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            Abstract
The intestinal immune system has the challenging task of tolerating foreign nutrients and the commensal microbiome, while excluding or eliminating ingested pathogens. Failure of this balance leads to conditions such as inflammatory bowel diseases, food allergies and invasive gastrointestinal infections1. Multiple immune mechanisms are therefore in place to maintain tissue integrity, including balanced generation of effector T (TH) cells and FOXP3+ regulatory T (pTreg) cells, which mediate resistance to pathogens and regulate excessive immune activation, respectively1,2,3,4. The gut-draining lymph nodes (gLNs) are key sites for orchestrating adaptive immunity to luminal perturbations5,6,7. However, it is unclear how they simultaneously support tolerogenic and inflammatory reactions. Here we show that gLNs are immunologically specific to the functional gut segment that they drain. Stromal and dendritic cell gene signatures and polarization of T cells against the same luminal antigen differ between gLNs, with the proximal small intestine-draining gLNs preferentially giving rise to tolerogenic responses and the distal gLNs to pro-inflammatory T cell responses. This segregation permitted the targeting of distal gLNs for vaccination and the maintenance of duodenal pTreg cell induction during colonic infection. Conversely, the compartmentalized dichotomy was perturbed by surgical removal of select distal gLNs and duodenal infection, with effects on both lymphoid organ and tissue immune responses. Our findings reveal that the conflict between tolerogenic and inflammatory intestinal responses is in part resolved by discrete gLN drainage, and encourage antigen targeting to specific gut segments for therapeutic immune modulation.
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                    Fig. 1: The gLNs are metabolically and immunologically unique according to the gut segment drained.[image: ]


Fig. 2: Migratory dendritic cell profiles and CD4+ T cell polarization differ between gLNs and follow proximal-to-distal gradients.[image: ]


Fig. 3: Compartmentalization of CD4+ T cell fates permits vaccination via ileocaecal gLNs.[image: ]


Fig. 4: Duodenal infection leads to a compartmentalized immune conflict in the duodenal gLNs and to compromised oral tolerance.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Extended analysis of gLN connectivity and drainage in the peritoneal cavity.
a–e, 3D reconstruction of mouse lymphatics (anti-LYVE-1) after solvent clearing (iDISCO+) and light sheet microscopy of: the central chain of gLNs connected to the duodenum via afferent vessels (a), the D-gLNs with respect to the liver and pancreas (co-stained with anti-insulin; b), the distal intestine gLNs connected to the ileum (c), and individually dissected peritoneal gLNs (d) of SPF C57BL/6 mice. e, All peritoneal gLNs from germ-free and SPF C57BL/6 mice. f–i, Fast green spreading upon injection into gLNs draining the duodenum (f), jejunum (g), ileum (h) and caecum-proximal colon (i) from SPF C57BL/6 mice. j–m, Fast green spreading upon injection into the lymphatics in the muscularis of the duodenum (j), jejunum (k), ileum (l) and caecum (m) of 10-week-old mice. Pictures taken up to 15 min after dye injection. n–q, 3D reconstruction of mouse lymphatic vessels (anti-LYVE-1) after solvent clearing (iDISCO+) and light sheet microscopy in the duodenum (n, o), ileum (p), and colon (q), highlighting the submucosal lymphatic network. In o the arrow denotes the direction of lymph flow from intestine to gLNs; CD11c was revealed by using ItgaxVenus mice and staining against GFP.


Extended Data Fig. 2 Imaging of intestinal lymphatic vessels and characterization of [3H]retinol absorption along the gut of SPF and germ-free mice.
a, 3D reconstruction of mouse lymphatic vessels (anti-LYVE-1) after iDISCO+ processing of villi and submucosa along the intestines of germ-free (GF) and SPF C57BL/6 mice; lymphatics protruding into the villi (lacteals) are indicated. b, Percentage of [3H]retinol absorption into lymph (L), portal vein serum (PV) or systemic serum (S) of mice 3 h after gavage with 1 µCi [3H]retinol in 100 µl olive oil, with or without pre-treatment with 5 µl Pluronic L-81 3 h before gavage (n = 4 per group). c, d, Percentage of [3H]retinol absorption into the duodenum (c) or duodenal gLN (d) of C57BL/6 mice 8 h after gavage with 1 µCi [3H]retinol in 100 µl olive oil with or without pre-treatment with 5 µl Pluronic L-81 3 h before gavage (n = 8 or 9 per group, as indicated). Data pooled from two independent experiments with 4 or 5 animals per group each. e–g, Percentage of [3H]retinol absorption into systemic plasma (e), indicated intestinal tissue (f) or gLNs (g) from germ-free or SPF C57BL/6 mice 1 or 5 h after gavage with 1 µCi [3H]retinol in 100 µl olive oil (n = 3 per group). Data representative of two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.005 (one-tailed t-test or ANOVA). g, comparison of results from germ-free mice by ANOVA; s, comparison of results from SPF mice by ANOVA; $, comparison at 1 h time point; #, comparison at 5 h time point.


Extended Data Fig. 3 Extended analysis of gLN stromal and dendritic cell differences according to gut segment drained.
a, Flow cytometry plot showing gating of FRCs and LECs for RNA-seq. Pre-gates indicated above. b–g, Some differentially regulated pathways among LECs sorted from duodenal versus colonic gLNs (NES, normalized enrichment scores) (b); differentially expressed genes among LECs sorted from ileal versus colonic gLNs or ileal versus duodenal gLNs (c, d); some differentially regulated pathways among FRCs sorted from duodenal versus colonic gLNs (e); differentially expressed genes among FRCs sorted from ileal versus colonic gLNs or ileal versus duodenal gLNs (f, g), all from SPF C57BL/6 mice and identified by RNA-seq. Blue, metabolism-related pathways or genes; red, immunity-related pathways or genes. h, Flow cytometry plot showing gating of CD103+CD11b+ and CD103+CD11b– dendritic cells for RNA-seq. Pre-gates indicated above. i–l, Differentially expressed genes identified by RNA-seq among CD103+CD11b+ (i, k) and CD103+CD11b– (j, l) dendritic cells sorted from ileal versus colonic gLNs or ileal versus duodenal gLNs from SPF C57BL/6 mice. m, n, Some differentially regulated pathways among CD103+CD11b+ (m) and CD103+CD11b– (n) dendritic cells sorted from duodenal versus colonic gLNs. o–q, Mean fluorescence intensity of fluorescein isothiocyanate-positive boron-dipyrromethene-tagged aminoacetate (Aldefluor) in CD103+CD11b– (o), CD103+CD11b+ (p), and CD8α+ or CD11b+ (q) dendritic cells from gLNs from germ-free and SPF C57BL/6 mice (n = 3) assessed by flow cytometry 30 min after the addition of substrate. r, Ratio of CD103+CD11b+ to CD103+CD11b– dendritic cells in gLNs from SPF and germ-free mice (n = 4, representative of two independent experiments). *P < 0.05, **P < 0.01, ***P < 0.005; ns, not significant (one-tailed t-test or ANOVA).


Extended Data Fig. 4 Extended analysis of CD4+ T cells in the different gLNs of SPF and germ-free mice and activation of OT-II CD45.1 cells in all gLNs upon OVA gavage.
a–e, Frequency of TCRβ+CD4+ cells among CD45+ cells (a), FOXP3+NRP1+ (b) and FOXP3+NRP1– cells (c) among TCRβ+CD4+ cells, RORγT+ cells among FOXP3+NRP1– cells (d) and FOXP3–RORγT+ cells among TCRβ+CD4+ cells (e) in indicated gLNs from germ-free or SPF C57BL/6 mice (n = 4). Data representative of two independent experiments. f–i, Frequency of CD25+ cells among CD45.1+ cells (f) and CD45.1+ cells among TCRβ+CD4+ cells (g), total CD45.1+ cells (h), and representative CFSE (carboxyfluorescein diacetate succinimidyl ester) dilution histogram (i) in indicated gLNs 64 h after adoptive transfer of 1 × 106 naive CD45.1+ OT-II cells into SPF CD45.2 C57BL/6 host mice (n = 3), after gavage of OVA 48 h and 24 h before analysis.


Extended Data Fig. 5 Extended analysis of OT-II CD45.1 and dendritic cells upon OVA administration in different gLNs of SPF and germ-free mice.
a, b, Frequency of CD45.1+ cells among TCRβ+CD4+ cells (a) and flow cytometry plots for gLN FOXP3 and CD25 expression (b) in indicated gLNs 64 h after adoptive transfer of 1 × 106 naive CD45.1+ OT-II cells into germ-free and SPF CD45.2 C57BL/6 host mice (n = 4) and after gavage of OVA 48 h and 24 h before analysis. c–e, 125I recovery in indicated gLNs (c), intestinal tissue (d) and plasma (e) of germ-free and SPF C57BL/6 mice (n = 3 per time point and group), 1 h or 5 h after gavage with 4 × 106 CPM 125I-OVA in 50 mg cold OVA. f, g, Division index of CD45.1+ cells (f) and frequency of CD25+ cells among CD45.1+ cells (g) in indicated gLNs as in a, b. h–m, Frequency of CD45.1+ cells among TCRβ+CD4+ cells (h), division index of CD45.1+ cells (i), total CD45.1+ cell count (j), frequency of FOXP3hi cells among CD45.1+ cells (k), representative flow cytometry plot for FOXP3hi and total FOXP3 gating amongst CD3+CD4+ cells in D-gLN (l) and frequency of FOXP3hi cells among CD45.2+TCRβ+CD4+ cells (m) in indicated gLNs or spleen, 64 h after adoptive transfer of 1 × 106 naive CD45.1+ OT-II cells into SPF CD45.2 C57BL/6 host mice (n = 3) and after intravenous injection of OVA 48 h before analysis. n, Frequency of IL-12/23 p40+ cells among CD103+CD11b– dendritic cells in indicated gLNs of germ-free and SPF C57BL/6 mice (n = 4 per group). #, fewer than 200 cells were recovered. *P < 0.05, **P < 0.01, ***P < 0.005; ns, not significant (one-tailed t-test or ANOVA).


Extended Data Fig. 6 Extended analysis of OT-II CD45.1 cell seeding and fate in gLNs upon intestinal OVA injection or infection.
a–h, Frequency of FOXP3+RORγT– (a), FOXP3+RORγT+ (b), FOXP3–RORγT+ (c), FOXP3+CD25+ (d), or FOXP3–CD25+ (e) cells among CD45.1+ OT-II cells, frequency of CD45.1+ OT-II cells among TCRβ+CD4+ cells (f), division index (g) and total TCRβ+CD4+ cell counts (h) in indicated gLNs of mice 48 h after duodenal or ileal injection with OVA or OVA–CT, performed 16 h after adoptive transfer of 1 × 106 naive OT-II cells into SPF CD45.2 C57BL/6 host mice (n = 3). i–l, Survival curve (sham n = 5, duo n = 6, ile n = 8; i), and frequency in ileal lamina propria of FOXP3–RORγT+CD45.1+ (j), FOXP3–RORγT+CD45.1+ (k) and FOXP3+RORγt–CD45.1+ (l) cells among TCRβ+CD4+ cells (n = 4 per group) of mice infected with Stm-OVA 9 days after duodenal or ileal injection with OVA–CT versus sham operation, and 10 days after adoptive transfer of 1 × 105 naive OT-II cells into SPF CD45.2 C57BL/6 host mice. j–l, Intestines removed 48 h after infection. *P < 0.05 (Mantel–Cox and Gehan–Breslow–Wilcoxon, i), ##P < 0.005 (logrank, i), *P < 0.05 (ANOVA, j–l). m–p, Flow cytometry plot of CD25+ and CFSE (m), frequency of CD451+ OT-II cells among TCRβ+CD4+ cells (n), CD45.1+ division index (o) and total CD45.1+ cell counts (p) in indicated gLNs 64 h after adoptive transfer of 1 × 106 naive CD45.1+ OT-II cells into SPF CD45.2 C57BL/6 mice infected with Citro-OVA 9 days earlier, and after gavage with OVA or PBS 48 h and 24 h before analysis (n = 5). Data representative of two independent experiments. q–u, Frequency of total FOXP3+ (q), FOXP3–CD25+ (r), and FOXP3–RORγT+CD451+ (s) cells among CD45.1+ cells, frequency of CD45.1+ cells among TCRβ+CD4+ cells (t), and frequency of FOXP3–RORγT+CD45.2+ cells among TCRβ+CD4+ cells (u) in indicated gLNs 64 h after adoptive transfer of 1 × 106 naive CD45.1+ OT-II cells into SPF CD45.2 C57BL/6 host mice infected or not with Citrobacter 9 days earlier, and after gavage with OVA 48 h and 24 h before analysis (n = 5). ns, not significant in ANOVA or one-tailed t-test comparing gLNs of infected versus non-infected mice. *P < 0.05, **P < 0.01, ***P < 0.005 (ANOVA); #P < 0.05 (t-test).


Extended Data Fig. 7 Extended analysis of CD45.1+ 7B8tg cell fate in gLNs and gut upon removal of distal gLNs.
a–c, Representative flow cytometry plots of RORγT+ and CD45.1+ cell frequency among CD3+CD4+ cells in indicated gLNs of sham or ΔicLN mice as quantified in Fig. 3g (a), and frequency of Vβ14+CD45.1+ cells among CD3+CD4+ cells (b) and RORγT+ cells among Vβ14+CD45.1+ (c) cells in indicated gLNs of mice with sham operation (n = 12) or surgical removal of the I- and C1-gLNs (ΔicLN, n = 14) 64 h (day 3, Fig. 3f) after adoptive transfer of 4 × 105 naive SFB-specific CD45.1+ 7B8tg cells into recently SFB-colonized SPF CD45.2 C57BL/6 Jax mice. Graph represents pooled data from three independent experiments with n = 4–5 per group each. d, e, Frequency of Vβ14+CD45.1+ cells among CD3+CD4+ cells (d) and RORγT+ cells among Vβ14+CD45.1+ cells (e) in indicated gLNs of Taconic sham or ΔicLN mice (n = 4) 64 h after adoptive transfer of 4 × 105 naive SFB-specific CD45.1+ cells. Note that SFB is a stable member of the microbial community in Taconic C57BL/6 mice through parental transmission. f, g, Total numbers of CD45+ cells in C2-gLN of recently SFB-colonized SPF mice (f) or Taconic mice (g) at point of harvest. h–n, Frequency of Vβ14+CD45.1+ IL17a+ (h), Vβ14+CD45.1+RORγt+ (i), or Vβ14+CD45.1+ cells (j) among CD3+CD4+ cells, and of RORγT+ cells among Vβ14+CD45.1+ cells (k) and IL17a+ cells among RORγT+Vβ14+CD45.1+ cells (l) in lamina propria of indicated gut segments; frequency of Vβ14+CD45.1+ cells among CD3+CD4+ cells (m) and RORγT+ cells among Vβ14+CD45.1+ cells (n) in gLNs of sham or ΔicLN Jax mice (n = 4) 7 days after adoptive transfer of 5,000 naive CD45.1+ 7B8tg cells into recently SFB-colonized SPF CD45.2 C57BL/6 Jax mice. o–s, Frequency of Vβ14+CD45.1+ cells among CD3+CD4+ cells (o), RORγT+ cells among Vβ14+CD45.1+ cells (p) and IL17a+ cells among RORγT+Vβ14+CD45.1+ cells (q) in indicated lamina propria, or of Vβ14+CD45.1+ cells among CD3+CD4+ cells (r) and RORγT+ cells among Vβ14+CD45.1+ cells (s) in gLNs of sham or ΔicLN Taconic mice 7 days after adoptive transfer of 5,000 naive CD45.1+ 7B8tg cells (n = 4). Hash, fewer than 200 cells were recovered. *P < 0.05, **P < 0.01, ***P < 0.005 (one-tailed t-test or ANOVA); ns, not significant.


Extended Data Fig. 8 Effect of selective gLN removal on lymph flow, SFB colonization and oral tolerance.
a, Fast Green tracing of ileal lymphatic drainage to the gLNs of SPF C57BL/6 mice, 5 min after injection of 3 µl Fast Green in sham-operated (left, biological duplicates; Extended Data Fig. 2g) or ΔicLN (middle and right, biological triplicates) mice 3 weeks after surgery. Red arrows, sites of injection. b, c, Relative quantification of SFB-specific 16S in luminal contents of indicated gut segments from recently SFB-colonized SPF C57BL/6 Jax mice (b, n = 13 per group from four independent experiments) or parentally colonized Taconic mice (c, n = 7 per group from four independent experiments) after sham or ΔicLN surgery. d–i, Total eosinophils (d) and dendritic cells (e) in BALF and frequency of eosinophils (f) and dendritic cells (g) among CD45+ cells in lungs, and total IgE (h) and anti-OVA IgG1 (i) in serum from SPF C57BL/6 mice subjected to oral tolerance as in Fig. 4k but without S. venezuelensis infection, 14 days after sham surgery (n = 7), I- and C-gLN removal (ΔicLN, n = 5) or D-gLN removal (ΔdLN, n = 6). Data are representative of two independent experiments. ns, not significant (ANOVA).


Extended Data Fig. 9 Extended analysis of gLN swelling and restructuring, and dendritic cell and CD4+ T cell subset frequencies, upon S. venezuelensis infection.
a, Indicated gLN positions in non-infected (N.I.) SPF C57BL/6 mice or mice infected with 700 S. venezuelensis (S.v.) larvae 8 days earlier. b, 3D reconstruction of vasculature (anti-CD31) after solvent clearing (iDISCO+) and light sheet microscopy of indicated gLNs from non-infected SPF C57BL/6 mice or SPF C57BL/6 mice infected with 700 S. venezuelensis larvae 14 days earlier; scale bars, 500 μm. c, Quantification of mature S. venezuelensis worms in gut epithelium 8 days after infection with 700 larvae. n = 8, pooled from two independent experiments. d–g, Frequency of CD11c+ cells among CD45+ cells (d), and CD11c+ (e) and CD8α+(f) cells among MHCIIintCD11c+ cells, or GATA3+FOXP3+ cells among TCRβ+CD4+ cells (g) in non-infected SPF C57BL/6 mice or mice infected with 700 S. venezuelensis larvae 8 days earlier; n = 5. Data are representative of three independent experiments. h–l, Frequency of CD103+CD11b+ (h), CD103+CD11b– (i), or CD103–CD11b+ cells (j) among MHCIIintCD11c+ dendritic cells, and of GATA3+FOXP3– (k) or GATA3+FOXP3+ (l) cells among TCRβ+CD4+ cells in denoted gLNs of SPF C57BL/6 mice infected with 700 S. venezuelensis larvae 21–50 days earlier, as indicated (n = 4 per time point) or non-infected (day 21) SPF C57BL/6 mice. *P < 0.05, **P < 0.01, ***P < 0.005; ns, not significant (one-tailed t-test or ANOVA).


Extended Data Fig. 10 Extended analysis of OT-II CD45.1 cell seeding, activation and fate and oral tolerance upon S. venezuelensis infection.
a, Representative flow cytometry plot of FOXP3+ and CD25+ CD45.1 OT-II cells in gLNs 8 days after infection (or not) of mice with S. venezuelensis larvae. b–e, Frequency of total FOXP3–CD25+ cells among CD45.1+ cells (b) and CD45.1+ cells among TCRβ+CD4+ cells (c), total CD45.1+ cells (d) and division index (e) in indicated gLNs 64 h after adoptive transfer of 1 × 106 naive CD45.1+ OT-II cells into CD45.2 SPF C57BL/6 mice (n = 4) infected (or not) with S. venezuelensis for 8 days and gavaged with OVA 48 h and 24 h before analysis. Data are representative of two independent experiments. f, g, Total dendritic cells in BALF (f) and frequency of dendritic cells among CD45+ cells in lung tissue (g) from non-infected SPF C57BL/6 mice or mice infected with S. venezuelensis during antigen feeding (+OVA groups) or no feeding (–OVA groups), 21 days after first immunization with OVA–alum (n = 13 for +OVA groups, n = 10 for –OVA groups). Data are pooled from two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.005; ns, not significant (one-tailed t-test or ANOVA).
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Video 1
mLN lymphatics (LYVE-1, white) with APCs (CD11c-GFP, red) of 8 week old SPF mouse. Antibody stained solvent cleared tissue followed by light sheet microscopy and 3D software reconstruction.
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mLN chain lymphatics (LYVE-1, white) with APCs (CD11c-GFP, red) and insulin (green) of 9 week old SPF mouse. Antibody stained solvent cleared tissue followed by light sheet microscopy and 3D software reconstruction.


Video 3
mLN chain to duodenum lymphatics (LYVE-1, white) of 8 week old SPF mouse. Antibody stained solvent cleared tissue followed by light sheet microscopy and 3D software reconstruction.
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ileal and mLN lymphatics (LYVE-1, white) of 8 week old SPF mouse. Antibody stained solvent cleared tissue followed by light sheet microscopy and 3D software reconstruction.
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Duodenal and mLN lymphatics (LYVE-1, white) 9 week old SPF mouse. Antibody stained solvent cleared tissue followed by light sheet microscopy and 3D software reconstruction.


Video 6
Duodenal lymphatics (LYVE-1, white) of 9 week old SPF mouse. Antibody stained solvent cleared tissue followed by light sheet microscopy and 3D software reconstruction.


Video 7
Duodenal lymphatics (LYVE-1, white) with APCs (CD11c-GFP, red) of 7 week old SPF mouse. Antibody stained solvent cleared tissue followed by light sheet microscopy and 3D software reconstruction.


Video 8
Celiac (D1) gLN vasculature (CD31, white) and lymphatics (LYVE-1, red) of 9 weeks old non-infected SPF C57BL/6 mouse. Antibody stained solvent cleared tissue followed by light sheet microscopy and 3D software reconstruction.


Video 9
Celiac (D1) gLN vasculature (CD31, white) and lymphatics (LYVE-1, red) of 9 weeks SPF C57BL/6 mouse infected with 700 S. venezuelensis (S.v.) larvae 14 days prior to harvest. Antibody stained solvent cleared tissue followed by light sheet microscopy and 3D software reconstruction.


Video 10
Duodenal (D2) gLN vasculature (CD31, white) and lymphatics (LYVE-1, red) of 9 weeks old non-infected SPF C57BL/6 mouse. Antibody stained solvent cleared tissue followed by light sheet microscopy and 3D software reconstruction.


Video 11
Duodenal (D2) gLN vasculature (CD31, white) and lymphatics (LYVE-1, red) of 9 weeks SPF C57BL/6 mouse infected with 700 S. venezuelensis (S.v.) larvae 14 days prior to harvest. Antibody stained solvent cleared tissue followed by light sheet microscopy and 3D software reconstruction.


Video 12
Jejunal gLN vasculature (CD31, white) and lymphatics (LYVE-1, red) of 9 weeks old non-infected SPF C57BL/6 mouse. Antibody stained solvent cleared tissue followed by light sheet microscopy and 3D software reconstruction.


Video 13
Jejunal gLN vasculature (CD31, white) and lymphatics (LYVE-1, red) of 9 weeks SPF C57BL/6 mouse infected with 700 S. venezuelensis (S.v.) larvae 14 days prior to harvest. Antibody stained solvent cleared tissue followed by light sheet microscopy and 3D software reconstruction.


Video 14
Ilial gLN vasculature (CD31, white) and lymphatics (LYVE-1, red) of 9 weeks old non-infected SPF C57BL/6 mouse. Antibody stained solvent cleared tissue followed by light sheet microscopy and 3D software reconstruction.


Video 15
Ilial gLN vasculature (CD31, white) and lymphatics (LYVE-1, red) of 9 weeks SPF C57BL/6 mouse infected with 700 S. venezuelensis (S.v.) larvae 14 days prior to harvest. Antibody stained solvent cleared tissue followed by light sheet microscopy and 3D software reconstruction.


Video 16
Cecal-colonic (C1) gLN vasculature (CD31, white) and lymphatics (LYVE-1, red) of 9 weeks old non-infected SPF C57BL/6 mouse. Antibody stained solvent cleared tissue followed by light sheet microscopy and 3D software reconstruction.


Video 17
Cecal-colonic (C1) gLN vasculature (CD31, white) and lymphatics (LYVE-1, red) of 9 weeks SPF C57BL/6 mouse infected with 700 S. venezuelensis (S.v.) larvae 14 days prior to harvest. Antibody stained solvent cleared tissue followed by light sheet microscopy and 3D software reconstruction.
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