with or without pre-treatment with I-191 (x-axis=time post addition of agonist, y-axis=units of fluorescence due to calcium release).





PAR2 Modulates Monocyte/Macrophage MCP-1 Production

Blood-derived PAR2-expressing monocytes/macrophages from PsA patients (n=8) were incubated for 48 h in the presence or absence of 100 µM of the receptor-selective PAR2 agonist, 2fLI, to determine the impact of PAR2 activation on cytokine expression. The expression/secretion of chemokines/cytokines in conditioned medium is shown in Figure 9A. 2fLI treatment caused an increase in MCP-1 levels (median 3,748 pg/ml, range 3,504–3,815 pg/ml) compared to untreated samples (median 1,346 pg/ml, range 661–2,342 pg/ml, p=0.008). CXCL10 levels were reduced in the presence of 2fLI (median 3.6 pg/ml, range 3.1–9.5 pg/ml) compared to untreated cells (median 7.4 pg/ml, range 4.7–32.4 pg/ml, p=0.016). Of note, CXCL1 levels (median 832 pg/ml, range 389–8,706 pg/ml, p=0.078) and IL-8 levels (median 6,468, range 6,060–6,942 pg/ml, p=0.055) were also higher in 2fLI treated cells compared to untreated cells (median 549 pg/ml, range 404–2,588 pg/ml and median 6,168, range 4,319–6,526 pg/ml, respectively). The expression of IFNγ, IL-17E and IL-4 were below the limits of detection for all samples and are not shown.




Figure 9 | PAR2 modulates MCP-1 expression from PsA monocytes/macrophages. The expression of 20 chemokines/cytokines measured from conditioned medium of blood-derived PAR2-expressing monocytes/macrophages of PsA patients (n=8) using a multiplex Luminex assay is shown in (A). Cells were cultured for 48 h in the presence or absence of 100 µM 2fLI and stimulated with LPS during the last 4 h. The expression of IFNγ, IL-17E and IL-4 were below the limits detection and are not shown. Values are graphed on a log10 scale to better visualize differences between groups. MCP-1 was also measured in additional samples of blood-derived PAR2-expressing monocytes/macrophages (n=6) in the presence of 30 µM I-191, 100 µM 2fLI or both (B). Expression was compared between groups using the Wilcoxon matched-pairs signed rank test. Error bars indicate the median ± interquartile range. Asterisks are used to indicate significant differences between groups, where *p < 0.05 and **p < 0.01.



Due to the significant increase in MCP-1 levels observed following 2fLI treatment, MCP-1 was measured from the conditioned medium of blood-derived PAR2-expressing monocytes/macrophages from PsA patients (n=6) in the presence or absence of 100 µM 2fLI, 30 µM I-191 or both (Figure 9B). MCP-1 levels were significantly elevated by the potent PAR2-selective peptide agonist, 2fLI (median 2,272 pg/ml, range 962.7–3,147 pg/ml, p=0.031) and reduced by I-191 (median 432.7 pg/ml, range 306.8–556.3 pg/ml, p=0.031) compared to untreated cells (median 738.5 pg/ml, range 586.1–1,206 pg/ml). When 2fLI was combined with I-191 (median 640.1 pg/ml, range 481.6–1,141 pg/ml), the levels were reduced to a similar level as for the untreated cells (p=1.00). In these cells, the expression of MCP-1 was marginally reduced compared to 2fLI alone (p=0.063) but still significantly elevated compared to I-191 alone (p=0.031).



PAR2+CCR2+ Monocytes/Macrophages are Elevated in PsA Synovial Fluid Cells

Due to the elevated expression of MCP-1 after 2fLI treatment of PAR2+ monocytes/macrophages, we used flow cytometry to determine the expression of the receptor for MCP-1, CCR2, in monocyte/macrophage subsets and in SF cells of PsA patients and compare its expression to patients with OA and RA (n=10 each). In Figure 10A, the total PAR2 and CCR2-expressing monocytes/macrophages are elevated in PsA as compared to RA patients (p=0.018) but no differences in PAR2+ CCR2-expressing cells were observed in the monocyte/macrophage subsets between patient groups. Within PsA patients (Figure 10B), the proportion of intermediate (CD14+CD16+) PAR2+CCR2+ monocyte/macrophages were elevated compared to the classical (CD14+CD16-) PAR2+CCR2+ population (p=0.001).




Figure 10 | PAR2+CCR2+ monocytes/macrophages are elevated in PsA SF cells. Flow cytometry was used to determine the frequency of PAR2+CCR2+ monocytes/macrophages from SF of PsA, OA and RA patients (A; n=10 each). PsA patients had significantly higher total PAR2+CCR2+ monocytes/macrophages compared to RA patients (p=0.018). The proportion of total and subsets of monocytes/macrophages within PsA patients were compared in (B). Intermediate (CD14 +CD16+) PAR2/CCR2 expressing cells were higher than classical (CD14+CD16-) PAR2/CCR2 expressing cells in PsA patients (p=0.001). Error bars indicate median ± interquartile range. Asterisks are used to indicate significant differences between groups, where *p<0.05.






Discussion

Our data are the first to compare the differential presence of inflammatory cells (with a focus on monocyte/macrophage subtypes) and the presence of serine proteinases that could in principle regulate cell function by modulating the activity of proteinase-activated receptor 2 in PsA SF cells. We found that there were 3 main monocyte/macrophage sub-populations in PsA SF that expressed PAR2 and identified proteinases in PsA SF with the potential to regulate PAR2 signaling. Of particular note was the presence of the serine proteinase tryptase-6, known to be expressed predominantly by macrophages (62), which could in principle signal via both PAR2-dependent and PAR2-independent mechanisms to activate calcium signaling. We also observed increased levels of MCP-1 from PsA patient-derived monocytes/macrophages in response to PAR2 activation and increased CCR2-expressing SF monocytes/macrophages in PsA, highlighting a potential mechanism of PAR2-mediated recruitment of monocytes/macrophages to the PsA joint.

Several SF proteinases, with particular attention paid to MMPs and cysteine proteinases, have been singled out as playing an important role in arthritis (7), mainly because of their ability to degrade joint cartilage. Serine proteinases released from joint tissue and immune cells or entering the synovial space from blood have also been suggested for their potential importance in arthritis (7). More recently, attention has turned to the ability of these proteolytic enzymes to trigger inflammatory receptor signals through PARs in the joint space (7). Studies with PAR2-null mice have shown that PAR2 can play an important role in murine models of arthritis with some evidence also supporting a role for PAR2 in human OA and RA. In murine models, F2r-/- mice that lack PAR1 have reduced degradation of cartilage and expression of cytokines and MMP13 in SF (65), while swelling was reduced after PAR2 blockade in a model of joint inflammation (30). Inhibition of PAR2 can also alter the release of pro-inflammatory cytokines in cultured synovial tissue cells from RA and OA patients (33, 66). Our study is the first to examine the possible role of PAR2 and its possible activating proteinases in PsA.

As summarized, one of the main findings of our work was that the most abundant cell clusters of inflammatory cells in PsA SF were monocytes/macrophages with three main phenotypes representing classical, non-classical and intermediate cells. Although the frequency of total monocytes/macrophages did not vary between groups, RA patients had an increased frequency of classical monocytes/macrophages compared to PsA patients, while PsA patients had predominantly an intermediate monocyte/macrophage sub-population in their SF samples. This result aligns with previous reports of pro-inflammatory cytokine production and cartilage and bone destruction by RA macrophages and the increased number of pro-inflammatory macrophages in RA patients with active disease (67, 68). Notably, it has been shown that the total number of monocytes/macrophages is equivalent between patients with RA and SpA, including PsA, but CD163+ anti-inflammatory macrophages are elevated in SpA synovitis (69, 70).

We also characterized PAR2 expression in SF monocytes/macrophages and found elevated PAR2 in OA compared to PsA/RA patients, especially within the intermediate population. Although this cell subtype-specific expression has not been previously investigated, the ability of PAR2 to modulate bone pathology and pro-inflammatory changes in OA has been documented in experimental arthritis models as well as in human synovial cells (71, 72). Previous groups have detected PAR2 on peripheral blood monocyte/macrophages from healthy donors (64) and RA and OA patients (73, 74) and within the RA synovium (66), but this is the first report of PAR2 expression within monocytes/macrophages in SF of PsA patients.

We were also able to show that the monocytes/macrophage populations can respond to PAR2 activation by means of calcium and MAPKinase signaling. Activation of these signaling pathways by tryptase-6 to mimic the action of the PAR2-selective peptide agonist, 2fLI, was confirmed in HEK-293 cells, which are well-recognized for their responsiveness to PAR2 stimulation with this agonist (52, 54). In monocyte/macrophage cell populations, the calcium response to 2fLI activation was small. This result is consistent with a previous report, where the low expression of PAR2 mRNA resulted in a small response to the PAR2 activating peptide (SLIGKV-amide) in monocytes that was partially increased when cells were differentiated into macrophages by GM-CSF or M-CSF (64). Stimulation of macrophage-related THP-1 cells with phorbol ester (PMA) and isolation of PAR2+ monocytes/macrophages from PsA patients also improved their responsiveness to the selective PAR2 agonist, 2fLI, in this study.

PAR2 activation also modulated expression of cytokines in PsA-derived monocytes/macrophages, with a significant increase in MCP-1 and decrease in CXCL10. Other studies have found increased expression of MCP-1, along with other pro-inflammatory cytokines such as IL-1β, IL-6, and TNFα following PAR2 activation in models such as bone marrow-derived macrophages, the murine macrophage cell line RAW264.7, A549 lung cancer cells and human vascular endothelial cells (75–77). PAR2 activation has also been observed to cause an increase in anti-inflammatory IL-10 and suppression of IL-6, IL-12, and TNFα in murine macrophages (78). These data indicate that differences in PAR2-mediated cytokine expression can occur, with both pro- and anti-inflammatory consequences (79). When examining the expression of CCR2, the receptor for MCP-1 in SF cells, PsA patients had high overall levels of CCR2 in monocytes/macrophages, particularly in intermediate CD14+CD16+ cells. The increased production of MCP-1 upon PAR2 activation in PsA monocytes/macrophages may result in recruitment of additional CCR2-expressing intermediate monocytes/macrophages to perpetuate an immune response. This intermediate population has been shown to exert either pro- or anti-inflammatory effects, depending on the setting of their activation (80, 81). PAR2-mediated polarization towards both pro- and anti-inflammatory macrophage phenotypes has also been reported, such as the pro-inflammatory polarization of murine macrophages (75) and the repair-associated response in ischemic tissues and colitis (82, 83).

In searching for potential PAR2 activating proteinases in SF, we singled out tryptase-6, a novel serine proteinase that to date has not been identified in the setting of arthritis. This trypsin-like serine proteinase was first identified in 2003 due to its similarity to prostasin and tryptases (62, 84–87). Tryptase-6 was originally found to be primarily localized to human macrophages and up-regulated upon PMA-induced activation. The amino-acid sequence of this proteinase shares 44% identity with human β-tryptase produced from mast cells that may possibly play a role in activating PAR2 (88). Tryptase-6 has been the focus of few studies, most of which have concentrated on its role in airway inflammatory diseases (89, 90). One study found up-regulation of blood tryptase-6 mRNA from patients with early-onset atopic dermatitis (91). We showed that total but not active tryptase-6 levels are elevated in patients with inflammatory arthritis, particularly RA. Furthermore, tryptase-6 isolated from PsA SF stimulates calcium signaling in a partially PAR2-dependent manner in cell lines (HEK-293 or THP-1) and primary monocytes/macrophages from PsA patients (SF or blood). Toyama et al. have also shown that tryptase-6 can increase collagen and fibronectin mRNA in human fibroblasts in part via activation of PAR2 (89). Our preliminary studies using CRISPR-PAR2-null HEK-293 cells confirm that tryptase-6 causes a small PAR2-mediated calcium response; but it also causes calcium signals via a non PAR2 target present in HEK-293 cells. Interestingly in PsA, PAR2-expressing monocytes/macrophages from SF were more sensitive to tryptase-6-mediated PAR2 calcium signaling compared to those from the periphery. Therefore, our data show not only that this enzyme is proteolytically active in PsA SF samples and is capable of regulating the activity of PAR2 but also that it may stimulate other non-PAR2 inflammatory signals.

Taken together, our data thus point to the existence of a macrophage-triggered autocrine-paracrine loop in PsA, whereby the invading inflammatory macrophages can both produce and respond to tryptase-6 via PAR activation, to further the disease process. Elevation of PAR2 and CCR2-expressing CD14+CD16+ cells and an increased expression of MCP-1 amongst other cytokines following PAR2 activation can mediate recruitment of further peripheral monocytes/macrophages to the joint, perpetuating the immune response (92).

In summary, we characterized the expression of PAR2 in SF monocytes/macrophages and evaluated its signaling potential within these cells. Tryptase-6 was identified as an active serine proteinase in SF that induced a partial PAR2-dependent calcium response. Treatment of PsA monocytes/macrophages with a PAR2 agonist induced expression of cytokines with significant MCP-1 production. The expression of CCR2 on SF CD14+CD16+ monocytes/macrophages indicates that this may be an important cell population for the PAR2-mediated recruitment of monocytes/macrophages to the PsA joint. Pending future studies, these results may point to novel therapeutic targets for the management of PsA.
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Osteoimmunity is involved in regulating the balance of bone remodeling and resorption, and is essential for maintaining normal bone morphology. The interaction between immune cells and osteoclasts in the bone marrow or joint cavity is the basis of osteoimmunity, in which the macrophage-osteoclast axis plays a vital role. Monocytes or tissue-specific macrophages (macrophages resident in tissues) are an important origin of osteoclasts in inflammatory and immune environment. Although there are many reports on macrophages and osteoclasts, there is still a lack of systematic reviews on the macrophage-osteoclast axis in osteoimmunity. Elucidating the role of the macrophage-osteoclast axis in osteoimmunity is of great significance for the research or treatment of bone damage caused by inflammation and immune diseases. In this article, we introduced in detail the concept of osteoimmunity and the mechanism and regulators of the differentiation of macrophages into osteoclasts. Furthermore, we described the role of the macrophage-osteoclast axis in typical bone damage caused by inflammation and immune diseases. These provide a clear knowledge framework for studying macrophages and osteoclasts in inflammatory and immune environments. And targeting the macrophage-osteoclast axis may be an effective strategy to treat bone damage caused by inflammation and immune diseases.
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Highlights

	Osteoimmunity is an interdisciplinary concept that refers to the interaction between the skeletal system and the immune system. Specifically, it is the interaction between immune cells and bone cells, among which the macrophage-osteoclast axis plays a fundamental role.

	In the inflammatory environment, circulating monocytes/macrophages and tissue-specific macrophages are the main sources of osteoclasts. There are three types of monocytes in the human peripheral blood: the classical (CD14++CD16-), the intermediate (CD14++CD16+), and the nonclassical (CD14+CD16++). These three phenotypes have different triggering conditions for osteoclasts differentiation.

	The fusion and multinucleation of macrophages are essential for the formation of osteoclasts to control bone mass. And the process mainly includes membrane fusion and reprogramming.

	RANKL and M-CSF are the determinants of the differentiation of macrophages into osteoclasts. PPARγ, ERRα, PGC-1β, NDUFS4, and maternal VLDLR are the regulators of the differentiation of macrophages into osteoclasts.

	In osteoporosis and other bone loss inflammatory conditions, the macrophage-osteoclast axis plays a vital role.

	The macrophage-osteoclast axis plays a crucial role in bone damage caused by inflammatory and immune diseases. And targeting the macrophage-osteoclast axis is of great significance for the treatment of bone damage.





Introduction

The skeletal system and the immune system share multiple molecules, including cytokines, transcription factors, chemokines, receptors, and hormones. Under normal physiological conditions, the interaction between bone cells (such as osteoclasts and osteoblasts) and immune cells maintain the bone balance. Osteoimmunity is an interdisciplinary field, which is of great significance for the study of osteo-damage related diseases. Receptor activator of nuclear factor-κB (RANK), receptor activator of nuclear factor-κB ligand (RANKL), and osteoprotegerin (OPG) are the three core molecules in osteoimmunity. The ratio of RANKL to OPG determines the balance of bone resorption and bone remodeling. There are already many reviews on RANK, RANKL, and OPG, so we do not intend to introduce these three molecules here. Macrophages and osteoclasts are the focus of this article.

Macrophages are distributed in tissues throughout the body and contribute to both homeostasis and disease (1). Recently, it has become evident that some adult tissue macrophages originate during embryonic development and not from circulating monocytes (1). However, the current academic circles have different opinions on the origin of resident macrophages in tissues. For example, in RA, it is believed that the resident macrophages residing in the synovium come from monocytes in the embryo and peripheral blood. In the bone marrow, the tissue-resident macrophages are called “osteal macrophages”, which is believed to be mainly derived from mononuclear cells in peripheral blood. Osteal macrophages and osteoclasts are the results of competitive differentiation of myeloid progenitor. Under the sole stimulation of macrophages colony stimulating factor (M-CSF), myeloid progenitor differentiates into osteal macrophages. And under the dual stimulation of M-CSF and RANKL, myeloid progenitor differentiates into osteoclasts. Osteal macrophages has the potential to differentiate into osteoclasts, which is regulated by many factors.



Osteoimmunity

Osteoimmunity is an interdisciplinary discipline designed to elucidate the interaction between skeletal and the immune system, especially intercellular or intracellular regulation of molecular signaling in inflammatory environments such as rheumatoid joints, osteoporosis, cancer, and periodontal disease. In 2000, Aaron and Choi first proposed the concept of osteoimmunity based on the role of RANK and RANKL in inflammatory bone disease (2). The maintenance of normal bone morphology is the result of the dynamic balance of bone remodeling and bone resorption, which involves a variety of immune cells and bone cells (3). Immune cells and bone cells have a shared microenvironment and molecules, and the two cooperate to perform the function of “osteoimmunity”. The clarification of the RANKL and OPG signaling pathway has laid a solid foundation for the development of osteoimmunity, which represents that the skeletal system and the immune system are involved in both pathological and physiological conditions (2, 4, 5). Osteoimmunity is the interaction between osteoclasts or osteoblasts and various immune cells to maintain the balance of bone resorption and bone remodeling (Figure 1). The detection of activated T lymphocytes to express RANKL is the most direct evidence of the interaction between the skeletal system and the immune system (6, 7). Besides, overexpression of RANKL in T lymphocytes of RANKL-deficient mice can restore osteoclasts formation in the mice (8). These studies revealed that the immune system influences bone resorption by osteoclasts. Additionally, there were studies indicating that osteoclasts share regulatory molecules (including cytokines, transcription factors, chemokines, receptors, and hormones) with a variety of cells in the bone marrow (such as natural killer cell, osteal macrophages, T lymphocytes, B lymphocytes, and dendritic cells) (9–11). For example, pro-inflammatory cytokines IL-6, TNF-α, IL-1β, and IL-11 released by activated immune cells (like T lymphocytes) induce osteoclasts formation to promote bone resorption by regulating the ratio of RANKL to OPG, which is common in osteo-inflammatory diseases such as RA (12, 13). Consistent with this, the anti-inflammatory cytokines secreted by activated immune cells such as IL-4, IL-10, and interferon β (IFNβ) have the opposite effect (13, 14). The interaction between the immune system and the skeletal system is extremely complex. In general, the osteoclasts-T-lymphocytes-bone destruction pathway was once the central topic of bone immunology and has been extensively explained (9, 15). Besides, there is increasing evidence that the concept of osteoimmunity extends to osteoblasts, but it has not been well elucidated in comparison with osteoclasts (16, 17). Therefore, we do not discuss the above two branches of osteoimmunity here. In this article, we focus on the macrophage-osteoclast axis in osteoimmunity.




Figure 1 | Schematic diagram of osteoimmunity. DLL4, delta-like protein 4; CAR, CXC chemokine ligand (CXCL) 12-abundant reticular; SCF, stem cell factor; HSC, hematopoietic stem cell; LepR, leptin receptor-expressing. Bone marrow mainly contains osteocytes, osteoblasts, osteoclasts, OsteoMacs and macrophages. OsteoMacs refers to the macrophages residing in the bone marrow, accounting for 15% to 20% of the total bone marrow cells. And they are mainly located near osteoblasts and support the generation of osteoblasts and bone formation. Macrophages are differentiated from monocytes derived from peripheral blood and further form osteoclasts. Bone is the cradle of immune cells, osteoclasts and osteoblasts are involved in regulating the immune response of a variety of immune cells. And they can also regulate the function of hematopoietic stem cells.





The Macrophage-Osteoclast Axis


The Macrophages Are One of the Origins of Osteoclasts

Osteoclasts are well-defined and distinctive in bone marrow, which originate from myeloid progenitor or osteal macrophages and is responsible for bone resorption (18, 19). An overview of the differentiation of myeloid progenitor into osteoclasts is shown in Figure 2. The monocytes in the peripheral blood migrate to a specific location in the bones and then fuses with each other to become mature multinucleated osteoclasts under specific stimulation (20, 21). Myeloid progenitor competitively differentiates into osteoclasts and osteal macrophages under different stimuli. Osteal macrophages can further differentiate into osteoclasts. Generally, macrophages refer to mononuclear myeloid immune cells present in most tissues, which is involved in eliminating pathogen invasion or infection, coordinating the inflammatory response, and engulfing dead cells and debris (22, 23). Typically, osteal macrophages account for about 15%~20% of the total bone marrow cells in murine (24, 25).




Figure 2 | Schematic diagram of the differentiation of macrophages and osteoclasts in mice. TRAP, tartrate-resistant acid phosphatase; MGC, multinucleated giant cell; M-CSF, macrophages colony-stimulating factor; GM-CSF, granulocyte macrophages colony stimulating factor. The hematopoietic stem cells differentiate into lymphoid/myeloid precursors, and the myeloid precursors further produce dendritic cells/macrophages precursors. Under appropriate stimulation, macrophages precursors will continue to differentiate into specific marked monocytes. Next, under the stimulation of M-CSF, specifically marked monocytes differentiate into tissue-specific macrophages. Tissue-specific macrophages can directly fuse into osteoclasts, or they can fuse into MGC first and then differentiate into osteoclasts.



In 1882, Elie Metchnikoff first defined the concept of macrophages: myeloid monocytes with phagocytic properties (26). Macrophages exist in almost all tissues and is mainly involved in the immune response and inflammatory response of the tissue to maintain homeostasis. Macrophages are a part of the innate immune response and has the potential to fuse with themselves or other cells to form the multinucleated cells. As early as 1868, Langhans reported the process of multinucleation of macrophages in granulomas. Unlike most fused cells, the fusion of macrophages requires specific conditions to trigger such as severe inflammatory bone destruction disease.

Under normal circumstances, monocytes circulate in the peripheral blood, and once they enter into specific tissues, they will differentiate into macrophages. In the immune response, macrophages exhibit powerful regulatory capabilities. In different tissues, macrophages exhibit different functions, which is called the diversity or heterogeneity of macrophages (27, 28). Despite some remaining controversies, the embryonic origin of key tissue-resident macrophages populations is now fully recognized (28, 29). This represents a paradigm shift in the field and also reveals an added level of complexity to the functional heterogeneity of immune cells in the tissues. We now know that multiple populations of macrophage-like cells co-exist: in the steady state, embryonic macrophages, newborn monocyte-derived macrophages, and adult monocyte-derived macrophages function alongside one another, and in inflamed tissues adult monocyte-derived cells with features of macrophages and dendritic cells are added to the already-diverse population (28, 29). Here, we will not give a detailed introduction to the diversity and heterogeneity of macrophages, because the macrophage-osteoclast axis in bone tissue and osteoimmunity is our focus in this article.

Since its original definition in 1873, the origin of osteoclasts has not been clarified. Surprisingly, in the 1970s, Walker pioneered proof that the osteoclasts originate from hematopoietic cells (30, 31). Walker’s research showed that in a mouse model of osteopetrification lacking osteoclasts, transplantation of spleen and bone marrow cells from wild-type mice restored bone resorption in the mice. These indicated that there are progenitor cells that can differentiate into osteoclasts in hematopoietic tissue, which is essential for bone resorption (30, 31). So far, many researchers have tried to identify the precursor population of osteoclasts, but they have all failed. This may be due to the lack of surface markers to distinguish macrophages and macrophages precursors.

With the development of science and technology, in 1990, Udagawa and colleagues confirmed the monocytes/macrophages origin of osteoclasts for the first time (32). Their results showed that under the stimulation of macrophages colony stimulating factor (M-CSF), hematopoietic stem cells in the bone marrow produced monocytes/macrophages lineage (32, 33). Osteoclasts can be formed by the differentiation of immature cells of the monocytes/macrophages lineage, or by the differentiation of mature osteal macrophages (32). After that, CD31 (a glycoprotein expressed on the surface of monocytes, platelet, and neutrophil) and Ly-6C (an antigen differentially expressed on monocytes) were used as markers to separate macrophages and endothelial cells from different bone marrow cell populations (34, 35). In recent years, CD31+Ly-6C+ monocyte has been proven to differentiate into macrophages and dendritic cells (DCs), which is termed myeloid blasts (Figure 2) (36, 37). Besides, immature dendritic cells can differentiate into traditional DC, but they can also form osteoclasts under the stimulation of M-CSF and RANKL (38, 39).

All in all, in human peripheral blood, monocytes are divided into three subgroups according to the expression of CD14 and CD16 (surface molecules): the classical (CD14++CD16-), the intermediate (CD14++CD16+), and the nonclassical (CD14+CD16++) (40, 41). However, in the peripheral blood of mice, they are classified according to the expression of Ly6C and CD43: the classical (Ly6C++CD43+), the intermediate (Ly6C++CD43++), and the nonclassical (Ly6C+CD43++) (40, 42). Based on this theory, it has been proposed that: the classical monocytes are the main origin of osteoclasts (differentiation under normal circumstances); in inflammatory environment, the intermediate monocytes are transformed into osteoclasts with high absorption potential; the non-classical monocyte differentiate into non-resorbable osteoclasts (43–46). These indicate that the monocytes/macrophages subpopulation is the determinant of the formation and function of osteoclasts, which needs further research to clarify.



Mechanisms of the Macrophages Fuse Into Osteoclasts

The fusion and multinucleation of macrophages are essential for the formation of osteoclasts to control bone mass (47). The fusion process includes membrane fusion and reprogramming (Figure 3). Many genes are involved in the process of macrophages membrane fusion, and the confirmed genes directly involved include CD47, CD44, CD81, CD9, dendritic cells stimulatory transmembrane protein (CD-STAMP), etc. (48–50). Studies indicated that DC-STAMP is directly involved in the regulation of intercellular fusion, and it is usually also used as a marker of osteoclasts fusion (48, 51, 52). However, although the role of DC-STAMP in the process of monocytes/macrophages fusion into osteoclasts has been confirmed, its ligand has still not been discovered. Interestingly, OC-STAMP (osteoclasts stimulatory transmembrane protein) mediated cell fusion does not depend on DC-STAMP, which indicates that there are other cell fusion-related proteins (53, 54). CD9 and CD81 belong to the superfamily of membrane proteins and negatively regulate the process of macrophages fusion into osteoclasts (50, 55–57). Another cell surface adhesion molecule, CD44, has been shown to be involved in regulating the adhesion and fusion of macrophages (49, 58, 59). The activity of osteoclasts is significantly inhibited through the NF-κB/NFATc1 signaling pathway after CD44 is knocked out (60). Studies by Chellaiah and Ma showed that the interaction between CD44 and membrane type 1 of matrix metalloproteinase (MT1-MMP) is one of the mechanisms of macrophages fusion (61). Furthermore, the signal transduction of Rac1 also requires the participation of MT1-MMP (62, 63).




Figure 3 | The molecular mechanism of the fusion of monocytes/macrophages into osteoclasts. In the bone marrow, osteoclasts progenitors differentiate into precursor cells after being stimulated by macrophages colony stimulating factor (M-CSF), and then various factors are needed to induce the fusion ability. In the osteoclasts precursor, DNAX activating protein 12 (DAP12) binds to triggering receptor expressed on myeloid cells 2 (TREM-2) to cause a signal via spleen tyrosine kinase (SYK). The purinergic receptor P2X7 (P2X7R) has a regulatory role and acts through the ATP-adenosine axis. Tumor necrosis factor (TNF) binds to the TNF receptor (TNFR) to activate the downstream c-Jun N-terminal kinase (JNK). Besides, the potassium calcium-activated channel subfamily N member 4 (KCNN4) contributes to continuous Ca2+ signaling and downstream activation of protein kinase B (AKT). Then, the chemotaxis of macrophages brings them close to each other, which is mediated by the binding of C-C motif chemokine ligand 2 (CCL2) to its receptor. The adhesion between cells is partially mediated by E-cadherin and integrin, and the subsequent cytoskeletal rearrangement is regulated by RAC1, which is regulated by membrane type 1 matrix metalloproteinase (MT1-MMP). Finally, the dendrocyte expressed seven transmembrane protein (DCSTAMP) mediates membrane fusion, and then forms osteoclasts through cell-cell fusion. Down-regulation of CD9 and CD81 is necessary for membrane fusion. The interaction between transmembrane protein and MT1-MMP has been determined, but further research is needed. In addition, CD44 can also mediate membrane fusion by interacting with MT1-MMP. Osteoclasts produce tartrate-resistant acid phosphatase (TRAP), matrix metallopeptidase 9 (MMP9) and cathepsin K (CTSK).



Cell-cell fusion into multinuclei is a sign of osteoclasts differentiation and the specificity of bone tissue. The fusion of macrophages is diverse, including the fusion of macrophages and macrophages, the fusion of macrophages and monocytes, and the fusion of macrophages and other multinucleated cells (64, 65). In the bone matrix, mononuclear osteoclasts (macrophages)? also exist, but the bone resorption activity of osteoclasts is related to the number of nuclei (66, 67). The fused multinucleated cell needs to be reprogrammed to perform specific functions. The completion of the differentiation of multinucleated osteoclasts is the expression of mature markers, such as cathepsin K (CTSK), MMP9, and tartrate-resistant acid phosphatase (TRAP) (68). CTSK is a protease that can decompose gelatin, elastin, and collagen and it plays a role in decomposing cartilage and bone in bone tissue (69, 70). MMP9 is essential in the remodeling of bone and cartilage, which is necessary for the migration of osteoclasts to target tissues (71, 72). Tartrate-resistant acid phosphatase (TRAP) has now been recognized as a marker for identifying osteoclasts, because the multinucleation of osteoclasts is accompanied by an increase in TRAP staining (73). However, TRAP staining cannot distinguish mononuclear and multinucleated osteoclasts, and some activated dendritic cells or macrophages also express TRAP (74).




Regulators of the Differentiation of Macrophages Into Osteoclasts

Emerging evidence show that the formation of macrophages and osteoclasts is the result of competitive differentiation of myeloid progenitor. In this section, we summarize the latest research progress in the regulators that control the differentiation of macrophages and osteoclasts. These include energy metabolism, peroxisome proliferator-activated receptor γ (PPARγ) and estrogen-related receptor α (ERRα), PPARγ coactivator 1β (PGC-1β), recombinant human histidine NADH dehydrogenase Fe-S protein 4 (NDUFS4), (maternal VLDLR) (Figure 4).




Figure 4 | Molecular determinants of the differentiation of macrophages and osteoclasts. Macrophages and osteoclasts are the result of two competing differentiations of myeloid progenitor. Under the stimulation of M-CSF, myeloid progenitor differentiates into macrophages. Under the dual stimulation of M-CSF and RANKL, myeloid progenitor differentiates into osteoclasts. The differentiation of macrophages into osteoclasts is regulated by multiple factors. PPARγ, ERRα, PGC-1β, Ndusf4 and maternal VLDLR are currently widely recognized. The combination of RANK and its ligand and the combination of M-CSF and c-fms trigger the activation of multiple downstream pathways of osteoclasts precursor to induce osteoclasts differentiation.




PPARγ

PPARγ belongs to the nuclear hormone receptor superfamily and is a ligand-inducible nuclear receptor (75), which is highly expressed in myeloidlineage cells (such as macrophages). The differentiation process of macrophages is accompanied by the expression of PPARγ (76–78), and its expression is obviously up-regulated in activated macrophages (79). However, in the differentiation process of macrophages, the specific role of PPARγ is controversial. Some studies showed that PPARγ is essential for macrophages differentiation (80, 81). However, studies based on embryonic stem cells suggested that PPARγ is not necessary for macrophages differentiation (76, 81). Later studies found that in the fetus, PPARγ only determines monocytes differentiation in the peripheral blood into alveolar macrophages, but does not affect the differentiation of macrophages in other tissues (82). Now, it is generally believed that PPARγ is a negative regulator of pro-inflammatory response and macrophage activation (79, 80). Consistent with this, in monocytes/macrophages, PPARγ agonists inhibit inflammatory signal transduction or the secretion of pro-inflammatory cytokines (such as IL-1β, IL-6, TNF-α) (79, 80, 83, 84). Besides, both animal experiments and cell experiments confirmed that the activation of PPARγ is necessary for the polarization of anti-inflammatory M2 macrophages (85, 86).

Deletion of PPARγ in osteoclasts lineage can disrupt RANK-RANKL signal transduction to inhibit the differentiation of osteoclasts (87, 88). Also, the promotion of osteoclasts differentiation by rosiglitazone depends on the activation of PPARγ (87, 89). The mechanism may be that c-fos (an important transcription factor for osteoclasts formation) is directly regulated by PPARγ (87, 90). These results confirm an important conclusion that activation of PPARγ can promote bone resorption and osteoclasts differentiation (91–93). Interestingly, monocytes chemoattractant protein-1 (MCP-1) and TNFα genes (macrophages maturation-related genes) were up-regulated in mutant osteoclasts whereas inhibited by rosiglitazone in wild-type (87, 94), which is consistent with the anti-inflammatory effect of PPARγ discussed above (79, 83). Furthermore, osteoclasts progenitor coexists with PPARγ in the bone marrow (95). In addition to osteoclasts, PPARγ was also found to inhibit osteoblasts differentiation and bone formation (96–98).

To sum up, PPAR is a critical molecular modulator in macrophages and osteoclasts, specifically promoting osteoclasts differentiation/activation but inhibiting the activation of pro-inflammatory macrophages (M1 macrophages). The abnormal activation of PPARγ is an important factor leading to inflammatory osteo-damage related diseases (such as rheumatoid arthritis and osteoporosis). Therefore, regulating the expression of PPARγ in macrophages/osteoclasts is of great significance for the treatment of osteo-damage related diseases.



ERRα

ERRα belongs to the nuclear receptor superfamily of estrogen-related receptor subtypes. ERRα is related to growth and development and is highly expressed in tissues with high oxidative metabolism (99). In recent years, emerging evidence proves that ERRα can inhibit the differentiation of macrophages and promote the differentiation of osteoclasts (100–106). In vitro studies indicated that the expression of ERRα is significantly increased in macrophages activated by LPS or IFNγ stimulation (103, 107). The macrophages of ERRα deficient mice showed excessive inflammatory response and systemic inflammation after immune challenge (103). In-depth studies demonstrated that ERRα negatively regulates inflammation induced by Toll-like receptors (TLRs) through controlling the metabolic process of macrophages and inducing the transcription of TNFα-induced protein 3 (103, 108). Consistently, another study confirmed that the activation of ERRα inhibits the secretion of pro-inflammatory cytokines by activated macrophages (101). Furthermore, ERRα and its auxiliary activator PGC-1β of macrophages can increase the host’s immune defense (102, 105). In conclusion, these data suggest that ERRα is necessary to maintain the homeostasis-function of macrophages.

The study of Bonnelye E et al. showed that ERRα regulates the transport and adhesion of osteoclasts to participate in bone resorption (109, 110). In recent years, the role of ERRα in osteoclasts has been confirmed in ERRα gene knockout mice or animal experiments (100, 111). Specifically, mice with the ERRα gene defect were observed to have osteoporosis due to osteoclasts dysfunction, suggesting that ERRα is an essential regulator of bone resorption and bone remodeling. Furthermore, in osteoclasts, activation of PPARγ with rosiglitazone increased ERRα expression, while deletion of ERRα affected osteoclasts formation (stimulated by rosiglitazone and RANKL). Interestingly, the ERRα gene knockout completely blocked the rosiglitazone-induced activation of mitochondrial biogenesis-activation in osteoclasts. These evidence reveal that ERRα inhibits the formation of macrophages and promotes the formation of osteoclasts.

In general, ERRα is involved in bone resorption and bone remodeling by regulating the functions of osteoclasts and macrophages. Therefore, moderate expression of ERRα is vital for osteo-immune, specifically, ERRα acts as a regulator of the macrophage-osteoclast axis.



PGC-1β

PGC-1β is widely expressed in tissues such as liver, muscle and brown fat, especially tissues with high oxidizing ability (112, 113). PGC-1β regulates specific tissues by targeting specific transcription factors (such as ERRα and PPARγ). In recent years, emerging evidence demonstrated that PGC-1β has similar effects to PPARγ and ERRα in regulating the functions of macrophages and osteoclasts (114). The activation of M2 macrophages (alternately activated anti-inflammatory macrophages) is accompanied by the induction of oxidative metabolism and the expression of PGC-1β (115, 116). In terms of mechanism, PGC-1β regulates the activation or differentiation of M2 macrophages possibly by promoting the formation of mitochondrial biogenesis and down-regulating the release of pro-inflammatory cytokines (115). Consistent with this, inhibition of mitochondrial oxidative respiration can block the polarization of macrophages to M2 phenotype (117).

In addition to inhibiting the differentiation of pro-inflammatory macrophages, PGC-1β can also induce osteoclasts differentiation. PGC-1β is induced during the process of osteoclasts differentiation caused by cyclic adenosine monophosphate (cAMP) (114, 118). In vitro or in vivo experiments further demonstrated that down-regulation of PGC-1β inhibits mitochondrial biogenesis and osteoclasts differentiation, and osteoclasts function is severely impaired in PGC-1β-deficient mice (114). Furthermore, Wei et al. found that rosiglitazone highly induces PGC-1β in a PPARγ-dependent manner during osteoclasts differentiation (100).

In conclusion, as the co-agonist of ERRα and PPARγ, PGC-1β promotes osteoclasts differentiation and mitochondrial function and inhibits pro-inflammatory response by regulating the activation of M2 macrophages. Therefore, appropriate activation of PGC-1β is important for the polarization or differentiation of macrophages and osteoclasts.



NDUFS4

NDUFS4 is an 18 kDa subunit of mitochondrial complex I (CI) located in the inner membrane of mitochondria (119, 120). In vitro studies showed that knocking out NDUFS4 in macrophages leads to up-regulation of pro-inflammatory genes, which suggests that the activation of macrophages may be one of the causes of systemic inflammation in NDUFS4-deficient mice (121). Further in vivo experiments indicated that NDUFS4 or CI has an autonomous role in regulating the inflammatory response and the activation of M1 (pro-inflammatory macrophages). Interestingly, the expression of pro-inflammatory genes in wild-type macrophages was up-regulated after treatment with rotenone (CI inhibitor). The above data confirm that NDUFS4 or CI inhibits the inflammatory response of macrophages. Contrary to its role in macrophages, the expression of NDUFS4 can promote the formation of osteoclasts. Systemic NDUFS4 knockout or down-regulation of NDUFS4 in hematopoietic cells inhibits the formation of osteoclasts (121). In summary, NDUFS4 inhibits the activation of M1 (pro-inflammatory macrophages) and promotes the differentiation of osteoclasts. Therefore, targeting NDUFS4 to regulate the function of macrophages/osteoclasts may be an effective strategy for the treatment of inflammatory osteo-damage related diseases.



Maternal VLDLR

Very low-density lipoprotein receptor (VLDLR) belongs to the low-density lipoprotein receptor (LDLR) superfamily and is a transmembrane protein similar to LDLR structurally (122). VLDLR is highly expressed in adipose tissue, heart, and skeletal muscle (tissues that utilize fatty acids), but is not expressed in the intestine and liver (123). Studies indicated that the reconstitution of VLDLR expression in macrophages of VLDLR-deficient mice promotes the occurrence and development of atherosclerosis, which may be due to the accumulation of atherosclerotic lipoproteins caused by the knockout of VLDLR (124, 125). The physical state of the mother has a profound impact on the health of the fetus (126, 127). Maternal-fetal interface studies suggest that VLDLR can induce osteoclasts differentiation and inhibit the inflammatory response of macrophages (128–130). The absence of maternal VLDLR causes the synthesis of phospholipase A2 group 7 (PLA2G7) in macrophages to be blocked, which leads to incomplete milk and the reduction of platelet activating factor acetyl hydrolase (PAFAH) synthesis (128). Platelet activating factor (PAF) is highly expressed in newborns, especially those with inflammatory diseases (131, 132). PAFAH in milk can inhibit the inflammatory response of PAF in newborns and exists in the form of secretion (133, 134). The above evidence reveals that the maternal macrophages VLDLR promotes the production of PAFAH in breast milk to inhibit infant inflammatory response. Interestingly, another study showed that the breast milk of the mother with VLDLR deficiency can inhibit bone resorption due to the obstruction of osteoclasts differentiation, leading to osteoporosis in the offspring (129). In terms of mechanism, the inhibition of osteoclasts differentiation by VLDLR may be due to the promotion of RANKL signaling (129). Collectively, these findings indicate that the maternal VLDLR controls the formation of osteoclasts, which may be achieved by affecting the macrophages.



Energy Metabolism

The aforementioned molecules may overlap with energy metabolism in the polarization and/or differentiation of macrophages and osteoclasts. In this section, we focus on the impact of energy metabolism. The role of energy metabolism in osteoclasts is shown in Figure 5. Osteoclasts during differentiation (developmental process) can be regarded as a subgroup of macrophages, and energy metabolism is closely related to the polarization of macrophages (135, 136). Metabolic studies on peritoneal macrophages (RAW264.7) and bone marrow-derived macrophages (BMDM) indicated that lysine promotes the activation of M1 and M2, while tyrosine and phenylalanine have opposite effects (137). Proteomics studies revealed that differentiated osteoclasts are rich in lysine degradation proteins, and the biosynthesis of tyrosine, phenylalanine, and tryptophan is promoted. These result in the inhibition of the polarization of macrophages and the enhancement of osteoclasts differentiation (138). The above evidence not only confirms the close connection between macrophages and osteoclasts, but also shows that osteoclasts are a branch of macrophages family. However, so far, whether M1/M2 macrophages can continue to differentiate into osteoclasts is still unclear, which requires new data to support (139). At present, it is generally believed that M2 is alternately activated anti-inflammatory macrophages, while M1 are pro-inflammatory macrophages. Consistent with this, cytokines secreted by M2 such as IL-10 and IL-4 inhibit the expression of nuclear factor of activated T cells-cytoplasmic 1 (NFATc1), which inhibits the formation of osteoclasts. The above evidence proves that M1 macrophages are dependent on glycolysis but M2 macrophages are not dependent on glycolysis. Therefore, based on the above theory, M1 macrophages are likely to be a candidate for the osteoclasts progenitor. It is worth noting that most of the in vitro cell experimental models are simple, while the polarization of M1/M2 in physiological environment is much more complicated.




Figure 5 | Metabolic determinants of the differentiation osteoclasts. Experiments with primary bone marrow macrophages in Relb or Asxl2-deficient mice show that PGC-1β plays a vital role in the mitochondrial biogenesis of osteoclasts. However, in addition to initiating the expression of osteoclasts genes, c-fos-mediated activation of NFATc1 is also required. These indicate that although mitochondrial biogenesis and osteoclasts differentiation are independent processes, both require the production of functional osteoclasts.



As early as the 1960s, some scholars began to study the role of energy metabolism in osteoclasts formation, but it was only recently that this topic attracted the attention of researchers and was re-discussed. In the process of cell activation and differentiation, the cell will adjust its own energy metabolism according to the actual consumption. The body is a complete concept, and its metabolic disorders affect the function of every cell that makes up the organism (140, 141). Therefore, the damage of bone or cartilage integrity in patients with hyperglycemia can be explained by energy metabolism (142–144). The typical activation of osteoclasts includes several processes: firstly, monocytes/macrophages fuse into multinucleated osteoclasts; then the membrane folds and actin is produced; finally, podosomes acidify cavities and mitochondrial biogenesis increase to allow bone resorption (143). Therefore, the process of converting glucose into adenosine triphosphate (ATP) in mitochondria and the process of glycolysis both play an important role in the differentiation of osteoclasts and bone resorption (143, 145). Furthermore, recent studies suggested that the expression of glucose transporter depends on the level of RANKL, which confirms that osteoclasts differentiation and bone resorption are accompanied by increase in energy metabolism (146–148).




The Role of the Macrophage-Osteoclast Axis in Osteo-Damage Related Diseases

Under normal physiological conditions, human bone and cartilage are in a dynamic balance of resorption and remodeling, which mainly depends on the functions of osteoclasts and osteoblasts. When the physiological environment changes cause the overproduction of osteoclasts, it leads to osteo-damage related diseases. If the patient does not get timely treatment, it will eventually lead to loss of mobility in severe cases.


The Macrophage-Osteoclast Axis in Osteosarcoma

The abnormal activation of macrophages contributes to the development of osteosarcoma. On the one hand, infiltrating M2 macrophages (alternatively activated anti-inflammatory macrophages) were observed in metastatic and primary osteosarcoma tissues. On the other hand, Muramyl Tripeptide Phosphoatidyl Ethanolamine (MTP-PE), an immune adjuvant, has made considerable progress in targeting M1 macrophages (proinflammatory macrophages) for the treatment of osteosarcoma. So far, the diametrically opposite roles of M2 and M1 in inflammation have not been clearly elucidated, which may be explained by the plasticity of non-classical patrolling monocytes or M1 and M2. In this section, we focus on the role of macrophages and osteoclasts in osteosarcoma and the potential of targeting these cells to treat the disease (Figure 6).




Figure 6 | The osteoclasts and macrophages in osteosarcoma. Tumor cells of epithelial origin, such as breast tumor cells, have a tendency to metastasize to bone. Tumor-associated macrophages (TAMs) secrete growth factors and angiogenic factors, and stimulate epithelial tumor cells to secrete proteases and chemokines required for metastasis. Metastatic tumor cells further release cytokines, breaking the balance of osteoclasts and osteoblasts, increasing the activation of osteoclasts and accelerating bone resorption. Furthermore, osteoclasts release cytokines in the bone matrix to further promote the growth of metastatic epithelial tumor cells. The upper left picture shows the cellular and molecular biological effects of local osteosarcoma progression caused by tumor cells and RANKL, which are mediated by osteoblasts and osteoclasts.



Osteosarcoma is one of the common primary malignant tumors with an incidence rate of about three parts per million. The 5-year survival rate of patients with metastatic osteosarcoma is 15% to 30%, while that of localized osteosarcoma is 80% (149, 150). Immune cells involved in the inflammation of osteosarcoma mainly include CD3+T cells, CD14+ TAMs (tumor-associated macrophages), and CD68+ TAMs. When T cells and TAMs infiltration are evident in osteosarcoma, CD11c+ dendritic cells (DC) are also frequently observed. In osteosarcoma, the level of transforming growth factor β (TGF-β) of M2 macrophages affects the survival rate of the patient (151, 152). In vitro experiments showed that human osteosarcoma cells secreting osteoclasts-inducing factors were also observed in the presence of TNF-α converting enzyme messenger RNA. Interestingly, RANKL, which plays a central role in osteoclasts and osteosarcoma, belongs to the tumor necrosis factor family. Further studies indicated that the development of human osteosarcoma is accompanied by the recruitment of M2 tumor-associated macrophages, and the growth of osteosarcoma is inhibited after the experimental elimination of macrophages (153, 154). Consistently, CD163+ M2 tumor-associated macrophages inhibits the infiltration of T lymphocytes in osteosarcoma, causing osteosarcoma cells to escape the killing of the immune system (151, 155). In osteosarcoma, the macrophages develop and activate under the action of protease, vascular endothelial growth factor (VEGF), and Wnt signaling pathways. Besides, the activation of Wnt signaling pathway can inhibit the formation of osteoclasts by reducing the level of RANKL and promote the differentiation of mesenchymal cells into osteoblasts (156, 157). Furthermore, the activation of the classic Wnt/β-catenin signaling pathway in osteoblasts inhibits the formation of osteoclasts (158).

Targeting macrophages to treat osteosarcoma is an interesting topic, which is a potentially effective strategy. At present, MTP-PE has been approved for the chemotherapy of osteosarcoma and has certain advantages, but the mechanism of MTP-PE in M2 macrophages and M1 macrophages needs to be further clarified. The metastatic or primary and xenogeneic immune infiltration of tumor determine the prognosis of immunotherapy for osteosarcoma. The polarization of macrophages is an alternating and repetitive phenomenon, and clear classification (such as anti-inflammatory phenotype and pro-inflammatory phenotype) helps the treatment of osteosarcoma. Regulating tumor-associated macrophages activation can alleviate bone destruction caused by osteoclasts activation or overproduction.



The Macrophage-Osteoclast Axis in Rheumatoid Arthritis

Rheumatoid arthritis (RA) is an inflammatory autoimmune disease with pathological manifestations of joint pannus formation, joint destruction, and synovial inflammation (159, 160). The role of macrophages and osteoclasts in RA is shown in Figure 7. CCR2 and CX3CR1 expressed by circulating monocytes interact with chemokine ligands MCP-1 (CCL2) and Fractalkine (CX3CL1) secreted by fibroblast-like synoviocytes (FLSs) to promote monocytes recruitment to the synovial tissue. In RA, the expression of specific surface antigens of activated monocytes is up-regulated, such as CD16, toll-like receptor (TLR), CD14, adhesion molecule integrin, and HLA-DR. The intermediate monocytes (see section 2.2 for detailed definition) expressing CD14 and CD16 can communicate with other cells and produce pro-inflammatory cytokines (such as IL-1β, IL-6, TNF-α) to promote the occurrence and development of RA. Furthermore, the intermediate monocytes continue to differentiate into M1 macrophages and participates in the promotion of synovial inflammation and joint damage. Emerging evidence suggests that CD14+CD16- monocytes can be further differentiated into osteoclasts that causes joint bone destruction. Besides, IL-6, TNF-α, and IL-1β secreted by macrophages recruited to synovial tissue increase the production of osteoclasts. Therefore, in RA, monocytes and macrophages are the circulating precursor of osteoclasts.




Figure 7 | Osteoimmunity in rheumatoid arthritis. The formation of osteoclasts is the result of a variety of immune cells and cytokines in the rheumatoid arthritis (RA) environment. In the inflammatory environment of RA, fibroblast-like synovial cells (FLSs) produce RANKL and TNF-α, and macrophages can produce pro-inflammatory cytokines (such as IL-1β, TNF-α and IL-6), which promote the differentiation of osteoclasts. B cells and T cells participate in the differentiation and activation of osteoclasts by secreting cytokines. ACPA specific to citrulline vimentin can induce the differentiation of osteoclasts precursors and promote the inflammatory response of RA. IL-8 increases the differentiation of osteoclasts precursors in an autocrine manner, and also participates in the recruitment of neutrophils as a chemokine. The NETs formed by the recruited neutrophils play a role in amplifying the inflammation of the synovial tissue, thereby developing RA. Cytokines such as TNF-α, IL-1β, IL6 and IL8 are produced by anti-citrullinated peptide antibodies (ACPA) or rheumatoid factor (RF) autoantibodies attacking the monocytes lineage. These cytokines can not only directly increase the formation of osteoclasts, but also regulate the secretion of RANKL from stromal cells, thereby inducing osteoclasts differentiation. In addition, ACPA promotes the secretion of IL-8 by osteoclasts by affecting osteoclasts.



Two typical features of RA are joint bone or cartilage damage and synovial inflammation. RA patients with severe clinical symptoms are likely to lose their behavior if they are not treated in time. The normal bone morphology is the result of the dynamic balance between osteoblasts and osteoclasts. To date, osteoclasts are the only primary bone resorptive cell that has been identified, and their abnormal activation or over-formation is responsible for RA. In the joint cavity, synovial macrophages from the circulation can be used as osteoclasts precursors, but there is no evidence that resident synovial macrophages can differentiate into osteoclasts (161). Generally speaking, in the joint inflammation environment of RA, circulating monocytes will continue to transfer to the joint cavity and differentiate into osteoclasts to promote joint inflammation (161, 162). Evidence showed that the monocytes that can differentiate into osteoclasts are CD14 positive but CD16 negative. CD14+CD16- monocytes are also the precursor of circulating osteoclasts, rather than a subset of circulating CD16+ cell (163, 164). Further data indicated that the expression of RANK receptor is increased on the surface of CD14+CD16- monocytes. These results prove that macrophages and osteoclasts are the key factors in the process of RA joint bone or/and cartilage destruction.



The Macrophages and Osteoclasts in Other Osteo-Damage Related Diseases

The macrophage-osteoclast axis is crucial in osteo-damage related diseases. In addition to the aforementioned osteosarcoma and rheumatoid arthritis, its important role in osteoporosis, osteopetrosis, and osteomyelitis has also been reported. In osteoporosis and other bone loss inflammatory conditions, the macrophage-osteoclast axis plays a vital role. The deletion of the C/ebpα gene in monocytes causes osteopetrosis and inhibits bone resorption in ovariectomized mice, which indicates that the C/ebpα gene is involved in regulating the function of osteoclasts (165). The typical features of osteopetrosis are the obstruction of the formation of osteoclasts and functional defects. A study using RANKL-induced osteoclasts-transgenic osteoporosis as a model revealed that a subset of macrophages is recruited into the bone matrix to participate in the development of the disease (47). The fusion and multinucleation of monocytes/macrophages are indispensable process for the production of osteoclasts, and the activation of these cells determines the balance of bone resorption and bone remodeling (47). Besides, in osteomyelitis, the expression of macrophage-related inflammatory proteins CXCL2 (MIP2α) and CCL3 (MIP1α) is related to the inflammation and bone degradation of osteomyelitis (166). The above evidence confirms the important role of the macrophage-osteoclast axis in osteo-damage related diseases.




Outlook

Osteoclasts are the only cell known to have bone resorption capacity, which is formed by the differentiation of macrophages or bone marrow precursor. Osteoimmunity is an interdisciplinary field, which mainly involves immunology and osteo-related knowledge. The immune cells involved are macrophages, T cells, B cells, and dendritic cells, and osteo-related cells include osteoclasts and osteoblasts. The macrophage-osteoclast axis plays an essential role in osteoimmunity, regulating the balance of bone remodeling and bone resorption. In addition to the macrophage-osteoclast axis described in this article in osteosarcoma, RA, and other osteo-damage related diseases, the macrophage-osteoclast axis also mediates tumor bone metastasis (167). However, this paper mainly discusses the macrophage-osteoclast axis and osteoimmunity, so it is not discussed. It is worth noting that the current research on macrophages and osteoclasts is mainly in vitro cell experiments, and there are still few in vivo studies demonstrating that circulation classical monocytes are the osteoclasts precursors in experimental inflammatory arthritis (168). As we all know, the influencing mechanism of macrophages and osteoclasts differentiation or/and activation in vivo is very complicated, so simple in vitro experiments cannot reflect the essence. Therefore, in-depth in vivo studies are necessary to clarify the role of the macrophage-osteoclast axis in osteoimmunity. Under physiological conditions, the determinants of the differentiation of macrophages and osteoclasts are very complex. This article only introduces several molecules that typically affect the differentiation of macrophages and osteoclasts in recent years. So, the molecules that have been discovered but are not typical were not introduced in this article. For example, miR-155 expression precedes and overrides the activation of the osteoclasts transcriptional program, provides the means for coherent macrophages differentiation, even in the presence of osteoclastogenic signals (169). Based on these findings, we propose that miRNA may provide a general mechanism for the unequivocal commitment underlying stem cell differentiation. Furthermore, the process of the differentiation of macrophages subtypes (M1 and M2) into osteoclasts is still unclear. When does M1 differentiate into osteoclasts, and when does M2 differentiate into osteoclasts, in what proportion, and by what factors? These are the urgent problems to be solved when elucidating the role of the macrophage-osteoclast axis in osteoimmunity. In the treatment of osteo-damage related diseases, there is still no therapy for the macrophage-osteoclast axis. Targeting tissue-specific macrophages and inhibiting or promoting differentiation into osteoclasts may be an effective means to regulate bone mass in pathological environments.
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Pyroptosis is a proinflammatory form of cell death, mediated by membrane pore-forming proteins called gasdermins. Gasdermin pores allow the release of the pro-inflammatory cytokines IL-1β and IL-18 and cause cell swelling and cell lysis leading to release of other intracellular proteins that act as alarmins to perpetuate inflammation. The best characterized, gasdermin D, forms pores via its N-terminal domain, generated after the cleavage of full length gasdermin D by caspase-1 or -11 (caspase-4/5 in humans) typically upon sensing of intracellular pathogens. Thus, gasdermins were originally thought to largely contribute to pathogen-induced inflammation. We now know that gasdermin family members can also be cleaved by other proteases, such as caspase-3, caspase-8 and granzymes, and that they contribute to sterile inflammation as well as inflammation in autoinflammatory diseases or during cancer immunotherapy. Here we briefly review how and when gasdermin pores are formed, and then focus on emerging endogenous mechanisms and therapeutic approaches that could be used to control pore formation, pyroptosis and downstream inflammation.
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Introduction: Gasdermin-Mediated Cell Death as a Driver of Inflammation

Apoptosis is traditionally viewed as a non-inflammatory form of caspase-dependent programmed cell death (1). During apoptosis, caspase-mediated inactivation of innate immune signaling molecules and the preservation of membrane integrity ensures that apoptotic cells remain immunologically silent (albeit in some cases, cells can transition from apoptosis to other, more inflammatory forms of cell death) (2). Pyroptosis and necroptosis are inflammatory types of programmed cell death, driven by dedicated membrane pore-forming proteins, gasdermins (pyroptosis) or MLKL (necroptosis), respectively. During pyroptosis and necroptosis, the cell loses plasma membrane integrity, ruptures and uncontrollably releases the cytosolic content including cytosolic alarmins that drive inflammation (3).

Pyroptosis can drive both microbe-induced and sterile inflammation and can be beneficial or pathological. For example, during infection, gasdermin D (GSDMD) is cleaved by caspase-1, caspase-8 and caspase-11 (caspase 4/5 in humans), to release its membrane pore-forming fragment and induce pyroptotic death of infected cells (4–10). This is beneficial, as pyroptosis releases alarmins and destroys the cellular niche for pathogen replication (11, 12). But if excessive, pyroptosis can cause immunopathology, and in fact, caspase-1/11, caspase-11 and GSDMD-deficient mice are protected from mouse models of lethal LPS- and TNF-induced shock and polymicrobial sepsis (4, 13–20). Gasdermins can also drive sterile inflammation, which can also be beneficial or pathological. For example, gasdermin B (GSMDB) and gasdermin E (GSDME) are cleaved into their membrane pore-forming fragments by the enzymes granzyme A and B, respectively, when granzymes are delivered directly into the tumor cell during the attack by cytotoxic T cells. Once cleaved, GSDMB and GSMDE induce the death of tumor cells by pyroptosis, resulting in low-grade local inflammation that is essential for successful clearance of tumors by myeloid cells (21, 22). If however GSDME-mediated pyroptosis of tumor cells is excessive, as seen in response to chimeric antigen receptor (CAR) T cell therapy, dying cells release alarmins, activate caspase-1/GSDMD pathway in recruited macrophages, and cause systemic cytokine release syndrome, a common complication of CAR T cell therapy (23). Similarly, several chemotherapy drugs that were designed to induce non-inflammatory apoptosis of tumors, end up causing systemic pathology, by activating the apoptotic caspase-3, which can cleave GSDME into its pore-forming fragment. These systemic drugs thus induce pyroptosis not only in GSDME-positive tumors, but also in other GSDME-expressing healthy cells, leading to wide-spread inflammation, tissue damage and weight loss (24). Select chemotherapeutic agents have also been described to activate caspase-8-dependent GSDMC activation in tumor cells (25), or GSDMD activation in myeloid cells (10), however, whether myeloid GSDMD activation promotes or dampens tumor growth in vivo remains unclear. Finally, GSDMD deletion is protective in several mouse models of inherited and acquired sterile inflammatory diseases, such as Familial Mediterranean Fever, Neonatal-Onset Multisystem Inflammatory Disease, Experimental Autoimmune Encephalomyelitis, or liver damage (26–31). Therefore, understanding how and where gasdermins are activated and how pyroptosis can be regulated, will provide new opportunities for the control of inflammation.

Many excellent reviews have discussed in detail events leading to gasdermin activation (32, 33). Here we will focus briefly on how and when gasdermin pores are formed, and then focus on emerging endogenous posttranslational mechanisms and therapeutic approaches that could be used to control gasdermin pore formation, pyroptosis and downstream inflammation.



Gasdermins: Expression, Function and Localization

Gasdermins are a family of newly described proteins that are emerging as key players in inflammation. Humans express six gasdermin family proteins: GSDMA, GSDMB, GSDMC, GSDMD, GSDME (formerly called DFNA5) and PJVK. In contrast, mice and rats do not express Gsdmb, but instead, have three GSDMA homologs (Gsdma1–Gsdma3) and four GSDMC homologs (Gsdmc1–Gsdmc4) (34). Gasdermin family proteins are differentially expressed in various tissues and we are only beginning to understand the biological functions of these proteins (33). Of which, the pore-forming properties of GSDMD and GSDME in myeloid cells and tumors have gained considerable attention recently and will be the focus of this review.

Gasdermins contain a cytotoxic N-terminal domain (GSDM-NT) and an autoinhibitory C-terminal domain (GSDM-CT), connected by a linker region that harbors a protease cleavage site (33). Microbial infection or cellular stress promotes the assembly of a cytosolic multiprotein inflammasome complex, which serves as a platform to activate inflammatory caspases, caspase-1 and -11 (caspase-4/5 in humans). These activated caspases as well as the proteases neutrophil elastase and cathepsin G cleave GSDMD within its linker region and liberate the cytotoxic GSDMD-NT to trigger plasma membrane damage and cell lysis by pyroptosis (Figure 1A) (4–6, 35, 36). Interestingly, the apoptotic executioner caspases-3 and-7 can cleave gasdermin D outside of the linker region at Asp87 leading to its inactivation and thereby negative regulation of pyroptosis (37). More recently, blockade of NF-κB and MAPK signaling, or perturbation in RIPK1 post-translational modifications by bacterial effectors or chemotherapeutic drugs were also demonstrated to promote GSDMD cleavage (8–10). Surprisingly, GSDMD cleavage under such circumstances occurred largely independently of inflammatory caspase-1/11, but instead, is mediated via apoptotic caspase-8. While new and exciting functions of GSDMD are mainly characterized in myeloid cells, the role of GSDME in host defense remains poorly characterized and is mainly characterized in tumor cells, where cleavage of GSDME by apoptotic caspase-3 and -7 or granzyme B switches tumor cell apoptosis to pyroptosis (7, 22, 24).




Figure 1 | Gasdermins can be cleaved by various proteases in their linker region. Activity of gasdermins is regulated by cleavage and by post-translational modifications. (A) Gasdermin A can form membrane pores after cleavage of the linker domain, but the cleaving protease remains unknown. In tumor cells, Gasdermin B can be cleaved by granzyme A from cytotoxic T cells at Lys229 and Lys244 into the pore forming fragment. In several cell types including most myeloid cells, gasdermin D can be cleaved by multiple proteases at Asp275 (mouse Asp276) leading to its activation, but it can additionally be cleaved at Asp87 (mouse Asp88) by caspase-3 and -7 inactivating it during apoptosis. In neutrophils, gasdermin D can also be cleaved by neutrophil elastase and cathepsin D. In response to some chemotherapy drugs, gasdermin C can be cleaved by caspase-6 (at unknown site) and caspase-8 (at Asp365) into the pore forming fragment. Gasdermin E can be cleaved by granzyme B or caspase-3 at Asp270 leading to activation. Activity of gasdermins is also regulated by several post-translational modifications. (B) Gasdermin A can be phosphorylated (P) by an unknown kinase at Thr8, supporting its pore-forming capacity. (C) Gasdermin D is oxidized (Ox) at multiple residues (Cys38, Cys56, Cys268 and Cys467) by reactive oxygen species from the mitochondria promoting its activation. Prolonged LPS exposure of macrophages results in binding of itaconate at Cys77 preventing gasdermin D cleavage. Gasdermin D can also be succinated (Su) at Cys191 by the metabolic product fumarate or by covalent binding of the cysteine-reactive drugs necrosulfonamide (NSA) or disulfiram, which prevents its oligomerization. (D) Similar to gasdermin A, gasdermin E is phosphorylated at Thr6 promoting its pore formation. Gasdermin E is inhibited by succination at Cys45. During the activation, the palmitoyltransferases ZDHHC2, -7, -11 and -15 palmitoylate (Pa) gasdermin E at Cys407 and Cys408 promoting the dissociation of the GSDME-NT from GSDME-CT.





Gasdermin Pore Formation, Repair and Cell Lysis Are Distinct and Regulated Events

A caspase-1-dependent cell death was initially described during Salmonella Typhimurium infection. Infected cells displayed cell death hallmarks such as release of the intracellular enzyme LDH, uptake of cell-impermeable dyes and exposure of phosphatidylserine from the inner to the outer leaflet of the plasma membrane (3, 38). The discovery of GSDMD as the cell death executioner explained all these features, owing to its ability to form pores in the plasma membrane leading to activation of several intracellular processes and resulting in cell swelling and death (4–6). However, the exact steps leading to pore formation and death, and the mechanisms in place to control these steps, remained poorly understood. Recent literature suggests that pyroptosis is a highly chronological and fine-tuned process that can be separated into sequential, highly regulated events. The main events in the process are GSDMD pore formation, ion fluxes, cellular death, and cell rupture. The following section dissects pyroptosis into these steps.



Gasdermin Pore Formation

After cleavage of GSDMD at Asp275 (human) or Asp276 (mouse) by caspases, the N-terminal fragment (GSDMD-NT) localizes to the plasma membrane where it can bind to phospholipids, such as phosphatidylinositol phosphates or phosphatidyl serine on the inner leaflet of the plasma membrane (39, 40). Once at the membrane, the N-terminal fragments oligomerize, in a process dependent on a cysteine residue at position 192 in humans (Cys191 in mice), to form a functional pore (39). An elegant genetic screen by Evavold et al. (41), designed to identify regulators of pyroptosis downstream of GSDMD cleavage, showed that the GSDMD oligomerization is not a passive event but is regulated downstream of the Ragulator-Rag complex, typically known for its metabolic control of mTORC1 pathway. The components of the Ragulator-Rag complex, such as RagA or RagC, were dispensable for GSDMD trafficking to the cell membrane, but were essential for GSDMD-NT oligomerization and pore formation. During pyroptosis, GSDMD pore formation is typically followed by the loss of mitochondrial function (42), cell ballooning (42) and finally cell rupture (all discussed below). GSDMD-NT translocated to the plasma membrane in RagA-deficient cells but maintained membrane permeability (measured by propidium iodide (PI) uptake), mitochondrial function, and cell morphology, suggesting a role of the Ragulator-Rag complex in GSDMD pore formation itself and not in other, downstream events leading to cell death (41). It remains to be investigated whether any component of the Ragulator-Rag-mTORC1 pathway directly binds to GSDMD-NT to support oligomerization or if an intermediate interaction partner exists that exerts this action. LPS priming has been shown so activate mTORC1; hence, we speculate that the inflammasome priming step already puts the cell in a state in which it is prepared to commit cell death if needed (43).



Ion Fluxes and Membrane Repair

Assembled GSDMD pores can measure up to 20 nm in diameter depending on the study and on the cellular system used (39, 44–47). These pores allow secretion of smaller intracellular proteins such as IL-1β (17 kDa) but do not permit the secretion of larger proteins such as a LDH (140 kDa) or the inflammation mediator HMGB1 (tetramer of 150 kDa), which were previously thought to be released via the gasdermin pores (44, 48, 49). These bigger mediators are instead released after cell lysis and the cellular content released (50). GSDMD pores not only function as protein secretion channels but also allow trafficking of nucleotides and act as non-selective ion channels. Shortly after pore assembly, extracellular Ca2+-ions enter the cell through the pore (42, 48, 51, 52). This ion influx triggers several processes in the cell. First, it activates the Endosomal Sorting Complexes Required for Transport (ESCRT) proteins I and III, which assemble at the plasma membrane to remove gasdermin pores by encapsulating them into vesicles. When successful, membrane integrity is restored, and cell lysis and IL-1β secretion are prevented (51). Intriguingly, recent analyses of ESCRT-produced vesicles during necroptosis revealed that they contain the pore-forming MLKL, active caspases and both full length and cleaved IL-1β, among other proteins (53, 54). This suggests that a similar repair mechanism and subsequent vesicle release might exist during Gasdermin-mediated pore formation in order to release these pro-inflammatory mediators, but this remains to be tested.

Contrary to the membrane repair and rescue role, Ca2+-ion influx through GSDMD pores can also have a pathologic consequence for the cell and the organism. For example, Ca2+-ion influx through GSDMD pores activates the Ca2+-dependent transmembrane protein 16F (TMEM16F), a membrane phospholipid scramblase, which enhances the presence of phosphatidylserine (PS) in the outer leaflet of the plasma membrane (52, 55). Once exposed, PS activates the initiator of coagulation called tissue factor, leading to life-threatening disseminated intravascular coagulation often seen in bacterial endotoxemia (52, 56). TMEM16F activation also causes a change in the cellular ion currents, at least in part due to the efflux of Cl- ions (55), further contributing to the loss of ion homeostasis and cell death. Ca2+-ion influx during bacterial endotoxemia also activates STING (TMEM173) on the ER membrane. Activated STING then binds to and activates the calcium channel ITPR1 to trigger further Ca2+-release from ER stores. Elevated Ca2+ contributes to the activation of inflammatory caspases-1/11 or -8 (depending on the pathogen), leading to further GSMDM cleavage, activation of tissue factor, and lethal coagulation in bacterial sepsis (57). Finally, elevated Ca2+-levels trigger lipid peroxidation of cytoplasmic membrane lipids, by the enzyme PLCγ1, contributing to progression to pyroptosis and inflammation in polymicrobial sepsis (20, 52). While Ca2+-ions are taken up, nucleotides like ATP are released through the pore (48). Next to having an impact on the cellular energetic status, it was suggested that ATP release activates the ion channel P2X7 leading to increased uptake of Ca2+ and further progression to pyroptosis (58). Interestingly, both Ca2+- and ATP-mediated pyroptosis appeared to be blocked by extracellular Mg2+-ions, which are known to chelate ATP and prevent increased Ca2+ influx and pyroptosis. Consistent with this notion, treatment of mice with solutions containing high levels of Mg2+ was sufficient to protect mice from LPS-induced septic shock, the exact mechanism, however, still remains unexplored (58).

The above described STING (TMEM173)-dependent Ca2+-flux during bacterial endotoxemia occurred independently of the canonical cGAS pathway (57.) The canonical, dsDNA-activated cGAS-STING pathway, can induce NLRP3-Caspase-1 inflammasome activation as well, as a result of STING mediated lysosomal damage and K+ efflux (59). However this activation route is dependent on signal strength and cell type. It is functional in primary human monocytes, but not in macrophages and mouse embryonic fibroblasts, most likely as a way to limit large amount of pro-inflammatory cell death during antiviral responses (59).



Cellular Death

The next step of pyroptosis is the cell committing to die. Pore formation is correlated with a loss of mitochondrial membrane potential (MMP), which is not due to cellular rupture as the loss of MMP still occurs in cells where lysis is prevented with the osmoprotectant glycine. This process is dependent on GSDMD pores as GSDMD knock-out cells do not lose mitochondrial viability (42, 60). The loss in viability is likely caused by ion influx or a general loss of membrane potential rather than proteins leaving or entering the cell, as Vasconcelos et al. (42) described in a time-resolved single-cell analysis of pyroptotic cells that loss of MMP and Ca2+-influx occurred much earlier than uptake of small molecules like PI (670 Da). In their study, loss of mitochondrial viability was quickly followed by cellular swelling, a loss of lysosome stability and finally loss of nuclear integrity seen as nuclear rounding and condensation (42). Hence, cells undergoing pyroptosis are already dead before rupturing.



Membrane Rupture

Cellular swelling is one of the features observed during pyroptosis, and hypertonic solutions have been described to rescue GSDMD-dependent cell death (61). This supports a model, in which a cell is losing its integrity and is passively rupturing due to osmotic pressure, resulting in the release of proteins such as LDH or the alarmins HMGB1 and galectin-1 (50, 62). Intriguingly, a study by Kayagaki et al. found that in reality, cell lysis is a process regulated by dedicated proteins (63). Cells deficient in the cell adhesion protein Ninjurin 1 (NINJ1) did not rupture even after mitochondrial death, despite formation of GSDMD pores, release of IL-1β, and display of the typical balloon morphology. NINJ1 is not an exclusive regulator of pyroptosis as LDH release by apoptotic triggers is also impaired in NINJ1-deficient cells, implicating NINJ1 as a key cell lysis regulator in several cell death pathways. NINJ1 expression was recently shown to be stimulated by oxidative stress, making loss of mitochondrial viability and mitochondrial ROS production potential triggers of its activation (64). How exactly NINJ1 mediates cell rupture and whether NINJ1 is activated downstream of all gasdermins need further study. Interestingly, membrane rupture is not only important for the release of inflammatory mediators but also for the clearance of intracellular bacteria. Of note, pyroptotic cells trap viable bacteria within ruptured cellular debris, and these structures are termed pore-induced cellular traps (PITs) (65). Subsequently, PITs are removed by recruited phagocytes resulting in the clearance of the dead cell as well as the contained bacteria (66).

One open question remains, how some cells maintain IL-1β secretion without undergoing pyroptosis (67). For example, dendritic cells activated with certain oxidized lipids generated during tissue injury, can maintain IL-1β secretion for several days without cellular rupture (68). Neutrophils can also maintain IL-1β secretion without undergoing pyroptosis (69). It will be interesting to see in future studies whether this cellular integrity is maintained by increased ESCRT-mediated membrane repair, prevention of mitochondrial damage or other processes.




Posttranslational Modifications Regulate Gasdermin Activity


Phosphorylation of Gasdermins

Pyroptosis is a highly inflammatory and extremely rapid process and, hence, gasdermins need to be tightly regulated in their activity. One effective means of regulating fast cellular processes is by post-translational modifications (PTM), which have been shown to also regulate other, upstream steps of inflammasome activation (70). Phosphorylation is the best studied PTM. It could theoretically control the activity of gasdermins directly by modifying them or indirectly by modifying their interacting partners. An unbiased proteomic screen showed that phosphorylation of substrates can alter their cleavage by caspases-3, -7 and -8, which are all enzymes that can also cleave GSDMD and GSMDE (71–73). Evidence so far for phosphorylation exists only for Thr8 and Thr6 of human GSDMA and GSDME, respectively (Figures 1B, D). Both phosphorylation sites block gasdermin oligomerization and pore formation (74). Mechanistically, they likely block interaction between gasdermin monomers, via changing the charge of the first alpha-helix of the N-terminal domain that is critical for oligomerization (40). The serine-threonine kinase Polo-like kinase 1 (PLK1) mediates GSDMA phosphorylation, but whether it phosphorylates Thr6 in GSDME remains unexplored (74, 75). Whether the functions of other gasdermins are regulated via direct phosphorylation is unknown although all contain at least one serine or threonine residue in the first alpha-helix. Additionally, a phosphorylation site prediction tool has pointed to several potential phosphorylation sites for gasdermin D and E located in their linker regions. Future studies will ascertain whether the predicted sites are indeed phosphorylated and how these PTMs influence the nearby cleavage sites. The necroptosis-associated pore-forming protein MLKL shows a similar dependency on phosphorylation via RIPK3-dependent signaling before pore formation and subsequent necroptosis. Hence, phosphorylation of pore-forming proteins could be a common mechanism by which cells regulate pore formation via of death effector proteins (76).

Phosphorylation of gasdermin-interacting partners also may play an important, additional role as a means to regulate gasdermin activity. Phosphorylation of the apoptosis-associated caspases-3, -7 and -8 has been shown in several reports to regulate their activation and/or substrate recognition (77–80). Interestingly, the only known phosphorylation site on caspase-1 at Ser376 is also needed for its activation; whether caspase-4, -5 or -11 are phosphorylated is unknown (81). This raises the question whether the threshold of activation for caspase-4, -5 or -11 is set low, or the phosphorylation of these pyroptosis-associated caspases remains unexplored in sufficient detail. The N-terminal domain of gasdermins inserts into membranes via binding to lipids such as phosphatidylinositol phosphate on the inner membrane leaflet or cardiolipin present on the inner mitochondrial membrane or plasma membrane in mammalian and bacterial cells respectively (39, 40). Interestingly, GSDMD-NT as well as GSDMA-NT and GSDMA3-NT are only capable of binding to membrane lipids when phosphorylated, identifying membrane lipid composition and phospho-modifications as another control mechanism in the process of pyroptosis (45).



Other Posttranslational Modifications of Gasdermins

Macrophages and dendritic cells stimulated with inflammatory stimuli such as LPS are known to switch their metabolic profile from oxidative phosphorylation to aerobic glycolysis (82). A study by Humphries et al. (83) recently discovered that one metabolic intermediate of this pathway, fumarate, can irreversibly bind to GSDMD at Cys191 (human)/Cys192 (mouse) and GSDME at Cys45 (mouse) in a process termed succination (Figures 1C, D). GSDMD Cys191 is located next to Leu192, which is the contact point for the C-terminal GSDMD domain responsible for autoinhibition (45). As mutation of Leu192 blocks binding of GSDMD-NT to membrane lipids, succination at Cys191 likely confers a similar effect on GSDMD. This prediction was confirmed by cysteine-modifying drugs, which blocked pyroptosis and death in an animal model of lethal endotoxemia (13, 83). Although speculative, a model emerges whereby the metabolic switch—i.e., oxidative phosphorylation to aerobic glycolysis—specifically blocks gasdermin pore formation by succination. Quite likely, this is only a part of a much broader effect caused by the reactive nature of fumarate, as multiple cysteine residues are modified in both GSDMD and GSDME (83). A model that metabolic switch influences gasdermin-mediated death was also supported by a recent study in which prolonged LPS stimulation of macrophages lead to an accumulation of the cell metabolite itaconate. Mass spectrometry analysis revealed, that itaconate directly bound to GSDMD at Cys77. This modification blocked caspase-1-dependent GSDMD cleavage and conferred tolerance to extended periods of LPS exposure (84). Another study observed that chemotherapy modified human GSDME by palmitoylation at Cys407 and Cys408 via the palmitoyltransferases ZDHHC2, 7, 11 and 15 (Figure 1D) (85). These modifications led to a decreased interaction of GSDME-NT with GSDME-CT after GSMDE cleavage by caspase-3, which facilitated the release of cleaved GSDME-NT and, thereby, pore formation (85). Inflammasome stimuli are known inducers of mitochondrial ROS, and ROS production is required for pyroptosis (86). One recently described mechanism suggested regulation of GSDMD by ROS via direct oxidation of human GSDMD at Cys38, Cys56, Cys268 and Cys467 (Figure 1C) (87). Indeed, mutation of these residues reduced GSDMD cleavage by caspase-1 and pore formation, supporting the idea that GSDMD oxidation is an important regulator of its function.

Only a few PTMs are currently described to influence gasdermin activity, although a high amount of phosphorylations and ubiquitylations are predicted. The necroptosis-associated protein MLKL, its upstream activators RIPK1 and RIPK3 as well as multiple inflammasome components are known to be ubiquitylated (88, 89). This, in combination with a wide range of predicted ubiquitylation sites, makes it likely that future studies will uncover gasdermin regulation via ubiquitin by influencing either its activation or degradation. Currently, the PTM landscape of gasdermins is sparsely described, with only few interaction partners and locations known. An increasing amount of research on PTMs will hopefully help to answer which upstream processes lead to these modifications, which enzymes catalyze the addition or removal of modifications, and how these modifications are hierarchically ordered to inhibit or activate gasdermin-mediated pore formation.




Therapeutic Strategies to Block Gasdermin-Mediated Cell Death

Current therapies against aberrant inflammasome activation use IL-1-targeting drugs, such as the IL-1 receptor antagonist Anakinra (90), or direct inhibition of NLRP3 by specific inhibitors, such as MCC950 (91), and several others (92). As additional pro-inflammatory alarmins are released via the gasdermin pores and multiple inflammasomes can lead to gasdermin activation, gasdermin-specific drugs are highly desirable therapeutics. The extracellular addition of the amino acid glycine can inhibit gasdermin-mediated cell rupture, but it cannot prevent intracellular processes leading to cell death or IL-1β secretion (Figure 2) (38, 49, 60). The protective effect of glycine is dependent on its carboxyl group but is relatively unspecific, as glycine acts as an osmoprotectant and not as a specific inhibitor of gasdermin pore formation (93). Other described inhibitors such as lanthanides, Mg2+-ions and hypertonic solutions likely act via similar unspecific mechanisms, although Mg2+ ions block gasdermin oligomerization by blocking Ca2+-influx needed for pore formation (48, 58, 61). It is noteworthy, that the inhibitory concentration of magnesium needed to inhibit pyroptosis in macrophages exceeds the physiological extracellular concentration of magnesium by 10-fold, and that inhibitory effects were seen with nearly all divalent cations (58). Rathkey et al. (94) reported that the cysteine-modifying drug necrosulfonamide (NSA) blocked pyroptosis in human and mouse cells by binding to Cys191 (human)/Cys192 (mouse) of GSDMD and, thereby, blocked its oligomerization. NSA inhibition is not selective to gasdermins, as NSA blocks necroptosis by a similar mechanism: NSA binds to Cys86 of the pore-forming protein MLKL in humans to prevent oligomerization (95). Other groups found that cysteine-reactive drugs such as NSA and Bay 11-7082 rather inhibit pyroptosis by modifying upstream caspase-1 cleavage and not GSDMD itself, and that NSA can block IL-1β secretion even further upstream by inhibiting LPS-mediated priming (13, 96). Hu and colleagues (13) discovered in their compound screening that another cysteine-reactive drug, disulfiram (used in people to treat alcohol abuse), potently blocked GSDMD-mediated pyroptosis by the same mechanism as NSA, with no activity on other gasdermins or MLKL-mediated cell death (13). Disulfiram was described much earlier to oxidize thiols present in caspases and, thereby, blocked their substrate cleavage activity (97). And in a more recent study, Wang et al. (98) showed that disulfiram’s inhibitory effect is not restricted to GSDMD only, but can also inhibit GSDME. Although disulfiram is an attractive anti-pyroptotic drug, particularly because it is widely used in humans, the exact targets of disulfiram need to be better defined owing to its highly cysteine-reactive nature. Regardless, both NSA and disulfiram block GSDMD oligomerization via modifying Cys191, making either this site or the first alpha-helix (needed for pore formation) an attractive target for designing a more specific drug in the future.




Figure 2 | Gasdermin pore formation and cell lysis require multiple steps and can be targeted by therapeutics. Gasdermins are activated by enzymatic cleavage by proteases such as caspases or neutrophil elastase. This liberates the pore-forming N-terminal fragment (GSDM-NT). The GSDM-NT binds to phospholipids on the inner membrane leaflet. GSDM-NT then oligomerizes to form a membrane pore allowing the efflux of small proteins and ions across the membrane. Gasdermin pores eventually lead to cell death and membrane rupture. Some drugs promote gasdermin-mediated cell death. For example, chemotherapeutic drugs, such as Cisplatin, Paclitaxel or Navitoclax can initiate gasdermin E cleavage. They activate the initiator caspases, which, in turn, lead to gasdermin E cleavage by activating the executioner caspase-3. Other drugs or small molecules can block gasdermin-mediated cell death. For example, the membrane binding and the oligomerization step of gasdermin D can be blocked by Mg2+-ions by an unknown mechanism. Fumarate, Necrosulfonamide and Disulfiram can block oligomerization of gasdermin D by modifying Cys191. Finally, membrane rupture can be blocked by the osmoprotectant glycine, hypertonic solutions or the lanthanide ions La3+ and Gd3+.



While most drugs focus on blocking detrimental pyroptosis mediated by GSDMD, in some cases, boosting pyroptosis can be beneficial. For example, induced activation of GSDME has beneficial effect in treating various cancers because it promotes a more inflammatory tumor milieu (24). In a synthetic approach, Wang et al. (99) showed that tumor cells treated with engineered nanoparticle-GSDMA3 conjugates led to increased cell death and a significant reduction in tumor burden upon release of GSDMA3 from the nanoparticle. Chemotherapeutic drugs such as Cisplatin or Paclitaxel can induce activation of the initiator caspases-8 and -9, resulting in caspase-3 activation. Caspase-3 activation drives GSDME cleavage and pyroptosis, and makes this pathway an attractive target for tumor treatments (24, 85, 100). These are systemic drugs and should be used with caution, as systemic GSDME activation can have detrimental effects. For example, cytokine-release syndrome in patients treated with CAR T cells was GSDME-dependent. Granzymes released from these cells led to caspase-3 and -7 activation, and ultimately GSDME cleavage (23). As granzyme A and B directly cleave GSDMB and E, respectively, targeted delivery of these enzymes poses an interesting therapeutic option to treat immunosuppressive tumors, yet their administration will have to be tightly titrated or targeted to avoid detrimental side effects (21, 22). In conclusion, gasdermins are newly emerging targets for therapeutic targeting for positive and negative modulation of cell death and the resulting immune responses.
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Chronic liver injury results in immune-driven progressive fibrosis, with risk of cirrhosis development and impact on morbidity and mortality. Persistent liver cell damage and death causes immune cell activation and inflammation. Patients with advanced cirrhosis additionally experience pathological bacterial translocation, exposure to microbial products and chronic engagement of the immune system. Bacterial infections have a high incidence in cirrhosis, with spontaneous bacterial peritonitis being the most common, while the subsequent systemic inflammation, organ failure and immune dysregulation increase the mortality risk. Tissue-resident and recruited macrophages play a central part in the development of inflammation and fibrosis progression. In the liver, adipose tissue, peritoneum and intestines, diverse macrophage populations exhibit great phenotypic and functional plasticity determined by their ontogeny, epigenetic programming and local microenvironment. These changes can, at different times, promote or ameliorate disease states and therefore represent potential targets for macrophage-directed therapies. In this review, we discuss the evidence for macrophage phenotypic and functional alterations in tissue compartments during the development and progression of chronic liver failure in different aetiologies and highlight the potential of macrophage modulation as a therapeutic strategy for liver disease.
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Introduction

Liver disease is a global health burden with recent estimates suggesting that 844 million people worldwide have chronic liver disease (CLD), with a mortality rate of 2 million deaths per year: approximately, 1 million due to complications of cirrhosis and 1 million due to viral hepatitis and hepatocellular carcinoma (HCC) (1, 2). Chronic liver injury, most commonly caused by alcohol, infection or liver fat accumulation associated with features of the metabolic syndrome, triggers the activation of liver-resident and infiltrating immune cells, resulting in inflammation, progressive fibrosis, disrupted architecture, vascular changes and aberrant regeneration, which are defining characteristics of liver cirrhosis (2). Management of patients with cirrhosis is limited to treating the underlying cause and, where appropriate, liver transplantation. However, the latter is difficult to access in much of the world where donor organ supply is insufficient to meet demands (2). Therefore, developing new effective therapies for CLD patients would likely have a considerable benefit on morbidity and mortality. This review focuses on the diverse and dynamic role of macrophages in CLD and how their modulation might offer novel therapeutics.



Chronic Liver Failure


Cirrhosis

Cirrhosis comprises two consecutive but potentially reversible stages: compensated (asymptomatic) and decompensated cirrhosis (3, 4). The term acute decompensation (AD) of cirrhosis defines the acute development of one or more major complication(s) in patients (5). These complications include ascites, hepatic encephalopathy and variceal haemorrhage. The first AD episode marks the transition from the compensated to the decompensated stage. During AD, patients are extremely prone to develop bacterial infections, to the point that bacterial infections have been considered as the fourth major complication of the disease (5). Cirrhosis features a gradually dysfunctional immune response that encompasses systemic inflammation, which can exacerbate clinical manifestations of cirrhosis (e.g., hemodynamic derangement and kidney injury) and, as disease progresses, immunodeficiency and impaired antimicrobial functions that are associated with high infection risk (Figure 1). The term cirrhosis-associated immune dysfunction (CAID) defines the dynamic spectrum of the immunological perturbations that develop in these patients [reviewed in (6–8)].




Figure 1 | Immunological features of chronic liver failure. Over the course of compensated or decompensated cirrhosis, an acute precipitating event such as alcoholic hepatitis or bacterial infection may challenge liver homeostasis and lead to acute-on-chronic liver failure (ACLF). In compensated cirrhosis, liver-derived DAMPs, for example from necrotic hepatocytes, may activate the local immune system and initiate systemic inflammation. In decompensated cirrhosis, increasing alterations in intestinal homeostasis (e.g., bacterial overgrowth, increased permeability) allow the pathological translocation of bacteria, bacterial products (e.g., LPS) and PAMPs into the liver, thus providing further chronic stimulation of innate immune cells and propagation of local and systemic inflammation. This may be crucial in the transition from the immunocompetent state (pro-inflammatory immune response) to a more hyporesponsive, immunodeficient state that is observed in advanced cirrhosis. The latter increases the risk of life-threatening infections and substantially contributes to the high morbidity and mortality observed in these patients. ACLF, acute-on-chronic liver failure; AD, acute decompensation; DAMP, damage-associated molecular pattern; PAMP, pathogen-associated molecular pattern.



Over the course of compensated or decompensated cirrhosis, an acute precipitating event, most commonly bacterial infections and acute alcoholic hepatitis, challenge liver homeostasis and may lead to a syndrome called acute-on-chronic liver failure (ACLF) (9, 10). ACLF is defined by acute decompensation of cirrhosis, hepatic and/or extra-hepatic organ failure with high short-term (28-day) mortality (3, 4). Inadequate immune responses to the precipitating event are key to its pathogenesis, with high grade of systemic/local inflammation and immunodeficiency, that lead to further organ failure. This is profound in the setting of ACLF, which resembles the immunopathology of sepsis, with an initial systemic inflammatory response (cytokine storm) followed by a compensatory anti-inflammatory response that can impair immune defence against infections (3, 4).



Burden of Infections in Cirrhosis

Patients with cirrhosis develop a range of complications, with infections being one of the most clinically important issues, associated with high morbidity and mortality. Bacterial infections have been shown to occur frequently (32-34%) in patients with advanced cirrhosis; in 30–50%, infection is the cause of hospital admission, and a further 15–35% develop nosocomial infections (as compared to 5-7% of general population) (11). Infections can further trigger hepatic decompensation and are well-known precipitants for encephalopathy, hepatorenal syndrome (HRS) and development of ACLF (5). Most recent data derive from the CANONIC and PREDICT studies, that were observational prospective investigations in large cohorts of non-selected patients hospitalised with AD. Among 407 patients with AD-ACLF, the incidence of infections at hospital admission and during a 28-day follow-up period was 65% (12). The corresponding incidence of infections in 1,071 patients with AD-no-ACLF was 53% (9, 13). Globally, the most common infections in cirrhotic patients are spontaneous bacterial peritonitis (SBP) (27%), urinary tract infections (22%), pneumonia (19%), spontaneous bacteraemia (8%), skin and soft tissue infections (8%) (14). The majority of infections identified in cirrhotic patients are caused by Gram-negative bacteria (e.g., Escherichia coli, Klebsiella Pneumoniae) of intestinal origin; Gram-positive bacterial infections are less frequent (e.g., Staphylococcus aureus) (14, 15). The epidemiology of infections in cirrhosis continuously change, with recent studies demonstrating increasing prevalence of multidrug resistant organisms (29% to 38% increase from 2011 to 2017-2018) (14, 15).



Systemic Inflammation and Immune Dysfunction in Cirrhosis

Innate immune cells (mainly neutrophils, monocytes and macrophages) are primed to detect tissue damaging or infectious insults, and therefore are key orchestrators of inflammatory responses. During progression of CLD these cells initiate and drive both liver and systemic inflammation by recognising/responding to damage-associated molecular patterns (DAMPs) released from injured/activated liver cells and/or pathogen-associated molecular patterns (PAMPs) (16). Fibrosis occurs following chronic liver injury from an insult (toxic, metabolic, or infectious) which can perpetuate inflammation. Fibrogenesis is the common pathological mechanism that causes cirrhosis; it is a complex and dynamic process that involves an array of activated resident or recruited inflammatory cells (e.g., platelets, macrophages), hepatic stellate cells (HSCs), hepatocytes, other extracellular matrix (ECM) producing cells and extracellular signals [e.g., cytokines, chemokines, adipokines or reactive oxygen species (ROS)] (17–19). The activation of HSCs - transdifferentiation of quiescent cells into proliferative, fibrogenic myofibroblasts - is a well-established driver of fibrosis [reviewed in (17–19)]. This is a cardinal process in which quiescent HSCs responding to hepatic injury downregulate the expression of GFAP, peroxisome proliferator-activated (PPAR)-γ and vitamin A and become activated HSCs (18). Following stimulation with cytokines and fibrogenic signals, of which transforming growth factor (TGF)-β is the most potent, HSCs upregulate α-smooth muscle actin expression, increase transcription of collagen type I via SMAD-3 amongst other routes, and traffic to sites of injury where they secrete ECM resulting in fibrous scar formation (20). With fibrosis progression, cirrhosis may ultimately develop.

Advanced cirrhosis is closely associated with pathological bacterial translocation (BT), the increased rate of translocation of bacteria or bacterial products (e.g. lipopolysaccharide [LPS], bacterial DNA and peptidoglycans) from the gut to mesenteric lymph nodes and other tissues (21). SBP is considered to be the hallmark manifestation of pathological BT and is a multi-faceted process. This involves small bowel dysmotility, small intestinal bacterial overgrowth (SIBO), increased intestinal permeability and dysbiosis. The exact mechanisms of enhanced gut permeability are not yet fully understood; loosening of the intestinal epithelial tight junctions and reductions in luminal antimicrobial peptides, such as secretory component and mucins, may have a role (21, 22). Dysbiosis sees a decrease in the quantity of beneficial autochthonous bacteria (e.g., Ruminococcacaea and Lachnospiracaea) and an increase in potentially pathogenic taxa (e.g., Enterobacteriaceae and Bacteroidaceae), termed the cirrhosis dysbiosis ratio (23). Why such intestinal changes occur in cirrhosis is unclear but alcohol, portal hypertension and impaired local immune responses have been implicated (24). Impaired hepatic immune responses and portosystemic collaterals in advanced cirrhosis provide further opportunity for translocated products to pass from the intestinal lumen to the systemic circulation, chronically stimulating innate immune cells and enhancing systemic inflammation. This increase in bacterial products may be crucial in the switch from the initially pro-inflammatory immune response described in early cirrhosis to a more hyporesponsive, immunodeficient state observed in decompensated cirrhosis (Figure 1).




Monocyte Dysfunction in Chronic Liver Failure

Circulating monocytes, a key component of the mononuclear phagocyte immune system, play pivotal roles in defence against infections and contribute to the systemic inflammation in chronic liver failure. In addition, they augment the local macrophage pool via their recruitment to inflammatory sites after a sterile/tissue-damaging or infectious insult to the liver (10, 16, 25). Human monocytes are divided into three major subsets: classical (CD14+CD16−), intermediate (CD14+CD16+) and non-classical (CD14dimCD16+). Each of these subsets can be distinguished from each other by their differential expression of surface markers and their distinct functions [for an up-to-date review see (26)]. Classical monocytes are comparable to the inflammatory Ly6C+/high CCR2high murine subset whilst non-classical monocytes resemble the patrolling Ly6C-/low CX3CR1high subset. The former cells rapidly infiltrate tissues in response to injury, have the capacity to differentiate into dendritic-like cells, and are primed for phagocytosis and innate immune sensing. Ly6Clow monocytes crawl along endothelial cells, coordinating the clearance of apoptotic cells and cellular debris (27). Similarly, non-classical human monocytes are suited to adhesion and Fc gamma-mediated phagocytosis. Whilst intermediate monocytes do not demonstrate such crawling behaviour, they are a heterogenous population adapted for antigen presentation, cytokine production and apoptosis regulation (26, 28–30). Interestingly, a study using deuterium labelling in humans has suggested that intermediate and non-classical monocytes emerge sequentially from the pool of classical monocytes (31).

The number of circulating monocytes increases in relation to the severity of cirrhosis (from Child-Pugh A to Child-Pugh C and AD) (32, 33). Of note, an expansion of intermediate monocytes has been described in the circulation and liver of patients with cirrhosis progression (32, 34). Dysregulation of circulating monocytes and their contribution to systemic immune paresis and the pathophysiology of cirrhosis have been well-documented [reviewed in (10, 35)]. The most consistent finding with regard to monocyte phenotype in chronic liver failure is reduced HLA-DR expression. This reduction, that likely compromises their antigen presentation capacity and the development of adaptive immunity, is considered a hallmark of “endotoxin tolerance”, the immunosuppressed state in which monocytes are refractory to further LPS stimulation or other microbial stimuli. Monocyte HLA-DR expression levels diminish progressively in relation to cirrhosis severity and are associated with adverse clinical outcomes (33, 34, 36–38). Furthermore, monocyte production of pro-inflammatory cytokines in response to microbial cues (e.g., LPS) is key to innate defences against infection as such cytokines can enhance their antimicrobial functions. Monocyte inflammatory (e.g., TNF-α, IL-6) cytokine secretion appears to diminish with advancing chronic liver disease particularly in AD and late stage ACLF (32–34, 36–39). Similarly, plasma derived from AD, but not compensated, cirrhosis suppresses LPS-stimulated TNF-α by healthy monocytes (40).

A role for the anti-inflammatory cytokine IL-10 in driving monocytes towards this “endotoxin tolerant state” has been proposed but this mechanism may involve a variety of pathogen-derived signals or cell-secreted cytokines and proteins (34–37, 41). Recently, the reduced HLA-DR expression on monocytic cells in advanced stages of cirrhosis (AD/ACLF) has been attributed to the expansion of monocytic (CD11b+CD15-CD14+HLA-DR-) myeloid-derived suppressor cells (M-MDSCs) in the circulation (38). M-MDSCs have great pathological significance in chronic liver failure as they exert highly immune-suppressive functions: they decrease T cell proliferation, produce low TNF-α and IL-6 levels after toll-like receptor (TLR) stimulation and have reduced bacterial (E. coli) phagocytosis capacity (38).

The TAM (TYRO3/AXL/MERTK) family of receptors, which are critical regulators of innate immune responses and promote clearance of apoptotic cells (termed efferocytosis), are shown to contribute to systemic immune paresis in liver failure (33, 42, 43). Brenig et al. recently identified a distinct immune-regulatory population of (CD14+HLA-DR+) AXL-expressing monocytes that is expanded in parallel with progression of cirrhosis prior to the AD/ACLF stage and correlates with development of infection and one-year mortality (33). This subset displayed attenuated TNF-α and IL-6 secretion following TLR stimulation, reduced T cell activation but had preserved bacterial phagocytosis and enhanced efferocytosis capacity (33). In patients with AD/ACLF, the emergence of a MERTK-expressing monocyte population is described to decrease innate immune responses to LPS and to associate with disease severity and adverse outcomes (34, 42). Proof-of-concept in vitro inhibition of either AXL or MERTK was shown to enhance monocyte inflammatory responses in ACLF samples. Therefore, TAM receptor targeting may be a new therapeutic strategy to restore monocyte function in cirrhosis. However, this needs further clinical evaluation (35).



Tissue Macrophages in Chronic Liver Failure


A. Liver Macrophages in Steady State

Macrophages are the most abundant hepatic immune cells with pivotal roles: from maintaining liver homeostasis and immune tolerance in the face of continuous exposure to harmless gut-derived antigens from food and commensal microbes or their products, to rapidly identifying pathogens and orchestrating immune responses for their elimination (16). In addition, they are functionally important for clearing cellular debris and metabolic waste, and regulating iron and cholesterol homeostasis (16). During steady state, the predominant macrophage population comprises resident Kupffer cells (KCs) which are capable of self-renewal and have a specific transcriptional program defined by their unique niche (44–46). KCs reside within sinusoidal blood vessels, in continuous contact with liver sinusoidal endothelial cells (LSECs), while they always extend a substantial fraction of their cell body into the perisinusoidal space of Disse where they can closely interact with HSCs and hepatocytes (47). This position of KCs is functionally important during liver homeostasis and injury. In the setting of inflammation, following a toxic, metabolic or infectious insult, the liver macrophage pool can further consist of recruited monocyte-derived macrophages (MoMFs) (10, 16). In mice, resident KCs can be identified by their specific (CD11bintF4/80high) MARCO+CLEC4F+TIM4+ expression profile while MoMFs are (CD11bhighF4/80int) CX3CR1+ cells (45, 46, 48, 49). An additional population of liver capsular macrophages (LCMs) has been described to occupy the hepatic capsule. LCMs are CX3CR1highTIM4- MoMFs, replenished at steady state by blood monocytes, that exert key immune surveillance and antimicrobial functions and therefore defend the liver from infections traversing the peritoneal cavity (50).

In humans, liver single cell RNA sequencing (scRNA-seq) studies have identified CD68+ CD163+MARCO+TIMD4+ resident KCs, CD68+MARCO- recruited MoMFs and infiltrating CD14+ monocytes (51–53). Unbiased cross-species comparison suggests a highly conserved transcriptional signature among human and mouse KCs (53, 54). The dichotomous concept of M1/M2 polarisation cannot be reliably applied to hepatic macrophages, as with most tissue macrophages, since they simultaneously express M1/M2 markers and exhibit great plasticity which is dependent on their ontogeny, local and systemic environmental mediators and epigenetic programming. Liver macrophage ontogeny and heterogeneity is extensively covered elsewhere (16, 44, 55, 56).



B. Liver Macrophages in Injury and Fibrosis

Tissue damage and hepatocyte injury generate coordinated wound healing responses that aim to restore healthy hepatic parenchyma. Release of DAMPs, ROS and changes in hepatocyte gene expression are triggered, promoting an immune response, clearance of apoptotic or dead cells, hepatocyte proliferation, matrix remodelling, and angiogenesis (57). Such changes result in increased expression of profibrogenic TGF-β, hedgehog signalling ligands and CXCL10 amongst others (58–61). If the insult abates, then resolution responses, including macrophage efferocytosis, restore tissue homeostasis. However, chronic injury eventually leads to dysregulated tissue repair and development of liver fibrosis. This is a dynamic process in which tissue damage and inflammation result in activation of HSCs, their epigenetic reprogramming and trans-differentiation into activated myofibroblast-like cells, cytokine and chemokine release, thus contributing to a profibrogenic microenvironment with subsequent ECM accumulation (mainly type I collagen) that limits parenchymal regeneration (19, 62). Early fibrosis can regress with injury removal and the activity of matrix degradation and remodelling by several matrix metalloproteinases (MMPs), myofibroblast senescence and HSC apoptosis (63, 64). MMPs are counteracted by tissue inhibitors of MMPs (TIMPs) and the balance of activity favouring TIMPs is associated with advancing fibrosis (64, 65).

Chronic liver injury eventually leads to progressive liver fibrosis and the development of cirrhosis with formation of fibrous septa, structural and vascular changes and regenerative nodules (58). Macrophage adaption during liver injury can depend on the nature of the insult (e.g., toxic, metabolic or infectious). In alcohol-induced liver damage, the number of hepatic macrophages increases via MoMF recruitment (66). Both KCs and MoMFs exhibit substantial plasticity with phenotypic and functional alterations depending on microenvironmental signals. Alcohol sensitizes KCs to TLR4-signalling and incites oxidative stress, which promotes an M1-like phenotype and LPS-induced cytokine production, particularly TNF-α, IL-6, IL-1β and CCL2 (67). In murine models of alcohol steatohepatitis, MoMFs are recruited to the liver in a NOTCH1-mediated mechanism with subsequent M1-like macrophage activation (68, 69). This process is compounded by alcohol-induced intestinal gut microbial dysbiosis, reduced gut epithelial integrity and subsequent heightened translocation of gut-derived microbial products including LPS (70). Chronic excess alcohol also results in hepatocyte fat accumulation (termed steatosis) and increased hepatocyte programmed cell death via apoptosis, necrosis, pyroptosis and ferroptosis, thus promoting further inflammation and injury (71). There are protective mechanisms at play including liver macrophage autophagy (an anti-inflammatory homeostatic intracellular pathway directing damaged organelles or cytosolic macromolecules to lysosomes for degradation), in which IRF-1 degradation, mitophagy (clearance of damaged mitochondria) and downregulation of inflammasome-dependent and independent pathways occur (72–74).

The multifactorial pathophysiology of alcoholic steatohepatitis overlaps significantly with non-alcoholic fatty liver disease (NAFLD) and its inflammatory and often progressive subtype non-alcoholic steatohepatitis (NASH). Macrophage activation occurs in response to endotoxins and translocated bacteria due to increased intestinal permeability, factors released from damaged or lipoapoptotic hepatocytes, as well as alterations in the gut microbiota and nutritional components (75). Collectively, these lead to a chronic inflammatory state resulting in disease progression. In obesity-associated NAFLD, release of free fatty acids from white adipose tissue promotes hepatocyte triglyceride synthesis and storage, and lipotoxicity with production of TNF-α, IL-6, IL-1β, IL-17A and macrophage-recruiting chemokines (e.g., CCL2, CCL5 and CXCL10). Macrophages in this condition have been studied in both human and disease models. Increased numbers of CD68+ macrophages are found in biopsies of young patients with more severe NAFLD (76), while in children with NAFLD numerous activated macrophages are located in the spaces between damaged hepatocytes (77). The portal infiltration of CCR2+ macrophages (78) appears to be an early event in human NAFLD, occurring already at the stage of steatosis before inflammation or fibrosis develops, but predicting progressive disease (79). In line with these data, lipogranuloma and macrophage alignment around steatotic hepatocytes have been observed (termed hepatic crown-like structures) (80).

Similarly, macrophage infiltration has been demonstrated in murine dietary models [e.g., high-fat diet (HFD), methionine–choline-deficient (MCD) diet] which have different strengths and limitations [reviewed in (75, 81)]. Undoubtedly, liver macrophages play a major role in the pathogenesis of NAFLD/NASH (75). Experimental evidence for this has come from studies in which depleting macrophages using genetic (LysM, myeloid-specific) models and clodronate liposomes protected mice from steatosis, liver damage and inflammation (82–85). Moreover, genetic deficiency and pharmacological inhibition of CCR2 decrease monocyte recruitment into the liver and ameliorate NASH in mice (78, 86). The level of macrophage heterogeneity in NASH, however, is greater than we initially thought. Recent scRNA-seq murine studies have shed more light into this, consistently demonstrating that resident KCs are lost during NASH progression and recruited monocytes enter the liver where they respond to niche-specific and inflammatory cues to become monocyte-derived KCs (MoKCs) or temporary MoMFs (49, 87–89). The distinct roles in disease pathology, functions and interactions of these macrophage subpopulations require more exploration, as further discussed below. For an overview of the immunometabolic interplay of hepatic macrophages and the adipose tissue-fatty liver crosstalk in NAFLD/NASH see also references (75, 90–92).

In both a mouse model of hepatitis B virus (HBV)-induced liver inflammation and in patients with viral-related chronic liver failure, Tan-Garcia et al. describe an intrahepatic infiltration of a population of pro-inflammatory CD14+HLA-DRhighCD206+ myeloid cells (93). Likewise, Ohtsuki et al. observed an increase in the CD11b+F4/80+CD206+ intrahepatic macrophage population (labelled as “M2”) in HCV-infected transgenic mice, also producing more TNF-α and IL-6 following ex vivo LPS stimulation, when compared with M1 (CD11b+F4/80+CD11c+) (94). Chronic alcohol feeding of wild-type mice resulted in an increased frequency of CD206+ CD163+ M2 macrophages but also increased expression of M1 genes (TNF-α, MCP1 and IL-1β) and M2 genes (Arg1, Mrc1 and IL-10), with increased expression of Kruppel-like factor 4 (KLF4) promoting an M2 phenotype (95). Gut bacterial translocation appears important in viral chronic liver injury; interestingly, HBV-infected mice treated with oral antibiotics showed depleted hepatic CD14+CD206+ populations (93). Corroborating this, enhanced gut bacterial translocation has been noted in patients from HBV and HCV infection (96). This highlights the shared mechanisms in alcohol, NAFLD and viral-related chronic liver injury, the simplicity of the M1/M2 dichotomy and high degree of macrophage plasticity dependent on the milieu of inflammatory mediators, chemokines and gut-derived microbial products.

The role of macrophages in liver fibrosis is complex. Irrespective of the aetiology, there are common fundamental molecular mechanisms that lead to fibrosis. Mechanistically, persistent or repetitive liver injury results in hepatocyte damage and release of DAMPs which stimulate KC activation. Additionally, KC activation also occurs with the action of PAMPs derived from pathological BT across a dysfunctional gut barrier in cirrhosis, ROS, hypoxia-inducible factor-1α (HIF-1α), increased hepatic concentrations of triglycerides, cholesterol and succinate, and extracellular vesicles (16). Activated KCs produce pro-inflammatory cytokines that contribute to injury (e.g., TNF-α, IL-6 and IL-1β). They also generate, in conjunction with hepatocytes or HSCs, chemokines (e.g., CCL2, CCL5) promoting recruitment of pro-inflammatory, pro-fibrogenic MoMFs (97). Chemokine-driven recruitment may involve different mechanisms; CCL2 in addition to hepatic PC3-secreted microprotein (PSMP) promotes hepatic CCR2+ inflammatory monocyte infiltration and induction of HSCs via their CCR2 receptor (98). In NAFLD, murine and human liver biopsies demonstrate CCR2+ MoMF accumulation in the portal tracts; KCs do not express CCR2. The marker has diagnostic value with an increase in CCR2+ cells observed as fibrosis advances and CCR2+ MoMF infiltration throughout the parenchyma in end-stage cirrhosis (78). In vitro, viral hepatitis C exposed KCs secrete CCL5 that induces CCR5+ HSC activation through ERK phosphorylation (99). Where there are defined areas of injury, MoMFs form ring-like structures and where damage is more widely distributed, they convene in periportal regions (100, 101). Murine Ly6Chigh monocytes differentiate into Ly6Clow/+ macrophages that secrete proinflammatory cytokines and generate ROS. These inflammatory macrophages activate HSCs, generate TNF-α and IL-1β, that promotes HSC survival, and IL-6 that leads to HSC proliferation and production of TIMP1 (102). Other HSC activation routes occur via paracrine mechanisms involving JAK2 signalling pathways, NADPH complexes (NOX) and hepatocyte mitochondria-derived DAMPs (16, 103–106). Moreover, these MoMFs release profibrotic mediators such TGF-β, platelet-derived growth factor (PDGF), connective tissue growth factor (CTGF) and TIMPs, which promote myofibroblast ECM production (16, 58).

Not all hepatic macrophages in the setting of chronic liver injury are profibrotic. MoMFs can also exert anti-fibrogenic functions, depending on their differentiation status and the disease stage. This has been shown in murine studies were the deletion of infiltrating MoMFs during fibrogenesis resulted in reduced HSC activation and ECM deposition whilst deletion of MoMFs during the regression stage impaired ECM degradation, thereby exacerbating fibrosis (107, 108). In humans, a distinct population of TREM2+CD9+ scar-associated macrophages (SAMs) have been observed to occupy fibrotic niches in livers of cirrhotic patients. SAMs are derived from recruitment and differentiation of circulating monocytes, and are expanded early in the disease course (53, 108). Originating from initially pro-inflammatory TGF-β and PDGF-producing infiltrating macrophages, SAMs evolve after a phenotypic switch in the restoration phase of tissue inflammation and function to resolve fibrosis, mainly through the expression of MMPs, including MMP-13, and mediated by macrophage migration inhibitory factor (MIF) (109, 110). TREM2+CD9+ macrophages have also been reported in NAFLD/NASH models, however, Trem2 and Cd9 are not restricted to non-KCs in mice (49, 89, 91, 111). The multiple mechanisms of fibrosis progression and resolution and the co-existence of various macrophage subsets with potentially distinct functions present several opportunities for drug therapies to reverse or ameliorate fibrosis in chronic liver diseases.



C. Adipose Tissue Macrophages

NAFLD is nowadays one of the most common CLD that is strongly associated with obesity and the metabolic syndrome, and similar to these conditions, its incidence and prevalence are worryingly increasing (91, 92). This disease is underpinned by a pathophysiology that links multiple processes including chronic low-grade inflammation, lipotoxicity, dysregulated bile acid metabolism and altered gut microbiome with enhanced BT. Adipose tissue macrophages (ATMs) are spread throughout the tissue; although their origin under homeostatic conditions is not clear, recent murine fate mapping studies have revealed that resident ATMs can derive from both yolk-sac and bone marrow (monocyte) progenitors (91, 112). How similar these two resident ATM subsets are, it remains to be further investigated. In obese adipose tissue, the size and number of adipocytes increase, to compensate for excess lipid availability. However this containment mechanism may fail, and lead to tissue dysfunction, dyslipidemia and insulin resistance (91, 92). Dying adipocytes can release various triggers (e.g., toxic lipids, adipokines) or DAMPs which create a complex local microenvironment that causes ATM activation. In response, the number of ATMs is markedly increased, with many of them surrounding necrotic adipocytes within crown-like structures, in both mice and humans, an optimal location enabling them to engulf cell debris (91, 92).

Notably, ATMs have been associated with the severity and progression of NAFLD (113). In both mice and humans, the recruitment of macrophages in adipose tissue compartment has been linked with development of insulin resistance and steatohepatitis while ablation of ATMs or surgical removal of adipose tissue in mice normalized insulin sensitivity and partially reversed liver inflammation (92). ATMs secrete inflammatory cytokines such as TNF-α, IL-1β, IL-6 and monocyte-chemoattractant protein-1 (MCP-1) which promote insulin resistance, lipolysis and hepatic lipid flux and accumulation (114). Chemokine axes such as CCL2-CCR2 and CCL5-CCR5 drive further recruitment to adipose tissue, and in part provides the rationale for their dual CCR2-CCR5 antagonism as a therapeutic approach to resolve inflammation and prevent fibrosis progression in NAFLD (75). The phenotype of ATMs does not conform to the dichotomous M1/2 polarisation as once thought, but instead has a unique blend termed a metabolically activated type with distinctive transcriptional profiles that can be influenced by the local adipose tissue microenvironment. Pro-inflammatory macrophage programming may be primed by LPS (perhaps more so with pathological BT), IFN-γ, HIF-1α and saturated fatty acids. Independent of LPS, fatty acids may be taken up via the macrophage scavenger receptor 1 (MSR1) with subsequent JNK signalling and inflammation (115). On the contrary, HIF-2α, PPAR-γ and unsaturated FAs exert an anti-inflammatory effect (91, 92, 116). Few groups have recently examined the nature of ATMs in obese adipose tissue by scRNA-seq (112, 117, 118). It has now become evident that ATMs display significant heterogeneity, with various subsets (clusters) identified that may contribute differently to the disease pathology; their specific functions need to be studied in the coming years (91).



D. Peritoneal Macrophages

The development of ascites, the pathological accumulation of fluid within the peritoneal cavity, is a defining feature of decompensated cirrhosis. Pathogens and bacterial products are readily absorbed by the peritoneal cavity and invoke an inflammatory reaction. This can give rise to SBP which occurs in 10% of hospitalised patients and once established can worsen prognosis including the development of multi-organ failure and increased mortality. SBP is defined by an elevated ascites polymorphonuclear cell count of >250/mm3 with or without the positive culture of microbes. In cirrhosis, the pathological BT theory implies a higher exposure to pathogenic material in the peritoneum even in steady state.

Under normal conditions, peritoneal macrophages (PMs) comprise 50-90% of the peritoneal leucocytes and are primarily responsible for clearing debris and pathogens. In both sterile and pathogen-associated injury, interferon-γ primed macrophages orchestrate the immune response, highly expressing MHC class II molecules, generating cytokines and chemokines and exerting strong antimicrobial effector mechanisms (119, 120). Similar to the dichotomy of KC and MoMF in the liver, murine PMs can be subdivided into self-renewing resident macrophages and MoMFs which slowly replace the resident population and acquire a differentiated phenotype (121). Resident PMs have a unique profile including high expression of genes encoding phagocytic receptors (e.g., Vsig4, Timd4, and Marco) (122).

In humans, two studies from the same group, one evaluating ascites of patients with cirrhosis and the other abdominal washouts from women undergoing gynaecological abdominal surgery, identified that PMs are distributed in three subpopulations: a) classical-like CD14++CD16-, b) an intermediate CD14++CD16+, and c) a large granular CD14highCD16high subset. The latter has no corresponding blood monocyte subpopulation (123, 124). The expression of CD14 (LPS related receptor) and CD16 (phagocytic Fcγ receptor) is increased in PMs, compared to circulating monocytes, suggesting that PMs are primed for pathogen defence. Moreover, in patients with cirrhosis and ascites, the CD14highCD16high peritoneal macrophage subset represented approximately 30% of total CD14+ cells, compared with approximately 15% in women undergoing gynaecological surgery, perhaps reflective of the enhanced BT in cirrhosis.

Human PMs were also found to have higher expression of other phagocytic markers (e.g., CD11c), cytokine receptors (e.g., CD116 and CD119), antigen-presentation markers (e.g., HLA-DR) and co-stimulatory molecules (e.g., CD40 and CD80) when compared with blood monocytes. The CD14highCD16high population was felt to represent an M2-polarised human resident peritoneal macrophage population, as suggested by high GATA-6 expression (similar to mice) (121, 122), enhanced expression of mannose receptor (MR) CD206 and HLA-DR, and higher frequency of IL-10 positive cells. Despite this, they seem to have an immunologically-primed status with increased phosphorylation of ERK1/2, PKB and c-Jun, sensitivity to LPS, robust oxidative burst activity, increased expression of cytosolic dsDNA sensor absent in melanoma 2 (AIM2) and AIM2 ligand-induced mature IL-1β and IL-18 production suggesting they are readied for antimicrobial defence (124–127). Immune priming may vary according to cirrhosis aetiology, with alcohol-related cirrhosis displaying a more pro-inflammatory profile, compared to viral hepatitis C, with higher ascitic IL-12 and lower IL-10 levels (128). Genetic polymorphisms in the TRAF6 gene coding for the adaptor protein in TLR signalling cascades, confers a less pro-inflammatory state of PMs in cirrhosis and increased risk of SBP (129).

Irvine et al. went further to segregate human PMs by investigating the expression of CCR2 and complement receptor for immunoglobulin (CRIg) which is encoded by the VSIG4 gene (130, 131). The investigators found a distinct human peritoneal macrophage population that was CRIghighCCR2low. Compared with CRIglow, the CRIghigh macrophages were larger, more granular, had higher expression of CD14, CD16, HLA-DR, CD169 and CD163, similar to the aforementioned CD14highCD16high resident subset. CRIghigh macrophages were characterized by increased gene transcription of efferocytosis receptors (e.g., MERTK and TIMD4), and showed enhanced phagocytic and microbicidal functions. Of note, high proportions of CRIghigh macrophages were associated with reduced liver disease severity (MELD score) and lower proportions were observed during clinical events (e.g., SBP, death) (130).

Stengel and Quickert et al., also identified a distinct subset of CD206+CCR2- large peritoneal macrophages (LPM) (in addition to being CD16+, CD163+, CRIg+ and MerTK+) in patients with cirrhosis which were transcriptionally and functionally distinct. When activated, this subset of CD206+ LPMs were more likely to produce pro-inflammatory cytokines, showed resistance to endotoxin tolerance and cleavage of surface CD206. Concentrations of the CD206 soluble form (sCD206) in the ascitic fluid were elevated in SBP, compared to non-infected ascites, reflective of PM activation; high sCD206 ascites levels were predictive of higher 90-day mortality (132). This is in contrast to the historically perceived anti-inflammatory nature of CD206+ macrophages, illustrating their plasticity (133).

Considering the entire human peritoneal macrophage population, the co-expression of M1 and M2 markers points to a constitutive plasticity, responsive to sterile and pathogenic stimuli and programmed to subsequently restore tissue homeostasis (134). The ascitic microenvironment may be crucial in altering the macrophage phenotype and function to suit the insult and promote recruitment of circulating myeloid cells. Hypoxia promotes peritoneal macrophage generation of VEGF and ADM via enhanced HIF-1α transcription (135, 136). In the setting of ACLF where cardiorespiratory organ failure might result in hypoxia, the production of vasodilator mediators in such circumstances serves as a mechanism to further worsen circulatory dysfunction. In the setting of pathological BT, high ascites bacterial DNA concentrations, even in the absence of a clinical diagnosis of SBP, are associated with increased proinflammatory cytokine production, increased inducible nitric oxide synthetase (iNOS) expression and subsequent nitric oxide (NO) overproduction, reduced CD14+ peritoneal macrophage HLA-DR expression and poor clinical outcomes (e.g. death and hospital readmission) (137–139).

Infection (SBP), bacteria or bacterial products (e.g., LPS), result in production of inflammatory cytokines such as TNF-α, IL-6, calprotectin and macrophage inflammatory protein type 1 beta (MIP-1β), which promote neutrophil and monocyte recruitment (140, 141). Counter-regulatory mechanisms, to prevent over-exuberant inflammation, result in generation of ascitic IL-10, resistin and reduction in peritoneal macrophage surface expression of CD14, CD16, HLA-DR, CD86 and CD206, which reverse on antibiotic treatment. Reduction in macrophage LPS-receptor CD14 in SBP was associated with impaired phagocytosis (142, 143). Interestingly, Wang et al. using the thermal and CCl4-induced acute liver injury murine models and intravital imaging demonstrated that peritoneal cavity (GATA6+) resident macrophages have the ability to migrate via non-vascular routes to the injured liver (144). In the damaged sites, GATA6+ macrophages could be triggered by DAMPs, such as ATP, to exhibit a more alternatively activated state and mediate cell debris clearance, thus aiding tissue repair and revascularisation. Future work will examine if these cells are present in humans and to what extent they modify other liver inflammatory diseases.



E. Intestinal, Lymph Node and Splenic Macrophages

Beyond the liver, peritoneum and adipose tissue, there is little known regarding compartmental tissue macrophage phenotype and function during chronic liver failure. In health, intestinal macrophages represent a small proportion of the lamina propria immune cells, which are CD33+CD14- and exhibit anergy, hyporesponsive to LPS (145, 146). In cirrhosis, substantial evidence points to a failure of the gut barrier, permitting increased intestinal permeability and BT with increased circulating loads of bacterial DNA and other microbial derivatives, and an increased risk of infection (147). One study identified an activated CD14+TREM1+ intestinal macrophage phenotype in cirrhosis, with high expression of iNOS even in early compensated disease and secretion of NO (148). Such activated macrophages are known to be responsive to microbial challenge, with pro-inflammatory cytokine output (e.g. IL-23, TNF-α and IL-6), and may contribute to the observed intestinal defects (149). Immune defects permitting BT were also observed in mesenteric lymph nodes from patients with decompensated cirrhosis, where circulation-derived subcapsular sinus and medullary cord macrophages expressed the immune-suppressive marker MERTK, compared to non-cirrhotic controls (42). In patients with cirrhosis and portal hypertension, the number and phagocytic activity of splenic macrophages in the red pulp and marginal zone is enhanced, resulting in hypersplenism and cytopenias (150). Enhanced phagocytosis may be explained by the upregulation of micro-RNA miR-615-3p and its action on a ligand-dependent nuclear receptor corepressor (LCoR)-PPARγ axis (151). Finally, there is evidence of spleen-liver organ crosstalk, with splenectomy reversing the M1-dominant hepatic macrophage phenotype in fibrotic livers, ameliorating collagen deposition and regressing fibrosis (152). This is attributed to the disruption of splenic macrophage promotion of hepatic macrophage CCL2 expression, subsequent circulating monocyte liver recruitment and adoption of an M1 phenotype causing further injury and fibrosis (153).




Macrophage-Related Biomarkers in Liver Disease

Macrophages play a significant role in the development and progression of chronic liver failure. Two scavenger receptors that are highly, but not exclusively, expressed by blood monocytes and macrophages are CD163 and CD206, also known as the haemoglobin-haptoglobin receptor and mannose receptor (MR), respectively (154, 155). The soluble forms of CD163 (sCD163) and MR (sMR), that are present in plasma and body fluids, have been thoroughly investigated as macrophage-related biomarkers in liver diseases (154, 155). Over recent years, numerous studies on sCD163 and sMR have detected increased levels in relation to severity and prognosis in both acute and chronic liver diseases (154, 155). For instance, this has been demonstrated in NAFLD/NASH, viral hepatitis (e.g., HBV, HCV), autoimmune hepatitis, acute liver failure (ALF) and alcohol-related liver disease (132, 156–163). In patients with cirrhosis, sCD163 and sMR significantly correlate with severity (e.g. MELD and Child-Pugh scores) as well as the degree of portal hypertension (164–167); high plasma concentrations of sCD163 associate with variceal bleeding in cirrhotic patients and predict mortality in alcoholic hepatitis (165, 168). Bruns and colleagues recently measured sMR levels in ascites fluid from cirrhotic patients with SBP and found that its concentrations serve as a marker of peritoneal macrophage activation, inflammation and predict 90-day survival (132).

Overall, the highest sCD163 and sMR levels are detected in patients with the most severe forms of liver injury such as ALF, alcoholic hepatitis and ACLF (154, 155). In ACLF, sCD163 and sMR are independently associated with disease severity and prognosis while supplementation of these macrophage biomarkers to standard clinical scores (e.g., CLIF-C ACLF, CLIF-C AD) improved their prognostic performance (158). This accumulating clinical evidence shows robust association of macrophage-related markers with inflammation in liver pathologies and emphasizes the role of macrophages and infiltrating monocytes in liver disease development and progression. Future work will establish the incorporation of these biomarkers in current clinical practice scoring tools to improve prognosis.



Macrophage-Targeted Therapeutic Approaches in Liver Disease

There is a major unmet need for effective therapies in chronic liver failure and this is of high clinical relevance considering the escalating disease prevalence. Macrophages are central to the pathogenesis of liver diseases as they are involved in the initiation, progression and regression of tissue injury. Macrophages play a key role in liver homeostasis and are among the first responders to an infectious or tissue-damaging insult exerting dual, inflammatory and anti-inflammatory/restorative, functions in the liver. Therefore, hepatic macrophages are an attractive target for developing new therapeutic approaches. Most macrophage-based strategies have been investigated in animal models while some have been evaluated in clinical trials [reviewed in (10, 16, 56, 92)].

Macrophage-targeted approaches can be categorized into those that: (i) inhibit macrophage activation, (ii) inhibit the recruitment of monocytes and monocyte-derived macrophages, (iii) reprogram macrophages via anti-inflammatory polarization mediators and signalling pathways, drug delivery nanosystems, metabolic rewiring, epigenetic mechanisms or immune checkpoint blockade (Figure 2). Cell-based therapies using autologous macrophage infusions have also been tested in patients with liver cirrhosis (169); the rationale and potential of utilizing macrophages as agents for cell therapy are reviewed in (57, 170). Here, we summarize the various approaches that have been explored for therapeutic targeting of macrophages in liver diseases.




Figure 2 | Macrophage-targeted therapeutic approaches for the treatment of liver disease. Schematic overview of the different macrophage-directed therapeutic approaches that can be summarized into those that: (i) inhibit the activation of macrophages, (ii) inhibit the recruitment of monocytes and monocyte-derived macrophages, (iii) reprogram macrophages through anti-inflammatory and polarization mediators, signalling pathways, drug delivery nanosystems, iv) metabolically rewire or epigenetically regulate macrophages, v) modulate macrophages via immune checkpoint inhibition. ASK-1, apoptosis signal-regulating kinase 1; CCL, C-C chemokine ligand; CCR, C-C chemokine receptor; DAMP, damage-associated molecular pattern; FXR, farnesoid X receptor; IRE1α, inositol-requiring enzyme 1α; mAb, monoclonal antibody; PAMP, pathogen-associated molecular pattern; PD-1, Programmed-cell-death-1; PD-L1, Programmed-cell-death-ligand-1; PPAR, peroxisome proliferator-activated receptor; PRR, pattern recognition receptor; SIRT1/2, sirtuin-1 and sirtuin-2; SLPI, secretory leukocyte protease inhibitor; TLR, toll-like receptor.




A. Inhibition of Macrophage Activation

Changes in gut microbiota composition, increased intestinal permeability and pathological BT into the liver are characteristics of progressive chronic liver disease (e.g, cirrhosis) causing an increase in hepatic levels of endotoxin (e.g., LPS) (8, 35). These gut-derived PAMPs together with liver-derived DAMPs (e.g., HMGB-1, histones) can potentially activate macrophages via pattern recognition receptor (PRR) recognition, triggering inflammatory cascades whose activation can be modulated by several approaches. Among those PPRs, the importance of TLR4 is well documented; indeed, TLR4 inhibition (TAK-242 or Serelaxin) has been shown to ameliorate injury and inflammation in rodent models of liver fibrosis, cirrhosis and ACLF (171–174). In the same context, NLRP3 inflammasome inhibition (MCC950) reduces liver inflammation and fibrosis in experimental NASH (175). Finally, PAMP-mediated macrophage activation can be prevented with restoration of normal gut microbiome using broad-spectrum antibiotics, probiotics and fecal microbiota transfer [further discussed in (8, 16, 176)].



B. Inhibition of Monocyte/Macrophage Recruitment

Tissue-infiltrating monocytes and monocyte-derived macrophages can amplify and perpetuate liver inflammation. Their recruitment into the liver is driven by the chemoattractant properties of several chemokines secreted from activated liver cells (e.g., KCs, LSECs) which interact with chemokine receptors expressed on immune cells. The CCL2/CCR2, CCL5/CCR5 and CCL1/CCR8 are very common chemoattractant axes in liver diseases (16, 56). Chemokine signalling inhibition therefore represents an interesting therapeutic strategy to reduce monocyte recruitment and has proven efficacious in experimental disease models. This can be achieved using monoclonal antibodies against chemokines or chemokine receptors, receptor antagonists, aptamer molecules or small-molecule inhibitors (16, 56).

Interference with chemokine pathways to restrict the influx of inflammatory monocytes is one of the most advanced treatments in NASH-related liver fibrosis. Cenicriviroc (CVC; a dual CCR2/CCR5 inhibitor) efficiently blocks CCL2 mediated monocyte recruitment and has been shown to exert anti-inflammatory and anti-fibrotic effects in various experimental liver disease models (78, 177, 178). These results led to human studies evaluating CVC in NASH patients with fibrosis. Following one year of CVC treatment, a significant number of NASH patients showed good response to the treatment and significant improvement in the histological stage of fibrosis (179). These positive effects were maintained in responders in the second year of CVC treatment (180) and a phase 3 clinical trial is assessing its efficacy and safety (NCT03028740). Other molecules inhibiting cell recruitment include propagermanium (CCR2 inhibitor) (181), mNOX-E36 (RNA-aptamer molecule that inhibits CCL2) (182), maraviroc (CCL5/RANTES inhibitor) (183) and small-molecule antagonist against the G protein-coupled receptor 84 (GPR84) (184) which ameliorate disease in experimental NASH.

Recent scRNA-seq studies have described the macrophage heterogeneity in murine NASH, consistently demonstrating that resident KCs (ResKCs) are lost during NASH progression and recruited monocytes enter the liver and become monocyte-derived KCs (MoKCs) or temporary MoMFs (49, 87–89). The distinct roles in disease pathology, functions and relationship between these subsets remain to be explored. For instance, what triggers ResKC death and why MoMFs are protected from this? Furthermore, it’s not clear whether the strategy to reduce monocyte recruitment in NASH via CCR2/CCL2 inhibition could affect both MoKCs and recruited MoMFs, or the latter cells only. Of note, NASH-related liver fibrosis was increased in Ccr2 KO mice (89). Could the timing of CCR2 blockade influence macrophage composition and also alter tissue remodelling? Differences between murine and human macrophage subset functions are likely. Further exploration and better understanding of macrophage heterogeneity in NASH will inform us how to specifically target these critical immune cell subpopulations.



C. Macrophage Reprogramming

Hepatic macrophages exhibit great functional plasticity. Therefore, a key therapeutic approach is to induce a switch from an inflammatory to an anti-inflammatory/restorative type, aimed to promote resolution of inflammation and accelerate tissue regeneration. Such macrophage reprogramming can be achieved using anti-inflammatory mediators including steroids (e.g., dexamethasone), prostaglandin E2 (PGE2), macrophage colony-stimulating-factor-1 (CSF1) and secretory leukocyte protease inhibitor (SLPI) (10, 43, 185). Galectin-3, mainly expressed in macrophages, is shown to exert inflammatory functions and profibrogenic effects on hepatic stellate cells (186). Despite showing promising results in rodent models, the galectin-3 inhibitor belapectin (GR-MD-02) did not alleviate fibrosis in a phase 2 trial in patients with NASH with cirrhosis and portal hypertension (187, 188). A study evaluating the efficacy and safety of another galectin-3 inhibitor, GB1211, in NASH patients is currently ongoing (NCT03809052). Other targets explored aiming to prevent macrophage activation and promote M2-like polarization include inositol-requiring enzyme 1α (IRE1α) (189), farnesoid X receptor (FXR) (190), apoptosis signal-regulating kinase 1 (ASK-1) (191) and obeticholic acid which is a strong FXR agonist with promising results from an early phase clinical trial in NASH (192).

Due to the anatomical location (liver sinusoids) and high scavenging capacity (e.g., mannose receptor) of KCs, the systemic administration of different drug delivery nanosystems (e.g., polymers, liposomes and microbubbles) leads to their accumulation in the liver (193, 194). This highlights their potential for developing new hepatic macrophage-targeted therapies. For instance, the administration of dexamethasone-loaded liposomes reduced liver inflammation in murine models of acute hepatitis and CCL4-induced chronic toxic liver injury, and this was associated with reduced number of hepatic T cells and induction of an M2-like/restorative macrophage phenotype (195). While such drug carrier materials target hepatic myeloid cells, liver fibrosis also affects their targeting efficiency, supporting the need to adapt nanomedicine-based approaches in chronic liver disease (194, 196).

Another strategy to induce anti-inflammatory macrophage polarization and consequently also ameliorate disease progression is by promoting signalling through the PPAR pathways. PPARs are nuclear transcription factors with multiple functions in NASH pathology, affecting inflammation, lipid and glucose metabolism (197). Recent work has shown that in vivo treatment with saroglitazar, a PPARα/PPARγ agonist, is associated with reduced inflammation and regression of fibrosis in experimental NASH models (198). In a human study, elafibranor, a PPARα/PPARδ agonist, was shown to attenuate liver inflammation without fibrosis worsening in NASH patients (199). Furthermore, in vitro treatment with lanifibranor, a pan-PPAR agonist, reduces the expression of inflammatory genes in murine macrophages and patient-derived circulating monocytes with palmitic acid and increases the expression of lipid metabolism related genes. The anti-inflammatory actions of lanifibranor can be induced through PPARδ agonism as demonstrated by evaluating the effects of individual PPAR agonists (200). Moreover, lanifibranor treatment inhibits hepatic MoMF accumulation, one of the key events preceding fibrosis (78). Lanifibranor is currently investigated in a phase 2 trial in NASH patients (NCT03008070).

Recently, LC3-associated phagocytosis (LAP), a non-canonical form of autophagy that shifts monocyte/macrophage phenotype to an anti-inflammatory type, was reported to be a protective mechanism against fibrosis and systemic inflammation in cirrhosis (201). LAP is enhanced in peripheral and hepatic monocytes from patients with liver fibrosis or those who progress to cirrhosis. Pharmacological inhibition of LAP in patient-derived monocytes or LAP genetic disruption in mice exacerbated inflammation and fibrosis after CCl4-induced liver injury whereas enhancing LAP reduced inflammation and liver fibrosis (201). Moreover, activation of LAP is lost in monocytes from ACLF patients and can be restored by targeting this pathway (201). This suggests that sustaining LAP may open new therapeutic perspectives for patients with chronic liver diseases.



D. Macrophage Metabolic Rewiring and Epigenetic Regulation

An additional approach could be the metabolic rewiring of hepatic macrophages to modulate their polarization and regulate their function for liver disease treatment (92). Pharmacological promotion of autophagy by targeting a key metabolic regulator, the mammalian target of rapamycin complex 1 (mTORC1), improved high fat diet-induced steatohepatitis in mice by altering lipid metabolism, macrophage polarization, the inflammatory responses and autophagy (202). Interestingly, mice with macrophage-selective mTORC1 ablation displayed an M2-like phenotype, reduced liver inflammation and improved insulin sensitivity (202). Another study has revealed a crucial role for the NOTCH1 pathway in inducing M1-like activation of hepatic macrophages by promoting mitochondrial oxidative phosphorylation and ROS as well as M1-related gene expression (68). Conditional NOTCH1 deficiency in myeloid cells attenuated hepatic macrophage M1-like activation and inflammation in murine alcoholic steatohepatitis and markedly reduced lethality following endotoxin-mediated fulminant hepatitis (68).

The concept of “innate immune memory” has arisen over recent years which may open another window of opportunity for new therapies in chronic liver diseases (203). This idea stems from studies demonstrating that epigenetic mechanisms regulate macrophage function by imprinting them with a “memory response” towards future stimuli. Therefore, macrophages can mount a qualitatively different response, either exaggerated (“trained”) or impaired (“tolerant”), upon exposure to repeated challenge (204, 205). In the context of acute and excessive inflammation, tolerance can act as a protective mechanism to dampen the host’s inflammatory responses to prevent tissue damage. For instance, in response to LPS or pathogen exposure, monocytes and macrophages modify their histone acetylation and methylation traits, dictating gene expression patterns upon subsequent stimulation (206–208). Some of these mechanisms are implicated in rewiring of intracellular metabolic activities affecting the balance between glycolysis and fatty acid oxidation (209, 210). For example, inhibitors of histone deacetylases sirtuin-1 and sirtuin-2 (SIRT1/2) have shown the capacity to reverse immune paresis in experimental murine sepsis (211, 212). Whether such a molecular memory imprinting of anti-inflammatory monocytes and macrophages could be achieved in chronic liver failure is worth exploration.



E. Macrophage Regulation via Immune Checkpoint Blockade

Immune checkpoints constitute a complex array of receptors (e.g., PD-1, CTLA-4) and their ligands (e.g., PD-L1/PD-L2, CD80/C86) expressed on both innate and adaptive immune cells, which exert key regulatory roles during homeostasis and inflammatory pathologies, mainly in chronic infection, sepsis and cancer. Immune checkpoint inhibition has become an emerging therapeutic strategy in various liver diseases (203, 213). For instance, we have demonstrated that peripheral CD4+ T cells from ALF patients have increased CTLA-4 expression and reduced proliferative response to stimulation that can be enhanced via CTLA-4 inhibition in vitro (214). Furthermore, defects in adaptive and humoral immunity can be partially rescued by in vitro PD-1 blockade in patients with alcohol-related liver disease and viral hepatitis B infection (215, 216). Importantly, the therapeutic reversal of immune exhaustion using immune checkpoint monoclonal antibodies (mAb), alone or in combination with other drugs, has been shown to be effective and with good safety profiles in hepatocellular carcinoma (217–219).

Most checkpoint pathways have been first described as regulators of T cell immunity, but it is now clear that their effects are not limited to T cells only. For instance, accumulating evidence has revealed an crucial role for PD-1/PD-L1 signalling on altering myeloid cell function in sepsis and cancer (220–222). PD-1 and PD-L1 can be induced on monocytes and macrophages through TLR ligands (e.g., LPS) and cytokines (e.g., TNF-α, IL-6 and IL-10). Interestingly, PD-1 and PD-L1 monocyte expression is associated with increased mortality in septic patients while PD-1/PD-L1 blockade restores innate responses in experimental sepsis (223–226).

Many features of sepsis resemble those observed in acute (e.g., acetaminophen overdose) or chronic (e.g., decompensated cirrhosis, alcohol-related ACLF) liver failure patients who often acquire bacterial infections (10, 203, 213). We recently explored the PD-1/PD-L1 pathway in acetaminophen-induced ALF (227). During resolution of murine liver injury, impaired hepatic bacterial clearance and increased PD-1 and PD-L1 expression of KCs and lymphocyte subsets were detected. Compared to wild-type, PD-1 deficient or anti-PD-1 mAb treated mice with liver injury showed improved KC bacterial clearance, reduced bacterial load and protection from sepsis (227). We also found up-regulated PD-1 and PD-L1 expression of peripheral monocytes and lymphocytes in patients with ALF and increased plasma soluble PD-L1 levels predicting mortality and development of sepsis (227). Similarly, another study demonstrated overexpression of PD-L1 in peripheral monocytes and liver macrophages in cirrhotic patients who displayed impaired hepatic bacterial uptake (228). Interestingly, monocyte PD-L1 was associated with disease severity and infection risk in cirrhosis while anti-PD-L1 mAb treatment restored the phagocytic capacity of macrophages and reduced bacterial dissemination in mice with chronic liver injury (228). These studies indicate that immune checkpoint blockade may be an effective and safe strategy for restoration of defective antibacterial responses in chronic liver failure patients, where conventional treatment options are currently very limited.




Conclusions

In conclusion, intensive research over recent years has significantly improved our knowledge on macrophage diversity and plasticity in the context of liver diseases. Technical advances in experimental models and tools, such as single-cell approaches, have enabled us to dissect the key cellular and molecular functions of tissue macrophages, uncovering critical pathophysiological changes involved in different disease states such as liver fibrosis. This forms the basis for future studies that will further deepen our understanding of liver disease pathogenesis, thus enabling the identification of novel immunotherapeutic approaches for patients across the spectrum of chronic liver disease.
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Macrophages are highly plastic, key regulators of inflammation. Deregulation of macrophage activation can lead to excessive inflammation as seen in inflammatory disorders like atherosclerosis, obesity, multiple sclerosis and sepsis. Targeting intracellular metabolism is considered as an approach to reshape deranged macrophage activation and to dampen the progression of inflammatory disorders. ATP citrate lyase (Acly) is a key metabolic enzyme and an important regulator of macrophage activation. Using a macrophage-specific Acly-deficient mouse model, we investigated the role of Acly in macrophages during acute and chronic inflammatory disorders. First, we performed RNA sequencing to demonstrate that Acly-deficient macrophages showed hyperinflammatory gene signatures in response to acute LPS stimulation in vitro. Next, we assessed endotoxin-induced peritonitis in myeloid-specific Acly-deficient mice and show that, apart from increased splenic Il6 expression, systemic and local inflammation were not affected by Acly deficiency. Also during obesity, both chronic low-grade inflammation and whole-body metabolic homeostasis remained largely unaltered in mice with Acly-deficient myeloid cells. Lastly, we show that macrophage-specific Acly deletion did not affect the severity of experimental autoimmune encephalomyelitis (EAE), an experimental model of multiple sclerosis. These results indicate that, despite increasing inflammatory responses in vitro, macrophage Acly deficiency does not worsen acute and chronic inflammatory responses in vivo. Collectively, our results indicate that caution is warranted in prospective long-term treatments of inflammatory disorders with macrophage-specific Acly inhibitors. Together with our earlier observation that myeloid Acly deletion stabilizes atherosclerotic lesions, our findings highlight that therapeutic targeting of macrophage Acly can be beneficial in some, but not all, inflammatory disorders.
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Introduction

Macrophages are key players in the first line of cellular defense. These highly plastic immune cells can adopt several activation states to respond to the situation at hand. Under homeostatic conditions, functional pro- and anti-inflammatory macrophages are in balance to fight pathogens and to restore tissue damage. Unbalanced macrophage activation may lead to chronic inflammation as seen in atherosclerosis, multiple sclerosis (MS) and obesity or it can lead to hyper-inflammation as occurs during sepsis (1–3).

Metabolic reprogramming of macrophages has been proposed as a promising therapeutic target to combat inflammatory disorders (4, 5). Typical in vitro lipopolysaccharide (LPS)-activated inflammatory macrophages switch towards an increased flux through glycolysis and the pentose phosphate pathway to fuel their energy demands for eliciting immune responses, highlighting the central role of metabolism in inflammation (6). Interfering with such metabolic shifts may hamper persistent activation of inflammatory macrophages. Recently, Lauterbach et al. showed that early after LPS activation, the metabolic enzyme ATP citrate lyase (Acly) becomes activated in macrophages and provides the cell with cytosolic acetyl-CoA from increased glucose uptake and citrate accumulation (7). Increased cytosolic acetyl-CoA allows for histone acetylation to stimulate the expression of inflammatory genes and is involved in fatty acid synthesis and cholesterol biosynthesis (7–9). Hereby, Acly links glycolysis and mitochondrial metabolism to lipid metabolism and histone acetylation, marking Acly as a potential metabolic target for tackling excessive inflammation (9, 10). In vitro studies indicated that short-term inhibition of Acly by small molecule inhibitors or knockdown through siRNAs can dampen macrophage inflammation (7, 8, 11). Likewise, systemic inhibition of Acly in vivo reduces inflammatory outcomes in endotoxin-induced peritonitis (7). However, through a recently developed myeloid-specific Acly knockout mouse model, we revealed a discrepancy in the translation of in vitro findings to in vivo settings (12). In contradiction to previous studies, LysM-Cre-mediated Acly-deficient macrophages revealed increased inflammatory signaling in in vitro LPS-elicited responses and in atherosclerotic plaques in vivo (12). Despite increased inflammatory signaling, myeloid Acly deficiency resulted in increased atherosclerotic plaque stability (12). These data underline the need for a better understanding of targeting of Acly in macrophages specifically in the potential treatment of acute and chronic immune disorders.

Here, to decipher how Acly deficiency in myeloid cells affects acute and chronic inflammatory responses, we first analyzed LPS-activated macrophages by RNA-sequencing (RNA-seq). We demonstrated in an unbiased way that Acly-deficient macrophages display deregulated cholesterol handling and elevated inflammatory gene expression signatures after both 3 and 24 hours of LPS stimulation in vitro. Remarkably, we show that in vivo disease outcomes of different inflammatory conditions, i.e. endotoxin-induced peritonitis, obesity and experimental auto-immune encephalitis (EAE) remain largely unaffected by myeloid Acly deficiency. Together with our previous findings in atherosclerosis, these data highlight that myeloid-specific targeting of Acly is beneficial only in some inflammatory disorders and is likely compensated in others.



Results


Macrophage Acly Deficiency Increases Inflammatory Signaling In Vitro

To study the effects of Acly deficiency on inflammatory responses in macrophages, we crossed Aclyfl/fl mice with mice expressing Cre under control of the myeloid cell-specific LysM promotor (Lyz2-Cre) (12). We have previously shown that naïve, unstimulated Acly-deficient bone marrow-derived macrophages (BMDMs) display deregulated lipid metabolism compared to control BMDMs, whereas inflammatory cytokines were increased only after LPS stimulation (12). Hence, we stimulated control (Aclyfl/fl) and Acly-deficient (AclyM-KO) bone marrow-derived macrophages (BMDMs) in vitro with LPS for 3 and 24 hours to examine inflammatory activation in an unbiased way through RNA-seq (Figure 1A). Efficiency of Acly deletion was confirmed at protein level by Western Blot and at gene expression level by RNA-seq since Acly was amongst the most downregulated genes in AclyM-KO macrophages after both 3- and 24-hours LPS stimulation (Figure 1B, Supplementary Figure 1A). Of all significantly regulated genes between control and AclyM-KO macrophages, only 30 were overlapping after both 3- and 24-hours LPS stimulation, indicating timing-dependent activation patterns (Figure 1C). However, pathway analysis revealed that similar pathways were affected by Acly deletion after 3- and 24-hours LPS activation (Figure 1D). We found Acly-dependent regulation of pathways related to fatty acid and cholesterol biosynthesis and observed that while cholesterol levels were similar, desmosterol levels were still decreased after inflammatory activation with LPS (Supplementary Figure 1B). Next to lipid metabolism, pathway analysis revealed that genes involved in inflammatory signaling were affected upon Acly deletion (Figure 1D). To specifically assess the effect of Acly deletion in BMDMs on the expression of inflammatory genes, we first selected the most highly induced genes in LPS-stimulated control macrophages at both time points (Log2(Fold Change)>5 and adjusted p-value<0.05; Figures 1E, F). 15 out of the 175 genes that were most induced after 3 h LPS treatment were differentially expressed in AclyM-KO macrophages in comparison to controls (Figure 1E). Likewise, 17 out of the 159 top-induced genes were differentially regulated after 24 h treatment with LPS (Figure 1F). At both time points, the majority of differentially expressed genes was upregulated in AclyM-KO macrophages, indicating that deletion of Acly in macrophages potentiates inflammatory responses. Among them, the 5 genes that were significantly altered in naive Acly-deficient BMDMs compared to control BMDMs are mainly involved in lipid metabolism and cell cycle regulation, indicating that increased inflammatory responses are likely not due to differences at baseline (Supplementary Figure 1C). Il6 and Nos2 were among the most upregulated genes in LPS-stimulated AclyM-KO macrophages, corresponding with our earlier observations that Acly-deficient macrophages secrete more IL-6 and nitric oxide in response to LPS (12). Together, this analysis indicates that inflammatory signaling is increased in LPS-activated AclyM-KO macrophages in vitro.




Figure 1 | Macrophage Acly deficiency upregulates LPS-induced inflammatory gene expression in vitro. (A) Control and AclyM-KO BMDMs were stimulated with LPS for 3 or 24 h and analysed by RNA-sequencing. (B) Volcano plot of differentially expressed genes between control and Acly-deficient BMDMs after 3 or 24 hour LPS stimulation highlighting the top 5 most significant up- and down-regulated genes. (C) Venn diagram showing overlap in deregulated genes by Acly deficiency after 3 and 24 hours LPS-activation (D) Deregulated pathways in Acly-deficient macrophages as determined by Reactome, KEGG and GO pathways. (E, F) Expression in control versus Acly-deficient BMDMs of genes that are most highly LPS-induced after 3h (E) or 24h (F) LPS stimulation in control BMDMs. (n=3 per group).





Acute Endotoxin-Induced Peritonitis Is Largely Unaffected in Myeloid-Specific Acly-deficient Mice

To analyze whether our findings translate to altered acute inflammatory responses in vivo, AclyM-KO and control mice were injected intraperitoneally (i.p.) with LPS (or vehicle control) as a commonly used endotoxin-induced peritonitis model (Figure 2A) (7, 13). In line with the RNA-seq data, we found increased LPS-induced Il6 expression in spleens of AclyM-KO mice when compared to control mice, whereas splenic expression of other cytokines remained unaltered (Figure 2B). Both local (peritoneal) and systemic (plasma) cytokine and chemokine levels were induced by LPS to a similar extent in AclyM-KO and control mice (Figure 2C, Supplementary Figure 2A). However, LPS treatment resulted in slightly decreased relative myeloid cell recruitment and slightly increased relative B cell recruitment to the peritoneum in Acly-deficient mice as assessed by flow cytometry on peritoneal exudate cells (Figures 2D, E, Supplementary Figure 2B). We did not find increased neutrophil-related chemokine gene expression (Cxcl1, Cxcl2) or tolerogenic cytokine gene expression (Il10, Tgfb) in peritoneal exudate cells at baseline (Supplementary Figure 2C). However, myeloid cells displayed a decreased percentage of viable cells in the peritoneum upon LPS induction, at least partly explaining the reduced abundance of these cells (Supplementary Figure 2D). To investigate whether circulating immune cell levels were altered in the absence of myeloid Acly, we analyzed blood leukocytes. Flow cytometry revealed increased frequencies of NK cells and neutrophils in response to LPS injection, with no differences between control and AclyM-KO mice (Figure 2F). Interestingly, circulating neutrophils in AclyM-KO mice displayed also decreased viability in response to LPS, indicating regulation of cell survival by Acly (Supplementary Figure 2E). Circulating monocyte subtypes displayed a similar increase in Ly6Clow and Ly6Cint abundance at the expense of Ly6Chigh upon LPS injection in both control and AclyM-KO mice (Figure 2G). Together, these data indicate that myeloid Acly deficiency alters neither local nor systemic cytokine responses and results in slightly altered cellular responses upon LPS injection locally, potentially through regulation of myeloid cell viability.




Figure 2 | Myeloid Acly deficiency barely alters systemic and local immune responses in acute endotoxin-induced peritonitis. (A) Control and AclyM-KO mice received an intraperitoneal injection of LPS or vehicle control. After 2 hours, spleens, blood and peritoneal fluid were collected. (B) Splenic gene expression of inflammatory cytokines. (C) Peritoneal and plasma cytokine levels in vehicle control and LPS-treated control and AclyM-KO mice. (D) Peritoneal exudate cell counts. (E) Relative distribution of peritoneal exudate cell levels as assessed by flow cytometry. (F) Relative distribution of white blood cells as assessed by flow cytometry. (G) Abundance of blood monocyte subsets as defined by Ly6C expression. Values represent mean ± SEM [n=3/3/10/10 (Ctrl vehicle/KO vehicle/Ctrl LPS/KO LPS)]. *P<0.05 by ordinary one-way ANOVA with Sidak’s post hoc test for multiple comparisons.





Obesity-Induced Chronic Low-Grade Inflammation and EAE Onset and Severity Are Unaffected in Myeloid-Specific Acly-Deficient Mice

Obesity and MS are diseases characterized by chronic immune activation, which drives disease progression. During obesity, adipose tissue macrophages (ATMs) are exposed to a lipid-rich environment that drives pro-inflammatory macrophage activation (14). To assess the effect of obesity on Acly levels in ATMs, we assessed its expression in an RNA-seq data set from ATMs that were sorted from mice fed a control low-fat diet (LFD) or a high-fat diet (HFD) for 16 weeks (Figure 3A). Obesity increased Acly expression in ATMs from obese mice (Figure 3B), which led us to investigate the effects of myeloid Acly deficiency on metabolic outcomes in obesity. Hence, we fed control and AclyM-KO mice a LFD or HFD for 16 weeks and assessed whole-body metabolic parameters and chronic low-grade inflammation in the circulation and metabolic tissues (Figure 3C). Myeloid-specific Acly deficiency did not impact diet-induced body weight changes when compared to controls (Figure 3D). However, AclyM-KO mice displayed slightly aggravated glucose intolerance after HFD feeding (Figure 3E), whereas insulin sensitivity was unaffected (Figure 3F). As expected, plasma IL-6 and TNF levels and circulating monocytes were higher in HFD-fed mice, but were not affected by myeloid-specific Acly deficiency (Figures 3G, H, Supplementary Figure 3A). In both visceral white adipose tissue (epididymal; eWAT) and the liver, two of the main metabolic organs, diet-induced changes in myeloid cell composition detoriate tissue-specific insulin sensitivity. In WAT, depletion of eosinophils, recruitment of monocytes and accumulation of neutrophils and CD11c+ pro-inflammatory macrophages are associated with metabolic dysfunctions (15). While HFD feeding indeed increased CD11c+ macrophage abundance, myeloid Acly deficiency did not alter these changes (Figures 3I, J, Supplementary Figures 3B, C). Also, neutrophil abundance in WAT was similar after HFD feeding in both genotypes (Supplementary Figure 3D). Likewise, recruitment of neutrophils, monocytes and activation of Kupffer cells are associated with hepatic insulin resistance (16–18). Whereas hepatic neutrophil recruitment was unchanged, Kupffer cells were increasingly activated upon HFD feeding. Acly deficiency did not affect these parameters, but did result in increased hepatic monocyte recruitment upon HFD feeding when compared to HFD fed controls. (Figures 3K, L, Supplementary Figure 3B). Yet, gene expression of typical obesity-induced macrophage and cytokine genes Adgre (F4/80), Itgax (CD11c), Tnf, and Ccl2 remained unaltered by myeloid Acly deficiency in both eWAT and liver (Figure 3M). These data indicate that obesity-induced chronic low-grade inflammation remains unaffected upon myeloid Acly deficiency in vivo and causes minor local changes. Lastly, during MS, chronic inflammatory activation affects the central nervous system. We analyzed the effect of myeloid Acly deficiency on disease onset and progression by applying an EAE model (Supplementary Figure 4A). Also in this chronic inflammatory condition, we did not find differences in disease onset and severity between control and AclyM-KO mice (Supplementary Figures 4B–E). Taken together, our data indicate that deleting Acly in macrophages increased their inflammatory potential in vitro, but did not affect acute and chronic inflammatory conditions in peritonitis, obesity and EAE in vivo.




Figure 3 | Obesity-related chronic low-grade inflammation remains unaffected by myeloid Acly deficiency. (A) Control mice received a control low-fat diet (LFD) or a high-fat diet (HFD) for 16 weeks, after which macrophages were sorted from white adipose tissue (WAT). (B) Acly expression in WAT macrophages after 16 weeks of LFD or HFD. [n=6/8 (LFD/HFD)]. (C) Control and AclyM-KO received a LFD or HFD for 16 weeks, after which blood, liver and WAT were collected. (D) Body weight during the course of 16 weeks. (E) Blood glucose levels during glucose tolerance test (GTT) and derived area under the curve (AUC) in control and AclyM-KO mice after LFD or HFD. (F) Blood glucose levels during insulin tolerance test (ITT) and AUC in control and AclyM-KO mice after LFD or HFD [n=3/3/6/7 (Ctrl LFD/KO LFD/Ctrl HFD/KO HFD)]. (G) Plasma cytokine levels at 12 weeks of diet intervention [n=3/3/10/10 (Ctrl LFD/KO LFD/Ctrl HFD/KO HFD)]. (H) Circulating monocyte levels. (I) WAT myeloid cell abundance, (J) percentage of CD11c+ macrophages in WAT. (K) Liver myeloid cell abundance, (L) percentage of CD11c+ Kupffer cells. (M) Gene expression levels of indicated genes in liver and WAT [n=3/3/6/7 (Ctrl LFD/KO LFD/Ctrl HFD/KO HFD)]. Values represent mean ± SEM. *P<0.05, **P<0.01 by ordinary one-way ANOVA with Sidak’s post hoc for multiple comparisons.






Discussion

In recent years, Acly arose as a potential metabolic target in combating inflammatory disorders (7, 8, 11, 12). In this study, we demonstrated that Acly-deficient BMDMs have a hyperinflammatory gene signature when activated with LPS in vitro. Apart from increased splenic Il6 expression, other systemic or local inflammatory readouts determined in blood, spleen, and peritoneum were unaltered in myeloid-specific Acly-deficient mice during endotoxin-induced peritonitis in vivo. Likewise, neither obesity nor EAE-related inflammation were affected by myeloid Acly deficiency. These results indicate that, although in vitro inflammatory responses were increased in LysM-Cre-mediated Acly-deficient cells, myeloid Acly deficiency did not alter acute and chronic inflammatory disease outcomes in vivo in mouse models of obesity, peritonitis, and MS. These results highlight that therapeutic targeting of macrophage Acly is likely not beneficial for all inflammatory disorders.

Targeting Acly in inflammation provides the opportunity to target cellular respiration, cholesterol biosynthesis, and histone acetylation (9). In an earlier study, we observed similar cellular respiration and glycolysis rates, alike histone acetylation levels but a disrupted fatty acid and cholesterol biosynthesis in naïve Acly-deficient macrophages (12). Our current observations confirm that even after 3- or 24-hour LPS-activation, cholesterol biosynthesis and related pathways are still among the most deregulated pathways in Acly-deficient macrophages, indicating the persistence of the effect of Acly knockdown in macrophages. Interestingly, RNA-sequencing of BMDMs treated with an Acly inhibitor in combination with LPS for 4 hours does not show a deregulation of cholesterol metabolism, but rather highlights pathways related to immune responses (7). These discrepancies may be explained by differences in the timing of the Acly inhibition, knockdown and knockout methods. Whereas acute inhibition or siRNA-mediated knockdown might not allow sufficient time for the cell to overcome acute metabolic dysregulation, a genetic knockout approach can induce adaptive changes to rewire metabolic pathways during differentiation and hereby secure sufficient cytosolic acetyl-CoA levels. Indeed, genetic Acly deficiency in multiple mammalian cell types shows an increased abundance of Acetyl-CoA synthetase short chain family member 2 (ACCS2) as well as an increased flux through this enzyme to secure cytosolic acetyl-CoA for de novo lipogenesis from endogenous acetate (19–21). In turn, this acetate-derived acetyl-CoA in cancer cells can induce histone acetylation and lipogenesis (22). In line with this, both unstimulated and 3-hour LPS-activated Acly-deficient macrophages display increased expression of Acss2, indicating that macrophages can at least partly restore acetyl-CoA levels and adapt metabolism upon long-term Acly deletion (12).

Apart from differences in regulation of metabolism between genetic Acly deletion and acute inhibition in vitro, both methods of targeting Acly show opposite regulation of inflammatory responses (7, 8, 11). Since metabolism can dictate inflammatory responses in macrophages, the hyperinflammatory response in Acly-deficient macrophages may be an effect of i) increased flux through ACSS2 and/or ii) deregulated cholesterol biosynthesis. Firstly, in line with our results, Acly-deficient adipocytes show increased inflammatory gene signaling in combination with increased Acss2 expression (21). Also T cells with affected metabolism and an increased flux through ACSS2 have been shown to display an augmented inflammatory response (23). These findings fit with the notion that acetate-derived acetyl-CoA is able to drive increased inflammatory responses (24). The possible link between ACSS2 and inflammation is a potential mechanistic explanation that increased ACSS2 may, at least partly, be a determinant of increased inflammatory signaling during genetic Acly deficiency. Secondly, we previously showed in unstimulated Acly-deficient macrophages that a deregulation of cholesterol biosynthesis results in decreased levels of the cholesterol pathway-intermediate desmosterol (12). Decreased desmosterol levels and subsequent blunted inhibition of inflammatory responses by liver X receptor (LXR) may also partly explain the hyperinflammatory genotype of Acly-deficient inflammatory macrophages. Since desmosterol levels are still decreased after 3- and 24-hour LPS stimulation, it highlights that cholesterol-related pathways are still affected on both gene expression and sterol level in LPS-stimulated Acly-deficient macrophages. When such metabolic adaptation occurs during long-term inhibition with small molecule inhibitors of Acly remains unknown and could be examined by using conditional inducible knockouts.

We now demonstrate that genetic Acly deletion specifically in macrophages does not alter inflammatory readouts in endotoxin-induced peritonitis except for splenic Il6 expression, indicating that myeloid Acly deficiency may only mildly alter local LPS-elicited inflammatory responses in the spleen. Splenic Il6 is expressed by bone marrow-derived myeloid cells upon i.p. LPS injection (25), which indicates that increased splenic Il6 expression in myeloid Acly-deficient mice is likely due to its higher expression by myeloid cells. However, since only local alterations were evident in myeloid Acly-deficient mice, it implies that there are unidentified factors that explain the lack of a hyperinflammatory response in vivo, which we did observe in vitro. While expression of tolerogenic cytokines or chemo-attractant chemokines in peritoneal cells was similar in control and AclyM-KO at baseline, there could be other unanalyzed factors regulated by myeloid Acly at baseline that attenuate a hyperinflammatory response in vivo. Another explanation of differences in responses in vitro and in vivo could be that tissue-resident macrophages do not all express equal amounts of Acly or the LysM-promotor at baseline or after activation, indicating that myeloid Acly deletion mediated by the LysM-Cre system will not affect all tissues to a similar extent (as can be extracted from GSE63341, GSE122108). Alternatively, decreased viability of myeloid cells upon i.p. injection with LPS might explain a reduced ability to mount inflammatory responses in vivo.

In sharp contrast, systemic inhibition of Acly in vivo with small molecules resulted in lower circulating cytokine levels in an endotoxin-induced model of peritonitis (7). This implies that beneficial effects from systemic inhibition with a small molecule inhibitor are either not solely mediated by its effect on macrophages, or cells undergoing small molecule-inhibition of Acly are not successive to adaptive metabolic changes as Acly-deficient macrophages are. However, since small molecule inhibition in macrophages in vitro shows decreased inflammation, it is likely that beneficial effects in peritonitis are at least partly macrophage-mediated.

Interestingly, Acly inhibition was also shown recently to be utilized for immune evasion by uropathogenic Escherichia coli by suppressing cytokine production during cystitis, providing additional evidence that Acly is linked to inflammatory responses (26). Additionally, circulating Acly was recently shown to be increased during sepsis, suggesting an immunological role for Acly in the disease (27). We found a decreased abundance of viable myeloid cells after activation with LPS in AclyM-KO mice and an increased abundance of neutrophils at baseline, which might indicate that responses to an infection with live pathogen may be altered upon myeloid Acly deficiency. Although sterile, acute LPS-induced peritonitis does not fully reflect bacterial infections, common transcriptional macrophage responses to both gram-positive and –negative bacteria and bacterial compounds have been shown (28). Together with our findings, one could speculate that AclyM-KO mice respond similar to live pathogen challenge when compared to control mice. However, this should be examined in more detail in future studies.

Lastly, we show that WAT macrophages display increased expression of Acly after HFD feeding. Genetic myeloid Acly-deletion, in turn, did not alter inflammatory outcomes, but resulted in a slightly impaired glucose tolerance in obesity. As whole-body insulin sensitivity was not impaired, this hints at a mild inhibition of insulin-independent glucose uptake. Interestingly, obese mice with an adipocyte-specific knockout of Acly also showed impaired glucose handling (21). Additionally, Acly expression is positively correlated with glucose transporter 4 (GLUT4) expression in human adipose tissue (21), indicating co-regulation of these proteins in this particular setting. If such co-regulation of glucose transporters exists, one cannot completely exclude the possibility that the observed metabolic defect in AclyM-KO mice is secondary to decreased glucose uptake in myeloid cells.

Collectively, our results indicate that caution is warranted in prospective long-term or chronic treatments of inflammatory disorders with macrophage-specific Acly inhibitors. The findings of this study aid in further understanding the interaction between macrophage Acly and inflammatory disorders. Further studies into the development of new cell-specific Acly inhibitors can build upon the idea that chronic myeloid Acly therapy does not benefit or worsen inflammatory disorders like sepsis, obesity and EAE.



Methods


Animals, Treatment and Diet

C57Bl/6J mice with loxP sites flanking exon 9 of the Acly gene (Aclyfl/fl) (20) were crossed with Lyz2-Cre transgenic mice to generate mice with a myeloid-specific deletion of Acly (AclyM-KO). All mouse experiments were conducted after approval by the Committee for Animal Welfare (University of Amsterdam, VU University Amsterdam and Leiden University Medical Center).

Acute endotoxin-induced peritonitis was achieved by intraperitoneally injecting age-, weight-, and sex-matched 17 week old control and AclyM-KO mice with 5 µg/g bodyweight LPS (From Escherichia coli serotype O55:B5; Sigma) in PBS or with PBS only for control. Mice were randomly allocated to either PBS control (n=3) or LPS experimental conditions (n=10). 2 hours after LPS injection, mice were euthanized by CO2 asphyxiation. Blood was collected by cardiac puncture with ethylene-diamine-tetraacetatic acid (EDTA; Gibco)-pretreated syringes. Peritoneal lavage was performed by injecting 5 mL 2mM EDTA in PBS in the peritoneal cavity followed by careful removal of the maximum volume of lavage fluid possible (3.8-4.6 mL). Subsequently, spleens were harvested and snap frozen in liquid nitrogen for RNA isolation.

EAE was induced in age- and sex-matched 12 week-old control and AclyM-KO mice by 0.2 mL subcutaneous injection of myelin oligodendrocyte glycopeptide (MOG)35-55 in an emulsion with complete Freund’s adjuvant (CFA; Hooke Laboratories) followed by two times intraperitoneal injection of 200 ng pertussis toxin (PTX) dissolved in PBS (Hooke Laboratories) on 2 successive days. Mice were weighed, monitored and scored on EAE symptoms (0 = healthy; 1 = limp tail; 2 = ataxia and/or paresis of hind limbs; 3 = paralysis of hind limbs and/or paresis of forelimbs; 4= tetraplegia; 5 = moribund or dead) (29, 30) daily for the course of 30 days by 2 independent researchers blinded to mouse genotypes. In case clinical signs were less severe than typically observed, clinical scores were graded as ‘x-0.5’.

Obesity was induced by feeding mice a high-fat diet (HFD). Group randomization was systematically performed before the start of the experiment, based on age, body weight, fat mass and fasting blood glucose levels. 9 to 17 week old male control and AclyM-KO mice were fed a low-fat diet (LFD, 10 kcal% fat, D12450B, Research Diets) (n=4) or a high-fat diet (45 kcal% fat, D12451, Research Diets) (n=8) for 16 weeks, during which body weight was monitored using a conventional weighing scale.



BMDM Isolation and BMDM Culture

Bone marrow cells were flushed from femurs and tibias of control and AclyM-KO mice. Bone marrow-derived macrophages (BMDMs) were generated by culturing in complete RPMI-1640 (Gibco) containing 25 mM HEPES, 2 mM L-glutamine, 10% FCS (Gibco), 100 U/ml penicillin, 100 µg/ml streptomycin (Gibco), and 15% L929-conditioned medium (LCM) for 7 days. Control and AclyM-KO cells were collected and plated for RNA-sequencing at a density of 5*105 cells per well in a 24-well plate and left untreated or stimulated with 100 ng/mL LPS (Sigma) for 3 or 24 hours.



Transcriptomics

Total RNA was isolated from BMDMs using an RNeasy Mini Kit with DNase treatment (QIAGEN) followed by strand-specific library construction using the KAPA mRNA HyperPrep kit (KAPA Biosystems). Samples were sequenced as previously described (12, 31). Briefly, sequencing was performed on an HiSeq 4000 instrument (Illumina). Reads were aligned to mouse genome mm10 using STAR 2.5.2b. Indexing and filtering of BAM files was done with SAMtools after which raw tag counts and RPKM values were summed using HOMER2’s AnalyzeRepeats.pl script. Differentially expressed genes were analyzed using DESeq2 package in R. Volcano plots and heatmaps were generated using ggplot2, ggrepel and pheatmap packages. Genes were considered differentially expressed between control and AclyM-KO BMDMs when Log2 fold change >0.75 and adjusted p-value <0.05. Pathway analysis was performed by Metascape (32) [http://metascape.org] on regulated genes in 3 or 24 hour LPS-induced AclyM-KO BMDMs when compared to 3 or 24 hour LPS-induced control BMDMs, respectively.



Immunoblotting

Immunoblotting was performed as described previously (12). Briefly, BMDMs stimulated with LPS for 24 hours and lysed on ice in NP40 cell lysis buffer (ThermoFisher) with fresh protease inhibitor cocktail (Sigma-Aldrich) and fresh PhosSTOP (Sigma-Aldrich). Lysates were analyzed for protein concentration with a BCA assay (ThermoFisher) and inactivated by heating at 95°C for 10 min. 4-12% Bis-Tris gels (ThermoFisher) were used for protein separation and nitrocellulose membranes (Bio-Rad) for blotting. Membranes were incubated with antibodies against ACLY (1:1000, Abcam, ab40793) and α-Tubulin (1:2000, Sigma-Aldrich, T5168) and signal was visualized using horseradish peroxidase (HRP)-conjugated secondary antibodies in 5% BSA TBS-T and developed using SuperSignal West Pico Chemiluminescent PLUS Substrate (ThermoFisher).



Sterol Analysis

Sterol analysis in LPS-activated macrophages was performed as described previously (12). Briefly, LPS-stimulated BMDMs were homogenized and incubated with an internal standard and saponificated during 2-hour incubation at 80°C. Sterols were extracted using hexane and quantified using a GC system (CPSil5 column, Agilent GC 7890B) with FID detection followed by GC-MS and selected ion monitoring of tMS-derivaties on an MSD5977A MS detector in EI+-mode.



Gene Expression Analysis

Total RNA from snap frozen spleens was isolated using GeneJET RNA Purification Kit from ThermoFisher and following manufacturer’s protocol for Total RNA Purification from Mammalian Tissue. Briefly, tissue was disrupted by crushing with mortar and pestle in lysis buffer supplemented with 2% v/v β-mercaptoethanol. Lysates were homogenized by pipetting up and down and transferred to tubes before vortexing. Subsequently, samples were deproteinized by proteinase K. RNA isolation was performed on supernatants after centrifugation using the Purification Columns and wash buffers provided with the isolation kit. cDNA was transcribed using a High-Capacity cDNA Reverse Transcription Kit (ThermoFisher). Gene expression analysis was performed with SYBR Green Fast mix (Applied Biosystems) on a Viia7 system (Applied Biosystems). Expression levels were normalized to average levels of housekeeping genes ribosomal protein large P0 (Rplp0) and Cyclophilin A (Ppia).

RNA from snap-frozen adipose tissue and liver samples of LFD and HFD-fed mice was isolated using Tripure RNA Isolation reagent (Roche Diagnostics) and the phenol-chloroform extraction method. Total RNA (1 µg) was reverse transcribed and quantitative real-time PCR was performed with SYBR Green Core Kit on a MyIQ thermal cycler (Bio-Rad). mRNA expression was normalized to RplP0 mRNA content and expressed as fold change compared to LFD-fed control mice as indicated, using the ΔΔCT method. Primer sequences used are depicted in Supplementary Table 2.



Cytokine and Chemokine Analysis

Levels of IL-6, TNF, IL-12p70, IL-1β, and IL-10 were quantified in plasma and peritoneal lavage from mice with acute LPS-induced peritonitis using ELISA (Life Technologies), according to manufacturer’s protocol. CXCL1 and CXCL2 were analyzed in peritoneal lavage fluid from naïve and LPS-injected mice using ELISA (R&D systems), according to manufacturer’s protocol. Circulating IL-6 and TNF levels in obese mice were analyzed on plasma samples from 4h-fasted mice using the Cytometric Bead Array enhanced sensitivity kits (CBA; BD Biosciences) according to the manufacturer’s recommendations.



Isolation of Stromal Vascular Fraction From Adipose Tissue

After 16 weeks on diet, LFD-fed lean and HFD-fed obese mice were sacrificed through an overdose of ketamine/xylazine. eWAT was collected after a 1 minute transcardial perfusion with PBS and digested as described previously (33, 34). In short, collected tissues were minced and incubated for 1 hour at 37°C under agitation (60 rpm) in HEPES-buffered Krebs solution (pH 7.4) containing 0.5 g/L collagenase type I from Clostridium histolyticum (Sigma-Aldrich), 2% (w/v) dialyzed bovine serum albumin (BSA, fraction V; Sigma-Aldrich) and 6 mM D-Glucose. The disaggregated adipose tissue was passed through a 200 μm filter (Sefar) that was washed with PBS supplemented with 2.5 mM EDTA and 1% FCS. After allowing the adipocytes to settle, the infranatant, consisting of immune cells, was collected and pelleted at 350 x g for 10 minutes at room temperature. Subsequently, the pellet was treated with erythrocyte lysis buffer (0.15 M NH4Cl; 1 mM KHCO3; 0.1 mM Na2EDTA). Cells were next washed with PBS/EDTA/FCS, and counted using a hemocytometer.



Isolation of Leukocytes From Liver Tissue

Livers were collected and digested as described previously (33, 34). In short, livers were minced and incubated for 45 minutes at 37°C in RPMI 1640 + Glutamax (Life Technologies) containing 1 mg/mL collagenase type IV from C. histolyticum, 2000 U/mL DNase (both Sigma-Aldrich) and 1 mM CaCl2. The digested liver tissues were passed through a 100 μm cell strainer that was washed with PBS/EDTA/FCS. Following washing with PBS/EDTA/FCS, samples were centrifuged at 50 x g to pellet hepatocytes (3 minutes at 4°C). Next, supernatants were collected and pelleted (530 x g, 10 minutes at 4°C). Following erythrocyte lysis, CD45+ leukocytes were isolated using LS columns and CD45 MicroBeads (35 µL beads per liver, Miltenyi Biotec) according to manufacturer’s protocol and counted using a hemocytometer.



Flow Cytometry

White blood cells from mice with acute endotoxin-induced peritonitis were collected by centrifugation of 1 mL collected blood and subsequent red blood cell lysis with ACK lysis buffer. Cells from peritoneal lavage were collected by centrifugation. White blood cells and cells collected by peritoneal lavage were labeled by staining for 30 minutes on ice in the dark with the following fluorescently-labelled antibodies diluted in staining buffer: CD8-BV421 (1:100), CD4-BV510 (1:150), Ly6C-BV605 (1:600), CD11c-BV650 (1:100), F4/80-BV711 (1:100), CD45-BV785 (1:500), Ly6G-FITC (1:200), MHC-II-PerCP-Cy5.5 (1:400), CD19-PE (1:100), CD11b-PE-Cy7 (1:400), NK1.1-APC (1:200), CD3-AF700 (1:50) (all from Biolegend). Unspecific antibody binding was blocked by an anti-CD16/32 antibody (1:100, BD Bioscience) and dead cells were excluded from analysis after staining with fixable viability dye-e780 (1:1000, eBioscience). Fluorescence was captured using a BD LSR Fortessa and analyzed using FlowJo 10.0.7 analysis software.

Purified epidydimal white adipose tissue (eWAT) stromal vascular cells and liver leukocytes were stained with the fixable live/dead marker Zombie-UV (1:1000; Invitrogen), fixed with 1.9% formaldehyde (Sigma-Aldrich) and stored in staining buffer at 4°C in the dark until subsequent surface staining and flow cytometry within 4 days. Cells were labeled with the following fluorescently-labelled antibodies diluted in staining buffer: Siglec-F-BV605 (1:200; BD Biosciences), CD64-PE (1:100), Ly6C-APC-Cy7 (1:700), CD11c-BV421 (1:100), F4/80-BV711 (1:200), CD45-BV785 (1:400; all Biolegend) and CD11b-PE-Cy7 (1:6000; eBioscience), for analysis of innate immune cells, and CD11c-FITC (1:100), CD11b-FITC (1:100), GR-1-FITC (1:200), CD4-BV650 (1:200; all BD Biosciences), NK1.1-FITC (1:400; eBioscience), B220-PE-Cy7 (1:200), CD3-BV605 (1:400), CD8-BV711 (1:200) and CD45-BV785 (1:400; all Biolegend) for analysis of adaptive immune cells.

All antibodies used for flow cytometry are listed in Supplementary Table 3.



Glucose and Insulin Tolerance Tests

An intraperitoneal whole-body glucose tolerance test (ipGTT) was performed after 15 weeks on diet in 6h-fasted mice, as previously reported (33, 34). In short, after an initial blood collection from the tail vein (t = 0), a glucose load (2 g/kg total body weight of D-Glucose; Sigma-Aldrich) was administered i.p., and blood glucose was measured at 20, 40, 60, and 90 min after glucose administration using a hand-held Glucometer (Accu-Chek).

An intraperitoneal whole-body insulin tolerance test (ipITT) was performed after 15 weeks on diet in 4h-fasted mice, as described previously (33, 34). Briefly, a bolus of insulin (0.75U/kg total body mass; NOVORAPID) was administered i.p. after an initial blood collection from the tail vein (t = 0), and blood glucose was measured at 20, 40, 60, and 90 min after insulin administration using a Glucometer.



Statistical Analysis

Data are presented as mean ± standard error of the mean (SEM). Statistical significance was tested using either a two-tailed Student’s t test for comparing 2 samples or an ordinary one-way ANOVA followed by Sidak’s correction for multiple comparisons in GraphPad Prism software (8.2.1). P-values < 0.05 were considered statistically significant indicated by *p<0.05, **p<0.01, ***p<0.001.
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The liver is the central organ for cholesterol synthesis and homeostasis. The effects of dietary cholesterol on hepatic injury, mainly of oxidized low-density lipoproteins (OxLDL), are not fully understood. Here, we show that the degree of cholesterol oxidation had different impacts on the global gene expression of human M2-like macrophages, with highly oxidized LDL causing the most dramatic changes. M2-like macrophages and Kupffer cells undergo M4-like polarization, decreasing the expression of important markers, such as IL10, MRC1, and CD163. These cells also displayed functional changes, with reduced phagocytic capacity, increased neutrophil recruitment, and more effective neutrophil extracellular traps (NETs) induction. Our findings provide a link between LDL oxidation and modification of peripheral and liver macrophage function.
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Introduction

The liver is the central organ for cholesterol synthesis and homeostasis and emerging evidence points towards the central role of cholesterol and especially oxidized low-density lipoproteins (OxLDL) in hepatic inflammation, contributing to the development of non-alcoholic steatohepatitis (NASH), fibrosis and cirrhosis (1, 2). Although there is a clear association between obesity and NASH, dietary cholesterol can also trigger innate immune-mediated injury even in non-obese humans and rodents (1, 3).

The liver is home to the largest population of tissue-resident macrophages in the body, i.e., Kupffer cells (KCs), constituting 20-25% of the non-parenchymal cells. Under conditions of stress, infiltrating macrophages contribute to the hepatic macrophage (4). Hepatic macrophages are a dynamic cell population, able to polarize their phenotype according to microenvironment factors. The M1 phenotype provides a primary source of proinflammatory cytokines and chemokines, while the M2/alternative phenotype participates in inflammation resolution and wound healing (5). In addition to the classically and alternatively activated macrophages, a new phenotype known as M4 has been described in atherosclerotic lesions. These so-called M4 macrophages are activated by CXCL4 or CXCL4L1 from resting (M0/M2-like) macrophages, showing downregulation of CD163, MRC1, HMOX1 (not observed in CXCL4L1-induced cells), and HLA, while maintaining or increasing CXCL8 and CCL2 expression levels (6). Once polarized, the M4 macrophages present a decreased phagocytotic capacity, and an increased cholesterol efflux (7).

OxLDL is the extracellular source of reactive oxygen species and initiates a dose-dependent increase in intracellular oxidative stress (8, 9). OxLDL, an endogenous ligand that functions as a TLR agonist (10), is taken up by macrophages and is known to trigger the production of cytokines (11). Prospective data in humans indicate that elevated levels of serum oxLDL increase the risk of future NAFLD development, at same time that higher LDL oxidation scores were directly correlated with fatty liver (12). Murine models of chronic high-fat diet demonstrate that intravenous (13) administration of oxLDL results in increased accumulation of inflammatory cells and severe hepatocellular injury including progression to advanced fibrosis (8). The precise relationship between oxLDL, macrophages, and other innate immune cells in NASH remains incompletely characterized. Here, we demonstrate that monocyte-derived macrophages display transcriptional responses that vary according to the oxidized state of LDL, including differential expression of processes involved in cholesterol metabolism, oxidative stress response, and innate inflammation; both peripheral and liver-resident macrophages exposed to highly oxidized LDL shift towards an inflammatory M4 phenotype that leads to recruitment of neutrophils and formation of neutrophil extracellular traps (NETs), which are extracellular scaffolds comprised of nuclear DNA studded with histones and granule proteins representing in many cases a process of cell death, i.e., NETosis, distinct from apoptosis and necrosis (14–18). Collectively, these findings provide novel insights into understanding the impact of LDL oxidation on hepatic innate immunity.



Materials and Methods


Experimental Procedures

This study and protocols were approved by the University of Southern California Institutional Review Board and abide by the Declaration of Helsinki principles.



Cell Sources

PBMCs were collected from five healthy donors. Blood was collected in Vacutainer CPT Citrate tubes (BD Biosciences) and processed according to manufacturer’s instructions. Cells were stored in liquid nitrogen until use.

Normal human Kupffer cells (KCs) were commercially obtained from LifeNet Health. Selection criteria included BMI ranging from 19 to 27, fibrosis grade =0, and NAS score < 1.

Normal human neutrophils were obtained from one healthy donor, and cells were isolated using MACSxpress® Whole Blood Neutrophil Isolation Kit, human (Miltenyi) and used fresh for chemotaxis and NETosis assays.



Macrophage Differentiation and Stimulation

CD14+ monocytes were isolated from five healthy control PBMCs using the CD14 MicroBeads human kit according to the manufacturer’s protocol (Miltenyi). CD14+ monocytes were plated at 106 cells/well in 6-well plate in RPMI 1640 with 50ng/mL of M-CSF plus 5% FBS for 5 days at 37°C/5% CO2. After differentiation, M2-like macrophages were stimulated for 24h with RPMI + 5%FBS media plus PBS (unstimulated control), or 50μg/mL of native low-density lipoprotein (Kalen Biomedical LLC), medium oxidized LDL (Kalen Biomedical LLC), or high oxidized LDL (Kalen Biomedical LLC). Cells were then harvested in Buffer RLT (Qiagen) + 1% 2-Mercaptoethanol (Sigma-Aldrich) and stored at -80°C until processing.



Bulk Low-Pass RNAseq and Data Analysis

M2-like macrophages RNA was isolated using RNeasy Mini kit (Qiagen) and RNA integrity was analyzed by 2100 Expert Bioanalyzer System (Agilent), using the Agilent RNA 6000 Pico Kit (Agilent). Libraries were simultaneously prepared from extracted total RNA using Illumina Truseq Stranded mRNA library preparation kit according to the manufacturer’s protocol (Illumina). Prepared libraries were sequenced on the Illumina Nextseq500 at 3 million reads per sample at 2x75 cycles. Libraries were prepared and sequenced by the USC Molecular Genomics Core.

The raw sequencing reads were first checked for overall quality and adapter contamination using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) prior to downstream analysis. Reads were then used to qualify transcript abundances with Salmon (19) using the GENCODE version 31 reference including only protein coding genes. The resulting transcript abundances were summarized to gene level counts using functions in the Bioconductor package tximport (20). Significantly differentially expressed genes were identified using the Bioconductor package DESeq2 (21) with a significance threshold of FDR < 0.1 and fold change of at least 1.5 when compared to paired control (PBS) samples.

We used the Ingenuity Pathway Analysis (IPA) (Qiagen_https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis) to determine pathways, and the IPA Biomarker Tool to select the biomarker candidates (22). GeneMANIA (https://genemania.org/) was used to evaluate the strength of the networks, with following criteria: (i) automatically selection of weighting method, (ii) no additional genes or attributes, and considering (iii) co-expression, (iv) co-localization, (v) genetic and (vi) genetic and physical interactions, (vii) common pathways, (viii) shared protein domain and (ix)predicted interaction (23). The platform Gene Ontology (http://geneontology.org) was used to identify biological processes (24), using significance threshold of FDR < 0.1. The software Cluster 3.0 (http://bonsai.hgc.jp/~mdehoon/software/cluster/) was used to hierarchically cluster genes and samples (25), and Java TreeView v11.6r4 (http://jtreeview.sourceforge.net) was used to visualize the clusters and generate cluster figures (26). The RNAseq files generated for this manuscript are all deposited in the Gene Expression Omnibus (GEO) with the access number GSE160200.



Kupffer Cell Stimulation

Kupffer cells from 5 healthy controls were plated at 105 cells/well in 24 well plates, in RPMI 1640 (phenol-red free) plus 5% FBS, and additional stimuli was added as follows: PBS, 50µg/mL of native LDL or high oxLDL. Cells were incubated for 24h. Supernatant (conditioned media) was saved at -20°C and cells were harvested in buffer RLT + 1% 2-mercaptoethanol. Conditioned media was used for the chemotaxis assay and RNA was used for gene expression analysis.

For the NETosis assay, Kupffer cells from 3 healthy donors were plated at 105 cells/well in 24 well plates, in RPMI 1640 (phenol-red free) plus 0.5% human serum albumin, and additional stimuli was added: PBS, 50µg/mL of native LDL or high oxLDL. Cells were incubated for 18h. Conditioned media were stored at -20°C until use.



qPCR

Kupffer cell RNA was isolated using RNeasy Mini kit (Qiagen) and cDNA conversion was done using QuantiTect Reverse Transcription Kit (Qiagen). The QuantiTect Primer Assays (Qiagen) selected for this study targeted CXCL8 (Cat# QT00000322), IL10 (Cat# QT00041685), CD163 (Cat# QT00074641), and MRC1 (Cat# QT00012810). For housekeeping gene, we used RRN18s (Cat#QT00199367). Reactions were performed using RT² SYBR Green ROX qPCR Mastermix (Qiagen) for 40 cycles on StepOne™ Real-Time PCR System (Thermo Fisher Scientific). Gene expression from target genes were obtained by delta-delta-Ct method.



Chemotaxis Assay

For the chemotaxis assay, we used the IncuCyte S3 System. For this assay, we used the supernatant of KCs stimulated for 24h with native LDL or high oxLDL. Incucyte® Clearview 96-Well Chemotaxis Plates (Essen Biosciences) were coated with Matrigel® Matrix (Corning). In the bottom chamber, we added 200µL of the following attractants: (a) RPMI 1640 (phenol-red free) + 5% FBS, (b) 1 µM fMLP, (c) 25µg/mL native LDL, (d) 25µg/mL high oxLDL, (e) conditioned media KCs + PBS, (f) conditioned media KCs + native LDL, and (g) conditioned media KCs + high oxLDL. On top chamber, we added 5x103 neutrophils resuspended in RPMI 1640 (phenol-red free) plus 0.5% human serum albumin. Plates were placed into IncuCyte S3 and images were acquired every 1 hour, for 24 hours. Each condition had 4 replicates.



NETosis Assay

For the NETosis assay, we used the IncuCyte S3 System. Normal human neutrophils were resuspended to 105 cells/mL in RPMI 1640 (phenol red-free, serum-free) medium with 250nM Incucyte® Cytotox Green Dye (Essen Biosciences). We added 50µL of cells suspension (2x104) per wells into Incucyte® Imagelock 96-well plates (Essen Biosciences). Then, we added 50µL of: (a) RPMI 1640 (phenol-red free) + 0.5% HSA, (b) 1 µM PMA, (c) 25µg/mL high oxLDL, (d) KC-PBS conditioned media, (e) KC-nLDL conditioned media, or (f) KC-Hox conditioned media. Each condition had 3 replicates. Plate was placed in the IncuCyte S3, and images were acquired every 10 minutes for 12 hours.



Phagocytosis

Kupffer cells from 4 healthy donors were plated at 104 cells/well in 96-weel plates in 10%FBS RPMI for 2h. Media was replaced by 0.5% human serum albumin RPMI plus: PBS, 50µg/mL nLDL or 50µg/mL HoxLDL (final concentrations), and 10µg of Incucyte® pHrodo® Red E. coli Bioparticles® (Essen Biosciences) per well. Each condition had 4 replicates. For negative controls, some wells had only cells or bioparticles. Cells were analyzed in the IncuCyte S3, and images were acquired every 10 minutes for 5.5h.



Image Quantification and Statistical Analyses

Chemotaxis quantification was performed by Incucyte® Chemotaxis Analysis Software Module. Phagocytosis and NETosis events were quantified by IncuCyte® basic analyzer software.

All statistical analyses and graphs were generated using GraphPad Prism version 8 for macOS (GraphPad Software www.graphpad.com). A Two-way ANOVA test was applied for Chemotaxis, Phagocytosis and NETosis. For the qPCR, we used Ordinary one-way ANOVA test.



Luminex

Human Magnetic Luminex Assay (6-Plex) (R&D systems) was used to measure chemokines in the supernatant of M2-like macrophage cultures after 24h stimulation with PBS or HoxLDL. The supernatant was diluted at 1:2, and the experiment followed the manufacturer’s instructions. The chemokines analyzed were: CCL3/MIP-1 alpha (BR35), CCL4/MIP-1 beta (BR37), CXCL1/GRO alpha/KC/CINC-1 (BR77), CXCL2/GRO beta/MIP-2/CINC-3 (BR27), CXCL5/ENA-78 (BR52), and IL-8/CXCL8 (BR18).




Results


The Degree of Cholesterol Oxidation Drives Transcriptomic Changes in Human M2-Like Macrophages

We used the low-pass RNAseq approach to measure the changes of the highly expressed genes in human monocyte-derived macrophages exposed to native, medium oxidized- and highly oxidized LDL. We applied the DESeq2 package (21) to identify differentially expressed genes (DEG), with significance threshold of FDR < 0.1 and fold change of at least 1.5 when compared to paired control (PBS) samples.

Our results showed that the LDL oxidation degree had different effects on the global gene expression of those cells. Cells incubated with highly oxidized LDL displayed the most dramatic changes (Figures 1A, B). Compared to unstimulated (PBS) cells (Figure 1C), native LDL (nLDL) induced 63 genes, with only 43 genes upregulated and 20 genes downregulated (top 40 genes on Table S1). Medium oxLDL (MoxLDL) stimulated 214 genes, with upregulation of 125 and downregulation of 89 genes (top 40 genes on Table S2). In the presence of highly oxidized LDL (HoxLDL), a total of 2032 genes were differentially expressed (top 40 genes on Table S3); surprisingly, more genes were downregulated (1155) than upregulated (877). All stimuli triggered a set of unique genes: 35 genes by nLDL, 48 genes by MoxLDL, and 1858 genes by hoxLDL. The 8 genes commonly modulated by nLDL, MoxLDL, and HoxLDL are related to cell survival, autophagy, response to insulin, cell trafficking and protein folding (Figure 1D).




Figure 1 | The degree of cholesterol oxidation drives transcriptomic changes in human M2-like macrophages. (A) The volcano plots display the changes in the M2-like macrophages gene expression after 24 hours of LDL-stimulation compared to cells stimulated by PBS (n=5). Three types of LDL were used: non-oxidized (native), medium oxidized (MoxLDL), and highly oxidized (HoxLDL). The transcriptomic changes increase according to the degree of LDL oxidation. (B) The principal component analysis confirms the significance of transcriptomic changes induced by LDL oxidation. Ellipses indicate the confidence interval of groups. Axis percentages indicate variance contribution. (C) The Venn Diagram shows the overlapping genes in each group. Only 8 genes are commonly induced by LDL regardless of the oxidation degree, while 152 genes are stimulated due to LDL oxidation. The table shows the amount of upregulated and downregulated genes in the groups. (D) The common genes expressed due to LDL exposure are all upregulated and are related to cell survival, endoplasmic reticulum stability, response to insulin, and autophagy.





Pathway Analyses Identify HoxLDL-Induced Processes in Cholesterol Metabolism, Oxidative Stress Response, and Innate Inflammation in Macrophages

To identify a gene expression pattern that could distinguish cells stimulated by nLDL, MoxLDL, and HoxLDL, we evaluated the DEG lists (stimuli vs PBS) using the Ingenuity Pathway Analysis (IPA) biomarker tool. Then, the top 40 upregulated genes of each IPA biomarker list (i.e., nLDL vs PBS; MoxLDL vs PBS, and HoxLDL vs PBS) were used to construct gene networks using GeneMANIA (23). Genes that did not show connection by co-expression, co-localization, and genetic/physical interactions were filtered out. The remaining genes were then used to perform hierarchical clustering using Cluster v3 (25).

This network evaluation strategy identified a network of 25 genes in the MoxLDL (Figure S1A) data set and a network of 26 genes using the nLDL biomarkers list (Figure S1B). However, when clustered, these sets of genes did not group the samples according to the stimuli used (Figures S1C, D). In contrast, the network of 25 genes resulting from the HoxLDL dataset analysis showed not only robust network correlation (Figure 2A) but were also able to cluster the HoxLDL samples together (Figure 2B), confirming that the HoxLDL treatment induced a much stronger transcriptional change in the macrophages when compared to other stimuli.




Figure 2 | Transcriptome-based signature and biological processes triggered by HoxLDL stimulation. (A) Using the top 40 genes upregulated HoxLDL biomarker list, we performed a network test using GeneMANIA, which identified a strong relationship among the 25 genes. (B) In the heatmap, we can see that the hierarchical clustering of the 25 genes (HoxLDL group), group all the HoxLDL-stimulated samples together (n=5). (C) Biological processes upregulated in M2-like cells exposed to MoxLDL and HoxLDL for 24 hours.



The biological functions triggered by the LDL treatment were identified using the Gene Ontology platform. For these analyses, we used the lists of upregulated genes from each comparison (HoxLDL, MoxLDL, or nLDL vs PBS), and we excluded functions related to gene transcription and translation, and functions displaying less than 5 genes. For the cells treated with nLDL, no significant change was detected, while MoxLDL-treated cells showed an upregulation of lipid metabolism and oxidative stress. As expected, the main biological processes upregulated in HoxLDL-stimulated cells were also related to cholesterol metabolism and cellular stress, but surprisingly, these cells also exhibited significant inhibition of the foam cell formation and apoptotic processes (Figure 2C and Figure S2).



HoxLDL Stimulation Shifts Peripheral and Hepatic Macrophages Toward an M4-Like Proinflammatory Phenotype

Moving forward with the DEG list obtained from HoxLDL-stimulated M2-like macrophages, we decided to investigate whether the detected transcriptional changes would affect the cells’ phenotype. Our analyses showed that the M2-like macrophages exposed to HoxLDL did not fully relate to the classical M1 and M2 phenotypes.

We observed that HoxLDL induces a transcriptional shift in monocyte-derived macrophages consistent with the M4 macrophages (Figure 3A), with a mixture of M1 and M2 characteristics, as previously described in atherosclerotic plaques (27, 28). Based on the M4 macrophage characterization published by Gouwy et al. (6), which compared monocytes differentiated by CXCL4 and CXCL4L1 to resting M2-like macrophages, we evaluated the expression of M4 markers in M2-like macrophages treated with LDLs. For this purpose, we only considered the genes included in the DEG lists. Overall, HoxLDL-stimulated cells upregulated the expression of CXCL8, CCL2, CCR5, and IL1RN, and relative downregulation of CD14, CD163, HMOX1, MRC1, and IL10 when compared to resting M2-like macrophages. We also noticed the downregulation of several HLA genes, as expected for M4 macrophages, and surprisingly the decrease of TLRs’ gene expression as well (Figure S3A). In keeping with prior studies, these M4 macrophages derived from HoxLDL stimulation display expression patterns similar to CXCL4L1-exposed monocytes (Figure S3B, C). M2-like macrophages treated with MoxLDL or nLDL did not follow the M4-like gene expression pattern.




Figure 3 |  M2-like macrophages and Kupffer cells stimulated by HoxLDL switch to the M4-like proinflammatory phenotype. (A) Heatmap displays the M4-biomarkers expressed by M2-like macrophages exposed to nLDL, MoxLDL, and HoxLDL (values = Log2FC compared to PBS, n=5). Genes from the HoxLDL group follow the M4 profile, with upregulation of CXCL8, CCL2, CCR5, and IL1RN, and downregulation of CD14, CD163, HMOX1, MRC1, and IL10, suggesting that M2-like macrophages stimulated by HoxLDL change into the proinflammatory M4 phenotype. All the genes are significantly changed in the HoxLDL group. (B) Among the M4 biomarkers, we measured the expression of CXCL8, IL10, CD163, and MRC1 in human KCs with and without HoxLDL stimulation. Compared to in vitro M2-like differentiated macrophages (n=5), KCs (n=5) are high constitutive producers of CXCL8, not changing significantly after HoxLDL exposure. However, the other common KCs’ markers were significantly downregulated after HoxLDL treatment, indicating that KCs may shift to the M4-like phenotype in the presence of HoxLDL as well. Data are presented as mean ± SEM. One way ANOVA test; *p <0.05, **p <0.01, ****p <0.0001.



Furthermore, we evaluated some of these markers on human Kupffer cells (KCs) exposed to HoxLDL. We selected the scavenger receptor CD163 and mannose receptor MRC1 genes, which are commonly expressed by M1 and M2 KCs (29) but drastically downregulated in M4 cells, and the genes IL10 and CXCL8. HoxLDL-stimulated KCs significantly downregulated the transcription levels of IL10, CD163, and MRC1 (Figure 3B), while kept the CXCL8 expression unchanged but still high, similar to monocytes differentiated by CXCL4 (27).



Kupffer Cells Phagocytic Capacity Is Reduced by HoxLDL Treatment

Phagocytosis is one of the crucial functions of macrophages and is significantly attenuated in M4 macrophages differentiated by CXCL4 (7). To analyze if HoxLDL-differentiated KCs’ phagocytic capacity was also impaired, we incubated KCs obtained from healthy livers with PBS, nLDL, or HoxLDL for 5.5 hours in the presence of heat-killed E. coli conjugated to a pH-sensitive fluorescent dye [pHrodo red E-coli bioparticles®] (Figures 4A, B). At 1h 10min, human KCs treated with HoxLDL significantly decreased their phagocytic capacity by 60% when compared to unstimulated KCs. When compared to nLDL treatment, HoxLDL significantly decreased phagocytosis by 39% at 2h. The inhibition of phagocytosis by HoxLDL was maintained for the entire time course. In contrast, phagocytic capacities of unstimulated KCs and nLDL-stimulated KCs were comparable.




Figure 4 | HoxLDL inhibits human Kupffer cells’ phagocytic activity. (A) HoxLDL exposure impairs KCs phagocytic activity starting at 1h 10min (*) statistically different from to unstimulated KCs-PBS, (§) statistically different from nLDL stimulated KCs (n= 4). Two-way ANOVA test was used to detect statistical significance among time points. (B) Representative images from live-cell image assay, pHrodo red E-coli bioparticles® become fluorescent inside the KCs’ lysosomes. Human KCs stimulated by HoxLDL image display less fluorescent-labeled cells, indicating phagocytic activity. Scale bar 200µm.





HoxLDL-Stimulated Kupffer Cells Demonstrate Increased Neutrophil Recruitment and NETosis Induction

The secretion of cytokines and chemokines is another hallmark function of macrophages, which contributes to the recruitment and activation of other inflammatory cells. Considering that several chemokines produced by M4-like macrophages could recruit neutrophils (Figures S4A, B), we generated conditioned media from normal KCs incubated with PBS, nLDL, or HoxLDL for a live-cell image neutrophil chemotaxis assay. As shown in Figure 5A, conditioned media from HoxLDL-treated KCs (KC-Hox) recruited significantly more neutrophils than media from PBS- or nLDL-stimulated KCs (KC-PBS and KC-nLDL, respectively). The differences were significant at 8h, reaching a peak of migration at 12h. No significant difference was observed between KC-PBS and KC-nLDL recruitment.




Figure 5 |  HoxLDL-derived M4 polarization enhances neutrophil recruitment and NETosis. (A) The live-cell imaging assay showed increased neutrophil recruitment after 8 hours in culture with HoxLDL-stimulated macrophages conditioned media (KC-Hox). Even though the conditioned media from nLDL-stimulated KCs (KC-nLDL) or unstimulated KCs (KC-PBS) alone also recruited neutrophils, HoxLDL has the strongest effect on neutrophils’ chemotaxis, achieving a migration peak at 12 hours (n = 5). Two-way ANOVA test was used to detect statistical significance among time points, *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001, ns, not significant. (B) KC-Hox conditioned media triggers NET formation, starting at 20 minutes and achieving a peak at 1h 10 minutes. KC-Hox’s NET induction was stronger than in conditioned media KC-PBS or KC-nLDL, lasting for almost 2 hours (n=3). Two-way ANOVA test was used to detect statistical significance among time points, *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001, ns, not significant. (C) representative images from NET induction assay. Cytotox green reagent® was used to label expelled DNA: Unstimulated neutrophils (media alone), neutrophils incubated with KC-PBC, KC-nLDL, and KC-Hox at 1h 10min of the assay. Scale bar 200µm.



In addition to neutrophil recruitment, we also analyzed the influence of the conditioned media on neutrophil extracellular trap formation (NETosis), a process that collectively includes the disintegration of nuclear and granule membranes and externalization of molecules including [e.g., MPO, double-stranded (ds)DNA, histones] (14–18) leading to inflammation-mediated injury. For that purpose, fresh isolated human neutrophils were incubated with serum-free conditioned media obtained from KCs incubated with PBS, nLDL or HoxLDL. NET formation was detected with Incucyte® Cytotox Green Dye (Essen Biosciences), which yield fluorescence upon binding to the deoxyribonucleic acid (DNA) extruded by the neutrophils. Apoptotic neutrophils were excluded by IncuCyte® basic analyzer software. KC-Hox triggered NET formation at 20 minutes, achieving a maximum effect at 1h 10min, and lasting for almost 2 hours (Figures 5B, C). KC-PBS and KC-nLDL had comparable results and showed much lower NET formation induction.

Even though it is known that cholesterol crystals may affect the behavior of neutrophils (17), HoxLDL alone did not have any effect on neutrophil recruitment or NETosis initiation (Figures S5A, B).




Discussion

This study provides novel insights into the multiple effects of oxLDL on macrophage responses and function, suggesting a new innate immune mechanism that may contribute to NASH progression (Figure 6). LDL is a notoriously unstable molecule, readily undergoing oxidation through non-enzymatic lipid peroxidation. The resulting neo-epitopes, termed “oxidation-specific-epitopes”, are endogenous “danger-associated molecular patterns” (DAMPs) that can be recognized by multiple innate pattern recognition receptors (30, 31). Prior work has identified the molecular mechanisms whereby oxLDL functions as an endogenous ligand that binds to CD36, triggering pathways necessary for inflammasome activation and IL-β secretion (11). Moreover, oxLDL’s slow clearance from lysosomes within macrophages may lead to cellular damage and inflammation (32, 33), and collective evidence points to unregulated uptake of oxLDL by Kupffer cells in NASH inflammation.




Figure 6 | Highly oxidized LDL potential impact on NASH progression. (1) Low-density lipoprotein (LDL) can undergo oxidative modification. The increase of circulating oxLDL affects both infiltrating macrophages and sinusoid resident Kupffer cells. Once stimulated by LDL oxidized in high degrees, macrophages/KCs change their phenotype to M4-like proinflammatory phenotype, increasing the recruitment of neutrophils (2) and inducing NET formation (3), which will cause endothelial damage. M4 macrophages also decrease their phagocytic activity (4), possibly allowing the accumulation of endotoxin and microorganism. Another feature of these M4-like macrophages is the increased CCL2 production, possibly recruiting more monocytes to the inflammatory site (5). The combination of these events may contribute to Hepatic Stellate Cells (HSC) activation (6), resulting in hepatocyte injury and fibrosis progression.



In this regard, we recently demonstrated in a murine model of NASH that the serum levels of oxLDL were proportional to the amount of dietary cholesterol included in the high-fat diet, but not when combined with a low-fat diet (2). Additionally, Kaikkonen et al. showed that elevated levels of serum oxLDL increase the risk of fatty liver development in humans and that LDL with high oxidation scores had the strongest association with NAFLD (12). Another recent study demonstrated that oxLDL accumulates in the portal vein of patients with NAFLD and co-localizes with activated macrophages (34, 35), strengthening the connection between oxLDL, macrophages, and liver inflammation.

The current study aimed to evaluate how LDL with different oxidation levels could affect peripheral macrophages’ and Kupffer cells’ functionality. Here, we showed a direct correlation between the degree of LDL oxidation and a global modification of M2-like macrophage transcriptome. Macrophages exposed to native LDL showed the smallest changes (only 63 genes), while medium oxLDL showed a moderate influence on the cell gene expression (214 genes). Highly oxLDL treatment had the highest impact, with a 32-fold increase in the number of genes differentially expressed when compared to the untreated cells. In addition, it was the only LDL that significantly triggered biological processes that prevent cholesterol storage, foam cell formation, and apoptosis. Our findings extend prior results demonstrating that stimulation of macrophages with oxidized (relative to native) LDL results in increased transcription of pro-inflammatory cytokines and chemokines in murine macrophages (36). In contrast to one report that derived macrophages using M-CSF and IL-10 (36), we found significant effects on cholesterol metabolism processes (i.e., cholesterol efflux, negative regulation of foam cell differentiation, and negative regulation of cholesterol storage). Our results suggest the possibility of adaptive responses within macrophages exposed to HoxLDL to attenuate the detrimental effects of foam cell formation (Figure 2). The discrepancy in results may be related to in vitro differences in cell culture, including macrophage derivation.

The traditional view that hepatic macrophages in NASH are predominantly pro-inflammatory (so-called M1) and contribute to disease by the production of cytokines such as IL-1α/β, TNFα, IL-6, and CCL2 (37) and recruitment of pro-inflammatory monocytes has been expanded to incorporate a role for tissue reparative macrophages (so-called M2) (38) associated with fibrosis development. Further underscoring the remarkable plasticity of macrophages, more recent data has identified M4-polarized macrophages, which are chemokine-induced, in other inflammatory diseases and atherosclerosis (6, 7, 27); however, no study has previously characterized M4 macrophages in the context of NAFLD. Our culture conditions generated M2-like macrophages (to mimic resting Kupffer cells) which were then stimulated with HoxLDL; the global transcriptional analyses identified key M4 biomarker genes CCR5, CXCL8, CCL2, IL1RN, CD14, CD163, HMOX1, MRC1, and IL10 that correlated with a public dataset defining M4 macrophages differentiated by CXCL4/CXCL4L1. Of interest, CXCL4 is known to be increased at the mRNA and serum levels in patients with NASH-related fibrosis and its genetic absence decreased infiltration of neutrophils in a murine model of liver injury (39), however, no CXCL4 expression was found in the stimulated macrophages in this study.

By treating normal human Kupffer cells with HoxLDL we were able to detect similar changes observed in the M2-like macrophages, with remarkable inhibition of IL10, MRC1, and CD163, but continuous high expression of CXCL8, suggesting these cells also acquire M4-like features when exposed to HoxLDL. Functionally, HoxLDL-differentiated KCs also resemble M4 macrophages, as their phagocytic capacity is suppressed when compared to resting KCs. Phagocytosis is an essential feature of KCs, which guarantees protection against the egress of endotoxin from the portal to the systemic circulation (40). Importantly, super-paramagnetic iron oxide (SPIO) magnetic resonance imaging studies have shown KC phagocytic dysfunction in NAFLD patients and NASH mice models (41, 42). KCs’ defective phagocytic function appears at the early stages of NAFLD, worsening with the progression from NAFLD to NASH, and it seems to be reversible after pioglitazone treatment, a drug that decreases LDL cholesterol levels (43, 44). Furthermore, another functional change observed in KCs treated with HoxLDL was the increase of neutrophil recruitment and boosting NET formation. It has been shown that the early stages of hepatic steatosis are characterized by intense recruitment of neutrophils that undergo NETosis, aggravating liver inflammation, and contributing to the progression of NASH, as well as hepatocellular carcinoma (45, 46).

In summary, our findings suggest that peripheral macrophages and Kupffer cells exposed to HoxLDL shift to M4-like phenotype and acquire new functions that may impact NAFLD progression. Taken together, these results contribute to better understand the innate immunity participation as well as the potential cholesterol contribution to NASH pathogenesis.
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Clearance of red blood cells and hemoproteins is a key metabolic function of macrophages during hemolytic disorders and following tissue injury. Through this archetypical phagocytic function, heme is detoxified and iron is recycled to support erythropoiesis. Reciprocal interaction of heme metabolism and inflammatory macrophage functions may modify disease outcomes in a broad range of clinical conditions. We hypothesized that acute hemolysis and heme induce acute anti-inflammatory signals in liver macrophages. Using a macrophage-driven model of sterile liver inflammation, we showed that phenylhydrazine (PHZ)-mediated acute erythrophagocytosis blocked the anti-CD40 antibody-induced pathway of macrophage activation. This process attenuated the inflammatory cytokine release syndrome and necrotizing hepatitis induced by anti-CD40 antibody treatment of mice. We further established that administration of heme-albumin complexes specifically delivered heme to liver macrophages and replicated the anti-inflammatory effect of hemolysis. The anti-inflammatory heme-signal was induced in macrophages by an increased intracellular concentration of the porphyrin independently of iron. Overall, our work suggests that induction of heme-signaling strongly suppresses inflammatory macrophage function, providing protection against sterile liver inflammation.
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Introduction

During hemolysis and in conditions with a localized breakdown of red blood cells (RBCs), erythrophagocytosis and heme-clearance are critical metabolic functions of macrophages (1). This is particularly true for liver macrophages, which are the primary phagocytes that eliminate damaged RBCs during systemic hemolysis (2). Through this archetypical function, macrophages prevent the release of toxic cell-free hemoglobin and heme into the bloodstream or tissues, and iron is recycled to supply erythropoiesis (1–7).

Heme is a disease modifier that may act as a damage-associated molecular pattern (DAMP) and amplify inflammatory responses (8, 9). Once released from cells or hemoproteins, cell-free heme can activate Toll-like receptors (such as TLR4) on the cell surface of leukocytes and endothelial cells, leading to inflammatory signal activation (10, 11). This mechanism can cause endothelial cell activation and vaso-occlusion during a hemolytic crisis with enhanced extracellular heme exposure in sickle cell disease (11–13). The spectrum of hemoglobin and heme triggered adverse physiological effects enforced the evolution of highly effective systems to minimize extracellular hemoglobin and heme exposures (1, 14–17). In most conditions, macrophages internalize damaged but still intact RBCs by erythrophagocytosis before they disintegrate within the circulation (2). Even if intravascular hemolysis occurs, an efficient system of scavenger proteins, including haptoglobin, hemopexin, alpha1-microglobulin, and albumin capture cell-free hemoglobin and heme for subsequent clearance by macrophages and, potentially, other cell types (14, 18–20).

Growing evidence indicates that heme accumulation in macrophages that results from erythrophagocytosis or heme clearance is a suppressor of inflammation and innate immunity (21–25). In chronic genetic hemolytic anemia, erythrophagocytosis profoundly modified the landscape of liver macrophages, skewing their transformation into anti-inflammatory erythrophagocytes that attenuated immune-mediated acute and chronic pathologies in the liver (22). Intracellular heme signaling may also compromise host defense to bacterial infections and adversely affect survival in sepsis (23, 26).

This study investigated how macrophage RBC metabolism and heme may acutely suppress innate immune activation transmitted by non-infectious signaling through CD40 signaling, which induces a macrophage-driven necro-inflammatory liver disease in mice.



Methods


Animal Models and Experiments

Wild-type C57BL/6J mice were obtained from Charles River (Wilmington, MA, USA). Tamoxifen-inducible Hmox1 knockout mice: Hmox1tm1.1Hes were obtained from Harald Esterbauer and crossed with B6.Cg(UBC‐cre/ERT2)1Ejb/J. All mice were housed and bred under specific-pathogen-free conditions at the Laboratory Animal Services Center (LASC) of the University of Zürich. Eight to ten week-old males and females were used in all experiments.


Study Approval

All experimental protocols were reviewed and approved by the Veterinary Office of the Canton of Zürich. All animals were treated in accordance with the guidelines of the Swiss Federal Veterinary Office.



Phenylhydrazine (PHZ) Induced Systemic Hemolysis

C57BL/6J mice were treated intraperitoneally (i.p.) with 90 mg/kg PHZ hydrochloride. After 12 or 30 h of PHZ injection, blood was removed by heart puncture; livers were collected, digested, and macrophages were purified by magnetic-activated cell sorting (MACS) or anti-F4/80 antibody coated Dynabeads. The concentration of heme was quantified in F4/80+ macrophages using the oxalic acid method described by Sassa et al. (27) using oxalic acid purchased from Sigma-Aldrich (#194131).



In Vivo Injections of Porphyrins

C57BL/6J mice were treated intraperitoneally (i.p.) with 70 µmol/kg of heme-albumin, SnMP, or ZnPP.



Agonistic Anti-CD40-Antibody-Induced Systemic Inflammation and Hepatitis In Vivo Model

Mice were treated intraperitoneally (i.p.) with 20 mg/kg agonistic anti-CD40 antibody (InVivoPlus, clone FGK4.5/FGK45). After 12 or 30 h of anti-CD40 antibody injection, blood samples were removed by terminal heart puncture for determination of AST/ALT levels (Reflotron AST 10745120, ALT 10745138, Roche) or cytokine measurement (Bio-rad, Bioplex), and the livers excised 48 h after anti-CD40 antibody injection.




PHZ Preparation

PHZ hydrochloride (Sigma Aldrich, 114715-100g) solutions were prepared by adding 112.5 mg of PHZ to 5 mL PBS. The pH of the solutions was then brought to 7.4, using NaOH 1 M, and 5 mL of PBS was added to a total volume of 10 mL. The solutions were sterile-filtered (0.22 µm) and used immediately.



Porphyrin Preparation

Hemin (heme-chloride) was obtained from Sigma (#51280), SnMP (tin mesoporphyrin, FSISnM321), MnPP (manganese protoporphyrin, FSISnM321), and ZnPP (zinc protoporphyrin, FSIZn625-9) were all obtained from Frontiers. All porphyrins were dissolved in 10 mL NaOH (100 mM) at 37°C, and then 10 mL of 20% human serum albumin (CSL Behring AG) was added. After 1 h of incubation at 37°C, the pH of the solution was adjusted to pH 7.8, using ortho-phosphoric acid, and the final volume was adjusted to 25 mL with deionized water. The porphyrin-albumin solutions were sterile-filtered (0.22 µm) and used immediately (28).



Bone Marrow Derived-Macrophage Culture and Stimulation

Bone marrow (BM) cells were obtained from femurs and tibias of 8–10-week-old mice and differentiated in RPMI medium supplemented with 10% FCS and recombinant mouse M-CSF (PeproTech 315-02, lot 0914245) at 100 ng/mL for up to 7 days. At the end of the culture period, the cells were differentiated in BMDMs; 100% of adherent cells were positive for F4/80 antigen as measured by flow cytometry. Hmox1 tissue-specific deficient BMDMs were treated with 4-hydroxytamoxifen (Sigma H7904) 24 h before starting the experiments.



Isolation of Liver Macrophages

Mice were anesthetized by intraperitoneal injection of ketamine (80 mg/kg), xylazine (16 mg/kg), and acepromazine (3 mg/kg). Laparotomy was performed to access the portal vein, which was then catheterized for in situ liver digestion with 0.4 mg/ml collagenase B buffered solution (Roche, 11088815001). After digestion, the mice were sacrificed, and their livers were excised, mechanically disaggregated in a petri dish on ice, and filtered through a 100 μm pore cell strainer. The cell suspension was subjected to two rounds of centrifugation (60 ×g, 2 min at 4°C), and the pellet was discarded. The supernatants were then centrifuged once more (300 ×g, 5 min at 4°C) to obtain a pellet of nonparenchymal cells containing liver macrophages [protocol modified from (29)].



Macrophage Enrichment With Magnetic Beads


Dynabeads-Based Cell Enrichment

To positively select F4/80+ macrophages from liver cell suspensions for mRNA extraction, Dynabeads Sheep anti-Rat IgG (Invitrogen, 11035), in combination with purified Rat anti-mouse F4/80 antibody (BD Pharmigen, 0.5 mg/ml, 565409) and DynaMag™-2 Magnet (Thermo Fisher Scientific, 12321D) were used according to the manufacturer’s protocol for positive selection (Invitrogen). The purity of the separated cells was more than 95% for the F4/80 antigen.



Microbeads-Based Cell Enrichement

To positively select F4/80+ macrophages from liver cell suspensions, anti-F4/80 MicroBeads UltraPure (Miltenyi, cat. n. 130-110-443), and magnetic cell separation LS columns (Miltenyi, cat. n. 130-042-401), and the QuadroMACS Separator (Miltenyi, cat. n. 130-090-976) were used for MACS according to the manufacturer’s protocol (Miltenyi). The purity of the separated cells was more than 95% for the F4/80 antigen.




Flow Cytometry

Macrophages were pre-incubated with LIVE/DEAD Fixable Near-IR cell stain kit (Invitrogen, L34976) and with Mouse BD Fc Block™ (≤ 1 μg/million cells in 100 μL, BD Biosciences #553141) at 4°C for 5 min and then stained with Pacific Blue anti-CD45 (5 µg/mL, BioLegend #109820), anti-CD11b FITC (5 µg/mL, BD Biosciences #557396), anti-CD11b APC-cy7 (2 µg/mL, BioLegend #101226), anti-F4/80 APC (5 µg/mL, BioLegend 123116), or anti-F4/80 PE (2 µg/mL, BD Pharmigen 565410) antibodies. After cells were fixed with formaldehyde 2% and permeabilized with permeabilization buffer (eBioscience, #00-8333-56), ingested erythrocytes were stained intracellularly with anti-TER-119 PE (2 µg/mL, Stemcell #60033) antibody. Stained cells were analyzed using the LSRFortessa (BD) or the SP6800 Spectral Analyzer (Sony). Data were analyzed using FlowJo and FCS express 6 (De Novo software).



Gene Expression Analysis


Microarray Experiments and Data Analysis

Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol, including on-column DNA digestion (RNase-Free DNase Set; Qiagen Hombrechtikon, Switzerland). The quality of each RNA sample was measured on an RNA Nanochip with a Bioanalyzer 2100 (Agilent Technologies), and only high-quality RNA (RNA integrity number > 7.0) was used for gene expression analysis. RNA quantification was performed spectrophotometrically using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Fluorescently labeled cRNA was produced from 500 ng of total RNA using the Quick Amp Labeling Kit (Agilent Technologies) according to the manufacturer’s protocol. Differential gene expression profiling was performed by competitive dual-color hybridization on whole mouse genome oligo microarrays (mouse: G4846A, Agilent Technologies). Array slides were XDR-scanned and analyzed using the Feature Extraction Software Version 10.7.3.1 (Agilent Technologies). Statistical analysis and visualization were performed using JMP Genomics 7.0 (SAS Institute, Boeblingen, Germany). Full gene array data were submitted to the Gene Expression Omnibus.



Real-Time Quantitative PCR

Total RNA was isolated using the RNeasy Mini Kit (Qiagen Hombrechtikon, Switzerland) and reverse transcription was performed with TaqMan reverse transcription reagents (Life Technologies, Basel, Switzerland), according to the manufacturer’s protocol.

Real-time qPCR (RT-qPCR) was performed using the Fast SYBR™ Green Master Mix (Applied Biosystems, 4385612) to determine the expression levels of the target genes listed in Table 1 below. Relative mRNA levels were calculated using the 7500 Fast System Sequence Detection Software Version 1.4 (Applied Biosystems) and normalized to Hprt levels for each experimental sample.


Table 1 | Primer pairs for the genes analyzed in gene expression analysis.






Western Blotting

Western blotting was performed using 10 μg samples of total protein per well suspended in Lämmli buffer as previously described (30). The western blot protocol included fluorescence detection of the secondary HRP-labeled antibodies (Amersham, GE Healthcare, Glattbrugg, Switzerland) with the SuperSignal West Femto Maximum Sensitivity Substrate Kit (Thermo Scientific #AG 34095). Images were optimized by adjusting the brightness and contrast of the entire image using Photoshop software (Adobe, Adobe Systems GmbH, Zürich, Switzerland). The primary antibodies were pAb anti-HMOX1 antibody (Enzo Life Sciences #ADI-SPA-895) used at a final concentration of 0.2 µg/L.



Bio-Plex Cytokine Assay

Concentrations of IL6, TNFα, IL12p40, CCL2, CCL4, and CCL5 were determined using the Bio-Plex Cytokine Assays (Bio-Rad). The assay was performed using a Bio-Plex 200 system (Bio-Rad). The results were analyzed using the Bio-Plex Data Pro software (Bio-Rad).



Metabolic Flux Analysis

Mitochondrial function (oxygen consumption rate) and glycolysis (acidification rate) of BMDMs were measured with a Seahorse XF24 extracellular flux analyzer using the Cell Mito Stress Kit (Agilent Technologies) according to the manufacturer’s instructions.



Histology

An Olympus IX71 microscope was used for macroscopic imaging of fresh liver and spleen tissue samples. For histological images, the liver and spleen were fixed in 10% formalin for 48 h at room temperature and embedded in paraffin. Microtome sections (5 μm thick) were stained with hematoxylin and eosin (H&E) and photographed using a Zeiss Apotome.2 microscope.



Statistical Analysis

Data plotting and statistical analyses were performed using GraphPad (Prism 7, San Diego). For comparison of multiple groups, we used analysis of variance (ANOVA) with Tukey’s post hoc test. Two-way hierarchical clustering analyses were performed using the Ward algorithm, as provided by JMP14 software (SAS, Germany).




Results


Phenylhydrazine Treatment Induces Acute Heinz Body Anemia With Acute Erythrophagocytosis in C57BL/6J Mice

Twenty-four hours after a single injection of phenylhydrazine (PHZ), we detected fluorescent Heinz bodies in the circulating RBCs (Figure 1A). This was accompanied by extensive erythrophagocytosis of TER119+ RBCs by F4/80+ macrophages in the liver (Figure 1B), followed by a decrease in the hematocrit (Figure 1C). Accordingly, F4/80+ macrophages isolated from the livers of PHZ-treated animals 48 h after the PHZ injection presented increased intracellular concentrations of heme (Figure 1D) and the cell pellet had a brown color visible to the eye (Figure 1E).




Figure 1 | PHZ administration induces acute erythrophagocytosis in F4/80+ liver macrophages C57Bl/6J mice were treated with saline (control) or phenylhydrazine (PHZ, 90 mg/kg) and sacrificed 24 or 48 h later for blood and organ collection. (A) RBCs of saline- and PHZ-treated C57Bl/6J mice. Upper panels: DIC brightfield image at 600x magnification, lower panels: autofluorescence of Heinz bodies in the green fluorescence channel. (B) Representative flow cytometry density plots of liver cells stained for F4/80 and intracellular TER-119 and gated from CD45+ liver cells. Data were obtained from a control mouse and a mouse after PHZ treatment. (C) Hematocrit of saline- and PHZ-treated mice at 48 h (n = 7–10). (D) Heme concentrations in purified F4/80+ liver macrophages isolated by positive selection using anti-F4/80 antibody coated magnetic beads, followed by magnetic-activated cell sorting (MACS) from control and PHZ-treated mice (n=5). Heme concentration was normalized to total protein levels in each group. No significant difference in total protein levels was observed between groups. (E) Representative photographs of cell pellets of purified F4/80+ liver macrophages from saline- and PHZ-treated mice. Individual symbols represent one mouse; ****p < 0.0001 and ***p < 0.001.





PHZ Attenuates the Anti-CD40 Antibody-Driven Disease Phenotype by Suppressing Liver Macrophage Inflammation

We injected mice with an agonistic anti-CD40 antibody as a model of macrophage-driven inflammatory disease. This treatment induced an acute systemic inflammatory response syndrome with necrotizing hepatitis (31, 32), which was mainly driven by macrophage activation (33). We found that administration of PHZ 48 h before antibody injection suppressed the anti-CD40 antibody-induced disease phenotype, preventing the occurrence of macroscopic and microscopic liver infarcts, and the release of alanine transaminase (ALT) and pro-inflammatory cytokines into the plasma (Figures 2A–C). To specifically determine whether PHZ blunts the inflammatory response at the level of liver macrophages, F4/80 positive cells were isolated with Dynabeads following in situ liver digestion for 16 h after anti-CD40 antibody administration. Figure 2D shows a hierarchical clustering analysis of pro-inflammatory cytokines and Hmox1 mRNA expression in liver F4/80 positive macrophages of PHZ-treated and untreated animals. A clear segregation was observed in the PHZ-treated and untreated animals in response to anti-CD40, suggesting that PHZ blocked the disease phenotype by repressing macrophage inflammation. No inflammatory response was observed in the macrophages of PHZ-treated animals.




Figure 2 | PHZ administration prevents anti-CD40 antibody induced inflammatory liver disease. C57Bl/6J mice were treated with saline (control) or PHZ (90 mg/kg) at T0h, 48 h later with anti-CD40 antibody (20 mg/kg) (T48h). The animals were sacrificed at T60h for plasma cytokines, at T78h for liver enzymes, and at T96h for liver histology. (A) Representative photographs of liver lobes and H&E-stained liver tissue sections. Ischemic infarcts were detected in the anti-CD40 antibody-treated mice (visible as white spots on the liver lobes in the area within the violet dashed line on histology). (B) Plasma concentrations of ALT in C57BL/6J mice after treatment with PHZ and/or anti-CD40 antibody (n = 5). (C) Heatmap displaying color-coded plasma concentrations of IL6, IL12p40, TNFα, CCL2, and CCL5 in C57BL/6J mice after treatment with PHZ or anti-CD40 antibody (n = 4) (yellow=low expression, red=high expression). (D) Heatmap displaying color-coded mRNA expression levels of pro-inflammatory cytokines and Hmox1 from Dynabeads-enriched F4/80 positive liver macrophages in C57BL/6J mice after treatment with PHZ or an anti-CD40 antibody (n = 3) (yellow=low expression, red=high expression). mRNA expression was measured by qRT-PCR. Individual symbols represent one mouse; ****p < 0.0001.





Porphyrin-Albumin Complexes Deliver Heme Into Liver Macrophages

PHZ administration resulted in extensive erythrophagocytosis by liver macrophages and, consequently, high levels of intracellular heme as a result of RBC metabolism. This led us to believe that heme could be the key driver of macrophage suppression, resulting in protection from anti-CD40-induced inflammatory liver disease. To further explore the role of heme in hemolysis-induced macrophage suppression, we established a model to specifically deliver heme into liver macrophages in vivo. We have previously described that heme-albumin complexes are useful in vitro to induce heme-specific responses in macrophages, while the proinflammatory adverse effects of free heme could be avoided (21, 22). Zinc protoporphyrin (ZnPP) has a fluorescence emission spectrum with two peaks at 591 nm and 647 nm when excited at 405 nm (Figure 3A). Using a spectral flow cytometer, we detected the same specific ZnPP emission spectrum in F4/80+ macrophages isolated from the liver of mice 2 h after intraperitoneal injection of ZnPP-albumin (Figure 3B). In contrast, no ZnPP-signal was recorded in the F4/80 negative leukocyte population, indicating that porphyrin-albumin complexes were preferentially delivered to liver macrophages.




Figure 3 | Selective uptake of ZnPP-albumin by F4/80+ liver macrophages (A) Excitation (dotted black line) and emission (full red line) spectra of ZnPP-albumin excited at 405 nm measured in solution. (B) Spectral plots recorded with a spectral cell analyzer for the CD45+/F4/80+ (red) and CD45+/F4/80- (blue) leukocyte populations in a suspension of liver cells from a C57BL/6J mouse treated with ZnPP-albumin. Livers were collected 2 h after the injection. The plots show the cell density on an intensity-wavelength matrix. The red line (area of highest density) indicates the excitation spectrum of the selected cell population. (C) Representative flow cytometry density plots of liver single cell suspensions stained for CD11b and F4/80 and gated for live CD45+ cells. Livers were collected before (0 h) and 4, 16, or 24 h after heme-albumin injection.



To determine the effects of heme-albumin administration on liver macrophage homeostasis, we characterized liver macrophages by flow cytometry before and 4, 16, and 24 h after heme-albumin injection (Figure 3C). Heme-albumin administration induced a time-dependent recruitment of CD45+/CD11b+ monocytes into the liver. The F4/80+ Kupffer cell population remained unaltered, suggesting that the anti-inflammatory effects of heme-albumin described below cannot be explained by macrophage depletion. Collectively, these results suggested that heme-albumin complexes could be used as a vehicle to deliver heme to liver macrophages with minimal adverse toxicity.



Heme-Albumin Treatment Attenuates the Anti-CD40 Antibody-Driven Disease Phenotype by Suppressing Liver Macrophage Inflammation

To evaluate whether heme could reproduce the anti-inflammatory effects of PHZ, C57BL/6J mice were treated with heme-albumin and, 4 h later, with anti-CD40 antibody. We found that maximum induction of Hmox1  and Nrf2 target genes as surrogate markers of intracellular heme-exposure was reached in liver macrophages four hours after a single injection of 70 µmol/kg heme-albumin (data not shown).

In contrast to saline-treated animals, heme-treated animals displayed no visible liver necrosis (Figure 4A). Additionally, based on plasma concentrations of TNFα, IL6, and liver enzymes, the hierarchical clustering analysis in Figure 4C shows the clear segregation of heme-and saline-treated animals that were all injected with anti-CD40 antibodies. In contrast, no apparent segregation was visible among the control, heme-treated, and heme+anti-CD40 treated animals. Figure 4D shows a clustering analysis of the mRNA expression of proinflammatory genes in liver macrophages isolated with F4/80 antibody coated magnetic Dynabeads 16 h after anti-CD40 injection. Again, a clear dichotomous expression profile was observed in heme-treated and saline-treated animals in response to the anti-CD40 antibody. This indicates that heme specifically suppressed macrophage-driven inflammation, preventing the disease process induced by anti-CD40 in the liver. The enlargement of the spleen, which is a result of CD40-mediated B-cell activation and proliferation (34, 35) was however not affected by heme treatment (Figure 4B).




Figure 4 | Heme-albumin administration prevents anti-CD40 antibody driven inflammatory liver disease. C57Bl/6J mice were injected with heme-albumin (70 µmol/kg, i.p.) and after 4 h with anti-CD40 antibody (20 mg/kg). The animals were sacrificed at T16h for plasma cytokines or mRNA gene expression, at T34h for liver enzymes, and at T52h for liver histology. (A) Representative macroscopic photographs of the liver lobe from mice injected with anti-CD40 antibody, with or without heme-albumin. Necrosis is visible as a white spot. (B) Representative macroscopic images of the spleen of mice treated with anti-CD40 antibody, with or without heme-albumin. Displayed is the average size of the spleens (mm) ± 2 SDs. (C) Heatmap displaying the color-coded plasma concentrations of IL6, TNFα, and liver enzymes (ALT and AST) in animals treated with heme-albumin (heme) or albumin (control) and challenged with or without anti-CD40 antibody (yellow=low concentration, red=high concentration). (D) Heatmap displaying the color-coded mRNA expression levels of proinflammatory cytokines in Dynabeads-enriched F4/80+ liver macrophages in C57BL/6J mice that were treated with heme-albumin (heme) or albumin (control) and stimulated with or without anti-CD40 antibody. These data demonstrate that acute heme-albumin treatment mitigated macrophage-driven inflammation and suppressed anti-CD40 antibody mediated disease.





Macrophage Suppression Is Independent of Heme Iron

To investigate the role of iron in the anti-inflammatory effects of heme on macrophage-driven anti-CD40 disease, we conducted experiments using the iron-substituted heme-analogs manganese protoporphyrin (MnPP) and tin mesoporphyrin (SnMP). Bone marrow derived-macrophages (BMDMs) incubated with either MnPP or SnMP for 4 h before LPS stimulation showed markedly reduced pro-inflammatory cytokine expression with mild Hmox1 expression (Figure 5A). To confirm this finding in mice, we repeated the sequential heme-albumin plus anti-CD40 antibody experiments substituting SnMP for heme-albumin. SnMP is known to have a favorable toxicity profile because it has been extensively studied as a potential treatment for neonatal hyperbilirubinemia (36, 37). SnMP-albumin-treated mice were challenged with anti-CD40 antibody for 4 h. Mice treated with SnMP, but not those treated with saline, were protected from anti-CD40 induced hepatitis, as reflected by the significantly lower plasma transaminase levels (Figure 5B).




Figure 5 | Heme suppresses inflammation independently of iron levels (A) Heatmap displaying color-coded mRNA relative expression of proinflammatory and anti-oxidative genes in BMDMs treated with the noniron porphyrin SnMP (top) or MnPP (bottom) for 4 h before stimulation with LPS (10 ng/mL) for an additional 4 h. The data represent the mean expression values from three independent experiments (yellow=low expression, red=high expression). (B) Plasma ALT and AST concentrations in C57BL/6J mice treated with or without SnMP-albumin (70 μmol/kg, i.p.) and after 4 h with anti-CD40 antibody for 30 h (20 mg/kg) (n = 3). From these data, we could conclude that metalloporphyrins linked to albumin could replicate the inflammatory suppression of heme-albumin in vitro and in vivo. ****p < 0.0001, ***p < 0.001 for all panels.





Intracellular Heme and Not Its Metabolites Suppress Macrophage Inflammation

Heme levels in macrophages are defined by the flux of extracellular heme into the cell (e.g., via erythrophagocytosis or heme-uptake) and by intracellular heme catabolism through heme oxygenases, primarily HMOX1. The observation that the potent heme oxygenase inhibitors SnMP and MnPP (36) had effects on macrophage inflammation that were comparable to those of heme suggested that the anti-inflammatory effects were directly transmitted by the porphyrins and not by metabolites derived from heme breakdown by heme oxygenases. To confirm this hypothesis, we generated an in vitro macrophage model with tamoxifen-inducible Hmox1 deletion. Tamoxifen-treated Hmox1fl/fl UBC Cre-ERT2 macrophages did not produce HMOX1 in response to heme (Figure 6A), nor did they show the classical increase in metabolic activity observed in wild-type macrophages metabolizing heme (Figure 6B) (38). In the first set of experiments, we compared the response of wild-type and Hmox1-deficient mouse BMDMs to LPS-treated mice in the absence of extracellular heme. Figure 6C shows the correlation plot of the changes in gene expression induced by LPS treatment for all genes represented on the gene array in the Hmox1 wild-type (x-axis) and knockout macrophages model (y-axis). These findings demonstrate that the LPS response in the absence of heme is comparable in the two cell types (details of all gene array experiments can be found in the Supplementary Excel File).




Figure 6 | Heme suppresses inflammation independently of its metabolites. (A) Western blot of HMOX1 in BMDMs from Hmox1fl/f UBC Cre-ERT2 (knockout) and Hmox1fl/fl (wild-type) mice after exposure to heme-albumin concentrations ranging from 0 to 200 µM for 4 h and LPS treatment for an additional 4 h. Beta-actin was used as a loading control. No HMOX1 expression is visible in the knockout macrophages. (B) Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) of heme-albumin (50 μM)- and albumin (control)-exposed Hmox1 knockout and wild-type BMDMs were measured using a Seahorse XFe24 extracellular flux analyzer. Measurements (n = 3) were recorded according to the standard protocol at baseline, after addition of oligomycin (an inhibitor of ATP synthase), after addition of carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) (an uncoupling agent, which allows to measure maximum mitochondrial oxygen consumption), and after addition of combined actinomycin A and rotenone (which shuts down mitochondrial respiration). (C) Correlation plot of mean mRNA expression changes in wild-type (Hmox1fl/fl) and Hmox1-knockout (Hmox1fl/fl UBC Cre-ERT2) BMDMs that were treated with LPS for 4 h (n = 4 experiments). All genes that were significantly upregulated by LPS are shown in pink (= LPS response). All the genes that define the hallmark “inflammation” gene set in the Molecular Signature Database are depicted with enlarged dots (black and pink). (D) Selective presentation of relative expression data for the transcripts defining the “LPS response” and “inflammation” classes across macrophages treated with LPS with/without heme. Statistical analyses of the average expression data were performed by ANOVA with Tukey’s post hoc test for multiple comparisons. The data demonstrate a dose-dependent attenuation of the expression of LPS-induced genes with increasing heme-albumin concentrations, and this effect was more pronounced in the absence of Hmox1 expression. (E) Relative expression of LPS-induced Il6 and Il12b mRNA in BMDMs from Hmox1fl/fl UBC Cre-ERT2 mice (knockout, red) and Hmox1fl/fl mice (wild-type, black) in response to increasing heme-albumin concentrations. The cells were treated with heme-albumin for 4 h before LPS stimulation. An expression level of 1.0 indicates the mean cytokine mRNA expression in LPS-treated cells in the absence of heme-albumin. The data show the mean ± SD of six biological replicates measured in parallel. n.s., not significant.



In subsequent experiments, we analyzed the effects of 50 µM and 200 µM heme-albumin on LPS-induced gene expression. Figure 6D shows the effects of heme-albumin on LPS-regulated expression of two defined gene subsets. The ‘LPS-response’ gene set contained all genes that were upregulated in BMDMs by LPS in our experiments. The ‘inflammatory response’ gene set displayed in the right panel is a predefined gene set from the Hallmark Molecular Signature Database (http://software.broadinstitute.org/gsea/index.jsp). The data demonstrate a dose-dependent suppression of inflammatory gene expression by heme, which is more pronounced in Hmox1 knockout cells at lower heme concentrations than in wild-type macrophages. RT-qPCR analysis of LPS-induced IL6 and Il12b mRNA expression confirmed a left-shifted dose-response curve for the heme-suppressive effect in Hmox1 knockout cells (red line) compared to wild-type cells (black line) (Figure 6E). Collectively, these results suggested that heme levels increasing above physiological concentrations during hemolysis determined the anti-inflammatory macrophage response observed in our experiments.




Discussion

We found that acute PHZ-induced hemolysis leads to an increase in intracellular heme in macrophages, which profoundly suppressed macrophage-driven inflammatory liver disease induced by an agonistic anti-CD40 antibody. This effect of hemolysis was mimicked by the administration of heme-albumin complexes that were specifically endocytosed by macrophages in the liver.

We designed our in vivo studies to mimic the two principal pathways macrophages share to internalize hemoglobin and heme: Erythrophagocytosis and endocytosis of hemoprotein-complexes (18, 20, 39). Heinz body anemia is an archetypal example of a disease with extravascular hemolysis driven by excessive erythrophagocytosis of damaged RBCs in the liver (40). We found large numbers of macrophages with internalized RBCs and high intracellular heme levels in the livers of mice following treatment with PHZ. To mimic intracellular heme-exposure in an erythrophagocytosis independent model, we established that heme could be preferentially enriched in mouse liver macrophages after administration of heme-albumin complexes. We confirmed this idea by using ZnPP as a fluorescent heme-analog and spectral flow cytometry, which allowed us to capture ZnPP-specific fluorescence spectra in different cell types of liver single-cell suspensions. Another essential feature of heme-albumin complexes in these experiments was the previous observation in cell-culture that these complexes could deliver heme into BMDMs without triggering pro-inflammatory reactions (21).

To dissect the role of heme on macrophage functions, we selected a CD40-ligation triggered inflammation model with necrotizing hepatitis and cytokine release syndrome. This disease phenotype is strictly driven by macrophage activation (33). Both erythrophagocytosis and heme-albumin complex administration dramatically attenuated the disease pathology, suggesting that the anti-inflammatory block in our experiments occurred at the level of macrophage activation. This was supported by the observation that PHZ and heme-albumin specifically inhibited the anti-CD40-induced pro-inflammatory transcriptional response of liver macrophages.

Experiments with Hmox1 knockout BMDMs and with Hmox1 inhibitory heme-analogs (SnMP and MnPP) confirmed that heme, and not one of its metabolites, directly transmits the anti-inflammatory signal in macrophages. The observation that the presence or absence of Hmox1 dramatically shifted the dose-response curve by which heme suppressed LPS-induced cytokine release in macrophages suggests that HMOX1 might be a key coordinator of inflammatory and RBC disposal functions.

Collectively, our study supports recent reports of anti-inflammatory and immunosuppressive effects of chronic and acute hemolysis. Our group has shown that mice with spherocytosis and chronic hemolysis were resistant to anti-CD40-induced necro-inflammatory liver disease and nonalcoholic steatohepatitis (NASH) (22). In addition, Olonisakin et al. reported that acute hemolysis induced by the transfusion of stressed erythrocytes impaired the innate immune response to Klebsiella pneumoniae infection, aggravating sepsis, and mortality of infected mice (23). Both studies defined an anti-inflammatory and immunosuppressive heme-signaling pathway that includes heme-activation of Nfe2l2/Nrf2 with significant suppression of Stat1 and interferon-regulated genes.

The macrophage-suppressive effects of heme in our studies were profound. It is likely that in addition to Nfe2l2/Nrf2, a synergistic signaling network drives the hypo-inflammatory phenotype in macrophages. Numerous models of infection, sterile inflammation, and transplantation have documented the suppressive function of HMOX1 in innate immunity and inflammation (41, 42). When present in excess, heme, and downstream HMOX1 products might coactively suppress macrophage functions. Other studies demonstrated that heme activates liver-X-receptor (LXR)-coordinated gene expression forcing macrophage differentiation into a phenotype with an anti-inflammatory phenotype and high heme iron-metabolism capacity (43–45). As a central integrator of metabolic and anti-inflammatory signaling, LXR activation might consolidate the effectors of the heme-induced anti-inflammatory macrophage phenotype (46). Heme and other porphyrins can also inhibit the proteasome to directly interfere with the activation of pro-inflammatory NF-kB (47).

RBC-metabolism, iron-recycling, and immune-regulatory functions of macrophages have been characterized in detail, and hypo- or hyperactive failure of either process causes a broad spectrum of diseases such as immunodeficiency, inflammatory liver disease, metabolic diseases, macrophage activation syndromes, anemia, or iron overload (i.e., hemochromatosis) (48–51). However, reciprocal interactions of these archetypical macrophage functions during disease pathogenesis have attracted less attention. Hemolysis with excessive erythrophagocytosis in the liver and inflammatory conditions are both frequent and may co-occur in individuals with a genetic or acquired hemolytic anemia, in patients with sepsis, during blood transfusion, or extracorporeal circulation. Uncovering how hemolysis modulates inflammatory disease processes may help better to understand the heterogeneity of outcomes in those conditions and broaden the spectrum of novel avenues towards personalized disease management.
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With the increasing availability and accessibility of single cell technologies, much attention has been given to delineating the specific populations of cells present in any given tissue. In recent years, hepatic macrophage heterogeneity has also begun to be examined using these strategies. While previously any macrophage in the liver was considered to be a Kupffer cell (KC), several studies have recently revealed the presence of distinct subsets of hepatic macrophages, including those distinct from KCs both under homeostatic and non-homeostatic conditions. This heterogeneity has brought the concept of macrophage plasticity into question. Are KCs really as plastic as once thought, being capable of responding efficiently and specifically to any given stimuli? Or are the differential responses observed from hepatic macrophages in distinct settings due to the presence of multiple subsets of these cells? With these questions in mind, here we examine what is currently understood regarding hepatic macrophage heterogeneity in mouse and human and examine the role of heterogeneity vs plasticity in regards to hepatic macrophage responses in settings of both pathogen-induced and sterile inflammation.
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Introduction

Macrophages, first described by Ilya Metchnikoff over 100 years ago (1), are widely recognised as key players of the innate immune system. Macrophages are present in almost every tissue of the body where they function to sense their local environment and to clear pathogens and debris including dying cells. As such, macrophages are thought to be a considerably plastic cell population, able to rapidly respond to changes in the tissue environment and to assume different cellular phenotypes as required (2). This idea stems from findings that both in vitro bone-marrow (BM) macrophages and in vivo macrophage populations respond differently depending on the specific stimuli they sense in their local environment. While the plasticity of in vitro generated BM-derived macrophages is uncontested, the recent technological advances including multi-parameter flow cytometry/mass cytometry and single cell RNA sequencing (scRNA-seq) have demonstrated considerable heterogeneity within the macrophage pool of different tissues, including the liver, particularly under non-homeostatic conditions (3–8). In inflammation a population of monocytes are recruited to the tissue, where they then locally differentiate into macrophages (9, 10), which accompany the already present tissue-resident macrophages. This has, therefore, brought the concept of macrophage plasticity in vivo into question; is the perceived plasticity of macrophages rather due to the presence of different macrophage populations with distinct functions? Moreover, while these recruited macrophages have been shown to be able to take on a wide range of phenotypes (3, 4, 11, 12) other recent studies have suggested that tissue-resident macrophages (13, 14) may not respond as extensively to insults as previously thought (4, 13–16). As the origins of tissue-resident (primarily embryonic) and recruited macrophages (BM-derived) differ (17–19), this also brings the role of ontogeny into question when investigating macrophage plasticity (18). However, whether macrophage plasticity would be inherently linked to ontogeny or rather the length of time a macrophage spends in a specific tissue environment or niche, where it is being continually instructed by the other cells in that niche (20) remains an open question.

Understanding macrophage plasticity is of crucial importance not only to better understand macrophage fate and functions but also in the design of therapeutic approaches aimed at manipulating macrophage function. For example, a plastic macrophage might represent a more amenable target in clinical settings. Alternatively, if not plastic, the strategy to replace the macrophage population may be more beneficial. In this review, we thus aim to provide our viewpoint on the role of macrophage heterogeneity vs plasticity in the context of the liver. First, we will provide an overview of the current state-of-the-art regarding the different macrophage populations that have been described across different settings in the murine and human liver. Subsequently, we will discuss what is known, alongside the remaining questions regarding the specific roles of the distinct hepatic macrophage populations and their associated plasticity in the context of both pathogen-induced and sterile inflammation.



Hepatic Macrophage Populations

Before we can investigate functions and potential plasticity of hepatic macrophages in sterile and pathogen-induced inflammation, we must first consider the different macrophage populations present in the liver under different settings. Thus, here we will first introduce the main subsets present across species and inflammatory settings and the terminology by which we will refer to them throughout this review.


Murine Hepatic Macrophages

To date, the homeostatic murine liver has been demonstrated to harbour two distinct macrophage populations, Kupffer cells and capsule macrophages (Figure 1). Kupffer cells (KCs), first described by Karl Wilhelm von Kupffer (34), are the resident macrophages of the liver, which represent one of the most abundant macrophage populations in the body. These cells, defined by their expression of CLEC4F, TIM4, F4/80 and CD64 (22, 35) (Figure 1), reside in the liver sinusoids where they further extend a proportion of their body to contact hepatic stellate cells (HSCs) and hepatocytes (36). KCs are largely found throughout the liver, however, are relatively sparse in the immediate vicinity of the central vein (37). As has been reviewed extensively, KCs, are long-lived, self-renewing macrophages, that exist, at least in the mouse, largely in the absence of any input from circulating BM (17, 19, 20). The one exception to this is a short time window in the first weeks of life, when the liver is growing (22). On the other hand, liver capsule macrophages reside, as their name would suggest, in the liver capsule (21). Here they express CD64 and F4/80, but lack expression of CLEC4F and TIM4. Capsule macrophages are also identified through their expression of CX3CR1 (absent on KCs) and CD207 (langerin; also expressed by KCs) (21) (Figure 1). Unlike KCs, capsule macrophages are relatively short-lived and arise primarily from monocytes (21).




Figure 1 | Murine and Human Macrophage Populations in the Healthy and Inflamed Liver. (A) Two distinct populations of hepatic macrophages have been defined to date in the murine liver, the resident KCs, which make up the majority of the hepatic macrophage population and a smaller population of macrophages found in the liver capsule (21). In inflammation, these populations are often accompanied by populations of recruited macrophages. These can also exist in at least two subsets, recruited KCs which can persist in the tissue to generate resident KCs (4, 22–26) and a population of macrophages that are lost from the liver upon resolution of inflammation (15) here termed recruited-temporary macrophages. In the human liver, we still do not fully understand the distinct populations of macrophages present and how these relate to those found in mice. To date no counterpart for the murine capsule macrophages has been identified, however, this may be due to difficulties in isolating cells from the capsule, particularly from smaller liver biopsies which do not harbour significant amounts of capsule tissue. While all macrophages in the human liver can be identified on the basis of their expression of CD68, scRNA-seq studies have revealed that these can be further split into distinct subsets (27–30). Two populations of macrophages have been identified in healthy human liver tissue,  which are distinguished by their expression of MARCO and TIMD4. Here we speculate (shown in grey) that the MARCO+TIMD4+ cells would be the counterparts of the murine resident KCs while the cells lacking expression of these two genes could be considered as recruited-temporary macrophages. In inflammation, a population of MARCO+TIMD4- macrophages has also been identified thus it is tempting to align these with murine recruited KCs (30), however this also requires validation. In addition to these genes delineating subsets of human hepatic macrophages, CD32 has also recently been suggested to be a good protein marker to distinguish between these macrophages (31). (B) Due to their recent identification within the hepatic macrophage pool, the precise nature of the recruited-temporary macrophage population also remains unclear. In certain inflammatory settings, such as NASH and fibrosis/cirrhosis, it has recently been shown that these cells express genes including Spp1, Gpnmb (mouse) Trem2 and Cd9 (mouse and human). In mouse, these cells were termed lipid-associated macrophages (LAMs) while in human they were called scar-associated macrophages (SAMs) (4, 30, 32). Alignment of the LAMs and SAMs showed significant overlap (4) suggesting these could indeed be equivalent populations. In other inflammatory settings much less is known about these cells, and hence it is unclear if these cells also have a LAM/SAM phenotype or if their phenotype is dependent on the inflammatory stimulus. In acute liver injury in mice, they have been suggested to express genes associated with a function in resolution as well as genes associated with extracellular matrix (15). In human acute liver injury, a population of MerTK+CD163+ macrophages have been reported which may represent human recruited-temporary macrophages (33). Moreover, to date, the specific functions of these cells are largely speculative. To date, limited data is available regarding recruited-temporary macrophages in infection in mice and humans and thus their potential function(s) remain speculative.



While relatively straight forward under homeostatic conditions, in inflammation, the murine hepatic macrophage pool becomes considerably more complex. Inflammation is often linked to a reduction in the resident KC pool (4, 15, 23–25, 32, 38, 39). However, while in some studies this has been demonstrated numerically (4, 25, 32, 38, 39), in others this drop in resident KCs is observed only as a reduction in proportion. This may result from an increase in other recruited cells (e.g., monocytes, neutrophils) rather than a drop in numbers of resident KCs per se (15, 23, 24). Whether in number or proportion, this reduction in resident KCs is linked to the recruitment of monocytes (Ly6Chi, CD11b+, F4/80-, CD64lo/int), which rapidly differentiate into hepatic macrophages (Ly6C-, CD11b-/+, F4/80+, CD64+). Under some conditions, these recruited macrophages can further differentiate into recruited KCs which can be temporally distinguished from resident KCs based on their lack of TIM4 expression (4, 22–26, 32, 40) (Figure 1). As recruited KCs can acquire TIM4 expression with time (22) (Figure 1), long-term (>1month) tracking of these cells is only possible through the use of fate-mapping methods such as BM chimeras, parabiosis or genetically-labelled mouse models (22). However, the use of such fate-mapping methods can also impact the results. For example, the irradiation required to generate BM chimeras may further injure the liver, rendering results difficult to interpret. Irradiation may also alter disease progression in some models. With this in mind, many studies utilise flow cytometric methods instead which are often quicker and less invasive. However, without a permanent marker of origin, these studies cannot distinguish recruited KCs on the long-term. Whether a distinction between resident and recruited KCs is required or is rather an issue of semantics remains debated. Recruited KCs have been shown to acquire the full transcriptional profile of resident KCs, when generated following resident KC depletion using Diptheria toxin administration in Clec4f-DTR mice (22). This ability to acquire the resident KC profile is driven by the imprinting of differentiating monocytes by the cells of the local KC niche including liver sinusoidal endothelial cells (LSECs), HSCs and hepatocytes (36, 41, 42). However, whether recruited KCs developing in an inflamed environment would receive the same imprinting and hence resemble the steady-state resident KC counterparts remains unclear. Moving forward, the recent generation of new genetic mouse models that allow monocyte-progeny to be fate mapped will help to resolve some of these questions (43).

In addition to generating KCs, recruited monocytes can also have a different fate, differentiating into macrophages distinct from KCs (4, 15, 32). In many models where inflammation is resolved including acetaminophen (paracetamol; APAP) overdose induced acute liver injury, these recruited non-KC macrophages appear to be short-lived and lost upon resolution of inflammation (15). Thus, from herein we will refer to these cells as recruited-temporary macrophages (Figure 1). As many studies have not investigated potential macrophage heterogeneity, the distinction between resident KCs, recruited KCs and recruited-temporary macrophages is often not clear and hence it remains to be seen if all these cells are a common feature of liver inflammation. Moreover, capsule macrophage responses in inflammation have not yet been assessed. Additionally, for many settings we still lack specific markers for the recruited-temporary macrophage population, making it difficult to distinguish these cells from capsule and recruited macrophages on their way to becoming KCs, prior to their acquisition of KC markers such as CLEC4F, which takes ~7 days (22) (Figure 1). Recently, CLEC2 has been proposed to be an early marker of recruited KCs as expression is observed before cells become CLEC4F+ (4, 23). However, without more specific markers of the remaining CLEC2- cells it remains difficult to identify the bona fide recruited-temporary macrophage population(s) that may be present (Figure 1). It should also be noted that while here we refer to these cells as recruited-temporary macrophages, in chronic models, it is unclear if these cells are (a) temporary and hence lost upon resolution of inflammation or (b) continuously replaced or persistent throughout the course of inflammation. Given the potential role for local niche signals in imprinting macrophage phenotype as is observed for KCs, we would hypothesize that recruited-temporary macrophages would be lost upon return to homeostasis as the niche inflammation is also resolved, hence their designation as temporary, however this remains to be tested. In metabolic-associated fatty liver disease (MAFLD), a population of recruited-temporary macrophages distinct from KCs and capsule macrophages called lipid associated macrophages (LAMs) has been identified (4) (Figure 1). These are proposed to develop through an intermediate population termed c-LAMs (32). LAMs and c-LAMs were found to preferentially localise in zones of fibrotic tissue and had a transcriptional profile distinct from resident and recruited KCs (4, 32). While the size of this population increased with time on the diet, correlating with both weight gain and the degree of fibrosis (4), whether this increase is due to local proliferation or continuous engraftment has not yet been investigated. Moreover, the fate of these cells upon return to normal chow has not yet been studied. Taken together, in inflammation the murine liver can harbour at least 4 distinct populations of macrophages, resident KCs, recruited KCs, capsule macrophages and recruited-temporary macrophages (Figure 1). Notably, aside from the proposal of niche availability (20), the precise micro-environmental cues determining the fate of recruited monocytes remain unclear (see below). Additionally, the degree of homogeneity within the recruited-temporary macrophage pool across inflammatory conditions remains to be investigated.



Human Hepatic Macrophages

As humans do not live in specific pathogen free (SPF) environments with restricted diets, exactly how comparable and relevant the homeostatic mouse hepatic macrophage populations are to those observed in the healthy human liver is debatable. Despite this, scRNA-seq and single nuclei sequencing (snRNA-seq) of healthy caudate lobes of the human liver (non-transplanted tissue) have identified two distinct populations of hepatic macrophages (27, 28) (Figure 1). As both expressed CD68 and were found in the healthy liver, they were both termed KCs. CD68+ MARCO+ KCs appear to closely resemble murine resident KCs in terms of their transcriptome (27). In addition to transcriptional similarities, like murine resident KCs, MARCO+ macrophages were also largely absent from peri-central regions of liver tissue, instead predominating in peri-portal regions as assessed using immunohistochemistry (27). Thus, MARCO+ KCs may be bona fide human resident KCs, although identification of additional markers expressed by these cells and conserved with murine resident KCs would help to support this conclusion. In addition to the putative human resident KCs, CD68+MARCO- KCs were also identified in the healthy human liver. These cells were enriched for genes associated with monocytes including FCN1, S100A8 and LYZ and showed an increased propensity for TNFα production following stimulation with LPS and IFNγ ex vivo (27). As such, these were designated as inflammatory KCs. Similarly, another scRNA-seq study also reported the presence of two KC populations in the healthy human liver (29), while a third study, using flow cytometry, suggested CD32 to be a useful surface marker to discriminate between these two KC subsets (31). However, as these latter two studies utilised normal tissue adjacent to resected tumour tissue as healthy liver tissue, how representative these macrophage populations are of those found in healthy livers remains unclear. Notably, the CD32int subset identified as the inflammatory KC population also expressed CD1c (29, 31) which is a typical marker associated with human conventional type 2 Dendritic cells (cDC2s) (44–46). Thus, the designation of these cells as KCs clearly requires further validation, as this could potentially represent a mixed population of myeloid cells. Indeed, as KCs defined in these 3 studies were identified as such primarily based on their expression of CD68 and their presence in the healthy liver, it will be important in general to validate the claim of KC identity. For example, can we be sure that these are both KCs and one population does not represent human capsule macrophages as observed in the murine healthy liver? Alternatively, as even a healthy human will likely have experienced infection, eaten fatty food or consumed alcohol, another possibility is that these inflammatory KCs are equivalents of the murine recruited-temporary macrophages (Figure 1). This is especially likely when healthy liver tissue is obtained from patients undergoing liver resection due to cancer metastasis (29, 31). Suggesting that these MARCO- macrophages may indeed be recruited-temporary macrophages rather than KCs, a recent study by the Henderson lab investigating myeloid cell heterogeneity in healthy and cirrhotic human livers found MARCO-CD68+ macrophages to be enriched in cirrhotic tissue (30). Consistent with this, Marco expression in the mouse, was also restricted to KCs in the fatty murine liver (4), although whether this holds true in other inflammatory settings remains to be investigated. In addition, this study also identified additional heterogeneity within the MARCO-expressing KCs (30). Here MARCO+ KCs in the healthy human liver (resected material) could be further divided into two populations, one expressing TIMD4 and one lacking expression of TIMD4 reminiscent of the murine resident and recently recruited KC populations respectively (30) (Figure 1).

Consistent with the murine liver, in inflammation, there is also further heterogeneity within the human hepatic macrophage pool. In the cirrhotic liver, similar to the inflamed murine liver, a reduction in the proportion of resident KCs (MARCO+TIMD4+) was observed (30). This was accompanied by an increase in the proportion of CD68+MARCO- macrophages expressing CD9 and TREM2 which were termed Scar-associated macrophages or SAMs due to their proximity to cirrhotic scar tissue (30). Thus, SAMs are likely a subset of recruited-temporary macrophages in the human liver. While the SAMs described here share some overlap with the inflammatory KCs described above including FCN1, CD68 and LYZ expression (27, 30), the precise overlap between these cells requires further investigation (Figure 1). Notably, these SAMs are also reminiscent of LAMs, the recruited-temporary macrophages recruited to the liver in murine models of fatty liver disease (4) (Figure 1). Similar to LAMs, the temporal nature of these SAMs remains to be established. In addition to SAMs, a population of macrophages expressing MerTK and preferentially localised around centrilobular necrosis in the livers of patients following APAP overdose have been described (33). As MerTK expression was relatively sparse in the rest of the liver this could suggest that these cells are a population of recruited-temporary macrophages (Figure 1), indeed this would be consistent with the increased expression of MerTK observed in circulating blood monocytes of these patients compared with healthy controls (33). Alternatively, resident KCs may upregulate MerTK expression upon APAP overdose, as secretory leucocyte protease inhibitor (SLPI), produced in acute liver failure, was shown to induce MerTK expression in monocytes and hepatic macrophages (33). Importantly, exactly how similar these cells are to the hepatic macrophage populations described in the single cell studies remains to be seen. Thus, taken together, it is clear further work is required to fully understand human hepatic macrophage heterogeneity in health and disease.




Hepatic Macrophage Responses: A Function of Plasticity or Heterogeneity?

Hepatic macrophages, initially considered to consist only of KCs were thought to be very plastic cells, being rapidly able to respond to any insult as required. However, now that we know there are in fact many distinct subsets of hepatic macrophages this has led us to question if this range of functions represents bona fide plasticity of resident KCs or if it rather reflects the heterogeneous nature of the hepatic macrophage pool in inflammation? This question is not unique to the liver, rather it can be asked of macrophages throughout the body. Indeed, the plasticity of the resident alveolar macrophages in the lung has also recently been questioned (18). However, while in that perspective it was proposed that tissue resident alveolar macrophages are not particularly plastic (18), as will be discussed below, evidence from distinct hepatic inflammatory insults would suggest this may not be the case for the resident KCs, where there appears to be an immediate, albeit acute, response (Figure 2). However, despite this initial response, we similarly postulate that the assumed hepatic macrophage plasticity observed later in the inflammatory response, is likely a function of heterogeneity within the hepatic macrophage pool, as recruited-temporary macrophages and to a lesser extent recruited KCs appear to respond differently compared with resident KCs. In addition, there is likely additional plasticity within these recruited populations as they appear to be able to edit their profiles according to the environment into which they are recruited (Figure 2). Compared with KCs, very little is known about capsule macrophages in infection/inflammation. Recently, these have been suggested to have a function in immune surveillance by sensing microbes in the peritoneal cavity and recruiting microbicidal neutrophils to the liver capsule (21). However, whether capsule macrophages are plastic and able to adapt to different environments has not yet been addressed. Thus, these cells will not be discussed further in this context. However, it is important to consider that these cells may be mixed with the recruited macrophage populations identified in many studies.




Figure 2 | Plasticity vs Heterogeneity in the Inflamed Murine Liver. (A) KCs are the main macrophage population in the homeostatic liver. They are the sentinel cells that can sense PAMPs from attacking pathogens and DAMPs from dying hepatocytes in the first stages of infection or liver tissue injury. KCs can also efferocytose cellular debris from dead hepatocytes (47). Sensing of PAMPs and/or DAMPs activates KCs to produce chemokines and cytokines to call in monocytes and neutrophils from circulation (7). Ly6Chi monocytes can differentiate locally depending on the cues from their microenvironment into recruited-temporary macrophages or KCs. However, recruited KCs have not been observed in all settings (15). Alongside the recruited neutrophils, these recruited macrophage populations may produce cytokines at the site, and help with cleaning up the pathogens/cellular debris. The loss of resident KCs has been reported in many inflammatory settings (4, 15, 23–25, 32, 38, 39, 48) and may be caused by stress resulting from activation or from the increased metabolic load of ingested cellular debris. Recruited cells such as recruited-temporary macrophages and neutrophils help to clean up the KC debris (49) and, in case of pathogen-induced inflammation, to capture/eliminate pathogens and pathogen infected cells. Notably, neutrophils have limited lifespan in the tissues (49) and their debris is subsequently also cleaned up by hepatic macrophages (33). With cellular debris removed, hepatocytes have space to replenish their numbers through proliferation. Resident KC numbers are also replenished through their proliferation and/or engraftment of recruited KCs which subsequently acquire the resident KC phenotype (TIM4 expression). However, exactly how similar resident and recruited KCs are when the latter are generated in an inflammatory environment remains to be seen. (B) If the inflammatory insult is not resolved (e.g., in case of chronic infection, repeated injury or metabolic stress associated with increased lipid burden), the resolution phase is not reached and chronic inflammation develops. Increased KC death activates the niche cells (LSECs, HSCs and hepatocytes) to call in Ly6Chi monocytes to replenish lost KCs (4, 23–25, 32). Continuous activation and/or tissue injury may lead to death of structural cells of the liver. The recruitment of cells from circulation is continuous. Recruited monocytes differentiate locally into KCs and/or recruited-temporary macrophages, depending on the cues from their microenvironment. For example, activated HSCs produce and deposit increased amounts of collagen, which leads to liver fibrosis. Monocytes recruited to fibrotic zones harbouring large numbers of activated stellate cells/fibroblasts differentiate into recruited-temporary macrophages expressing CD9+TREM2+ called hepatic LAMs/SAMs (4, 30, 32). As with acute injury/infection/inflammation, recruited KCs can acquire the TIM4-expression with time (4, 23) and the cycle continues. As in acute inflammation, how similar or distinct recruited and resident KCs are remains a matter of debate.




Acute Plasticity of Resident KCs

The highly phagocytic nature of KCs and the plethora of complement and scavenging receptors on their surface (22, 26, 50) affords them the ability to rapidly identify and deal with threats entering the liver via the bloodstream (7, 51, 52). Moreover, through their interactions with LSECs, HSCs and hepatocytes (36, 37, 41) they have the potential to play a significant role in the orchestration of the hepatic response to injury, inflammation and damage. They can sense damage associated molecular patterns (DAMPs) released from dying or injured liver cells, while also communicating with these cells to instruct appropriate responses. Indeed, depletion of KCs from mice using the Clec4f-DTR mouse model rapidly activates HSCs and LSECs which produce TNFα and IL1β to recruit new monocytes to the liver to replace the depleted KCs (36). The presence of multiple subsets of macrophages and a lack of markers to discriminate them makes interpretation of KC-specific functions difficult for many studies. However, as resident KCs are the main population of macrophages present in the liver at the onset of injury, with recruited macrophages typically only appearing after 48 hours (based on expression of F4/80 and/or CD64 and lack of Ly6C expression) following their differentiation from monocytes, we can largely infer resident KC-specific responses within this time window.

Many studies have reported the production of cytokines and chemokines, as well as other factors such as complement factors and prostaglandins by KCs initially upon encountering inflammatory stimuli (7, 53–55). This suggests that resident KCs do retain some plasticity and can mount responses to inflammation and infection (Figure 2). In the setting of pathogen-induced inflammation, this is coupled with KCs encountering and engulfing pathogens or upon recognition of soluble pathogen products. Depletion of TLR4 from myeloid cells using Lysm-Cre mice significantly impaired phagocytosis and bacterial clearance in the caecal ligation and puncture model of polymicrobial sepsis (56), resulting in increased cytokine production in the liver, although whether this was from KCs is unclear. Suggesting the importance of resident KC clearance capacity, depletion of hepatic phagocytes using clodronate liposomes in mice infected with Borrelia burgdorferi, the pathogen causing Lyme disease in humans, facilitated the spread of bacteria resulting in increased bacterial burden in bladder, heart, joints and spleen (57). However, as KC depletion also activates the local niche cells (36), this altered bacterial load may result from an altered local liver environment. In sterile inflammation, the cue for this initial resident KC response is encountering DAMPs such as HMGB1 released from dying cells such as hepatocytes (47). However, phagocytosis of apoptotic bodies also plays a direct role in the initiation of cytokine production from resident KCs (58). Fabp7 expression by resident KCs has been associated with this process as Fabp7 KO mice demonstrated decreased phagocytosis of apoptotic cells and decreased cytokine production in acute liver injury (59). Similarly, clearance is suggested to be crucial in the context of viral infection. Ablation of KCs during acute viral hepatitis resulted in increased liver pathology and impaired apoptotic cell removal suggesting resident KCs may have protective effects (60). Although the potential caveats of KC depletion and niche activation also apply here. Conversely, treating HBV DNA carrying mice with an anti-PDL1 antibody reduced viral DNA persistence and favoured CD8 effector T cell differentiation indicating that the interaction between PD1 on T cells and PDL1 expressed by KCs might inhibit effective virus clearance (61). The production of cytokines, chemokines and other factors from resident KCs early after sensing the inflammatory stimuli is proposed to function in the recruitment of monocytes and neutrophils to the injured liver [reviewed in (7)]. Indeed, while resident KCs in the liver are specialized in sensing and capturing the infectious agent in the tissue, it is suggested that recruited monocyte-derived cells have potent microbicidal capacities (62, 63). Thus, this could explain the need for monocyte recruitment. Similarly, in sterile injury, monocyte and neutrophil recruitment is proposed to be important for repair. CCR2KO animals which have severely reduced monocyte numbers do not display any differences in terms of the extent of injury post APAP overdose, however, significant delays in tissue repair were observed (64). Furthermore, CCR2KO mice also have higher TNFα (mRNA) levels in the liver 24h after APAP (65), although this may arise from HSCs and LSECs attempting to recruit in monocytes (36). Importantly, repair post APAP overdose is further exacerbated when both resident KCs and monocytes/recruited macrophages are missing from the liver (66), suggesting that resident KCs and/or the niche cells could also directly contribute to repair. Apart from their ability to mount inflammatory responses, resident KCs have also been suggested to secrete tolerogenic mediators such as IL10 (55, 67, 68). It has been shown in a murine model of septic peritonitis that non-specific depletion of KCs by clodronate liposomes leads to a significant reduction in systemic and hepatic IL10 levels which was proposed to be primarily KC-derived (67). This correlated with a higher mortality, further suggesting that the initial resident KC response to inflammatory stimuli may be crucial. Taken together, this ability of resident KCs to respond to the changes in the local environment suggests that these cells do retain some plasticity despite having resided in the homeostatic liver for prolonged time periods before injury/infection.

While this resident KC response is relatively well documented, whether this response is protective or detrimental remains unclear. Possibly suggestive of a protective role for these cells, previous studies have shown increased serum AST/ALT levels indicating increased damage when resident KCs are depleted by clodronate liposomes 48 hours prior to administration of an APAP overdose (69, 70). Similarly, injury post APAP overdose (8 and 24 hours) is exacerbated in mice deficient in MerTK which harbour less KC at steady state (33). However, whether this worsened injury is linked to resident KC cytokine/chemokine production remains unclear. In one study, clodronate liposome treatment 48 hours prior to administration of APAP reduced TNFα, IL10, IL6, IL18BP and complement 1q mRNA levels in liver tissue 8 hours post overdose (69), however it should be noted that IL6, IL10 and C1q were already reduced prior to administration of APAP due to the depletion of resident KCs, while the baseline effects on TNFα were not assessed (69). The other study however, following the same treatment regime but administering higher concentrations of APAP, observed increased plasma IL6 and decreased IL1β levels 24 and 48 hours post overdose, while no effects were seen in plasma TNFα and IL10 levels (70). As clodronate liposome administration can also affect monocyte levels, either directly through their depletion (71) or indirectly by inducing monocyte recruitment to repopulate depleted macrophages, this is likely a confounding factor in this analysis, especially regarding cytokine production, as monocytes recruited to the liver may also produce these factors. Given that this enhanced monocyte recruitment upon resident KC depletion is also observed in KC-specific depletion models such as the Clec4f-DTR model (22, 36), we will need a more refined approach to assessing the function of KCs in inflammation rather than depletion. This is especially true, in light of the temporal niche activation observed post KC-depletion (36). The Clec4f-Cre model (50) should allow for a more specific interrogation of resident KC function if utilised prior to the development of any recruited KCs in inflammatory settings, alternatively an inducible Clec4f-Cre model would allow KC activation to be studied more accurately. In addition, it will also be necessary to consider heterogeneity in the resident KC response. Recently, scRNA-seq analysis identified activated resident KCs 20 hours after APAP or Thioacetamide (TAA) administration. Fitting with the above, these activated resident KCs were characterised by increased chemokine expression (72). Surprisingly, not all KCs in treated livers were activated, rather these cells represented a proportion of the total resident KC pool (72). The precise factors influencing this heterogeneity, including activation of the local niche, remain to be investigated.



Lack of Long-Term Resident KC Plasticity in Acute Injury

While there appears to be evidence for plasticity early in the inflammation cascade, allowing resident KCs to respond and call in the required back-up, there is emerging evidence that this response may be tightly regulated in time. For example, while a subset of activated KCs was identified 20 hours after APAP overdose (72), bulk RNA sequencing data of KCs 72 hours after APAP overdose, a timepoint when there are significant numbers of recruited-temporary macrophages present in the liver, did not reveal any overt changes in the KC transcriptional profile (15). This could suggest that in this setting of sterile inflammation, KCs do not exhibit long-term plasticity. Alternatively, as scRNA-seq analysis demonstrated that it was only a subset of resident KCs that were activated at the early timepoint post APAP overdose (72), it is possible that this subset may have been overlooked in the bulk RNA sequencing data. Another possibility is that activated resident KCs may die shortly after their activation (Figure 2). This would fit with the reported reduction in KCs in sterile and pathogen induced inflammation (4, 15, 23–25, 32, 39, 48). Indeed, necroptosis of KCs in the early phase of infection such as seen with Listeria monocytogenes (Lm) is proposed to be an altruistic mechanism to attract cells with potent microbicidal functions (62). This mechanism appears to be conserved among macrophages in different tissues (3, 43, 73, 74) and thus might represent an additional way to recruit cells which are specialized in eliminating microbes such as neutrophils and monocytes. Thus, perhaps by 72 hours post APAP overdose the activated resident KCs are lost and hence the remaining population are those not activated initially. It is also important to note that due to the acute nature of the APAP overdose model, 72 hours post overdose the liver has already undergone considerable repair, thus the limited response of the KCs at this timepoint may be due to the absence of further hepatocyte death and associated signals to which a response from KCs is warranted. Considering this, it will be important to assess the temporal nature of the resident KC response following APAP overdose by profiling the cells at intermediate timepoints between 20 and 72 hours. If activated resident KCs are lost following APAP overdose at later timepoints, this opens up many questions including how quickly do the activated resident KCs die? Is their death necessary, for example is it important for priming the incoming monocytes? Moreover, what signals promote their death? Uptake of erythrocytes has been shown to lead to resident KC death (40), thus does efferocytosis/phagocytosis play a role here? Or could it be that an activated resident KC is no longer adapted to its environment and hence cannot be maintained? This assumption would demonstrate a lack of plasticity in these cells. Similarly, if resident KC plasticity is limited, perhaps it is the stress associated with this early activation that results in their death? Answering these questions will be crucial for our understanding of this response and how it can be manipulated for therapeutic benefit.



Lack of Long-Term Resident KC Plasticity in Chronic Injury

While understanding the longevity of the resident KC response to inflammatory stimuli is limited in models of acute injury, recent studies investigating hepatic macrophage heterogeneity in the setting of more chronic inflammation such as MAFLD and non-alcoholic steatohepatitis (NASH) have shed further light on this. Fitting with a limited activation of resident KCs, we recently found that even after prolonged exposure to western diet (24-36 weeks) and establishment of MAFLD and NASH, resident TIM4+ KCs did not dramatically alter their transcriptional profile, particularly in relation to expression of prototypical immune activation genes such as pro-inflammatory cytokines (4). This was consistent with another study which did not see significant activation of total human hepatic macrophages from lean and obese patients or in total murine hepatic macrophages fed a high fat diet for 3, 9 or 12 weeks (14). Notably, in this study, an increase in Tnf was reported after 12 weeks of diet but here the macrophage population was not split into distinct subsets and this timepoint also correlated with the infiltration of recruited macrophages. Thus, this increase was attributed to the recruited macrophages (14). Conversely, however, other studies have reported changes in the resident KC transcriptome in murine models of NASH. While a first study likely mixed resident KCs and recruited-temporary macrophages (LAMs) leading to the conclusion that KCs were activated in NASH (75), another recent study where NASH was induced in mice by feeding a methionine and choline deficient diet (MCD diet), did report increased expression of pro-inflammatory genes in resident KCs after 6 weeks of feeding (23). Notably, here the authors did distinguish between KCs resident in the liver before and after NASH induction using BM chimeras demonstrating that those present before inflammation can be activated. Whether this is true of the whole population or a subset of resident KCs was not examined (23). Another recent study also found significant changes in the resident KC transcriptome upon feeding a NASH-inducing diet for up to 30 weeks (24). However, here the majority of these changes were associated with the loss of KC identity driven by altered LXR signalling (24), as observed when LXRα expression is removed from homeostatic KCs (50). This loss of KC identity may result from changes to the local microenvironment altering the signals given to the KC population (24). Another study found resident KCs to express reduced levels of Calprotectin encoded by S100a8/S100a9 following 16 weeks of feeding a Western diet (76). These discrepancies regarding the resident KC response in MAFLD and NASH between studies highlight that we do not yet fully understand the mechanisms governing this. One possibility is that the diet used to induce NASH may alter the resident KC response as all studies utilised different diets for different periods of time. Nevertheless, this would further suggest some plasticity of the resident KCs, albeit dependent on the signals received.

Despite the differences in the degree of resident KC activation reported, all these NASH studies observed a reduction in the proportion and/or number of resident KC populations (4, 23–25, 32). This death and loss of resident KCs in NASH would fit with the concept that upon activation KCs can no longer self-maintain and are lost from the tissue as discussed above. This loss may also help to explain the heterogeneous response of resident KCs across models. For example, it is possible that activated resident KCs are not fit enough to survive the lengthy digestion processes used in some studies used to liberate these cells (4). The advent of techniques for profiling these cells without the need for tissue digestion such as snRNA-seq and spatial transcriptomics approaches will enable this question to be addressed in the near future and is something we are currently investigating. Alternatively, as suggested by the Glass lab, this loss of resident KCs may be irrespective of activation state but rather due to a loss of KC identity (24). Whether related to activation or identity, this loss of resident KCs suggests that despite maintaining some plasticity to respond initially, these cells are not plastic enough to adapt to the inflammatory environment long-term. Fitting with this, it would be very interesting to profile the resident KCs when the diets are first switched to assess if the change in diet has any effects on the resident KC population not observed after prolonged feeding.



A Possible Role for the Microbiota in KC Plasticity

The specific microbiota composition of the mouse colonies in the different animal houses may also play a role in the distinct responses of resident KCs across models. Indeed, as KCs are preferentially localized in peri-portal zones, where they can more effectively capture and fight microbes coming from the intestine via the portal vein (37), differences in microbiota could explain these differential KC responses. Such modulation of the extent of liver injury by the microbiota has been reported in the APAP overdose model, where injury was attenuated in germ-free (GF) mice, or in SPF mice treated with antibiotics (72). The lack of microbiota inhibited the MYC-activated transcriptional program in various hepatic cell populations, leading to lesser injury (72). Fitting with a potential role for the microbiota, gut microbiota dysbiosis due to chronic use of antibiotics or proton pump inhibitors was implicated in higher susceptibility to acute liver failure after APAP overdose in humans, which was recapitulated in dysbiotic Nlrp6-/- mice and in WT mice that were transferred faecal microbiota from Nlrp6-/- mice (77). The use of antibiotics removed the difference in liver injury between WT and Nlrp6-/- mice (77), suggesting that a specific microbial species present in the Nlrp6-/- mice might have a negative effect on liver injury after APAP overdose. This effect could be mediated through altered microbial metabolites. For example, one such metabolite, 1-phenyl-1,2-propanedione has been shown to aggravate APAP-induced liver injury by modulating glutathione levels in the liver (78). Another study suggesting a role for commensal microbiota in shaping hepatic macrophage responses, has demonstrated that the absence of commensal microbes in GF mice resulted in an impaired ability of KCs to clear Staphylococcus aureus from circulation resulting in increased systemic pathogen load and higher mortality of these mice compared with mice kept in SPF conditions (79). In addition to regulating KC function, the microbiota has also been shown to affect the development of capsule macrophages. While sparse during neonatal development, the number of capsule macrophages increases significantly after weaning and is then maintained throughout adult life (21). However, whether the microbiota influences capsule macrophage plasticity in the liver remains to be investigated.



Plasticity of Recruited KCs – A Role for the Local Environment?

As discussed above, as many studies have not yet accurately distinguished between hepatic macrophage populations, it is not possible yet to know if recruited monocytes always give rise to KCs in inflammatory settings or how plastic these cells may therefore be. Here we will discuss what is currently known or can be extrapolated from existing data. A key question when discussing this is how similar are these recruited KCs to their resident counterparts? Our own studies investigating newly recruited KCs following resident KC depletion under homeostatic conditions using the Clec4f-DTR mouse, did not identify any long-term differences in terms of the transcriptome or phagocytic capacity of the new recruits compared with resident KCs (22). We did not however, investigate any potential epigenetic differences nor did we probe their functionality in different inflammation models, thus we cannot rule out the possibility that recruited KCs may behave differently to resident KCs in some settings (Figure 2). Indeed, using BM chimeric mice, Beattie et al., have demonstrated that in mice treated with heat-killed pathogenic bacteria congenically-marked recruited KCs, generated following whole-body irradiation (resulting in KC depletion), exhibited an increased phagocytic potential compared to resident KCs (26). However, if resident KC function may have been affected by the irradiation is unknown. Conversely, a study by David et al., which used clodronate liposome to non-specifically deplete resident KCs has suggested that monocytes and recruited KCs have a reduced ability to phagocytose intravenously transferred non-pathogenic E. coli as evidenced by increased bacteria counts in the blood (80). Whether these discrepancies are due to differences in the system used to induce the differentiation of recruited monocytes into KCs or due to strain-specific features and/or viability of the different bacteria used remains to be determined. These studies could suggest that the specific setting in which KCs are generated may alter their behaviour. While at first sight this may suggest some plasticity, we would question if this could be considered as recruited KC plasticity or rather plasticity within the infiltrating monocytes. The effect of the KC-ablation protocol on the local microenvironment is also worth considering in these studies, as this may also have an impact on the fate of the infiltrating cells. Fitting with this, a recent study by Louwe and colleagues has demonstrated that the local environment coupled with the presence of any remaining resident macrophages appears to dictate the phenotype of recruited macrophages in the peritoneal cavity (12). In different inflammatory settings recruited peritoneal macrophages were all able to persist long-term, however, these were maintained in an immature transitory state when resident macrophages were also present but a mature resident-like state when the original resident macrophages were fully depleted (12).



Plasticity of Recruited KCs – NASH

Differences between recruited and resident KCs have also recently been reported in the context of NASH. While recruited KCs have been described in a number of different studies irrespective of the precise dietary model used to induce NASH, how similar these are to their resident counterparts appears to be diet-specific (4, 23, 24). Fitting with the relative quiescence of the resident KC population observed after feeding a western diet for up to 36 weeks compared with controls, we did not observe significant differences in the transcriptional profiles of resident and recruited KCs in this model (4). Similarly, the study from the Glass lab did not observe significant differences between resident and recruited KCs in NASH (24). Conversely, the study from the Gautier lab, the only one to truly distinguish between recruited and resident KCs using BM chimeras rather than relying on the temporal lack of TIM4 expression, identified differences between resident and recruited KCs. Here, recruited KCs in the MCD diet model of NASH were more pro-inflammatory and less able to store triglycerides than their resident counterparts (23). Notably, increasing the recruited KC population in this model also led to exacerbated disease (23), although whether this is directly linked to the presence of recruited KCs or a result of an activated niche upon depletion of resident KCs to induce KC recruitment remains to be dissected. Interestingly, upon return to normal chow following feeding the MCD diet, recruited KCs were found to persist for at least 12 weeks (23). A previous study investigating recruited KC persistence in the MCD model of NASH using TIM4 expression to discriminate between resident and recruited KCs, found that TIM4- recruited KCs were reduced following return to normal chow (25). Thus, this likely suggests that recruited KC persistence following recovery from NASH is associated with acquisition of TIM4 expression. This would also fit with BM chimera studies demonstrating no additional input from the BM to the hepatic macrophage pool post recovery, while a low level of chimerism was maintained in TIM4+ KCs (25). The key question now, is whether these persistent recruited KCs maintain their pro-inflammatory phenotype or if with time in the recovered liver they can alter their phenotype in line with homeostatic resident KCs as has been observed for monocyte-derived alveolar macrophages (3). Similarly, it will be intriguing to determine if the remaining resident KCs in this MCD-model also maintain their altered profile or revert to their homeostatic profile during recovery. Understanding this from both a transcriptomic and epigenetic viewpoint will provide valuable insight into the question of resident and recruited KC plasticity.



Plasticity of Recruited KCs – Pathogen Induced Inflammation

What about recruited KCs in pathogen-induced inflammation? Infection with the facultative intracellular pathogen Lm has been shown to lead to a contraction of the resident KC pool followed by the recruitment of monocytes and the development of monocyte-derived macrophages in the liver (48). Based on the expression of F4/80, Ly6C and CD11b the authors of this study discriminate between resident KCs (F4/80+ CD11blo Ly6Clo), recruited macrophages (F4/80+ CD11bhi Ly6Cint) and monocytes (F4/80+ CD11bint Ly6Chi) and proposed that both the recruited macrophages and resident KCs, proliferate in response to Lm infection in order to repopulate the available niches in the liver (48) (Figure 2). However, based on these markers, the precise fate of the recruited macrophages in this setting is unclear. Firstly, the definition as Ly6C intermediate raises some questions regarding their designation as macrophages which typically lack Ly6C expression. Next, it is unclear, if these resemble recruited-temporary macrophages or recruited KCs? In the setting of erythrocyte clearance, recruited macrophages were found to have the same F4/80 and CD11b expression profile as resident KCs (40), but even then, without KC-specific markers it is difficult to determine the exact nature of these cells. If the macrophages recruited in Lm infection become recruited KCs are these retained in the tissue post pathogen clearance or are these also lost being replaced by proliferating resident KCs? Notably, while Lm induced a type 1-dominated response characterized by increased Ifng transcripts in Ly6Chi monocytes and recruited macrophages early after infection, genes associated with a tissue repair profile including Arg1 and Chil3 were upregulated in these populations during the resolution phase of the infection (48). This could suggest that these recruited monocytes and macrophages unlike the resident KCs are plastic being able to alter their phenotype as required by the tissue, starting out as an inflammatory monocyte and gradually differentiating into a repair macrophage. Alternatively, it could suggest that there are two waves of monocyte recruitment and macrophage differentiation and this remains to be investigated (Figure 2). Similarly, F4/80+ CD11blo Ly6Clo cells defined in this study as resident KCs showed increased Chil3 transcript levels at later stages of the infection (day 3) (48), suggesting the resident KCs may have additional plasticity in this model. However, another likely option is that at this timepoint recruited macrophages (KCs and/or recruited-temporary macrophages) can be found within the cells defined here as resident KCs. In this setting, one hypothesis could be that the Chil3 expression is restricted to recruited macrophages infiltrating this gate. With this possibility in mind, it would be interesting to evaluate the nature of the recruited macrophage population and determine how long these populations and the Chil3 signature persists post infection.

Consistent with Lm infection, infection with Vaccina virus has been shown to lead to an almost complete loss of resident KCs which was also compensated by the recruitment of monocytes (81). A similar depletion of resident KCs was also observed with murine cytomegalovirus infection (81) further highlighting the conserved nature of this response. Using CLEC4F expression as a marker of bona fide KCs, Borst et al. were able to demonstrate that the recruited monocytes in this instance subsequently differentiated into KCs (81) (Figure 2). Notably, in vaccinia infection, recruited KC development was regulated through type I IFN and IFNAR signalling. In a competitive BM chimera setting, IFNAR KO monocytes more efficiently engrafted and differentiated into recruited KCs than WT counterparts (81). Loss of IFNAR signalling also altered the recruited KC phenotype, increasing expression Arg1, Ym1 and Nos2 (81). This nicely suggests that recruited KCs do display some plasticity as they respond differently depending on the cues they receive from the local environment. Alternatively, as IFNAR expression was eliminated from either all cells (full body KO) or LysM expressing cells, this altered phenotype of recruited KCs may instead be a feature of monocyte and not recruited KC plasticity.

During the reproductive cycle of the blood fluke Schistosoma mansoni in vertebrate hosts some eggs are deposited in the liver leading to a type 2-driven granulomatous reaction (82, 83). During this process IL4/IL13 alternatively activated hepatic macrophages accumulate around granulomas promoting tissue repair and the formation of fibrotic tissue (84). Rolot et al. have recently demonstrated that infection with S. mansoni resulted in a strong reduction of the resident KC pool, accompanied by an increase in CD64+F4/80+CD11bhi recruited macrophages (39). This increase in CD11bhi macrophages was independent of IL4Ra (39), which is in contrast to serous cavity macrophages (resident and recruited) which exhibit strong, IL4-dependent proliferation in response to nematode infection (85, 86). Through the use of shielded BM chimeras, these CD11bhi macrophages were demonstrated to be of monocyte origin (39). This observation is in line with previous reports demonstrating that increased numbers of monocyte-derived macrophages can be found in the liver after S. mansoni infection (87, 88). While like in the other infection models, it is tempting to speculate that these may represent recruited KCs, as KC-identity gene expression was not assessed, the specific nature of these cells remains to be determined. Notably, these cells were found to proliferate suggesting they are capable of self-renewal (Figure 2), although it is not clear if there is also continual replenishment from monocytes over the course of the infection (10 weeks) (39). In comparison, the remaining few resident KCs showed limited proliferative capacity potentially explaining their loss over the course of the infection (39). In terms of the phenotype, the recruited macrophages, in addition to their increased expression of CD11b, also expressed Arg1, Chil3, Retlna and Nos2 compared with resident KCs (39). This phenotype was dependent on IL4Ra signalling, although loss of IL4Ra from myeloid cells did not alter host survival post infection (39). This limited response of the resident KCs compared with the recruited macrophages again highlights the plasticity of incoming monocytes and/or differentiating macrophages compared with resident KCs.

Taken together, while we do not yet have all the information, recruited KCs appear to be capable of editing their phenotype based on their local environment. However, whether this represents recruited KC or monocyte plasticity remains to be directly tested. Moreover, whether these cells are really more plastic than resident KCs remains to be formally examined although evidence discussed above would suggest this is the case. It would be interesting to examine how similar or distinct the recruited KC profile is across models of inflammation to determine exactly how plastic these cells are. With the recent boom in scRNA-seq data, such a comparison may be possible relatively soon. Moreover, it will be important to determine the fate and plasticity of these cells upon elimination of the inflammatory stimuli. Do these cells always persist and if so, how similar are their transcriptomic and epigenetic profiles during and after resolution of inflammation? Finally, it will also be crucial to assess how efficiently these recruited KCs, generated in the course of inflammation can respond to additional stimuli.



Recruited-Temporary Macrophages-NASH

Rather than differentiating into KCs, monocytes recruited to the inflamed liver may also take on an alternative fate and differentiate into recruited-temporary macrophages (Figure 2). The factors controlling this decision remain to be determined, however, as is the case for the KCs, this is likely decided by the local micro-environment into which the monocytes are recruited, due to local cell-cell interactions or possibly local metabolite concentrations. For example, in the setting of MAFLD and NASH, monocytes can differentiate into either KCs or Lipid-associated macrophages (LAMs; Figure 2) (4, 32). LAMs, and their putative precursors, called c-LAMs, preferentially localise in zones of fibrosis (Figure 2), while recruited KCs were found to be located in similar zones to their resident counterparts (4, 32). This localisation of LAMs suggests that the local signals provided by fibrotic stellate cells and other activated fibroblasts may contribute to the differentiation of these cells, although the precise signals involved are currently unknown (Figure 2). In addition to signals deriving from the activated fibroblasts in NASH, signals from dead/dying hepatocytes may also be involved in instructing the LAM/c-LAM phenotype as c-LAMs have been shown to be specifically enriched in hepatic crown-like structures (hCLS) (32) which are specific histological formations consisting of macrophages surrounding lipid-rich apoptotic hepatocytes characteristic of NASH (89). This is not the first description of hCLS-macrophages in the fatty liver, as a population of CD11c+ macrophages have also been described around these structures in the MC4R KO model of NASH (90). There, they were proposed to arise from resident KCs, however given the expression of Itgax (encoding CD11c) by LAMs/c-LAMs and lack of expression by KCs (32), it is tempting to speculate that these also represent recruited-temporary macrophages. However, as the two studies use distinct models of NASH, this also need further investigation. Finally, local lipid exposure could also play a role in driving the LAM phenotype, since a similar population of recruited-temporary macrophages are also observed in obese adipose tissue (91).

In fibrotic and cirrhotic human livers, a population of recruited macrophages called scar-associated macrophages or SAMs have been described in fibrotic zones (30). Human SAMs and murine LAMs display very similar phenotypes and transcriptional signatures (4) highlighting the potential clinical relevance of recruited-temporary macrophages. Notably, the temporary nature of these macrophages has not been demonstrated in mice or humans as no studies have yet investigated their persistence post recovery. However, we would hypothesize that if the fibrotic niche of these cells would be lost, then the LAMs would also fail to thrive. An alternative hypothesis could be that upon resolution, LAMs would alter their phenotype to become KCs. This outcome would depend on exactly how plastic these cells are following their differentiation and existence in the fatty liver and hence investigating this represents an interesting goal. Another outstanding question regarding these cells relates to their origins. Is it the same monocyte precursor that gives rise to both KCs and LAMs/SAMs or are there subsets of monocytes in the BM, possibly induced by the systemic inflammation that have a restricted differentiation potential? A population of pro-fibrotic monocytes has been described in the setting of lung fibrosis that are critical for the development of fibrosis (92) and thus investigating if hepatic macrophage heterogeneity stems from monocyte heterogeneity represents an interesting question for the future.



Recruited-Temporary Macrophages-Acute Sterile Injury

What about other models of inflammation, are recruited-temporary macrophages generated and how distinct are these cells across inflammatory settings? Following APAP overdose, a population of recruited-temporary macrophages have been described. These cells differentiate from monocytes between 48 and 72 hours post overdose and are lost from the tissue upon resolution of inflammation between 5 and 7 days post the overdose (15). Notably, no recruited KCs have been reported following APAP overdose. This is despite the fact that a reduction in the resident KC pool (proportion and number) has been reported in this model suggesting the niche is available (15, 38). The precise reasons for the lack of recruited KCs thus remains to be investigated, however, given the strict zonation of the injury around the central vein, a zone usually largely devoid of KCs it is possible that the niche in that location is not permissive of KC generation. To assess this, it will be important to investigate the location of recruited monocytes and the signals present in their local environment skewing monocyte differentiation. An examination of the recruited-temporary macrophages 72 hours post APAP overdose demonstrated that they have a very distinct transcriptional profile to KCs with 135 differentially expressed genes (DEGs). Note only 2 DEGs were described between homeostatic and APAP KCs at this timepoint (15). In addition to expressing genes associated with a monocyte origin including Ccr2 and Cx3cr1, APAP recruited-temporary macrophages also expressed many restorative genes including Mmp8, 14 and 19 and extracellular matrix structural components including Thbs1, Fn1 and Vcan, suggesting these cells may play distinct roles to KCs in repair. However, as many of these genes were shared with Ly6Chi monocytes the specific roles of these cells remain to be seen. Similar to the mouse, human APAP overdose is also characterised by an increase in macrophages (33). These were found to express MerTK and CD163 and were localised around the central vein, where injury occurs (33). As relatively few MerTK+ macrophages were found in the liver outside of these zones (33), this could suggest these cells are the human recruited-temporary macrophage equivalents (Figure 1B). In both mouse and human, how similar these APAP recruited-temporary macrophages are to those in other inflammatory settings has not yet been investigated. In NASH, the recruited-temporary macrophages were termed LAMs due to their similarity with LAMs described in obese adipose tissue (91). As APAP overdose is not associated with increased dietary lipid content and obesity, it is tempting to speculate that the recruited-temporary macrophages here will have a distinct phenotype to LAMs. However, as recruited-temporary macrophages likely function to clear up cellular debris including lipid-material (Figure 2), perhaps these cells will have a similar profile across models.



Recruited-Temporary Macrophages-Pathogen-Induced Inflammation

In the context of infection, the nature of recruited-temporary macrophages is less clear. As described above, infection is associated with loss of resident KCs and recruitment of monocytes which differentiate into macrophages. For the most part, whether these recruited macrophages represent KCs or recruited-temporary macrophages remains to be investigated (Figure 2). Along these lines it is also possible that both recruited-temporary macrophages and recruited KCs may be present in these settings, however, to date as these cells have not been distinguished it is impossible to speculate on how plastic and distinct these populations may be. Understanding this will be a key goal for the field in the coming years.



Recruited-Temporary Macrophages: The Cause of the Perceived Plasticity?

Overall, given the relative paucity of studies discriminating recruited macrophage populations in different inflammatory settings, it is more difficult to assess the responses and associated plasticity of these cells and hence further studies are needed to dissect this. It is, however, worth mentioning that in the context of MAFLD and NASH, the LAMs displayed distinct transcriptional and lipidomic profiles from resident and recruited KCs suggesting that these cells are quite distinct from KCs (4, 32). Similarly, recruited-temporary macrophages in APAP are quite distinct from KCs (15). However, whether these cells are more plastic than KCs is unclear. Moreover, any plasticity in this population could reflect the limited time spent in the tissue and the high plasticity of the monocytes giving rise to these cells. If recruited-temporary macrophages were truly more plastic after their development, one might argue that these cells would not be ‘temporary’ and lost from the tissue upon resolution of inflammation. Rather one might expect that these cells would be able to adjust to the non-inflamed environment enabling them to be maintained in the liver upon recovery. Notably, in the few cases where recovery has been assessed to date such as following APAP overdose, this does not seem to be the case. Of course, it could also be argued that this lack of residence of the recruited-temporary macrophages is not reflective of a lack of plasticity but rather informative of a lack of an available niche in which they can be maintained (20). To test this, KCs could be specifically depleted in the initial phases of resolution prior to loss of (CLEC4F-) recruited-temporary macrophages. If truly plastic, we would hypothesise that the recruited-temporary macrophages may then alter their phenotype to become KCs and fill at least some of the available KC niche. If not plastic, a new wave of monocytes would be expected to engraft and repopulate the empty KC niche. Although seemingly theoretical, understanding the plasticity of recruited macrophages may be instrumental in our ability to target these cells for therapeutic purposes. The presence of recruited macrophages across inflammatory models, suggests that these could be a useful population to target clinically. Developing our understanding of these cells in the context of liver inflammation thus represents an important aim for the future.




Concluding Remarks and Future Perspectives

While in homeostatic conditions resident KCs and capsule macrophages can be identified in the liver, in recent years numerous studies have provided compelling evidence that in inflammatory conditions there is considerably more heterogeneity among hepatic macrophages. Depending on the nature of the inflammatory stimulus and the timepoint during/after the insult recruited KCs and/or recruited-temporary macrophages can be identified in the liver in addition to the aforementioned populations. As this heterogeneity leads us to question the assumption that KCs are highly plastic macrophages, here we have discussed what is currently known regarding the different responses of the distinct hepatic macrophage subsets. It is clear from this discussion, that we still have a long way to go before we understand this fully. While we have started to gather some evidence, which clearly suggests that recruitment of macrophages in inflammation plays a significant role in explaining the perceived plasticity of the global hepatic macrophage population, a number of questions remain. Specifically, is the loss of KCs in inflammation caused by a lack of plasticity or rather is it an altruistic mechanism to recruit cells with specialized functions? Are resident KCs capable of responding long-term in the context of chronic inflammation, or is this response dampened upon recruitment of monocyte-derived macrophages? With regards to the recruited macrophages, while these indeed appear to be more plastic than the resident KCs, questions remain regarding whether this increased plasticity is observed in the monocyte or differentiated macrophage and if it is linked to ontogeny or the time they spend in the tissue? Moreover, whether this increased plasticity is observed following resolution of inflammation remains to be tested in the liver. Finally, it will also be crucial to better understand the signals provided by the liver niche and their impact on the development of the different macrophage populations and the maintenance or loss of their plasticity. We anticipate that in the coming years the increased availability of classical and spatial transcriptomic technologies and the development of specific tools allowing the distinct macrophage populations to be fate-mapped and/or targeted will considerably advance our understanding of macrophage heterogeneity, functions and plasticity in the liver. Using these tools and technologies to gain a better understanding of hepatic macrophage biology in mice and humans will allow to develop new and/or refine existing strategies to target these cells therapeutically.
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The major cause of death in SARS-CoV-2 infected patients is due to de-regulation of the innate immune system and development of cytokine storm. SARS-CoV-2 infects multiple cell types in the lung, including macrophages, by engagement of its spike (S) protein on angiotensin converting enzyme 2 (ACE2) receptor. ACE2 receptor initiates signals in macrophages that modulate their activation, including production of cytokines and chemokines. IL-1R-associated kinase (IRAK)-M is a central regulator of inflammatory responses regulating the magnitude of TLR responsiveness. Aim of the work was to investigate whether SARS-CoV-2 S protein-initiated signals modulate pro-inflammatory cytokine production in macrophages. For this purpose, we treated PMA-differentiated THP-1 human macrophages with SARS-CoV-2 S protein and measured the induction of inflammatory mediators including IL6, TNFα, IL8, CXCL5, and MIP1a. The results showed that SARS-CoV-2 S protein induced IL6, MIP1a and TNFα mRNA expression, while it had no effect on IL8 and CXCL5 mRNA levels. We further examined whether SARS-CoV-2 S protein altered the responsiveness of macrophages to TLR signals. Treatment of LPS-activated macrophages with SARS-CoV-2 S protein augmented IL6 and MIP1a mRNA, an effect that was evident at the protein level only for IL6. Similarly, treatment of PAM3csk4 stimulated macrophages with SARS-CoV-2 S protein resulted in increased mRNA of IL6, while TNFα and MIP1a were unaffected. The results were confirmed in primary human peripheral monocytic cells (PBMCs) and isolated CD14+ monocytes. Macrophage responsiveness to TLR ligands is regulated by IRAK-M, an inactive IRAK kinase isoform. Indeed, we found that SARS-CoV-2 S protein suppressed IRAK-M mRNA and protein expression both in THP1 macrophages and primary human PBMCs and CD14+ monocytes. Engagement of SARS-CoV-2 S protein with ACE2 results in internalization of ACE2 and suppression of its activity. Activation of ACE2 has been previously shown to induce anti-inflammatory responses in macrophages. Treatment of macrophages with the ACE2 activator DIZE suppressed the pro-inflammatory action of SARS-CoV-2. Our results demonstrated that SARS-CoV-2/ACE2 interaction rendered macrophages hyper-responsive to TLR signals, suppressed IRAK-M and promoted pro-inflammatory cytokine expression. Thus, activation of ACE2 may be a potential anti-inflammatory therapeutic strategy to eliminate the development of cytokine storm observed in COVID-19 patients.




Keywords: macrophages, ACE2, COVID-19, SARS-CoV-2, IRAK-M, inflammation, cytokines, IL-6



Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a positive-sense single-stranded RNA virus, is the causative agent of the Coronavirus Disease 2019 (COVID-19), which rapidly developed in a global pandemic and resulted in major public health and economic complications. COVID-19 was first discovered in Wuhan, Hubei Province, China in December 2019 and as of March 2021, more than 116 million cases and 2.58 million deaths have been confirmed (1). SARS-CoV-2 has genetic similarities with other coronaviruses, such as SARS-CoV and Middle East Respiratory Syndrome Coronavirus (MERS-CoV), but it is significantly more contagious and can be easily spread via airborne transmission or contact with contaminated surfaces (2). The clinical manifestations of COVID-19 include mild upper respiratory tract symptoms such as fever, cough, fatigue, sputum production, shortness of breath, sore throat and headache (3), or more serious complications such as respiratory failure, acute respiratory distress syndrome (ARDS), heart failure, and septic shock (4). The most common diagnostic procedures include nucleic acid detection with real-time PCR and antibody detection against SARS-CoV-2 with rapid tests in respiratory tract samples or blood serum, respectively (5). Since there is no specific therapy for COVID-19 and therapeutic strategies are mainly supportive, emphasis has been given in prevention with the recently implemented vaccination along with the existing control measures (transportation quarantines, wearing medical masks etc).

SARS-CoV-2 genome encodes for proteins that contribute to viral replication and RNA synthesis, as well as for the structural proteins, spike (S), envelope (E), membrane (M), and nucleocapsid (N), that comprise the spherical virion (6). The SARS-CoV-2 S protein is responsible for cell entry after binding to its main cellular receptor angiotensin converting enzyme 2 (ACE2) (7–9). The S protein is a homotrimeric class I fusion protein consisting of a receptor-binding subunit S1 and a membrane-fusion subunit S2 (10–12). After receptor engagement by the receptor-binding domain (RBD) of S1 subunit, a plasma membrane-associated serine protease, transmembrane Serine Protease 2 (TMPRSS2), cleaves SARS-CoV-2 S protein at the S1/S2 site and promotes fusion of viral membrane with the host-cell membrane by the S2 subunit and subsequent release of the viral genome into the host cytoplasm (7, 13). Upon infection, the viral products activate various immune cells via pattern recognition receptors (PRRs) and produce a substantial amount of inflammatory cytokines and chemokines, resulting in the phenomenon of cytokine storm and a widespread lung inflammation. Patients with severe COVID-19 show high levels of inflammatory mediators, such as interleukin (IL)-2, IL-7, IL-10, granulocyte colony-stimulating factor (G-CSF), tumor necrosis factor (TNF)α, chemokine (C-X-C motif) ligand (CXCL)10, monocyte chemoattractant protein (MCP)1, macrophage inflammatory protein (MIP)1a and especially IL6 in serum (14), suggesting that the disease severity depends on cytokine storms that lead to Acute Respiratory Distress Syndrome (ARDS), and subsequently to multiorgan failure and death (15).

ACE2 is a single-pass type I membrane protein that is expressed on the surface of various cells including airway epithelial cells, monocytes and macrophages (16). ACE2 regulates important processes such as blood pressure and inflammation (16). The cell- surface exposed enzymatically active domain of ACE2 is responsible for the hydrolysis of angiotensin (Ang) II into angiotensin (1–7, 17, 18). SARS-CoV-2 infection induces the endocytosis of ACE2 receptor together with SARS-CoV-2 in host cells, thus increasing the serum levels of Ang II (17, 18). Ang II is a vasoconstrictor, which can also act as a pro-inflammatory cytokine via Ang II type 1 receptor (AT1R), promoting activation of the NF-κB pathway and IL6 production (19, 20). Therefore, the decreased availability of ACE2 with the resulting higher levels of Ang II, can increase inflammation and lung injury, suggesting a role in the ARDS development following SARS-CoV-2 infection (21). Clinical studies in mouse models with loss of ACE2 function, indicated increased release of pro-inflammatory chemokines, such as CXCL1, CXCL5, MIP2, TNFα, increased neutrophil infiltration and exaggerated lung inflammation and injury (22). In a different model of metabolic inflammation, that of apolipoprotein (Apo)E-/- mice, deletion of ACE2 resulted in hyper responsiveness of macrophages to LPS and production of TNFα, MCP-1, IL6, and matrix metalloproteinase (MMP)-9 (23). In the context of SARS-CoV, which utilizes the same receptor as SARS-CoV-2, the virus resulted in reduced ACE2 activity, increased IL8 expression and NFkB activation in macrophages (24), suggesting that interaction of S protein with ACE2 enhances inflammatory cytokine production. Moreover, our team previously demonstrated that another coronavirus, MERS-CoV, regulated macrophage responses via engagement of its S protein with its receptor DPP4 (25).

In the present study we investigated the impact of SARS-CoV-2/ACE2 interaction in cytokine production and modulation of macrophage responses to TLR signals and its effects on inflammatory regulators, such as IL1R-associated kinase (IRAK)-M and peroxisome proliferator-activated receptor gamma (PPARγ). We further, evaluated the role of the ACE2 activator Diminazene aceturate (DIZE), as a potential therapeutic strategy for restoring the local balance of the Renin Angiotensin System (RAS) and ameliorate the pro-inflammatory action of the virus, since it was previously reported to suppress inflammation by reducing pro-inflammatory cytokine production induced by LPS (26).



Materials And Methods


Cell Culture

THP-1 monocytic cell line was maintained in suspension in RPMI 1640 medium (Thermofisher Scientific, Waltham, USA), supplemented with 1% L-glutamine, 1% sodium pyruvate, 50 μM β-mercaptoethanol, 10% fetal bovine serum (FBS) and antibiotics (10,000 U/ml penicillin and 10 mg/ml Streptomycin). Differentiation of THP1 monocytes to macrophages was induced by 15 ng/ml phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich, St Louis, USA) in THP-1 cells that were seeded in 24-well plates at a final density of 4×105 cells/ml. Differentiated (adherent) THP- 1 macrophages were stimulated with different concentrations of SARS-CoV-2 Spike-Membrane Recombinant Fusion Protein (10, 20, 50, 100 ng/ml; TP701119, OriGene, Rockville, USA) in the presence or absence of the TLR ligands LPS (100ng/ml; Sigma-Aldrich, St Louis, USA) or PAM3csk4 (1μg/ml; Tocris, Bristol, UK) for 12 hours. In another set of experiments, THP-1 macrophages were pre-treated with the ACE2 activator Diminazene aceturate (10 μM; D7770, Sigma Aldrich, St Louis, USA) for 6 hours and then stimulated with 50ng/ml SARS-CoV-2 Spike-Membrane Recombinant Fusion Protein along with the TLR ligands (LPS, PAM3csk4). The effects of SARS-CoV-2 Spike protein along with TLR ligands were also investigated in PBMCs and CD14+ monocytes. Peripheral Blood Mononuclear Cells (PBMCs) were isolated from human peripheral blood of healthy donors by Ficoll density gradient centrifugation. Specifically, blood was diluted 1:1 with PBS and 10ml of diluted blood was overlayed on 5ml Ficoll reagent and centrifuged at 400g for 30 minutes at room temperature. PBMCs were removed from the buffy coats and washed in PBS. Separation and isolation of mononuclear cells from adult peripheral blood was performed under sterile conditions using Ficoll - Hypaque centrifugation (Lymphoprep StemCell Technologies, Oslo, Norway). Naïve monocytes (CD14+highCD16-, CD14+highCD16+ and CD14+lowCD16+) were selected by immunomagnetic separation. Specifically, PBMCs were first stained with immunomagnetic beads (human PanMonocyte Isolation kit, Miltenyi Biotec, Gladbach Germany) and were collected via negative selection after passing through magnetic columns (Miltenyi Biotec, Gladbach, Germany). The purity of isolation was more than 90% as was confirmed by flow cytometry. Monocytes were seeded in a density of 3x105 cells in 96-well plates and were cultured in RPMI medium enriched with 10% FBS and 1% Pen Strep.



MTT Assay

Differentiated THP1 macrophages were seeded at a density of 7x104 cells/well in a 96-well plate and treated with SARS-CoV-2 Spike-Membrane Recombinant Fusion Protein at concentrations of 10, 20, 50, 100 ng/ml, for 6, 12 and 24 hours. At each timepoint, 11μl of MTT reagent (5mg/ml) per 100 μl of cell culture medium was added, and 4 hours later medium was removed and 100 μl isopropanol/HCl was also added into the wells. Cells were incubated for 5 minutes in a shaker incubator and then OD at 594nm was measured in a Multiskan FC Microplate Photometer (Thermo Fisher).



Enzyme-Linked Immunosorbent Assay (ELISA)

THP-1 macrophages, PBMCs or monocytes were stimulated with SARS-CoV-2 Spike-Membrane Recombinant Fusion Protein in the presence or absence of TLR ligands, and their supernatants were collected for cytokine quantification. Cytokine production of IL6, IL8, TNFα and MIP1a was determined by ELISA (BioLegend, SanDiego USA) as indicated by the manufacturer.



Real-Time PCR

For the mRNA level detection of IL6, IL8, TNFα, MIP1a, CXCL5, IRAK-M and PPARγ, total RNA was extracted from THP-1 macrophages, PBMCs or monocytes using TRI Reagent (Sigma-Aldrich, St Louis, USA). Eight hundred nanogram of total RNA were used for cDNA synthesis (TAKARA, Primescript RT Reagent kit, Tokyo, Japan). Amplification was performed using KAPA SyBr® Fast Universal qPCR kit (Kapa Biosystems, Cape Town, South Africa). Denaturation was carried out at 95°C for 10 seconds, annealing and extension at 60°C for 30 seconds for 40 cycles in a StepOnePlus™ Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Data analysis was accomplished using the ΔΔCT method and GAPDH was used as the housekeeping gene. The primer sequences used in this study, were the following: IL6: forward 5’ GTCAGGGGTGGTTATTGCAT 3’ and reverse 5’ AGTGAGGAACAAGCCAGAGC 3’; IL8: forward 5’ TGTGAAGGTGCAGTTTTGCC 3’ and reverse 5’ CACCCAGTTTTCCTTGGGGT 3’; TNFα: forward 5’ GCCCAGGCAGTCAGATCAT 3’ and reverse 5’ TATCTCTCAGCTCCACGCCA 3’; MIP1a: forward 5’ CCCGGTGTCATCTTCCTAACC 3’ and reverse 5’ GTAGCTGTGGAGGTCACACG 3’; CXCL5: forward 5’ ACAGACCACGCAAGGAGTTC 3’ and reverse 5’ TCTTCAGGGAGGCTACCACT 3’; IRAK-M: forward 5’ CACAACGTTCAACCATGCTC 3’ and reverse 5’ TGTTTACTGCTGCTGCTGGT 3’; PPARγ: forward 5’ GCTGGCCTCCTTGATGAATA 3’ and reverse 5’ TTGGGCTCCATAAAGTCACC 3’; GAPDH: forward 5’ GGAAGGTGAAGGTCGGAGTCA 3’ and reverse 5’ GTCATTGATGGCAACAATATCCACT 3’.



Western Blot

For Western blot, cell lysates were harvested with RIPA lysis buffer and protein concentration was determined using the Pierce BCA Protein Assay. Proteins were separated on 8% polyacrylamide gel containing Sodium-Dodecyl Sulphate, and then transferred to nitrocellulose membrane. For the detection of IRAK-M, primary antibody (anti-IRAK-M, ab-8116 Abcam) was incubated with membrane overnight at 40C, washed with PBST (0.1%Tween) and then incubated with HRP-conjugated secondary antibody for 1 hour at room temperature. Visualization of membranes was performed using the ECL system (Pierce) and a ChemiDocTM XRS+ (Bio-Rad).



Flow Cytometry

Cell surface staining of blood mononuclear cells and isolated monocytes was carried out by incubation with FITC antihuman CD14 and APC anti human CD14 (BioLegend, San Diego, CA, US). Expression of protein levels of IRAK-M was determined by flow cytometry intracellular staining. THP-1 cells and PBMCs were fixed and permeabilized (Transcription Factor Staining Buffer Set, Thermo Fisher Scientific, Waltham, MA, US). Then, staining was carried out with anti-human IRAK-M rabbit polyclonal antibody (ab-8116, Abcam) and anti-rabbit APC conjugated secondary antibody (BioLegend, San Diego, CA, US). The proper isotype control was used as a control. The flow cytometry events were acquired in a FACS Calibur (BD Biosciences, San Jose, CA) and analyzed with the use of Summit v4.3 Software.



Statistical Analysis

Comparison among groups was performed using One-Way-ANOVA, Mann – Whitney U test or the Kruskal - Wallis test with the Sidak or Dunn multiple comparison post-test were necessary. Data were depicted in box-and-whiskers or bars and plotted as mean ± SD or median (min, max). The GraphPad InStat Software (GraphPad v6.0, San Diego, CA, USA) was used for analysis. P value < 0.05 was considered statistical significant.




Results


SARS-CoV-2 S Protein Triggers Pro-Inflammatory Cytokine and Chemokine Expression in THP-1 Macrophages

To determine the immunomodulatory effect of SARS-CoV-2 -Spike/ACE2 receptor engagement, we stimulated THP-1 macrophages, derived from PMA treatment, with different concentrations of SARS-CoV-2 Spike-Membrane recombinant fusion protein and measured the induction of the inflammatory mediators IL6, TNFα, IL8, CXCL5, and MIP1a. We utilized a commercially available SARS-CoV-2 S protein raised in HEK293 cells, therefore no bacteria were involved, to avoid potential endotoxin contamination. The results showed that SARS-CoV-2 spike induced mRNA expression of IL6, MIP1a and TNFα (Figures 1A–C). No effect was observed for IL8 and CXCL5 (Figures 1D, E). The results suggest that SARS-CoV-2 S protein directly promotes pro-inflammatory cytokine and chemokine expression in macrophages. SARS-CoV-2 S protein did not affect macrophage survival (Supplementary Figure 1).




Figure 1 | SARS-CoV-2 S protein induces pro-inflammatory cytokine and chemokine expression in THP-1 macrophages. THP-1 macrophages were treated with different concentrations of SARS-CoV-2 Spike-Membrane recombinant fusion protein (10, 20, 100 ng/ml) for 12 hours. (A–E) mRNA expression of IL6, MIP1a, TNFα, IL8 and CXCL5 was measured. Data are illustrated in box-and-whiskers and plotted as median (± min, max). Statistical analysis was performed with Kruskal - Wallis test. *p < 0.05, **p < 0.01.





SARS-CoV-2 S Protein Modulates TLR4 and TLR2 Responses in THP-1 Macrophages

To determine the effect of SARS-CoV-2 S protein on activated macrophages, we exposed THP-1 macrophages to the TLR4 ligand LPS in the presence of SARS-CoV-2 Spike. LPS-induced IL6 and MIP1a expression was augmented in the presence of SARS-CoV-2 S protein (Figures 2A, B), while LPS-induced TNFα was suppressed (Figure 2C). Expression of IL8 was not affected (Figure 2D) while expression of CXCL5 was moderately reduced at a low concentration of SARS-CoV-2 S protein (Figure 2E). We further explored the effect of SARS-CoV-2 S protein on TLR2-activated macrophages using PAM3csk4 as a stimulus. PAM3csk4-stimulated THP-1 macrophages expressed more IL6 in the presence of SARS-CoV-2 S protein (Figure 3A), while MIP1a, TNFα and CXCL5 mRNAs were not affected (Figures 3B–D). PAM3csk4-induced IL8 mRNA expression was reduced in the presence of SARS-CoV-2 spike (Figure 3E).




Figure 2 | SARS-CoV-2 S protein increased cytokine expression in LPS-induced THP-1 macrophages. THP-1 macrophages were treated with various concentrations of SARS-CoV-2 Spike-Membrane recombinant fusion protein and LPS (100ng/ml) for 12 hours. (A–E) LPS-induced IL6, MIP1a, TNFα, IL8 and CXCL5 expression was measured. Data are illustrated in box-and-whiskers and plotted as median (± min, max). Statistical analysis was performed with Kruskal - Wallis test. *p < 0.05, **p < 0.01.






Figure 3 | SARS-CoV-2 S protein increased IL6 expression in PAM3csk4-induced THP-1 macrophages. THP-1 macrophages were treated with 20ng/ml SARS-CoV-2 S protein and PAM3csk4 for 12 hours. (A) PAM3csk4-induced IL6 expression increased in the presence of SARS-CoV-2 S protein, (B–D) No effect observed for MIP1a, TNFα and CXCL5 expression, (E) PAM3csk4-induced IL8 expression decreased. Data are illustrated in box-and-whiskers and plotted as median (± min, max). Statistical analysis was performed with Mann – Whitney U test. *p < 0.05.



We further measured the levels of IL6, MIP1a, TNFα and IL8 at the protein level and confirmed that LPS-induced and PAM3csk4-induced IL6 secretion were augmented in the presence of SARS-CoV-2 S protein, while no effect was observed for the remaining cytokines and chemokines (Figures 4A–H). In TLR activated cells the active concentration of SARS-CoV-2 S protein differed from that in naïve cells, which may be due to changes on macrophage sensitivity or ACE2 levels in the presence of TLR ligands.




Figure 4 | SARS-CoV-2 S protein increased secretion of LPS and PAM3csk4-induced IL6. THP-1 macrophages were treated with 50ng/ml SARS-CoV-2 S protein and LPS or PAM3csk4 for 12 hours and their supernatants were collected for protein quantification using ELISA. (A) Increased LPS-induced IL6 in the presence SARS-CoV-2 S protein, (B–D) No effect observed for LPS-induced MIP1a, TNFα and IL8 secretion, (E) Increased PAM3csk4-induced IL6 secretion, (F–H) No effect observed for PAM3csk4-induced MIP1a, IL8 and TNFα secretion. Data are illustrated in bars and plotted as median with range. Statistical analysis was performed with Mann – Whitney U test. *p < 0.05.



To assess whether pre-exposure of THP1 macrophages to SARS-CoV-2 S protein altered their response to subsequent LPS or PAM3csk4 stimulations, cells were pre-treated for 6 hours with S protein and then stimulated with the corresponding TLR ligand. The results showed that pre-treatment with S protein resulted in reduced LPS-induced IL6, MIP1a and TNFα expression, as well as reduced IL-6 secretion (Supplementary Figure 2), but it did not affect PAM3csk4-induced IL-6, MIP1a or TNFα, suggesting that pre-exposure to S protein, potentially through induction of inflammatory cytokines, triggered events that differentially affected responses to TLR stimuli.



SARS-CoV-2 S Protein Triggers Pro-Inflammatory Cytokine and Chemokine Expression and Modulates TLR Responses in Primary Human PBMCs and CD14+ Monocytes

To confirm the effect of SARS-CoV-2 S protein on primary human cells, we exposed PBMCs to the S protein at different concentrations and measured the mRNA expression of IL6, MIP1a and TNFα. The results showed that SARS-CoV-2 S protein induced IL6 and MIP1a mRNA and it had no effect on TNFα (Figures 5A–C). In the presence of LPS or PAM3csk4 IL6, MIP1a but not TNFα mRNA were induced (Figures 5D–I). Only induction of IL-6 was confirmed at the protein level for LPS induced PBMCs (Figure 5J). Basal or PAM3csk4-induced cytokines were not detected at protein levels. Induction of IL6 and MIP1a mRNA by SARS-CoV-2 S protein was further confirmed in CD14+ monocytes (Supplementary Figure 3).




Figure 5 | SARS-CoV-2 S protein increased cytokine expression in PBMCs. PBMCs were treated with various concentrations of SARS-CoV-2 S protein and stimulated with TLR ligands. (A, B) IL6 and MIP1a expression was increased in the presence of SARS-CoV-2 S protein. (C) No effect observed for TNFa expression, (D, E) LPS-induced IL6 and MIP1a expression was increased, (F) No effect observed for LPS-induced TNFα expression. (G, H) PAM3csk4-induced IL6 and MIP1a expression was increased, (I) No effect was observed for PAM3csk4-induced TNFα expression, (J) Increased IL6 secretion for LPS stimulated PBMCs. Data are illustrated in box-and-whiskers, plotted as median (± min, max) and statistical analysis was performed with Kruskal - Wallis test, regarding qPCR results. For Elisa, data are illustrated in bars, plotted as median with range and statistical analysis was performed with Mann – Whitney U test. *p < 0.05, ***p < 0.001.





Pre-Treatment of THP-1 Macrophages With the ACE2 Receptor Activator Diminazene Aceturate Suppressed SARS-CoV-2 Induced Cytokine Expression

Since SARS-CoV-2 is internalized with ACE2 receptor, the levels of ACE2 upon infection are reduced. In addition, inhibition of ACE2 enhances inflammation in the context of metabolic disease, while activation of ACE2 suppresses inflammation, suggesting that ACE2 activators may ameliorate the pro-inflammatory action of SARS-CoV-2 S protein (27). In the present study, we used the ACE2 activator DIZE, which enhance the catalytic activity of ACE2 receptor, to determine whether ACE2 activation may suppress the pro-inflammatory action of SARS-Cov-2 S protein. THP-1 macrophages were pre-treated with DIZE for 6 hours and subsequently activated with LPS in the presence of SARS-CoV-2 S protein. Our analysis was focused on LPS-induced IL6 and MIP1a, on which SARS-CoV-2 spike had a prominent effect. The results showed that DIZE reversed the effect of S protein on LPS-induced IL6 and MIP1a (Figures 6A, B), suggesting that the pro-inflammatory action of SARS-CoV-2 S protein may be mediated by ACE2 activity.




Figure 6 | ACE2 activator Diminazene Aceturate (DIZE) reverses the inflammatory status provoked by SARS-CoV-2 S protein. (A, B) LPS- induced MIP1a and IL6 expression decreased in THP-1 macrophages pre-treated with DIZE for 6 hours. Data are illustrated in box-and-whiskers and plotted as median (± min, max). Statistical analysis was performed with Kruskal - Wallis test. *p < 0.05.





SARS-CoV-2 Spike Suppresses IRAK-M Expression in Macrophages

We have previously shown that another corona virus, MERS CoV, modulated macrophage responsiveness of macrophages by inducing the expression of IRAK-M and the transcription factor PPARγ, both negative regulators of inflammatory responses. We, therefore examined whether SARS-CoV-2 S protein can affect expression of IRAK-M and PPARγ. The results showed that SARS-CoV-2 S protein suppressed IRAK-M mRNA and protein expression while it had no effect on PPARγ mRNA (Figures 7A, B), suggesting that the pro-inflammatory action of SARS-CoV-2 S protein may be mediated by IRAK-M. Similarly, in human PBMCs and CD14+ monocytes IRAK-M mRNA and protein levels were reduced following exposure to SARS-CoV-2 S protein (Figures 7C–E).




Figure 7 | SARS-CoV-2 S protein suppressed IRAK-M expression. THP-1 macrophages, PBMCs and monocytes were treated with different concentrations of SARS-CoV-2 S protein for 12 hours. (A) Decreased IRAK-M expression was observed in THP-1 macrophages. (B) No effect observed for PPARγ in THP-1 macrophages. (C) Decreased IRAK-M expression in PBMCs and CD14+ monocytes respectively was observed. (D) Decreased IRAK-M protein levels in western blot from PBMCs of three healthy donors in the presence of SARS-CoV-2 S protein. (E) Decreased IRAK-M protein levels in PBMCS and THP-1 macrophages in flow cytometry. Data are illustrated in box-and-whiskers, plotted as median (± min, max) and statistical analysis was performed with Kruskal - Wallis test, regarding THP-1 macrophages (A, B). For PBMCs data are illustrated in bars and plotted as mean ± SD (C). Statistical analysis was performed with One-Way ANOVA test (C). *p < 0.05, **p < 0.01.






Discussion

COVID-19 pandemic is undoubtedly a global health crisis with unprecedented social and economic complications. Most COVID-19 patients have a good prognosis and severe cases usually consist of elderly people or people with underlying diseases and co-morbidities. Severe COVID-19 cases develop acute respiratory distress syndrome (ARDS) with high mortality rates. The severity of COVID-19 is associated with an increased level of inflammatory mediators including cytokines and chemokines and it is characterized as a cytokine release syndrome (CRS) induced by a cytokine storm (21). The excessive inflammation causes multiorgan failure with coagulation abnormalities, cell death, vascular leakage and other complications (28). SARS-CoV-2 infects several cell types including alveolar epithelial cells, alveolar macrophages, monocytes, endothelial cells, all expressing ACE2 receptor and the serine protease TMPRSS2 required for viral entry (7). In the present study, we used THP-1 macrophages stimulated with SARS-CoV-2 S protein as a model to investigate the immunomodulatory action of SARS-CoV-2/ACE2 interaction in macrophages. Our findings demonstrated increased IL6, MIP1a and TNFα expression, suggesting that SARS-CoV-2/ACE2 interaction initiates signals that induce macrophage activation. The concentration of SARS-CoV-2 S protein that triggered the action on macrophages differed between THP1 and primary human cells and the effect on different cytokines was exerted at different concentrations, suggesting a potential role of ACE2 and signalling component expression levels. A recent study demonstrated that SARS-CoV-2 S protein directly induced pro-inflammatory cytokine production, an effect mediated by NFkB and JNK activation and TLR4 signalling (29). These findings are in accordance with other studies supporting that IL6 levels are high in most severe cases and play a crucial role in disease pathogenesis (30). According to different studies, the high severity depends on the cytokine storm that is probably induced by the IL6 amplifier system, a hyper-inflammatory machinery that provokes simultaneous activation of IL6-signal transducer and activator of transcription 3 (STAT3) and NF-κB signalling in non-immune cells (31). This machinery is mediated by the Ang II-AT1R signalling, indicating the implication of SARS-CoV-2/ACE2 interaction in this process, since ACE2 is occupied by SARS-COV-2 resulting to increased serum levels of Ang II (32).

The renin-angiotensin system plays an important role in macrophage activation since AngII promotes inflammatory responses (33), while Ang (1–7) suppresses them (34). Ang (1–7) targets macrophages reducing pro-inflammatory cytokine production including IL6 (35). We, therefore, hypothesize that in the absence of viral infection ACE2 contributes to a local suppression of macrophage responses by reducing AngII and increasing the anti-inflammatory Ang (1–7). In the case of SARS-CoV-2 infection reduction of ACE2 may result in local accumulation of AngII (36). In support of this hypothesis, a recent report demonstrated that glucocorticoids improve severe COVID-19 by activating ACE2 and reducing IL-6 (37). Elevated AngII has been associated with vascular and renal damage and increased production of inflammatory cytokines including IL6 (33), while Ang (1–7) prevents LPS-induced apoptosis of microvascular endothelial cells and development of sepsis (38). Our results provide a potential role for the local RAS system in regulating IL6, known to contribute to COVID-19 pathogenesis.

Since SARS-CoV-2 signals not only via ACE2 but also through Toll-like receptors, and macrophages are also exposed to additional TLR ligands during COVID-19, particularly at later stages of COVID-19, we examined whether SARS-CoV-2 S protein can alter the responsiveness of macrophages to TLR signals. For this purpose, we exposed THP-1 macrophages to the TLR4 ligand LPS in the presence of SARS-CoV-2 S protein and found that SARS-CoV-2 S protein augmented LPS-induced IL6 and MIP1a expression. We further explored the effect of SARS-CoV-2 S protein on TLR2-activated macrophages using PAM3csk4 as a stimulus and found that PAM3csk4-stimulated THP-1 macrophages expressed more IL6 in the presence of SARS-CoV-2 S protein. Thus, SARS-CoV-2 augments the inflammatory responses of macrophages triggered through TLR4 or TLR2 stimulation. These findings were further supported by the finding that SARS-CoV-2 S protein decreased IRAK-M expression. IRAK-M, an inactive IRAK kinase, is a negative regulator of TLR signaling, controlling the magnitude of the inflammatory responses of macrophages to TLR signals (39–41). Decreased IRAK-M expression in response to SARS-CoV-2 S protein, implies that the virus modulates TLR signaling, rendering macrophages hyper-responsive to TLR ligands and leading to the hyper-inflammatory state of the COVID-19 disease. There are several studies supporting the participation of TLR signaling and especially TLR4 in the pathogenesis of COVID-19 (42, 43). One study reported upregulation of TLR4 and its downstream signaling mediators in COVID-19 patients (42). In addition, there is evidence supporting that SARS-CoV-2 binds to TLR4 and activates TLR4 signaling to increase cell surface expression of ACE2 facilitating viral entry (43–45). Specifically, it has been shown that TLR4 has the strongest protein-protein interaction with SARS-CoV-2 S protein (43), and that SARS-CoV-2 induces interferon-stimulated gene (ISG) expression by TLR signaling (44), which results in increased expression of ACE2 (45). In addition, increased TLR signaling may contribute to the SARS-CoV-2 mediated lung injury and inflammation since Damage-associated molecular patterns (DAMP)s released from damaged cells also signal via TLRs.

We have previously shown that MERS-CoV corona virus induces IRAK-M expression rendering macrophages tolerant and incapable of eliminating secondary infections (25). The present study showed that SARS-CoV-2 had the opposite effect from MERS-CoV, which may explain the fact that COVID-19 is characterized by cytokine storm frequently occurring at early stages of infection, in contrast to MERS-CoV that was associated with immunosuppression of infected individuals (46). Even though the mechanism of IRAK-M suppression by SARS-CoV-2 remains unclear, given the fact that IRAK-M was suppressed at the transcriptional level, a transcriptional or epigenetic mechanism may be involved. Earlier work from us and others has shown that IRAK-M is transcriptionally regulated primarily by c/EBPb (39) and AP1 (47). We, therefore, measured protein levels of c/EBPb in SARS-CoV-2 S protein-treated macrophages and found no effect (data not shown). Expression of IRAK-M is also epigenetically controlled by the PRC complex. The histone demethylase UTX positively regulates IRAK-M while the methyl transferase EZH2 negatively regulates its expression (39). We, thus, hypothesize that SARS CoV2/ACE2 interaction may suppress c/EBPb and/or promote EZH2 expression and subsequently suppress IRAK-M transcription. A recent report showed that SARS-CoV-2 signaling was mediated by IRAK4, indirectly suggesting that the negative regulator of IRAK4 signaling IRAK-M may be inhibited (48).

In the present study, we also demonstrated that the pro-inflammatory action of SARS-CoV-2 S protein may be partly mediated by ACE2 blockade. Engagement of SARS-CoV-2 S protein with ACE2 results in internalization of ACE2 and suppression of its anti-inflammatory activity (17, 18). Enzymatically active ACE2 results in suppression of AngII and upregulation of Ang (1–7), the latter known to possess anti-inflammatory activity (34). We, therefore, hypothesize that treatment with DIZE did not inhibit S protein/ACE2 binding, but rather enhanced ACE2 activity and local production of the anti-inflammatory Ang (1–7), that is otherwise reduced by S protein/ACE2 binding. Thus, the proposed mechanism of action of DIZE on S protein-induced cytokine production is indirect. Our findings showed that activation of ACE2 with the ACE2 activator DIZE ameliorated the pro-inflammatory action of SARS-CoV2 S protein. Consequently, activation of ACE2 could reverse the hyper-inflammatory state led by SARS-CoV-2. DIZE (Berenil) is originally an anti-trypanosome agent for livestock, but it has been proven to reduce pro-inflammatory cytokine (IL6, IL-12 and TNFα) production in macrophages in vivo and in vitro following stimulation with LPS (26). Several studies, have shown that DIZE enhances the catalytic activity of ACE2, leading to the cleavage of the angiotensin II (49). Animal studies with pulmonary hypertension proved that chronic administration of Diminazene prevented the development of the condition and there was an increased expression of ACE2 mRNA (50). Our results demonstrated not only that ACE2 may mediate the pro-inflammatory action of the virus, but also propose a potential therapeutic approach involving ACE2 activation, which may suppress development of cytokine storm without affecting the immune system capacity, as is the case with current treatments, such as anti-IL6 (Tocilizumab) or corticosteroids (51, 52).

In summary, our study demonstrated that SARS-CoV-2 promoted inflammatory cytokine expression and suppressed IRAK-M, rendering macrophages prone to increased responsiveness to TLR signals, supporting the development of cytokine storm observed in COVID-19 patients. Thus, IRAK-M expression in macrophages may provide a potential biomarker predicting responsiveness of macrophages to infection and development of cytokine storm. Moreover, our findings may propose the use of Diminazene aceturate as a potential treatment for patients with COVID-19, since it is may reverse the pro-inflammatory actions of the virus.
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COVID-19 is a contagious viral disease caused by SARS-CoV-2 that led to an ongoing pandemic with massive global health and socioeconomic consequences. The disease is characterized primarily, but not exclusively, by respiratory clinical manifestations ranging from mild common cold symptoms, including cough and fever, to severe respiratory distress and multi-organ failure. Macrophages, a heterogeneous group of yolk-sac derived, tissue-resident mononuclear phagocytes of complex ontogeny present in all mammalian organs, play critical roles in developmental, homeostatic and host defense processes with tissue-dependent plasticity. In case of infection, they are responsible for early pathogen recognition, initiation and resolution of inflammation, as well as repair of tissue damage. Monocytes, bone-marrow derived blood-resident phagocytes, are recruited under pathological conditions such as viral infections to the affected tissue to defend the organism against invading pathogens and to aid in efficient resolution of inflammation. Given their pivotal function in host defense and the potential danger posed by their dysregulated hyperinflammation, understanding monocyte and macrophage phenotypes in COVID-19 is key for tackling the disease’s pathological mechanisms. Here, we outline current knowledge on monocytes and macrophages in homeostasis and viral infections and summarize concepts and key findings on their role in COVID-19. While monocytes in the blood of patients with moderate COVID-19 present with an inflammatory, interferon-stimulated gene (ISG)-driven phenotype, cellular dysfunction epitomized by loss of HLA-DR expression and induction of S100 alarmin expression is their dominant feature in severe disease. Pulmonary macrophages in COVID-19 derived from infiltrating inflammatory monocytes are in a hyperactivated state resulting in a detrimental loop of pro-inflammatory cytokine release and recruitment of cytotoxic effector cells thereby exacerbating tissue damage at the site of infection.
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Introduction

COVID-19 (1, 2) is primarily a mild to moderate respiratory tract infection caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), an enveloped, single-stranded RNA betacoronavirus (3–5). While 80% of the infections lead to asymptomatic or mild disease with common cold symptoms including dry cough, headache, loss of taste, dyspnea, fatigue and fever, contained by an efficient immune response (6–8), 15% of the patients go on to develop severe disease requiring intensive care and oxygen support and 5% develop critical disease with life-threatening pneumonia, acute respiratory distress syndrome (ARDS) and septic shock often culminating in multi-organ dysfunction and death (9).

Age, various comorbidities, including diabetes, obesity, lung and cardiovascular diseases, as well as genetic polymorphisms correlate with a higher risk of respiratory failure (10–13).

SARS-CoV-2, similar to SARS-CoV (14), enters host cells via the angiotensin-converting enzyme 2 (ACE2) receptor and uses the human protease TMPRSS2 as entry activator (15, 16). These genes are expressed in a wide range of cells, including nasal and bronchial epithelial cells, enterocytes, cardiomyocytes, vascular and testicular cells, placental trophoblasts, bile duct cells (17, 18) as well as macrophages (19, 20). Furthermore, additional entry molecules, such as Neuropilin (NRP1), have been discussed to facilitate viral cell entry (21, 22).

Although acute respiratory manifestations are the most common feature, COVID-19 can have multiple acute extra-pulmonary clinical effects likely to be related to vascular pathology (23), and also long-lasting complications referred to as the post-COVID syndrome or long COVID, including fatigue or neurological sequelae (24–27).

Control of viral infections and resolution of inflammation generally depends on dose and route of infection, viral virulence properties as well as host immune factors (28, 29). Tightly regulated interactions between epithelial cells and immune cells, orchestrated by cytokine signaling and direct cellular contacts, play a critical role, also in COVID-19 (30, 31). Moreover, viral clearance does not necessarily mean recovery to a healthy state. Hyperactivated and dysregulated immune cells pose a substantial danger for exacerbated tissue damage (32–34) and alter susceptibility to secondary bacterial superinfection (35, 36).

Severe COVID-19 has been associated with pronounced changes in peripheral immune activity (37, 38), including increased levels of acute phase reactants and pro-inflammatory cytokines (39, 40), neutrophilia and emergence of immature and low-density neutrophils (41, 42), increased neutrophil-to-lymphocyte ratio and lymphopenia (43) as well as myeloid inflammation (44) and reduced expression of the human leukocyte antigen DR isotype (HLA-DR) by circulating monocytes (42, 45).

A time-dependent, multi-stage disease model for COVID-19 has been proposed (28). Early and efficient activation of the immune system through induction of a potent interferon response is crucial for controlling the virus. However, a delayed and/or prolonged interferon response may lead to progressive tissue damage, which may ultimately result in a deleterious hyperinflammation characterized by excessive activation of mononuclear phagocytes (MNPs) and coagulation in combination with dysregulation of tissue repair mechanisms and fibrosis (46).

Together with dendritic cells (DC), macrophages and monocytes form the MNP system (47). In addition to being professional antigen-presenting cells (APC), MNPs sense and phagocytose pathogens, mediate leukocyte recruitment, initiate and shape immune responses and regulate inflammation.

Macrophages are a heterogeneous family of tissue-resident, phagocytic innate immune cells, including brain microglia, liver Kupffer cells and lung alveolar and interstitial macrophages, that play an important role in tissue homeostasis and immune defense (48). In case of infection, macrophages sense danger signals from microbial pathogens or tissue damage via a plethora of pattern recognition receptors (PRRs), and respond by release of inflammatory molecules that eliminate pathogens, initiate inflammation and recruitment of additional effector cells and promote tissue repair (32). However, as is the case for example in macrophage activation syndrome (MAS), an overwhelming macrophage response can be detrimental to the host (33).

Monocytes are blood-circulating, phagocytic innate immune cells classically divided into three subsets based on their respective expression of CD14 and CD16 [classical (CD14+CD16−), non-classical (CD14dimCD16+), and intermediate (CD14+CD16+)] (48, 49). Under pathological conditions, including viral infections, monocytes, activated and recruited by inflammatory mediators, infiltrate affected tissues and acquire inflammatory macrophage and DC-like phenotypes to fulfil their effector functions of pro- and anti-inflammatory activities, antigen-presentation and tissue remodeling (50).

Here, we outline major findings concerning the role of monocytes and macrophages in COVID-19 and put them into the context of general knowledge of these cells in viral infections.



Alveolar and Interstitial Macrophage Ontogeny and Function

Every day, the lung inhales thousands of liters of air containing high amounts of pathogens including viruses, bacteria, and fungi (51). To prevent infection and its resulting complications for the organism, a tight control by the immune system is needed. In the lung, macrophages are the most abundant immune cell type under homeostatic conditions. Based on their exact location, they can be separated in at least two different populations; the interstitial macrophages (IMs) and alveolar macrophages (AMs) (52, 53).

IMs reside in the parenchyma between the microvascular endothelium and alveolar epithelium, while AMs have close contact to epithelial cells of alveoli and reside in the airspace lumen. However, a recent study by Neupane et al. showed that AMs are, in contrast to macrophages in other tissues, not sessile but can crawl in and between alveoli using the pores of Kohn (54). By expression of integrins, CD11cnegCD11bpos IMs can be distinguished from CD11cposCD11bneg AMs (52).

In addition to mucus and the epithelial barrier, AMs are the first defenders against pathogens entering the respiratory system. They originate from the yolk sac and populate the lung early after birth (55, 56). AMs have proliferative capacity, thus can persist over the lifespan by self-renewal and are independent of replacement from the bone marrow (57–59). AMs detected in bronchoalveolar lavage fluid (BALF) after lung transplantation were almost exclusively donor derived (60). Following depletion of lung macrophages in mice, repopulation occurred almost entirely by in situ proliferation (61). In contrast, analysis of pulmonary MNPs in patients receiving bone marrow transplantation for hematologic disorders provided evidence for replenishment of AMs by monocytes of bone marrow origin (62). The current understanding of the plastic composition and complex ontogeny of pulmonary MNPs is best described by a dynamic interplay of cells derived from yolk sac macrophages, fetal liver, and adult monocytes given pathologic threats and vacant niches (63).

The functional phenotype of AMs strongly depends on the local microenvironment and can change with contact with epithelial cells, oxygen tension and surfactant-rich fluid, highlighting the relevance of AM plasticity (64, 65). Therefore, AMs can be pro-/anti-inflammatory, pro-/anti-fibrotic, pro-asthmatic, pro-resolving and/or tissue-reparative. In the physiological state, AMs are critical for homeostasis by removing apoptotic cells, foreign materials, and surfactant, thereby ensuring that the lungs remain free of debris. Of note, they typically show an immunosuppressive phenotype (52). The anti-inflammatory program is critical to prevent unwanted inflammation in the lung that can be of serious danger for the organism. Although AMs have antigen presenting capacities and express HLA-DR, they promote tolerance and suppress lymphocyte activation under homeostatic conditions by producing immunosuppressive prostaglandins and TGFβ, of which the latter together with retinoic acid may drive the development of FOXP3+ regulatory T cells (Treg), further strengthening the anti-inflammation (66–68). By signaling through various receptors, such as by CD200R (69), SIRPα (70), mannose receptor CD206 (71), MACRO (72), TREM2 (73), and soluble mediators including Interleukin (IL)-10 (74), TGFβ (75) and PPARγ (76) AMs experience negative regulation. For instance, CD200 is expressed on the luminal side of respiratory epithelial cells and binding to CD200R on AMs leads to the suppression of pro-inflammatory genes in AMs (69).

Upon lung injury or infection, AMs can mount inflammatory responses (77). Destruction of airway epithelium can lead to a loss of exposure to regulatory ligands, such as CD200, resulting in a switch to a pro-inflammatory program in AMs (69). Recognition of pathogen associated molecular patterns (PAMP) of invading pathogens by AMs via PRRs further enhances this activation. These activated AMs are characterized by enhanced phagocytic capacity, higher oxidative burst and increased release of pro-inflammatory cytokines and chemokines, which results in inflammation and recruitment of other immune effector cells to the lung, including neutrophils (78). Recruited cells also include monocytes, which can differentiate into macrophage and DC-like cells, thus often referred to as monocyte-derived AMs (Mo-AMs) and DC (Mo-DC), upon arrival in peripheral tissues and can further enhance inflammation (79, 80). Their different ontogeny and functionality can influence the outcome of infection and inflammation.

Importantly, prolonged, and dysregulated inflammation caused by macrophages and monocytes can cause collateral tissue damage (81). To prevent prolonged inflammation and to limit tissue damage and fibrosis, AMs have evolved several strategies. These include phagocytosis of dying cells, e.g. neutrophils (82) preventing the release of their pro-inflammatory and toxic contents and triggering the secretion of TGFβ, IL-10, prostaglandin E2 and platelet-activating factor from AMs (83).

Respiratory pathologies such as asthma, chronic obstructive pulmonary disease (COPD), cystic fibrosis and idiopathic pulmonary fibrosis (IPF) are characterized by defective AM phagocytosis resulting in continuous inflammation (84–87).

Besides respiratory pathologies, cigarette smoking also presents a major risk factor for impaired AM function. AMs of smokers are expanded in numbers compared to non-smoking controls but show less phagocytic activity, glucose oxidation rate and cytokine production compared to non-smoking controls, which increases the risk of severe disease progression upon bacterial and viral infection (88–91).

After a successful inflammation, suppressive stimuli as described above are restored and AMs shift to an anti-inflammatory, tissue reparative phenotype restoring the homeostasis of the lung (65).



The Role of Lung Macrophages in Viral Respiratory Infections

As described above, the lung is at permanent risk of infection by several pathogens, amongst them viruses such as rhinovirus, respiratory syncytial virus, influenza virus and coronavirus. Despite their obvious relevance, investigation of human lung MNPs during respiratory infections has been limited so far and most of our knowledge comes from animal models. For instance, Schneider et al. showed that AM-depleted WT mice infected with influenza A virus had impaired gas exchange and fatal hypoxia (92). Similar results were obtained in pigs which, after AM depletion by dichloromethlyene diphosphonate, were infected with seasonal human H1N1 influenza virus resulting in 40% mortality rate and increased suffering from severe respiratory signs, whereas infected control pigs showed less severe symptoms with no mortality (93).

Notably, various viruses, including Influenza, Chikungunya, human herpes and Zika virus, have been shown to utilize monocytes and macrophages as vessels for virus replication, dissemination, or long-term persistence within tissues. They enter the cells through endocytosis, phagocytosis, macropinocytosis or membrane fusion and induce elevated expression of proinflammatory signaling and antiviral molecules (94–99). Direct infection of macrophages with SARS-CoV has also been shown, which, however, did not lead to dissemination or virus amplification but rather to an impaired type I interferon (IFN) response potentially worsening disease outcome (100).

Upon viral infection, AMs produce high levels of cellular mediators, including IL-1β, CCL3, CCL7 and CCL2, also known as monocyte chemotactic protein 1 (MCP1), which rapidly recruits CCR2-expressing bone marrow-derived monocytes into the lung. Furthermore, AMs are the main producers of type I IFN to trigger an antiviral response in influenza infection (101, 102). Of note, type I IFN production by AMs was higher than by plasmacytoid DCs (pDCs), coined as the natural “IFN producing cells”, in response to virus, indicating that pDCs may play a subordinate role in the defense against viral infections in the lung (102). Moreover, alveolar epithelial cells also did not produce any type I IFN in response to influenza, further stressing the key role of AMs (103). Type I IFNs can signal autocrine and paracrine resulting in the activation of antiviral transcriptional programs including the transcription of ISG such as ISG15, IFIT1 and STAT2, which can suppress viral replication (104, 105). Interestingly, not all virus infections trigger an increased type I IFN response. For instance, when human AMs were infected with coronavirus strain 229E (HCoV-299E), they secreted increased amounts of TNF, CCL5 and CCL4 (MIP-1β), causing inflammation, but IFN-β levels remained unchanged (106).

Viral infection triggers the migration of circulating monocytes to the lung guided by pro-inflammatory cytokines, such as CCL2 and CCL3, increasing the number of defending mononuclear phagocytes and enhancing inflammation (79). This is a necessary defense response, since viruses such as influenza can either reduce the numbers of resident AMs dramatically or impair their phenotype. When BALB/c mice were infected with influenza, 90% of resident AMs were lost in the first week after infection (107). This, however, was strain specific, since C57B1/6 mice did not show loss of AMs but rather an impaired phenotype. Nevertheless, both consequences were driven by IFN-γ and resulted in increased susceptibility to bacterial superinfections leading to significant body weight loss and mortality. Furthermore, a recent study by Neupane et al. showed that crawling of AMs, which is critical for AM function, was impaired after influenza infection. Again, this impairment was mediated by the IFN-γ pathway and resulted in increased risk for bacterial superinfections (54).



The Role of Monocytes and Alveolar Macrophages in COVID-19


The Involvement of Monocytes and Macrophages in SARS-CoV-2 Induced Hyperinflammation

COVID-19 is characterized by a systemic increase of numerous cytokines, including IL-1α, IL-1β, IL-6, IL-7, tumor necrosis factor (TNF), type I and II IFN, and the inflammatory chemokines CCL2, CCL3 and CXCL10 (40, 108, 109). Elevated levels of CCL2 and CCL7, two chemokines potent at the recruitment of CCR2+ monocytes, have also been found in BALF from patients with severe COVID-19 (110).

The term “cytokine storm”, historically described as an influenza-like syndrome that occurred after systemic infections and immunotherapies (111), has quickly become widely used, both in scientific publications and the media, to describe the cytokine response in COVID-19 (39). Although the increased systemic cytokine response in COVID-19 is undisputed, the term “cytokine storm” in COVID-19 pathophysiology is a topic of debate, as TNF, IL-6, and IL-8 concentrations in COVID-19 are less strong compared to sepsis, acute respiratory distress syndrome unrelated to COVID-19, trauma, cardiac arrest, and cytokine release syndrome (CRS) (112–115). Moreover, COVID-19 immune responses are highly dynamic as shown by time-dependent alterations of the systemic levels of many cytokines including IL-6 (40). Considering the co-occurrence of distinct systemic pro-inflammatory cytokine waves with the emergence of aberrant and immunosuppressive innate immune cells further complicates the exact terminology of immunopathology in severe COVID-19 and suggests a much more complex host-pathogen interaction better described by the term viral sepsis (28). In any case, the systemic cytokine profile observed in patients suffering from severe COVID-19 does resemble those observed in CRS, such as macrophage activation syndrome (MAS), which led early on to the working hypothesis that dysregulated activation of the MNP compartment contributes to COVID-19-associated hyperinflammation (33, 113).

The induction of cytokine production in MNPs in COVID-19 can either be triggered via recognition of damage-associated molecular patterns (DAMPS) released from epithelial cells affected by SARS-CoV-2 by PRRs or by direct recognition of viral pathogen-associated molecular patterns (PAMPs) via specific Toll-like receptors, i.e. TLR2 and TLR4, the retinoic acid-inducible gene I (RIG-I) or the melanoma differentiation associated gene (MDA)-5 (116–119). Furthermore, C-type lectin receptors, including DC-SIGN, L-SIGN, LSECtin, ASGR1, CLEC4K (Langerin) and CLEC10A (MGL), as well as Tweety family member 2 have been identified to interact with the SARS-CoV-2 spike protein inducing proinflammatory responses, but not allowing direct infection. Notably, however, these interactions were shown to promote virus transfer to ACE+ cells (120, 121).

SARS-CoV-2 infection of lung-resident MNPs might result either from phagocytosis of infected alveolar epithelial cells followed by viral escape from the lysosome or by direct infection. In vitro experiments with human monocyte-derived DC and macrophages with SARS-CoV-2 have demonstrated that both cell types are permissive to SARS-CoV-2 as measured by quantification of SARS-CoV-2 nucleocapsid protein expression after in vitro infection, but did not support productive viral replication. Interestingly, expression of proinflammatory cytokines and chemokines however was only triggered in macrophages and not DC under these experimental conditions (122). Additional independent infection experiments confirmed the abortive SARS-CoV-2 infection in human monocyte-derived DC and macrophages in vitro and corroborated the induction of antiviral and proinflammatory cytokines, including IFN-α/β, TNF, IL-1β, -6, and -10, as well as CXCL10, leading to type I IFN–mediated host cell death (123). Accordingly, investigation of cell tropism and immune activation profiles of SARS-CoV-2 in ex vivo organ cultures of human lung tissues revealed infection of type I and II pneumocytes as well as AMs (124), confirmed by detection of SARS-CoV-2 in AMs in autopsy samples from COVID-19 patients (125). Interestingly, analysis of murine AMs derived from human (h)ACE2 transgenic animals revealed different susceptibility to SARS-CoV-2 infection depending on their cytokine-induced polarization as in vitro treatment with IFN-γ and LPS caused increased infection rates compared to pre-treatment with IL-4 (126). Furthermore, in vitro treatment of PMA-differentiated THP-1 human macrophages and isolated CD14+ monocytes with SARS-CoV-2 spike protein after LPS stimulation exposed a hyperresponsiveness to TLR signals by suppression of IRAK-M (127). Moreover, antibody-dependent mechanisms of infection present a conceivable alternative pathway and have been described for SARS-CoV (128, 129). Besides this body of evidence demonstrating the induction of inflammatory pathways in monocytes and macrophages upon recognition of SARS-CoV-2, metabolic alterations in these cells have been reported. Ex vivo infected human monocytes shifted their metabolism and became highly glycolytic leading to elevated glucose levels promoting SARS-CoV-2 replication and cytokine production (130). Moreover, monocytes derived from COVID-19 patients were shown to have increased lipid droplet accumulation, which was explained by the modulation of lipid synthesis and uptake investigated using in vitro infection models and again favored virus replication and inflammatory mediator production (131). Interestingly, the pharmacological inhibition of DGAT1, a key enzyme in lipid droplet formation, inhibited SARS-CoV-2 replication and production of pro-inflammatory mediators presenting a new opportunity for therapeutic intervention.

Corresponding to the systemic increase of cytokine and chemokine levels, quantitative and qualitative changes in immune cell populations, particularly in the myeloid compartment, have been observed in blood and lungs of patients with COVID-19 dependent on disease severity.

Flow cytometric analyses of peripheral blood reported reduced percentages of total monocytes in the blood of severe COVID-19 cases (38, 132, 133). Notably, this reduction was observed only transiently in a longitudinal study of immune cells in severe cases pointing to the highly time-sensitive immune response (134).

Beyond quantitative changes, striking disease-specific differences in monocyte phenotypes in the blood and monocyte–macrophage composition in the lung have been consistently reported. A significant expansion of CD14+CD16+ monocytes featuring high expression of IL-6 in the blood discriminated patients with COVID-19 admitted to ICUs from those who did not require intensive care (132). Moreover, significantly reduced numbers of non-classical and intermediate monocytes are found in acute patients with symptoms of severe SARS-CoV-2 infection (135) and circulating classical monocytes show clear signs of activation, including increased expression of CD169 (135). In addition, experimentally infected monocytes and those from patients with severe COVID-19 requiring intensive care feature inflammasome activation and increased pyroptosis associated with caspase-1 activation (136). Furthermore, increased proliferation of monocytes derived from patients with severe COVID-19 after in vitro challenge with lipopolysaccharide was discussed as an indicator for a release of immature myeloid cells from the bone marrow reminiscent of emergency myelopoiesis (137) and contributing to innate immune dysfunction (138). Most prominently and consistent across all studies, reduced HLA-DR expression on monocytes – a well-established marker of immune suppression – was reported in patients suffering from severe COVID-19 (41, 42, 134, 139, 140). Decreased HLA-DR expression appeared to be strongly associated with COVID-19 disease severity, exemplified by lower expression of HLA-DR by monocytes in patients admitted to the ICU versus non-ICU patients (140) and in non-survivors versus survivors (141). Furthermore, the presence of HLA-DRlo monocytes in severe cases of COVID-19 was found to be positively correlated with levels of the soluble immunosuppressive factors IL-10, TGF-β, VEGFA, and AREG (142). In addition, reduced HLA-DR and CD86 expression together with elevated levels of IL-1β, IL-6, IL-8, IL-10, IL-17 and IFN-γ were observed in children with multisystem inflammatory syndrome (MIS-C) associated with SARS-CoV-2 infection (143). Downregulation of HLA-DR is a molecular feature often described for monocytic myeloid-derived suppressor cells (MDSC) – a cellular state of monocytes described to develop during chronic inflammation, especially late-stage cancers, and defined by T cell immunosuppressive functions (144). Functional assessment of HLA-DR- monocytes derived from COVID-19 patients indeed confirmed their capacity to suppress T cell proliferation, partly via ARG-1, and thus supports the MDSC state beyond phenotypic description (145). Interestingly, the HLA-DR- monocytes specific for severe acute COVID-19 have furthermore been found to express CPT1, an enzyme essential for fatty acid oxidation, again highlighting the relevance of immunometabolic effects of SARS-CoV-2 infection (146).



High-Resolution Single-Cell Omics Characterization of Monocytes and Macrophages in the Blood and Lungs of COVID-19 Patients

Application of high-resolution omics technologies with single-cell resolution, which were only developed and became widely applied within the last decade, has confirmed their great potential to rapidly decipher the immune response to an emerging pathogen during the COVID-19 pandemic. The first transcriptomic immune atlas of circulating peripheral blood mononuclear cells (PBMC) from 10 COVID-19 patients demonstrated globally decreased lymphocyte counts, while inflammatory myeloid cells were found to be more abundant (147). By now, at least 16 other studies have used scRNA-seq to characterize the immune response to SARS-CoV-2 (31, 41, 42, 45, 108, 148–158). While initial studies were based on low sample numbers limiting their explanatory power, latest reports comprised samples derived from more than 100 individuals, included longitudinal samples or profiled matched samples from multiple tissues. Single-cell transcriptomic analysis of PBMC in 7 hospitalized COVID-19 patients revealed a depletion of CD16+ monocytes in peripheral blood and the induction of an ISG signature in CD14+ monocytes, but detected no substantial induction of pro-inflammatory cytokine genes, such as TNF, IL6, IL1β, CCL3, CCL4 or CXCL2 in these cells, suggesting that peripheral monocytes are no major contributors to the cytokine response in COVID-19 (155). The lack of expression of inflammatory cytokines in innate immune cells in the periphery of COVID-19 patients was confirmed by multiplex plasma cytokine analysis, mass cytometry, and scRNA-seq in a cohort of 76 COVID-19 patients and 69 healthy individuals from two cohorts. Despite significantly upregulated levels of inflammatory molecules in the plasma of COVID-19 patients and transiently induced expression of ISGs in peripheral immune cells, an impaired cytokine response in blood myeloid cells and pDCs, with markedly reduced expression of IL-6, TNF and IL-1β upon TLR stimulation, was observed emphasizing a tissue origin of the plasma cytokines (108). Interestingly, the lack of ISG-expressing cells associated with mild disease was linked to severe disease-specific production of antibodies suppressing cellular interferon responses (159). In a dual-center, two-cohort study, we combined scRNA-seq and single-cell proteomics of whole-blood and PBMC and determined changes in the immune cell composition and activation in mild versus severe COVID-19 over time. While non-classical monocyte numbers were diminished in COVID-19, HLA-DRhiCD11chi inflammatory monocytes with an ISG signature were elevated in mild COVID-19 and monocytes in severe COVID-19 featured strongly reduced HLA-DR expression, high expression levels of genes with anti-inflammatory and immature properties, including SELL (CD62L), CD163, MPO and PLAC8, as well as increased expression of S100A family members, e.g. S100A12 (42). Loss of non-classical monocytes, reduced HLA-DR expression in monocytes and massive release of S100A family members was observed in severe cases of COVID-19 in multiple additional studies (41, 151, 156, 157), albeit disease stratification into mild, moderate, severe and critical disease showed slight differences. In addition, calprotectin (S100A8/S100A9) plasma levels and decreased frequencies of non-classical monocytes were found to discriminate patients who develop a severe form of COVID-19 (41).

Although the analysis of blood was extremely instructive particularly when assessing systemic effects of COVID-19, the lung presents the primary site of infection for SARS-CoV-2 and investigating the local immune system response is key to understanding the pathology. Activated monocytes of the blood have been shown to infiltrate the lungs in patients with COVID-19 and in animal models of SARS-CoV-2 infection (160, 161). In their seminal study, Liao et al. characterized BALF from patients with varying severity of COVID-19 and healthy individuals using scRNA-seq and reported striking shifts in cellular composition with increased proportions of macrophages and neutrophils and lower proportions of DCs and T cells in samples from severe/critical COVID-19 compared to those from moderate disease and healthy individuals. Within the MNP compartment, they observed a depletion of tissue-resident AMs and a replacement by inflammatory monocyte-derived macrophages in patients with severe disease. Notably, cytokine and chemokine expression levels differed dependent on disease severity. While CXCL9, CXCL10 and CXCL11 expression levels were increased both in moderate and severe disease compared to healthy levels, IL1β, IL6, TNF as well as CCL2, CCL3, CCL4 and CCL7 were expressed at higher levels in lung macrophages from patients with severe COVID-19. CXCL16, which interacts with the chemokine receptor CXCR6 and attracts subsets of T cells, was specifically induced in patients with moderate disease. These distinct expression profiles suggest that lung macrophages in patients with severe COVID-19 may promote tissue infiltration of inflammatory monocytes enhancing local inflammation, whereas macrophages in patients with moderate COVID-19 preferentially attract T cells. Furthermore, macrophage subpopulations specific for severe disease presented with immunoregulatory features but also expression of the profibrotic genes TREM2, TGFB2, and SPP1 (45). In agreement with this study, scRNA-seq data of nasopharyngeal and bronchial samples from 19 COVID-19 patients revealed the presence of inflammatory non-tissue resident and monocyte-derived macrophages expressing various cytokines, including IL1, TNF, CCL2 and CCL3, as well as enhanced interactions between epithelial and immune cells as determined by ligand–receptor expression profiling, in critical compared to moderate disease (31). Interestingly, comparing macrophages from the lower to the upper airways demonstrated increased expression of inflammatory cytokines and chemokines in the bronchia. Furthermore, monocyte-to-macrophage trajectory analysis in scRNA-seq of BALF samples from COVID-19 patients exposed enrichment of chronic hyperinflammatory monocytes in critical COVID-19 presenting with elevated expression levels of inflammasome-related genes (NLRP3, IL1-β, IL10RA) and genes associated with fibrosis (FGL2, TGFB1, COTL1) potentially contributing to tissue damage in severe COVID-19 (154). Single-nucleus (sn)RNA-seq on lung autopsies from 19 COVID-19 decedents confirmed the lungs to be highly inflamed with dense infiltration of aberrantly activated monocyte-derived macrophages and alveolar macrophages in the tissue (153). Another cross-sectional scRNA-seq of 780,000 PBMC sampled from 130 patients collected across three medical centers in the UK revealed the presence of a non-classical monocyte population characterized by the expression of complement transcripts C1QA/B/C in COVID-19. The complement system is a key host-defense mechanism with capacity to exacerbate tissue injury through its proinflammatory effects. Notably, integration of these PBMC transcriptomes with data derived from BALF samples (45) followed by partition-based graph abstraction (PAGA) analysis demonstrated transcriptional similarity between the circulating C1QA/B/C+CD16+ monocytes and alveolar macrophages in COVID-19 emphasizing the altered composition of the lung MNP compartment (150). The consistent reports of aberrant CD163hi and HLA-DRlo monocyte populations expressing the chemokine receptor CCR2 in the blood and hyperactivated airway monocytes and macrophages producing pro-inflammatory chemokines, including CCL2 and CCL3, were furthermore confirmed by high-dimensional phenotypic, transcriptomic, and functional profiling of immune cells from paired airway and blood samples obtained longitudinally from patients with severe COVID-19 (149).

Taken together, these data strongly suggest a model of a vicious cycle of pro-inflammatory cytokine release by hyperactivated lung MNPs resulting in erratic infiltration of pro-inflammatory effector cells, including dysregulated monocytes and cytotoxic T cells, which in turn exacerbates tissue damage and fuels macrophage activation (Figure 1).




Figure 1 | Monocytes and Macrophages in COVID-19. Graphical overview of the compositional and molecular alterations in monocyte and alveolar macrophage populations in COVID-19 created with BioRender.com. Distinct monocyte and macrophage phenotypes were identified in the peripheral blood of patients with severe COVID-19 including immature cells indicating emergency myelopoiesis, dysfunctional HLA-DRlo classical monocytes and complement gene expressing non-classical monocytes. These cells are attracted to the lung by pro-inflammatory chemokines resulting in a continuous accumulation of hyperactivated MNPs producing more pro-inflammatory mediators recruiting more inflammatory cells, including cytotoxic T cells and neutrophils, thus further exacerbating inflammation and tissue damage. SARS-CoV-2 infected macrophages in the lung may act as trojan horses propagating SARS-CoV-2 infection and spreading hyperinflammation across the lung.





Detection of SARS-CoV-2 RNA in Single-Cell RNA Profiles of Monocytes and Macrophages

Since SARS-CoV-2 exploits the host cell transcriptional machinery to express viral genes, viral transcripts can be detected alongside human mRNA transcripts in scRNA-seq data, thereby allowing for identification of infected cells and their unique properties at single-cell resolution. Bost et al. developed a new computational pipeline, called Viral-Track, to quantify viral RNA in single-cell transcriptomic data. Application of their approach to scRNA-seq data of BALF from the aforementioned study by Liao et al. revealed the presence of viral reads in samples derived from patients with severe, but not mild disease, suggestive of a differential viral load in the lung (162). The highest levels of viral RNA were observed in ciliated and epithelial progenitor cells. However, viral RNA was also detected in a subset of macrophages characterized by expression of SPP1. Whether these transcripts resulted from direct infection of and viral replication within the myeloid cells or whether the cells phagocytosed cellular material carrying viral RNA could not be clarified by this approach. However, the results of the single-cell specific viral RNA quantification allowed for differential gene expression in infected vs bystander SPP1+ macrophages, which revealed increased expression of chemokines (CCL7, CCL8, and CCL18) and APOE in virus-positive cells. The approach was further advanced by Wauters et al. who stratified SARS-CoV-2 infected cells in scRNA-seq data from BALF samples derived from patients with mild and critical COVID-19 by the presence of viral transcripts from distinct viral open reading frames (ORF). Detection of spike protein (S) specific transcripts in epithelial cells and consequentially reduced expression of ISGs suggests that S+ epithelial cells have actively been infected. In contrast, transcripts of the nucleocapsid protein (N) and the ORF10 and ORF1a were detected in myeloid and lymphoid cells at much higher levels than in epithelial cells. Comparing N+ vs N- alveolar and monocyte-derived macrophages determined genes involved in MHC class-II expression and ISG to be upregulated in response to the virus. Grant et al. followed an alternative approach to answer whether SARS-CoV-2 productively infects myeloid cells. Adding the negative-strand SARS-CoV-2 transcripts, which are transiently formed during viral replication, to the reference genome during alignment and quantification of their single-cell and bulk BALF transcriptome data allowed for evaluation of replicating SARS-CoV-2 in AMs. Besides the expected detection of positive and negative strand transcripts in epithelial cells, viral reads were also detected in subsets of macrophages suggesting that AMs harbor SARS-CoV-2 and allow viral replication in vivo (158), challenging the results on abortive infection gained from in vitro experiments. Interestingly, immunostaining of post-mortem tissue from patients who had died from COVID-19 revealed the presence of SARS-CoV-2 nucleoprotein in and the expression of ACE2 on populations of CD169+ macrophages in lymph nodes and the spleen (20). Given the increasing body of evidence in support of active infection of and the indication of productive viral replication in AMs by SARS-CoV-2, Grant et al. have come up with the hypothesis that AMs may act as a Trojan horse, transferring the virus to adjacent lung regions, thereby slowly propagating SARS-CoV-2 infection and spreading hyperinflammation across the lung (Figure 1).




Outlook and Open Questions

After more than a year into the pandemic, it is rather clear that the innate immune system and in particular monocytes and macrophages are linked to the heterogeneity of the COVID-19 disease courses. For example, HLA-DRhi monocytes are typically seen in mild cases, while HLA-DRlo S100+ cells dominate in severe COVID-19. Future work needs to untangle which molecular mechanisms are responsible for these different cellular responses. For example, are certain signals from the microenvironment normally increasing the induction of HLA-DR molecules missing in patients with severe disease course? Are elevated levels of inhibitory factors such as certain prostaglandins or TGFβ responsible for the molecular phenotype of MNPs in severe COVID-19. Furthermore, is there a direct link between fibrotic lung disease as a result of severe COVID-19 with ARDS and changes in the MNP compartment or other immune cells like NK cells. And if this is the case, are the anti-fibrotic molecular programs of monocytes and macrophages not working or do these cells suddenly gain pro-fibrotic functionality. Are molecular changes seen in these cells early during the disease predictive for disease courses leading to irreversible tissue damage as it is proposed for some patients with Long COVID-19? Even if the pandemic will be under control due to world-wide vaccination programs and other medical measures, the sequelae of Long COVID-19 and its potential burden on long-term health requires further studies into the role of the immune system, in particular the innate immune system with monocytes, macrophages and granulocytes requiring special attention.
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Macrophages are dynamic cells that play critical roles in the induction and resolution of sterile inflammation. In this review, we will compile and interpret recent findings on the plasticity of macrophages and how these cells contribute to the development of non-infectious inflammatory diseases, with a particular focus on allergic and autoimmune disorders. The critical roles of macrophages in the resolution of inflammation will then be examined, emphasizing the ability of macrophages to clear apoptotic immune cells. Rheumatoid arthritis (RA) is a chronic autoimmune-driven spectrum of diseases where persistent inflammation results in synovial hyperplasia and excessive immune cell accumulation, leading to remodeling and reduced function in affected joints. Macrophages are central to the pathophysiology of RA, driving episodic cycles of chronic inflammation and tissue destruction. RA patients have increased numbers of active M1 polarized pro-inflammatory macrophages and few or inactive M2 type cells. This imbalance in macrophage homeostasis is a main contributor to pro-inflammatory mediators in RA, resulting in continual activation of immune and stromal populations and accelerated tissue remodeling. Modulation of macrophage phenotype and function remains a key therapeutic goal for the treatment of this disease. Intriguingly, therapeutic intervention with glucocorticoids or other DMARDs promotes the re-polarization of M1 macrophages to an anti-inflammatory M2 phenotype; this reprogramming is dependent on metabolic changes to promote phenotypic switching. Allergic asthma is associated with Th2-polarised airway inflammation, structural remodeling of the large airways, and airway hyperresponsiveness. Macrophage polarization has a profound impact on asthma pathogenesis, as the response to allergen exposure is regulated by an intricate interplay between local immune factors including cytokines, chemokines and danger signals from neighboring cells. In the Th2-polarized environment characteristic of allergic asthma, high levels of IL-4 produced by locally infiltrating innate lymphoid cells and helper T cells promote the acquisition of an alternatively activated M2a phenotype in macrophages, with myriad effects on the local immune response and airway structure. Targeting regulators of macrophage plasticity is currently being pursued in the treatment of allergic asthma and other allergic diseases. Macrophages promote the re-balancing of pro-inflammatory responses towards pro-resolution responses and are thus central to the success of an inflammatory response. It has long been established that apoptosis supports monocyte and macrophage recruitment to sites of inflammation, facilitating subsequent corpse clearance. This drives resolution responses and mediates a phenotypic switch in the polarity of macrophages. However, the role of apoptotic cell-derived extracellular vesicles (ACdEV) in the recruitment and control of macrophage phenotype has received remarkably little attention. ACdEV are powerful mediators of intercellular communication, carrying a wealth of lipid and protein mediators that may modulate macrophage phenotype, including a cargo of active immune-modulating enzymes. The impact of such interactions may result in repair or disease in different contexts. In this review, we will discuss the origin, characterization, and activity of macrophages in sterile inflammatory diseases and the underlying mechanisms of macrophage polarization via ACdEV and apoptotic cell clearance, in order to provide new insights into therapeutic strategies that could exploit the capabilities of these agile and responsive cells.
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Macrophages in Sterile Inflammation

Macrophages were first described by Élie Metchnikoff in 1883, following microscopic observations of mobile cells responding to injury in a starfish larva induced by the insertion of a thorn (1). These cells were subsequently classified according to their size, designated as macrophages (“big eaters”) and microphages (“small eaters”, now known as neutrophils) (2). Early studies postulated that macrophages are tissue-derived cells closely associated with the vascular endothelium, but experiments in the late 1960s demonstrated that at least some macrophages differentiate from monocytes in the blood circulation (3). Eventually, these theories coalesced into the notion of a dual origin of tissue macrophages, in that tissues are seeded during development with primitive macrophages from the fetal liver and yolk sac, representing the tissue-resident macrophage population, while in adulthood, macrophages also develop from bone marrow-resident hematopoietic stem cells, with monocytes in the blood as an intermediate cell type (4).

Macrophages exhibit a considerable degree of plasticity depending on signals from the extracellular environment, defined by the M1 vs. M2 continuum of macrophage polarization. Macrophages on the M1 end of the spectrum are considered a pro-inflammatory phenotype, with robust phagocytic and cytotoxic capacity; these cells are defined by their expression of major histocompatibility complex (MHC) Class II, cluster of differentiation (CD)14, CD80/CD86, and CD38, as well as inducible nitric oxide synthase (iNOS). M1 macrophages robustly express pro-inflammatory cytokines (e.g., IL-6, IL-12, IL-1β, and TNF-α) and chemokines (e.g., CCL2, CCL5), reflective of their ability to recruit other immune cells (T cells, B cells) to the site of infection and maintain their activation (4). Conversely, M2 macrophages function in the resolution of inflammation and tissue repair pathways, and express the cell surface markers CD36, CD206, and CD163 (5). Compared to M1 macrophages, M2 macrophages are more functionally diverse, with several subtypes (M2a, M2b, M2c, M2d) expressing different combinations of cytokines, chemokines, and growth factors (4, 6). M2a macrophages, closely associated with Th2 polarized allergic inflammation in the lung, are induced by IL-4 and/or IL-13 and express high levels of IL-10, TGF-β, and inflammatory chemokines such as CCL17, CCL18, CCL22, and CCL24. Conversely, M2b macrophages are promoted by immune complexes and have been shown to play important roles in Th2 immune responses via their expression of TNF-α, IL-1β, IL-6, IL-10, and CCL1. Subsequently, a microenvironment rich in IL-10 and prostaglandin E2 leads to the induction of M2c macrophages, which continue to express IL-10 as well as TGF-β, and thereby are key regulators of the resolution of inflammation and tissue repair. Finally, M2d macrophage arise in response to TLR and adenosine A2A receptor ligands, as well as IL-6, and have been shown to participate in angiogenesis via the expression of vascular endothelial growth factor (VEGF) and IL-10 (7–9). However, it is important to note that the polarization state of macrophages is in fact a continuum, as these cells are able to adopt intermediate phenotypes, with heterogeneous subpopulations taking on a variety of physiological roles. A major challenge in the field, however, is the mechanism by which, especially in humans, macrophage phenotypes are defined. The simple approach to define M1 and M2 as poles of a continuum presents challenges for the comparison of different studies, particularly in studies assessing macrophages generated and/or matured in vitro; in fact, it has been suggested by some authors that researchers describe stimulation parameters as an aspect of macrophage nomenclature, i.e. M(IL-4) rather than M2, in an effort to provide additional clarity with regard to experimental conditions and to allow more transparent comparisons between studies (10). It is also understood that so-called “markers” of M1 and M2 (e.g. CD163, TNF-α, CD209 and TGF-β) can be co-expressed by individual cells, highlighting the complexity of polarization states (11).

It is currently well-understood that macrophages are dynamic cells with critical roles in the induction and resolution of sterile inflammation (Figure 1). In this review, we will compile and interpret recent findings on the plasticity of macrophages in two non-infectious, chronic inflammatory diseases with contrasting immunological profiles: rheumatoid arthritis as a representative Th1-associated disease and allergic asthma as a classic Th2-skewed pathology. Furthermore, the critical roles of macrophages in the resolution of tissue inflammation will also be examined, emphasizing the ability of macrophages to clear apoptotic immune cells and contribute to the resolution of sterile inflammation.




Figure 1 | The roles and regulatory capacity of macrophages in chronic sterile inflammation. Rheumatoid arthritis (left) is characterized as a Th1-polarized immune pathology in the articular joints which can be driven by autoimmune factors such as citrullinated/carbamylated autoantibodies, whereas allergic asthma (right) is a Th2-polarized inflammatory response to inhaled allergen in the lung. These distinct inflammatory environments have profound effects on the activation and function of tissue-resident macrophages, which in turn play key roles in maintenance of the diseased state. Clearance of inflammatory cells from the tissue by phagocytic macrophages (efferocytosis), supported by extracellular vesicles produced by apoptotic cells, has the potential to support the resolution of inflammation.





The Role of Macrophages in the Induction and Maintenance of Inflammation: Rheumatoid Arthritis


The Immune Response in Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a chronic systemic autoimmune condition which primarily affects the articular joints (12). This chronic inflammatory disease is one of the most common autoimmune conditions, affecting 0.5-1% of the world’s population, with a higher incidence in women compared to men that increases in the elderly population (13). It is characterized by swollen and painful joints at presentation, which are a result of thickening of the synovial lining layer, loss of articular cartilage and bone remodeling leading to lack of function or deformation. Due to the high levels of systemic inflammation, comorbidities often perturb the function of other organs such as blood vessels, kidneys, heart and lungs. To date, no one specific trigger has been identified to induce RA; however, multiple risk factors have been identified, including genetic predisposition (over 100 associated polymorphisms have been identified contributing to approximately 30-60% of the overall risk), epigenetic changes and environmental factors (12). RA occurs through the loss of tolerance to self-antigens and the generation of autoantibodies to post-translationally modified proteins via processes such as citrullination or carbamylation (13). Critically, these autoantibodies can be detected in patients prior to the development of joint inflammation (14). Indeed, there is no detectable infiltration or inflammation of the synovium in seropositive patients with anti-citrullinated antibodies who subsequently go on to develop RA at a later stage (15).

How the presence of these autoantibodies ultimately leads to symptomatic disease and presentation of joint swelling is not well-understood [recently reviewed in (16)]. The formation of immune complexes containing these autoantibodies is an important feature of the etiology of RA and drive many of the pathogenic features including complement activation and direct stimulation of immune cells (17–19). However, the disease process shifts to the joint environment where the activation of cells in the synovial lining layer are fundamental to establishing the inflammatory environment. Firstly, synovial fibroblasts are one of the main sources of IL-6 and MMPs, which degrade cartilage. Secondly, synovial inflammatory macrophages are the main source of pathogenic cytokines, including TNF-α (12). Cell-cell interactions between macrophages and fibroblasts have been demonstrated to be critical in amplifying and driving disease progression (20, 21). Disease onset leads to the recruitment of monocytes from the circulation where they differentiate locally into pro-inflammatory macrophages; these cells are the main source of chronicity factors such as TNF-α, IL-1, IL-6 and GM-CSF (22). Over time, thickening of the synovium occurs through the expansion of fibroblast and macrophage populations, which alters the synovial environment. Excessive production of soluble factors that recruit lymphocytes and granulocytes to the inflamed joint, as well as inducing their proliferation and retention, but blocking apoptosis, leads to a self-perpetuating state of inflammation (23). The success of therapies targeted to myeloid-derived soluble factors and the use of models of disease have revealed that this loss of homeostasis and the dysregulated synovial inflammatory environment is maintained through the recruitment of pro-inflammatory macrophages to the synovium (22, 24).



Macrophages In Healthy Joints

In healthy joints, the synovial membrane is a multifunctional connective tissue structure found on the inner surface of the joint capsule in contact with the lubricating synovial fluid. This synovial layer is normally very thin (approximately 2 mm) and can be clinically assessed using ultrasound measurements (24). It is formed by two distinct cell layers whose main roles are to maintain homeostasis within the joint, secrete lubricating fluids as well as controlling access to the joint space for peripheral blood cells. The synovial lining layer is composed of two main cell types; synovial lining fibroblasts (SFibro) and resident synovial lining macrophages (SMacs) (25). The second supporting layer consists of sub-lining fibroblasts, connective tissue, blood vessels, lymphatic drainage and nerves to support the functions of the lining layer. Monocytes are almost never detected in healthy synovial fluid suggesting the SMacs are not replenished by emigration of their precursors (26). This is supported by observations from murine studies, where most organs contain a prenatal macrophage population which are required to maintain tissue homeostasis (27, 28). Indeed, populations of resident macrophages have been described in the synovium which are derived through seeding by similar prenatal populations during development (29, 30). In mice, SMacs can proliferate in situ and importantly differ from infiltrating monocyte derived macrophages (MDM) from the circulation. Tissue resident cells have a Krüppel-like factor 2 (KLF2)/KLF4 transcription program which both mediates apoptotic cell uptake and inhibits pro-inflammatory TLR signaling (31). However these resident macrophages are only constitute a proportion of the total macrophage population present in the joint and as such have been difficult to distinguish from monocyte derived macrophages until recently. For example, a recent elegant study from Culemann and colleagues (30) revealed that these cells can be marked by the surface expression of fractalkine receptor (CX3CR1+) and co-stained for macrophage markers including CD68 and F4/80. Importantly the authors demonstrated these cells expanded during auto-antibody induced inflammatory arthritis and were seeded during development using reporter models. This CX3CR1+ population maintains tight junction formation in the healthy synovium, preventing cell ingress (30). Redistribution of these cells at the onset of inflammation results in weakening of this protective barrier, allowing the infiltration of pro-inflammatory MDM from the circulation into the synovium (32).

Distinguishing between tissue resident and monocyte derived macrophages is difficult and has been investigated in other tissue sites, informing on markers or physiology that may be informative to help define these rare synovial cells. Fate mapping to determine the origin of these cells during development has allowed the definition of these cells in multiple tissues such as the gut, dermis and heart (28). For example, expression of GATA-6 identifies tissue resident macrophages which self-renew in models of peritonitis; co-expression of combinations of CD11b, F4/80 and CD64 markers identify subsets of these resident cells from monocyte derived macrophages (33). These tissue resident peritoneal cells constantly assess their environment, monitoring for tissue damage and promoting a pro-resolution state to maintain homeostasis (34). Whilst these peritoneal cells have some similar physiological functions to those described in resident synovial macrophages, given the high degree of tissue-specific transcriptional, physiological and epigenetic effects observed on macrophages (28, 35), more detailed work on specific synovial specific populations is still required to understand their therapeutic potential. Currently, macrophage phenotypic markers including TREM2, CD48, LYVE1 and CLEC10A have been identified to begin to stratify distinct tissue resident subsets in the synovium using combinations of lineage tracing and transcriptomics (36–38).

SMacs are a heterogenous population consisting of several distinct subsets; recent findings reveal that changes in the population dynamics within the SMac population can be observed at the onset of inflammation [recently reviewed in (39)]. In human healthy joints, SMacs express the scavenger receptor marker CD163 and are also strongly phagocytic (40, 41). SMacs engulf and remove apoptotic cells, and this has been shown to reduce inflammation by reducing recruitment of neutrophils to the synovium (42). Indeed, a specific polymorphism in the scavenger receptor VSIG4 has recently been described to be a strong risk factor correlate for severe disease in RA (43). They also express the markers MHCII and osteoprotegerin, but lack pro-inflammatory cytokines (TNF-α, IL-1β) or RANKL, required to induce bone resorption (40, 41). Recently resident SMacs have also been shown to express myeloid-epithelial-reproductive tyrosine kinase (MerTK), CD206 and triggering receptor expressed on myeloid cells (TREM2) (36). These SMacs are postulated to play a similar role to murine CX3CR1+ SMacs as they express several tight junction-related genes. Thus, although human SMacs are still not as well understood as murine counterparts, they appear to have a similar protective phenotype required to maintain normal homeostasis of the joint tissue.



Macrophages in Rheumatoid Arthritis

Macrophages are one of the principal drivers of both inflammation and chronicity in the joint of RA patients where they secrete many of the factors closely associated with this disease; pro-inflammatory cytokines (TNF-α, IL-1 and IL-6), chemoattractants (CCL2 and IL-8) as well as tissue remodeling enzymes (MMP-3 and MMP-12) (44). In RA patients, a hypertrophic synovial lining layer develops due to fibroblast proliferation, increased vasculature and infiltration of MDM from the circulation. The degree of synovitis is directly related to recruitment of monocytes (44), causing an increase in the total synovial macrophage population (45). This accumulation correlates to disease activity and is used as part of a biomarker assessment to assess the efficacy of therapeutic interventions (46, 47). These observations have been experimentally investigated using various mouse models of RA (48). In humans, clinical studies of radiolabeled CD14+ monocytes revealed their active migration into an inflamed joint, where they polarize to an inflammatory MDM within the inflamed synovium (49, 50). Synovitis can be defined by histological analysis where distinct disease activity subtypes are identified depending on the cellular infiltrate present [reviewed in (39)].

The hypertrophic synovium reduces oxygen tension within the joint to hypoxic levels, which can fall below 1% (51). This environment alters macrophage respiration through upregulation of HIF-1α, reducing oxidative phosphorylation and promoting anaerobic glycolysis which supports their pro-inflammatory activation in situ (52, 53). This environmental effect has been demonstrated in a myeloid specific HIF-1α deletion transgenic that results in reduced inflammation and joint swelling in a murine model of arthritis (54). To date, two distinct populations of blood-derived pro-inflammatory monocytes have been described to traffic into the inflamed synovium in models of RA, driving expansion of macrophage numbers. Classical Ly6C+ monocytes drive inflammation in adjuvant and antigen-induced arthritis whilst recruitment of non-classical Ly6C- cells occurs in sterile models of autoantibody-induced arthritis (29, 55). Ly6C- cells will traffic to the site of inflammation, and during the effector phase, differentiate into an M1 type pro-inflammatory classically activated macrophage which drives pathology without altering the number of SMacs. Interestingly the same population of activated macrophages can subsequently change their polarization to a non-classical M2 anti-inflammatory phenotype which are necessary for the resolution of the inflammation (29). This plasticity in response suggests that conversion of pro-inflammatory macrophages to a pro-resolution phenotype may be a viable therapeutic strategy in human disease.



Macrophage Subsets in Rheumatoid Arthritis

Early histological studies of inflamed patient tissue identified distinct subsets of macrophages in the synovium depending on labeling by combinations of individual antibody clones (56). The frequency of these distinct subsets was found to change depending on levels of disease activity in the tissue examined. In active disease, pro-inflammatory MDMs constitute the majority of synovial macrophages (49), and when isolated from inflamed tissues of RA patients with active disease release proinflammatory mediators (such as TNF, IL-1, IL-6, CXCL8 and CCL2) (57–59) and were able to stimulate autologous T cells (60). The pro-inflammatory nature of RA MDM is now well-established, with secretion of CXCL4 and CXCL7 to attract neutrophils and monocytes to the inflamed joint (61) and release of cytokines such as TNF-α, IL-1, IL-6, GM-CSF and TGF-β are well-documented (62–64). Infiltrating MDM in the synovium can be identified with an antibody against an epitope on the alarmins S100A8/9 (65), and are susceptible to anti-TNF therapy, leading to their rapid removal (49, 66). In contrast, SMacs are not affected by anti-TNF treatment (66), demonstrating that specific targeting of MDMs may be possible as a treatment strategy.

As technology has progressed, the complexity of this heterogenous mixture of macrophages in the synovium during disease is being revealed. Using refined ultrasound guided tissue biopsy techniques of synovium in combination with single-cell transcriptomics approaches have provided more consistent tissue samples and given further insight into the heterogeneity of this population (37, 38, 67). Recently, distinct clusters of SMacs or MDMs with diverse homeostatic, inflammatory, resolving or regulatory functions have been identified (36). Importantly, protective or pro-repair macrophages (MerTK+/CD206+) could be distinguished from those with pro-inflammatory gene signatures (MerTK-/CD206-). This study has further suggested that these two distinct functional subsets can be further stratified into a total of nine distinct populations based on gene expression patterns. Intriguingly, the frequency of these populations changes depending on disease activity. For example, a subset of CD163+/MerTK+/CD206+ macrophages were greatly increased in RA patients in remission compared to those with active disease. Understanding how these individual subsets react and change between disease and remissive states will be crucial for our understanding of which subsets to target and influence in order to drive an anti-inflammatory, pro-resolving therapy.

In RA, macrophages in the joint are constantly influenced by the inflammatory environment to further sustain levels of pro-inflammatory and cell recruitment factors, whilst also acting to promote bone erosion and vascularization. As well as cytokines and chemokines, synovial tissue and fluid macrophages have the ability to respond to PAMPs and DAMPs. Activation of sMACs or their physiological responses can be modulated through ligation of activatory or inhibitory receptors such as Fc or TLRs to further promote the pro-inflammatory phenotype and sustain the chronic inflammatory environment (68, 69). Given the sterile nature of the chronic phase of the disease, DAMPs derived from endogenous or altered self-proteins have been described to be associated with inflammation in RA (70). DAMPs such as intracellular molecules, nucleic acids released from damaged or necrotic cells, matrix fragments or oxidized lipoproteins are found at increased levels at sites of inflammation (71). Macrophages have a variety of pattern recognition receptors (PRRs) on their surface which, when ligated with DAMP molecules, promote phagocytosis, the release of inflammatory mediators as well as antigen presentation and thus can both drive and sustain an inflammatory response (72). RA patients have detectable DAMPs including heat shock proteins, S100 proteins, HMBG1 and citrullinated histones in synovial fluid (73–75). In the RA synovium itself, DAMPs such as heat shock proteins, fibronectin fragments and tenascin-C have been identified, further potentially directly fueling macrophage pro-inflammatory activity (76, 77). For example, tenascin-C induces the secretion of IL-1β and TNFα in sMacs ex vivo after ligating TLR4 (78, 79). Directly injecting tenascin-C into a healthy joint drives inflammation and, conversely, animals deficient in tenascin-C are protected from erosive arthritis (80). RA sMacs have increased expression of TLR2 and TLR4 on their cell surface and when stimulated with DAMP ligands ex vivo, and secrete higher levels of pro-inflammatory factors (81, 82). This correlates with a recent observation that synovial macrophages from established RA have a transcriptome profile similar to that observed in cells activated by pathogens (83). Sensitivity to these ligands can be further enhanced through exposure to oxidized oxysterols which are enriched in RA synovial fluid, resulting in increased secretion of pro-inflammatory factors (84). In addition, activation of TLR4 can promote the survival and proliferation of RA macrophages through activation of the nuclear factor of activated T cells 5 (NFAT5) signaling pathway (85). Therefore, DAMPs generated during the inflammatory response through tissue damage or cellular stress in RA provide a source of factors that can both sustain and enhance sMac pro-inflammatory behavior.

Macrophages in active RA joints also display dysregulated expression of inhibitory and stimulatory Fc receptors, leading to increased secretion of TNF-α ex vivo (86, 87). Fc receptors will bind to autoantibodies to form immune complexes present in the peripheral blood serum, synovial fluid and synovial tissue of seropositive RA patients (19, 88, 89). Immune complexes comprising autoimmune antibodies including anti-citrullinated protein antibodies (ACPA) or rheumatoid factor (RF) have been demonstrated to not only induce complement activation, leading to increased cell recruitment to the joint (17, 18), but can also directly activate macrophages to secrete pro-inflammatory factors. Cross-linking of the FcγRIIa receptor with RA immune complexes results in robust TNFα secretion and an amplification of the pro-inflammatory profile of macrophages (90, 91). Priming of macrophages with macrophage colony stimulating factor (M-CSF) enhances this effect and the synovial fluid of RA patients contains large amounts of this cytokine, further increasing the pro-inflammatory potential of these cells (92, 93). Co-stimulation of macrophages through TLR and Fc receptors with IgG-immune complexes containing citrullinated matrix proteins can further enhance TNF-α secretion (90, 91, 94). M2 type RA macrophages, when co-stimulated via Fc and TLR with these immune complexes, lose their ability to reduce inflammation and instead secrete pro-inflammatory factors such as IL-6, TNFα and IL-1β (69, 95). This co-stimulatory effect demonstrates the ability of the dysregulated environment to alter or amplify the sMac phenotype to further drive this chronic inflammatory state. Given the dysregulated expression of these receptors, targeting sMacs via Fc receptor expression has been proposed as a potential therapeutic methodology to deplete myeloid populations and thereby reduce inflammation in RA (96).

Macrophages in the synovium predominantly secrete the chemokines CXCL4 and CXCL7 in early stage of RA to recruit neutrophils and monocytes (61), but will produce pro-inflammatory mediators TNF-α (63), IL-1β (62), IL-6 (64) and alarmins S100A8/9 (66) throughout active disease. Continued secretion of these factors promotes the constant recruitment and activation of leukocytes into the joint (97), and is maintained through the transcription factors NF-κB, IRF5, STAT1/5 (98, 99) as well as modifiers of gene expression such as microRNA-155 (100). Pro-inflammatory macrophages also secrete angiogenic factors such as VEGF or TGF-α/β to increase new blood vessel formation (101), as well as influencing fibroblasts to secrete RANKL, leading to bone erosion (99). In this context, macrophages may also be able to directly differentiate into mature osteoclasts given the correct environmental cues such as CCL25/CCR9 to further increase bone erosion (102, 103). This concept is supported by the identification of an osteoclastogenic macrophage subset in the synovial tissue of mice with collagen-induced arthritis (104). Therefore, in this complex auto-immune disease, macrophages can both direct and be influenced by the inflammatory environment and cells around them leading to maintaining a pro-inflammatory phenotype and sustaining disease activity.



Targeting Macrophages in Rheumatoid Arthritis

In RA, preliminary therapeutic intervention is the use of untargeted synthetic disease modifying anti-rheumatic drugs (sDMARDs) such as an immunosuppressing corticosteroid derivatives (e.g. methotrexate) (105). Patients with severe disease who do not respond effectively to this therapy are subsequently given biological disease modifying anti-rheumatic drugs (bDMARDs), which now cover a range of effector molecules in RA such as IL-1, IL-6, IL-17, TNF-α, T cell co-stimulatory molecules, B cell activation and JAK/STAT signaling (106). The use of anti-IL6R or anti-TNF antibodies are the most widely used and have been demonstrated to reduce the level of pro-inflammatory factors in the synovial fluid such as IL-8, IL-1 and MCP-1 (107). However, despite these improvements in the disease, approximately 40% of patients treated with bDMARD therapy show little or no efficacy (108), and as such other novel therapeutic approaches are being considered. Disappointingly, specific inhibitors of pro-inflammatory signaling pathways which are known to drive the secretion of these factors in macrophages, such as the p38 MAPK pathway have proved to have little therapeutic effect in clinical trials (109).

As macrophages are one of the primary sources of many of these pro-inflammatory factors (110), targeting macrophage numbers or activity has been proposed to be a prime target to reduce inflammation in this disease (111, 112). Ablating strategies to reduce macrophage numbers in the joint has met with variable success in RA as depletion has been linked to immunosuppression, infection and impaired wound healing (113). Several strategies such as clodronate liposomes (114), photosensitizer-linked nanoparticles (115) or targeting folate receptors (116) have been attempted, but as yet have not been translated to clinical trials. However, these target both anti-inflammatory SMacs and pro-inflammatory MDMs indiscriminately. Therefore, future macrophage therapies will benefit from a greater understanding of the distinct populations within the synovium, their function and potentially identifying markers that could be used to deplete or enhance the activity of individual subsets.

One method would be to reprogram macrophages in situ to switch their functional phenotype. We now have a greater understanding of how metabolism in macrophages influences their pro or anti-inflammatory properties, as well as how the RA environment directs this programming (117). RA patients have an increased M1 macrophage profile compared to other arthritides (118) and inflammatory models demonstrate a complex relationship between M1 and M2 subsets depending on the stage of the disease and tissues studied (119, 120). In the inflamed synovium, the predominant macrophage population is characterized by M1-like inflammatory cells which in RA synovium have higher levels of MMPs, pro-inflammatory factors such as TNFα and have a reduced expression of the M2 macrophage associated marker CD209 (121). This imbalance in macrophage subsets is also apparent in the synovial fluid of patients with active disease where there is a significant increase in pro-inflammatory M1 cell numbers (122). M1 macrophages generally have high glycolytic activity whereas M2 type cells have increased oxidative phosphorylation (123). The synovial fluid of RA patients also contains higher levels of glycolytic metabolites and hypoxic markers (124), which may promote the skewing of macrophage physiology in disease. Modulating the metabolic environment of the joint during disease is being studied to assess the potential for therapy. For example, inhibiting glycolysis in models of inflammatory arthritis has been demonstrated to reduce the severity of disease (125). A number of therapeutic strategies are available to modulate the reprogramming of pro-inflammatory M1 to an anti-inflammatory M2 phenotype through targeting metabolic processes in various inflammatory diseases (126). However, directly targeting macrophage metabolism will be challenging in RA as other cell types including synovial fibroblasts have been demonstrated to secrete factors which modulate SMAc metabolism (127). Interestingly, treatment with anti-TNF bDMARDs reduces both hypoxia and glycolysis in the synovium (51).

Alternatively, blocking the influx of monocytes into the inflamed joint has been proposed to restrict the local expansion of the macrophage population (48). However, this form of therapy would have to be localized to the joints affected to prevent the loss of macrophage populations and subsequent side effects in other tissues of the body. New specific effector molecules could be targeted for a macrophage specific therapy including IL-34 (promotes monocyte differentiation to macrophages) or IL-35 (stimulates M2 polarization) (128, 129). An alternative approach to modulating synovial macrophage behavior has been the use of extracellular vesicles from mesenchymal stem cells to induce an anti-inflammatory switch in macrophage polarization in inflamed joints (130, 131).




The Role of Macrophages in the Induction and Maintenance of Inflammation: Allergic Asthma


The Immune Response in Allergic Asthma

Asthma is a common and potentially life-threatening disease that imposes a significant burden on patients, their families, the greater community, and health care systems. It is estimated that asthma currently affects about 339 million people worldwide, with a prevalence of 1-18%, depending on the country (132). Although the prevalence of asthma has dramatically increased over the past few decades, there have also been improvements in patient outcomes and reductions in hospitalizations for asthma attacks due to advances in the pharmacological management of this disease.

Allergic asthma is a chronic pulmonary disease characterized by reversible airway obstruction, leading to limited airflow and the manifestation of physiological symptoms, including wheeze and cough. These symptoms are caused by changes to the structure of the large airways (the bronchi and bronchioles), known as airway remodeling, with excess production of mucus and extracellular matrix (ECM), along with hypertrophy, hyperplasia, and hypersensitization of airway smooth muscle (133). These structural changes are driven by persistent inflammation around the airways in response to allergen inhalation; the most common allergens affecting the asthmatic population are derived from pollens, pet dander, cockroaches, and house dust mites (132). The primary factor underlying the development of allergic asthma is an exaggerated hypersensitivity response to allergen (134). Sensitization to allergens in genetically susceptible people results in an IgE-mediated immune response; following exposure, allergen crosslinking of IgE on the surface of mast cells results in the release of mast cell granule contents (histamine, leukotrienes, prostaglandins, and myriad other inflammatory mediators (135), which triggers the infiltration of T helper cells, eosinophils, and macrophages to the site of allergen exposure (134). Additionally, some allergens directly cause damage to the airway epithelium [e.g. Der p1, derived from mites (136, 137)], thereby inducing a danger signal to initiate an adaptive immune response. The establishment of a Th2-polarized inflammatory environment around the airways is characterized by high levels of cytokines (IL-4, IL-5, IL-13), chemokines (CCL5, CCL11, CXCL2, CXCL12), and growth factors (TGF-β, bFGF, VEGF, PDGF-B) (137–139). These soluble mediators, in addition to coordinating and sustaining the immune response to allergen, have profound effects on the structural cells of the airway and directly contribute to the excess mucus production, fibrosis, and airway smooth muscle changes that are directly responsible for the manifestation of asthma symptoms (133).



Lung Macrophage Diversity and Immune Regulation in Allergic Asthma

Macrophages play critical roles in maintaining the immune response in respiratory inflammation. Macrophages are abundant in the lung, comprising about 70% of the immune cell population (4). Lung macrophages are a heterogenous population of cells, as they may either develop from the differentiation of lung-infiltrating bone marrow-derived monocytes or from the proliferation of resident macrophages of fetal origin (140, 141). Similar to other organs, heterogeneity exists in terms of lung macrophage activation and polarization status, with various populations of macrophages displaying either pro-inflammatory or pro-resolution functions, or a combination of both. As described in other tissues, the extremes of the spectrum of macrophage polarization in the lung have been designated as classically activated (M1) and alternatively activated (M2) phenotypes, reflecting the Th1 and Th2 polarization status of helper T cells (142). The M1 macrophage phenotype is promoted by exposure to the cytokines TNF-α and IFN-γ, as well as pathogen-derived danger signals such as lipopolysaccharide (LPS), leading to the upregulation of mediators associated with the clearance of respiratory pathogens. Conversely, M2 macrophages are induced by IL-4 and IL-13 and are associated with the resolution of inflammation and the clearance of dead cells. However, persistent activation of M2 macrophages in the lung is seen in cases of inflammation induced by helminths such as Schistosoma mansoni (143), or by chronic aeroallergen exposure (144). Under these conditions, M2 macrophages have been associated with pathological tissue fibrosis (4, 145). Increased M2 macrophage polarization and activation have been observed in allergic asthma, both in human asthmatics and in mouse models of asthma (146–148), although a better understanding of the molecular mechanisms regulating macrophage polarization is essential to clarify the relationship between allergen exposure, macrophage activity, and the development of airway remodeling and respiratory symptoms in allergic asthma.

The different sources of pulmonary macrophages are reflected in the location and functions of two major lung macrophage populations: alveolar macrophages and interstitial macrophages (4). Alveolar macrophages reside on the epithelial surface of the alveoli and are thus in direct contact with the environment and foreign particles entering the lungs, e.g. bacteria, air pollution particles, and allergens. Alveolar macrophages are for the most part derived from fetal monocytes that colonize the lung shortly after birth, but are replenished by blood-borne monocytes if they are damaged or depleted (141, 149). In contrast, interstitial macrophages reside in the tissue surrounding the airways and have been less well-studied, partially due to difficulties in the identification and isolation of these cells. Recent reports have demonstrated that interstitial macrophages are a diverse cell population than can be divided into three functional subtypes, defined by shared expression of classical macrophage markers, i.e. MerTK, CD64, CD68, and F4/80 as well as phagocytic activity, but differential expression of proinflammatory cytokines, chemokines, MHC Class II, and CD206 (150). The location of these interstitial macrophages throughout the respiratory tree, their ability to polarize toward M1 and M2 phenotypes, and their roles in the development and maintenance of allergic airway disease remain incompletely understood.

Considering that the airway inflammatory microenvironment is rich in Th2 cytokines such as IL-4 and IL-13, which are the primary inducers of M2 macrophage polarization, it is currently thought that M2 macrophages play major pathological roles in allergic asthma. IL-33, which is known to be expressed as a danger signal following allergen-mediated epithelial cell damage (151), can polarize macrophages toward an M2 phenotype (152), in addition to coordinating type 2 helper T cell responses. Other cell types involved in the immune response in allergic asthma, in particular eosinophils, innate lymphoid type 2 cells (ILC2), CD4+CD25+ regulatory (Treg) cells, and mesenchymal stem cells (MSCs) have also been demonstrated to modulate macrophage polarization toward the M2 phenotype (153–156). Certainly, M2 macrophages expressing high levels of CD206 and MHC Class II are abundant in the airways of asthmatics, as these cells have been found to be increased by 2.9-fold in the bronchoalveolar lavage fluid of asthma patients in comparison to the abundance of these cells in healthy control subjects (157). Of the various M2 subsets, M2a macrophages are most relevant to asthma pathology, as these cells are induced by IL-4 and IL-13 and express high levels of CD206 (6). However, it is important to note that the impact of IL-4 on macrophages depends on a number of factors, i.e. the origin of the macrophage (158), the inflammatory microenvironment (159), as well as prior activation (160). Moreover, M2a macrophages express a number of mediators associated with tissue fibrosis, particularly TGF-β (6). Moreover, macrophage-derived cytokines (IL-1β, IL-6, TSLP, IL-33) and chemokines (CCL2, CCL17, CCL22) have been shown to promote Th2 cell differentiation and recruitment (161–164), indicative of a complex form of crosstalk between these immune cell types.

Recent studies on the mechanisms by which human lung macrophages respond to allergen exposure and promote inflammation have revealed that these cells can be directly activated by allergen-derived proteins (165). Gordon et al. demonstrated that house dust mite (HDM)-derived cysteine and serine proteases induce the secretion of apolipoprotein E (APOE) from airway-resident macrophages via protease-activated receptor 2 signaling. APOE at these concentrations (≥25 nmol/L) was found to activate the nucleotide-binding oligomerization domain, leucine-rich repeat-containing protein (NLRP) 3 inflammasome and induce IL-1β expression. This study demonstrated that macrophages provide a critical danger signal in response to allergen exposure, namely APOE, and through this mechanism enhance the adaptive inflammatory response to aeroallergens (165). Similar findings were also reported by Tiotiu et al., based on an analysis of sputum macrophages obtained from 104 asthmatics and 16 healthy volunteers in the U-BIOPRED (Unbiased BIOmarkers in PREDiction of respiratory disease outcomes) asthma cohort (166). In this study, the gene signatures for differentially stimulated macrophages, i.e. lung tissue-resident macrophages, as well as classically and alternatively activated macrophages, were assessed by gene set variation analysis. It was found that, although macrophage numbers were significantly lower in severe asthmatics compared to mild/moderate asthmatics and healthy controls, the M2 signature was much higher in severely ill patients. Interestingly, macrophages from severe asthmatics were also enriched for eicosanoid biosynthesis and showed evidence of increased mitochondrial ROS production, implicating macrophages in the maintenance of inflammation and the induction of oxidative stress in cases of severe disease (166). Intriguingly, this study found significant changes in tissue-resident macrophage signature enrichment according to asthma severity. Most of the genes within this cell population signature are involved in mitochondrial function, lipid metabolism, tissue homeostasis, and apoptosis. It has been suggested that the dynamic polarization of lung tissue-resident macrophages during inflammation is highly dependent on mitochondrial activity, i.e. increased levels of oxidative phosphorylation early in the immune response facilitates cytokine expression and cell migration, whereas during the resolution phase, macrophages are considerably less active (166). The data from U-BIOPRED indicate that, in both healthy subjects and mild/moderate asthmatics, tissue-resident macrophages exist in a state of readiness, which is not unexpected given their exposure to the external environment. However, this homeostasis breaks down in severe asthma, with evidence of increased expression of inflammatory mediators, in particular Th2 cytokines such as IL-4 and IL-13 (166). Clearly, gaining a deeper understanding of the functional diversity and plasticity of macrophages in allergic asthma will be important for developing more effective therapeutic strategies based on disease phenotype and allow for a more personalized medicine approach to the treatment of asthma.



Mechanistic Insights Into Macrophage Function in Allergic Airway Disease Using Mouse Models

As a corollary to these studies on macrophages in human asthmatics, a number of recent, innovative studies have exploited mouse models of asthma to provide mechanistic insight into the modulation of disease pathways by pulmonary macrophages. Branchett et al. (167) performed bulk RNA sequencing on airway macrophages obtained using flow cytometric sorting (CD11c+ SiglecF+ CD64+ CD45+ SSChi) to determine that repeated exposure to the aeroallergen HDM induced a macrophage phenotype characterized by increased expression of genes associated with antigen presentation, oxidative metabolism, inflammatory cell recruitment, and tissue repair, and downregulation of genes associated with the cell cycle, cytoskeletal function and antimicrobial immunity (167). Of particular interest was in the increased expression of chemokines by HDM-stimulated macrophages, with elevated expression of chemoattractants for key cell types involved allergic asthma, i.e. Th2 cells (CCL17 and CCL8) and eosinophils (CCL24), indicating a primary role of tissue-resident macrophages associated with the airways in regulating the immune response to allergen (167). The results furthermore infer a role for airway macrophages in stimulating incoming Th2 cells to sustain the inflammatory response, given their increased expression of MHC Class II, likely driven by high levels of IL-4 and IFN-γ under these inflammatory conditions (168). Additional evidence for a direct impact of allergen exposure on macrophages and the resulting alterations in immune mediator expression has recently been provided by Henkel et al. (169). Following either direct stimulation of monocyte-derived macrophages with HDM or respiratory delivery of HDM to mice, macrophages were found to undergo fundamental reprogramming of lipid mediator metabolism, displaying remarkable plasticity in terms of prostanoid (high expression in vitro) and eicosanoid (high production in vivo) inflammatory mediator production (169). Taken together, it is clear from recent studies that allergen exposure induces a pathogenic phenotype in macrophages, characterized by abundant production of proinflammatory chemokines, cytokines, and lipid mediators. Considering that these mediators are implicated in treatment-resistant allergic asthma, investigating methods to control the activity of pathogenic macrophages may yield a significant clinical benefit in severe asthmatics.

The role of hypoxia in driving critical changes to macrophage phenotype has recently been investigated by Sokulsky et al. (144). Also using an HDM-driven model of allergic airway disease, this study demonstrated the role of glutathione S-transferase omega class 1 (GSTO1-1) in the regulation of macrophage redox state and the LPS/TLR4/NLRP3 signaling pathway. Intriguingly, GSTO1-1-deficient mice exposed to HDM had greater numbers of eosinophils and macrophages and elevated levels of eotaxins in comparison with similarly exposed wild type mice, as well as significantly higher expression of M2-related genes such as Ym1. This elevation in the expression of markers of type 2 immunity were found to be regulated via HIF-1α, indicating a previously unrecognized role for the induction of hypoxia in mediating the severity of allergic airway inflammation (144). As a similar role for hypoxia in driving a macrophage phenotype capable of exacerbating glioma progression has recently been revealed (170), it is clear that further studies on the interplay between hypoxia and the induction of a pathological M2 phenotype may yield interesting and novel therapeutic targets.

Some recent studies have attempted to exploit the immune regulatory role of alveolar macrophages to control allergen-induced airway inflammation. In contrast to the pathological nature of M2-polarised tissue-resident macrophages associated with the large airways, alveolar macrophages have been shown to provide a type of immune barrier function, with the capacity to suppress type 2 immune responses and prevent airway hyperresponsiveness in allergic airway disease mediated by respiratory exposure to ovalbumin or house dust mite (171–173). Recently, Li et al. employed an adoptive transfer strategy to modulate inflammation in the lung in response to ovalbumin inhalation (174). In this study, infusion of clodronate-encapsulated liposomes to deplete alveolar macrophages led to an aggravated inflammatory response to allergen exposure. Moreover, adoptively transferred alveolar macrophages acquired an M2-type phenotype and suppressed M1 responses, but were found to play crucial roles in enhancing the inflammatory response to allergen. Crucially, the acquisition of M2 characteristics was found to be mediated via the ATP/P2X7r axis, suggesting that pharmacological intervention to modulate purinergic signaling pathway may be clinically beneficial (174).

Other recent studies have attempted to delineate the mechanism of immune suppression by alveolar macrophages. Miki et al. interrogated the downstream effects of apoptotic cell engulfment by alveolar macrophages in the context of HDM-driven allergic airway inflammation and found that enhancing the phagocytic capacity of alveolar macrophages led to increased expression of immunosuppressive mediators and the induction of regulatory T cells in the lung (175). Intratracheal infusion of apoptotic thymocytes in the context of HDM exposure had the effect of suppressing Th2 cytokine expression and reducing airway eosinophilia, thought to be mediated by induction of the suppressor of cytokine signaling molecule SOCS3 and adenosine receptors in alveolar macrophages (175). The administration of apoptotic macrophages has also been investigated as a means of inhibiting bleomycin-induced lung inflammation and fibrosis, with the intriguing finding that the additional delivery of simvastatin along with apoptotic macrophages further enhanced efferocytosis in alveolar macrophages and moreover increased PPARγ activity, induced hepatocyte growth factor and interleukin-10 expression, and decreased the expression of factors associated with epithelial to mesenchymal transition (176). Additionally, a study by Woo et al. recently revealed a critical role for GM-CSF signaling in alveolar macrophages in the regulation of allergic inflammation (177). Using an alveolar macrophage-specific conditional knockout strategy and HDM exposure in mice, these authors demonstrated that disrupted GM-CSF signaling in alveolar macrophages led to reduced airway inflammation and lower expression of type 2 cytokines following allergen exposure. Mechanistically, these genetic alterations to GM-CSF signaling in alveolar macrophages were found to induce metabolic reprogramming and a loss of mitochondrial homeostasis via PPAR-γ, resulting in deficient TNF-α and MHC Class II expression and reduced antigen uptake following allergen exposure (177). Taken together, these studies demonstrate that the manipulation of alveolar macrophages in allergic airway disease may be an attractive therapeutic target.



Pharmacological Strategies Targeting Macrophages in Allergic Asthma

A number of recent studies have evaluated the utility of currently available therapies for modulating macrophage function in allergic asthma. Maneechotesuwan et al. have conducted a series of randomised, double-blind, placebo-controlled studies in moderate/severe asthmatic patients treated with an inhaled corticosteroid alone or in combination with oral statin therapy to investigate the mechanism by which this drug combination exerts a remarkable anti-inflammatory effect in allergic asthma, resulting in robust IL-10 expression and the induction of regulatory T cells (178, 179). In their most recent clinical trial and supporting in vitro studies, Maneechotesuwan et al. determined that corticosteroids and statins synergistically suppress autophagy in airway macrophages via inhibition of the PI3 K-Akt/mTOR signaling pathway, resulting in greatly enhanced IL-10 production by macrophages and improved asthma control (179). The consequences of this elevation in IL-10 expression, especially regarding its effects on eosinophil survival and the production of type 2 proinflammatory cytokines (IL-4, IL-5, IL-13) certainly warrant further investigation.

Non-antibiotic macrolides have been under investigation for some time as an alternative treatment modality for steroid-resistant asthmatics, particularly during exacerbations (180), although the mechanism of action of this intervention has not been fully elucidated. Using the HDM exposure model of allergic airway disease in mice, Sadamatsu et al. (181) recently showed that the non-antibiotic macrolide EM900 reduced airway inflammatory cell numbers and airway hyperreactivity when delivered therapeutically. Mechanistically, EM900 was found to significantly decrease the expression of asthma-associated inflammatory mediators such as IL-5, IL-13, CCL5 and CXCL2 by lung interstitial macrophages, via the suppression of NF-κB and p38 signaling (181). Additional pre-clinical and clinical studies on EM900 and other drugs of this class are needed to clarify the role of non-antibiotic macrolides in the treatment of severe asthma.




Macrophages and the Resolution of Sterile Inflammation

Macrophages are important cells in the context of inflammation, whether this be resident macrophages that may act to promote inflammation in response to tissue challenge or recruited macrophages that may be also important in the promotion of repair responses. It is the dynamic and plastic nature of these important myeloid cells that puts them at the heart of the inflammatory process and, consequently, it is the control of these cells that offers great opportunity for novel potential interventions within inflammatory disease.

Whilst much is known about the signaling pathways that can lead to the classic pro-inflammatory macrophage phenotype, an important feature within a defense response, the switch of these macrophages to alternatively-activated macrophages remains relatively poorly understood (182). However, this switch is an essential control point if inflammation is to achieve its desired outcome of returning a challenged tissue to its pre-inflamed, fully functional state. A failure in this control point leads to chronic inflammation and ultimately tissue scarring and loss of tissue function.

Within experimental models of inflammation, the kinetics of the cellular inflammatory process are highly predictable and coordinated, and in the case of granulocytic inflammatory responses, cell death of inflammatory cells has an important place within the control of macrophage phenotype and the resolution of inflammation.


Efferocytosis: The Finding, Binding, and Grinding of Cell Corpses

As inflammatory cells die by apoptosis, the dying cells communicate their presence to surrounding cells and promote the recruitment of macrophages to the sites of cell death where they are then able to remove cell corpses in a process known as efferocytosis (183). The mechanisms by which apoptotic cells communicate their presence through the release of apoptotic cell-derived factors is a relatively new area of study.

The blebbing of the plasma membrane (zeiosis) and release of apoptotic cell fragments in the form of extracellular vesicles (EV) is a defining feature of apoptosis (184). Recently these EV have been defined as “find me” factors that recruit macrophages to dying cells via ICAM-3 and the chemokine CX3CL1 (185–187). EV are complex multi-molecular compartments that share features with their parent cell and can modify immune responses (188, 189). Furthermore, all EV have the potential to be “active EV” through the carriage of enzymes; this can have profound effects on the functional significance of EV through modification of the extracellular matrix (190–192) and through limitation of tissue damage (193). As EV can be of dramatically varying sizes, consequently there is the potential for them to be significant independent metabolic compartments (194); this is an area that requires additional research, particularly for the analysis of inflammation controlling enzymes (195). Soluble “find me” factors are also released from dying cells and a range of apoptotic cell-derived molecular mediators of macrophage recruitment have been identified including nucleotides (ATP, UTP) (196), lipids (sphingosine-1-phosphate, lysophosphatidylcholine) (197, 198), and chemokines (CX3CL1) (187).

On arrival at a site of cell death, macrophages bind apoptotic cells through receptor-ligand interactions; these have been extensively reviewed elsewhere (199–201). The prime apoptotic cell “eat me” ligand is the exposed phospholipid phosphatidylserine (202, 203), which can be bound directly by phosphatidylserine (PS) receptors (e.g. BAI1, TIM-4, stabilin-2) (204–206) or indirectly through the use of soluble bridging molecules Gas-6, protein S, and MFG-E8) (207–209), which in turn bind to macrophage integrins and TAM receptors (210–212). However, there are other, relatively ill-defined, changes that function as clearance ligands (i.e. “eat me” signals) including changes in glycosylation, exposure of calreticulin (213), and functional changes in ICAM-3 (214). Notably, these “eat me” signals are opposed by “don’t eat me” signals that provide balance to this important process through inhibitory responses (215). CD47 is a good example of such a negative signal that ligates SIRP-α on macrophages. When this receptor-ligand interaction is inhibited, efferocytosis is promoted (213, 216).

Many receptors for apoptotic cells have also been identified (217). Some appear to function in individual stages of efferocytosis (e.g. CD14 and binding) (218–220), while others appear functionally redundant; this likely explains why not all phagocytes carry the same panel of apoptotic cell uptake molecules. Such diversity in apoptotic cell receptor carriage leads to an extra dimension within the consideration of phagocyte plasticity. Perhaps those receptors with the greatest significance are those that promote the next ingestion stage in the clearance process, i.e. phagocytosis as a result of cytoskeletal organization. These include PS receptors: BAI1 (204), the TAM (Tyro3, Axl, Mer) family of receptors (221), TIMs (222), and integrins (223).

Following phagocytosis, the cell corpse can be digested and the phagocyte can respond with the production of anti-inflammatory mediators, which play an important role in the resolution of inflammation.



Efferocytosis, the Avoidance of Disease, and Modulation of Macrophage Phenotype

There is consensus that apoptotic cell clearance is a beneficial process which, through its efficiency, avoids secondary necrosis and unwanted inflammatory and autoimmune consequences. The brief summary above belies the very significant amounts of research that have sought to define the mechanisms by which apoptotic cells and macrophages (and a wide range of other professional and non-professional phagocytic cells) interact to effect corpse removal and crucially realize the functional significance of this process – immunomodulation. In achieving this, efferocytosis results in a significant phenotypic shift within macrophages towards an alternatively activated/anti-inflammatory phenotype (182). These macrophages are then active in promoting the necessary repair responses that drive tissue homoeostasis.

During efferocytosis, there is activation of a molecular switch that drives the fine balance in inflammatory mediators away from a pro-inflammatory response and towards a pro-repair response; lipid mediators of inflammation (e.g. prostaglandin E2 and D2) are crucial in this switch (224–226). The benefit of this switch towards resolution in the context of “classic” sites of inflammation is clear, though it is noteworthy that the same processes can drive pathology in other contexts where inflammation is a driving force, e.g. cancer. For example, the alternatively-activated M2 macrophage can help to promote tumourigenesis (227); this helps to highlight the opposing faces of an inflammatory response.

A failure in efferocytosis leads to disease with chronic inflammatory conditions. Within the lung, this contributes to asthma (228, 229), leading to exacerbated disease (230, 231). This has been attributed at least in part to a reduction in galectin 3 which is involved in the control of efferocytosis (232). Recognition of apoptotic eosinophils through MerTK has been shown to be an important efferocytosis pathway to promote the resolution of allergic airway inflammation (233). Failed efferocytosis also contributes to chronic obstructive and idiopathic pulmonary disease, cystic fibrosis, and airway inflammation (231). Similar consequences are seen with any failure of efferocytosis in most if not all tissues, with profound disease consequences, including tissue and systemic autoimmune conditions (234).

A number of mechanisms have been proposed for the way in which apoptotic cell clearance by macrophages prevents inflammation. An important process relies upon the production of the anti-inflammatory cytokines IL-10 and TGF-β1 and inhibition of pro-inflammatory cytokines (235, 236). Efferocytosis induces IL-10 production in macrophages (237), which in turn helps to support macrophages to clear apoptotic cells efficiently (238). This positive control system drives improved apoptotic cell clearance through the activation of LXR, a nuclear receptor that promotes TAM receptor activity (239), and promotes an effective M2 macrophage phenotype to support resolution of inflammation. More recently, the type I interferon IFN-β has been shown to be induced by both TGF-β1 and apoptotic cells, becoming intricately associated with the resolution of acute inflammation through the control of neutrophil apoptosis and efferocytosis, rather than neutrophil recruitment (240). This work further highlights the complexity of macrophage phenotype at sites of inflammation, noting the concept of “satiety” in macrophages that had gorged on apoptotic cells prior to becoming an established non-phagocytic resolution phase macrophage producing high levels of IFN-β which is involved in IL-10 expression. The full impact of this IFN-β “circuit” requires further study. Recently, the cell corpse “meal” has also been shown to provide the necessary fuel for fatty acid oxidation to support macrophage polarization for tissue repair (241).

Efferocytosis also drives an important switch in the production of small lipid mediators of inflammation, termed eicosanoids. They comprise a wide range of mediators, including the prostanoids (e.g. prostaglandins, thromboxanes), leukotrienes, resolvins, and lipoxins. These mediators are the focus of much research and are a family of signaling molecules generated from the oxidation of polyunsaturated fatty acids. They are a growing family of molecules that range in their function from pro-inflammatory to anti-inflammatory, such that the balance of these mediators can be crucial in promoting resolution. The cardinal signs of inflammation (redness, heat, swelling, and pain) are driven by these agents, and prostaglandin E2 is particularly important. During efferocytosis, a particular subclass of these eicosanoids is produced, known as specialized pro-resolving mediators (SPM), including members of the resolvin D and E series (produced from the omega-3 fatty acids DHA and EPA, respectively) (242). The production of SPM resolvins and protectins occurs in line with a switch away from the production of the pro-inflammatory prostaglandins and leukotrienes (226), consequently shifting the fine inflammatory balance towards resolution with M2 macrophages exhibiting higher SPM levels (e.g. lipoxin A4) and lower inflammatory eicosanoid levels.

There is much still to learn about the impact of cell death in the control of innate immune responses. Whilst the use of experimental models of inflammation are powerful systems for the dissection of inflammatory signaling pathways, it is of great value to also examine disease settings. A number of conditions are associated with non-resolving inflammatory responses. For example, atherosclerosis where efferocytosis is reduced due to loss of macrophage TAM receptors (243–245), and this is further associated by reduced SPM production collectively resulting in failed resolution, larger lesions with necrotic cores (246). Cancer also represents a powerful pathological opportunity for study of inflammation, cell death and macrophage phenotype. Whilst it is beyond the scope of this piece to review fully the breadth and depth of work regarding tumor-associated macrophages, there are some important points worthy of consideration. The phenotype of macrophages associated with tumors can dramatically change the outcome of the lesion, with inflammatory, M1-like macrophages considered as tumor suppressive and pro-repair, M2-like macrophages being supportive of tumor growth. Of relevance here is the observation that tumors, paradoxically, can have high levels of cell death and this can be associated with particularly aggressive tumors (247). This point of cross talk between these dying cells and tumor associated macrophages, both directly and via extracellular vesicles, can promote a “pro-repair” phenotype in macrophages (i.e. M2-like or alternatively-activated) (248) and the contribution of these macrophages to support of the tumor has been proposed as an onco-regenerative niche (227, 249).



Extracellular Vesicles and the Control of Innate Immune Responses

The molecular mechanisms upstream of corpse removal (the “find me” phase) remain relatively poorly defined. Powerful communicating agents known as extracellular vesicles (EV) have become the focus of much research over recent years, and their ability to modulate the innate immune response and repair of tissues has attracted much attention in recent times. These EV are derived from all cells and can be produced from a variety of cellular locations. They are membrane-enclosed compartments that are released from viable cells and apoptotic cells and can be derived from intracellular sources (i.e. multivesicular body) or the plasma membrane by an increasing range of identified processes [reviewed by (188)]. The impact of these EV on immune responses has been the subject of much research, highlighting roles in antigen presentation, inflammatory responses, and infection processes (189, 250–252). EV from apoptotic cells have also been proposed to have profound immunomodulatory effects.

EV have been given many names in research across different disciplines, but within the field of cell death, they have been termed “apoptotic bodies” and more recently apoptotic cell-derived EV (ACdEV or ApoEV) to capture the probable diversity in these EV and their routes of generation. Since the seminal work in 1972 (184) where apoptotic cells and EV were noted to be of varying size, to more recently within the field of EV, the term apoptotic bodies has been used to describe only the largest of the vesicles (>1 µm) released from dying cells. Within the increasing number of studies of apoptotic cell-derived extracellular vesicles, it is clear that these are complex, highly functional, immune-modulating mediators.

A key part of resolving inflammation is to prevent new inflammatory cell recruitment (e.g. to exhibit “keep out” signals to exclude granulocytes); this has been shown to occur in a number of ways. First, through apoptotic cells releasing lactoferrin to act as a “keep out” signal (253) and also as a mechanism to inhibit pro-inflammatory signaling (254). Indeed, lactoferrin-derived fragments and peptides generated following the uptake of apoptotic neutrophils by macrophages are a critical immunomodulating component (255). Additionally, by the sequestration of chemokines to destroy chemoattractive gradients (256), but also through the release of anti-inflammatory factors (e.g. cytokines and SPM), with TGF-β1 capable of inducing anti-inflammatory SPM whilst reducing pro-inflammatory lipid mediators (257). These SPM are also capable of preventing further inflammatory cell infiltration (258) whilst stimulating recruitment of monocytes to promote efferocytosis and resolution (259).

Apoptotic cell-derived EVs act to recruit phagocytes to sites of cell death (185) via mechanisms that have been shown to include intercellular adhesion molecule 3 (186) and the chemokine CX3CL1 (187). The role of EV in SPM carriage and function is becoming clear and is the focus of much research. EV have been shown to shuttle these eicosanoids (260–263), and all EV will be sources of the necessary esterified fatty acid substrates for eicosanoid synthesis (264). The importance of this, especially within apoptotic cell-derived EV, remains the focus of ongoing research.

EV are complex macromolecular structures, and the full functional significance of their composition remains to be elucidated. The exposure of phosphatidylserine at the surface of these vesicles is similar to that seen on apoptotic cells, where this phospholipid is an important immune modulating factor driving macrophage phenotypic switch (202, 236, 265, 266). It is therefore likely that EV are similarly capable of changing macrophage phenotype via this mechanism, though there is still a gap in our knowledge in relation to the precise molecular mechanisms and the extent to which EV can affect the switch alone, without the contribution of the apoptotic cell corpse. A recent study has suggested that the induction of TGF-β1 occurs in responses to ACdEV and drives macrophages towards an anti-inflammatory phenotype in experimental colitis (267). Furthermore, the known release of IL-10 by macrophages in response to apoptotic cells may also drive EV release from other cells (e.g. dendritic cells) that are also capable of inhibiting inflammatory responses (268). This further highlights the complexity in the system where EV effects may be direct or indirect in the control of responses. EV from apoptotic cells have been shown to induce apoptosis in macrophages, thereby amplifying the ACdEV response and potentially suppressing inflammatory responses (269). Again, the study of pathology may shed further light on the precise molecular mechanisms by which EV may exert their effects on macrophages and the consideration of cancer as a non-resolving inflammatory lesion will be of value. EV derived from tumor cells, including endogenous apoptotic cells, have been proposed as key regulators in tumor progression (227) and detailed study of the composition-function relationships of these EV with modulation of inflammatory responses would be of value. For example, the SPM microenvironment (either free or in EV) may be important in supporting a beneficially-suppressed inflammatory environment that promotes anti-tumor activity [recently extensively reviewed in (270)].

Extracellular vesicles carry a tantalizing array of different molecular species, including proteins, lipids, and nucleic acids. Interestingly, it is now established that EV can also carry enzymes (190–193, 195); this has led to the possibility of active EV that may change throughout their life cycle. The presence of immune-modifying enzymes within EV is the focus of our current research. It is however established that pro-fibrotic enzymes such as transglutaminase 2 are released during inflammatory responses and these drive a pro-fibrotic disease process (271). The balance between repair responses and fibrotic responses and the ability of extracellular vesicles to change this balance remains a gap in our current knowledge. However, this is precisely the point at which novel therapies are focused so as to control macrophage phenotype for therapeutic gain.

It is notable that EV have been shown to promote efferocytosis, thus supporting the resolution of inflammation. Crucially, they also drive a change in the lipid mediator profile of macrophages (272) by modulation of the expression of the required enzymes for SPM production (273). It seems likely that EV act as an appetizer for macrophages ahead of their main “meal” of a cell corpse, and that they may be a key functional mediator in promoting the necessary macrophage phenotypic shift required to effect strong pro-resolution responses. EV also represent a mechanism by which macrophages can be supplied with SPM precursors and pre-formed mediators that may further support their immune-modulating role (242). It remains unclear whether apoptotic cell-derived EV, like apoptotic corpses themselves, drive robust inflammation-controlling responses or whether they must act in concert with cell corpses to achieve the full anti-inflammatory/pro-repair responses required for the resolution of inflammation.

Whilst dying cells and their vesicles are capable of interacting with the innate immune system to support pro-resolution responses, EV from a range of other cells including mesenchymal stem cells also appear to function in a similar manner. MSC-derived extracellular vesicles are the focus of much attention within the field of regenerative medicine, and it is notable that the responses that they seek to induce within local tissues and through modulation of macrophages are those same responses that occur naturally in response to apoptosis, responses that promote the resolution of inflammation and repair responses. This raises the possibility that extracellular vesicles from viable and dying cells function in a similar manner, but that it is perhaps the larger dose of extracellular vesicles produced during apoptosis that exerts the strongest inducer of a macrophage phenotypic switch. In this context, it is likely that apoptotic cell-derived extracellular vesicles have two functions: one of macrophage recruitment and a second to induce phenotypic change towards a pro-repair phenotype, the latter supported by cell corpse clearance.



Efferocytosis and the Control of Adaptive Immune Responses

Macrophages also play critical roles in the resolution of adaptive immune responses, predominantly via the uptake of apoptotic leukocytes, neutrophils and eosinophils. However, despite these cells presumably acquiring an M2 phenotype under these conditions, it is difficult to explain this “pro-resolution” activity following efferocytosis in asthma, as M2 macrophages have been intimately tied to the induction of tissue fibrosis. While recent studies have found that encounters between apoptotic leukocytes and macrophages contribute to the clearance of cell debris, while at the same time inducing immune silencing in macrophages, some aspects of M2 cell activity may further contribute to disease pathology by exacerbating the inflammatory response and generating factors that contribute to tissue fibrosis (274, 275). Interestingly, a direct comparison of macrophage subsets during the resolution of inflammation has shown that satiated macrophages downregulate genes associated with fibrosis, while non-phagocytic macrophages are associated with processes such as migration, oxidative phosphorylation, and mitochondrial fission. Notably, the conversion to a satiated state has been found to induce a reduction in the expression of extracellular matrix constituents associated with tissue fibrosis (276). Thus, macrophage satiation during the resolution of inflammation seems to bring about a transcriptomic transition that resists tissue fibrosis and oxidative damage while promoting the restoration of tissue homeostasis to complete the resolution of inflammation. Taken together, M2 macrophages appear to be paradoxically involved in both the induction of fibrosis and its resolution, suggesting the need for further research in this area to clarify these mechanisms leading to an anti-fibrotic state of macrophage satiety. Certainly, the resolution of inflammation via efferocytosis, particularly relevant to the clearance of neutrophils (277) and eosinophils (278), is a vibrant field of research that has been thoroughly reviewed elsewhere (279).




Conclusions

It is evident that macrophages are essential for both homeostasis and disease pathology. In this review, we have focused on the origins, differentiation, and functions of tissue macrophages, with a particular focus on the role of macrophages in chronic sterile inflammatory diseases of the joint and lung. Additionally, we have emphasized the crucial role of macrophages in the control and resolution of tissue inflammation. Although many questions remain unanswered regarding the precise molecular and cellular mechanisms involved in macrophage-mediated pathology, we have highlighted recent efforts to target macrophage activity using small molecules, biologics, and extracellular vesicles. With the increasing resolution of phenotyping techniques, a deeper understanding of macrophage subsets and their plasticity over time and space will certainly contribute to the development of effective macrophage-targeting therapies, with an expected improvement human health.
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Surfactant protein D (SP-D) plays an important role in innate and adaptive immune responses. In this study, we found that the expression of total and de-oligomerized SP-D was significantly elevated in mice with lipopolysaccharide (LPS)-induced acute lung injury (ALI). To investigate the role of the lower oligomeric form of SP-D in the pathogenesis of ALI, we treated bone marrow-derived macrophages (BMDMs) with ALI-derived bronchoalveolar lavage (BAL) and found that SP-D in ALI BAL predominantly bound to calreticulin (CALR) on macrophages, subsequently increasing the phosphorylation of p38 mitogen-activated protein kinase (MAPK) and expression of interleukin (IL)-6, tumor necrosis factor (TNF)-alpha, IL-10, and CD80. However, anti-SP-D (aSP-D) and anti-calreticulin (aCALR) pretreatment reversed the SP-D binding and activation of macrophages induced by ALI BAL or de-oligomerized recombinant murine SP-D (rSP-D). Lack of signal transducer and activator of transcription (STAT)6 in STAT6-/- macrophages resulted in resistance to suppression by aCALR. Further studies in an ALI mouse model showed that blockade of pulmonary SP-D by intratracheal (i.t.), but not intraperitoneal (i.p.), administration of aSP-D attenuated the severity of ALI, accompanied by lower neutrophil infiltrates and expression of IL-1beta and IL-6. Furthermore, i.t. administration of de-oligomerized rSP-D exacerbated the severity of ALI in association with more pro-inflammatory CD45+Siglec-F(-) M1 subtype macrophages and production of IL-6, TNF-alpha, IL-1beta, and IL-18. The results indicated that SP-D in the lungs of murine ALI was de-oligomerized and participated in the pathogenesis of ALI by predominantly binding to CALR on macrophages and subsequently activating the pro-inflammatory downstream signaling pathway. Targeting de-oligomerized SP-D is a promising therapeutic strategy for the treatment of ALI and acute respiratory distress syndrome (ARDS).
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Introduction

Acute lung injury (ALI) and its more severe form, acute respiratory distress syndrome (ARDS), are defined as severe complications with systemic inflammatory responses in the air spaces and lung parenchyma. Surfactant protein D (SP-D) is a collagen-containing C-type lectin and synthesized primarily by alveolar type II cells and unciliated bronchial epithelial cells. However, serum SP-D is significantly increased in ALI/ARDS due to injury to the alveolar epithelial barrier and SP-D leakage into the blood circulation system. Thus, SP-D is proposed as a potential biomarker for the diagnosis and evaluation of ALI/ARDS (1–3). SP-D has diverse roles in different animal models under physiological and pathological conditions (4–6). In addition to its role in promoting macrophage phagocytosis and clearing invading pathogens and dead cells (7, 8), SP-D is also able to suppress macrophage activation through SIRP-alpha (9, 10). Thus, lack of SP-D in SP-D-/- mice induced lung fibrosis, alveolar epithelial injury, and early development of emphysema (11–13). Administration of surfactant proteins or recombinant fragments of SP-D can attenuate the severity of lung injury and asthma in mice (14–16).

In addition to the immunosuppressive function of SP-D, a recent in vivo study also indicated the pro-inflammatory function of SP-D. For example, lack of SP-D induced smaller atherosclerotic plaques, which might be caused by a decreased systemic inflammation (17). The dual roles of SP-D in different animal models and pathological conditions may be related to the distinct protein structure under different microenvironments. Multimeric SP-D is a dodecameric isoform, with N-termini of SP-D hidden in the center (triple-helical collagen region) and C-termini on the surface [carbohydrate recognition domain (CRD)]. The hydrophobic N-termini of SP-D are responsible for multimer SP-D assembly and opsonic activity by stabilizing disulfide bonds (18). It has been documented that dodecameric SP-D exerts anti-inflammatory properties by binding to resident macrophages with globular heads in a calcium- and carbohydrate-dependent manner (19, 20), participating in pathogen clearance through the formation of neutrophil extracellular trap (NET)-mediated bacterial trapping (21). However, oxidative stress under pathological and pro-inflammatory conditions can disassemble the dodecameric SP-D protein and form de-oligomerized SP-D. Recent studies have shown that de-oligomerized SP-D was significantly increased in an asthmatic mouse model (22, 23). Under oxidative stress conditions, cysteine residues in the hydrophobic tail domain of SP-D are S-nitrosylated, resulting in multimeric SP-D dissociation into trimeric or monomeric forms (6, 24). The head of the disassembled SP-D is incapable of eliciting anti-inflammatory function after occupation by pathogens, whereas the tail of the disassembled SP-D is released from the multimeric SP-D structure and possibly interacts with the calreticulin (CALR)/CD91 receptor complex on macrophages, subsequently activating macrophages (4, 6). Thus, it is important to maintain an optimal balance between intact and disassembled SP-D in lung tissues under pathological conditions.

Although SP-D expression is significantly elevated in ALI/ARDS, it remains unclear whether elevated endogenous SP-D participates in the development of ALI. To address this issue, we treated macrophages with SP-D derived from ALI BAL and de-oligomerized SP-D. The results revealed that de-oligomerized SP-D activated macrophages and promoted polarization of CD45+Siglec-F(-) M1 subtype macrophages through CALR signaling. Administration of anti-SP-D (aSP-D) antibody effectively attenuated the development of ALI and suppressed the activation of macrophages. Therefore, targeting endogenous SP-D may be a promising therapeutic strategy in the treatment of ALI/ARDS.



Materials and Methods


Cell Cultures

Bone marrow cells were flushed from the femurs and tibiae of mice and cultured in RPMI1640 culture medium supplemented with 10% fetal bovine serum (FBS) and 20% conditional media of NIH3T3 cells for 6 days to obtain bone marrow-derived macrophages (BMDMs). The murine macrophage cell line RAW264.7 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS.



Mice and Treatment

Here, 10−12-week-old C57BL/6 male mice with ALI were established by intratracheal (i.t.) injection of 5 mg/kg lipopolysaccharide (LPS, Escherichia coli O55:B5; Sigma, St. Louis, MO, USA) in conjunction with or without 0.4 mg mouse aSP-D antibody/kg (sc-25324; Santa Cruz Biotech, CA, USA) or 0.3 mg/kg recombinant murine SP-D with endotoxin contamination less than 0.1 ng/μg (1 IEU/μg) (rSP-D, 6×His, AP75514; Signalway Antibody, College Park, MD, USA). The mice were treated with phosphate buffered saline (PBS) and immunoglobulin G (IgG)/LPS as controls. Two days after treatment, BAL and lung tissues were collected for analysis. All animals were housed and treated according to the guidelines of the Institutional Animal Care and Use Committee of Fudan University, Zhongshan Hospital, China. All experiments were approved by the committee.



Flow Cytometry Assay

The 0.3 × 106 cell suspensions of lung digests or BAL were incubated with an antibody cocktail containing PE-anti-CD45, PerC-Cy5-anti-F4/80, PE-Cy7-anti-Ly6G, APC-Cy7-anti-CD11b, and BV421-anti-Siglec-F (BD Biosciences, Franklin Lakes, NJ, USA; eBiosciences, San Diego, CA, USA). After incubation with the antibody cocktail for 40 min at room temperature, the cells were washed twice with PBS. The stained cells were analyzed by a BD FACSAria™ III instrument and BD FACSDiva™ software (BD Biosciences, San Jose, CA, USA). All data were analyzed using FlowJo software, version 8.8.4 (Tree Star Inc., Ashland, OR, USA).



Cell Immunostaining Assay

RAW264.7 cells or BMDMs were pretreated with or without 2 µg/ml rabbit anti-calreticulin (aCALR; Abcam, Cambridge, MA, USA), anti--signal regulatory protein (SIRP)-alpha (aSIRP) antibody (Burlingame, CA, USA), 20 µM glibenclamide [GLMD, Nucleotide-binding oligomerization domain, leucine rich repeat and pyrin domain containing proteins (NLRP)3 inflammasome inhibitor], 20 µM pyrrolidine dithiocarbamate [PDTC, nuclear factor (NF)-κB inhibitor; Sigma- Aldrich, St. Louis, MO, USA) and 20 µM SB203580 [SB, p38 mitogen-activated protein kinase (MAPK) inhibitor; Cell Signaling Technology, Danvers, MA] for 1 h. Goat IgG isotype (R&D Systems Inc., Minneapolis, MN, USA) was used as a control. The pretreated cells were then incubated with 2 µg/ml rSP-D or BAL from naive or ALI mice containing endogenous SP-D (Naive BAL or ALI BAL, 1:3 dilution) for 24 h. The treated cells were used for immunostaining assay. Briefly, the cells were fixed with 4% paraformaldehyde for 10 min, permeabilized with 0.5% Triton X-100, and blocked with 5% goat serum for 30 min. Primary rabbit anti-mouse NLRP3, p38 MAPK, SIRP-alpha, and CALR were added to the cells overnight at 4°C. After washing with PBS, the cells were incubated with Cy3-conjugated anti-rabbit IgG antibody at room temperature for 1 h. After the nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 3 min, the cells were visualized for positive staining under fluorescence microscope (Eclipse E800; Nikon, Melville, NY, USA).



ELISA

The concentrations of tumor necrosis factor (TNF)-alpha, interleukin (IL)-1beta, IL-18, IL-6, and IL-10 were measured by ELISA kit (R&D Systems), according to the manufacturer’s instructions. SP-D was measured by ELISA kit (Signalway Antibody, College Park, MD, USA), and data were presented as SP-D ng/mg lung protein.



Surfactant Protein D Cell Binding Assay

Here, 2 µg/ml rSP-D (6×His) was mixed with or without 2 µg/ml aSP-D in RPMI 1640 for 30 min at 37°C. Macrophages were treated with 2 µg/ml rSP-D or mixture of rSP-D/aSP-D for 24 h. The treated cells were fixed with 4% paraformaldehyde for 10 min and incubated with Cy3-conjugated anti-6×His tag antibody (Rockland Immunochemicals, Limerick, PA) for 30 min. The stained cells were visualized for SP-D binding under fluorescence microscope.



Native Gel Electrophoresis for Surfactant Protein D

Here, 5 μg cell-free BAL protein per lane was mixed with 1× loading buffer without sodium dodecyl sulfate (SDS) and then resolved in 10% acrylamide/Bis gel without SDS, according to previous reports (22, 23). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in cell-free BAL samples was not used as a loading control in Western blot analysis because GAPDH content in BAL was changed in response to lung inflammation (25, 26). After native gel electrophoresis, the proteins in the gels were transferred to nitrocellulose membranes. The blots were incubated with mouse anti-human SP-D (1:500 dilution) for 2 h, followed by incubation with horseradish peroxidase (HRP)-conjugated anti-mouse IgG for 1 h. After washing with TBST buffer, the blots were developed by enhanced chemiluminescence (ECL) substrate solution (Amersham Biosciences, Piscataway, NJ, USA).



Statistical Analysis

Results are presented as dot plots or mean ± standard error (SE) of each group. All data were analyzed by one-way ANOVA followed by Tukey’s multiple comparisons or two-tailed unpaired Student’s t-test between two groups. Differences were considered statistically significant at p < 0.05.




Results


Surfactant Protein D Was Increased in Mice With Acute Lung Injury

Lung tissues and BAL were collected from mice with LPS-induced ALI, and SP-D levels were evaluated by ELISA and Western blot analysis. The results showed that total SP-D was significantly elevated in the lung protein extracts of ALI mice compared to the PBS-treated control mice (p < 0.05, n = 5) (Figure 1A). In addition, we observed around 3-fold increased low molecular weight of SP-D (de-oligomerized SP-D) with size approximately 43−86 kDa in BAL of ALI mice compared to that in control mice. The high molecular weight of SP-D around 516 kDa (oligomerized SP-D) was also elevated around 1.4-fold in BAL of ALI mice compared to that in control mice (p < 0.05; Figures 1B, C). Thus, LPS significantly induced more de-oligomerized SP-D than oligomerized SP-D in mice with ALI relative to the mice treated with PBS (p < 0.05). The effects were possibly caused by de-oligomerization of dodecameric (516 kDa) to dimeric and monomeric SP-D (43 and 86 kDa) in mice with ALI.




Figure 1 | Lipopolysaccharide (LPS) induced more de-oligomerization of surfactant protein D (SP-D) in mice with acute lung injury (ALI). Mice with ALI were established by intratracheal (i.t.) administration of 5 mg/kg LPS for 2 days. (A) SP-D content in lung protein extracts was measured by ELISA. Value was normalized to the total protein amount in lung extracts and presented as mean ± SE, *p < 0.05 vs. those in mice treated with PBS control, n = 5. (B) SP-D structure in bronchoalveolar lavage (BAL) of phosphate buffered saline (PBS) and LPS-treated mice was analyzed by native gel electrophoresis. Multimeric or oligomerized SP-D was on the top of the gel. The de-oligomerized SP-D was resolved as 86 and 43 kDa. (C) Quantitative analysis of de-oligomerized and oligomerized SP-D by measuring densitometric value on ImageJ software. Data was presented as fold increase of each form of SP-D densitometric value in LPS group over those in the PBS control group, mean ± SE, *p < 0.05, **p < 0.01 vs. PBS control, #p < 0.05 vs. oligomerized SP-D in LPS group, n = 5.





Anti-Surfactant Protein D Reduced Acute Lung Injury Mouse-Derived Surfactant Protein D Binding and Macrophage Activation

To further confirm whether ALI mouse-derived SP-D bound and subsequently activated macrophages, RAW264.7 cells were respectively incubated with rSP-D or endogenous SP-D derived from BAL of naive and ALI mice (Naive BAL and ALI BAL) for 24 h. rSP-D was pre-neutralized with different concentrations of aSP-D at 37°C for 1 h. SP-D binding on the cell surface was detected using Cy3-conjugated anti-His antibody. Flow cytometry and immunostaining showed that rSP-D can effectively bind to the cells. However, pre-neutralization with aSP-D effectively inhibited rSP-D binding in a concentration-dependent manner (Figures 2A, B). Furthermore, there were increased CD80+ cells treated with ALI BAL that was significantly reduced by aSP-D pretreatment (p < 0.05). However, the suppressive effects were not observed in the cells treated with naive BAL (Figures 2C, D). Further analysis by immunostaining (Figures 2E, F) and flow cytometry (Figure 2G) also showed that ALI BAL significantly enhanced the expression of p-p38 MAPK and NLRP3 in the treated macrophages, which was significantly reversed by aSP-D pretreatment (p < 0.05). With the activation of macrophages, the production of TNF-alpha, IL-6, and IL-10 was elevated in the supernatants of macrophages following stimulation with ALI BAL, which was effectively reversed by aSP-D pretreatment (Figure 2H). Therefore, aSP-D pretreatment suppressed the pro-inflammatory cytokine expression in ALI BAL-treated macrophages, indicating pro-inflammatory function of endogenous SP-D in ALI BAL.




Figure 2 | Anti-surfactant protein D (aSP-D) reduced acute lung injury (ALI) mice-derived SP-D binding and activation of macrophages. RAW264.7 cells were treated with 2 µg/ml recombinant murine SP-D (rSP-D) (6×His) pre-neutralized with 2, 4 µg/ml aSP-D. The cells that were untreated (0 group) or treated with 2 µg/m rSP-D (6×His) preincubated with 2 µg/ml immunoglobulin G (IgG) (0/rSP-D group) were used as controls. (A) Flow cytometry analysis for rSP-D binding on treated RAW264.7 cells by Cy3-conjugated anti-His antibody. (B) Immunostaining for rSP-D binding to the treated cells (red). Representative photograph with magnification ×200. (C) Flow cytometry analysis for macrophage activation induced by SP-D of bronchoalveolar lavage (BAL). RAW264.7 cells were treated with BAL of naive and ALI mice containing endogenous SP-D (naive BAL or ALI BAL) for 24 h. SP-D in BAL was pre-neutralized with 4 µg/ml aSP-D or IgG at 37°C for 1 h. Representative histogram for CD80 expression in the treated cells. (D) Quantitative analysis for CD80 expression in the treated cells. (E) Immunostaining for p-p38 mitogen-activated protein kinase (MAPK) and Nucleotide-binding oligomerization domain, Leucine rich Repeat and Pyrin domain containing Proteins (NLRP)3 expression in the treated cells. Red presents positively stained cells. Nuclei are stained with blue 4′,6-diamidino-2-phenylindole (DAPI). Representative photograph with magnification ×200. (F) Quantitative analysis of p-p38 MAPK fluorescence intensity in the stained cells by ImageJ software. Data were presented as mean increases of fluorescence intensity over IgG in naive BAL control. (G) Flow cytometry analysis of p-p38 MAPK in the treated cells. Data were presented as mean percentage of positively stained cells. (H) ELISA analysis for the expression of tumor necrosis factor (TNF)-alpha, interleukin (IL)-6, and IL-10 in the supernatants of the treated cells. *p < 0.05, **p < 0.01 vs. IgG/naive BAL group; #p < 0.05, ##p < 0.01 vs. IgG/ALI BAL group for all quantitative analyses.





Blocking Calreticulin Reduced the Binding and Activation of Macrophages by Surfactant Protein D in Acute Lung Injury Mice

SP-D modulates diverse biological functions possibly via SIRP-alpha and CALR signaling (4). To determine whether SIRP-alpha and CALR signaling are involved in the downstream signaling of SP-D in ALI BAL, we pre-blocked SIRP-alpha and CALR activities on macrophages with 2 µg/ml aSIRP or aCALR (Abcam, CA, USA) for 1 h. Then, the pretreated cells were treated with SP-D of naive or ALI BAL for 24 h. The results of immunostaining and flow cytometry analysis showed that aSIRP pretreatment effectively suppressed the SP-D binding activity of naive BAL but not of ALI BAL. Due to the increased SP-D in ALI BAL, we observed more SP-D binding activity from ALI BAL than SP-D binding from naive BAL. However, the increased binding activity was reduced by aCALR, but not by aSIRP pretreatment. The results revealed that SP-D from ALI BAL competed with aCALR for CALR binding on macrophages, whereas SP-D from naive BAL competed with aSIRP for SIRP-alpha binding (Figures 3A–C). Therefore, SP-D from ALI BAL-activated macrophages predominantly binds to CALR, whereas SP-D from naive BAL predominantly binds to SIRP-alpha on macrophages. Consistently, we observed that SP-D of ALI BAL increased the IL-6 expression in macrophages, and SP-D binding activity was positively correlated with IL-6 expression level. In contrast, SP-D from naive BAL reduced IL-6 expression in macrophages, and SP-D binding activity was negatively correlated to IL-6 expression level (Figures 3B, C; p < 0.05, right panel). The results indicated the opposite function of SP-D from naive and ALI BAL on macrophages.




Figure 3 | Blocking calreticulin activity predominantly reduced binding and activation of macrophages by acute lung injury (ALI) mouse-derived surfactant protein D (SP-D). (A) Immunostaining analysis for bronchoalveolar lavage (BAL)-derived endogenous SP-D binding on macrophages pretreated with anti-SIRP (aSIRP)-alpha and anti-calreticulin (aCALR). RAW264.7 cells were treated with naive and ALI mouse-derived BAL (1:3 dilution) for 24 h. The SIRP-alpha and calreticulin activities were pre-blocked with 2 µg/ml aSIRP or aCALR (Abcam, CA, USA) for 1 h. SP-D binding was detected by incubation with mouse anti-SP-D antibody (dilution 1:250) and followed by Cy3-conjugated anti-mouse immunoglobulin G (IgG) (dilution 1:1,000). Red indicates positive staining. Representative photograph with magnification ×200. (B, C) Quantitative analysis of SP-D binding of naive and ALI BAL by flow cytometry analysis and correlation with interleukin (IL)-6 expression. Data are presented as mean ± SE. n = 3, *p < 0.05 vs. IgG control. (D) Western blot analysis for recombinant murine SP-D (rSP-D) protein structure by native gel electrophoresis. Native SP-D is derived from BAL of naive mice. (E) Quantitative analysis for the expression of CD86 in treated RAW264.7 cells. *p < 0.05 vs. 0 group; #p < 0.05, ##p < 0.01 vs. IgG/rSP-D group. (F) Representative histogram for the expression of CD80 in the treated cells. (G, H) Immunostaining and quantitative analysis for the expression of p-p38 mitogen-activated protein kinase (MAPK) in treated cells. Representative photograph with magnification ×200. Quantitative analysis of p-p38 MAPK positively stained cells by ImageJ software, and data are presented as mean increase of fluorescence intensity over control ± SE, n = 3, **p < 0.01 vs. 0 group; #p < 0.05 vs. IgG/rSP-D group.



To further confirm that de-oligomerized SP-D in ALI BAL contributed to the pro-inflammatory function in macrophages, we treated macrophages with rSP-D, which is fused with 6×His tag at C-termini. Western blot analysis confirmed that rSP-D was approximately 258 kDa size of two homotrimer SP-D, smaller than 516 kDa size of dodecameric SP-D from BAL of naive mice (Figure 3D). The results indicated that the commercial rSP-D is de-oligomerized or not well assembled. The results of flow cytometry and immunostaining analysis revealed that rSP-D effectively increased the percentage of CD86+ cells and phosphorylation of p38 MAPK. Pretreatment of cells with aCALR significantly suppressed the percentage of CD86+ cells and activation of p38 MAPK in rSP-D-treated macrophages. However, the suppressive effects were not well pronounced in aSIRP-pretreated cells (Figures 3E–H). Additional study showed that the effects were not caused by cytotoxicity of aCALR or aSIRP because aCALR or aSIRP treatment did not impact cell viability (data not shown).



Anti-Surfactant Protein D Suppressed Acute Lung Injury Bronchoalveolar Lavage-Induced Activation of Macrophages Through Calreticulin/Signal Transducer and Activator of Transcription 6 Signaling

The Janus kinase (JAK)/signal transducer and activator of transcription (STAT)6 signaling pathway has been shown to play a regulatory role in immune responses (27, 28). To further determine whether STAT6 signaling was involved in the activation of macrophages by ALI BAL-derived SP-D, we stimulated macrophages from wild-type (WT) and STAT6-/- mice with naive or ALI BAL, respectively, pretreated with aSIRP and aCALR. Flow cytometry analysis showed that aSIRP and aCALR specifically blocked SIRP-alpha and CALR on macrophages. In addition, ALI BAL markedly increased the expression of CALR and CD80 but mildly increased the expression of SIRP-alpha. However, aCALR significantly attenuated the expression of CALR and CD80 induced by ALI BAL, indicating that some mediators including de-oligomerized SP-D in ALI BAL activated macrophages through CALR signaling (Figures 4A, B). Consistently, immunostaining and ELISA analysis revealed the activated STAT6, as well as enhanced expression of IL-6 by ALI BAL, that was effectively reversed by aCALR pretreatment (Figures 4C, D). However, aCALR pretreatment did not suppress the expression of IL-6 induced by ALI BAL in STAT6-/- BMDMs, even slightly increased their expression (Figure 4D). These results indicated that de-oligomerized SP-D in ALI BAL may activate macrophages through CALR/STAT6 signaling, and STAT6 is required for aCALR suppressive effects on macrophages.




Figure 4 | Anti-calreticulin (aCALR) did not suppress acute lung injury (ALI) bronchoalveolar lavage (BAL)-induced macrophage activation and interleukin (IL)-6 expression in signal transducer and activator of transcription (STAT)6-/- bone marrow-derived macrophages (BMDMs). (A, B) Flow cytometry analysis for the expression of SIRP-alpha, CALR, and CD80 on RAW264.7 cells. The cells were pretreated with 2 µg/ml aSIRP, aCALR, or immunoglobulin G (IgG) isotype control for 1 h prior to stimulation with naive or ALI BAL (1:3 dilution). Data were presented as mean ± SE, n = 3, *p < 0.05, **p < 0.01 vs. IgG control. (C) Immunostaining for activated STAT6 (p-STAT6 at Tyr641 residue) in the treated RAW264.7 cells. The cells were incubated with rabbit anti-p-STAT6 antibody (1:200 dilution) and followed by Cy3 conjugated anti-rabbit IgG (1:400 dilution). Representative photograph with magnification ×200. (D) ELISA analysis for the expression of IL-6 in the supernatants of treated wild-type (WT) and STAT6-/- derived BMDMs. Data were presented as mean ± SE, n = 3, *p < 0.05, **p < 0.01 vs. IgG control.





Recombinant Murine Surfactant Protein D Activated Macrophages Through p38 MAPK/NLRP3/NF-κB Signaling

To further investigate whether de-oligomerized SP-D activated macrophages through p38 MAPK, NLRP3, and NF-κB signaling, we pretreated macrophages with NLRP3, NF-κB, and p38 MAPK inhibitors, including GLMD, PDTC, and SB, respectively. The cells were then stimulated with rSP-D for 24 h. Flow cytometry analysis showed that rSP-D moderately increased the expression of CD80 and CD86. However, the effects were moderately attenuated by pretreatment with GLMD, PDTC, and SB (Supplemental Figures S1A, B). Similar results were also observed for the expression of TNF-alpha and IL-6 (Supplemental Figures S1C, D). The results indicated that p38 MAPK/NLRP3/NF-κB signaling was involved in the activation of macrophages and cytokine expression induced by rSP-D.



Recombinant Murine Surfactant Protein D Enhanced the Severity of Murine Acute Lung Injury

To investigate the role of de-oligomerized SP-D in the development of ALI in mice, we i.t. co- treated C57BL/6 mice with both 0.3 mg/kg rSP-D and 5 mg/kg LPS (rSP-D/LPS group) for 2 days. Mice treated with PBS, rSP-D alone, or LPS were used as controls. As a result, we observed a moderately increased pathological lung inflammation in the rSP-D group compared to that in the PBS-treated control group. The pathological lung inflammation was significantly increased in the rSP-D/LPS group compared to that in the LPS alone-treated group, indicating synergistic effects of rSP-D in promoting lung inflammation (Figures 5A, B). The enhanced lung inflammation was accompanied by higher total cell counts (Figure 5C) and more expression levels of IL-6, TNF-alpha, IL-1beta, and IL-18 in BAL of mice in the rSP-D/LPS group than in the LPS group. In addition, the expression of IL-1beta and IL-18 was moderately increased in the rSP-D group compared to the PBS group. The results indicated the pro-inflammatory role of rSP-D in murine ALI (Figures 5D, E).




Figure 5 | Recombinant murine surfactant protein D (rSP-D) enhanced the severity of acute lung injury (ALI) in mice. C57BL/6 mice were co-i.t. treated with both 0.3 mg/kg rSP-D and 5 mg/kg lipopolysaccharide (LPS) (rSP-D/LPS group) for 2 days. The mice treated with phosphate buffered saline (PBS), rSP-D, LPS alone were controls. (A) Lung histology by H&E staining. Representative photograph with magnification ×100. (B) Quantitative analysis of lung histology in each group. (C) Total cell counts in bronchoalveolar lavage (BAL). (D, E) ELISA assay for the expression of interleukin (IL)-6, tumor necrosis factor (TNF)-alpha, IL-1beta, and IL-18 in BAL. All data were presented as mean ± SE. n = 7 (LPS and rSP-D/LPS groups) or 3 (PBS and rSP-D groups). *p < 0.05, **p < 0.01 vs. immunoglobulin G (IgG)/LPS group; #p < 0.05, ##p < 0.01 vs. PBS group.



Consistent with the results above, our additional analysis by flow cytometry analysis revealed that rSP-D induced 2–3-fold more infiltration of F4/80+Ly6G+ neutrophils in the rSP-D/LPS group than that of the LPS group (Figures 6A, B). The percentage of neutrophils was moderately increased in rSP-D alone-treated mice associated with moderately increased percentage of CD45+Siglec-F(-) M1 subtype macrophages in the rSP-D group compared to that in the PBS group. The percentage of CD45+Siglec-F(-) M1 subtype macrophages was significantly higher in the rSP-D/LPS group than those in the LPS group (Figures 6C, D). Further analysis showed a positive correlation between CD45+Siglec-F(-) M1 subtype macrophages and total cell counts in BAL (Figure 6E). The results indicated that rSP-D promoted ALI and lung inflammation in association with CD45+Siglec-F(-) M1 subtype macrophage-biased polarization in vivo. CD45+Siglec-F(-) M1 subtype macrophages may contribute to the pathogenesis of ALI in mice.




Figure 6 | Recombinant murine surfactant protein D (rSP-D) increased neutrophil infiltration and CD45+Siglec-F(-) M1 subtype macrophages in the lung of mice with acute lung injury (ALI). (A) Flow cytometry analysis for Ly6G+ neutrophils (NPs) and Ly6G(-) macrophages (MPs) in the lung digests and bronchoalveolar lavage (BAL) of treated mice. Representative dot plot was shown. (B) Quantitative analysis of the percentage and absolute number of NPs in the lung tissues and BAL, respectively. * p < 0.05 vs. lipopolysaccharide (LPS) group; #p < 0.05, ##p < 0.01 vs. phosphate buffered saline (PBS) group. (C) Flow cytometry analysis for CD45+Siglec-F(-) M1 and CD45+Siglec-F(+) M2 subtype MPs in BAL. Representative dot plot was gated on MP population. (D) Quantitative analysis of CD45+Siglec-F(-) subtype MPs in BAL. Data were presented as mean ± SE. *p < 0.05 vs. LPS group; #p < 0.05, ##p < 0.01 vs. PBS group. (E) Correlation analysis between CD45+Siglec-F(-) M1 subtype MPs and total cell counts in BAL. Each dot presents the value of an individual mouse.





Intratracheal Administration of Anti-Surfactant Protein D Attenuated Acute Lung Injury and Lung Inflammation in Mice

To investigate whether blockade of de-oligomerized SP-D in ALI attenuates ALI and lung inflammation in vivo, 10−12-week-old male C57BL/6 mice were treated with 0.4 mg i.t. or intraperitoneal (i.p.) aSP-D/kg mouse (sc-25324; Santa Cruz) in conjunction with 5 mg/kg LPS for 2 days (aSP-D i.t./LPS and aSP-D i.p./LPS groups). The mice treated with PBS (PBS group) or co-treated with both IgG and LPS were used as controls (IgG i.t./LPS group). The results of H&E staining and flow cytometry analysis revealed that i.t. aSP-D, but not i.p. aSP-D treatment, effectively reduced the severity of ALI, accompanied by attenuated infiltration of Ly6G+ neutrophils in lung tissues and BAL, compared to the mice in the IgG/LPS group (Figures 7A–D). Consistently, we observed moderately reduced expression of IL-1beta and IL-6 in the lung and BAL of the aSP-D i.t./LPS group, but not the aSP-D i.p./LPS group (Figures 8A, B). Further analysis by intracellular staining showed that neutrophils can express a high level of TNF-alpha in mice with ALI, which was significantly reversed by i.t. aSP-D, but not i.p. aSP-D co-treatment (Figures 8C, D). The expression of TNF-alpha in neutrophils was positively correlated with lung pathological score (Figure 8E), indicating the involvement of TNF-alpha expressing neutrophils in the development of ALI.




Figure 7 | Intratracheal administration of anti-surfactant protein D (aSP-D) antibody attenuated the severity of acute lung injury (ALI) and inflammation in the lungs of mice. Here, 10−12-week-old C57BL/6 male mice were intratracheal (i.t.) or intraperitoneal (i.p.) co-treated with 0.4 mg aSP-D/kg and 5 mg/kg lipopolysaccharide (LPS) for 2 days (aSP-D i.t./LPS group and aSP-D i.p./LPS group). Mice treated with phosphate buffered saline (PBS) and immunoglobulin G (IgG)/LPS were controls. (A) Lung histology by H&E staining. Representative photograph with magnification ×100. (B) Flow cytometry analysis for neutrophils (NPs) and macrophages (MPs) in lung tissues and bronchoalveolar lavage (BAL). NPs were identified as Ly6G+ cells; MPs were identified as CD45+Ly6G(-) cells. (C) Quantitative analysis of lung pathological score. (D) Absolute number of NPs in BAL. *p < 0.05 vs. IgG/LPS group; #p < 0.05 vs. PBS group.






Figure 8 | Intratracheal administration of anti-surfactant protein D (aSP-D) suppressed the expression of pro-inflammatory cytokines in mice with acute lung injury (ALI). (A, B) ELISA assay for the expression of interleukin (IL)-1beta and IL-6 in lung extracts and bronchoalveolar lavage (BAL) of each group. *p < 0.05 vs. immunoglobulin G (IgG)/lipopolysaccharide (LPS) group; #p < 0.05 vs. phosphate buffered saline (PBS) group. (C) Intracellular staining for tumor necrosis factor (TNF)-alpha expression in neutrophils. TNF-alpha+ neutrophils (NPs) were gated on NPs. Representative histogram of each treatment was shown. (D) Quantitative analysis of TNF-alpha+ NPs. (E) Correlation analysis between TNF-alpha+ NPs and lung pathological score. Each dot presents the value of an individual mouse.






Discussion

ARDS is a life-threatening ALI with a mortality rate of approximately 40% (29, 30). Macrophages and neutrophils are important cell components in lung tissues that critically participate in the development of ALI/ARDS (31, 32). Recent reports have shown that SP-D expression is elevated in lung tissues and the blood circulation system (2, 3, 33). The increase in pro-inflammatory cytokines and mediators is responsible for the upregulation of SP-D expression in vivo (22). Due to the anti-inflammatory role of multimeric SP-D, recent studies have shown that repetitive surfactant replacement therapy attenuated (14–16), but the lack of SP-D exacerbated, disease severity in some animal models (11, 12).

However, it was reported that multimeric SP-D can be de-oligomerized into trimeric or monomeric SP-D under oxidative stress (6, 23, 24). Different SP-D structures have distinct biological functions. Multimeric SP-D has phagocytotic and anti-inflammatory properties by interacting between SP-D global head (C-termini) and SIRP-alpha on macrophages or other resident cells. However, trimeric SP-D and monomeric SP-D have high pro-inflammatory activity by SP-D tail (N-termini) binding to CALR on macrophages or other resident cells (4, 20).

In ALI/ARDS, SP-D expression is increased due to oxidative stress. However, it is unclear whether the increased endogenous SP-D levels in ALI/ARDS are responsible for disease development. To address this issue, we in this study, for the first time, neutralized the endogenous SP-D in murine ALI by i.t. or i.p. injection of aSP-D neutralizing antibody and found that i.t. aSP-D, but not i.p. aSP-D, effectively reduced the severity of ALI and expression of pro-inflammatory cytokines, indicating the pro-inflammatory role of lung endogenous SP-D in ALI. The results confirmed the importance of pulmonary SP-D, but not circulating SP-D, in the development of ALI. Consistent with these results, the pro-inflammatory function of SP-D was also reported in other animal models, such as atherosclerosis (17) and acute kidney injury (AKI) (34), in which attenuated vessel plaques and AKI severity were observed in SP-D-/- mice. To further confirm the pro-inflammatory function of SP-D in ALI, we i.t. treated naive or ALI mice with low doses of de-oligomerized SP-D, rSP-D. As expected, we observed a moderately increased lung inflammation in naive mice and synergistically enhanced lung inflammation in the mice with ALI after i.t. treatment with rSP-D. However, the experiment was limited by low doses of rSP-D used in naive mice, and we expect that more lung inflammation would be achieved with higher doses of i.t. rSP-D administered in mice. Further in vitro studies have revealed the involvement of p38-MAPK, NLRP3, and NF-κB signaling in the activation and polarization of CD45+Siglec-F(-) M1 subtype macrophages because p38-MAPK, NLRP3, and NF-κB inhibitors reversed the activation and pro-inflammatory cytokine expression in the treated macrophages. Thereby, two homotrimer SP-D (rSP-D) activated macrophages predominantly through CALR/p38 MAPK signaling pathway, consistent with the previous report, in which trimeric SP-D failed to correct the pulmonary phospholipid accumulation and emphysema characteristic of SP-D knockout mice (35).

Our results are different from that of a previous report in which mice lacking SP-D developed more severe ALI (36). This discrepancy may be explained by lack of multimeric SP-D in the SP-D knockout mouse model because multimeric SP-D in lung tissues may be necessary to overcome excessive lung inflammation in mice with ALI. It would be essential to maintain an optimal balance between pulmonary multimeric and lower oligomeric form of SP-D in the pathogenesis of ALI. The underlying molecular mechanisms of aSP-D in attenuating ALI will be further investigated in the future.

To confirm the presence of de-oligomerized SP-D in the lungs of ALI mice, we analyzed the SP-D structure by native gel electrophoresis. As a result, we found that dodecameric/multimeric SP-D was at the top of the native gel, whereas de-oligomerized SP-D was resolved as smaller sizes of protein, predominantly 86 and 43 kDa. Both de-oligomerized SP-D and oligomerized SP-D were markedly increased in mice with ALI, with significantly more increases in de-oligomerized SP-D than oligomerized SP-D. A previous report by Yamazoe et al. (37) indicated that the correct oligomeric structure of SP-D is important in downregulating LPS-elicited inflammatory responses by suppressing LPS binding to its receptors on macrophages. We speculate that the lower oligomeric form of SP-D in ALI BAL did not effectively suppress LPS-induced activation of macrophages and the expression of pro-inflammatory cytokines due to its inefficient binding to LPS compared to multimeric SP-D in native BAL. In contrast, the de-oligomerized SP-D activated macrophages through binding to CALR on macrophages. Thus, endogenous SP-D in the ALI mouse model is predisposed to de-oligomerization by oxidative stress and is pathogenic.

Because it was previously assumed that SP-D can bind to both SIRP-alpha and CALR (4), we blocked SIRP-alpha and CALR activities on macrophages by pretreatment with antibodies against SIRP-alpha (aSIRP) or CALR (aCALR) to further determine whether ALI BAL-derived SP-D exerted pro-inflammatory function by binding to CALR or SIRP-alpha. The in vitro results revealed that pretreatment with aCALR, but not aSIRP, reduced ALI BAL-derived SP-D binding on macrophages, indicating the involvement of CALR in de-oligomerized SP-D-mediated pro-inflammatory function in ALI mice. In contrast, the binding activity of naive mouse-derived SP-D was reduced in the cells pretreated with aSIRP, but not aCALR. The results for the first time provided solid evidence that multimeric SP-D predominantly binds to SIRP-alpha and de- oligomerized SP-D including two homotrimer SP-D, dimeric SP-D and monomeric SP-D, that predominantly bind to CALR, supporting the previous assumption (4). Therefore, blocking CALR signaling would be a promising therapeutic strategy for ALI, as reported previously by our research group (32).

It is noted that blocking SIRP-alpha signaling by aSIRP pretreatment reduced the activation of macrophages to a certain degree, indicating a pro-inflammatory role of SIRP-alpha under a certain condition, though previous report showed the immune suppressive role of SIRP-alpha (4, 9). The pro-inflammatory effects of SIRP-alpha were further confirmed in an in vivo study, in which lack of SIRP-alpha in SIRP-alpha knockout mice significantly reduced the severity of ALI (unpublished data). Therefore, SIRP-alpha might have diverse functions in different animal models, as previously reported (34, 38, 39). SIRP-alpha signaling possibly participated in the pro-inflammatory function of endogenous SP-D in ALI mice.

To further define whether JAK/STAT6 signaling is involved in the SIRP-alpha or CALR-mediated downstream signaling pathway, we pretreated WT and STAT6-/- derived macrophages (BMDMs) with aSIRP and aCALR. The results showed that aCALR was more effective than aSIRP in suppressing the activation of WT BMDMs, but lack of STAT6 expression in STAT6-/- BMDMs resulted in resistance to the suppressive effects of aCALR, indicating the involvement of STAT6 signaling in aCALR-mediated suppression of macrophage activation. Our further study in the STAT6-/- mouse model revealed the immune regulatory function of STAT6 in mice with ALI because lack of STAT6 in STAT6-/- mice exacerbated ALI and induced more lung inflammation (unpublished data). Thus, de-oligomerized SP-D in ALI may activate STAT6 through CALR binding. The increased STAT6 activation suppressed macrophage activation and pro-inflammatory cytokine expression in feedback through suppressing p38 MAPK, NF-κB, and NLRP3 (Supplementary Figure S2).

Taken together, our study revealed that dodecameric SP-D was disassembled into de-oligomerized SP-D in ALI mice, subsequently inducing the polarization of CD45+Siglec-F(-) M1 subtype macrophages predominantly through CALR/p38 MAPK and downstream pro-inflammatory signaling. Targeting de-oligomerized SP-D and its downstream signaling pathways would be a promising approach in the treatment of ALI/ARDS.
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Supplementary Figure 1 | Inhibition of p38 MAPK, NLRP3, and NF-κB signaling attenuated macrophage activation by rSP-D. (A) RAW264.7 cells were pretreated with 20 µM glibenclamide (GLMD), 20 µM PDTC, and 20 µM SB203580 (SB) for 1 h, followed by stimulation with 2 µg/ml rSP-D for 24 h. The expression of CD80 was analyzed by flow cytometry. Representative histograms of the treated cells are shown. (B) Quantitative analysis of CD80 and CD86 in treated cells. (C, D) ELISA analysis for TNF-alpha and IL-6 expression in the supernatants of treated cells. *p < 0.05 vs. 0 group; #p < 0.05, ##p < 0.01 vs. rSP-D group.

Supplementary Figure 2 | Schematic diagram of SP-D signaling pathway in mice with ALI. SP-D is de-oligomerized in murine ALI or patients with ARDS due to oxidative stress. The de-oligomerized SP-D predominantly binds to Calreticulin (CALR), subsequently activating macrophages and expression of pro-inflammatory cytokines IL-6, TNF-alpha, IL-1beta and IL-18, through activation of p38 MAPK, NF-κB, NLRP3 and STAT6 signaling. STAT6 signaling suppresses activation of p38 MAPK, NF-κB and NLRP3 in feedback, prevents uncontrolled lung inflammation in mice with ALI.
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Macrophages are highly responsive to the environmental cues and are the primary responders to tissue stress and damage. While much is known about the role of macrophages during inflammatory disease progression; the initial series of events that set up the inflammation remains less understood. In this study, we use next generation sequencing (NGS) of embryonic skin macrophages and the niche cells - skin epithelia and stroma in the epidermis specific knockout of integrin beta 1 (Itgβ1) model to uncover specific roles of each cell type and identify how these cell types communicate to initiate the sterile inflammatory response. We demonstrate that while the embryonic skin fibroblasts in the Itgβ1 knockout skin are relatively inactive, the keratinocytes and macrophages are the critical responders to the sterile inflammatory cues. The epidermis expresses damage associated molecular patterns (DAMPs), stress response genes, pro-inflammatory cytokines, and chemokines that aid in eliciting the inflammatory response. The macrophages, in-turn, respond by acquiring enhanced M2-like characteristics expressing ECM remodeling and matrisome signatures that exacerbate the basement membrane disruption. Depletion of macrophages by blocking the CSF1 receptor (CSF1R) results in improved basement membrane integrity and reduced ECM remodeling activity in the KO skin. Further, blocking the skin inflammation with celecoxib reveals that the acquired fate of macrophages in the KO skin is dependent on its interaction with the epidermal compartment through COX2 dependent cytokine production. Taken together, our study highlights a critical crosstalk between the epithelia and the dermal macrophages that shapes macrophage fate and initiates sterile inflammation in the skin. The insights gained from our study can be extrapolated to other inflammatory disorders to understand the early events that set up the disease.
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Introduction

The skin, our largest organ, protects underlying tissues from physical, chemical and pathogenic stresses and comprises of the ectoderm-derived epidermis and mesoderm-derived dermis separated by a meshwork of extracellular matrix (ECM) proteins known as the basement membrane (BM). Under physiological conditions, the epidermis constantly self-renews through resident pools of stem and progenitor cells that support the skin barrier function (1). The skin also contains a wide repertoire of immune cells both from the innate and adaptive systems that are critical for the defense and maintenance of skin homeostasis (2). In inflammatory skin diseases, such as atopic dermatitis and psoriasis, keratinocytes exacerbate inflammation by synthesizing alarmins, such as cytokines, chemokines and DAMPs which results in chronic activation of these immune cells resulting in non-resolving inflammation (3, 4). The current treatment strategies primarily focus on modulating adaptive immune responses however, much less is known about the very earliest innate immune responses that potentially drive inflammatory skin disorders in response to epidermally derived DAMPs and cytokines.

Inflammation that occurs in absence of a barrier breach is termed as sterile inflammation. Several studies have suggested that sterile inflammation is initiated primarily by the innate immune cells such as macrophages (5–7). Macrophages are a group of heterogeneous cells which exhibit remarkable plasticity. In vitro analysis of macrophages have revealed that they can adopt an M1 (pro-inflammatory) or M2 (pro-remodeling) polarization/activation state when exposed to different milieus of cytokines (8). Transcriptomic studies on in vitro primed macrophages suggest that these subtypes can be identified by distinct markers. While M1 macrophages have been shown to express proinflammatory cytokines such as Il1b, Tnfa, Il12b and Ccl3 (9). M2 macrophages are identified by expression of Arg1 (Arginase 1), Fizz1 (resistin-like-α), Mrc1 (CD206), Chil3 (chitinase 3-like 3, Ym1), and MerTK (10). In vivo studies, however, suggest that the macrophages acquire a mixed signature which is, in part, a result of a large repertoire of cues received from multiple cell types in the tissue (11). These studies highlight a major gap in the understanding of how tissue macrophages integrate signals from their niches to acquire distinct functional states and how that may, in turn, influence tissue homeostasis. Since murine embryonic skin lacks a mature adaptive immune system, monocytes and macrophages make up a large part of the immune repertoire of the skin. Macrophages are recruited to the skin from the yolk sac during primitive hematopoiesis (E7.5) and from the fetal liver during definitive hematopoiesis (E13.5). Embryonic macrophages migrate and maturate into functional tissue resident cells in a CSF1R (colony stimulating factor 1 receptor) dependent manner (12, 13). Studies from our lab, and others, have shown that embryonic macrophages hold potential to actively participate in inflammatory conditions (14, 15).

Conditional knockout of Itgβ1 in the epidermis results in dermal-epidermal separation which is perceived as a wound by the embryonic skin. This results in increased macrophage recruitment into the skin that causes enhanced ECM disruption suggesting that resident embryonic skin macrophages respond actively to perceived wounds under sterile conditions (14). One of the intriguing aspects of our previous work was that while we generated an epidermal specific KO of Itgβ1, the enhanced dermal immune response elicited, suggesting a crosstalk between these two compartments. Notably, DAMPs are shown to affect macrophage fate acquisition, suggesting a plausible mechanism for the crosstalk between the epidermis and macrophages during inflammation (16–18).

In this paper we have explored the crosstalk between skin epithelia and macrophage compartment in our epidermal Itgβ1 KO model of sterile inflammation. We first establish that the resident and recruited macrophages are the most dynamic responders to the epidermal inflammatory cues in the Itgβ1 KO embryonic skin. Inflammation is an orchestrated phenomenon that involves integration of several environmental factors that impinge on macrophage effector cell functions. Therefore, to identify the relative contributions of each cell type to the inflammatory response and understand how the crosstalk between these cell types drive macrophage fates, we performed NGS analysis of the key skin components – the epidermis, fibroblasts and macrophages isolated from Itgβ1 KO skin. The NGS analysis suggests that in Itgβ1 epidermal KO embryos, the sterile inflammation is primarily driven by the epidermal and macrophage compartment while the fibroblasts are relatively inactive. The epidermis responds to the loss of Itgβ1 by acquiring a stress associated proinflammatory state resulting in the synthesis of cytokines, chemokines and DAMPs. These cytokines and chemokines further recruit and activate monocytes and macrophages. On the other hand, macrophages acquire enhanced M2-like characteristics with exaggerated ECM remodeling properties (leading to basement membrane disruption) and act as a source of an ensemble of ECM transcripts. Intriguingly, depletion of macrophages using CSF1R blocking antibodies leads to a decrease in ECM production and disruption. Likewise, blocking epidermal inflammation and cytokine release using cyclooxygenase 2 (COX2) inhibitor celecoxib leads to inhibition of enhanced M2-like fate acquisition and increased organization of the basement membrane. Taken together, our study provides evidence to suggest that sterile inflammation in skin is driven by the crosstalk between the epidermal and macrophage compartment which, in turn, dictate their cellular fates.



Materials and Methods


Animals

The conditional knockout of integrin beta 1 in the epidermis was generated as described by Raghavan et al. (19). Briefly, ITGB1fl/fl females were crossed with ITGB1fl/+|K14-Cre males to obtain the epidermal knockouts of integrin beta 1. Mice were housed in NCBS/inStem Animal Care Resource Centre. Animals were handled, bred and euthanized in compliance with the guidelines and procedures approved by the inStem IACUC (Institutional Animal Care and Use Committee). Animals were regularly monitored for any health concerns. All animals for experiments were housed in a specific pathogen free (SPF2) facility in ventilated cages kept under a 12-hour light and dark cycle and were given unlimited food and water. The temperature in the facility was maintained at 21°C.



Drug Treatments

The pregnant females were intraperitoneally injected with either monoclonal CSF1R blocking antibody (AFS98) which was resuspended in 1X PBS or 1X PBS (control) on the 6th or the 7th day of the gestation and the embryos were retrieved at E17.5 and E18.5. Celecoxib (25 mg/kg resuspended in 5% DMSO) or 5% DMSO (Sigma) (control) was administered to pregnant females on the 15th, 16th, and 17th day of gestation by oral gavage as described by (14). The embryos were retrieved at E18.5.



Immunostaining

10-micron frozen cryosections were thawed for 5 minutes at RT and fixed. Fixation was done with 4% PFA (sigma) for 10 minutes at room temperature or 100% chilled acetone (Merck) at -20C for 10-15 minutes. Slides were washed 3 times with 1X PBS for 5 minutes. This was followed by a permeabilization step with PBST (PBS with 0.2% Triton X-100 (Sigma) for membrane and cytoplasmic proteins or 0.5% Triton X-100 for nuclear proteins). Blocking was done for 40-60 minutes at room temperature, with 3% BSA (bovine serum albumin) (Himedia) or NDS (normal donkey serum) (Abcam) in PBST or PBS based on the information provided in the antibody datasheet. Tissues are outlined with a hydrophobic pen (Merck) to avoid the draining of antibodies in the following steps. Sections were incubated with one or more primary antibodies (for co-staining purposes) overnight at 4C or 1 hour at room temperature. Unbound primary antibodies were washed 3 times with 1X PBS for 5 minutes at room temperature and incubated with alexa fluor secondary antibodies (Invitrogen) in blocking buffer at a dilution of 1 in 300 for 40 min at room temperature. Unbound secondary antibodies were washed 3 times with 1X PBS for 5 minutes at room temperature. The nucleus was stained with 1X DAPI (Sigma) followed by washing with 1X PBS and mounted with mowiol. Slides were left in the open for the Mowiol® 4-88 (Sigma) to dry and were then sealed with nail polish (Lakme) followed by storage at 4C. Imaging was done on the Olympus FV3000 5 LASER confocal microscope. The antibodies used were: Integrin beta 1, Fibronectin, Tenascin-C (Millipore); Laminin-332 (gifted by Bob Burgeson); Keratin-6 (gifted by Satrajit Sinha); Ki67, CD206 (Abcam); F4/80, CD3, MERTK, (Invitrogen); MMP-9 (R & D); Integrin beta 6 (gifted by Shelia Violette, Biogen Idec, Boston); Integrin beta 4 (Biolegend), Cyclooxygenase 2 (Abcam), and Arginase 1(Cell Signaling Technology).



Hematoxylin and Eosin Staining

10 micron frozen sections were thawed for 5 min and then fixed with 4% paraformaldehyde for 10 minutes at room temperature. Slides were washed 3 times with 1X PBS for 5 minutes and stained with hematoxylin (Sigma) for 30-45 seconds. Excess hematoxylin was washed under running tap water till water becomes clear. Eosin (Sigma) (1 in 10 diluted with 70% ethanol) staining was done for 10-15 seconds. Excess eosin was removed by dipping in water. Slides were air dried and mounted with 80% glycerol (Emparta ACS) and stored at room temperature. Imaging was done on the IX 73 widefield microscope.



Sample Preparation for FACS, RNA, and Protein Isolation

The whole skin was treated with 2mg/ml dispase (Gibco) (in 1X PBS) for 45 minutes at 37C to separate the epidermis from the dermis. The epidermis was divided into two parts: one half was stored in an RNA stabilization buffer at 4C overnight and then transferred to -80C for RNA isolation. The other half was snap-frozen in liquid nitrogen (-196C) and stored at -80C for protein extraction. The dermis was divided into three parts: One part was snap-frozen, the second part was stored in the RNA stabilization buffer (similar to the epidermis); the third part was subjected to collagenase (Sigma) (0.25mg/ml in 1X PBS) treatment for 1hr at 37C to make a single cell suspension for cell sorting experiments.



Flow Cytometry, Sorting, and Cell Cycle Analysis

The dermal cells were strained through the 40-micron filter and washed with FACS buffer (1X PBS with 2% FBS (Gibco)) and were centrifuged at 1000 rpm for 10 minutes at 4C. All the centrifugation steps were done at 1000 rpm at 4C. The supernatant was discarded and a fresh FACS buffer was added. Cells were counted using a cell counter and equally distributed to staining tubes. Conjugated primary antibodies were added to 100ul of cell suspension and incubated for 30 minutes on ice with intermittent tapping to avoid sedimentation. The unbound antibody was washed with the FACS buffer, and the supernatant was discarded. Fresh FACS buffer was added to the tubes and the samples were taken on ice for flow cytometric analysis and sorting on the BD FACSAria fusion cell sorter. The antibodies used were: CD206(clone- C068C2; APC conjugated; Bioelgend), MERTK (clone-DS5MMER; PECY7 conjugated; Thermo Fisher) LY6C (clone-HK1.4; APC conjugated; Thermo Fisher), CD11B (clone-M1/70; APC conjugated; ebioscience) CD45 (clone-30-F11; PE conjugated; Thermo Fisher) F4/80 (clone-BM8; FITC or APC conjugated; Thermo Fisher), CD38 (clone-90; unconjugated; Abcam).

For flow analysis, the cells were gated for the live and dead using DAPI and then gated for the immune cell population using CD45, the pan immune cell marker. Either the CD45 population was further drilled down to gate for the different immune cell markers (F4/80, CD11B, and LY6C); or the live population was directly gated for immune cell markers (F4/80, CD206, CD38, and MERTK).

For cell cycle analysis, single-cell suspensions of macrophages were fixed with 4% PFA at 4C for 30 minutes that was followed by two washes with 1xPBS and centrifugation (1000 rpm, 5 minutes each). The cell pellet was resuspended in FACS buffer and stained with CD45 and F4/80 antibody as mentioned above. Next, the cells were incubated with DAPI (1mg/ml) for 30 minutes and analyzed using a BD FACSAria Fusion cell sorter. The data were analyzed using the Watson Pragmatic model on the FlowJo software.



Real-Time PCR

Total RNA from the epidermis, fibroblasts, and the sorted F4/80 macrophages was extracted using the protocol provided with TRIzol and TRizol LS (Thermoscientific) respectively. For the RNA isolation from macrophages, 1ul of glycoblue (Ambion) was added before the precipitation of RNA using isopropanol (Merck) step, to allow visualization of the RNA pellet. RNA concentrations were measured on a nanodrop. 1g of epidermal RNA and 50ng of macrophage RNA were used to prepare cDNA first strand using the SSIII RT cDNA synthesis kit (Invitrogen). Real-time PCR was done using the SYBR green (2X) master mix (Invitrogen). The expression of mRNA was quantified by the delta CT method using 18S RNA as an endogenous control.



Toluidine Blue Staining for Mast Cells

The protocol was adapted from (14). Briefly, the frozen sections were thawed for 5 minutes at room temperature and then fixed with 4% paraformaldehyde. The slides were then incubated with toluidine blue (Sigma) working solution for 30 seconds at room temperature. Excess dye was drained by quick washes with distilled water. Slides were mounted with DPX (Himedia).

Toluidine blue stock= 1g toluidine blue powder dissolved in 100ml of 70% of ethanol (pH 2.3).



RNA Sequencing Analysis

Single-end RNA sequencing (1x100bp) format was performed with biological duplicates of E17.5, E18.5 (epidermis, sorted fibroblasts and macrophages) WT and KO and E17.5 CSF1R blocked (epidermis and sorted fibroblast) samples on the Hiseq 2500 using cDNA libraries. ~31 to 40 million reads were obtained for each sample. Trimmomatic adapters were used for mapping to rRNA (20). Further analyses were done with the reads that do not map to rRNA. Reference based transcriptome assembly algorithms Hisat2 v2.1.0 (21); Cufflinks v2.2.1 (22) and Cuffdiff v1.3.0 (23) were used to identify differentially expressed transcripts. The reads were aligned to mouse (mm10) genome-using Hisat2 (-q -p 8 –min-intronlen 50 – max-intronlen 250000 –dta-cufflinks –new-summary –summary-file). Cufflinks with mm10 Refseq gtf file were used to assemble the mapped reads. 4-way comparisons were done, and differential expression was calculated with Cuffdiff v1.3.0. Differentially expressed genes with adjusted p-value lesser than 0.05 and upregulated by 1.5 fold or downregulated by 0.5 were used for pathway analyses. To account for the variations between the individual replicate genes that are significantly expressed in at least two comparisons were considered. Pathway and gene-ontology analyses are performed using g-profiler (24).



Western Blotting

Snap-frozen tissues were homogenized in liquid nitrogen with pestles and resuspended in RIPA lysis buffer with the 1X protease inhibitor cocktail added. The suspension was kept on ice and vortexed intermittently for at least 30 minutes and then centrifuged at maximum speed for 20 minutes at 4C. The supernatant containing the protein was collected and quantified by the BCA assay. 30μg of protein was loaded onto an 8% PAGE and transferred onto a PVDF membrane. Blocking was done with 5% blotto followed by overnight incubation with the primary antibodies. The next day, blots were washed with 0.1% TBST thrice and incubated with secondary antibodies for an hour at room temperature. The unbound secondary antibody was removed by washing with 0.1% TBST thrice and developed with ECL substrate. Antibodies used were: alpha-tubulin (Thermo Scientific), Cox-2(Abcam). The density of the protein bands was quantified using the Fiji software.



Image Analysis

All image analyses were done using the Fiji software and quantified using Graphpad software.



Statistical Analysis

All the calculations for statistical significance were performed using Graphpad software based on the data obtained from two or more biological replicates. Statistical significance was ascertained using Student’s t-test and error bars were calculated using mean with SEM.




Results


Myeloid Cells Form the Major Population of Immune Cells in the Integrin β1 KO Skin and Are Recruited via Circulation

To build a temporal understanding of the progression of sterile inflammation, we focused on embryonic stages E17.5 and E18.5. We observed disorganization of laminin 332 (a major component of the epithelial basement membrane) at the dermal-epidermal junction in the Itgβ1 epidermal KO skin which was further exacerbated by E18.5 (Figures 1A–D). Immunostaining and flow analysis of isolated cells from the Itgβ1 epidermal KO skin, using pan macrophage marker F4/80, suggested an enhanced macrophage burden in the KO skin compared to the littermate control (Figures 1A–D, M). This suggested that the progressive loss of ECM organization correlated with the enhanced macrophage numbers in the skin.




Figure 1 | Macrophages are the major immune cells in the E18.5 skin and are derived from the circulatory monocytes. Increase in the macrophage population and BM disruption in the Itgβ1 epidermal KO skin compared to the control skin depicted by the immunostaining for F4/80, Laminin 332 (Lam-332), and Keratin 5 (K5) at E17.5 (A, B) and E18.5 (C, D). Immunostaining of F4/80 cells with Ki67 in the control and the Itgβ1 KO skin at E17.5 (E, F) and E18.5 (G, H). White dashed lines mark the dermal (Der)-epidermal (Epi) separation. Cell cycle analysis at E17.5 and E18.5 in the control and the KO embryonic skin (I–L). Bar graphs representing percentage of F4/80 cells in the E17.5 and E18.5 control and the KO skin (M) (N=2). Quantification of the flow cytometry data in the E17.5 and E18.5 control and tgβ1 epidermal KO skin for the expression of F4/80+CD11B+(N) and F4/80+LY6C+ (O) in sorted CD45+ cells (N=3). Quantification of the normalized geometric mean fluorescence intensity (GMFI) expression of F4/80, CD11B, and LY6C on the macrophages in the E18.5 compared to the E17.5 KOs (P) (N=3). Scale bars: 20 µm. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ns=not significant.



We next investigated the source of increased macrophages in the Itgβ1 epidermal KO skin. Macrophage pools in tissues can be maintained by proliferation of the existing resident macrophages or recruitment and maturation of the monocytes from circulation (25, 26). To understand if the increase in macrophage numbers was due to proliferation, we co-stained F4/80+ macrophages with the proliferation marker Ki67. The immunostaining data suggested that macrophages in the Itgβ1 epidermal KO skin do not proliferate as seen by the negligent nuclear Ki67 expression in F4/80+ macrophages (Figures 1E–H). This was further confirmed by the cell cycle analysis of the F4/80 macrophages (using flow cytometry) which suggested a complete absence of the G2 phase of cell proliferation in the macrophages from both control and Itgβ1 epidermal KO skin (Figures 1I–L). To ascertain if the increase in the macrophage number was due to the recruitment of monocytes into the Itgβ1 epidermal KO skin, we performed flow cytometry analysis for monocyte markers LY6C and CD11B. Circulating monocytes are CD11B+ and LY6C+ and acquire F4/80 expression (a macrophage marker) in the tissues (27). Flow cytometry analysis of pan CD45+ immune population in skin suggested a decrease in the population of CD11B+ and CD11B+F480+ monocytes from ~43% at E17.5 stage to ~39% at E18.5 stage in the control skin but the KO skin monocyte population increased from ~48% to ~53% (Figure 1N and Supplementary Figures 1A, B, E, F). Similar analyses for the LY6C pool suggested a slight increase in the population of LY6C+ and LY6C+F480+ monocytes from ~14.5% at E17.5 to ~16% at E18.5 in the control, but a significant increase in the KO skin from ~15% to ~29% (Figure 1O and Supplementary Figures 1C, D, G, H). This suggests that the increase in macrophage population in Itgβ1 epidermal KO skin was primarily due to the recruitment of circulating monocytes into the skin. Overall, the flow cytometry analysis suggested that of the total CD45+ population, monocytes and macrophages were the major immune cell responders in the embryonic skin at E18.5 comprising ~65% in the WT skin and ~70% in the KO skin, respectively (Supplementary Figures 1I, J).

Increased surface expression of CD11B, LY6C and F4/80 is associated with monocyte and macrophage activation (28–30). Consistent with this, we observed an increase in the geometric mean fluorescence intensity of F4/80, LY6C and CD11B expression in the monocytes and macrophages of E18.5 KO skin compared with E17.5 KO skin suggesting a progressive enhancement in macrophage activity (Figure 1P). Taken together these data suggest that the increase in macrophage pool in the Itgβ1 epidermal KO skin is driven by the recruitment of monocyte derived macrophages to the skin.



Epidermis and Macrophages Are Key Drivers of the Sterile Inflammatory Response in Integrin β1 Epidermal KO Skin

Inflammation is an orchestrated phenomenon consisting of several different cell types which acquire alternate functional states that, in turn, contribute towards the enhancement or suppression of inflammation. To elucidate the functional states of key cell types in the KO embryonic skin, we performed transcriptomic analysis of epidermis, dermal fibroblasts and macrophages isolated from E18.5 control and Itgβ1 epidermal KO skin using Next Generation Sequencing (NGS). To perform the NGS we isolated epidermis and dermis following dispase treatment and sorted the macrophages based on the F4/80 marker expression and isolated CD45-negative fibroblasts from the dermis as illustrated in Figure 2A. A comparison of cytokines, chemokines and matrisome profiles among the epidermis, fibroblasts and macrophages suggested that the epidermis and macrophages were the primary responders in the Itgβ1 epidermal KO skin (Supplementary Table 1). On the other hand, only minor changes in the transcriptomic profile were observed in fibroblasts derived from the Itgβ1 epidermal KO skin compared to the control skin fibroblasts suggesting that the embryonic skin fibroblasts were relatively non-responsive to the local inflammatory cues (Figure 2I, and Supplementary Table 1). We therefore omitted the analysis of fibroblasts in our experiments. The complete set of differentially expressed genes in the epidermis, macrophages, and fibroblasts is provided in the Supplementary Table 2.




Figure 2 | Increased expression of the proinflammatory cytokines in the epidermis and increased expression of ECM transcripts in macrophages in the KO skin. Graphical illustration of the steps involved in the isolation of epidermis, fibroblasts and macrophages to perform RNA sequencing analysis at E18.5 (A). Gene Ontology analyses of pathways upregulated in the epidermis E18.5 tgβ1 epidermal KO skin (B) (N=2). Real-time qPCR for the cytokines, chemokines and the keratinization genes expressed in the KO epidermis at E18.5 compared to the control (C–E) (N=2). Fold changes in the control are normalized to 1. Real-time qPCR for the cytokines and chemokines upregulated in the β1 KO keratinocytes (F) (N=2). Gene Ontology analyses of pathways upregulated in the macrophages in the E18.5 KO skin (G). Real-time qPCR for the ECM transcripts expressed in the macrophages in the tgβ1 epidermal KO skin compared to the control (H) (N=2). Fold changes in the control are normalized to 1. Bar graphs representing ECM transcripts expressed in the fibroblasts in the E18.5 KO skin (I) (N=2).



Gene Ontology (GO) analysis of the upregulated genes in the Itgβ1 KO epidermis showed an upregulation in the pathways such as; response to stress, defense response, wound healing, and inflammatory response suggesting a role for the epidermis in orchestrating the sterile inflammation (Figure 2B). Detailed list of the genes belonging to these pathways are listed in the Supplementary Figures 2A, A'. Next, we performed real-time PCR analysis to validate some of the upregulated pathways in the NGS data. We observed an increase in the expression of keratinization associated genes (Krt16, S100a8, Sprr1a, Sprr2d, Sprr2f, and Sprr 2g) pro-inflammatory cytokines (Il1b, Il23a, Il33, Il6, and Tslp), and chemokines (Cxcl16,Ccl27, Ccl3 and, Ccl9) in the KO epidermis compared to the control (Figures 2C‒E). To investigate if the loss of Itgβ1 is sufficient for augmenting an inflammatory response in the epidermal keratinocytes, we performed real time - PCR analysis of cytokines and chemokines in the in-vitro cultures of Itgβ1 KO and control keratinocytes. Similar to the Itgβ1 KO epidermis, we observed an increase in the expression of cytokines and chemokines (Tslp, Il6, Ccl2 Ccl3, and Ccl9) in the KO keratinocytes compared to the control (Figure 2F) further highlighting the importance of Itgβ1 mediated ECM attachment in regulating epidermal homeostasis. NGS analysis of the macrophages isolated from E18.5 Itgβ1 epidermal KO skin revealed an upregulation of genes associated with GO terms that include extracellular matrix organization, collagen biosynthetic process, wound healing, and the inflammatory response (Figure 2G). Comparing the set of upregulated genes with the matrisome project database (31) we observed that the macrophages from Itgβ1 epidermal KO skin expressed a large repertoire of ECM transcripts that include collagens, fibronectin, and matrix remodeling enzymes with varied substrate specificities (Supplementary Figure 2B). We validated the expression of ECM remodeling enzymes and matrisome genes such as Col6a1, Col6a2, Dcn, Fn1, Mmp9, and Tnc in the macrophages from Itgβ1 epidermal KO skin (Figure 2H). Additionally, we observed an increase in the expression of CCL and CXCL family of chemokines in the NGS data obtained from the macrophages which are known to recruit immune cells from circulation (Supplementary Table 1).

Taken together, the NGS data revealed that in the epidermal Itgβ1 KO skin, the epidermis and macrophages are the primary responders. The epidermis acquires a pro-inflammatory state which is characterized by an enhanced expression of inflammatory cytokines, chemokines and DAMPs. These signatures are likely associated with increased recruitment and activation of monocytes and macrophages to the skin. The macrophages on the other hand acquire an exaggerated pro-remodeling state which is primarily associated with ECM synthesis and remodeling.



Macrophages in the Itgβ1 Epidermal KO Skin Acquire M2-Like Characteristics and Are More Pro-Remodelling Compared to Their Control Littermates

NGS data from the Itgβ1 epidermal KO skin suggested that the dermal macrophages respond to the skin inflammation by acquiring an enhanced ECM pro-remodeling state. While macrophage activation states in in-vivo settings have not been well characterized, in-vitro studies have suggested that macrophages can be broadly categorized into pro-inflammatory M1 and pro-remodelling M2 types. To understand the polarization state of macrophages from the Itgβ1 epidermal KO skin we looked at expression of distinct markers which are associated with M1 and M2 macrophage states as previously defined by Jablonski et al., 2015 (32). Our NGS analysis suggests that macrophages in the Itgβ1 epidermal KO skin express more transcripts associated with the pro-remodelling M2-like activation state compared to the pro-inflammatory M1-like signatures (Supplementary Figure 2B’). This includes increased expression of canonical M2-like markers such as Arginase 1 (Arg1), Resistin-like molecule alpha (Retnla), and Fibronectin (Fn1) (Supplementary Figure 2B, B'). To further confirm the polarization state of the macrophages we performed flow cytometry and immunostaining analysis of F4/80 macrophages with both M1 and M2 markers. Macrophages in the embryos are not yet clearly defined as M1/M2 so we wanted to understand if the macrophages in the embryonic skin express the canonical M1 (CD38) and M2 (CD206, ARG1, MERTK) markers as reported in the studies from the adults. CD38 is an ectoenzyme expressed on the surface of many cells including immune cells and is currently considered as the only well characterized marker for M1 macrophages. On the other hand, CD206, ARG1, and MERTK have been shown to be associated with ECM uptake, ECM synthesis and macrophage phagocytic activity, respectively (33–36). Immunostaining and flow cytometry analyses of macrophages from Itgβ1 epidermal KO skin revealed an increase in the population of F4/80+MERTK+ double positive macrophages and increased level of MERTK expression compared to the macrophages from control skin. (Figures 3A–F and Supplementary Figures 3A–D). Additionally, macrophages in the Itgβ1 epidermal KO skin showed an increased expression of the enzyme ARG-1 (Figures 3G–K). This was further associated with an increased expression of fibronectin and the matrix remodeling enzyme MMP-9 in the Itgβ1 epidermal KO skin at E17.5 and E18.5 (Figures 3L–U). We did not however observe significant differences in the populations of F4/80+CD206+ and F4/80+CD38+ between the control and the Itgβ1 epidermal KO skin (Supplementary Figures 3E–R). While we did not observe any appreciable differences in the level of MMP9 transcripts, immuno-staining data suggested an increase in MMP protein expression in the dermal compartment (Figures 3S, T)




Figure 3 | Macrophages in the KO skin acquire exaggerated M2-like pro-remodelling properties at E18.5. Immunostaining in the control and Itgβ1 epidermal KO skin at E17.5 and E18.5 for F4/80 and MERTK (A–D) quantified in (E) (N=3). Surface level expression of MERTK is quantified (F) (N=3). Immunostaining in the control and Itgβ1 epidermal KO skin at E17.5 and E18.5 for F4/80 and Arg1 (G–J) quantified in (K) (N=2). Immunostaining in the control and Itgβ1 epidermal KO skin at E17.5 and E18.5 for F4/80 and FN1 (L–O) quantified in (P) (N=2). Immunostaining in the control and Itgβ1 epidermal KO skin at E17.5 and E18.5 for F4/80 and MMP9 (Q–T) quantified in (U) (N=2). The white dashed line separates the epidermis (Epi) and the dermis (Der). Scale bars: 20 um. (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, ns=not significant).



Taken together, our data suggests that macrophages in the Itgβ1 epidermal KO embryonic skin are activated and acquire an enhanced M2-like pro-remodelling state.



Macrophage Depletion Reduces BM Disruption and Epidermal Inflammation Despite Persistent Epidermal Stress

To further elucidate the pro-remodelling role of macrophages in the Itgβ1 epidermal KO skin, we depleted macrophages using a blocking antibody against the colony stimulating factor 1 receptor (CSF1R). In embryogenesis, The yolk sac and the fetal liver macrophages migrate to the developing skin starting from the embryonic day E7.5 and this migration is dependent on the CSF1R signaling (37). We, therefore, administered the CSF1R blocking antibody intraperitoneally to pregnant mice at E7.5 and analyzed the Itgβ1 epidermal KO skin from the embryos recovered at embryonic stages E17.5 and E18.5 (Figure 4A). In the control experiments, pregnant females were treated with PBS. Flow cytometry and immunostaining analysis of the macrophage population in the E17.5 CSF1R Ab treated KO skin suggested a remarkable decrease in the F4/80 macrophage population suggesting an effective depletion upon antibody administration (Figures 4B, C, I, J). However, immunostaining for F4/80 at E18.5 suggested that although CSF1R blocking persisted in the control, the effects faded in the KO (Figures 4E–H). Hence, to avoid ambiguity due to the waning off of antibody-mediated macrophage depletion effects by the E18.5, we focused our analysis on the E17.5 embryos. To assess the specificity of CSF1R antibody in macrophage depletion, we performed immunostaining for T cells using CD3, a pan T cell marker, and toluidine blue staining for mast cells. As expected, we did not observe differences in the T cell (data not shown) and mast cell pool between the CSF1R Ab treated and PBS treated epidermal Itgβ1 KO skin (Supplementary Figures 4A, B, I).




Figure 4 | Reduced BM disruption and ECM abundance in the macrophage depleted CSF1R blocked skin. Graphical illustration of the dosing strategy of CSF1R blocking antibodies to pregnant dams (A). Flow cytometry analysis for F4/80 expression in the E17.5 Epidermal Itgβ1 KO PBS and CSF1R blocked skin, respectively (B, C). Gene Ontology pathway analysis for the upregulated (blue) and downregulated (red) genes in the epidermis of the CSF1R blocked KO skin (D). Immunostaining for F4/80 and Itgβ4 in the control, CSF1R antibody treated, untreated Itgβ1 KO, and CSF1R antibody treated epidermis Itgβ1 KO skin at E18.5 (E–H). Immunostaining in the E17.5 PBS treated and CSF1R antibody treated KO skin for F4/80 and TNC (I, J); F4/80 and LAM332 (K, L); MMP 9 and TNC (M, N) and Fibronectin (O, P) (N=2). The white dashed line separates the epidermis (Epi) and dermis (Der). Scale bars: 20 µm. Quantification of the area of spread of the Lam332 staining in the E17.5 epidermal Itgβ1 KO PBS and CSF1R blocked skin (Q) (Control N=3, CSF1R blocked N=4;  ****p ≤ 0.0001). Quantification of the staining intensity of MMP9 expression in the epidermis and the dermis of the PBS and the CSF1R antibody treated KO samples (R) (N=2; *p ≤ 0.05, **p ≤ 0.01, ns=not significant. Quantification of the staining intensity for MMP9 and fibronectin (FN1) in the E17.5 epidermal Itgβ1 KO PBS and CSF1R blocked skin (S, T) (N=2; *p ≤ 0.05).



NGS data from epidermal Itgβ1 KO skin macrophages highlighted ECM synthesis and matrix remodeling roles for macrophages in the KO skin. We, therefore, investigated the impact of macrophage depletion on the status of the skin matrisome profile and the basement membrane organization. We observed a marked reduction in the disorganization of Tenascin-C (an ECM protein highly expressed during embryonic development) and Laminin-332 at the dermal epidermal junction (Figures 4I–L, Q). We previously reported that the loss of basement membrane organization in the epidermal Itgβ1 KO skin correlated with the enhanced activity of matrix remodeling enzymes. We therefore asked if the reduced ECM disorganization in the CSF1R blocked KO was associated with an overall reduction in matrix remodeling enzyme expression. Immunostaining based analysis of MMP9 expression suggested a marked reduction in the MMP-9 protein expression in CSF1R Ab treated KO skin compared to the control PBS treated KO skin (Figures 4M, N, S).

Since MMP9 is a secreted protein, we next attempted to understand which compartment in the Itgβ1 epidermal KO skin was the major contributor of this matrix remodeling enzyme. qPCR analysis on RNA isolated from the epidermis, fibroblast and macrophages from KO skin indicated that there weren’t any significant differences in the transcript levels of MMP9 in these compartments (Supplementary Figure 3S). We performed MMP9 immunostaining in the E17.5 and E18.5 control and Itgβ1 epidermal KO skin to quantify the expression of MMP9 protein in the epidermal and dermal compartments (Figures 3Q–T, 4R and Supplementary Figure 3T). Our data suggested that, while MMP9 was expressed both in epidermal and dermal compartments in control skin, there was a significant increase in its expression in the E17.5 dermal compartment of the Itgβ1 epidermal KO skin (Figure 4R), which we also observed at E18.5; (Supplementary Figure 3T). These data coupled with the observation that there was a significant decrease in dermal MMP expression in KO animals treated with the CSF1R blocking Ab (Figures 4M, N, S) led us to conclude that dermal macrophages were the primary source of MMP9 which is associated with ECM remodeling.

Additionally, we also observed a marked reduction in the expression of the Fibronectin protein in the CSF1R Ab treated KO skin compared to the PBS KO skin (Figures 4O, P, T). Taken together, these observations establish macrophages as the primary source of the ECM ensemble and matrix remodeling enzymes in the Itgβ1 epidermal KO skin.

Interestingly, histological analysis of the CSF1R Ab treated KO skin suggested reappearance of the hair follicles and increase in epidermal thickness (Supplementary Figures 4G, H, L). This observation suggested an active response of the epidermal compartment to macrophage depletion in the dermis. To build an understanding of the epidermal response, we performed NGS analysis of the epidermis isolated from CSF1R Ab treated and the Untreated epidermis Itgβ1 KO skin at E17.5. NGS analysis from the CSF1R Ab treated KO epidermis showed an upregulation of transcripts belonging to biological processes such as; the development of the skin, epithelia, and epidermis (Figure 4D). Consistent with this, we observed and validated the transcriptional upregulation of epidermal differentiation complex (EDC) in the CSF1R Ab treated KO skin (Supplementary Figure 4K). The list of differentially expressed genes in CSF1R antibody treated KO vs untreated KO epidermis is given in Supplementary Table 3. As established previously, epidermis responds to the loss of Itgβ1 by upregulating the expression of proinflammatory cytokines, chemokines and stress response genes. We asked if depletion of dermal macrophages affected epidermal response to loss of Itgβ1. qPCR analysis of the CSF1R Ab treated showed a significant reduction in the expression of pro-inflammatory cytokines, such as Il1b, Il6, Il12b, and Il23a and chemokines involved in T cell recruitment such as Cxcl10 and Cxcl16 compared to PBS treated KO skin(Supplementary Figures 4M, N). Interestingly, we observed a significant increase in the macrophage recruiting chemokine Ccl2 (Supplementary Figure 4N). This suggests that the system responds to the absence of macrophages in the dermis by upregulating macrophage recruiting signals. On the other hand, we observed no change in the expression of epidermal stress response genes and DAMPs as seen by qPCR analysis (Supplementary Figure 4J). To further assess the status of epidermal stress we analyzed the expression of Itgβ6 and KRT-6. We previously reported that the loss of Itgβ1 from the epidermis led to increased expression of KRT-6 (a stress associated keratin protein), and de novo expression of integrin beta 6 (Itgβ6), a wound response integrin (14). The expression of KRT-6 and Itgβ6 persisted in the CSF1R Ab treated KO skin (Supplementary Figures 4C–F) suggesting that while the epidermal stress response was primarily due to the loss of Itgβ1; the cytokine and chemokine profile was modulated by the dermal macrophages in the KO skin.

Taken together, the macrophage depletion experiments provide proof of the concept that macrophages in the KO skin regulate ECM organization by directly acting as a source of ECM ensemble and matrix remodeling enzymes. Several studies have established the role of cytokines in polarizing macrophages to a pro-remodelling M2 fate (9, 38).



Epidermal Inflammation Prime Pro-Remodeling Fate Acquisition in the KO Macrophages

Next, we wanted to gain insights about the underlying mechanisms that primes the macrophages to acquire the pro-remodelling fate. As previously established in this study, the Itgβ1 epidermal KO epidermis expressed increased levels of cytokines and chemokines. The production of the inflammatory cytokines is mediated by Cyclooxygenase-2 (COX2) (ptgs2) which belongs to the family of prostaglandin endoperoxide synthases and is involved in the production of prostaglandins from arachidonic acid. We next aimed to understand if increased expression of the cytokines in the Itgβ1 KO epidermis was associated with an increased Ptgs2 expression. NGS, immunostaining, and the western blotting analysis suggested a significant increase in the Cox-2 expression primarily in the KO epidermis (Figures 5A–D’). To establish if the loss of Itgβ1 was sufficient to upregulate the expression Ptgs2, we performed qPCRs on RNA isolated from cultured control and KO keratinocytes and observed an increase in the Ptgs2 transcript levels in the KO (Figure 2F).




Figure 5 | Reduced BM remodeling and ECM abundance in the celecoxib treated E18.5 KO skin. Quantification of Ptgs2 transcript expression in the epidermis, fibroblasts and macrophages in the E18.5 Itgβ1 epidermal KO skin compared to the control (A). Fold changes in the control are normalized to 1 (N=2). Immunostaining for COX2 and E-cadherin (Ecad) expression in the E18.5 control and the Itgβ1 epidermal KO skin (B, C) (N=2). Western blot of COX-2 in epidermis and dermis from Control and KO skin at E18.5 (D) which is quantified (D'). α-tubulin is used as endogenous control. 70 and 50 represent molecular weight of proteins in KDa. Graphical representation of COX-2 driven epithelial-macrophage crosstalk in the epidermal Itgβ1 KO skin (E). Immunostaining in the E18.5 KO epidermis treated with DMSO and celecoxib for LAM332, Itgβ1, and Keratin 5 (K5) (F, G); COX2 and Ecad (H, I) (N=2). Immunostaining for F4/80 and MERTK (J, K) quantified by flow cytometry in (L) (N=3). Immunostaining for F4/80 and Arginase 1 (Arg1), (M, N) quantified in (O). Immunostaining for F4/80 and Fn1 (P, Q) quantified in (R). Immunostaining for F4/80 and MMP9 (S, T) quantified in (U). The white dashed line separates the epidermis (Epi) and the dermis (Der). Scale bars: 20 µm. *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001, ns, not significant.



Several studies have established the role of cytokines and DAMPs in polarizing macrophages to a pro-remodelling M2 fate (38). We therefore hypothesized that the cytokines and DAMPs produced from the epidermal compartment might regulate macrophage recruitment and activation to an M2-like pro-remodelling state in the Itgβ1 epidermal KO skin (Figure 5E). To test this hypothesis, we dosed pregnant females with the COX-2 inhibitor, celecoxib (25mg/kg by oral gavage) at day E15.5, E16.5 and the E17.5 of gestation (Supplementary Figure 5A). Pregnant females were also treated with DMSO as a control. Since COX2 is primarily expressed in the epidermis, we concluded that celecoxib targets the epidermal compartment (Figures 5A–D’). As expected, qPCR and immunostaining analysis of the celecoxib treated epidermis suggested a significant reduction in the expression of the Ptgs2 that was associated with a reduction in the transcripts of the inflammatory cytokines Il6, Il1b, and Il23 (Figures 5H, I and Supplementary Figures 5H, I). However, we did not observe significant changes in the epidermal stress response genes and macrophage recruiting chemokines (Supplementary Figures 5J, K). Consistently, we did not observe a significant decrease in the F4/80+ve macrophages, F4/80+CD11B+, and F4/80+LY6C+ population. Instead, we observed a reduction in the surface expression of F4/80 on the macrophages in the celecoxib treated KO skin. This suggested that celecoxib might regulate the activation state of macrophages (Supplementary Figures 5B–F).

As previously described in the study, macrophage activation is associated with enhanced ECM remodeling. We observed a significant reduction in the disorganization of Lam-332 and the re-appearance of hair placodes (Figures 5F, G and Supplementary Figures 5G) associated with the reduction in the MMP-9 expression (Figures 5S–U). Since ECM disorganization and MMP9 expression are associated with M2-like polarization of macrophages, we asked if celecoxib treatment inhibited the expression of canonical M2 markers on the macrophages in the Itgβ1 epidermal KO skin. Immunostaining analysis of macrophages in the celecoxib treated KO skin showed reduced expression of MERTK and Arg1 compared to the DMSO treated KOs (Figures 5J–O). We also observed a reduction in the expression of Fibronectin in the celecoxib treated skin (Figures 5P–R). To specifically elucidate the impact of celecoxib treatment on macrophage pro-remodeling phenotype we performed qPCR analysis of FACS sorted macrophages isolated from DMSO and celecoxib treated skin. Our data revealed a significant reduction in the expression of ECM remodeling enzymes and matrisome genes (Supplementary Figure 5L). These data suggested that inhibition of epidermal COX2 attenuated M2-like pro-remodelling fate acquisition in the dermal macrophages.

Overall, our data show that cytokines derived from the Itgβ1 KO epidermis polarize dermal macrophages to an enhanced M2-like pro remodeling fates and this epidermal-macrophage crosstalk, in turn, exacerbates the ECM remodeling in Itgβ1 epidermal KO skin (Figure 6).




Figure 6 | A qualitative model illustrating the epithelial-macrophage crosstalk in the Itgβ1 KO skin.






Discussion

We show that the sterile inflammation in the Itgβ1 KO skin is primarily driven by the epithelial and macrophage compartment. Our study provides insights into the role of macrophages during embryonic inflammation and the influence of inflammatory signals from the epidermis on the pro-remodeling properties of the macrophages. The skin epithelia responds to the loss of Itgβ1 by upregulating the expression of cytokines, chemokines and DAMPs. The expression of COX2 in the epithelial compartment results in an increased production of cytokines that activate tissue resident and monocyte derived macrophages. The macrophages respond to these epithelial inflammatory signatures by acquiring an enhanced M2-like pro-remodelling phenotype that results in increased ECM synthesis and production of matrix remodeling enzymes resulting in exacerbated basement membrane disruption. Consistently, macrophage depletion leads to reduced basement membrane disruption and ECM synthesis. We show that the acquisition of the enhanced M2-like properties of macrophages is primed by the epidermally derived cytokines as blocking the skin inflammation with celecoxib, leads to a reduction in ECM production and basement membrane disruption. Taken together, our study highlights the importance of the epithelial-immune crosstalk in priming cell fate switches in macrophages that initiate and drive sterile inflammation in the developing embryonic skin.

Inflammatory responses involve several different tissue resident cell types that contribute towards augmenting or suppressing inflammation. These distinct cell types directly influence the functional output of the highly plastic resident and recruited immune cells through their characteristic secretome (39, 40). Between the myeloid and the lymphoid immune cell repertoire, the myeloid cells are the primary responders to the inflammatory cues in tissues that eventually prime the adaptive immune response (41–43). The adaptive system further directs myeloid cell function and in turn, dictate disease outcome (44–46). While several studies have focused on understanding the role of lymphoid cells in exacerbating inflammatory disease conditions, much less is understood about the earliest interactions between the myeloid and the niche cells that initiate these inflammatory responses. The Itgβ1 KO sterile inflammatory model provides us with an excellent opportunity to begin to uncover the earliest interactions between the macrophages and niche cells.

Our study suggests that embryonic skin resident macrophages acquire an enhanced M2-like pro-remodelling properties which is also observed in other sterile inflammatory conditions such as cancer (47). Interestingly, fibroblasts in the adult skin respond to inflammatory conditions such as wounds by getting activated and secreting ECM components such as collagen, which aids in wound contraction (48). While several reports have suggested that macrophage-derived factors regulate enhanced ECM generation by the fibroblasts there is a paucity of evidence from both in vivo and in vitro studies that attribute macrophages as a direct source of the ECM (49–51). Interestingly, our data suggest that the embryonic fibroblasts are relatively inert to the inflammatory cues and that much of the ECM remodeling role is regulated by the M2-like pro-remodelling macrophages.

The M2 polarization state acts as a double-edged sword. While M2 macrophages have been shown to suppress inflammation and promote tissue homeostasis, chronic M2 activation is associated with the increased production of pro-fibrotic mediators and thus exacerbated inflammation in disorders such as the lung fibrosis (52, 53). They also play a direct causative role in autoimmune disorders such as Systemic Lupus Erythematosus (SLE) and systemic juvenile idiopathic arthritis (54). In a contact dermatitis mouse model, macrophages were shown to exacerbate inflammation by secreting factors such as IL1β, IL6 and MMP12 (55). In many cancers, tumor associated macrophages (TAM) acquire an M2-like fate that promotes metastasis by enhancing angiogenesis and ECM remodeling (56, 57). Given the strong correlation between the macrophage fate acquisition and the disease progression, there is increasing focus on understanding the critical mediators that drive macrophage polarization states in order to develop targets for therapeutic interventions (58). For example, COX2 is required for the polarization of macrophages to an M2 state and several studies have reported that blocking the COX2 mediated inflammation using celecoxib treatment improves disease prognosis in the diseases discussed (59, 60). Additionally, recent single cell transcriptomic studies suggest that macrophages and niche cells acquire a phenotype similar to their fetal counterparts in cancer and other inflammatory skin conditions in adults (39, 61). These studies highlight the potential of studying the embryonic immune system which can serve as a proxy to understanding innate immune cell dynamics that drive early stages of inflammatory diseases in adults.

Several reports have highlighted the critical role of inflammatory cytokines in driving sterile inflammatory responses in disease conditions such as cancer, arthritis and fibrosis as well as inflammatory skin conditions such as atopic dermatitis and psoriasis (62–64). Under these conditions, the epidermal keratinocytes have been shown to be an important source for inflammatory cytokines which is associated with the increased expression of COX2 (65, 66). Additionally, in these disease conditions, immune cells have been shown to acquire alternative fates which further drive the inflammatory response (67, 68). Specifically, in cancer and arthritis, macrophages have been shown to be associated with enhanced ECM remodeling activity which drives disease progression (69, 70). While inhibition of inflammation using anti-inflammatory drugs and monoclonal antibodies against cytokines have been shown to improve disease prognosis much less is understood about the effect of these anti-inflammatory drugs on immune cell fates (71, 72). Our study illustrates that, in sterile inflammatory conditions, epidermal keratinocyte derived inflammatory cytokines prime enhanced M2 polarization that, in turn, exacerbates ECM disruption. Interestingly, by reducing the inflammation using celecoxib, we could also rescue the basement membrane defects. Therefore, our study provides evidence that anti-inflammatory drugs target the cytokine mediated crosstalk between the niche cells and macrophages in sterile inflammatory conditions.

Taken together, our work summarizes the fundamentals of crosstalk between the epithelia and the innate immune compartment in setting up inflammation in the embryonic skin. The insights gained from our study can be extrapolated to other inflammatory disorders to understand the early events that set up the disease. These lines of evidence could open up a more precise crosstalk driven therapeutic targeting of inflammatory disease conditions.
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Supplementary Figure 1 | Increased macrophage burden in the E17.5 KO skin is due to recruitment of monocyte-derived macrophages from the circulation and not proliferation. Flow cytometry analysis showing the gating strategy for the immune cell populations using CD45 as a pan immune cell marker in the control and Itgβ1 epidermal KO skin for the expression of F4/80 and CD11B, F4/80 and LY6C at E17.5 and E18.5 (A–H). Pie-charts representing the total myeloid cell percentages in the E17.5 and E18.5 control and epidermal Itgβ1 KO skin (I, J).

Supplementary Figure 2 | Genes expressed in the epidermis, fibroblasts and the macrophages in the KO skin. Heat map represents the NGS analysis of the upregulated genes in the stress, defense, wound healing and the keratinization pathways in the Itgβ1 KO epidermis (A, A’). ECM transcripts upregulated in the macrophages in the Itgβ1 KO skin (B). Pro-inflammatory and the pro-remodelling associated genes in the macrophages in the epidermal Itgβ1 KO skin (B’).

Supplementary Figure 3 | Macrophages in the KO skin acquire exaggerated M2-like pro-remodelling properties at E17.5. Flow cytometry analysis in the E17.5, E18.5 control and Itgβ1 KO skin for the expression of F4/80 and MERTK (A–D) F4/80 and CD206 (E–H) F4/80 and CD38 (I–L). Immunostaining for F4/80 and CD206 at E17.5, E18.5 (M–P). Scale bar: 20 µm. Quantification of flow cytometry analysis for the percentage of F4/80+CD206+ and F4/80+CD38+ cell population in the skin at E17.5 and E18.5 (Q, R). Quantification of real-time PCR analysis of the MMP9 transcript in the epidermis, fibroblasts and macrophages at E18.5 (S). Quantification of the staining intensity of the MMP9 in the epidermis and the dermis at E18.5 in Control and Itgβ1 epidermal KO skin (T) (N=2; ***p≤0.001, ns=not significant).

Supplementary Figure 4 | Epidermal stress persists in the CSF1R blocked E17.5 KO skin. Toluidine blue assay for the mast cells in the PBS treated E17.5 Itgβ1 epidermal KO skin and CSF1R antibody treated skin (A, B) quantified in (I). Immunostaining for Keratin 6 (K6) and Itgβ4 (C, D); Itgβ6 and TNC (E, F) PBS treated E17.5 Itgβ1 epidermal KO skin and CSF1R blocked skin Scale bar: 20 µm. Hematoxylin and eosin staining in the PBS treated E17.5 Itgβ1 epidermal KO skin and CSF1R blocked skin (G, H). Scale bar: 50 µm. Quantification of the real-time PCR data for stress response and epidermal differentiation complex genes in the PBS treated E17.5 Itgβ1 epidermal KO skin and CSF1R antibody treated skin (J, K) (N=3; *p-value ≤ 0.05, **p-value ≤ 0.01, ns, non-significant). Quantification of the epidermal thickness in the PBS treated E17.5 Itgβ1 epidermal KO skin and CSF1R antibody treated skin (L) (N=3; **p-value<0.01). Quantification of the real-time PCR data in and CSF1R antibody treated skin for the cytokines and chemokines (M, N) (N=3; *p-value ≤ 0.05, **p-value ≤ 0.01, ****p-value≤ 0.0001 ns, non-significant).

Supplementary Figure 5 | Analysis of celecoxib treated epidermis and macrophages. The representation of the strategy of dosing celecoxib to pregnant dams (A). Flow cytometry analyses for the percentage of F4/80+, CD11B+ and LY6C+ on the CD45+ cells in the E18.5 Itgβ1 epidermal KO skin treated with DMSO and celecoxib (B). Quantification of the changes in the percentage of population of F4/80+, CD11B+ and LY6C+ cells (C, E, F) (N=2). Quantification of the surface expression of F4/80 (D) (N=2). Quantification for the ECM spread in the E18.5 Itgβ1 epidermal KO skin treated with DMSO and celecoxib (G) (N=2; ****p-value ≤ 0.0001). Quantification for the epidermal expression of Cox2 in the E18.5 Itgβ1 epidermal KO skin treated with DMSO and celecoxib (H) (N=2; ****p-value ≤ 0.001). Quantification of the real-time PCR data for the cytokines, chemokines, and stress response genes in the epidermis of E18.5 Itgβ1 KO treated with DMSO and celecoxib (I–K) (N=3; *p-value ≤ 0.05, **p-value ≤ 0.01, ****p-value≤ 0.0001 ns, non-significant). Quantification of real-time PCR analysis for matrisome transcripts in the macrophages in E18.5 Itgβ1 epidermal KO skin treated with DMSO and celecoxib (L) (N=3; *p-value ≤ 0.05).


Supplementary Table 1 | Expression of cytokines, chemokines and matrisome in the epidermis, fibroblasts and macrophages. Fold changes observed in the NGS analysis for the cytokines and chemokines and matrisome transcripts in the Itgβ1 epidermal KO skin compartments: epidermis, fibroblasts and macrophages at E18.5.


Supplementary Table 2 | List of differentially expressed genes with FDR<0.05 in the epidermis, fibroblasts, and the macrophages of E18.5 epidermal Itgβ1 KO skin.


Supplementary Table 3 | List of differentially expressed genes with FDR<0.05 in the epidermis of the CSF1R antibody treated epidermal Itgβ1 KO skin at E17.5.
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The ability to remember a previous encounter with pathogens was long thought to be a key feature of the adaptive immune system enabling the host to mount a faster, more specific and more effective immune response upon the reencounter, reducing the severity of infectious diseases. Over the last 15 years, an increasing amount of evidence has accumulated showing that the innate immune system also has features of a memory. In contrast to the memory of adaptive immunity, innate immune memory is mediated by restructuration of the active chromatin landscape and imprinted by persisting adaptations of myelopoiesis. While originally described to occur in response to pathogen-associated molecular patterns, recent data indicate that host-derived damage-associated molecular patterns, i.e. alarmins, can also induce an innate immune memory. Potentially this is mediated by the same pattern recognition receptors and downstream signaling transduction pathways responsible for pathogen-associated innate immune training. Here, we summarize the available experimental data underlying innate immune memory in response to damage-associated molecular patterns. Further, we expound that trained immunity is a general component of innate immunity and outline several open questions for the rising field of pathogen-independent trained immunity.
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Introduction

Monocytes and macrophages (Mφ) are professional phagocytotic cells (1), a feature first described by Elie Metchnikoff almost 150 years ago (2). Circulating monocytes originate from the bone marrow and can differentiate into monocyte-derived Mφ and dendritic cells upon stimulation (3, 4) and subsequently elicit a robust inflammatory response, which includes the secretion of cytokines. This qualifies these cells as initiators of inflammation and places them in the first line of defense against invading pathogens (3, 5). In contrast, tissue resident Mφ, derived from the yolk sac or the fetal liver, are thought to regulate organ development and homeostasis as well as to control resolution of inflammation (5, 6). However, this is not a fixed dichotomy and under specific conditions, monocyte-derived Mφ can also acquire a phenotype that promotes homeostasis and tissue repair similar to tissue-resident Mφ (5).

In contrast to adaptive immunity that develops antigen-specific memory, the cellular components of the innate immune system, including monocytes and Mφ, were long thought not to remember previous stimulation. Instead after a transient phase of recovery, it was assumed that they would react in a similar and repetitive way to inflammatory stimuli (7).



Memory of the Innate Immune System

The above-described perspective was challenged during the last 15 years by several independent discoveries that showed persistent histone modifications in Mφ in response to the bacterial cell-wall component Lipopolysaccharide (LPS), the fungal cell wall component β-1,3-D-glucan among others (8–10). The phenomenon of acquired and persistent alterations of innate immune responses was coined as innate immune memory and presents typically as tolerance, referring to a reduced response or trained immunity (TRIM), referring to an enhanced response upon restimulation (10).

The first observation that LPS-mediated Toll-like receptor (TLR)-signaling induced gene-specific chromatin modifications were made by Foster et al. when aiming to understand immunotolerance (8). The authors revealed a set of gene-specific chromatin modifications that are associated with gene silencing or enhanced response to re-exposure (8). In addition, it was established that a subset of genes could be persistently tolerized while others remained unaffected or even had enhanced transcription, the latter set being described as non-tolerizeable genes. Subsequent work by other groups revealed that the fungal cell wall component β-1,3-D-glucan and other inflammatory stimuli can also induce specific and persistent modifications of histone acetylation and methylation, underlying a long-term modulation of the innate immune response (Figure 1) (9, 11). Both phenomena share common characteristics, e.g., exposure to a given stimuli ensues long-term modulation of the innate immune response to that same or related stimuli and are associated with long-term modification of gene transcription (8, 9). TRIM in vivo and in vitro was first demonstrated using the fungal cell wall component of Candida albicans β-1,3-D-glucan, a bona fide pathogen-associated molecular patterns (PAMP) or the Bacille-Calmette Guerin (BCG) the live-bacteria tuberculosis vaccine (9, 11–13). These molecules commonly use the mechanistic Target of Rapamycin (mTOR) pathway to induce TRIM to activate specific downstream metabolic adaptations (14, 15). In fact, in myeloid cells, TRIM relies on alterations of the cellular energy metabolism involving glycolysis, itaconate synthesis, glutaminolysis and fumarate metabolism (16–18). While the increase in glycolysis seems to be a shared mechanism between the different trained immunity inducers, the regulation of OXPHOS, e.g. repression or activation, appears to be stimulus-specific. Exposure to β-glucan also leads to increased abundance of histone marks H3K4me3 and H3K27ac especially at promotors of genes encoding proteins regulating glycolysis. In addition, glutaminolysis, which is activated during trained immunity fuels the TCA cycle, accumulating specific metabolites, such as fumarate, which even further increases histone marks at H3K4me3 and H3K27ac. Fumarate, can also directly inhibit the activity of histone demethylases (17) placing it at a central hub to for the metabolic control of β-glucan induced TRIM. Consistently, inhibition of glycolysis and glutaminolysis reduced these histone marks at the promotors of IL6 and TNFA. In addition, increased amounts of mevalonate, a metabolite involved in cholesterol synthesis (18, 19) upregulate the IGF-I signaling pathway, which in turn promotes the activation of the mTOR pathway and glycolysis. This results most likely in the accumulation of acetyl-CoA an important donor for acetyl groups for histone acetylation (20). This data is suggestive for a strong interaction of metabolic and inflammatory pathways, underling trained immunity (14, 17, 18, 21).




Figure 1 | Classical in vitro model of trained immunity. Trained immunity describes a functional, metabolic and epigenetic adaptation of innate immune cells to previous stimuli with ensuing increased immune response, i.e. cytokine release, to secondary stimulation. (A) The classical model applies the Dectin-1 agonist β-1,3-D Glucan as the first stimulus and the TLR-4 agonist LPS as the second stimulus. (B) The basis for β-1,3-D Glucan induced trained immunity are metabolic adaptations, including the mTOR signal-transduction enhanced glycolysis. Interrupted errors indicate that many more proteins are involved in the signaling cascade, which are not depicted in the figure.



TRIM can be induced in vivo in mice via a mechanism that is at least partially based on modified hematopoiesis, favoring myelopoiesis and potentially increasing host resistance to infection (22–25).

As described before, LPS tolerance is associated with specific gene silencing or enhanced response to re-exposure (8). It is conceivable that the same would occur in TRIM, i.e. that innate immune training includes not only trainable but also non-trainable genes probably including tolerizeable genes. This raises the possibility that training, and tolerance are not unrelated phenomena but rather dependent on the re-writing of gene activation and repression programs via specific stimuli-induced signaling pathways to specify the reaction pattern of the innate immune cells. This notion is supported by the finding that LPS-induced histone modifications can be reversed at specific loci by different secondary stimuli (26). We speculated that this regulation underlies why training and tolerance are detrimental in some and protective in other models (14, 22). However, this needs further experimental evidence, which is why we use the TRIM terminology to describe memory that induces enhanced responses.



Damage and Danger

The prevailing concept since the 1950s that the immune system evolved to distinguish self from non-self was challenged in a seminal essay by Polly Matzinger (27). She proposed that the immune system does not exclusively differentiate between foreign and self but instead evolved to detect cues indicating danger. Matzinger´s danger theory was primarily intended to understand T-cell biology. This theory contains specifically the idea that professional antigen presenting cells are activated “in the presence of tissue destruction” (27). Whether this is a completely novel approach or a reappraisal of earlier thoughts is not the topic of this review (28). According to Matzinger, immune cells are primarily made for sensing detecting danger and only sense invading microorganisms for the reason that infections typically are associated with danger, in the form of cellular stress and damage (27, 29). In the classical concept of immune recognition, DAMPs would in fact be considered as “self”. However, it has become clear that certain host-derived molecules can activate innate immunity and induce an inflammatory response regardless whether they are triggered by infection or by sterile inflammation (30). These molecules have been designated as damage or danger-associated molecular pattern (DAMP) and are also referred to as alarmins by some authors. An overview of the different terminology is shown in Table 1.


Table 1 | Definitions of PAMP, DAMP and defined sub entities.



Overall, DAMPs are a rather heterogenous group of molecules with shared common features. They are a) host-derived and not pathogen- or environment-derived and b) induce an innate immune response. In order to acknowledge their heterogeneity, DAMPs have recently been further subclassified as continuous DAMPs (cDAMPs), inducible DAMPs (iDAMPs) (Table 1) (42, 43). In this classification, cDAMPs are intracellular molecules that are not present in the circulation under non-pathological conditions and are set-free without modifications upon cellular damage. iDAMPs are secreted and/or induced molecules, released from dying cells and have been proposed to reflect various stress and damage pathways activated during stress (43). DAMPs are heterogenous in their origin and function. Yet, they induce a rather homogenous sterile inflammation that equally involves cytokine release, neutrophil recruitment and the induction of T-cell immunity equally to the response elicited by PAMPs (30). The recently classified group of lifestyles—associated molecular patterns (LAMP) consist of molecules increased with western lifestyle hat induce a sterile inflammation. These are distinct from DAMPs as they cannot be cleared, and if persistent, lead to a chronic inflammation. This group includes cholesterol, monosodium urate or oxidized LDL and others (42) (Table 2).


Table 2 | DAMPs for which innate immune training has been shown.





Conserved Pattern Recognition to Damp and Pamp

Monocytes and Mφ express different sets of pattern recognition receptors (PRRs) that bind to PAMPs (50) and DAMPs (51–53). There are four distinct classes of PRR that are identified so far: Toll-like receptors (TLR), nucleotide-binding oligomerization domain (NOD)- Leucine-rich repeats (LRR)-containing receptors (NLR), retinoic acid-inducible gene 1 (RIG-1) -like receptors (RLR), and the C-type lectin receptors (CLR) (54). Binding of PAMPs and DAMPs by PRRs triggers distinct signaling transduction pathways which elicit the expression of immunomodulatory molecules, e.g. cytokines, indispensable for an appropriate immune reaction against an exogenous or endogenous threat.

TRIM can be induced by different classes of PRRs, as illustrated by β-glucan, which binds to the C-type lectin receptor Dectin-1 activating the noncanonical Raf-1 pathway signaling (12). So far only one intracellular PRR has been identified to result in TRIM upon engagement, namely, NOD-2/Rip2 in response to BCG (11). This is fundamentally different to the immunological tolerance which involves TLR-4 activation and the NF-κB/MAPK pathway (55). We here posit that DAMP-induced TRIM shall not involve cytoplasmatic PRR such as NLR or RIG-1. This is because by definition, a DAMP is an endogenous, i.e. cytoplasmatic or nucleic, molecule that is released in the circulation and then bound by extracellular receptors, with the potential to be endocytosed after ligand-binding (56). In contrast, cell intrinsic stress responses mount conserved stress-control pathways that prevent tissue damage (57). the release of DAMPs and as a consequence also the ensuing activation of the immunes system.



Damps as Trainers

Compared to PAMP-induced TRIM, DAMP-induced TRIM is less well studied and understood. Five years ago, Crisan et al. had speculated on the existence on DAMP-induced trained immunity and summarized concepts and early data (58). During the last years, increasing amounts of evidence shows that endogenous molecules promote in fact TRIM include the iron-containing tetrapyrrole heme (22), the intermediate filament vimentin (45), oxidized low-density-lipoproteins (oxLDL) (46) and the mineralocorticoid aldosterone (59). An overview of the studies is provided in Table 2. As aldosterone is a hormone and not considered a DAMP, it will not be discussed further in this review.

Both heme and vimentin are alarmins that can activate PRR signaling either by TLR-4 or Dectin-1, respectively (37, 38). OxLDLs are a heterogenous group of molecules that, depending on their oxidation status, bind to different PRR. Minimally modified LDL can directly bind to cluster of differentiation (CD)14, TLR-2 and -4 triggering immune activation (48, 60, 61). Further oxidized OxLDL is recognized by a family of scavenger receptors including the lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1), CD36 and the scavenger receptor class B type I (SR-BI) (62). In the following paragraphs we will briefly summarize the findings for the individual TRIM-promoting DAMPs.


Heme

Heme is a tetrapyrrole with a central iron atom found in hemoglobin and other hemoproteins. The reactive central iron, which is responsible for the biological heme functions can reversibly change its oxidation state from ferric (Fe3+) to ferrous (Fe2+) to accept or donate electrons, respectively. This reactive core makes heme not only an indispensable molecule for many physiological processes, but it also bears the risk for cytotoxicity when unbound to proteins. As such, heme is able to oxidize lipids and proteins and can induce DNA damage (63, 64). Additionally, heme can promote the generation of free radicals e.g. when reacting with other organic hydroperoxides, further imposing cellular damage (63, 64). Under homeostatic conditions heme production and degradation are tightly controlled processes. Following hemolysis or tissue damage, heme is passively released into the circulation. There it is bound non-covalently by serum scavenger proteins and taken up by Mφ (65–70). As far as we know now, there is no active heme export.

With increasing concentrations, the buffering capacity of serum protein becomes exhausted resulting in the accumulation of cell-free, ‘labile’ heme in the plasma (70, 71). This contributes critically to the pathogenesis of severe acute infectious disease, as demonstrated for malaria (72) and for bacterial sepsis (73–75). Labile heme is a pro-type alarmin that is sensed by TLR-4 but also activates the spleen tyrosine kinase (Syk) pathway both inducing cytokine expression, including the cytokines IL-6 and pro-IL-1β in innate immune cells (37, 76). As heme synergized with LPS with regards to cytokine release, it was assumed that heme would bind to a distinct pocket of TLR-4 and specifically induced MyD88 signaling (77). How heme triggers Syk signaling is currently unknown (37, 76, 78). We have recently described that heme is a potent inducer of TRIM which is mediated by the activation of Syk (22). In contrast to other TRIM inducers this is independent of mTOR. However, in vivo heme training causes comparable expansion of myeloid primed long-term hematopoietic stem cells as seen in PAMP-induced TRIM (19, 79).

In line with the above, Schrum et al. identified that damaged red blood cells and hemozoin crystals, as a result of a malaria-inducing Plasmodium falciparum infection, induce TRIM in primary monocytes in vitro (80). Plasmodium spp. replicate in erythrocytes and regularly disrupt their cell membrane to be released into the circulation which is accompanied by the release of the Plasmodium -metabolic byproduct hemozoin (81, 82). This study perceives the Plasmodium induced TRIM to be a result of PAMPs and does not consider that damaged red blood cells as well as hemozoin are major sources of labile heme. Together with the findings of Jentho et al. (22), TRIM seems to be an inherent component of innate immune cells considering the wide range of infections associated to release of labile heme. Given the human-pathogen co-evolution especially with Plasmodium spp. these studies raise the question what kind of evolutionary advantage is achieved by inducing TRIM.



Oxidized LDL

Oxidized LDL encompasses a number of different particles such as protein and fatty acids with varying oxidation states (83, 84). Application of in vitro oxLDL induces TRIM in Mφ, as well as in non-hematopoietic lineage cells such as endothelial cells and human coronary smooth muscle cells (46, 48, 49). OxLDL bind to a family of scavenger receptors that include CD36 (62) which in turn can activate TLR-4 and TLR-6 signaling (85). Mechanistically, as seen in β-glucan, oxLDL-TRIM is associated with mTOR signaling, H3K4 methylation and increased glycolysis (46, 86). The same, sensing by TLR and signaling via mTOR pathways are involved in TRIM in vascular smooth muscle cells (48). Potentially this explains why training effects by oxLDL have been shown for non-myeloid tissues that also express the same receptors. In fact, this should also hold true for the other mediators of TRIM, but this, to our knowledge, has not been addressed experimentally

OxLDL may, however, also be considered in light of the recently suggested concept of LAMPs, which refers to molecules not associated with pathogens or cellular damage but instead arising from “failure-to-adapt-disease” such as observed in the context of atherosclerosis or gout. Key features of LAMPs have been defined as being persistent and having the ability to induce chronic disease (42). Furthermore, oxLDL cannot be cleared by the immune system and consequently induce chronic inflammation (30). We consider this potentially relevant for this topic as acute oxLDL exposure induces TRIM (46, 49), while LAMP-induced TRIM would involve a non-resolved stimulus and persistent activation, with the associated pro-inflammatory phenotype in phagocytes. Whether the observed link between high-fat diet, the predominant factor for the development of atherosclerosis, NLRP-3 inflammasome-dependent induction of TRIM in mice (87) is also mediated by oxLDL signaling is currently unclear.



Vimentin

Vimentin is an intermediate filament protein involved in inflammatory responses and in Mφ endocytosis (88). Vimentin is a classical alarmin, sensed by Dectin-1 (38). While investigating donor allografts in a model of heart transplantation Braza et al. showed in the ex vivo second hit model, that isolated Mφ exposed to first vimentin and subsequent to HMGB-1 had an enhanced cytokine release of TNF and IL-6 (45). HMGB-1 is a DNA chaperone that mainly signals via extracellular receptor for advanced glycation end products (RAGE), a DAMP-specific receptor that also recognized S100 members and TLR-4 (89). This experimental set-up detaches the phenomenon of TRIM from any pathogen and clearly links it to sterile inflammation (30). However, as a limitation the authors here only provide direct ex vivo data and do not show whether each single component or a switched cadence would equally result in enhanced cytokine release. Of note, data using isolated splenocytes that were incubated first with HMGB-1 for eight days and then subsequently stimulated with LPS had a six-fold increase of TNF release in contrast to non-HMGB-1 exposed cells (90). While in this setting it is possible that HMGB-1 provides a continuous stimulation, the long protocol also could suggest that HMGB-1 can act as a trainer.

In this review, we describe DAMPs for which it was experimentally shown that they induce innate immune training. We also want to highlight, that at least in our hands, exposure to certain other DAMPs does not lead to trained immunity. Potentially, this was also observed in other laboratories but not reported. This could indicate shared characteristic of those DAMPs that induce TRIM, which still have to be identified. Exemplarily, we were not able to induce innate immune training with the short-lived ATP that binds to P2YR and P2XR and provokes immune activation in other models (91). The lack of ATP-induced TRIM might be explained by the fact that ATP does not bind the classical PRRs in contrast to the TRIM-inducing DAMPs. Furthermore, it is unclear, at least in the in vitro models, whether Mφ can clear TRIM-inducing DAMPs or their degradation products, whereas ATP for example is rapidly used by the cell and cleared (91).




Does Damp Trim Fit Into the Two Signal Framework for Immune Activation?

In his introduction to the Cold Spring Harbour Symposium in 1989 Charles Janeway introduced the idea of PRR and the necessity of a two-signal system for immune activation (31). In subsequent work he proposed that a danger signal from the host is in fact a co-stimulation for the host that can act additionally to the classical pathogen-derived co-stimulation providing the needed signal two (92). While activation of adaptive immunity requires signals from two cells, in the evolutionarily older innate immune cell, no such co-stimulation existed and a meaningful second signal could have come from a different endogenous source. This could be the evolutionary justification for the observed phenomenon of innate immune memory. The changes in the bone marrow might be the reflection of the long-term consequences as cellular memory might evolutionarily not have yet been possible due to a lack of adaptive immunity. Why some DAMPs can act as signal one while others do not, remains to be established.



Concluding Remarks

Over the last 15 years it has become clear that memory is a general feature of innate immunity. Strikingly, DAMP- and PAMP-induced trained immunity show comparable molecular reaction pattern. Recognition of both induce histone modifications and long-term persistent alteration of myelopoiesis that impact on the immune response upon secondary stimulation. This coherence hints towards an evolutionary conserved program, with logical advantages and so far, not understood disadvantages for the host mounting a secondary inflammatory program. Yet, it remains unclear under which conditions it is beneficial and when it is deleterious. This needs to be addressed for future application of the TRIM concept especially if applied in clinical settings.

Several further questions remain to us. Why are certain DAMPs worth remembering while others apparently not? How does DAMP-induced TRIM affect leukocyte trafficking, adaptive immunity, iNKT cell regulation and repair? Especially as damage signaling should result in the induction of a repair response. Is there an intracellular signaling funnel via which this reaction pattern is transmitted or can only DAMPs that can activate extracellular PRR-signaling lead to innate immune training? If intracellular PRR recognize DAMPs and initiate innate immune training, how would a constant immune activation be prevented? And ultimately does an epigenetic imprinting in the myeloid compartment have an evolutionary advantage to defend against pathogens? We are confident that the next years will shed light on some of these questions.
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Pathogen-associated molecular
pattern (PAMP)*
Damage-associated molecular
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Or earlier

Danger-associated molecular
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Alarmin

Nematode-associated molecular
patterns (only specifically
described for plants)
Lifestyle-associated molecular
patterns

inducible DAMP

constitutive DAMP

Abbreviation

PAMP

DAMP

NAMP

LAMP

iDAMP

cDAMP

Characteristics

Conserved microbial molecules which are sensed by pattern

recognition receptors (31).

Any molecule which is exposed during, after, or because of
disrupted cellular homeostasis such as damage or injury (34)

Endogenous molecules, released by damaged cells, during cell

death and degranulation. Constitutively expressed.

Provoke chemotactic and immune activating reactions by

interacting with PRR (39).

Nematode-derived molecules that initiate an early immune

response/defense in plants.
Receptors unknown

Non-PAMP, non-DAMP molecules that induce an inflammatory

response.

Cannot be cleared. Persistence leads to chronic inflammation
Inflammation-inducing molecules actively produced or modified
during cell death. Proposed to reflect cellular stress response

and cell death pathways

Inflammation-inducing molecules that are already present
intracellularily before cell death/stress and are released by

dying cells (43).

Examples

Lipopolysaccharid (LPS) (32)
B-Glucan (33)

HMGB-1(35)

ATP (36)

Heme (37)

Vimentin (38)

Defensins, Cathelicidin, Eosinophil-derived
neurotoxin (40)

Heme (37)

Ascarosides (nematode pheromones) and
unidentified molecules released from plant
pathogenic nematodes (41).

Cholesterol; Monosodium urate; Oxidized LDL
(“2)

IL1b, IL18 Heat shock proteins (43)

HMGB-1
mtDNA
ATP
Heme

*Some authors preferentially refer to PAMPs as same molecule as microbe-associated molecular patterns as also commensal bacteria express these genes without exerting pathologies
(42). Other authors have used the same abbreviation to define a subset of DAMP subset as metabolism-associated molecular pattern (44). We consider this nomination confusing and

restrain from using it in this review.
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