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Background

The development of ulcerative colitis (UC) is associated with inflammatory responses driven by effector CD4+T cells, including type 3 (Th17) cells and atypical pathogenic type 2 (Th2-like) cells. UC is also linked to accumulation of neutrophils that can amplify intestinal damage. The mechanisms behind the accumulation of colitogenic CD4+ T cells are not fully understood, particularly regarding how regulators of intracellular versus extracellular metabolites can drive such responses.





Main findings

Here, we found that Pannexin-1 (PANX1) hemichannels, which promote ATP export to the extracellular environment, are crucial for the development of colitis. We found that PANX1, which is upregulated in UC patients, is required for the induction of colitis in multiple experimental models. The role of PANX1 is effector T cell-specific and is correlated with the accumulation of TNF-α producing pathogenic Th2-like cells. Effector conversion of CD4+ T cells into Th2-like cells depends on PANX1. Finally, PANX1-mediated pathogenic CD4+ T cell responses correlate with the accumulation of neutrophils during colitis.





Conclusions

Together, our results suggest that PANX1 promotes colitis-associated pathogenic Th2-like responses and a possible link between these cells and colitis neutrophilia.
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Introduction

Inflammatory bowel diseases such as ulcerative colitis (UC) are triggered by a complex network of genetic, environmental and immunological components, impacting >5 million patients worldwide (1). The development of pathogenic T cell responses significantly drives the progression of UC, which has prompted intense investigation about the nature of these T cell responses (2). Pathogenic CD4+ T cells are strongly associated with the progressive development of UC in patients (3, 4) and are important targets of current and future therapies aiming to block or revert UC progression (5, 6). Multiple subsets of effector CD4+ T cells can promote distinct aspects of UC inflammation (3). Among these, the role of type 17 (Th17) CD4+ T cells is relatively well established (3, 7). In contrast, much less is known about how type 2 (Th2)-like CD4+ T cells can cause pathogenic responses and promote UC (8).

Effector differentiation of CD4+ T cells occur through a series of alterations at the transcriptional, epigenetic and metabolic levels (9). Transcriptional regulation of effector CD4+ T cell fate is relatively well-studied, highlighting for example the importance of RORγT and GATA3 for the differentiation of Th17 and Th2 cells, respectively (9). In contrast, the metabolic regulators of their function are less known. Among the ways by which CD4+ T cells can metabolically control their function and homeostasis, the expression of membrane-bound transporters is crucial for the control of intracellular versus extracellular metabolite levels (10–12). Many of these transporters are metabolite importers, such as membrane-bound ion channels which lead to intracellular increases in Ca2+, for example (13). In contrast, metabolite exporters can control metabolic pathways through both induction of extracellular metabolite accumulation and negative regulation of intracellular metabolite levels. Among these exporters, Pannexin-1 (PANX1) channels can negatively regulate pathogenic Th2 cell responses in the context of lung allergens through accumulation of extracellular ATP that is promptly converted into immunosuppressive adenosine (14). PANX1 is constitutively expressed in all T cells and reportedly increases in expression upon T cell priming (14, 15). It is possible, therefore, that PANX1 expression could play a role in Th17 or Th2-like responses against UC. Recent reports suggest a role for PANX1 in experimental colitis (16, 17), although no clear link to CD4+ T cell responses was studied.

In this report, we used mouse models to demonstrate that PANX1 promotes experimental colitis development in a CD4+ T cell-dependent way. We found that PANX1-knockout (PANX1-KO) mice do not develop Dextran Sodium Sulfate (DSS) colitis, and PANX1-KO CD4+ T cells fail to induce experimental colitis in Rag2-KO mice. Colon-infiltrating PANX1-KO CD4+ T cells had decreased numbers of GATA-3-expressing cells but consistent numbers of Th17 cells. These Th2-like cells co-expressed type 2 cytokines and TNF-α, suggesting a pathogenic phenotype present in the wild type mice but absent in the PANX1-KO mice. The PANX1 role in pathogenic Th2-like cell formation has a cell-intrinsic component, since PANX1-KO CD4+ T cells are defective in developing into TNF-producing Th2 cells in vitro. Finally, the defects in pathogenic Th2-like cells in colitis-exposed PANX1-KO mice are associated with decreased neutrophilia, suggesting a possible link between these two colitogenic immune aspects.





Results




Expression of PANX1 by CD4+ T cells promote the development of experimental colitis

In this work, our goal was to determine how PANX1-expressing CD4+ T cells (gating strategies shown on Supplementary Figure S1) can regulate the development of experimental colitis. We first analyzed published UC patient data (18) to trace metabolic regulators associated with UC development (Supplementary Figure S2). In these data we identified, among other candidates, that the gene expression of PANX1 is preferentially expressed in UC patients compared to healthy controls (HC) (Figure 1A). PANX1 is a membrane-bound transporter hemichannel which is mainly known to export ATP in response to multiple stimuli or in apoptotic cells (19). Due to this correlation, we tested whether PANX1 deletion affected the development of experimental colitis. We first compared the DSS-induced colitis in wild-type versus PANX1-KO mice. We found that, in comparison to wild-type, PANX1-KO mice were significantly protected from DSS colitis, displaying increased colon length (Figures 1B, C), decreased weight loss (Figure 1D), and decreased disease (DAI) scores (Figure 1E, Supplementary Figure S3A). These results provide evidence that PANX1 expression induces the development of experimental colitis.

[image: A scientific figure with eight panels (A-H) showing results from experiments.   (A) Violin plot comparing PANX1 mRNA expression in healthy versus ulcerative colitis (UC) patients. (B) Images of colons from four experimental groups: WT control, PANX1-KO control, WT 3% DSS, PANX1-KO 3% DSS. (C) Bar graph showing colon lengths with statistical significance indicated. (D) Line graph of weight percentages over seven days post-treatment in four conditions: WT Ctrl, PANX1-KO Ctrl, WT DSS, PANX1-KO DSS. (E) Line graph of Disease Activity Index (DAI) scores over seven days for the same conditions as (D). (F) Western blot for PANX1 and Tubulin. (G) Line graph of percentage weight loss over eight weeks after CD4+ T cell transfer in WT and PANX1-KO. (H) Line graph of DAI scores over eight weeks in the same groups as (G).]
Figure 1 | CD4+ T cell expression of PANX1 promotes the development of experimental colitis. (A) Human average PANX1 mRNA expression in the large intestines of healthy subjects (Healthy) versus ulcerative colitis patients (UC). (B–E) WT and PANX1-KO mice were treated between days 0–7 with PBS (control) or 3% Dextran Sulfate Sodium (DSS). (B) Representative images showing the large intestines of the indicated experimental groups are shown. (C) Average colon length measurements are shown. (D) Average weight loss (relative to day 0) curves of each experimental group are shown. (E) Average Disease Activity Index (DAI) scores are shown. (F–H) CD45RB+ CD4+ T cells from WT or PANX1-KO mice were adoptively transferred into Rag2-KO mice. (F) Western Blots showing PANX1 expression in colon CD4+ T cells are shown in comparison with PANX1-KO colon CD4+ T cells. (G) Average weight loss (relative to day 0) curves of each experimental group are shown. (H) Average DAI scores are shown. (A) Data from n=10 healthy controls and n=97 UC patients. (B–H) Data from 2–3 independent experiments (n=6-11; western blots are representative of two independent experiments, n=4 per group). Data shown as means ± SD. *p<0.05, **p<0.01, ****p<0.0001, unpaired t-test (A), One-way ANOVA + Tukey’s post-test (C), multiple t-tests (D, E, G, H).

PANX1 is expressed by many immune and non-immune cells, including CD4+ T cells (20). This is also true in the context of colitis, where we found PANX1 to be expressed by colitogenic CD4+ T cells (Figure 1F). We then assessed if expression of PANX1 by effector CD4+ T cells is required for the induction of experimental colitis. For that, we sorted and adoptively transferred CD25- CD45RB+ CD4+ T cells from wild-type or PANX1-KO mice into Rag2-KO mice, a well-established conventional CD4-induced model of colitis (21). We found that Rag2-KO mice that received PANX1-KO CD4+ T cells developed less colitis-associated disease, with decreased weight loss (Figure 1G), increased colon length (Supplementary Figure S3B), and decreased DAI scores (Figure 1H). These results suggest that expression of PANX1 by conventional CD4+ T cells lead to the induction of experimental colitis.





PANX1 is required for the accumulation of GATA-3+ CD4+ T cells in experimental colitis

We next assessed the colitis-induced CD4+ T cell immune responses altered in PANX1-KO mice. Experimental colitis is often associated with RORγT+ Th17 CD4+ T cells (7). However, we observed no differences in the colon lamina propria (cLP) numbers of Th17 CD4+ T cells between wild-type and PANX1-KO mice (Figure 2A, left). No changes in the cLP numbers of T-bet+ Th1 CD4+ T cells were detected (Figure 2A, middle). In contrast, we found significantly lower numbers of cLP GATA3+ Th2 CD4+ T cells in PANX1-KO mice (Figure 2A, right). In the CD4-induced colitis model, we found similar results, with no differences in cLP Th17 or Th1 CD4+ T cells, but significantly less numbers of cLP Th2 CD4+ T cells from PANX1-KO mice (Figures 2B, C). We also observed equal representation of cLP GATA3+ FOXP3+ regulatory CD4+ T cells (Tregs) between wild-type and PANX1-KO (Figure 2D), which diminishes the possibility of the effects observed in PANX1 deficiency to be due to changed accumulation of Th2-targeting induced Tregs (22). PANX1 gene expression, indeed, was higher on GATA3+ CD4+ T cells if compared to other colon-infiltrating CD4+ T cell populations (Figure 2E). Thus, PANX1 expression promotes the accumulation of colon GATA-3+ CD4+ T cells in response to experimental colitis.
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Figure 2 | PANX1 deficiency limits the colon accumulation of GATA-3+ CD4+ T cells. (A) WT and PANX1-KO mice were treated between days 0–7 with PBS (control) or 3% DSS. Average cLP frequencies of RORγT+ CD4+ T cells (left) and GATA3+ CD4+ T cells (right) are shown. (B–E) CD45RB+ CD4+ T cells from WT or PANX1-KO mice were adoptively transferred into Rag2-KO mice. (B) Average cLP frequencies of RORγT+ CD4+ T cells. (C) Average cLP numbers of GATA3+ CD4+ T cells. (D) Average cLP frequencies of GATA3+ CD4+ regulatory T cells (Tregs). (E) Panx1 mRNA values for T-bet+ Th1, GATA-3+ Th2 and ROR-γT+ Th17 cLP CD4+ T cells are shown. Data from 2–3 independent experiments (n=3-9). Data shown as means ± SD. *p<0.05, **p<0.01, ***p<0.001, One-way ANOVA + Tukey’s post-test.





PANX1 induces TNF-α+ pathogenic Th2-like CD4+ T cells in experimental colitis

Next, we sought to further understand the phenotype of PANX1-associated colitogenic Th2 cells. We first measured the spontaneous (i.e., without re-stimulation) cytokine production pattern by wild-type versus PANX1-KO cLP CD4+ T cells found in Rag2-KO-transferred mice. No differences were observed between groups regarding the production of IFN-γ or IL-17A (Figures 3A, B), coinciding with the transcription factor data observed in Figure 2. In contrast, PANX1-KO CD4+ T cells had significantly lower proportions of TNF-α+IL-4+ cells (Figures 3C, D), a phenotype observed in pathogenic Th2-like CD4+ T cells associated with UC (8). In contrast, no differences in cLP TNF-α+IL-17+ cells were found (Figure 3D). These changes in cytokine production were confined to cLP CD4+ T cells, since no differences in cytokine production were observed in CD4+ T cells from spleen or mesenteric lymph nodes (Figures 3E, F). We found similar trends in cLP CD4+ T cells in WT versus PANX1-KO mice exposed to DSS, where significantly lower percentages of TNF-α+ Th2-like cells (IL-5+ GATA3+) upon ex vivo re-stimulation were found in PANX1-KO mice; in contrast, no differences in IL-5+ conventional Th2 cells or in other CD4+ T cell subsets were found (Figures 3G–J, S4A, B). Finally, we looked at the production of cytokines by CD4+ T cells found in Rag2-KO transferred mice upon ex vivo re-stimulation. In these experiments, we again found significantly reduced levels of TNF-α+ Th2 cells (IL-5+ GATA3+) among PANX1-KO cells, while no differences in other subsets were found (Figures 3K, L, S4C). These results suggest that the expression of PANX1 by CD4+ T cells promote the accumulation of TNF-α+ pathogenic CD4+ Th2-like cells in experimental colitis. Further suggesting that this effect is CD4+ T cell-specific, no differences in production of pro-inflammatory cytokines (IL-17A or TNF-α) by non-immune cells were found between WT and PANX1-KO mice exposed to DSS (Supplementary Figure S5).
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Figure 3 | CD4+ T cell PANX1 induces the accumulation of TNFα+IL-4+ pathogenic Th2-like cells during colitis. (A–F) CD45RB+ CD4+ T cells from WT or PANX1-KO mice were adoptively transferred into Rag2-KO mice. Spleen, mesLN and cLP cells were collected and assessed for cytokine production spontaneously. (A) Representative flow cytometry plots showing the intracellular expression of IL-17A and/or IFN-γ by cLP CD4+ T cells. (B) Average frequencies of IFN-γ+ or IL-17A+ cLP CD4+ T cells. (C) Representative flow cytometry plots showing, within IL-17A- CD4+ T cells, the intracellular expression of IL-4 and/or TNFα by cLP CD4+ T cells. (D) Average frequencies of TNF-α+IL-4+ cLP CD4+ T cells (left) and TNF-α+IL-17+ cLP CD4+ T cells (right). (E) Average frequencies of IFN-γ+, IL-17A+, TNFα+ and TNF-α+IL-4+ spleen CD4+ T cells. (F) Average frequencies of IFN-γ+, IL-17A+, TNFα+ and TNF-α+IL-4+ mesLN CD4+ T cells. (G–J) WT and PANX1-KO mice were treated between days 0–7 with PBS (control) or 3% DSS. The indicated organs were collected and assessed for cytokine production after re-stimulation ex vivo with PMA + Ionomycin (G) Representative flow cytometry plots showing the expression of IL-5 and TNF-α in cLP CD4+ T cells. (H) Average percentages of cLP IL-5+ (left) or IL-5+ TNF-α+ (right) CD4+ T cells. (I) Representative histograms showing TNF-α+ cLP GATA-3+ CD4+ T cells. (J) Average percentages of cLP GATA-3+ CD4+ T cells (left) and TNF-a+ within GATA-3+ CD4+ T cells (right). (K–L) CD45RB+ CD4+ T cells from WT or PANX1-KO mice were adoptively transferred into Rag2-KO mice. Spleen, mesLN and cLP cells were collected and assessed for cytokine production after re-stimulation ex vivo with PMA + Ionomycin. (K) Average percentages of cLP IL-5+ TNF-α+ CD4+ T cells (left) and of TNF-α+ within GATA-3+ CD4+ T cells (right). (L) Average percentages of cLP IFN-γ+ (left), IL-17A+ (middle) or TNF-α+ IL-17A+ (right) CD4+ T cells. Data from 2 independent experiments (n=4-6). Data shown as means ± SD. *p<0.05, ***p<0.001, unpaired t-test.





PANX1 promotes the Th2-like polarization and TNF-α production by CD4+ T cells

We then assessed the cell-intrinsic role of PANX1 in the induction of the Th2 effector phenotype in CD4+ T cells. For this, we in vitro activated wild-type or PANX1-KO naïve CD4+ T cells in multiple distinct polarizing conditions (Figure 4A). PANX1 was dispensable for the effector polarization into Th1 or Th17. In contrast, a significant reduction in Th2 cell polarization was observed in PANX1-KO CD4+ T cells, as evidenced by both reduced levels of GATA3 and of type 2 cytokines such as IL-5, IL-13 and IL-4 (Figures 4B–D). Importantly, we also observed reduced percentages of in vitro Th2 cells with the ability to produce TNF-α in PANX1-KO (Figure 4E). These results provide additional evidence that PANX1 is important for the induction of the Th2 cell effector and TNF-α production by Th2-phenotype CD4+ T cells, mirroring our ex vivo findings (Figures 2, 3).

[image: Flow cytometry analysis of Th cell polarization in wild-type and PANX1-KO CD4+ T cells. (A) Diagram of polarization conditions for Th1, Th2, and Th17 cells. (B) Dot plots show expression of transcription factors (GATA-3, RORγt, T-bet) and cytokines (IL-5, IL-13, IL-4, TNF) after 72 hours of culture. (C-E) Bar graphs compare percentages of specific polarized CD4+ T cells in WT and PANX1-KO. Significant differences are noted.]
Figure 4 | PANX1 favors the polarization of CD4+ T cells into TNF-producing Th2-like cells. (A–E) Mouse or human CD4+ T cells were activated in vitro in Th0, Th1, Th2 or Th17 polarizing conditions. (A) Schematics for polarization experiments. (B) Representative flow cytometry plots showing expression of RORγT and GATA3 in mouse WT or PANX1-KO CD4+ T cells in vitro cultured in Th0, Th2 or Th17 polarizing conditions, and for GATA-3 and T-bet expression in cells cultured in Th1 polarizing conditions. (C) Average percentages of T-bet+ CD4+ T cells under Th1 polarization (left), GATA-3+ CD4+ T cells under Th2 polarization (middle), and RORγT+ CD4+ T cells under Th17 polarization (right). (D) Average percentages of IL-5, IL-13 and IL-4 produced by cells under Th2 polarizing conditions. (E) Average percentages of TNF-α+ IL-13+ CD4+ T cells under Th2 polarizing conditions. Data from 2–3 independent experiments (n=4–8 per group). Data shown as means ± SD. *p<0.05, **p<0.01, ***p<0.001, unpaired t-test.





CD4+ T cell PANX1 induces the accumulation of neutrophils during experimental colitis

Finally, we tracked which innate immune cells are driven by PANX1-dependent CD4+ Th2 cells. In wild-type versus PANX1-KO mice with DSS-induced colitis, we observed no differences in the colon accumulation of macrophages, monocytes, eosinophils or dendritic cells (Supplementary Figure S6A). In contrast, DSS-treated PANX1-KO mice displayed decreased proportions of colon neutrophils (Figures 5A, S6B). Likewise, in Rag2-KO mice transferred with PANX1-KO CD4+ T cells, we observed decreased accumulation of granulocytes (Figures 5B, S6B). Altogether, these data show that, during experimental colitis, CD4+ T cell expression of PANX1 leads to the colon accumulation of neutrophils. These data also suggest that colitogenic neutrophilia is likely dependent on PANX1 CD4+ T cell expression and is positively correlated with pathogenic Th2 CD4+ T cell responses. Indeed, UC patient samples had enriched gene signatures associated with pathogenic Th2-like cell responses (23) and colitogenic neutrophilic responses (24) (Supplementary Figure S7).

[image: Graphical comparison of immune cell populations in wild-type (WT) and PANX1-KO mice. Panel A shows flow cytometry plots of cLP myeloid cells, with 3.9 percent neutrophils in WT DSS and 1.2 percent in PANX1-KO DSS. The bar graph indicates significantly higher neutrophils in WT at 3 percent DSS. Panel B displays a bar graph of granulocytes, showing a higher percentage in WT than in PANX1-KO CD4, with statistical significance noted.]
Figure 5 | PANX1 deficiency decreases the colon accumulation of neutrophils following experimental colitis. (A) WT and PANX1-KO mice were treated with PBS (control) or 3% DSS. In the left, representative flow cytometry plots showing expression of CD11b and Ly6G in cLP myeloid cells (CD3-); CD11b+Ly6G+ neutrophils are depicted in the gates shown. In the right, average percentages (within CD45+ cells) of cLP neutrophils in the indicated groups are shown. (B) CD45RB+ CD4+ T cells from WT or PANX1-KO mice were adoptively transferred into Rag2-KO mice. Average percentages of cLP SSChighCD11b+ granulocytes (within CD3- cells) are shown. Data from 2 independent experiments (n=3-6). Data shown as means ± SD. **p<0.01, ****p<0.0001, One-way ANOVA + Tukey’s post-test (A), unpaired t-test (B).






Discussion

The progression of colitis depends, among other factors, on the accumulation and effector function of pathogenic CD4+ T cell responses (3). However, there is still incomplete knowledge about the metabolic regulators driving colitogenic CD4+ T cell differentiation, especially cell-intrinsic regulators such as transmembrane metabolite transporters. In this report, we identified that one of these transporters, PANX1, plays an instrumental role in the formation of pathogenic CD4+ T cells and their induction of experimental colitis. We found that PANX1 expression promotes the accumulation of TNF-α+ pathogenic Th2-like CD4+ T cells, which correlated with increased colitis disease and host weight loss. We also found a correlation between PANX1-dependent accumulation of colitogenic Th2 cells and the accumulation of neutrophils in colitis mice. Altogether, our data suggests that, beyond reported functions in enteric nervous system cells (16), PANX1 serves as a cell-intrinsic regulator of pathogenic CD4+ T cell responses driving colitis.

PANX1 is a membrane transporter whose main known function is the export of ATP to the extracellular milieu (19). PANX1 has known physiological roles in the induction of apoptotic cell clearance (25) and blood pressure control (26). In addition, its importance as a regulator of T cell responses has been increasingly appreciated, with reported roles for the induction of T cell activation in vitro (27) and in vivo CD8+ T cell responses to infection and tumors (15). More recently, PANX1 was shown to be protective against lung allergic inflammation through an increase in Treg function and inhibition of pathogenic CD4+ T cells (14). In contrast with this report, our findings show a pro-disease function of PANX1 in experimental colitis through induction of pathogenic CD4+ T cell responses. This dichotomy between pathogenic CD4+ T cells in the lungs versus the colon may have many possible explanations. We did not observe differences in Treg numbers in PANX1-KO mice, and the protective effect of PANX1-KO is carried over to Rag2-KO hosts receiving only conventional CD4+ T cells, making it unlikely thymically-derived Tregs are involved in the PANX1-KO mediated phenotype. Tregs are important in the regulation of intestinal inflammation (28, 29), although some reports suggest a correlation between the presence of colon Tregs and increased colitis (30). A possible role for PANX1-expressing peripherally induced Tregs cannot be discarded and should be tested in future research, despite no observed differences in Treg numbers in Rag2-KO hosts receiving WT or PANX1-KO conventional CD4+ T cells.

We found that, instead of an effect on Th17 cells, which are widely known to contribute to colitis (7), PANX1 promoted the accumulation of TNF-α+ Th2-like, pathogenic cells. TNF-α is not commonly produced at high levels by Th2 cells (9), but its release by colitogenic Th2-like cells has been previously reported (8). The signals driving the accumulation of these pathogenic Th2-like cells, however, are not well understood. Our data suggests a cell-intrinsic role for PANX1 in their generation, as well as in the induction of the Th2 cell fate. Given PANX1’s major role in exporting ATP (19), the channel could influence Th2 cell fate through two potential mechanisms. First, PANX1-mediated accumulation of extracellular ATP (eATP) could act in an autocrine and/or paracrine way by activating P2X receptors such as P2RX7 (31), which are expressed by CD4+ T cells, including Th2 cells (32). Alternatively, PANX1-induced changes in intracellular ATP levels could drive changes in metabolic pathways such as the AMPK pathway in a cell-intrinsic manner (15). AMPK overactivation can, indeed, drive increased proliferation and TNF-α production by CD4+ T cells (33). However, AMPK has been suggested to hinder Th2 responses in mouse models of lung allergy (34) and colitis (35), making this less likely to be the pathway for PANX1-mediated induction of colitogenic CD4+ T cell responses. Future studies will be necessary to identify the role of eATP accumulation versus the contribution of intracellular changes in ATP, as this was a limitation of our current work. Another gap in our study is the lack of functional assessments of PANX1 channels in Th2-like cells. We did observe increased expression of Panx1 mRNA by cLP Th2-like cells, but whether this is accompanied by increased PANX1 channel function remains to be determined.

Unexpectedly, the PANX1-mediated effect in pathogenic Th2 cell responses was correlated with increased colon neutrophil accumulation. Neutrophilia is a common inflammatory driver in UC (24), but neutrophil accumulation is often linked to pathogenic Th17 responses (36), which are not altered in a PANX1-dependent way. It is still possible that PANX1-dependent changes in neutrophil accumulation occur due to Th17 responses in a tissue-compartmentalized way that cannot be captured by flow cytometry-based approaches. Nevertheless, TNF-α plays a crucial role in the recruitment of neutrophils during colitis (37), suggesting that the potential connection between PANX1, colitogenic Th2-like cells, and neutrophilia occur through TNF-α production and release in the colon.

In summary, we found that expression of the ATP-exporting hemichannel PANX1 by CD4+ T cells significantly promote colitis inflammation, a phenotype linked to the accumulation of pathogenic, TNF-producing Th2-like cells and neutrophils. We also found that PANX1 can drive the differentiation of TNF-producing Th2-like cells in vitro. Future mechanistic studies will be necessary to define whether and how ATP export via PANX1 drive the formation of pathogenic Th2-like cells, and how these cells can influence the accumulation of neutrophils during colitis. Overall, our findings provide important evidence for the role of transmembrane metabolic regulators in the formation of pathogenic immune responses during colitis, a mechanism that may be true in other pathogenic scenarios.





Methods




Analyses of human UC genomic data

RNA-seq data from the clinical studies deposited as the GSE75214 (ref.18) were downloaded and analyzed using the R-Studio software for differentially expressed genes between healthy controls and UC patients. Differentially expressed genes were considered when the FDR adjusted p-value was under 0.05 (adj.p <0.05) and logFC values were greater than 0.5.





Mice

Male and female mice, aged 6–8 weeks, with a specific-pathogen-free status, were used in this study. Mice were housed in the animal facilities of The Department of Immunology at Mayo Clinic Arizona. All mice were randomly assigned to experimental groups. The following mouse strains were utilized: C57BL/6, CMV-Cre (WT), CMV-Cre Panx1fl/fl (PANX1-KO), Rag2-KO. For in vivo experiments, mice were sacrificed using CO2 inhalation (fill rate of 30-70% displacement of the chamber volume per minute with CO2). All experimental procedures were conducted in accordance with institutional guidelines and were approved by the institutional Animal Care and Use Committee (IACUC - A00005542-20-R23).





DSS-mediated induction of colitis

WT or PANX1-KO mice were treated with 3% Dextran Sulfate Sodium (DSS) diluted in water for the induction of colitis. These mice were monitored for up to 10 days for weight loss and disease activity index (DAI, described in Supplementary Figure S2). At the endpoints, mice were sacrificed for analyses of colon length and flow cytometry.





CD45RB+ CD4+ T cell adoptive transfer colitis experiments

For adoptive transfer-mediated colitis experiments, splenocytes were isolated from WT and PANX1-KO mice. CD45RB+CD25-CD4+ T cells were isolated using cell sorting and transferred intravenously into RAG2-KO mice (4x105 cells per mice). Mice were monitored for up to 8 weeks for weight loss and DAI. At the endpoints, mice were sacrificed for analyses of colon length and flow cytometry.





Tissue processing for flow cytometry

At the endpoints, the colons, mesenteric lymph nodes (mLNs) and spleens were collected. Colons were processed and digested with Dithioerythritol (DTE, 0.5 mg/ml, Sigma-Aldrich) for 30 min at 37°C for collection of cIEL cells and with collagenase type IV (0.5 mg/mL) (Gibco) at 37 °C for 40 minutes under agitation (200 rpm) for collection of cLP cells. Mesenteric lymph nodes (mLNs) and spleens were mechanically processed using cell strainers (Corning). The cell suspension obtained from the tissues was homogenized, filtered through cell filters, and washed with PBS containing 10% FBS. Afterward, the cell suspension was centrifuged at 1,200 rpm for 5 minutes and resuspended in FACS buffer until the time of staining.





Flow cytometry analysis

Cell suspensions from the cIEL, cLP, mLNs and spleen were stained with fluorochrome-conjugated monoclonal antibodies (indicated throughout the text), diluted in FACS buffer and incubated at 4°C for 40 minutes. After staining, cells were washed with FACS buffer and then prepared for intracellular cytokine and transcription factor staining. For this, cells were incubated with Cell Stimulation Cocktail Plus Protein Transport Inhibitors (Invitrogen - 2 μM) for 4 hours at 37 °C in 5% CO2. After incubation, cells were fixed and permeabilized using the Cytofix/Cytoperm kit (BD Biosciences) or the Transcription Factor Staining kit (eBioscience) and then washed with the buffer provided in the kits. A Live/Dead dye (Cytek Tonbo) was used to identify dead cells. Samples were analyzed using multiparametric flow cytometry with a FACS Symphony (BD Biosciences) flow cytometer. Data was analyzed using FlowJo software (BD Biosciences).





CD4+ T cell polarization in vitro

Spleen CD4+ T cells from WT or PANX1-KO mice were isolated using the EasySep Naïve CD4+ T cell isolation kit (StemCell Biotechnologies). CD4+ T cells were then activated in vitro with 10 μg/ml anti-CD3 and 1 μg/ml of anti-CD28, in the presence of 10 ng/ml mouse recombinant IL-2. For Th1 polarization, cell cultures were supplemented with recombinant IL-12 (10 ng/ml) and anti-IL-4 (10 ng/ml); for Th2 polarization, cell cultures were supplemented with recombinant IL-4 (10 ng/ml) and 10 μg/ml of anti-IFN-γ; for Th17 polarization, cell cultures were supplemented with recombinant TGF-β (2 ng/ml), recombinant IL-6 (50 ng/ml), 10 ug/ml of anti-IFN-γ and 5 ug/ml of anti-IL-4. After 48h, CD4+ T cells were assessed for polarization by flow cytometry.





Western blot

Western Blots were done based on our previous study (15). Briefly, the indicated CD4+ T cells were lysed in RIPA buffer (+ 1 mM PMSF and protease/phosphatase inhibitors). Cell lysates were sonicated and protein concentrations measured through BCA assays. Protein aliquots (25 μg) were run on 4-12% agarose gradient gels and transferred to nitrocellulose membranes (Trans-Blot Turbo system). Membranes were blocked for 30 minutes at room temperature with TBS, then stained with primary rabbit anti-Pannexin-1 (Cell Signaling Technologies, 1/1000) or mouse anti-Tubulin (Millipore, 1/3000), at 4°C overnight. After washing, secondary staining with anti-rabbit or anti-mouse antibodies were done (1/15000 dilution, 1h room temperature). After washing, membranes were imaged using a LICOR Odyssey DLx system.





Quantitative PCR analyses

Quantitative PCR analyses were done as previously described (38), using triplicates for each sample. We used amplification kits detected with ROX Sybr Green Master Mix (Applied Biosystems), using the QuantStudio 7 Pro sequence detection system. For analysis, we used the delta-delta Ct algorithm. Cycling threshold values for the control target gene (Actb) were subtracted from cycle threshold values for Panx1. We used the following primers in this study: Panx1-FW: GTGGCTGCACAAGTTCTTCCC; Panx1-RV: GATGGCGCGGTTGTAGACTT; Actb-FW: TGAGCTGCGTTTTACACCCT; Actb-RV: TTTGGGGGATGTTTGCTCCA.





Statistical analysis

Specific statistical tests applied to each experiment are detailed in the respective figure legends. All analyses were conducted using GraphPad Prism 10 software. Data are presented as Mean values with standard deviation (SD) shown as error bars. For comparisons between two groups, Paired or Unpaired T-tests were used. Differences between groups were considered significant when p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) or p<0.0001 (****).






Data availability statement

Publicly available datasets were analyzed in this study. This data can be found here: GSE75214.





Ethics statement

Ethical approval was not required for the study involving humans in accordance with the local legislation and institutional requirements. Written informed consent to participate in this study was not required from the participants or the participants’ legal guardians/next of kin in accordance with the national legislation and the institutional requirements. The animal study was approved by IACUC A00005542-20-R23 (Mayo Clinic). The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

PM: Data curation, Formal Analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. BM: Investigation, Methodology, Writing – original draft, Writing – review & editing. CS: Investigation, Methodology, Writing – original draft, Writing – review & editing. CL: Data curation, Formal Analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. DB: Investigation, Methodology, Writing – original draft, Writing – review & editing. HB: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Project administration, Resources, Supervision, Visualization, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research and/or publication of this article. This work was supported by the National Institutes of Health (NIH R01AI170649).




Acknowledgments

We thank the Borges da Silva lab for their intellectual input. We also thank Angad Beniwal, Igor Santiago-Carvalho and Nhan Le Tran for experimental input.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1621353/full#supplementary-material




References

	 Le Berre C, Honap S, Peyrin-Biroulet L. Ulcerative colitis. Lancet. (2023) 402:571–84. doi: 10.1016/S0140-6736(23)00966-2, PMID: 37573077


	 Geremia A, Biancheri P, Allan P, Corazza GR, Di Sabatino A. Innate and adaptive immunity in inflammatory bowel disease. Autoimmun Rev. (2014) 13:3–10. doi: 10.1016/j.autrev.2013.06.004, PMID: 23774107


	 Gomez-Bris R, Saez A, Herrero-Fernandez B, Rius C, Sanchez-Martinez H, Gonzalez-Granado JM. CD4 T-cell subsets and the pathophysiology of inflammatory bowel disease. Int J Mol Sci. (2023) 24. doi: 10.3390/ijms24032696, PMID: 36769019


	 Li Y, Ramirez-Suastegui C, Harris R, Castaneda-Castro FE, Ascui G, Perez-Jeldres T, et al. Stem-like T cells are associated with the pathogenesis of ulcerative colitis in humans. Nat Immunol. (2024) 25:1231–44. doi: 10.1038/s41590-024-01860-7, PMID: 38898157


	 Yang W, Liu H, Xu L, Yu T, Zhao X, Yao S, et al. GPR120 inhibits colitis through regulation of CD4(+) T cell interleukin 10 production. Gastroenterology. (2022) 162:150–65. doi: 10.1053/j.gastro.2021.09.018, PMID: 34536451


	 Lo BC, Kryczek I, Yu J, Vatan L, Caruso R, Matsumoto M, et al. Microbiota-dependent activation of CD4(+) T cells induces CTLA-4 blockade-associated colitis via Fcgamma receptors. Science. (2024) 383:62–70. doi: 10.1126/science.adh8342, PMID: 38175892


	 Weaver CT, Elson CO, Fouser LA, Kolls JK. The Th17 pathway and inflammatory diseases of the intestines, lungs, and skin. Annu Rev Pathol. (2013) 8:477–512. doi: 10.1146/annurev-pathol-011110-130318, PMID: 23157335


	 Nakase H, Sato N, Mizuno N, Ikawa Y. The influence of cytokines on the complex pathology of ulcerative colitis. Autoimmun Rev. (2022) 21:103017. doi: 10.1016/j.autrev.2021.103017, PMID: 34902606


	 Ruterbusch M, Pruner KB, Shehata L, Pepper M. In vivo CD4(+) T cell differentiation and function: revisiting the th1/th2 paradigm. Annu Rev Immunol. (2020) 38:705–25. doi: 10.1146/annurev-immunol-103019-085803, PMID: 32340571


	 Zou Z, Cheng Q, Zhou J, Guo C, Hadjinicolaou AV, Salio M, et al. ATF4-SLC7A11-GSH axis mediates the acquisition of immunosuppressive properties by activated CD4(+) T cells in low arginine condition. Cell Rep. (2024) 43:113995. doi: 10.1016/j.celrep.2024.113995, PMID: 38527061


	 Macintyre AN, Gerriets VA, Nichols AG, Michalek RD, Rudolph MC, Deoliveira D, et al. The glucose transporter Glut1 is selectively essential for CD4 T cell activation and effector function. Cell Metab. (2014) 20:61–72. doi: 10.1016/j.cmet.2014.05.004, PMID: 24930970


	 Pucino V, Certo M, Bulusu V, Cucchi D, Goldmann K, Pontarini E, et al. Lactate buildup at the site of chronic inflammation promotes disease by inducing CD4(+) T cell metabolic rewiring. Cell Metab. (2019) 30:1055–1074 e8. doi: 10.1016/j.cmet.2019.10.004, PMID: 31708446


	 Shaw PJ, Weidinger C, Vaeth M, Luethy K, Kaech SM, Feske S. CD4(+) and CD8(+) T cell-dependent antiviral immunity requires STIM1 and STIM2. J Clin Invest. (2014) 124:4549–63. doi: 10.1172/JCI76602, PMID: 25157823


	 Medina CB, Chiu YH, Stremska ME, Lucas CD, Poon I, Tung KS, et al. Pannexin 1 channels facilitate communication between T cells to restrict the severity of airway inflammation. Immunity. (2021) 54:1715–1727.e7. doi: 10.1016/j.immuni.2021.06.014, PMID: 34283971


	 Vardam-Kaur T, Banuelos A, Gabaldon-Parish M, Macedo BG, Salgado CL, Wanhainen KM, et al. The ATP-exporting channel Pannexin 1 promotes CD8(+) T cell effector and memory responses. iScience. (2024) 27:110290. doi: 10.1016/j.isci.2024.110290, PMID: 39045105


	 Gulbransen BD, Bashashati M, Hirota SA, Gui X, Roberts JA, MacDonald JA, et al. Activation of neuronal P2X7 receptor-pannexin-1 mediates death of enteric neurons during colitis. Nat Med. (2012) 18:600–4. doi: 10.1038/nm.2679, PMID: 22426419


	 Diezmos EF, Markus I, Perera DS, Gan S, Zhang L, Sandow SL, et al. Blockade of pannexin-1 channels and purinergic P2X7 receptors shows protective effects against cytokines-induced colitis of human colonic mucosa. Front Pharmacol. (2018) 9:865. doi: 10.3389/fphar.2018.00865, PMID: 30127744


	 Vancamelbeke M, Vanuytsel T, Farre R, Verstockt S, Ferrante M, Van Assche G, et al. Genetic and transcriptomic bases of intestinal epithelial barrier dysfunction in inflammatory bowel disease. Inflammation Bowel Dis. (2017) 23:1718–29. doi: 10.1097/MIB.0000000000001246, PMID: 28885228


	 Linden J, Koch-Nolte F, Dahl G. Purine release, metabolism, and signaling in the inflammatory response. Annu Rev Immunol. (2019) 37:325–47. doi: 10.1146/annurev-immunol-051116-052406, PMID: 30676821


	 Santiago-Carvalho I, Ishikawa M, Borges da Silva H. Channel plan: control of adaptive immune responses by pannexins. Trends Immunol. (2024) 45:892–902. doi: 10.1016/j.it.2024.09.009, PMID: 39393945


	 Furusawa Y, Obata Y, Fukuda S, Endo TA, Nakato G, Takahashi D, et al. Commensal microbe-derived butyrate induces the differentiation of colonic regulatory T cells. Nature. (2013) 504:446–50. doi: 10.1038/nature12721, PMID: 24226770


	 Stockis J, Yip T, Moreno-Vicente J, Burton O, Samarakoon Y, Schuijs MJ, et al. Cross-talk between ILC2 and Gata3(high) T(regs) locally constrains adaptive type 2 immunity. Sci Immunol. (2024) 9:eadl1903. doi: 10.1126/sciimmunol.adl1903, PMID: 39028828


	 Gazzinelli-Guimaraes PH, Dulek B, Swanson P, Lack J, Roederer M, Nutman TB. Single-cell molecular signature of pathogenic T helper subsets in type 2-associated disorders in humans. JCI Insight. (2024) 9. doi: 10.1172/jci.insight.177720, PMID: 38587077


	 Zhang C, Zhang J, Zhang Y, Song Z, Bian J, Yi H, et al. Identifying neutrophil-associated subtypes in ulcerative colitis and confirming neutrophils promote colitis-associated colorectal cancer. Front Immunol. (2023) 14:1095098. doi: 10.3389/fimmu.2023.1095098, PMID: 36845139


	 Chekeni FB, Elliott MR, Sandilos JK, Walk SF, Kinchen JM, Lazarowski ER, et al. Pannexin 1 channels mediate ‘find-me’ signal release and membrane permeability during apoptosis. Nature. (2010) 467:863–7. doi: 10.1038/nature09413, PMID: 20944749


	 Billaud M, Chiu YH, Lohman AW, Parpaite T, Butcher JT, Mutchler SM, et al. A molecular signature in the pannexin1 intracellular loop confers channel activation by the alpha1 adrenoreceptor in smooth muscle cells. Sci Signal. (2015) 8:ra17. doi: 10.1126/scisignal.2005824, PMID: 25690012


	 Schenk U, Westendorf AM, Radaelli E, Casati A, Ferro M, Fumagalli M, et al. Purinergic control of T cell activation by ATP released through pannexin-1 hemichannels. Sci Signal. (2008) 1:ra6. doi: 10.1126/scisignal.1160583, PMID: 18827222


	 Gonzalez MM, Bamidele AO, Svingen PA, Sagstetter MR, Smyrk TC, Gaballa JM, et al. BMI1 maintains the Treg epigenomic landscape to prevent inflammatory bowel disease. J Clin Invest. (2021) 131. doi: 10.1172/JCI140755, PMID: 34128475


	 Ishikawa D, Okazawa A, Corridoni D, Jia LG, Wang XM, Guanzon M, et al. Tregs are dysfunctional in vivo in a spontaneous murine model of Crohn’s disease. Mucosal Immunol. (2013) 6:267–75. doi: 10.1038/mi.2012.67, PMID: 22785225


	 Fantini MC, Monteleone G. Update on the Therapeutic Efficacy of Tregs in IBD: Thumbs up or Thumbs down? Inflammation Bowel Dis. (2017) 23:1682–8. doi: 10.1097/MIB.0000000000001272, PMID: 28906289


	 Borges da Silva H, Beura LK, Wang H, Hanse EA, Gore R, Scott MC, et al. The purinergic receptor P2RX7 directs metabolic fitness of long-lived memory CD8(+) T cells. Nature. (2018) 559:264–8. doi: 10.1038/s41586-018-0282-0, PMID: 29973721


	 D’Addio F, Vergani A, Potena L, Maestroni A, Usuelli V, Ben Nasr M, et al. P2X7R mutation disrupts the NLRP3-mediated Th program and predicts poor cardiac allograft outcomes. J Clin Invest. (2018) 128:3490–503. doi: 10.1172/JCI94524, PMID: 30010623


	 Braverman EL, McQuaid MA, Schuler H, Qin M, Hani S, Hippen K, et al. Overexpression of AMPKgamma2 increases AMPK signaling to augment human T cell metabolism and function. J Biol Chem. (2024) 300:105488. doi: 10.1016/j.jbc.2023.105488, PMID: 38000657


	 Michalek RD, Gerriets VA, Jacobs SR, Macintyre AN, MacIver NJ, Mason EF, et al. Cutting edge: distinct glycolytic and lipid oxidative metabolic programs are essential for effector and regulatory CD4+ T cell subsets. J Immunol. (2011) 186:3299–303. doi: 10.4049/jimmunol.1003613, PMID: 21317389


	 Xu X, Wang Y, Wei Z, Wei W, Zhao P, Tong B, et al. Madecassic acid, the contributor to the anti-colitis effect of madecassoside, enhances the shift of Th17 toward Treg cells via the PPARgamma/AMPK/ACC1 pathway. Cell Death Dis. (2017) 8:e2723. doi: 10.1038/cddis.2017.150, PMID: 28358365


	 Castro-Dopico T, Dennison TW, Ferdinand JR, Mathews RJ, Fleming A, Clift D, et al. Anti-commensal igG drives intestinal inflammation and type 17 immunity in ulcerative colitis. Immunity. (2019) 50:1099–1114.e10. doi: 10.1016/j.immuni.2019.02.006, PMID: 30876876


	 Popivanova BK, Kitamura K, Wu Y, Kondo T, Kagaya T, Kaneko S, et al. Blocking TNF-alpha in mice reduces colorectal carcinogenesis associated with chronic colitis. J Clin Invest. (2008) 118:560–70. doi: 10.1172/JCI32453, PMID: 18219394


	 Borges da Silva H, Peng C, Wang H, Wanhainen KM, Ma C, Lopez S, et al. Sensing of ATP via the purinergic receptor P2RX7 promotes CD8(+) trm cell generation by enhancing their sensitivity to the cytokine TGF-beta. Immunity. (2020) 53:158–171.e6. doi: 10.1016/j.immuni.2020.06.010, PMID: 32640257







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 © 2025 Mina, Macedo, Salgado, Leff, Bihnam and Borges da Silva. 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-16-1621353-g004.jpg
= Th1 polarization: IL-12 + anti-IL-4
WT naive \ %%%@Q

CD4+ T cells \— — » Th2 polarization: IL-4 + anti-IFN-y

In vitro activation:
anti-CD3/anti-CD28 ‘
S — ; .
NIL-2 Th17 polarization: IL-6 + IL-23 + TGF-B

PANX1-KO naive

CD4+ T cells
B
Mouse CD4+ T cells, 72h polarization culture:
Tho Th2 Th17 J Th1
PANX1-KO

|_

>

X

O

o
C

100
80
60
40
20

—_—

o

o
oS
o

80
60
40
20

% TNF-a* IL-13"
N W
© O

% GATA-3*
CD4" T cells
% RORyT*
CD4" T cells

o

% T-bet*
CD4" T cells

IL-5 IL-13 IL-4

o WT o PANX1-KO
o PANX1-KO o PANX1-KO





OEBPS/Images/fimmu-16-1621353-g002.jpg
7 <
A )
5 @) O
o~ X
> X O
_ X g
2kEZ O X
c = a — ANn
Q 2 2 2 9 Q o=
O o o O O O O O ol
O © © © O
© ® © < o o
8 ] 2 ©° ;
asnowy/s||99 | .vd
(%) sli®d L ,+Aad \m NS e
+EV1VO o *
A
2 5
O @)
X ¥ - % ﬂ\%
™ -~ a iy z X
pad O X oul|* >,
— p Z c cy,
SE < g4 £ < * <
€20 & < a * o
- | V
o &) Z (v
O o o o o &\
o o o o >
= & = N O 1 O v O O
o o o N N «~ «~ O O
(%) sll®o 1 ,¥Aa0 Mw:oEZw o N (LYL 0} pazijew.ou)
Jog-1 /1199 1 ,vdO uolssaldxe YNYW Lxued
A490-1
< w
®
4
2 @) %
= < ¥
Z O X <« <
= < Z Q v
< o E < A O X
© O O & & o = an Z
o o © O O © O - = <
S © 6 &6 o o o O < o
© ® © < 0D O W O W O
L N N ~ -~ o O

(%) slle0 1 ,¥ad esnow/s||#d | ,¥ad (6811 jo %) sl1ed 1 ,¥ad
5 1AYOY B, ALAY0Y LVLVO





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1621353-g001.jpg
: : = * % %
E = = 12 ns
S = S~ ns
3 = = £ 9
5 = e =
& 11 = R P,
g = = 5
S e = 3
g Healthy UC Control 3% DSS
- | ,,i§ - Q WT
WT control PANX1-KO control WT 3% DSS  PANX1-KO 3% DSS PANX1-KO

o wret |ns g o WT Ctrl

-8 PANX1-KO Ctrl 7 PANX1-KO Ctrl | ns

- WT DSS o

- | 3k %k 3k %k _

WT DSS
E

PANX1-KO DSS PANX1-KO DSS

DAI Score

01234567 01234567
Days after treatment Days after treatment
PANX1 Tubulin G - + WT CD4 |** H - +WT CD4
- 204 = *+PANX1-KOCD4 4 = +PANX1-KO CD4! ™"
i (72}
— 3 o3
- w  WTcLPCD4 £ §
- . - ™ Rag2KO D 22
-  8weeks < <DE
. post-transfer NS 1
o
— 0
012345678 0123456738
C — -

Weeks after CD4" T cell transfer Weeks after CD4" T cell transfer





OEBPS/Images/fimmu-16-1621353-g003.jpg
IL-17A cLP:

C

cLP:

o WT
g PANX1-KO

0

© © T «
Si18 1 ,+Add
+L111PANL %

sI1® L ,¥Ad
+VLPANL %

PANX1-KO CD4
: 0.1%

WT CD4

TNF-a

ns

o ©®© © ¥ N o ©

s|I8d 1L ,¥Ad
YL %

s||eo 1 ,¥Aad
AN %

PANX1-KO CD4
3.9%

WT CD4

IL-17A

ns

mesLN:

o PANX1-KO

O 0 © < N O S|
=

Spleen:

(@]
X
X
T
i
N <+ o N -~ o o 0o % m m =
sl190 1 ,¥a0 L£-VLVO UM 0-3NL %
1LPANL %
o
O 383 § & =©°
S[18d 1L ,#AJ ,£-VLVO %
-
s|I8d L ,¥AD
I % )
o n O
v B g
2 O -
o O x
-2
+Q
g e 2ee <f
slleo 1 ,¥ao nDu
VLT % N
&p
<C
==
< =
— g
o L
N o v o — zZ
= = &) =
s|I8d 1L ,vAdD
A-N4I % -
(@]
X
X
Z o
o *
o g
- o
s|leo 1 ,$a0 8 & 2 =°

J1LPANL % S1190 1 ,¥AD ,P-ANL .Sl %

- v o 1 o v o
02211

80 1 .,¥Ad0 51 %

slleo 1 ,¥ad I
PANL %

PANX1-KO

S|I90 1 ,+Ad
VL1 %

© <t N o
s|leo 1 A0
AN4I %

cLP CD4* T cells:

TNF-a

o PANX1-KO

o PANX1-KO

o O o u o

N -

SI190 1 +¥A0 V111 ,O-4ANL %

a
(2]
c

nu o v o u o
AN N «~— -

SiI®d L ,¥A0 VL1l %

@)
X
X
Z
m <
o
o o
o [To] o o] o
N ~ -—
s|1®0 1 A0 ,A-NdI %
*
*
*
o o o o
© < N
L VLYO ulyum ,0-4NL %
e}
X
* o
* Z
*
£ &
o o
[Te] o (o] o

-~ -~

SI1®9 1 ,¥AD ,O-4ANL .Sl %





OEBPS/Images/fimmu-16-1621353-g005.jpg
cLP myeloid cells:

WT DSS PANX1-KO DSS 8 50 * %
A 3.9% 1.2% ©* g ) ©
% - % —— _Sg %’\ © 40
; £04 g 30 -

] 30 S o

- 2 e 5 qu 20

- O s 10
0 !l =TT ~~

Control 3% DSS 0

o PANX1-KO CD4

s o PANX1-KO





OEBPS/Images/fimmu.2025.1621353_cover.jpg
& frontiers | Frontiers in Immunology

Pannexin-1 hemichannels promote
experimental colitis inflammation in a CD4*
T cell-specific manner





