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Background

Protective immunity against intestinal helminths requires induction of robust type-2 immunity orchestrated by various cellular and soluble effectors which promote goblet cell hyperplasia, mucus production, epithelial proliferation, and smooth muscle contractions to expel worms and re-establish immune homeostasis. Conversely, defects in type-2 immunity result in ineffective helminth clearance, persistent infection, and inflammation. Macrophages are highly plastic cells that acquire an alternatively activated state during helminth infection, but they were previously shown to be dispensable for resistance to Trichuris muris infection.





Methods

We use the in vivo mouse model A20myel-KO, characterized by the deletion of the potent anti-inflammatory factor A20 (TNFAIP3) specifically in the myeloid cells, the excessive type-1 cytokine production, and the development of spontaneous arthritis. We infect A20myel-KO mice with the gastrointestinal helminth Trichuris muris and we analyzed the innate and adaptive responses. We performed RNA sequencing on sorted myeloid cells to investigate the role of A20 on macrophage polarization and type-2 immunity. Moreover, we assess in A20myel-KO mice the pharmacological inhibition of type-1 cytokine pathways on helminth clearance and the infection with Salmonella typhimurium.





Results

We show that proper macrophage polarization is essential for helminth clearance, and we identify A20 as an essential myeloid factor for the induction of type-2 immune responses against Trichuris muris. A20myel-KO mice are characterized by persistent Trichuris muris infection and intestinal inflammation. Myeloid A20 deficiency induces strong classical macrophage polarization which impedes anti-helminth type-2 immune activation; however, it promotes detrimental Th1/Th17 responses. Antibody-mediated neutralization of the type-1 cytokines IFN-γ, IL-18, and IL-12 prevents myeloid-orchestrated Th1 polarization and re-establishes type-2-mediated protective immunity against T. muris in A20myel-KO mice. In contrast, the strong Th1-biased immunity in A20myel-KO mice offers protection against Salmonella typhimurium infection.





Conclusions

We hereby identify A20 as a critical myeloid factor for correct macrophage polarization and appropriate adaptive mucosal immunity in response to helminth and enteric bacterial infection.
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1 Introduction

Infections with parasites affect more than a quarter of the world’s population and are most prevalent in developing countries with poor hygiene and sanitation (1). The soil-transmitted helminths Ascaris lumbricoides, Trichuris trichiura, Ancylostoma duodenale, and Necator americanus are responsible for most infections in humans and can cause severe morbidity (2). In order to study immunity against helminth infections, most studies are done using the murine parasite Trichuris muris, a representative model for the human helminth Trichuris trichiura, which infects 465 million people worldwide (3). Protective immunity against helminths involves complex host–parasite interactions and is characterized by a robust type-2 (Th2) response, orchestrated both on the immune and intestinal epithelial cell levels. Epithelial cells, the first host cells to encounter the parasite, secrete IL-25, IL-33, and TSLP, which lead to activation and significant expansion of innate immune cells including macrophages, eosinophils, basophils, and mast cells. Balanced innate immune activation primes anti-helminth adaptive Th2 immunity (4). Th2 cells secrete high levels of IL-4, IL-5, and IL-13; promote the production of helminth-specific IgG immunoglobulins by plasma cells, goblet cell hyperplasia, mucus production, epithelial proliferation, and intestinal peristalsis to expel worms; and re-establish immune homeostasis. In contrast, susceptibility to parasite infection is associated with T helper type-1 (Th1) response, characterized by increased secretion of Th1 cytokines such as IFN-γ, IL-12, and IL-18, which antagonize type-2 immunity and favor chronic helminth infection.

The role of macrophages in parasite clearance is controversial. Macrophages have been shown to regulate anti-helminth immunity, as they can trap and kill parasite larvae, but they also contribute to tissue repair and the resolution of type-2 inflammation. Upon helminth infection, macrophages adopt an “alternatively activated” macrophage phenotype (M2-like), which involves the production of various effector molecules including Arginase-1 (Arg1) and Resistin-like protein alpha/beta (Relmα/β), which both have been shown to have an elementary role in regulating Th2 response but also in limiting type-2 immunopathology (5). In contrast, macrophages have been shown to be dispensable for parasite expulsion. More specifically, in-vivo pharmacological inhibition of Arg1 or mice deficient in Arg1 are still able to induce effective type-2 immunity and clear T. muris infection (6). Moreover, depletion of macrophages by clodronate-loaded liposomes does not prevent the induction of protective type-2 immunity and T. muris expulsion (7).

A20 (also known as tumor necrosis factor-induced protein 3, TNFAIP3) is a negative regulator of various inflammatory signaling pathways induced by various pattern recognition receptors (PRRs, including TLRs and NLRs), cytokine receptors (IL-1β, TNF), and T-cell receptors. The anti-inflammatory properties of A20 are commonly attributed to its ability to suppress inflammatory NF-κB signaling, but recent studies in mice have demonstrated that A20 primarily suppresses inflammation by preventing necroptotic cell death (8, 9). A20 exerts its function by acting as a ubiquitin-editing and ubiquitin-binding protein, thereby interfering with downstream signaling events (10, 11). Myeloid-specific A20 deficiency in mice (A20myel-KO) leads to the development of spontaneous arthritis, which is characterized by hyperactive NLRP3 inflammasome activity and excessive inflammatory type-1 cytokine production (12). Macrophages lacking A20 have been shown to secrete in-vivo increased levels of IL-1β, TNF, IL-6, and IL-18, due to aberrant TLR signaling activation, creating a potent pro-inflammatory environment (13). Moreover, it was recently shown that A20 in macrophages plays a crucial role in lung pathology by regulating the IL-33-mediated STAT1 signaling, which in turn leads to increased IFN-γ secretion by macrophages (14). In the context of airway allergy, the protective effects of A20 were observed upon its deletion in lung epithelial cells, dendritic cells, and mast cells (15, 16). Myeloid A20 is also important for protection against influenza virus infection, in an IFN-α/β-dependent manner (17). We previously reported that deletion of A20 in intestinal epithelial cells does not lead to spontaneous intestinal inflammation but leads to increased sensitivity to DSS colitis and TNF toxicity. Moreover, despite the pro-inflammatory phenotype of A20myel-KO mice, myeloid A20 deficiency does not induce spontaneous intestinal inflammation, unless A20 is also deleted in intestinal epithelial cells (18). Overall, A20 has been studied in an array of inflammatory, autoimmune, allergic, and viral infection models, but its role during gastrointestinal helminth infection and type-2-mediated worm clearance has never been assessed. Considering the multifaceted roles of A20 in modulating diverse inflammatory and cell death pathways, we herein explore the significance of A20 expression within myeloid cells for managing anti-helminthic immune responses. To this end, we employed myeloid-specific A20 knockout mice with the T. muris helminth infection model. In this study, we investigate for the first time the role of myeloid A20 in intestinal mucosal immunity and in the context of helminth (T. muris) and bacterial (S. typhimurium) infection. We report that myeloid A20 deficiency leads to the expansion of myeloid cells and sensitivity to infection with T. muris. A20 deletion is associated with strong classical or M1 polarization of macrophages which prevents type-2 immune polarization in an IFN-γ, IL-12, and IL-18-dependent manner. In contrast, we show that the enhanced Th1 response in A20myel-KO mice protects against infection with S. typhimurium. In this study, we identify A20 as a critical rheostat for macrophage polarization during infection, which balances type-2 and type-1 adaptive immune responses during helminth and enteric bacterial infection, respectively.




2 Results



2.1 Myeloid A20 deficiency results in altered intestinal immune cell composition

Myeloid-specific A20-deficient mice (A20myel-KO) develop spontaneous arthritis and show signs of systemic inflammation, including splenomegaly (12). Despite their pro-inflammatory phenotype, A20myel-KO mice do not develop spontaneous intestinal inflammation (Supplementary Figures 1A–C), as previously reported (18). To study intestinal mucosal immunity in more detail, we performed immune phenotyping of the colonic lamina propria in A20myel-KO and wild-type (WT) littermate control mice by flow cytometry and showed that myeloid-specific A20 deletion leads to the expansion of various myeloid immune cell subsets, including eosinophils, neutrophils, monocytes, and macrophages, compared with WT littermate controls (Figures 1A, B). In addition, colonic lamina propria T-cell subsets in A20myel-KO mice are characterized by increased infiltration of CD3+ and CD4+ T cells and, more specifically, by an expansion of Th17 (CD4+RORγt+) and T regulatory (CD4+Foxp3+) cells (Figures 1C, D). The lack of spontaneous inflammation in the colon, despite increased immune cell infiltration, can be attributed to the high levels of immunosuppressive T regulatory cells. Similar immune cell composition is also observed in A20myel-KO spleens (Supplementary Figures 1D–K). In order to obtain more insights into myeloid immune cell function, we performed bulk RNA sequencing on sorted myeloid cells (CD11b+) from colon lamina propria (Figures 1E–H; Supplementary Figure 2F) and joint (combined ankle and knee synovium) tissue (Supplementary Figures 2A–E) from A20myel-KO and WT littermates in steady state. The top upregulated genes in colonic A20myel-KO CD11b+ cells are involved in IFN signaling and classical macrophage differentiation (M1), including Cxcl9, Gbp5 (19), Saa3, Gzma, and Nos2 (20) (Figures 1E, F). Gene Ontology (GO) pathway analysis revealed that the expression profiles of colonic myeloid cells of A20myel-KO mice are associated with macrophage tolerance and cytokine pathways including IL-12, IL-23, IL-22, IL-17, IFN-γ, and TLR4 signaling (Figure 1G). Gene scoring analysis using an “M1 signature calculation” (21) indeed showed a significantly higher M1 score in the A20myel-KO colonic myeloid compartment compared with WT colonic myeloid cells (Figure 1H). RA patients show an enhanced M1/Th1 profile which is characterized by increased TLR signaling and secretion of inflammatory cytokines such as TNF, IL-1β, IL-18, and IFN-γ (22). Accordingly, analysis of A20myel-KO synovial myeloid cells (CD11b+) revealed transcriptional upregulation of M1-related genes, including different guanylate-binding protein (Gbp) family members (typically induced by IFN-γ) (23), IFN-γ-inducible GTPases (Gm4841) (24), acute phase response markers (such as Saa3) (25), and TLR1 pathway genes (26). Moreover, GO pathway analysis revealed that positively regulated pathways in the synovial myeloid compartment of A20myel-KO mice include IFN signaling, proinflammatory cytokine signaling (IL-1, IL-6, IL-17, IL-23), NF-κB and inflammasome signaling, along with a significantly upregulated M1 gene signature (Supplementary Figures 2A–E). Together, these data indicate that A20 deletion in myeloid cells induces M1 priming in both intestinal and synovial macrophages.




Figure 1 | A20 deletion in myeloid cells affects immune cell composition and favors M1 macrophage polarization. (A, B) Flow cytometry analysis of colon lamina propria of WT (n = 6) and A20myel-KO (n = 6) mice for the myeloid and (C, D) T-cell composition, presented in t-SNE plots (upper panels) and bar graphs (lower panels). All data are presented as means ± s.e.m. Statistical significance was determined by a two-sided Student’s t-test. (E) Bulk RNA sequencing volcano plots presenting the differentially expressed genes in CD11b+ sorted cells of WT (n = 5, blue) and A20myel-KO (n = 5, magenta) colon samples. (F) Heatmap showing the top 25 M1 markers to be upregulated in A20myel-KO colon compared with WT. (G) Gene ontology pathway analysis showing the positively regulated pathways in A20meyl-KO colon CD11b+ cells. (H) Gene scoring analysis using an M1 signature consisting of 700 genes to compare the expression in WT and A20myel-KO colon. * p<0,05, ** p<0,01,  *** p<0,001. Ns, Not significant.






2.2 Myeloid A20 is essential for protective immunity against Trichuris muris infection

We next assessed whether type-2 immune activation can suppress M1 macrophage polarization and type-1 immunity upon A20 deficiency and evaluated the sensitivity of A20myel-KO mice to an intestinal parasitic worm (helminth) infection since helminth clearance critically depends on type-2 immunity (27). For this purpose, adult A20myel-KO and WT littermate control mice were inoculated with 200 embryonated T. muris eggs by oral gavage and were sacrificed for analysis 21 days later (Figure 2A). While WT mice induce robust type-2 immune responses and clear T. muris from the intestine to re-establish homeostasis within 21 days (28), A20myel-KO mice show defects in worm clearance and still contain approximately 150–200 T. muris parasites in their cecum 21 days post-infection (Figure 2B). A20myel-KO mice display persistent infection with T. muris and intestinal inflammation characterized by severe immune cell infiltration, tissue damage, and edema (Figure 2C). We also show that GATA3 and IL-4, two prototype type-2 immunity markers, are expressed in lower levels in A20myel-KO colon lysates from T. muris-infected mice compared with WT littermates (Figure 2D). Restimulation of mesenteric lymph node (mLN) cells 21 days post-infection (p.i.) with anti-CD3/CD28 induces the production of type-2 cytokines, such as IL-4, IL-5, and IL-13, in cells derived from WT mice but not in A20myel-KO mLN cells (Figure 2E). WT-derived mLN cells are also characterized by higher levels of CD4+GATA3+ cells (Figure 2F). To further evaluate the induction of type-2 immunity in response to T. muris infection, we quantified T. muris-specific serum IgG1 (type-2-associated) and IgG2c (type-1-associated) immunoglobulins. We found IgG1 to be significantly increased in the serum of WT mice after T. muris infection but not in the serum of A20myel-KO mice. In contrast, T. muris-specific type-1-associated IgG2c immunoglobulins are increased in A20myel-KO mice but absent in WT mice (Figure 2G). We also show increased CD19 and IgG1 levels in WT colon sections after T. muris infection, which is not the case in A20myel-KO colon tissue, in line with our findings for serum IgG1 (Figure 2H). Immune profiling of colonic lamina propria immune cells after T. muris infection (21 days p.i.) confirmed the inability of A20myel-KO mice to mount an effective Th2 response, in contrast to WT littermates. We detected increased immune cell (CD45+) infiltration in A20myel-KO colonic lamina propria, with enhanced levels of neutrophils, monocytes, and macrophages, compared with WT controls (Figures 3A, B). In the T-cell compartment, WT mice exhibit significantly elevated levels of CD4+GATA3+ (Th2) cells, compared with A20myel-KO mice. In contrast, A20myel-KO mice show a skewed Th1/Th17 response, as CD4+Tbet+ and CD4+RORγt+ cells are shown to be increased (Figures 3C, D). Similar findings are observed in the spleen, confirming a systemic immune response (Supplementary Figures 4A, B). It has been reported that the phenotype of the recruited T regulatory cells (Tregs) is indicative of the associated adaptive responses and that Tbet expression in T regulatory cells supports their homeostasis and activity in a type 1-mediated inflammatory context (29). We observe that WT-derived Tregs express higher levels of GATA3, while A20myel-KO-derived Tregs express higher levels of Tbet, supporting Th2 and Th1 polarization, respectively (Supplementary Figures 4D, 5). Multiplex imaging on colon sections confirmed the increased number of colonic CD45 cells in WT tissue after infection with T. muris; however, immune cell infiltration is even more increased in colons of infected A20myel-KO mice. Similar recruitment patterns are observed for CD11b+ myeloid cells and CD64+ macrophages (Figure 3E). Finally, we performed RNA sequencing on sorted CD11b+ cells from the colon of WT and A20myel-KO mice after T. muris infection. Samples were isolated and processed 10 days after infection (D10) in order to investigate myeloid cell responses during the peak of infection and anti-helminth immune response. Interestingly, we observe a totally different expression profile for the sorted CD11b+ cells of both genotypes (Supplementary Figure 4C). In the A20 knockout myeloid cells, we again observe the upregulation of markers related to classical macrophage activation such as Nos2, CD300e (30), Bmx (31), and Plekhg4 (Figure 4A). GO analysis confirms the activation of pathways involved in IFN and TLR4 signaling and IL-1β, IL-12, and IL-22 signaling, which are all related to macrophage polarization toward classical activation (Figure 4B). In contrast, in WT mice, we observe the upregulation of markers related to alternative macrophage differentiation such as CD163 (32), Nmb (33), and Cpeb1 (34). GO analysis supports this notion and indicates upregulation of pathways related to IRF4 targets, PPARγ activation, and IL-4 and GATA3 signaling (Figures 4A, B). In order to further evaluate the difference in macrophage polarization, we compared the gene expression profiles of WT and A20myel-KO mice to existing gene signature datasets of macrophage gene expression (21, 35). This confirms that WT mice show enhanced expression of genes involved in alternative macrophage activation (M2-like), whereas A20myel-KO mice show a clear polarization toward classical macrophage activation (M1) upon T. muris infection (Figures 4C, D), as observed in steady state. Moreover, gene set enrichment analysis (GSEA) confirmed the induction of an M1 phenotype and the downregulation of an M2-like phenotype in A20myel-KO mice compared with WT mice (Figure 4E). Collectively, these data clearly indicate that upon T. muris infection, WT myeloid cells shift to an alternatively activated state, supporting proper type-2 immune polarization, pathogen clearance, and resolution of inflammation. In contrast, A20-deficient myeloid cells are highly polarized toward classical activation already in steady state, and this immune polarization is not altered upon T. muris infection. In conclusion, loss of A20 prevents myeloid cell polarization toward an M2-like state and subsequently impedes proper type-2 immune activation, which prevents parasite clearance and leads to persistent infection and inflammation upon helminth infection.




Figure 2 | A20myel-KO mice are susceptible to Trichuris muris infection. (A) Infection scheme with Trichuris muris gastrointestinal helminth. (B) Worm counts in the cecum of WT (n = 6, blue) and A20myel-KO (n = 4, red) 21 days after infection with T. muris. (C) Representative images of AB/PAS staining of WT and A20myel-KO colon (upper panel) and cecum (lower panel) 21 days after T. muris infection. Scale bars 100 μm. (D) GATA3 and IL-4 relative expression in WT (n = 3) and A20myel-KO (n = 4) total colon lysates. (E) Cytokine levels of IL-4, IL-5, and IL-13 in the supernatant restimulated with a-CD3/a-CD28 WT and A20myel-KO mLN for 48 h. (F) CD4+GATA3+ levels determined by flow cytometry analysis in restimulated mLN and of WT and A20myel-KO. (G) ELISA for the measurement of IgG2c and IgG1 levels in the blood serum of WT and A20myel-KO mice infected with T. muris for 21 days. (H) MACSima imaging for IgG1 (magenta) and CD19 (green) of WT and A20myel-KO colon sections at steady state and upon infection with T. muris for 21 days. Scale bars 100 μm. All data are presented as means ± s.e.m. Statistical significance was determined by a two-sided Student’s t-test or by one-way ANOVA for multiple comparisons. * p<0,05, ** p<0,01, *** p<0,001, **** p < 0.0001. Ns, Not significant.






Figure 3 | Deletion of A20 in myeloid cells hampers Th2 immunity and promotes Th1 response upon Trichuris muris infection. (A, B) Flow cytometry analysis of colon lamina propria of WT (n = 6) and A20myel-KO (n = 4) mice infected with T. muris for the myeloid and (C, D) T-cell composition, presented in t-SNE plots (upper panels) and bar graphs (lower panels). (E) MACSima fluorescent imaging for CD45 (yellow), CD11b (green), and CD64 (magenta) of WT and A20myel-KO colon sections at steady state and upon infection with T. muris for 21 days. Scale bar 100 μm. * p<0,05, ** p<0,01, *** p<0,001, **** p < 0.0001.






Figure 4 | A20myel-KO are characterized by M1 macrophage signature upon Trichuris muris infection. (A) Bulk RNA sequencing volcano plots presenting the differentially expressed genes in CD11b+ sorted cells of WT (blue) and A20myel-KO (magenta) colon samples of mice infected with T. muris for 10 days. (B) Gene ontology pathway analysis showing the positively regulated pathways in WT (blue) and A20meyl-KO (magenta) colon CD11b+ cells of mice infected with T. muris for 10 days. (C) Gene scoring analysis using M1 and M2 signatures, consisting of 710 and 806 genes, respectively, to compare the expression in WT and A20myel-KO colon upon T. muris infection. (D) Heatmap showing the upregulation of the top 25 markers related to classical activation of macrophages (M1) in A20myel-KO mice compared with WT (left). Heatmap showing the upregulation of the top 25 markers related to the alternative activation of macrophages (M2) in WT compared with A20myel-KO mice (right). (E) Gene set enrichment analysis (GSEA) plots visualizing the enrichment of classical (M1, upper panel) and alternative (M2, lower panel) activation of macrophages in A20myel-KO and WT, respectively. Each plot features the running enrichment score (y-axis) and shows the placement of the ranked differentially expressed genes for the respective transcriptomic signature (x-axis).






2.3 Type-1 cytokine inhibition promotes Trichuris muris resistance in A20myel-KO mice

The Th1-associated cytokine IFN-γ is a very potent antagonist of type-2 polarization and is induced by upstream myeloid-derived cytokines, including IL-12 and IL-18, which, as mentioned earlier, are elevated in A20myel-KO mice (Supplementary Figure 2G). Ex-vivo differentiated bone marrow-derived macrophages (BMDMs) of WT and A20myel-KO mice were stimulated with T. muris antigens and analyzed at different time points. A20myel-KO BMDMs express significantly higher levels of Th1 polarizing cytokines IL-12 and IFN-γ (Figures 5A, B) and secrete increased levels of IL-18 (Figure 5C) in the supernatant upon T. muris antigen stimulation. In order to evaluate the role of IL-12, IL-18, and IFN-γ in preventing an effective type-2 immune response upon T. muris infection in A20myel-KO mice, we assessed the outcome of pharmacological inhibition of these cytokines in vivo. To this end, A20myel-KO mice were infected with T. muris and i.p. injected with neutralizing antibodies against IFN-γ, IL-12, or IL-18 versus isotype control antibody (IgG), every 48 h for a total of 21 days (Figures 5D, E). Interestingly, depletion of either one of these three cytokines leads to a significant reduction in the worm counts in the cecum compared with isotype-antibody-treated A20myel-KO mice, with the most potent reduction in anti-IFN-γ-treated mice (Figure 5E). We further determined the levels of IgG1 and IgG2c antibodies, as immunoglobulin markers of Th2 and Th1 responses, respectively. We observed that anti-IFN-γ and anti-IL-12 treatment had the most prominent effect in inducing a Th2-associated IgG1 antibody response, as efficient as in WT mice, although all A20myel-KO mice retain increased levels of IgG2c (Figures 5F, G). Histological analysis confirms that inflammation is reduced in the colon of A20myel-KO antibody-treated groups (Figure 5H). In conclusion, we show that A20myel-KO macrophages overproduce type-1 polarizing cytokines upon recognition of T. muris antigens and that neutralization of these specific cytokines in vivo can overcome Th1 dominance and improve worm clearance in A20myel-KO mice.




Figure 5 | Blocking Th1-related cytokine reverse susceptibility of A20myel-KO to Trichuris muris. (A) Relative IFN-γ expression in BMDMs derived from WT (blue) and A20myel-KO (red) stimulated with Trichuris antigen for 4 h and 24 h. (B) Relative expression of IL-12 in WT (blue) and A20myel-KO (red)-derived BMDMs stimulated for 0 h and 6 h with T. muris antigen. (C) IL-18 levels in the supernatant of WT (blue) and A20myel-KO (red)-derived BMDMs, stimulated with Trichuris antigen for 4 h and 48 h. (D) Infection and treatment scheme with T. muris and neutralizing antibodies against IFN-γ, IL-12, and IL-18. (E) Worm counts in the cecum of WT (n = 15, open dots), A20myel-KO+IgG control antibody (n = 12, red), A20myel-KO+a-IL-18 (n = 10, blue), A20myel-KO+a-IL-12 (n = 7, gray), and A20myel-KO+a-IFN-γ (n = 11, green) 21 days after infection with T. muris. The graph represents the combined data of three independent experiments. (F) ELISA for IgG1 and (G) IgG2c levels in the blood serum of WT and A20myel-KO mice treated as in (B). Significance refers to log dilution 1. (H) Representative images of AB/PAS staining of cecum and colon sections of WT and A20myel-KO mice infected with T. muris and treated with neutralizing antibodies, as in (B). Scale bars 200 μm. Data are presented as means ± s.e.m. Statistical significance was determined by a two-sided Student’s t-test or by one-way ANOVA for multiple comparisons. * p<0,05, ** p<0,01, *** p<0,001, **** p < 0.0001. Ns, Not significant.






2.4 A20myel-KO mice have improved resistance to Salmonella typhimurium infection

Given the strong Th1 immune profile of A20myel-KO mice, we finally evaluated the sensitivity of A20myel-KO mice and WT littermate controls to infection with a virulent strain of Salmonella enterica serovar typhimurium, as a model for type-1-dependent bacterial infection. WT and A20myel-KO mice were infected by oral gavage with 107 CFU/mouse S. typhimurium for 8 days, and disease progression was assessed. A20myel-KO mice show increased resistance against S. typhimurium infection compared with WT littermates, as they show increased survival (Figure 6A). Moreover, A20myel-KO mice are able to restrict bacterial systemic dissemination and inflammation, as confirmed by significantly lower numbers of viable S. typhimurium derived from liver and spleen tissue (Figure 6B) and by significantly decreased levels of TNF in the serum (Figure 6C). Histological analysis of spleen tissue of WT and A20myel-KO mice showed a decrease of the lymphoid tissue (white pulp) over red pulp in WT compared with A20myel-KO spleens (Figure 6D). Moreover, the liver of infected WT mice shows increased immune cell infiltration and necrotic areas compared to the liver of A20myel-KO (Figure 6E). Although we do not observe differences in body weight and temperature between the two genotypes (Supplementary Figure 6C), A20myel-KO mice are able to clear the Salmonella infection more effectively compared to WT littermates, which can be attributed to their enhanced type-1 immunity of A20myel-KO mice.




Figure 6 | A20myel-KO mice are protected against Salmonella typhimurium infection. (A) Survival curve of WT (n = 7) and A20myel-KO (n = 6) mice during 8 days of infection with S. typhimurium. Statistical analysis is performed using the Gehan–Breslow–Wilcoxon test. (B) CFU counts of retrieved S. typhimurium from the liver and spleen of infected WT (n = 4) and A20myel-KO (n = 5) 8 days post-infection. (C) ELISA for TNF levels in the blood serum of WT (n = 4) and A20myel-KO (n = 5) 8 days post-infection. Data are presented as means ± s.e.m. Statistical significance was determined by a two-sided Student’s t-test. (D) Representative images of H&E staining of spleens of infected WT and A20myel-KO mice. The black arrows indicate hematopoiesis (red pulp) and the white asterisks indicate the lymphoid tissue (white pulp). Scale bar 100 μm. (E) Representative images of H&E staining of the liver of infected WT and A20myel-KO mice. The black arrow indicates immune cell infiltration and the white asterisks indicate the necrotic areas. Scale bar 20 μm. * p<0,05.







3 Discussion

A20 is a potent anti-inflammatory protein and its molecular role in restricting inflammation and cell death has been extensively documented (36). We recently reported that the inflammatory phenotype of A20myel-KO mice is not protected in germ-free conditions and, therefore, does not depend on microbial triggers (37). In this study, we report the critical role of A20 in macrophage polarization and show for the first time that its expression in myeloid cells is indispensable for the induction of effective Th2 adaptive immunity in response to infection with the helminth T. muris.

The role of A20 in myeloid and T cells has been studied in an array of disease contexts. Deletion of A20 in myeloid cells in mice leads to the spontaneous development of erosive polyarthritis resembling rheumatoid arthritis in humans (13). Follow-up studies have shown that the arthritic phenotype of A20myel-KO mice is caused by increased Nlrp3 inflammasome activation, leading to increased secretion of IL-1β and IL-18 (12). Moreover, A20 was shown to prevent inflammasome-dependent arthritis by inhibiting macrophage necroptosis (9). A20myel-KO mice were also shown to be resistant to diet-induced obesity and insulin resistance due to the expansion of CD206+ adipose tissue macrophages (ATMs), although these ATMs have a gene signature indicative of classical pro-inflammatory macrophage activation (38).

We show that A20 deletion in myeloid cells predisposes intestinal myeloid cells toward a pro-inflammatory phenotype and M1 polarization in steady state, mediating Th1 skewing in response to T. muris infection, which in turn leads to persistent inflammation. In contrast, WT control mice with A20-competent myeloid cells induce effective Th2 immunity and clear the T. muris infection (Figure 7). Of note, Gzma, which we demonstrate to be upregulated in A20myel-KO colon CD11b+ cells at steady state, was previously shown to be associated with chronic helminth infection to Litosomoides sigmodontis, and granzyme A deletion in vivo was shown to promote type-2 immunity (39).




Figure 7 | Concluding scheme. The clearance of gastrointestinal helminths depends on type-2 immunity. Helminths interact with and damage intestinal tissue, which leads to the release of intracellular DAMPs and cytokines such as TSLP and IL-33 and IL-25 produced by epithelial cells. These factors activate myeloid cells, which further activate T and B cells to mount effective Th2 responses and the secretion of IL-4, IL-5, and IL-13 cytokines, as well as helminth-specific IgG1 immunoglobulins, leading to effective expulsion of the helminths. Deletion of A20 in the myeloid cells leads to a strong classical macrophage polarization and enhanced secretion of type-1-associated cytokines, including IL-12, IL-18, and IFN-γ, which impede type-2 immune-mediated helminth clearance and promotes persistent infection and intestinal inflammation. Created with BioRender.com.



It has been reported that helminths or their secreted molecules, due to their ability to redirect immune responses toward type 2 and induce immunosuppressive mechanisms, can inhibit inflammation and autoimmunity in an array of experimental animal models, including inflammatory bowel disease, multiple sclerosis, and rheumatoid arthritis, but also in humans, as clinical trials to treat autoimmune diseases are ongoing (40, 41). Despite promising data indicating that helminths can suppress various immune disorders, our data show that using live helminths also holds great risks, as dominant genetic factors, including Tnfaip3 mutations, can instead promote persistent inflammation in response to helminth infection. Regarding the effect of T. muris infection on A20myel-KO joint inflammation, we did not observe any reduction in the arthritic phenotype (data not shown). Recently, deletion of A20 in macrophages was reported to suppress IL-33-dependent expansion of lung ILC2s, type-2 cytokine production, and eosinophilia (14). Since ILCs do not play a prominent role during T. muris expulsion, in contrast to other parasite infections such as N. brasiliensis and H. polygyrus infection (42), our data indicate that A20 acts as an essential mediator of alternative macrophage polarization and subsequent adaptive immunity in response to T. muris infection. A20 deficiency leads to default classical macrophage activation and type-1 immune polarization. In line with this, enhanced protection of A20myel-KO mice by lethal lung infection with influenza A virus was reported to be mediated by type-1 interferons (i.e., IFN-α/β) (17). While bacterial and viral infections, which depend on type-1 immunity, are cleared more effectively in the absence of myeloid A20, infections with helminths, which depend on type-2 immunity, are compromised. The findings of our study are important for individuals with genetic defects in TNFAIP3 (or functionally related genes), which are associated with increased susceptibility to various inflammatory and autoimmune pathologies, such as rheumatoid arthritis, systemic lupus erythematosus, multiple sclerosis, and psoriasis (43). Thus, these patients may show reduced resistance against helminth infections but increased protection against Th1-dependent bacterial and viral infections. Taken together, we identify A20 as a critical checkpoint for macrophage and subsequent intestinal mucosal immune polarization and an essential mediator of type-2 immunity in the gut during helminth infection.




4 Methods



4.1 Animals

A20myel-KO mice, with a myeloid-cell-specific deletion (lysozyme M-Cre) of the A20/Tnfaip3 gene, were previously described (13). Mice were housed in individually ventilated cages at the specific pathogen-free animal facility of the Medical Research Building II at Ghent University Hospital. For our experiments, both males and females were used, evenly distributed over the experimental groups, as we observe no difference in response to T. muris and S. typhimurium between both sexes. All mice experiments were conducted according to the national Belgian Law (14/08/1986 and 22/12/2003, Belgian Royal Decree 06/04/2010) and European (EU Directives 2010/63/EU, 86/609/EEG) animal regulations.




4.2 Propagation of Trichuris muris eggs

Six- to eight-week-old RaG2−/− mice were infected with 200 Trichuris eggs by oral gavage. After 32–35 days, the mice were sacrificed, and the cecum and proximal colon were isolated. The cecum and colon were cut open to expose the lumen, and the worms were placed in a 10-cm Petri dish containing PBS and, with the help of forceps, were shaken gently to remove feces. The cecum was placed into another Petri dish containing Dulbecco’s modified Eagle medium (DMEM) with 500 U/ml of penicillin and 500 μg/ml of streptomycin (P/S), and by using smooth curved forceps, the worms were gently pulled out and placed in a well of a 6-well plate containing 5 ml of DMEM + P/S. This process was repeated for all the infected mice. The plate was placed in a plastic container with a damp paper towel to maintain humidity and incubated at 37°C for 4 h. After 4 h, the worms were removed using smooth curved forceps and split into two new wells of the six-well plate containing 5 ml of DMEM + P/S. The content of the original well was harvested and placed in a 15-ml falcon tube and spun at 3,000 rpm, and the was supernatant removed and reserved as a 4-h T. muris excretory and secretory antigen. This supernatant was used for mLN restimulation and BMDM treatment. The egg-containing pellet was resuspended in autoclaved tap water. The 6-well plate was placed back at 37°C overnight. Thereafter, the worms were removed, and the content of the wells was harvested into a falcon tube and spun at 3,000 rpm for 5 min. The supernatant was collected and reserved as a 24 h T. muris excretory and secretory antigen. This supernatant was used for Trichuris Ag-specific antibody isotype ELISAs. The remaining egg-containing pellet was resuspended in autoclaved tap water, and the eggs were embryonated at room temperature prior to storage at 4°C for future use.




4.3 Infection with Trichuris muris helminth

Infection with T. muris was performed by oral gavage of 200 embryonated T. muris eggs/mouse to 12-week-old WT and A20myel-KO mice. After 21 days, the mice were sacrificed by cervical dislocation for further analysis. For the cytokine neutralization experiments, A20myel-KO mice were infected with T. muris eggs as described earlier and treated with antibodies against IFN-γ, IL-12, and IL-18 (BioXcell, Lebanon, USA,, #BE0237) (100 μg). The antibodies were administered i.p. every second day for 21 days in total [IFN-γ (1 mg), IL-12 (1 mg), IL-18 (100 μg)]. Antibodies against IFN-γ and IL-12 were kindly provided by Dr. Louis Boon.




4.4 Infection with Salmonella typhimurium

For infection, we used Salmonella typhimurium, virulent strain SL1344. Culture: Salmonella from glycerol stock was grown in LB for 1 h at 37°C. Next, the liquid culture was plated and grown overnight (ON) on blood agar plates at 37°C to acquire single colonies. The day before infection (D-1), a) a colony of Salmonella from the plate was inoculated in 5 ml of LB and grown ON at 37°C in a shaking incubator at 180 rpm and b) the mice were treated with streptomycin to improve colonization efficiency (25 mg/mouse). On the day of infection (D0), food and water were removed from the cage for 4 h. The ON liquid culture was diluted 100× and 500× in LB and grown for 3 h at 37°C. OD600 was measured to determine the concentration and make the appropriate dilutions so that mice were infected with 107 CFU Salmonella/200 μl. Water and food were returned to the mice and the animals were monitored for 8 days for body weight change, temperature, and condition. In the end, the mice were sacrificed, and the organs were processed for further analysis. To evaluate bacterial recovery in the spleen, colon, and liver, we used supplemented MacConkey plates [MacConkey agar (CM0007B; Oxoid, Hampshire, United Kingdom), 6.8% sodium thiosulfate (Sigma-Aldrich), 0.8% ferric ammonium citrate (Sigma-Aldrich)].




4.5 Flow cytometry

Isolation of colonic lamina propria of WT and A20myel-KO mice was performed as described previously (44). The isolated cells were used for extracellular and intracellular staining for representative markers of T and myeloid cells, in two separated panels (1 × 106 cells per sample) and then analyzed by flow cytometry using a five-laser BD LSRFortessa analyzer. For the analysis of the T-cell compartment, the cells were stained with 7-AAD (1/1,000) for live/dead separation and then extracellularly with the following antibodies: anti-CD3 APC (eBioscience, San Diego, USA; 17-0031-83; 1/100), anti-CD4 APC-Cy7 (BD, New Jersey, USA; 552051; 1/200), and anti-CD8 V500 (BD; 560776; 1/100). The cells were then fixed/permeabilized using the Foxp3 Transcription Factor Staining Buffer Set (eBioscience; 00-5523-00). For the intracellular staining, the following antibodies were used: anti-Foxp3 Alexa Fluor 488 (eBioscience; 53-5773-82; 1/100), anti-T-bet PE-Cy7 (eBioscience; 25-5825-82; 1/100), anti-RORγt BV421 (BD; 562894; 1/100), and anti-GATA3 PE (eBioscience; 12-9966-42; 1/100). For the analysis of the myeloid compartment, the cells were stained with Fixable Viability Dye eFluor 506 (eBioscience; 65-0866-14; 1/300) for live/dead separation and then only extracellularly with the following antibodies: CD19 (eBioscience; 15-0193-82; 1/400), CD3 (eBioscience; 15-0031-82; 1/200), NK1.1 (BioLegend; 108716; 1/200)/PE-Cy5, anti-CD45 Alexa Fluor 700 (eBioscience; 56-0451-82; 1/800), anti-Ly6G PercpCy5.5 (BD; 560602; 1/200), anti-Ly6C APC (eBioscience; 17-5932-80; 1/200), or anti-GR-1 where mentioned (eBioscience; 45-5931-80; 1/200), anti-Siglec-F BUV395 (BD; 740280; 1/200), anti-CD11b BV605 (BD; 563015; 1/600), anti-CD64 BV711 (BioLegend; 139311; 1/100), anti-F4/80 Biotin (eBioscience; 13-4801-82; 1/100), Streptavidin BV421 (BioLegend; 405226; 1/1,000), anti-CD11c PE-eFluor 610 (eBioscience; 61-0114-82; 1/300), and anti-MHC Class II APC-eFluor 780 (eBioscience; 47-5321-80; 1/800). The flow cytometry data were analyzed using FlowJo software and a sequential gating strategy. The graphs showing the percentages of myeloid cells represent the proportions of the parent population. In the tSNE plots for T cells, 10,000 CD3+ cells/genotype were exported, and in total, 20,000 cells were analyzed. In the tSNE plots for myeloid cells, 20,000 CD45+ cells (lineage excluded: CD19+, Nk1.1+, and CD3+ fraction)/genotype were exported, and in total, 40,000 cells were analyzed. The samples were then concatenated and analyzed with the tSNE plugin of FlowJo (10.6.1) (iterations = 1,000; perplexity = 30). Following dimensional reduction, coordinates for each tSNE dimension (i.e., tSNE1 and tSNE2) in the two-dimensional plots were determined and integrated as novel parameters. The gating strategies for myeloid and T-cell analysis are included in Supplementary Figures 2H and 3.

For the sorting of CD11b+ cells from WT and A20myel-KO mice, the cells were stained with anti-CD11b BV605 (BD; 563015; 1/600) and CD19 (eBioscience; 15-0193-82; 1/400), CD3 (eBioscience; 15-0031-82; 1/200), and NK1.1 (BioLegend; 108716; 1/200)/PE-Cy5 as lineage markers (Supplementary Figures 6A, B).




4.6 Isolation and culture of mesenteric lymph nodes

The mesenteric lymph nodes of WT and A20myel-KO mice were harvested post-mortem. The tissue was dissociated with a plunger through a 70-μm filter. mLN cells were resuspended in RPMI 1640 medium supplemented with fetal calf serum and penicillin/streptomycin and treated with 3 μg/ml of a-CD3 and 5 μg/ml of a-CD28, both soluble for 48 h. After culture, the cells were processed for RNA isolation, cDNA synthesis, and quantitative PCR, and the supernatants were used for cytokine measurement.




4.7 Ex vivo differentiation of BMDMs

Bone marrow was isolated from the tibia and fibula bones of WT and A20myel-KO mice. The samples were treated with ACK for 3 min at room temperature to remove red blood cells. The cells were then cultured in Petri dishes in 10 ml of RPMI 1640 medium containing 10% fetal calf serum, penicillin/streptomycin, and 40 ng/ml of m-CSF for a total of 7 days. On day 3 (D3), the cells were supplemented with 1 ml of 400 ng/ml m-CSF. On D5, the medium was replaced with a fresh solution containing 40 ng/ml of m-CSF. On D7, the differentiated cells were replated and cultured with 4 h T. muris antigen for different time points, i.e., 30 min, 1 h, 2 h, 4 h, 6 h, 24 h, 48 h, and 72 h. At the end of the treatment, the cells were processed for RNA isolation, cDNA synthesis, and quantitative PCR, and the supernatants were used for cytokine measurement.




4.8 Quantitative polymerase chain reaction

Tissues and cells were lysed using RLT and β-mercaptoethanol and TissueLyser II (Qiagen, Tegelen, Netherlands, for tissues). Total RNA was isolated using the RNeasy Mini Kit (Qiagen), according to the manufacturer’s instructions. The synthesis of cDNA was performed using QuantiTect® Reverse Transcription Kit (Qiagen). For qPCR, SensiFAST SYBR No-ROX (Bioline, London, United Kingdom) and specific primers for GATA3 (Fw GGCAGAAAGCAAAATGTTTGCT; Rev TGAGTCTGAATGGCTTATTCACAAAT), IL-4 (Fw TGGACTCATTCATGGTGCAG; Rev AACATGGGAAAACTCCATGC), IFN-γ (Fw TCTGGAGGAACTGGCAAAAG; Rev GCTGATGGCCTGATTGTCTT), and IL-12 (Fw CCTGGGTGAGCCGACAGAAGC; Rev CCACTCCTGGAACCTAAGCAC) were used on LightCycler 480 (Roche, Basel, Switzerland). The reactions were performed in triplicates, and the results were analyzed with qbase+ software. As housekeeping genes, GAPDH, Actb, and Ubc were used.




4.9 ELISA for IgG1 and IgG2c levels in blood serum

The plates for the ELISA were coated overnight at 4°C with diluted Trichuris antigen in 0.05 M of carbonate bicarbonate buffer. After washing 5× with PBST 0.05%, the plate was incubated with blocking buffer (3% BSA+PBST 0.05%). The diluted serum was then added to the plate and incubated for 90 min at room temperature (RT). Later, the plate was washed 5× with PBST 0.05% and incubated with biotinylated antibody G1 (Serotec MCA336B) or G2A (BD Bioscience 553388) for 60 min at RT. After five washes with PBST 0.05%, the plate was incubated with Streptavidin-POD conjugate (Roche, 11089153001) for 1 h at RT. Next, the peroxidase substrate ABTS (2,2′-azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium salt, Sigma-Aldrich, A1888) was added, and the absorbance was determined at 405 nm, with reference to 490 nm.




4.10 Quantification of cytokines

Cytokine levels were determined in mouse blood serum and in supernatants of ex-vivo cultured mesenteric lymph nodes and bone marrow-derived macrophages. Mouse blood was collected post-mortem by cardiac puncture and stored in clot activator tubes containing serum separating silica particles.

IL-4 (171G5005M), IL-5 (171G5006M), and IL-13 (171G5012M) were quantified using the Bio-Plex Pro kit (Bio-Rad, California, United States) on the Bio-Plex 200 system (Bio-Rad) according to the manufacturer’s instructions. IFN-γ, IL-12, and IL-18 were quantified using ELISA (R&D Systems, Minneapolis, United States).




4.11 Histology

Mouse colon and cecum tissues were fixed in formalin (10%; neutral buffered; Sigma-Aldrich, Missouri, United States). Samples were dehydrated, embedded in paraffin, sectioned at 5 μm, stained with hematoxylin and eosin, and examined by light microscopy. For combined Alcian Blue and periodic acid Schiff staining, dewaxed sections were dehydrated and incubated in Alcian Blue for 20 min. The sections were subsequently washed with PBS and treated with 1% periodic acid for 15 min followed by incubation in Schiff’s reagent for 15 min. Sections were counterstained with Mayer’s hematoxylin for 30 s, washed, and dehydrated before mounting with DePeX.




4.12 MACSima platform

The following samples were prepared for MACSima imaging: colon—WT colon steady state, A20myel-KO colon steady state, WT colon T. muris, A20myel-KO colon T. muris. The tissues were mounted in OCT compound, and sections of 8 μm thickness were prepared with a cryostat. The sections were later fixed with acetone at −20°C for 10 min and washed 3× with PBS, and staining proceeded. Thirty-two markers in total were assessed with the MACSima technology which were coupled to PE or FITC fluorophores. According to the basic principle of the technology, validated antibodies by Miltenyi enable the identification of multiple markers at the same time. The MACSima imaging system acquires fluorescence images of two markers/cycle of the desired predefined ROIs. To complete the cycle, the fluorescence signal is erased, and the process restarts automatically. The images were later analyzed with MACSiQView software.




4.13 Bulk RNA sequencing and analysis

Sorted CD11b+ cells from the colon lamina propria and from the (ankle and knee) joint synovium were analyzed with bulk RNA sequencing using a QuantSeq mRNA Library Prep on 37 samples and sequencing on the NextSeq500 SR-75 by NXTGNT (Faculty of Pharmaceutical Sciences, Ghent University). The quality of the raw data was checked using FastQC (version 0.11.9) and MultiQC (version 1.12). The trimmed data (Trimmomatic version 0.39) were mapped to the mouse reference genome (Assembly: GRCm39, GCA_000001635.9) using STAR (version 2.7.10a). BAM files were created using Samtools (version 1.9) and counted with featureCounts from the Subread package (version 2.0.3).

The quality of the experimental design was assessed using PCA and sample-to-sample distance to determine outlier samples. DESeq2 (version 1.38.2) was used to perform differential expression analysis. P-values were adjusted for multiple testing by DESeq2 using Benjamini–Hochberg correction. Genes were labeled as differentially expressed when the adjusted P-value <0.05. Functional enrichment was performed using the fgsea (v1.24.0) package to find enriched pathways. A pre-ranked gene list was generated by ordering the shrunk differential expression results according to log2FC. Enrichment results were filtered using a normalized enrichment score (NES) cutoff >1.

Gene scoring was performed by comparing the expression data of our dataset with published expression data for in-vitro M1 classically activated (IFN-γ+LPS) macrophages and M2 alternatively activated (IL-4) macrophages described by Orecchioni M. et al. (21) This gene list consists of 710 genes identified to be upregulated in classically activate macrophages and 806 genes to be upregulated in alternatively activated macrophages. The RNA sequencing datasets are available at public repositories (Supplementary Data).




4.14 Statistical analysis

Data were analyzed using GraphPad Prism 9.4.1 software. The results are expressed as means ± s.e.m. We used the unpaired Student’s t-test for two-parameter comparisons or one-way ANOVA for multiple comparisons. Differences with P <0.05 were considered statistically significant and denoted as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Supplementary Figure 1 | (A) Representative images of H&E staining of ankle joint of WT and A20myel-KO mice, 14 weeks-old. Arrows indicate the sites of immune cell infiltration. (B) Representative images of AB/PAS staining of colon sections of WT and A20myel-KO mice, 14 weeks-old. (C) Representative macroscopic images of WT and A20myel-KO spleens after dissection at 14 weeks-old. Flow cytometry analysis of spleen of WT (n=6) and A20myel-KO (n=6) mice for the myeloid compartment at steady state, including CD11b+ (D, E), Monocytes (F, G), Neutrophils and Eosinophils (H-J). (K) Flow cytometry for T cell analysis in the spleen of WT (n=6) and A20myel-KO (n=6) including CD4+RORγt+, CD4+Foxp3+ (presented as percentage of CD4+ cells), CD4+ and CD8+ (presented as percentage of CD3+ cells). Data are presented as means ± s.e.m. Statistical significance was determined by a two-sided Student’s t-test.

Supplementary Figure 2 | (A) Bulk RNA sequencing volcano plots presenting the differentially expressed genes in CD11b+ sorted cells of WT (n=5, blue) and A20myel-KO (n=5, magenta) joint synovium samples. (B) Heatmap showing the top 25 M1 markers to be upregulated in A20myel-KO synovium compared to WT. (C) Gene ontology pathway analysis showing the positively regulated pathways in A20meyl-KO synovium CD11b+ cells. (D) Gene scoring analysis using an M1 signature to compare the expression in WT and A20myel-KO synovium. (E) Bulk RNA sequencing and clustering of WT (n=5) and A20myel-KO (n=5) colon and (F) of WT (n=4) and A20myel-KO (n=5) joint samples at steady state on PCA plots according to gene expression. (G) Relative IL18 expression in BMDMs of WT (n=4) and A20myel-KO (n=4) in steady state condition. Data are presented as means ± s.e.m. Statistical significance was determined by two-sided Student’s t-test. (H) Gating strategy for flow cytometry analysis of myeloid cells in colon and spleen.

Supplementary Figure 3 | Gating strategy for flow cytometry analysis data for T cells in colon and spleen. Details for the immune markers analysed and fluorophores used are included in materials and methods section.

Supplementary Figure 4 | Flow cytometry analysis in the spleen of WT (n=6) and A20myel-KO (n=4) upon Trichuris muris infection including (A) total CD11b+, Monocytes, Neutrophils and Dendritic cells for the Myeloid compartment. (B) Analysis of the T cell compartment includes CD4+, CD8+ (presented as percentage of CD3+ cells), CD4+Tbet+, CD4+RORgt+, CD4+Foxp3+ and CD4+GATA3+ levels (presented as percentage of CD4+ cells). (C) Bulk RNA sequencing and clustering of WT colon at steady state (n=5, blue triangle) and upon Trichuris muris (n=4, blue square) versus A20myel-KO colon at steady state (n=5, red triangles) and upon Trichuris muris infection (n=4, red squares) combined on a PCA plot according to gene expression. (D) GATA3, Tbet and RORγt expression within colonic T regulatory (percentage of CD4+Foxp3+) cell population in WT (n=6) and A20myel-KO (n=4) upon Trichuris muris infection.

Supplementary Figure 5 | FlowSOM analysis of WT (n=4) and A20myel-KO (n=4) upon Trichuris muris infection for T cell composition. The data are visualized in minimal spanning trees and according to the parameter’s expression levels, Flowsom organizes the branches of the tree (cell clusters) in 8 different metaclusters (0-7). The parameters analysed are colored inside every circle as following: Tbet=magenta, GATA3=purple, CD4=light blue, CD8=green, RORγt=yellow and Foxp3=orange. The height of each part indicates the expression intensity: the higher the part in the circle (node), the higher the expression of the marker is. The size of the circles is also indicative of the abundance of the representative cell cluster. (A) In WT mice upon Trichuris infection we observe an abundance of the cell cluster which is represented by circles that contain higher purple parts (GATA3). In contrast, A20myel-KO mice show abundance of the cell cluster which is represented by circles that contain higher magenta parts (Tbet). We also observe increase of the circles contain higher yellow parts (RORγt). Tregs are represented by orange parts and appear as a heterogenous population separated in 2 branches, with higher expression of RORγt (yellow), Tbet (magenta) and GATA3 (purple). The samples were exported and concatenated and a total of 10.000 CD3+ cells/genotype is analysed. The parameters applied for the Flowsom analysis are the following: Number of metaclusters=8, SOM (self-organizing map) grid size 10x10, Node scale=300%. FlowJo plugin 3.0.18 (45). The different metaclusters present the differential and combinatorial expression of the analysed parameters. 5200 CD3+ cells were extracted and concatenated/genotype (in total 10400 cells) to perform Flowsom analysis.

Supplementary Figure 6 | Fluorescence-activated cell sorting of CD11b+ from (A) joint synovium and (B) colon lamina propria of WT and A20myel-KO mice for bulk RNA sequencing. Representative plots of sorted and re-sorted DC11b+ cells to ensure the purity of the sorted population. (C) Graphs presenting the % body weight loss (left) and % body temperature change (right) in WT (blue) and A20myel-KO (black dotted) mice upon infection with Salmonella typhimurium. (D) Representative H&E staining of colon section of WT and A20myel-KO on day 8 p.i. (E) CFU counts of retrieved Salmonella typhimurium from stool samples of infected WT (n=4) and A20myel-KO (n=5). (F) Colon length of infected WT (n=3) and A20myel-KO (n=5) 8 days post infection. (G) McConkey plates showing Salmonella typhimurium colony growth in WT (n=2/plate) and A20myel-KO (n=2/plate) from liver samples on day 8 p.i. The samples are serially diluted (1/10) left to right (D1->D3).




References

1. WHO. Investing to overcome the global impact of neglected tropical diseases: third WHO report on neglected diseases. (2015) Geneva, Switzerland: WHO Press, World Health Organization.

2. Loukas, A, Maizels, RM, and Hotez, PJ. The yin and yang of human soil-transmitted helminth infections. Int J Parasitol. (2021) 51:1243–53. doi: 10.1016/j.ijpara.2021.11.001

3. Pullan, RL, Smith, JL, Jasrasaria, R, and Brooker, SJ. Global numbers of infection and disease burden of soil transmitted helminth infections in 2010. Parasit Vectors. (2014) 7. doi: 10.1186/1756-3305-7-37

4. Colombo, SAP, and Grencis, RK. Immunity to soil-transmitted helminths: evidence from the field and laboratory models. Front Immunol. (2020) 11:1286. doi: 10.3389/fimmu.2020.01286

5. Lechner, A, Bohnacker, S, and Esser-von Bieren, J. Macrophage regulation & function in helminth infection. Semin Immunol. (2021) 53. doi: 10.1016/j.smim.2021.101526

6. Bowcutt, R, Bell, LV, Little, M, Wilson, J, Booth, C, Murray, J, et al. Arginase-1-expressing macrophages are dispensable for resistance to infection with the gastrointestinal helminth Trichuris muris. Parasite Immunol. (2011) 33:411–20. doi: 10.1111/j.1365-3024.2011.01300.x

7. Perrigoue, JG, Saenz, SA, Siracusa, MC, Allenspach, EJ, Taylor, BC, Giacomin, PR, et al. MHC class II-dependent basophil-CD4+ T cell interactions promote TH2 cytokine-dependent immunity. Nat Immunol. (2009) 10:697–705. doi: 10.1038/ni.1740

8. Priem, D, van Loo, G, and Bertrand, MJM. A20 and cell death-driven inflammation. Trends Immunol. (2020) 41:421–35. doi: 10.1016/j.it.2020.03.001

9. Polykratis, A, Martens, A, Eren, RO, Shirasaki, Y, Yamagishi, M, Yamaguchi, Y, et al. A20 prevents inflammasome-dependent arthritis by inhibiting macrophage necroptosis through its ZnF7 ubiquitin-binding domain. Nat Cell Biol. (2019) 21:731–42. doi: 10.1038/s41556-019-0324-3

10. Martens, A, Priem, D, Hoste, E, Vetters, J, Rennen, S, Catrysse, L, et al. Two distinct ubiquitin-binding motifs in A20 mediate its anti-inflammatory and cell-protective activities. Nat Immunol. (2020) 21:381–7. doi: 10.1038/s41590-020-0621-9

11. Clemente-Casares, X, Hosseinzadeh, S, Barbu, I, Dick, SA, Macklin, JA, Wang, Y, et al. A CD103+Conventional dendritic cell surveillance system prevents development of overt heart failure during subclinical viral myocarditis. Immunity. (2017) 47:974–989.e8. doi: 10.1016/j.immuni.2017.10.011

12. Vande Walle, L, Van Opdenbosch, N, Jacques, P, Fossoul, A, Verheugen, E, Vogel, P, et al. Negative regulation of the NLRP3 inflammasome by A20 protects against arthritis. Nature. (2014) 512:69–73. doi: 10.1038/nature13322

13. Matmati, M, Jacques, P, Maelfait, J, Verheugen, E, Kool, M, Sze, M, et al. A20 (TNFAIP3) deficiency in myeloid cells triggers erosive polyarthritis resembling rheumatoid arthritis. Nat Genet. (2011) 43:908–12. doi: 10.1038/ng.874

14. Holgado, A, Liu, Z, Aidarova, A, Mueller, C, Haegman, M, Driege, Y, et al. A20 is a master switch of IL-33 signalling in macrophages and determines IL-33-induced lung immunity. J Allergy Clin Immunol. (2023) 152(1):244–256.e4. doi: 10.1016/j.jaci.2023.02.026

15. Vroman, H, van Uden, D, Bergen, IM, van Hulst, JAC, Lukkes, M, van Loo, G, et al. Tnfaip3 expression in pulmonary conventional type 1 Langerin-expressing dendritic cells regulates T helper 2-mediated airway inflammation in mice. Allergy: Eur J Allergy Clin Immunol. (2020) 75:2587–98. doi: 10.1111/all.14334

16. Schuijs, MJ, Willart, MA, Vergote, K, Gras, D, Deswarte, K, Ege, MJ, et al. Farm dust and endotoxin protect against allergy through {A20} induction in lung epithelial cells. Science. (2015) 349:1106–10. doi: 10.1126/science.aac6623

17. Maelfait, J, Roose, K, Bogaert, P, Sze, M, Saelens, X, Pasparakis, M, et al. A20 (Tnfaip3) deficiency in myeloid cells protects against influenza A virus infection. PloS Pathog. (2012) 8(3):e1002570. doi: 10.1371/journal.ppat.1002570

18. Vereecke, L, Sze, M, Mc Guire, C, Rogiers, B, Chu, Y, Schmidt-Supprian, M, et al. Enterocyte-specific A20 deficiency sensitizes to tumor necrosis factor-induced toxicity and experimental colitis. J Exp Med. (2010) 207:1513–23. doi: 10.1084/jem.20092474

19. Fujiwara, Y, Hizukuri, Y, Yamashiro, K, Makita, N, Ohnishi, K, Takeya, M, et al. Guanylate-binding protein 5 is a marker of interferon-γ-induced classically activated macrophages. Clin Transl Immunol. (2016) 5. doi: 10.1038/cti.2016.59

20. Edin, S, Wikberg, ML, Dahlin, AM, Rutegård, J, Öberg, A, Oldenborg, P-A, et al. The distribution of macrophages with a M1 or M2 phenotype in relation to prognosis and the molecular characteristics of colorectal cancer. PloS One. (2012) 7. doi: 10.1371/journal.pone.0047045

21. Orecchioni, M, Ghosheh, Y, Pramod, AB, and Ley, K. Macrophage polarization: Different gene signatures in M1(Lps+) vs. Classically and M2(LPS-) vs. Alternatively activated macrophages. Front Immunol. (2019) 10:1084. doi: 10.3389/fimmu.2019.01084

22. Tardito, S, Martinelli, G, Soldano, S, Paolino, S, Pacini, G, Patane, M, et al. Macrophage M1/M2 polarization and rheumatoid arthritis: A systematic review. Autoimmun Rev. (2019) 18. doi: 10.1016/j.autrev.2019.102397

23. Khan, A, Zhang, K, Singh, VK, Mishra, A, Kachroo, P, Bing, T, et al. Human M1 macrophages express unique innate immune response genes after mycobacterial infection to defend against tuberculosis. SSRN Electronic J. (2021) 5(1):480. doi: 10.2139/ssrn.3750667

24. Gomez, JC, Yamada, M, Martin, JR, Dang, H, Brickey, JW, Bergmeier, W, et al. Mechanisms of interferon-γ production by neutrophils and its function during streptococcus pneumoniae pneumonia. Am J Respir Cell Mol Biol. (2015) 52:349–64. doi: 10.1165/rcmb.2013-0316OC

25. O’Hara, R, Murphy, EP, Whitehead, AS, FitzGerald, O, and Bresnihan, B. Acute-phase serum amyloid A production by rheumatoid arthritis synovial tissue. Arthritis Res. (2000) 2:142. doi: 10.1186/ar78

26. Thwaites, RS, Unterberger, S, Chamberlain, G, Walker-Bone, K, Davies, KA, Sacre, S, et al. TLR1/2 and 5 induce elevated cytokine levels from rheumatoid arthritis monocytes independent of ACPA or RF autoantibody status. Rheumatology. (2020) 59:3533–9. doi: 10.1093/rheumatology/keaa220

27. Else, KJ, Finkelman, FD, Maliszewski, CR, and Grencis, RK. Cytokine-mediated regulation of chronic intestinal helminth infection. J Exp Med. (1994) 179:347–51. doi: 10.1084/jem.179.1.347

28. Hayes, KS, and Grencis, RK. Trichuris muris and comorbidities-within a mouse model context. Parasitology. (2021) 148:1774–82. doi: 10.1017/S0031182021000883

29. Koch, MA, Tucker-Heard, G, Perdue, NR, Killebrew, JR, Urdahl, KB, and Campbell, DJ. The transcription factor T-bet controls regulatory T cell homeostasis and function during type 1 inflammation. Nat Immunol. (2009) 10:595–602. doi: 10.1038/ni.1731

30. Pagliari, M, et al. Helicobacter pylori affects the antigen presentation activity of macrophages modulating the expression of the immune receptor CD300E through miR-4270. Front Immunol. (2017) 8. doi: 10.3389/fimmu.2017.01288

31. Palmer, CD, Mutch, BE, Workman, S, McDaid, JP, Horwood, NJ, Foxwell, BMJ, et al. Bmx tyrosine kinase regulates TLR4-induced IL-6 production in human macrophages independently of p38 MAPK and NFκB activity. Blood. (2008) 111:1781–8. doi: 10.1182/blood-2007-07-102343

32. Kwiecień, I, Polubiec-Kownacka, M, Dziedzic, D, Wołosz, D, Rzepecki, P, and Domagała-Kulawik, J. CD163 and CCR7 as markers for macrophage polarization in lung cancer microenvironment. Cent Eur J Immunol. (2019) 44:395–402 doi: 10.5114/ceji.2019.92795

33. Liguori, M, Digifico, E, Vacchini, A, Avigni, R, Colombo, FS, Borroni, EM, et al. The soluble glycoprotein NMB (GPNMB) produced by macrophages induces cancer stemness and metastasis via CD44 and IL-33. Cell Mol Immunol. (2021) 18:711–22. doi: 10.1038/s41423-020-0501-0

34. Cui, HS, Joo, SY, Cho, YS, Kim, JB, and Seo, CH. CPEB1 or CPEB4 knockdown suppresses the TAK1 and Smad signalings in THP-1 macrophage-like cells and dermal fibroblasts. Arch Biochem Biophys. (2020) 683. doi: 10.1016/j.abb.2020.108322

35. Gerrick, KY, Gerrick, ER, Gupta, A, Wheelan, SJ, Yegnasubramanian, S, and Jaffee, EM. Transcriptional profiling identifies novel regulators of macrophage polarization. PloS One. (2018) 13. doi: 10.1371/journal.pone.0208602

36. Malynn, BA, and Ma, A. A20: A multifunctional tool for regulating immunity and preventing disease. Cell Immunol. (2019) 340. doi: 10.1016/j.cellimm.2019.04.002

37. Thiran, A, Petta, I, Blancke, G, Thorp, M, Planckaert, G, Jans, M, et al. Sterile triggers drive joint inflammation in TNF- and IL -1β-dependent mouse arthritis models. EMBO Mol Med. (2023) 15. doi: 10.15252/emmm.202317691

38. Catrysse, L, Maes, B, Mehrotra, P, Martens, A, Hoste, E, Martens, L, et al. A20 deficiency in myeloid cells protects mice from diet-induced obesity and insulin resistance due to increased fatty acid metabolism. Cell Rep. (2021) 36. doi: 10.1016/j.celrep.2021.109748

39. Hartmann, W, Marsland, BJ, Otto, B, Urny, J, Fleischer, B, and Korten, S. A novel and divergent role of granzyme A and B in resistance to helminth infection. J Immunol. (2011) 186:2472–81. doi: 10.4049/jimmunol.0902157

40. Smallwood, TB, Giacomin, PR, Loukas, A, Mulvenna, JP, Clark, RJ, and Miles, JJ. Helminth immunomodulation in autoimmune disease. Front Immunol. (2017) 8:453. doi: 10.3389/fimmu.2017.00453

41. Maruszewska-Cheruiyot, M, Donskow-Lysoniewska, K, and Doligalska, M. Helminth therapy: Advances in the use of parasitic worms against Inflammatory Bowel Diseases and its challenges. Helminthologia. (2018) 55:1–11. doi: 10.1515/helm-2017-0048

42. Glover, M, Colombo, SAP, Thornton, DJ, and Grencis, RK. Trickle infection and immunity to Trichuris muris. PloS Pathog. (2019) 15. doi: 10.1101/677096

43. Vereecke, L, Beyaert, R, and Van Loo, G. Genetic relationships between A20/TNFAIP3, chronic inflammation and autoimmune disease. Biochem Soc Trans. (2011) 39:1086–91. doi: 10.1042/BST0391086

44. Scott, CL, T'Jonck, W, Martens, L, Todorov, H, Sichien, D, Soen, B, et al. The transcription factor ZEB2 is required to maintain the tissue-specific identities of macrophages. Immunity. (2018) 49. doi: 10.1016/j.immuni.2018.07.004

45. Van Gassen, S, Callebaut, B, Van Helden, MJ, Lambrecht, BN, Demeester, P, Dhaene, T, et al. FlowSOM: Using self-organizing maps for visualization and interpretation of cytometry data. Cytometry Part A. (2015) 87:636–45. doi: 10.1002/cyto.a.22625




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Petta, Thorp, Ciers, Blancke, Boon, Meese, Van Nieuwerburgh, Wullaert, Grencis, Elewaut, van Loo and Vereecke. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-15-1373745-g005.jpg
A N03<m_.xo

a-IL18 a-IL12

Trichuris muris infection +
‘vy antibody treatment

5
A\A\Oo 5 o
a o o
o
o
£
3
® % %
¥ ©
e
- -
3 5 3 = w 3
- - q_ ~ [l ~
[e]
(jw/Bd) g1 2ge . 298¢ .
*wmw * mwwm.
(&) o8 _Jom
OMMM w wMQM w
mZNQB c g2 s
EoLD 4uw ) MVH._W% L]
5 SZZ32 2 8§ £9%t% 2
* . k=) £255% B 3 §6& B
a & ,
I XERX] g IXERN g
~ ~
£
o - -
o o
(] hd] ] 0 e w9 ®w o w 9 2 3 3
o~ - - o o N &N « ~ © o S o S
uoissaldxa z 7/ eAleley wusoyao Luuisorao
) W o
¢
°
* o v.oomMV
i g * Sook
4 ) L3 @
JE:
: $ 13
* 383
0 e 0 o
\a = e o O e o o

uoissaidxa AN/ aAneRY

(=3
=3 =] =]
™

< w SJUNOD WIOM





OEBPS/Images/fimmu-15-1373745-g002.jpg
®

uopoaul sLunw |
Worm counts

Relative GATA-3 expression o

m

A20myel-KO

uojo)

WT A20mye-KO
D21
sdeokok £ 10 sokokok
10 2
2
] o 8
o
6 3 s
~
4 = 4
[
2 £ 2
o
o ® o
WT A20mye-ko WT A20mye-KO
F
* ns
60
.
E 40 i
) g
2
s 3
¢« 2 ?
=20 2
Q
=
0 0
un  CD3/CD28 un  CD3/CD28 un  CD3/CD28 un  CD3/CD28 un  CD3/CD28 un  CD3/CD28 un CD3/CD28 un CD3/CD28

1.0 1gG2c 4 1gG1
*k
0.8
3
§ 0.6 . § ,
[a]
O 04 R )
0.2 3
0.0 [
0 1 2 3 4 5 6 T [] 1 2 3 4 5 6 T
Log Dillution Log Dillution
WT steady state WT T. muris A20 steady state A20 T. muris
- P

6TAD+193|






OEBPS/Images/fimmu-15-1373745-g003.jpg
tSNE1

AzomyeI-KO

WT

Azomyel-KO

60

»
ils, Monocytes, CD4+GATA3+, CD4+Foxp3+
Fkk KKKk
B 1x106 = 4 sokdok -
£ 1x10! [_1 = 6x105 z 6x10° = 4x105 Fokskok 22,0105 T
o 5 - 3 c 3
8 8x10 . € E. 3 € 3 i
8 —_— 5 3 4x105 g. 4x10* 8 3x10°% _55 1.5%1054
A P © 2 ® g
Py a = ) 5 o 54
= 5 s © = 2x10° @ 1.0x10
g 4x10 3 mcp 2 Juros 3 g
% 2x105 = | £ g 1x108 5 50010
Q B E H e . 2 J
8 o lrmal 2 o 2 g o0 ol
WT A20mye-ko WT A20mye-KO WT A20myeHko WT A20mye-KO WT A20mye+KO
s — Hok
_20x10° £ 25x10¢ o B20x10%  Xwkx Z2.0x10* ok B 4x10%+
7] 3 c E
) 3 S 3 S
21'5“05 g 2010 - 81.5x10¢ S1.5x10¢ 8 ae10t]
o i S 15x10 2 s T £ E
£1.0x10 i 1 oe10f T1.0x104 £1.0x104 T 2x10%
s ¥ £ &
+ > I3 @ 3 .
@ 4 < 2
85.0X10 9 50x10° §5.0><103 ! gs_ome ! @ 1x10%4 3
= o o
00 8 o0 o oolEml, 3 gl g oLl Ll
WT A2gmyetko WT A20mye-ko WT A20myeHKO o WT A20mye-kO WT A20myekKO
WT steady state WT T. muris A20 steady state A20 T. muris
N k2
0
O
=3
=
o

+qTTAd+





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Myeloid A20 is critical for alternative macrophage polarization and type-2 immune-mediated helminth resistance

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          1 Introduction

        



        		

          2 Results

        

          		

            2.1 Myeloid A20 deficiency results in altered intestinal immune cell composition

          



          		

            2.2 Myeloid A20 is essential for protective immunity against Trichuris muris infection

          



          		

            2.3 Type-1 cytokine inhibition promotes Trichuris muris resistance in A20myel-KO mice

          



          		

            2.4 A20myel-KO mice have improved resistance to Salmonella typhimurium infection

          



        



        



        		

          3 Discussion

        



        		

          4 Methods

        

          		

            4.1 Animals

          



          		

            4.2 Propagation of Trichuris muris eggs

          



          		

            4.3 Infection with Trichuris muris helminth

          



          		

            4.4 Infection with Salmonella typhimurium

          



          		

            4.5 Flow cytometry

          



          		

            4.6 Isolation and culture of mesenteric lymph nodes

          



          		

            4.7 Ex vivo differentiation of BMDMs

          



          		

            4.8 Quantitative polymerase chain reaction

          



          		

            4.9 ELISA for IgG1 and IgG2c levels in blood serum

          



          		

            4.10 Quantification of cytokines

          



          		

            4.11 Histology

          



          		

            4.12 MACSima platform

          



          		

            4.13 Bulk RNA sequencing and analysis

          



          		

            4.14 Statistical analysis

          



        



        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1373745-g006.jpg
>

Probability of Survival

o

Spleen

g

4 6
Days post infection

WT

8

Salmonella in liver (CFU/gr)

10

Azomyelo—KO

5x107
4x107
3x107
2x107

1x107

WT A20myel-KO

C
B 3x10° * 8000
&
S
= — 6000
S 2x10° S
3 2
@ 4000
£ w
o 1x10° z
T F 2000
o
E
3 0
WT A20mye-KO
A20myelo-K0

WT A20mye-KO






OEBPS/Images/fimmu.2024.1373745_cover.jpg
& frontiers | Frontiers in Immunology

Myeloid A20 is critical for alternative
macrophage polarization and type-2
immune-mediated helminth resistance





OEBPS/Images/fimmu-15-1373745-g004.jpg
()

A B

12 f’(;:::f:::u,ated o ) ) IRF4 TARGETS IN ACTIVATED B LYMPHOCYTE
* Unchanged ACTIVATION OF PPARGC1A PGC 1ALPHA BY PHOSPHORYLATION
® Uptaguieted TGFB1 SIGNALING
" RESPONSE TO IKK INHIBITOR AND TNF
[cd3s] EOSINOPHIL
GATA3 PATHWAY
DENDRITIC CELL MATURATION C
INTESTINAL IMMUNE NETWORK FOR IGA PRODUCTION
IL4 2PATHWAY
MYELOID CELL DEVELOPMENT
TOLERANT MACROPHAGE
NEUTROPHIL DEGRANULATION

INTERFERON RESPONSE WT A20Qmvyel-ko
INNATE IMMUNE SYSTEM
INFLAMMASOMES ALTERNATIVE ACTIVATION

IRF3 MEDIATED INDUCTION OF TYPE | IFN
IFN GAMMA RESPONSE 06 *

MACROPHAGE M1 VS M2 0029

INTERLEUKIN 1 SIGNALING

NO2IL12 PATHWAY

NEUTROPHIL GRANULE CONSTITUENTS

IMMATURE NEUTROPHIL

TOLL LIKE RECEPTOR 4 TLR4 CASCADE

1L22 AND IL17A SIGNALING

STATSA TARGETS GROUP2

GROWTH STRESS VIA STATL

CLASSICAL ACTIVATION

*
0.029

04 $

0.2

0.6

10 L

GSVA Enrichment Score

-log;op-value

0.4

0.2

-02 ——
L]

i3 WT A20mve-Ko

GSVA Enrichment Score

D

Classical activation of Macrophages Alternative activation of Macrophages

wr A2Qmyes wr AgQyeto

— Alternative — Classical

Prkar2a

Ckslb
Etv3
Clec4bl





OEBPS/Images/fimmu-15-1373745-g001.jpg
o]

O

AzomyeI-Ko

Azomyel—Ko WT

tSNE1

>
tSNE2

Macrophages, Monocytes, Neutrophils CD4+Foxp3+, CD4+Tbet+, CD4+RORyt+, CD4+GATA3+

e

w m
A6x105 @ 4x104 N 1x105 & £ 2.5x105
0) 5 € = 2
c 4 > 5
§ 8 3x10 3 8x10' 3 : 2.0x10
4x10% ] 5 s a
@ 2 2 ex10° 2 B 1.5%105
b % 2x10* LA G @
ok 2 D 4x104 @ S 1.0x108
= 2 3 o 1
& 2x108 =3 & I
r) 4 [ > e
= 9 1x10 S . i 8 S 4
= £ £ 2«10 S g 5.0x10
© L§ 3 ] S
0 0 Z 9 = g 0.0
WT A20myel-kO WT A20myel-kO WT A20myelKO WT A20mye-kO WT A20myel-KO
— * e~ *
4 —
) £ 25x10 F 1.5%10%
— m =] 3 © 5
2 £ 8 8 2.0x10* 5 3
= 3 7] 2 4
o ¢ 1.0x10
81 S g 8 1.5x10 2
g 8 g + . s
o
< s Q & 1.0x10* % 3
4+ 5. + X o 85.0x10
[52] E o 3 =
Q w @ 5.0x10 +
o o g % 3
o 8 0.0 [§) 0.0
WT A20mye-kO WT A20mye-ko WT A20myelKO WT A20mye-ko WT A20myel-KO
F G H
A20myelk0
T p— 8 =5 — T CLASSICAL ACTIVATION
+ Down-regulated v = H TOLERANT MACROPHAGE Colon Steady State
+ Dnchangtd saa3 9
* Up-regulated s fegra 90 INTERFERON RESPONSIVE GENES 02 kok
cxas 15 0.0079
3 1112 2PATHWAY
Kbk
: Inhba IL23 PATHWAY 5
% late HIF1 TARGETS
10
INFLAMMASOMES "
g ; § oo
5 " TOLL LIKE RECEPTOR SIGNALING PATHWAY i
2 - Rsacz a
3 3 e s, INTERFERON GAMMA SIGNALING H
B i e ceapaTARGETS £
T MACROPHAGE M1V M2 E +
2 Krt79{LrfnS [Feard] o
jKt79,(LrfnS = Hmox1 £02
|zotoa2”~Tpme! * uspd sl IMMATURE NEUTROPHIL =
1 0w Ungao 57, ngss ]
[sico1b2 LA C300¢(Gimapa INTERLEUKIN 1 SIGNALING
.C‘““ TH1 CYTOTOXIC MODULE
cass
: RESPONSE TO IFNG é
TNF SIGNALING 0.4 L]
3 7 5) o 3 3 3 Clecad 1L27 PATHWAY
log,FC

00 05 10 15 20
NES

WT A20mve+o





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1373745-g007.jpg
) ) Chronic Helminth infection
Helminth resistance Resistance to Salmonella infection

a| I .‘Hl"'g
J
O TSLP|L3300
OO 25 A
o o ©
0,00 \

= o)
= 3
= IFNy 2
E &
(&) —
2 IL12 =
3 IL18 ° >
2 o) o]
o =
o =5

00

P
e
IgG1 ; IgGZC

** Dendritic cells ) @ T cells

Tuft cells Goblet cells M2 macrophages/ M1 macrophages
Alternative activation /Classical activation






