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SUMMARY

The cytokine interleukin-23 (IL-23) is involved in the pathogenesis of inflammatory and
autoimmune conditions including inflammatory bowel disease (IBD). /L23R is enriched

in intestinal Tregs, yet whether IL-23 modulates intestinal Tregs remains unknown. Here,
investigating 1L-23R signaling in Tregs specifically, we show that colonic Tregs highly express
1123r compared with Tregs from other compartments and their frequency is reduced upon

IL-23 administration and impairs Treg suppressive function. Similarly, colonic Treg frequency

is increased in mice lacking //23r specifically in Tregs and exhibits a competitive advantage over
IL-23R-sufficient Tregs during inflammation. Finally, 1L-23 antagonizes liver X receptor pathway,
cellular cholesterol transporter Abcal, and increases Treg apoptosis. Our results show that IL-23R
signaling regulates intestinal Tregs by increasing cell turnover, antagonizing suppression, and
decreasing cholesterol efflux. These results suggest that 1L-23 negatively regulates Tregs in the
intestine with potential implications for promoting chronic inflammation in patients with IBD.

Graphical Abstract
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In brief

Jacobse et al. show the cytokine interleukin-23 specifically negatively regulates suppressive
function and survival of intestinal regulatory T cells in mice.

INTRODUCTION

Interleukin-23 (IL-23) is a cytokine that has been implicated in the development of several
autoimmune and inflammatory conditions including inflammatory bowel disease (IBD),
rheumatoid arthritis, psoriasis, and multiple sclerosis.! However, the role of IL-23 in

the pathogenesis of these diseases is unclear. For IBD, genome-wide association studies
(GWAYS) identified variants in the receptor for IL-23 (/L23R) that are associated with
disease risk.2-4 However, GWAS data do not reveal underlying immune mechanisms, and
expression of /L23R variants associated with IBD have yet to uncover altered receptor
function. Patients with complete loss-of-function mutations in /L23R, IL12RB1, or IL12B
show susceptibility to mycobacteria due to impaired IFN-y-dependent immunity®>-” and do
not develop spontaneous intestinal inflammation. These findings demonstrate that ablation
of IL-23-dependent signaling does not result in IBD in humans, but instead suggest that
heightened IL-23-dependent signaling may be contributing to IBD. Consistent with this,
inhibition of IL-23 by targeting the p40 subunit (shared with I1L-12), via the monoclonal
antibody ustekinumab in patients with moderate to severe Crohn's disease (CD), improved
both remission-induction and decreased relapse compared with placebo.8 Furthermore,
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treatment with risankizumab-rzaa, which specifically targets the IL-23-specific p19 subunit,
has shown similar efficacy as ustekinumab in trials in patients with CD.® While these data
highlight 1L-23 as a driver of IBD, the mechanisms of disease pathogenesis have not been
fully elucidated. To date, much of our understanding of IL-23 has come from murine studies
highlighting its role in maintaining IL-17 producing Th17 cells and IL-22 secretion by group
3 innate lymphoid cells.10 Yet, inhibition of IL-17A or IL-17R using monoclonal antibodies
(i.e., secukinumab, AMG827) failed to improve CD in clinical trials and even worsened
disease.11:12 These observations suggest that the pathogenic function of IL-23 in IBD is
likely independent from its role in regulating IL-17 production by Th17 cells and highlights
the need to define the cellular targets of 1L-23 that contribute to the pathogenesis of IBD.

Previous studies in mice have made use of global targeting strategies of individual subunits
of IL-23 (p19 and p35, respectively) or IL-23R and reported both protective or pathogenic
roles for this signaling pathway depending on whether 1L-23 signaling is disrupted in innate
or adaptive immune cells.13 For instance, in the adoptive transfer model of colitis (i.e.,

the transfer of naive T cells into lymphopenic RagZ~~ mice) intestinal inflammation is
dependent on 1L-23 expression by the recipient.24 In contrast, the Citrobacter rodentium
infectious model of colitis requires 1L-23 to prevent lethality by inducing 1L-22.1% These
studies emphasize the need to study the cell-specific role of IL-23R signaling in intestinal
inflammation.

Regulatory T cells (Treg cells) are a phenotypically diverse immune cell subset that are
pivotal in regulating effector cell responses to inflammation.16:17 Importantly, intestinal Treg
cells differ from circulating Treg cells or those in lymphoid tissues and necessitate tissue-
specific characterization.18 Previous work under homeostatic conditions shows that //23ris
upregulated in intestinal Treg cells expressing retinoic acid-receptor (RAR)-related orphan
receptor gamma-t (RORyt) and have a highly immunosuppressive gene signature.19:20
Consequently, monoclonal antibodies targeting 1L-23, in addition to effects on Th17 cells,
may also modulate activation of this pathway in intestinal Treg cells. However, the cell-
specific role of IL-23R signaling in intestinal Treg cells has not been fully elucidated. Here,
we investigated the cell-intrinsic role of IL-23R in intestinal Treg cells with the aim of
defining the contribution of this pathway to intestinal immune homeostasis and the impact
on intestinal inflammation.

IL-23 signaling selectively destabilizes colonic Treg cells

Treg cells are largely defined by expression of the transcription factor forkhead box

P3 (FOXP3). Since identification and labeling of FOXP3 necessitates cell fixation and
permeabilization, we used mice harboring a fluorescent YFP reporter combined with

Cre recombinase knocked into the endogenous Foxp3locus 3" of the stop sequence
(Foxp3YFP-Cre mice) to permit isolation of live Treg cells for functional characterization.
We first validated that YFP expression was faithful to conventional nuclear staining of
FOXP3 by co-staining for FOXP3 and GFP (cross-reactive for YFP and GFP). As expected,
all GFP* cells stained positive for FOXP3* (Figure S1). Since murine colonic Treg cells
have been reported to highly express //23r,1° we purified live CD4*FOXP3* cells via flow
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cytometry (FC) from the spleen, mesenteric lymph nodes (mLNs), and colonic lamina
propria (cLP) of Foxp3YFP-Cre mice. //23rexpression was assessed in sorted cells from each
compartment and Treg cells from the colonic lamina propria expressed significantly higher
levels of //23rcompared with mLN and splenic Treg cells respectively (Figure 1A). Using
an //23rfGFP reporter mouse,?! we found that approximately 30% of FOXP3* Treg cells in
the cLP expresses IL-23R (Figure S2A). We then determined the impact of exogenous 1L-23
on Treg cell frequency in Foxp3"FP-C'® mice. Mice were injected via the intraperitoneal
(i.p.) route with 500 ng recombinant IL-23 or vehicle control as depicted in Figure 1B.

Treg cell frequencies in the spleen and mLN were not altered following systemic 1L-23
injection, while the frequency of colonic Treg cells was significantly reduced (Figure 1C),
consistent with //23rexpression being highly enriched on colonic Treg cells and likely

to exert an effect on these cells compared with spleen or mLN Treg cells. Exogenous

IL-23 had no impact on the induction of Treg cells from naive T cells /n vitro (Figure

S3A), which is also consistent with the lack of //23rexpression on /n vitro induced Treg
(iTreg) cells (Figure S3B) and a previous study.?? Subsequent studies showed that IL-23 can
antagonize the 1L-33-mediated induction of Treg cells /n vitro, suggesting that IL-33 induces
IL-23R expression on iTreg cells.2324 Therefore, we examined the expression of ST2 /n
vivo and found that while 35% of cLP Treg cells expressed ST2, only a fraction of cLP

Treg cells expressed both IL-23R and ST2 (Figure S2A). Furthermore, nearly all 1L-23R*
Treg cells in the colon were negative for the transcription factor HELIOS (Figure S2A).
Previous work under homeostatic conditions shows that //23ris upregulated in intestinal
Treg cells expressing RORyt. Using a transgenic Rorcd7omato reporter developed by our
group, around 50% of colonic FOXP3* Treg cells expressed RORyt that were also highly
enriched for //23rexpression compared with ROR-yt"®d Treg cells (Figure S2B). Taken
together, //23rexpression is enriched on colonic Treg cells and IL-23 negatively regulates
Treg cell frequency specifically in the intestine.

Cell-specific targeting of 1123r in FOXP3* cells increases colonic Treg cell frequency

Given our observation that exogenous I1L-23 decreased colonic Treg cell frequency, we
sought to determine if this effect was cell-intrinsic. To this end, we specifically targeted //23r
in FOXP3* Treg cells using //23/M10X/0X -Foxp3YFP-Cre mice (//23/AT789 mice) (Figure 1D)2°
and confirmed selective deletion of //23rin FOXP3* cells using PCR-based genotyping of
sorted cell populations (Figure 1E). To determine baseline changes, we evaluated Treg cell
frequency in various compartments by FC in co-housed littermates and found that //23/ATred
mice exhibited a significant increase in the frequency of Treg cells in the cLP but not in
mLN or spleen that also resulted in increased absolute Treg cell numbers (Figure 1F). The
increase in colonic Treg cell frequency in /23473 mice was not associated with alterations
in the expression of genes known to regulate intestinal Treg cells, including 7gfb1, Tgfb2, or
/16 in whole colon tissue (Figure 1G).

Recent studies show that specific bacteria within the intestinal microbiome promote
intestinal Treg cell induction via short-chain fatty acids (SCFA), a byproduct of bacterial
fiber fermentation.25-27 Therefore, we investigated whether alterations in the microbiome
might explain the differences in observed Treg cell frequency in the colon of //23/ATreg
mice. We performed 16S sequencing of stool DNA recovered from Foxp3YFP-Cre (wild-type
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[WT]) and //23/AT9 mice and detected no differences in beta diversity (Bray Curtis)
(Figure S4A, a part of Data S1), while linear discriminant analysis (LDA) of effect size
(LEFSe) indicated that Bacilli were more abundant in //23/2T9 mice (Figures S4B-S4D,

a part of Data S1). When collapsed to the genus level, ANCOM revealed an abundance

of an uncultured genus from the Ruminococcaceae family was higher in the //23/ATreg
compared with the WT mice (Figures S4E, a part of Data S1). These results show that the
microbiome between WT and //23/AT™9 mice is highly similar but does not exclude the
possibility that the small changes observed contributed to increased cLP Treg cell frequency
in //23/AT"e9 mice. Nevertheless, broad-spectrum antibiotic treatment did not affect cLP
Treg cell frequency differentially in /23779 mice (Figure S4F, a part of Data S1),
suggesting that the increased Treg cell frequency in /23279 mice is likely independent
of the microbiome. Of note, a decrease in colonic Treg cell frequency following antibiotic
treatment as described by others28 was not observed, despite a significant reduction in
bacteria in the feces of antibiotic treated mice and may be attributed to vivarium conditions
(data not shown).

IL-23R signaling impairs colonic Treg cell suppressive function in vitro and in vivo

With the observation that IL-23R signaling reduced intestinal Treg cell frequency, we
sought to determine if there was a functional consequence in the ability of these Treg

cells to regulate effector T cells. First, we performed /n vitro suppression assays. Naive

T cells were isolated from //23/f10x/flox: cgZCre mice (lacking I1L-23R in all lymphocytes),
and labeled with CellTrace Violet to track cell division. These cells were then stimulated
using anti-CD3/anti-CD28 coated beads and co-cultured with sorted colonic Treg cells from
Foxp3YFP-Cre mice in the presence or absence of exogenous IL-23 (Figure 2A). IL-23
impaired the suppressive function of WT Treg cells purified from the cLP /n vitro (Figure
2B) but had no effect of on the suppressive function of Treg cells recovered from the spleen
(Figure 2C), consistent with their low expression of //23r. We then assessed the functional
consequence of 1L-23R signaling in Treg cells /n vivo. First, we used an infectious model
of colitis using C. rodentium that induces 1L-23 production that is required for pathogen
clearance.1® Foxp3YFP-Cre and //23/AT"3 mice were gavaged with a bioluminescent strain
of C. rodentiur?® and 14 days post-infection, we observed similar colonization, colonic
inflammation, and colony-forming unit (CFU) counts despite high levels of //23p19
transcripts (Figures S5A-S5D). These data indicate that IL-23R signaling in Treg cells

does not exacerbate disease pathogenesis following infection with C. rodentium. \We then
used a second model of colitis in which 1L-23 is a known driver of disease pathogenesis
following the transfer of naive T cells into RAG1/2-deficient mice.14:16:30.31 |n this model,
intestinal inflammation can be prevented if Treg cells are co-injected with naive T cells at

a ratio of 1:5, which is sufficient to prevent exacerbated effector T cell responses.32:33 To
determine whether IL-23R-deficient Treg cells would confer enhanced suppressive function
compared to WT Treg cells, we reduced the ratio of Treg cells to naive T cells to 1:20
(Figure 2D). Compared with mice that received naive T cells alone, both mice that received
IL-23R-deficient Treg cells and mice that received WT Treg cells exhibited a statistically
significant improvement in disease severity based on histological analysis of hematoxylin
and eosin (H&E)-stained colon sections (Figure 2E). In addition, the histology score in mice
that received IL-23R-deficient Treg cells was lower compared with mice that received WT
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Treg cells, indicating that IL-23R-deficient Treg cells exhibit greater suppressive capacity
compared with WT Treg cells. These data show that IL-23R signaling in Treg cells impairs
suppressive function both /n vitroand in vivo.

Survival/expansion of post-converted Treg cells is not altered by IL-23R deficiency in a
transfer setting

Previous work demonstrated a requirement for IL-23R expression on naive T cells for

colitis development in the adoptive T cell transfer model of colitis, suggesting that naive

T cells do express IL-23R at some point to initiate disease. In this report, a slight but
statistically significant increase in Treg cells converted from naive T cells was observed

in recipient mice but was restricted to the colon.22 This suggests that naive T cells do
express //23rand that expressions restrict colonic Treg cell induction to some extent. To
address whether Treg-specific deletion of //23rincreased Treg cell induction or survival
and/or expansion in vivo, we performed adoptive transfer experiments using naive T cells
(CD457CD3*CD4*CD25-CD45RB) sorted from Foxp3YFP-Cre (WT) and //23/AT"e9 mice
injected into RagZ ™" recipients and assessed YFP™ cells 6 weeks later. In this setting, we
did not detect differences in Treg cell induction between groups (Figures S6A-S6C). Since
this may be attributed to the microenvironment, we examined the cytokine profile in colon
tissue by gPCR in established disease. The tissue profile in adoptive transfer colitis indicates
a Thl skewing in established disease based on expression of 76x21and //12b. whereas //23a
was not increased (Figure S6D). Thus, FOXP3-Cre-mediated excision of //23ralleles in
post-converted Treg cells appears not to impact survival or expansion in this setting.

IL-23R-deficient Treg cells exhibit a competitive advantage under inflammatory conditions

Previously, 1L-23 was shown to regulate negative selection of double-positive thymocytes.34
It is conceivable that alterations in Treg cell frequency in //23/AT"9 mice could be

attributed to a selective advantage of IL-23R-deficient Treg cells in a competitive setting.

To investigate this, we generated mixed bone marrow chimeras in lymphocyte-deficient
Rag1™~ mice. Briefly, a 1:1 ratio of lineage-depleted bone marrow progenitor cells

isolated from congenically marked CD45.1; Foxp3YFP-Cre and CD45.2; //23/AT7¢9 mice were
injected retro-orbitally into sub-lethally irradiated RagZ~" recipient mice (Figure 3A). Six
to 8 weeks post-reconstitution, we observed no difference in the ratio of CD45.1* and
CD45.2* Treg cells in the spleen or cLP indicating that, in a competitive setting under
homeostatic conditions, 1L-23R-deficient Treg cells did not exhibit a selective advantage
over IL-23R-sufficient Treg cells when repopulating RagZ~~ mice (Figure 3B). We then
investigated whether an inflammatory setting would uncover a selective advantage, once
again by inducing intestinal inflammation via infection with C. rodentium?®? (Figure 3C).
Interestingly, although mice were equally colonized with C. rodentium (Figures 3D and
3E), IL-23R-deficient Treg cells comprised the majority of Treg cells in spleen and cLP

14 days post-infection, whereas the ratio of CD4*Foxp3~ T cells was not altered (Figure
3F). Collectively, these data indicate that under inflammatory conditions in which IL-23 is
enriched, IL-23R-deficient Treg cells exhibit a competitive advantage over IL-23R-sufficient
Treg cells.
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IL-23R-deficient Treg cells display altered gene signatures involved in cholesterol
homeostasis

In effort to define the IL-23R-dependent changes in intestinal Treg cells that might
contribute to the impact on Treg cell function and selective advantage, we performed RNA-
sequencing (RNA-seq) on live CD4*FOXP3* cells sorted from the cLP of Foxp3YFP-Cre and
1123/AT7e9 mice, respectively. Principal-component analysis and sample-to-sample distance
indicated that Treg cells from Foxp3YFP-Cre mice and /23273 mice differed (Figure

4A, a part of Data S1, GEO: GSE208621). Differential gene expression revealed 129
downregulated and 181 upregulated genes in Treg cells from /23273 mice. One of the
genes significantly upregulated in colonic Treg cells from //23/A1€3 mice was ATP-binding
cassette al (Abcal) (Figure 4B), as were a cluster of genes associated with cell survival

and liver receptor X (LXR) signaling (Figure S7). ABCAL1 regulates cholesterol efflux

and is the rate limiting step in high-density lipoprotein (HDL) particle assembly,3-37

and HDL is known to increase the survival of human Treg cells.38 To determine if

increased Abcal altered Treg cell cholesterol content in /2327789 mice, we stained cells
with filipin-111 to detect membrane cholesterol.3 Consistent with an increase in Abcal
expression, colonic Treg cells from //23/2T¢3 mice exhibited decreased filipin-111 staining
compared with colonic Treg cells from WT mice (Figure 4C), suggesting that the export

of cholesterol is increased in colonic IL-23R-deficient Treg cells. This is interesting, as
cholesterol reduction via statins (cholesterol synthesis inhibitors) is known to increase Treg
cell frequency and potentiate function.4%-42 Apcal expression is known to be regulated

by the nuclear transcription factor LXR that can be activated by secondary bile acids

such as hyodeoxycholic acid (HDCA). Therefore, we examined secondary bile acids in

the serum and stool and found that HDCA was increased in the stool of //23/AT"9 mice
compared with Foxp3YFP-Cre mice (Figure 4D). Prior work shows that treatment of mice
with an LXR agonist is sufficient to increase the frequency of intestinal Treg cells*3 and
partially protects from chemically induced colitis.** Given the upregulation of AbcaZ in
IL-23R-deficient Treg cells, combined with increased HDCA in the stool, we examined
whether the increased frequency of colonic Treg cells in //23/AT™3 mice might require LXR
signaling. To test this, Foxp3YFP-Cre mice and //23/2T"¢9 mice were treated with an inverse
agonist for LXR (SR9243) for 5 days to block LXR activation as previously described.*>

In Foxp3YFP-Cre mice, colonic Treg cell frequency was reduced following treatment with
SR9243 compared with vehicle control, whereas in /23274 mice, no difference in Treg
cell frequency was observed (Figure 4E). Interestingly, treating Treg cells with an agonist for
LXR (i.e., T0901317)* increased Abcal expression while concomitantly decreasing //23r
expression without impacting Treg cell stability (Figures 4F and 4G). Thus, in the setting of
IL-23R deficiency, increased Treg cell frequency may indicate that while LXR activation can
modulate IL-23R, the effects of IL-23R deficiency on Abcalis likely downstream of LXR
or operating via another nuclear receptor that intersects the LXR pathway regulation.

IL-23 reduces colonic Treg cell frequency via apoptosis

Previous work established that sustained expression of FOXP3 is required for Treg cells
to maintain their immunosuppressive phenotype and loss of FOXP3 expression leads

to pathogenic ex-Treg cells.4748 Since we observed a reduction in colonic Treg cell
frequency following IL-23 treatment, we sought to determine if decreased frequency was
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attributed to decreased FOXP3 stability. To assess this, we crossed FoxpsFCFP-Cre-ERT2
mice with lineage tracing Rosa26/0%-stop-lox-tdTomato mjce (Figure 5A).4° In these mice,
FOXP3™* cells are EGFP* (GFP*) and are irreversibly labeled with tdTomato upon
tamoxifen-mediated excision of the stop sequence. We first examined the pharmacokinetics
of tdTomato expression in Foxp3ECFP-Cre-ERT2 .pp5526l0x-stop-lox-tdTomato mjce following
tamoxifen administration. By day 3, the majority (>95%) of colonic Treg cells (GFP*) were
positive for tdTomato (Figure 5B). We then performed injections of IL-23 in these mice and
observed decreased frequency of ex-Treg cells (tdTomato*GFP~) in the cLP but no effect
was observed in the spleen (Figure 5C). This finding suggests that IL-23 does not drive
conversion of Treg cells into pathogenic ex-Treg cells.

Treg cells are reported to have a relatively high turnover rate.>° Since we observed

a reduction in Treg cell frequency following IL-23 administration as well as elevated
transcripts in genes associated with anti-apoptotic function in IL-23R-deficient colonic
Treg cells (Figure S7), we investigated Treg cell turnover in response to exogenous 1L-23.
Foxp3ECFP-Cre-ERT2 mjce were injected with 1L-23 as before and displayed an increase in
Annexin-V* Treg cells that was restricted to the colon and not observed in CD4*GFP~
cells (Figure 5D). We then examined whether this might be a cell-intrinsic effect even

in the absence of exogenous IL-23 administration at baseline. Using WT Foxp3YFP-Cre
and //23/ATred mice, we determined Treg cell proliferation using Ki67 and apoptosis via
Annexin-V staining. While there were no differences in Treg cell proliferation (Figure
5E), cLP IL-23R-sufficient Treg cells exhibited a significant increase in Annexin V* cells
(Figure 5F). Thus, the reduced frequency and the concomitant increased Annexin-V staining
following IL-23 treatment suggest that IL-23R signaling selectively regulates colonic Treg
cells, at least in part, by increasing cell turnover.

Human Treg cells within inflammatory lesions exhibit increased IL23R expression, reduced
ABCAL1, and a pro-apoptotic gene sighature

Our observations in mice led us to explore whether Treg cells in the intestine of humans
exhibit a similar phenotype in a setting in which IL-23 is present. To this end, we analyzed
a single-cell RNA-seq dataset of immune cells recovered from the ileal lamina propria of
patients with CD®! (Figure S8A) and profiled a select subset of immune cells and transcripts
pertaining to IL-23R and LXR signaling, and apoptosis. We found that IL-23 is expressed
by inflammatory macrophages with /L17A expression elevated in activated conventional

T cells, consistent with a role for IL-23 in stabilizing Th17 cells, and that both group 3
innate lymphoid cells and Treg cells exhibited high levels of /L23R expression (Figure
S8B). Given the negative clinical trial data using IL-17A blockade,1112 we hypothesize
that improvement in intestinal inflammation following administration of 1L-23 blocking
antibodies may be partially attributable to inhibition of IL-23R signaling in intestinal Treg
cells. Consistent with our murine data, Treg cells recovered from the inflamed lesions in
which 1L-23 is expressed showed a slight reduction in ABCAZ expression compared with
Treg cells recovered from adjacent uninvolved intestinal tissue as well as an increase in
pro-apoptotic TNFRSF9and BCLAFI (Figures S8C and S8D). Taken together, these data
suggest that 1L-23R signaling may function as a rheostat to modulate intestinal Treg cells in
response to an IL-23-rich inflammatory environment.
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DISCUSSION

Despite a clear benefit from blocking the IL-23R pathway in patients with IBD, the
mechanisms and cell types through which 1L-23 promotes immune dysregulation is not fully
understood. Here, we showed that IL-23R signaling functions in Treg cells of the intestine
and negatively regulates their frequency, function, and survival. This may explain why Treg
cells present, and often increased, within inflammatory lesions are unable to exert control
over effector cells leading to a chronic inflammatory state.

Similar to previous observations, we found that 1L-23 did not impair TGFp-mediated /7
vitro Treg cell induction2 due to in vitro Treg cells not expressing //23r. However, I1L-33
has been reported to enhance the /n vitro differentiation in Treg cells, which can be inhibited
by IL-23 suggesting that IL-33 may increase //23rexpression during Treg cell induction /n
vitro.23 In the intestine, most of the Treg cells are induced from naive T cells and although
IL-23 is known to promote maintenance of Th17 cells, IL-17 is dispensable in a model of

T cell-mediated colitis in mice.22 Furthermore, Treg cells induced from transferred naive T
cells are increased in recipient RagZ ™~ mice that are unable to produce 1L-23.22 A similar
observation was made if the transferred naive T cells were deficient for //23r52 Our findings
add to these data by showing that while IL-23R signaling on Treg cells impairs suppressive
function, it does not impede Treg cell survival and/or expansion in the intestine since naive
T cells from WT and //23/279 were equally competent to induce Treg cells and persist in
the colons of RagZ™~ mice 6 weeks after adoptive transfer. This is intriguing, as prior work
shows that Treg cells require STAT3 for suppressive function.>3 Although IL-23 induces
STAT3 phosphorylation,>* our data suggest that the negative impact of IL-23 on Treg cell
function is likely not mediated by STAT3 activation.

Expression of //23rin Treg cells was found to vary based on anatomic location and was
largely restricted to Treg cells in the intestine where expression was highest, consistent
with previous reports.19:55 However, by directly comparing mice in which Treg cells were
sufficient for IL-23R, we did find the altered Treg cell phenotype limited to the intestine.
Furthermore, the impact of IL-23 on Treg suppression /n vitro was only observed when
using Treg cells recovered from the cLP, and not with Treg cells isolated from the spleen.
Given the known role for IL-23 in thymic T cell selection,34 we were surprised that
IL-23R-deficient Treg cells did not have an advantage over WT Treg cells in a competitive
setting at baseline. Yet, these findings align with previous data that did not identify a
defect in 1L-23R-deficient T cells to accumulate in the colon in other models of intestinal
inflammation.52:56.57 However, under inflammatory conditions where 1L-23 is upregulated,
IL-23R-deficient Treg cells were found to comprise most of the Treg cell pool at the
experimental endpoint. It is tempting to speculate that cell-specific targeting of IL-23R
within inflammatory settings would enable their persistence and reestablish control over
effector cell responses.

Unexpectedly, we found genes associated with cell survival, LXR signaling, and Abcal

to be upregulated in intestinal Treg cells in the absence of IL-23R. The acceptor of
phospholipids and cholesterol exported by Abcal is apolipoprotein Al to form HDL8 that
is then transported back to the liver via the blood as part of reverse cholesterol transport.>®

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jacobse et al.

Page 11

Interestingly, increased apolipoprotein Al is also associated with an increase in Treg
cells.80 Apcal itself is induced by LXR activation that also simultaneously downregulated
1123rexpression. Unpublished findings in our lab using immortalized human B cells
suggests that 1L-23R signaling negatively regulates LXR expression, highlighting potential
cross-regulation of these two pathways. Nevertheless, these data need to be confirmed

in human primary Treg cells recovered from the intestine. This balance between nuclear
receptor activation and IL-23R may be one way in which Treg cells in the intestine are
regulated. This is similar to data in neutrophils whereby LXR activation represses IL-23R
signaling.51 The regulation of intestinal Treg cells by 1L-23R signaling would fit with our
observation that exogenous IL-23 increased Annexin-V staining specifically on colonic Treg
cells and decreased the frequency of ex-Treg cells. While this finding seems somewhat
counterintuitive, our data suggest that exogenous 1L-23 promotes colonic Treg cell apoptosis
and consequently, these cells are no longer a part of the colonic Treg cell pool. A similar
observation was made in macrophages whereby activation of LXR also promoted cell
survival.%2 Interestingly, when we sorted colonic Treg cells and cultured them ex vivoin the
presence of 1L-23, we did not observe a decrease in Treg cell frequency. Perhaps this is due
to the intestinal milieu not being fully reflected /n vitro and it is tempting to speculate that
signals from macrophages or dendritic cells, major producers of IL-23, provide additional
cues required to drive apoptosis in colonic Treg cells. While bacterial fermentation products
such as SCFA are known to promote Treg cell induction in the intestine, it is possible

that these induced Treg cells activate LXR in response to secondary bile acids to promote
Treg cell maintenance by directly regulating IL-23R expression. Our group is actively
investigating whether secondary bile acids modulate sensitivity to 1L-23.

Altogether, we have identified a role for IL-23R signaling specifically in intestinal Treg
cells that may act as a rheostat to fine-tune Treg cell function during acute inflammation,
temporarily limiting suppressive capacity to allow for adequate effector cell responses.
However, in settings of excessive IL-23 such as IBD, decreased Treg cell function would
contribute to immune dysregulation and chronic inflammation. Defining the precise cellular
mechanisms by which IL-23R antagonizes immunosuppressive programs, or possibly
targeting LXR activation specifically in Treg cells to downregulate /L23R, has the potential
to limit effector cell responses in settings of inflammation to induce remission and restore
immune homeostasis.

Limitations of the study

Our study does have a few limitations. For instance, in the bone marrow chimeras, the
experiments did not include a cohort of mice that received both CD45.1 and CD45.2 WT
bone marrow. While this important control would detect skewing of congenic donor cells,
our readout using non-CD4™ T cells as an internal control did show similar reconstitution

in a compartment that should be independent of FOXP3-Cre expressing cells. Another
limitation is the decrease in colonic Treg cells after administration of an inverse agonist for
LXR being smaller than the decrease in colonic Treg cell frequency in absence of IL-23R-
signaling, indicating that other mechanisms independent of LXR may contribute or that
LXR was incompletely blocked. In addition, while the results of the adoptive transfer colitis
show a subtle increase in suppression of colitis by IL-23R-deficient Treg cells compared
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with IL-23R-sufficient Treg cells, additional factors may limit suppressive function of Treg
cells, or that IL-23 indirectly affects Treg cell suppression by rendering non-Treg cells
resistant to suppression. Indeed, Treg cells are not the only cell type in the intestine that
expresses //23r. Group 3 innate lymphoid cells are known to produce I1L-22 in response to
IL-23 and are key regulators of intestinal immunity.63:64 Thus, studying whether nuclear
receptor signaling in cell types including ILC3s is of considerable interest.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact, Jeremy Goettel
(jeremy.goettel@vumc.org).

Materials availability—/RorcdTomato reporter mice are available from the lead contact
upon request.

Data and code availability

. Code for analysis of bulk RNA-seq and 16S is included as Data S1 Code for
analysis of bulk RNA-seq data and 16S, related to Figures S4 and 4, and data
have been deposited at GEO and SRA respectively and are publicly available
as of the date of publication. Accession numbers are listed in the key resources
table. This paper re-analyzes existing publicly available data from Martin et al.>1,

. Original single-cell RNA-seq code is available at GitHub and is publicly
available as of the data of publication. A link is listed in the key resources table.
Original bulk RNA-seq code will be shared by the lead contact upon request.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Miice lacking the IL-23R specifically in Treg cells were generated by crossing
1123M10X/fl0x miceb5 with Foxp3YFP-Cre mice®8 (The Jackson Laboratory, Bar Harbor,

ME, stock #016959) (//23/2T"¢9 mice). The LoxP sites flank exon 4 of //23r, which
encodes for the extracellular domain of 1L-23R.%° To validate successful excision of

the floxed alleles in Treg cells specifically, enrichment for CD4* or CD4*CD25* was
performed followed by cell sorting of live CD4*CD25*YFP* cells. DNA was then extracted
using the DNeasy Blood & Tissue kit (Qiagen, Germantown, MD), followed by PCR
(forward 5-TCAAAGTTGACTACACTGTAAGGTAGAGGTAGTGG and reverse primer
5'-GGTGGATCTGCAACAAAACGAATCAC). //23/10x/flox mice were also crossed with
mice expressing a Cre recombinase under a Ca2 (JAX stock #008520) or Vav (JAX stock
#008610) promoter to delete IL-23R specifically in lymphocytes or all hematopoietic
cells, respectively. To enable lineage tracing, ROSAZ260x-stop-lox-tdTomato (JAX stock
#007914) mice were crossed with Foxp3ECFP-Cre-ERT-2 mjce (JAX stock #016961) to
obtain Rosa260x-stop-lox-tdTomato. £, #GFP-Cre-ERT2 mice, Mice were administered 8 mg
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tamoxifen (Sigma-Aldrich, St. Louis, MO) in 200 L olive oil (Sigma-Aldrich) by oral
gavage on day 0, 1, and 3.4967 Mice were housed in a specific-pathogen free vivarium

at Vanderbilt University Medical Center (VUMC). RagZ™~ mice (JAX stock #002216)
were housed in sterilized cages and provided autoclaved food and water. Experiments with
Citrobacter rodentiun?® were performed in an ABSL2 facility. Homozygous //23/6FP mice
(JAX stock #035863) were used to examine IL-23R expression by flow cytometry. All
experiments were performed using 6-8-week-old female or male mice unless otherwise
indicated. Littermates were used where possible, which, due to the multiple genetic
alterations could not always be accomplished. Mice were co-housed and bedding mixed

to equalize the intestinal microbiome as much as possible. Experiments were approved by
the VUMC Institutional Animal Care and Use Committee.

METHOD DETAILS

Colonic lamina propria—Colons were removed, opened longitudinally, washed with
cold PBS, cut into 5 mm pieces, and incubated in 50-mL conical tubes containing 25 mL
pre-warmed RPMI 1640 media with 5% FBS, 5 mM EDTA, 1 mM dithiothreitol (Thermo
Fisher), and 20 mM HEPES at 37°C for 40 minutes in a non-CO, MaxQ4450 horizontal
shaker (Thermo Fisher Scientific, Waltham MA). The media was then strained through a
sieve (Everyday Living, available from Kroger, Nashville, TN), and intestinal pieces were
placed into 25 mL cold RPMI 1640 media containing 2 mM EDTA, and 20 mM HEPES,
shaken vigorously 20 times, and strained again. Intestinal pieces were then minced and
placed into 25 mL prewarmed RPMI 1640 media containing 0.1 mgml~1 Liberase TL
(Roche, Basel, Switzerland), 0.05% DNAse | (Sigma-Aldrich, D5025) and 20 mM HEPES
and shaken at 37°C for 30 minutes. Cells were pulled through a 10 mL syringe 20 times
and filtered through a 70 pm cell strainer into an equal volume of cold RPMI 1640 media
containing 5% FBS, 0.05% DNAse |, 20 mM HEPES on ice. Cells were spun for 10
minutes at 4°C and 475 x g and resuspended in 40% Percoll (Sigma-Aldrich) solution and
underlaid using 90% Percoll. The 40/90 gradient was spun for 25 minutes at 20°C at 475 x
g with no brake or acceleration applied. The interphase layer was recovered and washed in
fluorescence activated cell sorting (FACS) buffer (PBS with 2% FBS and 2 mm EDTA) and
spun again for 10 minutes at 20°C and 475 x g prior to downstream application(s).

Adoptive transfer colitis and in vivo Treg cell induction—Naive T cells were sorted
based on live CD4*CD25~YFP~CD45RB" expression following pre-enrichment for CD4*
cells using negative selection (#19852 from Stem Cell Technologies, Vancouver, Canada).
For Treg cell and naive CD4* T cell transfer experiments, RagZ~~ mice were injected

via intraperitoneal route with 5 x 10° naive T cells16 with or without IL-23R-sufficient

or IL-23R-deficient Treg cells in a single injection of 200 pL PBS at ratios of 20:1 to
naive:Treg cells. As colitis in the adoptive transfer model is dependent on a complex
microbiota containing Helicobacter spp., bedding from mice housed in non-autoclaved cages
was mixed into the cages of recipient mice at the time of injection and mice were removed
from sterile housing conditions.58 Mice were monitored weekly for colitis using weight loss
as a clinical parameter. All mice were expected to develop colitis even those co-injected a
limited number of Treg cells. In rare cases, mice that failed engraftment/expansion of naive
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T cells as assessed by the frequency of splenic CD4*CD3* T cells were excluded from
histological analysis.

In vitro Treg cell suppression—Naive T cells from spleen and mLN were enriched
from //23/M10xflox: cgCre mice (lacking IL-23R in all lymphocytes) using a naive T cell
isolation kit (Stem Cell Technologies) and labeled with CellTrace Violet (Thermo Fisher
Scientific) according to manufacturer’s protocol. Cells were counted and stimulation was
performed using aCD3aCD28 Dynabeads (Thermo Fisher). Cells were cultured for 72
hours together with 10,000 FACS-sorted WT colonic YFP* Treg cells in a 1:1 Treg: Tnaive
ratio in the presence or absence of 20 ngmL~1 recombinant mIL-23 or IL-6 (R&D Systems).
Proliferation was assessed via CellTrace Violet dilution in naive T cells and % suppression
determined.

Histology—Hematoxylin and eosin (H&E) staining was performed by the Vanderbilt
Translational Pathology Shared Resource on formalin-fixed paraffin-embedded (FFPE)
colon sections. Scoring of histology was performed by pathologist (MKW) who was blinded
to genotype and treatment condition.

In vitro Treg cell induction—Treg cells were induced /n vitro by coating a flat bottom
48-well plate with 5 pgml~1 aCD3 overnight at 4°C. The plate was washed twice with cold
PBS and 2 x 10° naive CD4* cells were incubated for 96 hours in TCM containing 1 pgml=1
aCD28 (Thermo Fisher), 2 ngml~1 human TGF1 (R&D systems, Minneapolis, MN) 1
pgml~1 anti-IFN+y (BD), and 1 ugml~1 anti-1L-4 (BD).

Mixed bone marrow chimeras—~Ragl ™" recipient mice were pre-conditioned with
450 rads of 137Cs source radiation. Conditioned mice were retro-orbitally injected

with 5 x 10° congenically-marked lineage-depleted (ThermoFisher Scientific) bone
marrow cells recovered from the tibiae and femurs of CD45.1%; Foxp3YFP-Cre mice and
CD45.2%; 1123279 mice in a 1:1 ratio. Recipient mice received 0.4 mgml~1 enrofloxacin
(Baytril, Bayer, KS) in the drinking water 4 days pre-to 7 days post-transplant. Lineage
depletion was confirmed by flow cytometry and screening for engraftment was performed
6-8 weeks post-reconstitution.

Liver X receptor—SR9243 (Cayman Chemicals) was used an inverse agonist for LXR.
Mice were injected with 30 mgkg =2 daily for 5 days with euthanasia on day 6. T0901317
(Cayman Chemicals) was used as an agonist for LXR at a final concentration of 10

uM. For all /n vitro Treg cell cultures without naive T cells, Treg cells were stimulated
with aCD3a CD28 Dynabeads in round-bottom plates supplemented with 30 IU/mL
recombinant IL-2 (Biolegend). Compounds were purged with nitrogen where indicated by
the manufacturer.

Antibiotic treatment—Mice were given antibiotics in the drinking water as described by
Atarashi et al.28 Opaque water bottles were implemented, and fresh water was prepared

at weekly. Concentration of antibiotics used: vancomycin 500 mg, ampicillin 500 mg,
neomycin 1 g, metronidazole 1 g all per 1 L. Universal 16S primers were used to confirm
reduction of bacteria after antibiotic treatment using a protocol previously described.%®
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RNA isolation—RNA extraction from cells was performed using the RNeasy Mini Kit
(Qiagen). For low cell numbers the RNAeasy Micro Kit (Qiagen) was used, and cells were
sorted directly into 300 pL RLT buffer containing 2-mercapto-ethanol as recommended.
Extraction of RNA from whole tissue was performed on tissue stored in RNA-later (Sigma-
Aldrich) until homogenization using a Tissue-Tearor (Dremel, Racine, W1), followed by
phenol/chloroform extraction as described’0 or extraction using a combination of phenol/
chloroform extraction and the RNeasy Mini Kit. On column DNAse treatment was
performed as per manufacturer’s recommendations.

Quantitative RT-PCR (qRT-PCR)—First strand cDNA synthesis was performed using
Superscript VILO IV MasterMix (Thermo Fisher Scientific). qRT-PCR was performed using
PowerUp SYBR green (Sigma-Aldrich) on a QuantStudio3 or Quantstudio 6 (Thermo Fisher
Scientific). Relative expression was quantified using the delta-delta Ct method with genes of
interest referenced to 74p. Primers are in Table S1.

RNA-sequencing—Quality control for RNA was performed by the Vanderbilt
Technologies for Advanced Genomics core using RNA 6000 Pico (Agilent, Santa Clara
CA), and for low-input RNA from colonic Treg cells followed by RNA amplification

using Ovation RNA-seq System V2 (Tecan, Mannédorf, Switzerland), and cDNA library
preparation using a NEB library preparation kit. Paired end 150bp sequencing was
performed on a NovaSeq 6000 (Illumina, San Diego, CA). Samples were trimmed

with fastp (version 0.20.0) using default parameters. Quantification was performed using
Salmon (version 1.4.0) against a decoy transcriptome (Mus musculus Gencode version

21 or Homo sapiens Gencode version 29). Further analysis was performed in R (version
4.1.2) in R studio (version 2021.09.2 + 382) based on a pipeline described by Love et

al.”! Briefly, quantification files were imported with tximeta (version 1.2.2) and genes
with counts < 1 were omitted. Normalization was performed for principal component
analysis and gene clustering plots with variance stabilizing transformation and regularized-
logarithm transformation, respectively. Differential expression analysis was performed on
non-normalized counts using DESEQ2 (version 1.34.0). For analysis with more than two
groups, limma (version 3.50.3) was used on log-CPM transformed counts with prior count
= 3. Annotation was done with AnnotationDbi (version 1.56.2) using org.Hs.eg.db (version
3.14.0) or org.Mm.eg.db (version 3.14.0). Images were generated with pheatmap (version
1.0.12), RColorBrewer (version 1.1-3), ggplot2 (version 3.3.5), and EnhancedVolcano
(version 1.12.0).

16S sequencing—~Fresh stool pellets were collected from live mice, flash-frozen and
stored at —80°C until DNA extraction. DNA was extracted using the QIAmp PowerFecal
DNA kit (Qiagen). 16S library preparation and 16S sequencing was performed by

the Integrated Microbiome Resource at Dalhousie University in Canada.’? Sequencing

was performed for V4-V5 on an Illumina MiSeq, (300bp PE). Reads (Primer forward
GTGYCAGCMGCCGCGGTAA, primer reverse CCGYCAATTYMTTTRAGTTT’3.74)
were trimmed using Cutadapt’® and untrimmed reads were discarded. Quality control results
were summarized with MultiQC’6 and trimmed reads loaded in QIIME version 2 2019.4.77
Further quality control was done in QIIME by trimming reads based on the sample position
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where the quality dropped below a quality score of 30 using the dada2 plugin.”® Rarefaction
was performed to ensure even sampling with sequences classified for taxonomic analysis

by training a Naive Bayes classifier’® using the SILVA reference taxonomy dataset8%-81
(release 132, 16S only, 99%, majority taxonomy all levels, primer sequences as above).
Differential abundance was tested with the ANCOM plugin,82 which assumes less then 25%
of features are different between conditions. Preceding differential abundance testing, taxa
were collapsed to the appropriate levels. Features that were detected less than 10 times in
total or features detected in only one sample were excluded from analysis. A pseudo count
of 1 was added to enable log transformation required for ANCOM. LDA Effect Size (LEfSe)
was performed using Galaxy developed by the Huttenhower group.83

Flow cytometry—TFor cell surface staining, cells were incubated in the antibody cocktail
for 20 minutes at 4°C in the dark. Samples were blocked using 30 UL normal rat serum
(StemCell Technologies). Intracellular cytokine staining was performed using Cytofix/
Cytoperm (BD) and intranuclear stain was performed using the FOXP3 staining buffer

set (eBioscience, San Diego, California), both according to manufacturer’s instructions.
Filipin-111 was stained after overnight fixation of cells. Annexin-V staining was performed
following the manufacturers’ instructions (ThermoFisher Scientific) by staining for 15
minutes at room temperature using Ca2*-containing Annexin-V buffer (diluted from 5X
stock to 1X with ultrapure water). Cells were washed in room temperature also using
Annexin V buffer prior to analysis. Flow cytometric analysis was performed using a 4-Laser
Fortessa or 5-laser LSRII (BD) with FACSDiva software (BD). Fluorescence-activated cell
sorting (FACS) was performed on a FACS Aria Il (BD). Analyses were performed using
FlowJo (BD Biosciences). For all flow experiments, a live/dead stain (ThermoFisher) was
used to only assess live cells. Antibodies used for flow cytometry or cell sorting are listed in
Table S2.

Bile acid analysis—Bile acids were profiled by LC-ESI-MS/MS as recently described.84
Briefly, to 50 pL of serum was added 200 pL of 100 mM aqueous sodium hydroxide

or to 50 mg feces was added 500 and 50 uL of 100 mM aqueous sodium hydroxide

of a 2 nM internal standard mix of deuterium-labeled bile acids including d4-labeled
chenodeoxycholic acid (d4-CDCA), taurocholic acid (d4-TCA), glycocheno-deoxycholic
acid (d4-GCDCA), cholic acid (d4-CA), glycocholic acid (d4-GCA) (all purchased from
C.D.N. Isotopes Inc., Point Claire, Montreal, PQ, Canada) and tauro-beta-muricholic acid
(d4-TBMCA) (US Biological Corp., Swampscott, MA). Samples were heated at 64°C for
30 minutes, centrifuged for 10 minutes at 14,400¢, and the supernatant acidified to pH 7.0
with 50 pL of 0.1M hydrochloric acid. The sample was brought to a final volume of 1 mL
with water and applied to a 1-mL (30 mg) Oasis HLB cartridge (Waters, Milford, MA)
previously equilibrated first with 1 mL methanol, then 1 mL water. The column-bound bile
acids were washed with 1 mL 5% (vol/vol) aqueous methanol, then 1 mL 2% (vol/vol)
aqueous formic acid. Bile acids were eluted from the column with 1 mL 2% (vol/vol)
ammonia in methanol and the eluent evaporated to dryness using a rotary evaporator at 30°C
for 2 hours. Samples were resuspended in 100 pL 25% (vol/vol) acetonitrile in water. An
Acquity UPLC system (Waters, Milford, MA) was used with an Acquity UPLC BEH C18
1.7-um, 2.1 x 150-mm column (Waters), and heated to 50°C, and a binary solvent system
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of 10% (vol/vol) acetonitrile in water (mobile phase A) and 90% (vol/vol) acetonitrile in
water (mobile phase B), both containing 20 mM ammonium acetate was used to resolve
plasma bile acids. Mass spectrometry analysis was performed using a TSQ Quantum mass
spectrometer (ThermoFinnigan) equipped with an ESI probe in negative-ion mode. The
following (optimized) parameters were used for the detection of the analytes and the internal
standard: N2 sheath gas, 49 psi; N2 auxiliary gas, 25 psi; spray voltage, 3.0 kV; source

CID, 25V, capillary temperature, 300°C; capillary offset, —35 V; tube lens voltage, 160

V; Q2 gas pressure, 1.5 mtor; Q3 scan width 1 m/z; Q1/Q3 peak widths at half-maximum,
0.7 m/z. Stock solutions of 2.5 mM of all bile acids (CA, CDCA, DCA, HDCA, UDCA,
TCA, TCDCA, TDCA, TLCA, THCA, TUDCA, THCA, HCA, aMCA, BMCA, TaMCA,
TBMCA, TwMCA, THDCA) were used to prepare calibrators with concentrations of 100
UM in methanol. After preparation of calibrators, bile acids were mixed to achieve final
concentrations of 50, 20, 2.5, 0.75, 0.25, 0.05, 0.015, and 0.005 pM. Calibration curves

and concentration of individual bile acids were calculated by LCQuan 2.5.5 software
(ThermoFinnigan). Concentrations of individual bile acids were calculated from peak area in
the chromatogram detected with SRM relative to the appropriate internal standard.

QUANTIFICATION AND STATISTICAL ANALYSIS

Details regarding the statistical analyses are indicated in the figure legends. NV represents
biological replicates, and where indicated one replicate (datapoint) can consist of data

from multiple mice. Data shown are representative or pooled data from at least two
independent experiments with similar results. RNA-sequencing (RNA-seq) and 16S
sequencing experiments were performed for multiple samples. The sequence of sample
processing was counterbalanced. Age-, gender- and, where feasible, littermate-matched mice
were used. Apart from 16S and bulk RNA-seq, statistical analyses were performed using
GraphPad Prism (9.1.2). Sample size was determined empirically.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Studying IL-23R signaling in Tregs requires a focus on intestinal Tregs

IL-23R-deficient Tregs have a cell-intrinsic advantage over IL-23R-sufficient
Tregs

IL-23R-signaling increases apoptosis in intestinal Tregs

Cholesterol homeostasis is altered in IL-23R-deficient colonic Tregs

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Jacobse et al.

Page 25

A B C
l23r
Toge: PBS or IL-23 spleen mN oLP
o [ / 4 spleen
85 00| | | 11 ) a7 -
ar ™ PBS -
= S8 3 214, -
33 104 ' 8. (N
Foxpg ™ = Foxpg™ee &E 423
: 4 1 31 3"
EAISIRN i Analysis L. 5 - S e
E 123 i) | i i
0 2 45 = w H
Day & mPBS B IL-23
cpa—— T T
pleen mLN oL
floxed allele > { .
loxed allele e A g 7 | a1
11231 totox Foxpg YFPe WT > g |1 | 80 s [ mwr
(i23r ™) o 1 @ z o ml2sraT
g j 3¢ 260 N L&
3 { % 28 fo2l°%
4@ i : 6 P Z E
% %
IC - 2 3%
- 7 6 1 45 R0 20- ©
£ 1 s
lizariocus +/+ fi+ Ml 5 | o o M
. R 3
cD4r + o+ o+ & | K
ch2sr + o+ o+ =9 { e

FOXP - -+
c4

G
1061IWT
1

1o mI23r

E T

v o Re N
& Qz& & A

Fold change

g
o
2
E
&

Figure 1. IL-23 negatively regulates colonic Treg cells
(A) qRT-PCR on Treg cells sorted from different compartments based on YFP for //23r

expression normalized to 7Hp. Representative data of two independent experiments with n =
4,

(B) Schematic depicting Foxp3YFP-Cre mice injected with recombinant IL-23 or PBS i.p.
every other day for a total of three injections.

(C) Treg cell gating and frequency quantified by flow cytometry in Foxp3¥FP-Cre mice
injected with 1L-23 or PBS. Data are pooled from four independent experiments.

(D) 1/23/10x/Tlox 5 p Y FP-Cre ( j/23/ATred) mice were generated.

(E) Genotyping on DNA extracted from FACS-sorted FOXP3* cells and other CD4* T cell
fractions to confirm //23r deletion specific for FOXP3* cells of //23/AT™9 mice. IC, internal
control. Irrelevant lanes and white space were cropped.

(F) Representative FACS analysis examining Treg cell frequencies in the spleen, mLN,

and colon lamina propria (cLP) of Foxp3YFP-Cr€ and //23/AT™9 mice (left) and quantified
(right) where each data point is an individual mouse. Data are pooled from more than three
independent experiments.

(G) gRT-PCR of whole colon tissue RNA for genes associated with intestinal Treg induction
or sustenance, normalized to 76p. Histogram bars represent the mean £ SEM. (A) ANOVA
with post hoc Tukey. (C, F, G) Unpaired t test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. IL-23R signaling impairs colonic Treg cell function in vitro and in vivo
(A) Naive T cells (Tn) from spleen and mLN of a //23/f10x/flox. cgLCre mice were

enriched by negative selection and labeled with CellTrace Violet. Tn were activated using
aCD3a.CD28 beads and co-cultured with sorted colonic Treg cells from Foxp3YFP-Cre mice
ina 2:1 ratio Tn:Treg cells for 3 days in the presence or absence of 1L-23.

(B) Representative histogram of Tn proliferation via CellTrace Violet dilution and
quantification of suppression by colonic Treg cells. Data are pooled from three independent
experiments. Each data point (dot) reflects cells from four or more mice and the average of
two to three technical replicates.

(C) The same experiment as (B) but using Treg cells sorted from the spleen of Foxp3YFP-Cre
mice.

(D) RagZ™~ mice were injected with 500,000 wild-type naive T cells with or without 25,000
Treg cells sorted from Foxp3YFP-Cre or //23/ATe3 mice and euthanized between 6 and 8
weeks.

(E) Representative H&E of colon (left) and quantification of histological injury score (right).
Histogram bars represent the mean £ SEM. Scale bars, 100 um. (B and C) Paired t test. (E)
Mixed-effects model with false discovery method of Benjamini, Krieger, and Yekutieli. *p <
0.05, **p < 0.01, ***p < 0.001.
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Figure 3. Selective deletion of 1123r in Treg cells provides a competitive advantage during
Citrobacter rodentium-induced colitis

(A) RagI™"~ mice were sublethally irradiated (450 rads) and transplanted using a

1:1 mixture of lineage-depleted bone marrow cells from Foxp3¥FP-CreCD45.1* and
1123M10X/fl0x £, 3YFP-CreCc D45 2+ mice.

(B) Recipient mice exhibiting a 1:1 ratio of CD4~ T cells were analyzed 6 to 8 weeks post-
transplantation with the YFP* fraction gated and the CD45.2*/CD45.1* ratio quantified.
Data are pooled from three independent experiments.

(C) Rag1!~ were transplanted with bone marrow as in (A), 6 weeks later mice followed by
gavage with C. rodentium (3 x 108 CFU).

(D) Representative IVIS images with flux quantified for each mouse.

(E) CFU at experimental endpoint (14 days after inoculation).

(F) Flow cytometry plots of IL-23R-sufficient and I1L-23R-deficient T cells (CD4*FOXP37)
and Treg cells (CD4*FOXP3™) at endpoint by flow cytometry with corresponding CD45.2/
CD45.1 ratio. Histogram bars represent the mean + SEM. (B, F) ANOVA with post hoc
Tukey. ***p < 0.001.
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Figure 4. I1L-23R-deficient colonic Treg cells exhibit altered cholesterol homeostasis
(A) RNA-sequencing was performed on FACS-sorted Treg cells (CD45*CD4"FOXP3*

cells) from the cLP of Foxp3YFP-Cre and //23/2Tre9 mice with dimensionality reduction
via principal-component analysis (PCA) for samples grouped based on genotype. Each dot
in the PCA is representative of at least five mice.

(B) Volcano plot depicting differentially expressed genes in colonic Treg cells based on
genotype.

(C) Histogram of filipin-111 staining on colon YFP* or YFP~ cells from Foxp3YFP-Cr¢ and
1123/AT7e4 mice (left) with MFI quantification (right).

(D) Secondary bile acids were quantified for stool and serum.

(E) Quantification of colonic Treg cells following treatment with vehicle control (placebo)
or 30 mg kg~ SR9243 for 5 days. Data are pooled from three independent experiments.
(F and G) mLN/splenic Treg cells were enriched using CD25* positive selection using
magnetic beads and stimulated with aCD3aCD28 in presence of IL-2 and T0901317.
After 3 days, YFP* cells were flow sorted followed by qRT-PCR for //23rand Abcal and
quantified (G). Histogram bars represent the mean + SEM. (F and G) Data are pooled data
from five independent experiments. (C, E) Unpaired t test. (F, G) Paired t test. *p < 0.05, **p
<0.01.
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Figure 5. 1L-23 reduces colonic Treg cell frequency via apoptosis
(A) lllustration of FoxpECFP-Cre-ERT2 ppgapgisl-tdTomato mice depicting excision of the

floxed stop sequence and recombination post tamoxifen. This irreversibly labels Foxp3
expressing cells with tdTomato whereas GFP depends on continued expression of Foxp3.
(B) Pharmacokinetics of tamoxifen-induced recombination at the Rosa26 locus assessed

by examining tdTomato* cells among GFP™* cells using flow cytometry. Representative
results of two independent experiments with n = 2. \ertical dotted lines indicate tamoxifen
administration.

(C) Mice were gavaged with tamoxifen and concomitantly injected with recombinant 1L-23
(as for Figure 1B). Representative gating and quantification of “ex-Treg” cells; cells that are
tdTomato* but GFP negative. Data are pooled from four independent experiments.

(D) Representative flow cytometry gating and quantification of Annexin-V staining. Data
pooled from four independent experiments.

(E) Flow cytometry of Foxp3YFP-Cre and //23/2Tred mice at baseline for Ki67 and (F)
Annexin-V. For Ki67 staining cells were fixed and permeabilized and concomitantly stained
for GFP and Ki67. Histogram bars represent the mean + SEM. (C, F) Unpaired t test. (D, E)
ANOVA with post hoc Tukey. *p < 0.05, **p < 0.01.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Antibodies used for flow cytometry or cell N/A N/A

sorting are listed in Supp. Table S2.

Bacterial and virus strains

Citrobacter rodentium (bioluminescent) Gad Frankel Wiles, S., Pickard, K.M., Peng, K., MacDonald, T.T., and Frankel,

G. (2006). /n vivo bioluminescence imaging of the murine
pathogen Citrobacter rodentium. Infect Immun 74, 5391-5396.
10.1128/1A1.00848-06.

Critical commercial assays

Ovation RNA-seq System V2 Tecan, Mannédorf, N/A
Switzerland
RNAeasy Micro Kit Qiagen N/A
Deposited data
Bulk RNA-seq colonic Treg cells This paper GEO: GSE208621
16S sequencing data This paper SRA: PRINA860604

Single-cell RNA-seq ileal Crohn’s Disease
from Martin et al.

Martin et al.51

Martin, J.C., Chang, C., Boschetti, G., Ungaro, R., Giri, M.,
Grout, J.A., Gettler, K., Chuang, L. shiang, Nayar, S., Greenstein,
A, etal. (2019). Single-Cell Analysis of Crohn’s Disease
Lesions Identifies a Pathogenic Cellular Module Associated

with Resistance to Anti-TNF Therapy. Cell 178, 1493-1508.e20.
10.1016/j.cell.2019.08.008.

Experimental models: Organisms/strains

Rorct?Tomato moyse

1123/f0xfflox moyse

This paper
Philip Rosenstiel

N/A

Aden, K., Rehman, A., Falk-Paulsen, M., Secher, T., Kuiper, J.,
Tran, F., Pfeuffer, S., Sheibani-Tezerji, R., Breuer, A., Luzius,
A., etal. (2016). Epithelial 1L-23R Signaling Licenses Protective
IL-22 Responses in Intestinal Inflammation. Cell Rep 16, 2208—
2218. 10.1016/j.celrep.2016.07.054.

RT-gPCR primers are in Table S1 N/A N/A

Software and algorithms

Prism 9 Graphpad RRID:SCR_002798
FACSDiva BD RRID:SCR_001456
FlowJo FlowJo RRID:SCR_008520
Ilustrator Adobe RRID:SCR_010279
R r-project.org RRID SCR_001905
Other

Code for reanalysis of single-cell RNA-seq
ileal Crohn’s Disease

Code for analysis of bulk RNA-seq data and
16S

This paper

This paper

https://github.com/Ken-Lau-Lab/IL23Ranalysis

Data S1
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