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Abstract

The intestinal immune system must maintain tolerance to commensal microbiota and self
antigens whilst defending against invading pathogens. Recognising how homeostasis is
established and maintained in a complex immune environment such as the gut is critical to
understanding how to re-establish tolerance once broken in inflammatory disorders.
Peripherally induced regulatory T cells (Tregs) play a key role in homeostasis. In intestinal
tissue, Tregs work in concert with a diverse network of cells but which cellular interactions
occur to instruct Treg adaptation and acquisition of distinct Treg suppressor function is not
clear. We used two-photon in vivo live imaging and NICHE-seq [1] to deep phenotype
Helicobacter hepaticus (Hh)- specific Tregs with shared specificity but distinct spatially
compartmentalised functions in the tissue. We show transcriptionally distinct central Treg
(cTreg) and effector Treg (eTreg) populations in lymphoid versus gut tissue. The lamina
propria (LP), and not embedded lymphoid aggregates (LA), is the key location of acquired
immune suppressor eTreg function. Tregs recruited to the LP compartment are the dominant
interacting cell type and acquired a more effector Treg profile with upregulation of Areg, Gzmb,
Icos, Tigit, Tnfirsf4 (0X40), and Tnfrsf18 (GITR). We identify IL-1" macrophages, CD206+
macrophages, and ILC2 in the LP niche as the key players governing Treg survival and
function. In contrast, LA, dominated by interactions with ILC3s and populations of IL-6" DCs,
are equipped to tip the balance towards a pro- inflammatory response. By functionally isolating
the gut tissue from secondary lymphoid organs, we show that eTregs maintain their phenotype
in the context of inflammatory insult. Blocking their key effector molecule, IL-10, results in
locally differentiated Th17 cell proliferation without overt inflammation due to local IL-10
independent mechanisms that constrain inflammation. Our results reveal a previously

unrecognised spatial mechanism of tolerance, and demonstrate how knowledge of local
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interactions can guide cell function and potentially be manipulated for the next generation of

tolerance-inducing therapies.

Results

The pathobiont Helicobacter hepaticus (Hh) establishes life-long infection in the cecum of
normal mice. A key host adaptation ensuring immune homeostasis in the face of chronic
infection is the production of IL-10 by Tregs [2-4]. Maladaptation of this response results in
colitis in mice, and similar processes are thought to underlie very early onset inflammatory
bowel disease (VEO-IBD) with deficiencies in the IL-10 pathway a major cause [5]. The MLN
has been shown to be a key site of Treg induction [6], but the key anatomical location for
induction and maintenance of effector Treg suppressor function is yet to be elucidated. We
used HH7-2tg T cells [7] (TCR"") in Hh colonised hosts to follow the natural history of
antigen-specific T cells experiencing key interactions and gaining and sustaining Treg effector

functions in the tissue microenvironment.

To map where adaptive responses to Hh occur, we characterised the intestinal lymphoid and
non-lymphoid tissue compartments of WT C57BL/6 mice. Lymphoid tissue comprised,
secondary lymphoid organs (SLO) including mesenteric lymph nodes (MLN), the caecal patch
(CP) and distal colon organised lymphoid structures (OLS) (Fig la). Small lymphoid
aggregates (LA) are present in the caecum and proximal colon. LA do not have organised T
and B-cell zones, and contain a spectrum of tissue organisation from cell aggregates to
cryptopatches and isolated lymphoid follicles (ILF) (Supp Fig 1a-c). Previous tracking of naive
TCRH! in vivo showed differentiation to Roryt" Foxp3* Tregs in colons, but that work did not
exclude OLS from the analysis [7]. We sought to understand the natural history of TCR"" to
Hh in the context of lymphoid and non-lymphoid compartments, referring to the ‘tissue’ as the

composite of the lamina propria (LP) and the lymphoid aggregates (LA), but exclusive of OLS.

Naive TCR"! transferred into Hh- colonised hosts (Fig 1b and Supp Fig 1d) home to the SLOs
within 24 hours and onwards to the tissue approximately 1 week later (Fig 1c-d). Co-transfer
of congenically marked TCRH" and TCRH" Ragl”- cells confirmed no effect of endogenous
TCRa rearrangement (Supp Fig 2a-d). Further, TCRH" were not detected in un-colonised hosts,
demonstrating their dependence on cognate antigen for survival (Supp Fig 2e). To pinpoint

where important cellular interactions and activation steps take place, we quantified
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73 proliferation, Treg differentiation, TCR signalling and IL-10 production across the tissue
74  compartments. Despite early activation in lymphoid tissues (Supp Fig 2f), at 14 days after
75  transfer, tissue TCRM" cells are more proliferative than their lymphoid counterparts (Fig 1e),
76  and a larger proportion of TCRH" cells differentiated into Foxp3+ Tregs (Fig 1f) within tissue
77  than SLOs.
78
79  As Treg suppressor function has been shown to depend on the T cell receptor (TCR) [8], we
80  wondered whether ongoing TCR stimulation also occurs in TCR in any of the defined tissue
81  microenvironments. Transfer of naive T cells from TCR"" crossed to Nur77%" mice [10]
82  (TCRM" Nur776FP) into Hh-colonised hosts showed the proportion expressing GFP and GFP
83  MFI as a measure of TCR signalling to be highest in the tissue at 11 days post transfer (Fig
84  1g). Transfer of TCRM" crossed to B6.Foxp3"P? IL-106FP reporter mice [9] (TCRHPIL-109FP)
85  also revealed the tissue as the site of the highest proportion of IL-10" TCR cells (Fig 1h). To
86  determine whether TCR engagement and IL-10 production were due to local stimulation, we
87 used the sphingosine 1-phosphate receptor agonist FTY720 to block lymph node egress
88  following TCR"" recruitment into the gut to ensure detection of local GFP induction (Supp Fig
89  3a-c). Again, the strongest TCR signalling and highest IL-10 production was detected in tissue
90  TCR" cells, which were on par with controls (Supp Fig 3d-g). Absolute numbers of tissue
91  TCRM" were comparable between FTY720 treated and controls, suggesting local proliferation
92 of TCRH" (Supp Fig 3h). These data point to the gut tissue as the dominant site of ongoing Treg
93  activation and effector function in the maintenance of tolerance to the pathobiont Hh. In fact,
94  lymphotoxin-a deficient mice (LTa”") that are devoid of MLNs, CP, OLS and LA (Supp Fig
95  4a-b, and data not shown) [10] still supported TCR™" homing into the tissue (Supp Fig 4c-¢).
96  However, in the absence of lymph nodes, TCRM" did not differentiate into Tregs (Fig 1i),
97  indicating a non-redundant role for SLOs in Treg differentiation. TCRM! cells in LTa”~ hosts
98  retained the ability to make IL-10 in similar absolute numbers, albeit at a lower frequency
99  compared to controls (Fig 1j-k, Supp Fig 4f). These data show SLOs are critical for Treg
100  induction, but interactions in the tissue can induce non-Treg TCRMPIL-10 production
101  independent of SLOs and prevent colitis (Supp Fig 4g).

102
103
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104
105  Figure 1. Colon tissue supports the highest IL10 production and strongest TCR

106  signalling in response to Helicobacter hepaticus.

107 a. Diagram of tissue and lymphoid structures in the murine gut, with representative images of caecal patch (CP),
108  organised lymphoid structures (OLS) and lymphoid aggregates (LA) in hCD2-DsRed mouse (scale bar

109  1000um).

110 b. Transfer of naive CD45.1* TCR™ T cells into Hh-colonised hosts.

111 c. Representative FACS of T TCRM" 14 days post transfer at the indicated sites.

112 d. Frequency of TCRM™ among total CD4 T cells at indicated time points post transfer.

113 e. Frequency of Ki-67" of TCR"" at 14 days post transfer at the indicated sites.

114 f. Representative FACS and frequency of Tregs of TCRM" at 14 days post transfer.

115 g Representative histogram overlay and GFP MFI of TCR""™Nur77%* 11 days post transfer.

116  h. Representative FACS and frequency of IL-10" among TCRHML-10%F 11 days post transfer.

117 i Representative FACS and frequency of Tregs among TCR!! in tissue of WT and LT~ hosts at 10 days post
118  transfer.

119  j. Representative FACS and frequency of IL-10" among TCR!! in tissue of WT and LTo” hosts at 10 days post
120 transfer.

121 k. Absolute cell count of IL-10* among TCR"" in tissue of WT and LTa”" hosts at 10 days post transfer.

122

123 Our results demonstrate tissue interactions play a dominant and previously unrecognised role
124 in TCR stimulation and IL-10 production of microbe-reactive T cells, including Tregs. We
125  next wished to determine if the LP and LA niches played individual roles in shaping the

126  TCRM"response to Hh. We bred TCRF"Nur776” and TCRHPML-109FP to hCD2-DsRed mice
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127 [11] (TCRH CD2PsdNur776F? or TCRH? CD2Ps™d[L105FP) and separately transferred naive T
128  cells from these reporter lines into Hh-colonised Foxp3°t? hosts for in vivo two-photon live
129  imaging (Fig 2a). Host LA containing Tregs appear as green clusters. Transferred TCR"" are
130  red, but co-express GFP upon TCR stimulation or IL-10 production. Acquisition in 3-

131  dimensions allows for distinction of green/red co-expression versus two overlapping cells
132 (Supp video 1).

133
134 Within tissue, TCRF"Nur775FP* T cells were present within LA (Fig 2b). Surprisingly,

135 TCRH'Nur776FP* cells were also located within the LP, spatially distant from LA (Fig 2b).
136  This even distribution of recently activated T cells (Fig 2¢) suggest TCR-MHCII interactions
137 occur between TCR™" and LP- resident APCs, and/or rapid migration of TCR-stimulated

138 TCRH" out of LA into LP after TCR engagement. Indeed, time-lapse videos reveal

139  TCRH"Nur776FP* cells to be highly motile (Supp video 2). We next wondered which tissue
140  niche supported the highest production of IL-10 [12]. In vivo live imaging of donor TCRHh
141  CD2PsL10%? in Hh-colonised Foxp3©F? hosts demonstrated that IL-10 production by

142 TCRH" cells was largely restricted to the LP (Fig 2b-c). IL-10" TCRH! cells were actively

143 motile throughout the tissue (Supp video 3), suggesting far-reaching suppressor function in
144  response to Hh.

145

146 Because TCR"" cells that have recently experienced TCR stimulation are distributed

147  throughout the LP and LA niches, whereas production of the Treg effector molecule IL-10 is
148  highest in the LP niche, we wondered which cellular interactions and/or molecular cues in the
149 LP niche drive TCRH! activation and Treg effector functions. We used two-photon

150  photoactivation labelling of cells within T cell niches followed by scRNA-seq (NICHE-seq)
151  to uncover transcriptional states and cellular composition of tissue microniches [1, 13]. Naive
152 T cells from TCRH" CD2Ps™d crossed to ubiquitously expressing photoactivatable GFP mice
153 (TCRHh CD2PsedUbPA-GFP) [13] were transferred into Hh-colonised CD2PsdUbPA-GFP hosts so
154  both host and donor cells were photoactivatable. DsRed was used to visualise donor cells,
155  and to mark T cell zones in host lymphoid tissue. We used two-photon microscopy to label
156  donor and host cells with photoactivated GFP from four regions: the T cell zones of MLNs
157  and CP, the LA and LP (Fig 2d-e and Supp Fig 5a). scRNAseq of GFP+ cells was performed
158  using 10X and 5° GEX and VDJ TCR sequencing.

159
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160 A model built on previously published work [14-21] supported annotation of a spectrum of
161  myeloid cells, T cells, ILCs, B cells, plasma cells, epithelial cells, mesenchymal cells,

162  endothelial cells, and granulocytes across all 4 sites (Fig 2f-g, Supp Fig 5b, Supp Fig 6-7, and
163 Supp Table 1). The relative distributions of these major intestinal cell types differ according
164  to region, with a sizeable T cell population present in all micro-niches (Fig 2g). To

165  understand how location affects suppressor function, we focussed on the lymphoid and

166  myeloid populations in each niche that have the potential to form meaningful interactions

167  with TCRHh,
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Figure 2. IL-10 production by TCR"" is enriched in the LP, and NICHE-seq allows
identification of cellular composition across T cell microniches

a.Two photon in vivo live imaging of transferred naive TCRM'CD2%R¢Nur776" or TCRH"CD2%R[L-10CF into
Hh-colonised Foxp3©FT hosts.
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174  b. Representative images of TCR*"™Nur776F® cells (top panels) and TCRHML-10%F? (bottom panels) in the

175  lymphoid aggregates (LA) and lamina propria (LP). TCR"" Nur775?/IL-10%*® positive cells indicated by white
176  arrowheads.

177  c. Frequency of Nur77% (left) and IL-10%F® (right) positive of TCR!" in the LA and LP.

178  d.NICHE-seq of gut tissue: Transfer of TCRH!CD2PsdUbPA-GEP into CD2PsedUbPA-GFP hosts with subsequent
179  photo-activation, cell sorting and scRNA-seq. Numbers of single cells acquired before and after QC as

180 indicated.

181 e. Representative images of pre- and post-photoactivation of the LA (top panels) and T cell zone of CP(bottom
182  panels) of CD2PsdUbPACFP hosts,

183 f. UMAP visualisation of total cell subsets and detailed cell type annotations in each cell lineage (left) and their
184  distribution in each gut location (right).

185 g. Bar chart showing cell subsets and total cell numbers at the indicated gut locations.

186
187  The T/ILC compartment comprises 16 transcriptionally distinct subsets (Fig 3a). As expected,

188  naive CD4"and CD8" T cells were mainly located in the MLNs and CP. ILC3s were dominant
189  in the LA and ILC2s in the LP. The LP also contained a sizeable population of memory CD4
190 T cells. As suggested by the imaging data, Tregs were enriched in both LP and LA.

191

192 Subclustering of Tregs revealed 3 subpopulations that are differentially distributed between
193  SLOs and the tissue (Fig 2b). Lymphoid Tregs express 7Tcf7 and Ccr7 [22, 23], tissue Tregs
194  express effector-associated molecules Ctla4, Maf and Tnfrsf4, and proliferating Tregs express
195  histone genes (Fig 3b) [7, 24]. To highlight their distinct functional phenotype and spatial
196  segregation, we refer to lymphoid associated Tregs as central Tregs (cTregs) and tissue resident
197  Tregs as effector Tregs (eTregs).

198

199  To determine whether the host and transferred cells were comparable for downstream analysis,
200  we performed a T cell clonotype analysis. TCR repertoire sequencing revealed the TCR"" clone
201  (clonotype 554 and 249) as well as many host clonotypes to be present in all four regions and
202  predominantly differentiate into the eTreg phenotype (Fig 3c). Host and TCR! Tregs had
203  similar mean expression of classical suppressor genes such as Ctla4, Tigit, and 1110 (Supp Fig
204  8a), allowing combination of clonotypes for further analysis.

205

206  We next examined myeloid APC subset(s) across the tissue microniches, focusing especially
207  on cells that may affect eTreg function in the tissue [25]. Mapping of monocyte/macrophage
208  and dendritic cell subsets across the 4 regions did not reveal a unique APC population (Fig 3d);
209  however, we identified an enrichment of IL-1BMCD103*Sirpa” dendritic cells within LA,
210  whilst IL-1B* and CD206" macrophages and IL-13+ monocytes were most abundant in the LP
211 (Fig 3e).

212


https://doi.org/10.1101/2022.08.26.505428
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.26.505428; this version posted October 21, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

213 By comparing APC populations present at >30 cells per microniche, we could see MHCII score
214  for LP-resident IL-1B* macrophages was comparable to IL-1BMCDI103* and IL-
215 1BMCD103*Sirpa’” dendritic cells (Fig 3f, gene list: Supp Table 2). Taking abundance and
216 ~ MHCII expression into consideration, IL-13" macrophages dominate the T cell activation
217  landscape in the LP, whilst IL-1BMCD103*Sirpac* dominate in the LA. MHCII* ILC3s have
218  been shown to regulate CD4" T cell responses to gut commensals and maintain homeostasis in
219  the MLN [26, 27]. LA are enriched for ILC3s, with a small subset expressing MHCII; however,
220  this is a smaller fraction than present in the MLN (Fig 3f and Supp Fig 8b).

221

222 After defining the cellular composition, we sought to understand the potential cellular
223  interactions at each location. We performed CellPhoneDB analysis [28] to understand the
224 interactions between eTregs and T/ILC/myeloid cells for each tissue micro-niche based on
225  populations with greater than 30 cells present. In the LP, eTregs are capable of interacting with
226  all cell populations within the niche with many potential interactions across APC subsets (Fig
227  3g). This fits with their dynamic nature as observed previously with intravital microscopy
228  (Supp video 3). LA interaction diagram demonstrates eTregs have more interactions with IL-
229  1B+CDI103+Sirplat+ DCs, in particular (Fig 3g).

230

231  CellPhoneDB analysis of LA and LP catalogue key interactions between cells in each tissue
232 microniche. Of particular interest are the chemokine/chemokine receptor pairs that bring APCs
233 and eTregs together, TGFp, and cell-cell contact molecules, which all differ between LP and
234 LA (Fig 3h). Within the LP microniche, eTregs have the strongest Ccr2/Ccl8 (Supp Fig8c),
235  Ptprc/Mrcl, and Csf1/Csfrl pathway interactions with CD206 macrophages suggesting these
236  cells may play a dominant role beyond TCR engagement. Within the LA microniche, the
237  Ccr2/Ccl8, Ptprc/Mrcl, and CD72/Sema4d instead connect eTregs with IL-1p3+ macrophages,
238  and Cxcr3/Cxcl9, Icam1/Itgal interactions connect eTregs with LA DC populations. In addition
239  to differences in interactions with APCs, the eTregs in the LP had the strongest Icam/Itgal
240  interactions with CD4 memory T cells and Ltbr/Ltb interactions with ILC2s whereas eTregs in
241  the LA could interact with ILC3s through Icam1/Itgal (Fig 3h).
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Figure 3. Lymphoid and myeloid cell subset data highlight distinct interactions in LP

and LA microniches

a. UMAP visualisation of lymphoid subsets across all locations (left). Bar chart showing distribution of
lymphoid subsets and cell numbers for each gut location (right). Total cell numbers at the indicated locations
(bottom right).
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b. UMAP visualisation of Treg subsets across all locations (top left) and overlay on the UMAP plot of the
expression of selected genes (centre). Bar chart showing the distribution of Treg subsets and total cell numbers
at the indicated locations (right). Heatmap of differentially expressed genes in the indicated Treg subsets across
all locations (bottom).

c. Visualisation of clonotype network analysis of TCR clones (left). Barchart showing the distribution of TCR
clones by gut location (right top) and T cell subset (right bottom).

d. UMAP visualisation of total myeloid subsets across all locations (left). Bar chart showing myeloid subsets
and total cell numbers at the indicated locations (right).

e. Bar plot showing the fold change (log2) of proportions for myeloid, T cells and ILCs between LP and LA.

f. Violin plots of MHC-II expression score across lymphoid and myeloid cells in the LA and LP (restricted to
cell types with >30 cells per region).

g. Chord diagrams showing significant interactions of Tregs with lymphoid and myeloid cells, separately for
each gut location, LP (left) and LA (right), restricted to cell types with >30 cells per region.

h. CellPhoneDB analysis of receptor/ligand interactions in the LP (top) and LA (centre), restricted to cell types
with >30 cells per region and excluding MHC-II interactions. Schematic summarising the most relevant cell-cell
interactions (bottom).

Based on our imaging data (Fig 2b-c) and the differences in cell interactions within the tissue
microniches, we suspected the LP and LA eTregs would have additional phenotypic
differences. By comparing the eTreg populations across the tissue micro-niches, we found
upregulation of Gzmb, Areg, Ccr2, and I/2ra in the LP microniche and Cxcr4 in the LA (Fig
4a) [29, 30]. This highlights the LP as a key site that favours optimal eTreg function. This
was also supported by mean expression data of known Treg effector molecules showing
increases in Areg, Gzmb, Icos, Tigit, and Tnfrsf18 (GITR) in the LP (Fig. 4a). Velocity
pseudotime analysis of eTreg, cTreg, and proliferating Tregs suggests a trajectory of eTregs
from MLN/CP to LA and on to LP with proliferating Tregs more closely related to eTregs
(Fig 4b and Supp Fig8d-e). This raises questions about whether LP eTregs are terminally

differentiated or whether these cells are plastic and capable of proliferating in situ.

With all the data pointing to unique interactions and enhanced eTreg functions in the LP niche,
we wanted to determine whether key known pathways such as survival cytokines and
upregulators of Maf, TGF3 and STAT-3 cytokines, [14, 31, 32] are also spatially segregated
within the tissue microniches. To understand which survival cytokines are required in the LP
niche, we looked at receptors for gamma-chain cytokines on our Treg populations of interest.
eTregs in the LP and LA express //2r with highest expression in the LP microniche (Fig 4c).
To determine which are the important cells that produce IL-2, we looked for expression in the
cells present in the tissue. ILC2 and CD4 memory cells are the dominant sources of IL-2, with
both populations present in the LP microniche and shown to have potential for interactions

with eTregs in the LP (Fig 4c and Fig 3g).
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288  TGF is widely expressed by most myeloid and lymphoid populations, including eTregs in the
289 LA and LP (Fig 4d). However, eTregs in the LP are one of the few tissue populations that also
290  express high levels of ltrgav as well as ltgh8 (Fig 4d), encoding the integrin subunits alpha V
291  and beta 8 that are required to activate latent TGF[3 [33]. This activated TGFf can act in an
292  autocrine and paracrine manner to control local immune responses, which is required for
293  immune homeostasis [34, 35]. We next performed a comprehensive search of STAT3-
294  dependent cytokine genes across the most abundant myeloid and lymphoid subsets in the tissue.
295 We found upregulated gene expression of the pro-inflammatory cytokine /6 in IL-
296  1B*CDI103*Sirpa” DCs resident in the LA (Fig 4¢). In contrast, the LP was dominated by 7/10,
297  expressed primarily by eTregs with some expression in CD206* and IL-1B* macrophage
298  subsets (Fig 4e). A small amount of //27 could be detected in the IL-1f" macrophage
299  population, specifically in the LP. Together these data establish myeloid cytokine microniches
300 capable of tuning STAT-3 signals, potentially establishing inflammatory (LA) and anti-
301  inflammatory (LP) niches within the intestinal tissue. We next examined expression levels of
302 cytokine receptors. Moderate levels of //6ra can be detected across myeloid populations, and
303  1I27ra expression is largely restricted to eTreg, CD4+ memory T cells, and ILC2 populations.
304 Il10ra is highly expressed on CD206" and IL-1B* macrophages and IL-1B* monocytes,
305  especially in the LP niche (Fig 4¢). Macrophage sensing of IL-10 is critical for gut homeostasis
306 [36, 37], and this data supports a positive feedback loop in the LP. CD206" and IL-13*
307  macrophages respond to IL-10 and produce IL-10 and IL-27 [38, 39], activating STAT3 and
308  supporting the Maf program in eTregs in the LP. This raises the question of whether acute

309  perturbation of the IL-10 pathway could disrupt the LP eTreg phenotype and function.

310
311  After identifying spatially separated cTreg and eTreg responses to Hh and enhanced eTreg

312 suppressor function within the LP, we sought to determine whether an inflammatory challenge
313  thatinterferes with IL-10, a key eTreg effector molecule in the LP microniche, can affect eTreg
314  phenotype or proliferation. We transferred TCR"" into colonised hosts as before. TCRH"
315  migrate to the gut 7 days after transfer and adopt an IL10* Treg fate (Fig 1d, fand h). To isolate
316  the interactions in the gut tissue niches from the SLOs, FTY720 was injected daily from day
317 8, resulting in a pool of TCRH" cells trapped in the tissue (Fig 4f). We subsequently disrupted
318  the IL10 positive feedback loop with an IL10Ra blocking antibody 10 days after cell transfer.
319  Flow cytometry analysis validated NICHE-seq RNA expression of 7¢f7 in cTregs and Maf
320  expression in eTregs (Fig 4g). At 3 days after anti-IL10Ra treatment (13 days after TCRH" cell
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321  transfer), there was no significant difference between the two treatment groups in terms of
322 TCRM! Treg proportion or phenotype (Supp Fig 9a). However, by 7 days after anti-IL10Ra
323  treatment (17 days after TCR" cell transfer), there was an increase in local proliferation of
324 TCRM"Mand host T cells with approximately 60% of TCR"" Tregs and Th17s expressing Ki-67
325  (Fig 4h). It has been suggested that eTregs may be terminally differentiated and therefore less
326  able to proliferate; however, proliferating eTregs expressed similar levels of Foxp3 and C-maf
327  compared to controls (Fig 4i and Supp Fig 9b). 7 days after anti-IL10Ra treatment, while we
328  observe some increased cytokine expression, we did not observe overt inflammation (Fig 4j-k
329 and Supp Fig 9c) suggesting that while IL-10 is critical to restrain Th17s, other eTreg
330  suppressor functions are able to constrain the local inflammatory response. To determine which
331 niche in the intestinal tissue supported Treg proliferation in this perturbed environment, we
332 stained tissues with Ki67, Foxp3, and Hoechst. This demonstrated Treg proliferation in the LP
333 niche (Fig 4l-m), again supporting the LP as the key location for eTreg function in the gut.
334  These findings taken together with our Niche-seq data suggest that eTreg suppressor functions
335  (e.g. Tigit, ICOS, and GITR Fig 4a and Supp Fig 10) in the LP can constrain the inflammatory

336  response when the local IL-10 circuit is disrupted.
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Figure 4. The LP niche promotes eTreg survival, phenotype, and function
a. Heatmap showing differential gene expression of eTregs in the LA versus LP (top) and dot plot showing
relative expression of selected effector molecule genes within eTregs located in the LA versus LP (bottom).
b. UMAP of Treg subsets per location, filtering out the subsets with less than 10 cells in a given location (i.e.
excluding eTregs MLN, eTregs CP, cTregs LA, cTregs LP and Prolif-Tregs CP). Arrows depict summarised
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scVelo differentiation trajectories (above). Heat map overlay on the Treg UMAP indicating velocity
pseudotime, as calculated by scVelo (below).

c. Dot plot showing relative expression of survival cytokine genes expressed by all the cell types with >30 cells
in LA or LP regions (right) and their receptors in Treg populations (left).

d. Dot plot showing relative mean expression of TGF-f3 and its associated receptor and activating integrin genes
in the main myeloid and lymphoid subsets (>30 cells per region) in the LA and LP.

e. Relative mean expression of STAT3 signalling genes and receptors within main myeloid and lymphoid
subsets (>30 cells per region) in the LA and LP.

f. TCR™™ were transferred into Hh colonised host mice, treated with daily FTY720 from day 15 and anti-IL-
10Ra at day 17.

g. FACS validation of c-MAF and TCF1 protein expression in spleen, MLN and tissue sites of host Tregs at day
20 post Hh infection.

h. Ki-67 of total CD4 T cells of TCR"™" and host cells (left), Ki-67 of TCR"" Tregs (centre) and Ki-67 of TCR"
Th17 cells (right) in control and anti-IL-10Ra treated mice at day 24.

i. MFI of Foxp3 (left) and c-MAF (right) of TCRH! Tregs from control and anti-IL10Ra treated mice at day 24.
j. Expression of Ifng, Il17a and 116 in caecum tissue by qPCR in control and anti-IL10Ra treated mice at day 24
k. Representative H and E staining (left) and histopathology score (right) of caecum tissue from control and
anti-IL10Ra treated mice at day 24.

1. Representative immunofluorescent staining of Foxp3 and Ki-67 in LA (left panel, arrows mark Ki-67 negative
Tregs), control LP (centre, arrows mark Ki-67 negative Tregs), and anti-IL10Ra treated LP (right panel, arrows
mark Ki-67 positive Tregs).

m. Frequency of Ki-67 positive Tregs in the LP of control and anti-IL10Ra treated mice (left) and frequency of
Ki-67 positive Tregs in the LP and LA in both control and anti-IL10Ra treated mice (right).

Discussion

In this study, we follow the natural history of microbe-reactive Tregs as they acquire and
maintain immune regulatory function in the intestine. By examining cells in anatomical
microniches, we have revealed spatial diversity of cTreg and eTreg subsets in lymphoid and
non-lymphoid tissues and the importance of the lamina propria niche, not the lymphoid
aggregates, as the site of enhanced eTreg function. The LA microniche may act as an entry
point for eTregs into the tissue with the potential to skew the response toward inflammation
through eTreg interactions with DCs and ILC3s. The LP niche is unique in its myeloid cell
makeup with interactions between macrophages and eTregs through antigen presentation,
CCR2/CCLS, CD45/CD206, and IL10/IL10R axes contributing to recruitment of highly motile

eTregs and fine tuning of the immune response to pathobiont colonization.

By perturbing the system with IL-10Ra blocking antibodies, we demonstrate that eTregs are
able to maintain their c-Maf and Foxp3 levels while proliferating in LP niche in the context of
an inflammatory milieu. While IL-10Ra blockade results in proliferation of Th17 cells, colitis
does not develop, likely due to additional eTreg effector molecules including GITR, Tigit,
CTLA-4, and granzymeB that remain intact.
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Cell therapy and vaccination strategies to promote and establish tolerance in inflammatory
diseases will rely on Tregs that can function in inflammatory conditions, and we provide
support for eTregs as an ideal therapeutic population, capable of maintaining their phenotype
in an inflammatory milieu. Information gained from the study of microniches can be used for
targeted interventions to support eTreg recruitment, activation, differentiation, survival and

function in the inflammatory niche within the intestine and beyond.
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