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            Abstract
Although tissue-resident memory T cells (TRM cells) have been shown to regulate host protection in infectious disorders, their function in inflammatory bowel disease (IBD) remains to be investigated. Here we characterized TRM cells in human IBD and in experimental models of intestinal inflammation. Pro-inflammatory TRM cells accumulated in the mucosa of patients with IBD, and the presence of CD4+CD69+CD103+ TRM cells was predictive of the development of flares. In vivo, functional impairment of TRM cells in mice with double knockout of the TRM-cell-associated transcription factors Hobit and Blimp-1 attenuated disease in several models of colitis, due to impaired cross-talk between the adaptive and innate immune system. Finally, depletion of TRM cells led to a suppression of colitis activity. Together, our data demonstrate a central role for TRM cells in the pathogenesis of chronic intestinal inflammation and suggest that these cells could be targets for future therapeutic approaches in IBD.
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                    Fig. 1: TRM cells are increased in the gut of IBD patients and have a pro-inflammatory phenotype.[image: ]


Fig. 2: CD4+, but not CD8+, intestinal TRM cells are associated with clinical flares of IBD.[image: ]


Fig. 3: Hobit–Blimp-1 double deficiency protects from T cell transfer colitis.[image: ]


Fig. 4: Hobit–Blimp-1 double deficiency leads to reduced leukocyte recruitment with reduced expression of pro-inflammatory cytokines.[image: ]


Fig. 5: Hobit–Blimp-1 DKO mice are protected in various experimental colitis models.[image: ]


Fig. 6: Protection of Hobit–Blimp-1 DKO mice in acute DSS colitis results from impaired adaptive-innate cross-talk.[image: ]


Fig. 7: Depletion of TRM cells protects from experimental colitis.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Characterization of TRM cells in IBD.
(a) Flow cytometry of lamina propria mononuclear cells (LPMCs). Left panels: Representative dot plots indicating the expression of the T cell markers CD4 or CD8 in total LPMCs and CD69+CD103+ LPMCs. Right panels: Quantification of T cells expressing CD4 and/or CD8 among CD69+CD103+ LPMCs in CON (n = 4), UC (n = 3) and CD (n = 8). (b) Correlation of CD69 mRNA with CXCR6 and CD101 mRNA expression as determined by qPCR in intestinal tissue from patients with IBD (n = 35). Spearman’s R and regression lines are indicated, * P < 0.05. (c, e) mRNA expression of CRTAM1 (c, n = 5) and NR4A1 (e, n = 6) in CD3+CD69+ vs. CD3+CD69- T cells isolated from colonic lamina propria as determined by qPCR. Pairwise normalization to the expression in CD3+CD69+ T cells was performed. *** P < 0.001, paired two-tailed student’s t-test. (d) Quantitative flow cytometry of CD44 mean fluorescence intensity (MFI) in LPMC subsets. n = 16, *** P < 0.001, repeated-measures ANOVA with Newman-Keuls post-hoc test. (f) Analysis of TRM-associated molecules on CD69+ TRM cells from the intestinal lamina propria (LP) and T cells from the peripheral blood. Histograms of the expression of CD49a and CXCR6 representative for two independent experiments are shown. (g) Correlation of CD69 mRNA expression with mRNA expression of IFNG (n = 24), IL13 (n = 26), IL17A (n = 31), IL12A (n = 46), IL12B (n = 28) and TNF (n = 36) as determined by qPCR in intestinal tissue from patients with IBD. Spearman’s R and regression lines are indicated; * P < 0.05, ** P < 0.01, *** P < 0.001.


Supplementary Figure 2 CD4+ and CD8+ TRM cells in IBD.
(a) Histograms showing the expression of CD44, S1PR1 (CD363) and CD11a in CD69+ cells from the peripheral blood (PB) and on CD69+CD103- and CD69+CD103+ CD4+ lamina propria mononuclear cells (LPMCs) from endoscopic biopsies as indicated. Data are representative for two independent experiments. (b) Representative gating strategy for human CD4+ and CD8+ CD69+CD103+ TRM cells. From left to right: After exclusion of doublets, lymphocytes were selected in the foreward-/sideward-scatter. CD4+ and CD8+ T cells were identified and CD69 was plotted against CD103 to select CD69+CD103+ TRM cells. (c) The frequency of CD4+ and CD8+ CD69+ TRM cells (left) and total CD4+ and CD8+ T cells (right) in a cohort of 46 IBD patients was determined by flow cytometry and the respective median was calculated. Flare-free survival of patients with frequencies above (high) or below (low) the median was determined. P-values of one-sided log-rank comparison are indicated.


Supplementary Figure 3 Characterization of mouse TRM cells and comparable abundance of CD4+ Hobit–Blimp-1 double-knockout (DKO) and WT T cells and TRM cells in transfer colitis.
(a) Representative gating strategy for mouse CD4+ CD44+CD69+ TRM cells. From left to right: After exclusion of doublets and dead cells, lymphocytes were selected in the foreward-/sideward-scatter. CD3+CD4+ T cells were identified and CD44 was plotted against CD69 to select CD44+CD69+ TRM cells. (b) Flow cytometric quantification of CD44+CD69+CD103+ TRM frequency in LPMCs of Rag1-/- mice after transfer of naïve CD4+ T cells. Left panels: Representative dot plots of CD3+CD4+CD44+ LPMCs one week and six weeks after transfer; the frequency of CD69+CD103+ TRM cells among lymphoid LPMCs is indicated. Right panels: Quantification of CD103+ CD4+ TRM cell frequency over time. n = 5 (1+2 weeks), n = 4 (3+4 weeks), n = 3 (5 weeks). (c) Flow cytometry of the expression of the TRM-associated molecule CD49a on CD44+CD69+ TRM cells from the intestinal lamina propria (LP) and splenic CD44+ memory T cells. Histograms representative for two independent experiments are shown. (d) Immunohistochemistry staining for CD4 in colon tissue of Rag1-/- mice after transfer of naïve CD4+ WT, Hobit KO or DKO cells. Left panels: Representative images. Right panel: Quantitative data. Bars: 50 µm (upper row), 25 µm (lower row). n = 19 from two independent experiments. (e) Left: Competitive in vivo homing assay (n = 8) with CD4+ T cells from DKO (green) and WT (magenta) mice transferred to the ileocolic artery of Rag1-/- mice. Representative intravital confocal microscopy with arrows highlighting extravasated cells and quantification of homed cells per region of interest (ROI). Right: Non-competitive in vivo homing assay (n = 10) with CD4+ T cells from DKO and WT mice transferred to the ileocolic artery of Rag1-/- mice. Representative dot plots of homed CFSE+ cells in the LP and quantification. (f) Flow cytometry assessment of proliferation and apoptosis of anti-CD3/CD28-stimulated CD4+ WT and DKO T cells. Left panels: Representative flow cytometry showing CFSE dilution after culture of CD4+ T cells for 48 hours. Right panels: Quantification of proliferation and apoptosis as indicated. n = 10. (g) Flow cytometry of CD69 and CD103 expression in CD4+ LPMCs from Rag1-/- mice after transfer of WT or DKO cells. Representative histograms and quantitative data from one representative experiment with six mice out of two independent experiments are shown. (b, d) Center values – mean; error bars – s.e.m., (e,f) Boxplots – median with upper and lower quartile, whiskers – minimum and maximum. (g) Floating bars - median with minimum and maximum. (d) One-way ANOVA, (e-g) two-tailed student’s t-test. n.s. – not significant.


Supplementary Figure 4 Pathogenic mechanisms of TRM cells in T cell transfer colitis.
(a) Functional annotation analysis of previously published whole genome transcript analysis in WT and DKO NKT cells (Mackay et al. Science 352, 459–463) with Ingenuity Pathway Analysis (Qiagen). Using the “Diseases and Functions” mode the function “Recruitment” (subordinate to the function “Cell Movement”) was analyzed. Boxes are sized according to the respective -log(p) value and colored according to the z-score (right) assigned to the respective function. Fisher’s Exact test. (b) Expression of Cxcl3 mRNA in LPMCs from Rag1-/- mice transferred with WT, Hobit KO and DKO cells as determined by qPCR. n = 27 from three independent experiments. (c) Correlation of CD69 mRNA expression with mRNA expression of CCL3 (n = 37) and CCL4 (n = 34) as determined by qPCR in intestinal tissue from patients with IBD. Spearman’s R and regression lines are indicated; * P < 0.05. (d) mRNA expression of CCL3 and CCL4 in CD3+CD69+ vs. CD3+CD69- T cells isolated from colon lamina propria as determined by qPCR. Pairwise normalization to the expression in CD3+CD69+ T cells was performed. n = 6. (e, f) Expression of IL-2 in mRNA from LPMCs of RAG1–/– mice after transfer of WT, Hobit KO and DKO cells as determined by qPCR (e) and in supernatants from anti-CD3/CD28-stimulated LPMCs as determined by multiplex assay (n = 20 from two independent experiments). (g) Left panels: mRNA expression of Gzmb and Prf1 in LPMCs from the colon of Rag1-/- mice after transfer of WT, Hobit KO and DKO cells as determined by qPCR (n = 27 from three independent experiments). Right panel: Granzyme B concentration in the supernatants of anti-CD3/CD28-stimulated LPMCs from such mice as determined by ELISA (n = 30 from three independent experiments). (h) Culture of organoids in pure crypt culture medium (CCM) or with 25 % supernatant from WT T cells or from DKO T cells. Left panels: Representative bright-field and fluorescence microscopy images of organoid architecture and dead dye (red)/nuclei dye (blue) intensity, respectively; right panels: quantification of cell death. n = 24. (i) Immunohistochemistry staining for EpCAM (red) and TUNEL (green) in colon tissue from Rag1-/- mice after transfer of WT, Hobit KO or DKO cells. Left: Representative images, white arrows highlight EpCAM+TUNEL+ apoptotic epithelial cells. Right: Quantification of EpCAM+TUNEL+ cells per high power field (HPF). n = 21 from two independent experiments. Bars: 50 µm (upper row), 25 µm (lower row). (d, i) Center values – mean; error bars – s.e.m., (b, e-h) Boxplots – median with upper and lower quartile, whiskers – minimum and maximum. (b, d-i) * P < 0.05, ** P < 0.01, *** P < 0.001, one-way ANOVA with Newman-Keuls post-hoc testing (b, e-g, i) or paired (d) or unpaired (h) two-tailed student’s t-test.


Supplementary Figure 5 Pathogenic mechanisms of TRM cells in acute DSS-induced colitis.
(a) Immunohistochemistry staining for Foxp3 in colon tissue from WT, Hobit KO or DKO mice with acute DSS colitis. Left: Representative images, white arrows highlight positive cells. Right: Quantification of positive cells per high power field (HPF). n = 26 from three independent experiments; Bars: 50 µm (upper row), 25 µm (lower row). (b) Immunhohistochemistry staining for MPO in colon tissue from WT or DKO mice treated with DSS for three days. Left: Representative images, white arrows highlight positive cells. Right: Quantification of positive cells per HPF. n = 10 from two independent experiments. (c-f) Expression of pro-inflammatory cytokines in mRNA from LPMCs from the colon of WT, Hobit KO and DKO mice with acute DSS colitis as determined by qPCR (c, e) and in supernatants from anti-CD3/CD28-stimulated LPMCs as determined by multiplex assay (d, f). n = 17 (c, Il12a, e, Il13), n = 16 (e, Ifng, Il17a), n = 15 (c, Tnf) from two independent experiments, n = 8 from one representative out of two independent experiments (c, Il1b), n = 22 from three independent experiments (d, f). (g) mRNA expression of Gzmb in LPMCs from the colon of WT, Hobit KO and DKO mice with acute DSS colitis as determined by qPCR (left panel, n = 14 from two independent experiments). Granzyme B concentration in the supernatants of anti-CD3/CD28-stimulated LPMCs from such mice as determined by ELISA (right panel, n = 15 from two independent experiments). (h) Immunohistochemistry staining for EpCAM (red) and TUNEL (green) in the colon of WT, Hobit KO and DKO mice with acute DSS colitis Left: Representative images, white arrows highlight EpCAM+TUNEL+ apoptotic epithelial cells. Right: Quantification of EpCAM+TUNEL+ cells per high power field (HPF). n = 19 from two independent experiments. Bars: 50 µm (upper row), 25 µm (lower row). (a, b, h) Center values – mean; error bars – s.e.m.; (c-g) Boxplots – median with upper and lower quartile, whiskers – minimum and maximum; floating bars - median with minimum and maximum. (a-h) * P < 0.05, ** P < 0.01, *** P < 0.001, two-tailed student’s t-test (b, d IL-12, e Il17a, f IL-13), one-way ANOVA with Newman-Keuls post hoc test (all other panels).


Supplementary Figure 6 Depletion of TRM cells via DT.
(a, b) Flow cytometry of CD4+ T cell (a) and CD103+ CD4+ TRM cell frequency (b) in LPMCs of Rag1-/- mice after transfer of naive CD4+ Hobit-DTR cells and treatment without (“no DT”) or with early or late diphtheria toxin (DT). (a) Representative histograms for 10 mice from one experiment are shown. (b) Left: representative flow cytometry, the frequency of CD69+CD103+ TRM cells among lymphoid LPMCs is indicated. Right: Quantification of CD69+CD103+ TRM cells among total lymphoid LPMCs; n = 21 from three independent experiments. (c) Immunohistochemistry staining for CD4 (left, n = 24) and MPO (right, n = 22) in colon tissue of Rag1-/- mice after transfer of naive CD4+ Hobit-DTR cells and treatment without or with early and late DT. Representative images from three independent experiments with white arrows highlighting CD4+ or MPO+ cells and quantification of CD4+ or MPO+ cells per high power field (HPF). Bars: 50µm (upper row), 25µm (lower row). (d) mRNA expression of chemokines and pro-inflammatory cytokines in LPMCs from the colon of Rag1-/- mice after transfer of naiveCD4+ Hobit-DTR cells and treatment without or with early and late DT as determined by qPCR. n = 14 (Ccl3, Ccl4, Ifng), n = 13 (Cxcl2, Il17, Il1b), n = 12 (Il12a) from two independent experiments, n = 21 from three independent experiments (Il13). (e) Concentration of pro-inflammatory cytokines in the supernatants of anti-CD3/CD28-stimulated LPMCs from the colon of Rag1-/- mice after transfer of naiveCD4+ Hobit-DTR cells and treatment without or with early and late DT as determined by multiplex assay. n = 10 (IFN-γ, IL-13), n = 9 (IL-17A, IL-1β). = 9–10. (b-d) Boxplots – median with upper and lower quartile, whiskers – minimum and maximum. (e) Floating bars - median with minimum and maximum. * P < 0.05, ** P < 0.01, *** P < 0.001, two-tailed student’s t-test (d, Il13, Il17a) or one-way ANOVA with Newman-Keuls post-hoc comparison (all other panels).


Supplementary Figure 7 Depletion of TRM cells via NAD.
(a) Flow cytometry of P2X7-Art2.2-coexpression. Representative control stainings for Fig. 7f showing the expression of P2X7 and Art2.2 in spleen CD3- and CD3+ cells. The frequency of double-positive cells is indicated. (b) Frequency of CD44+CD69- effector memory T cells (TEM) in mice treated with or without NAD. n = 22. (c) Representative (left) and quantitative (right) flow cytometry of CD1d tetramer+ NKT cells in the colon of mice treated with or without NAD as well as representative gating control flow cytometry of CD1d tetramer+ NKT cells in the liver (far right). n = 14. (d) Frequency of CD3+ T and CD1d tetramer+ NKT cells among lymphoid LPMCs after treatment with PBS. n = 8. (e) Immunohistochemistry staining for CD4 (n = 16) and MPO (n = 17) in colon tissue of WT mice with TNBS colitis after treatment with or without NAD from three independent experiments. (f) Flow cytometry of Art2.2 expression in T cells versus non-T cells. Left: Representative histograms of Art2.2 expression on CD4+ T cells, CD3- non T cells and fluorescence minus one (FMO) control for Art2.2. Right: Quantitative expression. n = 10 mice from three independent experiments. (b-f) Boxplots – median with upper and lower quartile, whiskers – min and max. n.s. – not significant, * P < 0.05, ** P < 0.01, *** P < 0.001, paired (d, f) or unpaired (b, c, e) two-tailed student’s t-test.
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Supplementary Video 1: Light-sheet fluorescence microscopy
Representative animation of a colon sample from a Rag1–/– mouse after transfer of naïve CD4+ T cells from a Hobit–Blimp-1 double-knockout mouse. Whole-mount staining for CD4 (red) and autofluorescence signal (grey) were recorded by light-sheet fluorescence microscopy
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