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ABSTRACT

Unresolved inflammation causes tissue damage and contributes to autoimmune
conditions. However, the molecules and mechanisms controlling T cell-mediated
inflammation remain to be fully elucidated. Here, we report an unexpected role of the
RAR-Related Orphan Receptor-gamma protein (RORYyt) in resolving tissue inflammation.
Single-cell RNA-seq (scRNA-seq) revealed that an evolutionarily conserved serine 182
residue on RORyt (RORyt5182) is critical for restricting IL-1B-mediated Th17 activities and
promoting anti-inflammatory cytokine IL-10 production in RORyt* Treg cells in inflamed
tissues. Phospho-null RORytS*®?A knock-in mice experienced delayed recovery and
succumbed to exacerbate diseases after dextran sulfate sodium (DSS) induced colitis
and experimental autoimmune encephalomyelitis (EAE) challenge. Together, these
results highlight the essential role of RORytS82 in resolving T cell-mediated tissue

inflammation, providing a potential therapeutic target to combat autoimmune diseases.
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INTRODUCTION

RAR-Related Orphan Receptor-gamma (RORYy) is an evolutionarily conserved member
of the nuclear receptor transcription factor family. The long isoform (RORYy) is broadly
expressed in liver, kidney, and muscles, and the shorter isoform (RORyt) is uniquely
found in cells of the immune system (Jetten and Joo, 2006). Both isoforms are encoded
by the RORC locus. Humans with mutations of RORC have impaired anti-bacterial and
anti-fungal immunity (Okada et al., 2015). Previous genetic studies in mouse models
identified critical roles of RORyt in preventing apoptosis of CD4*CD8* double positive T
cells during positive selection in the thymus (Guo et al., 2016; Sun et al., 2000), facilitating
secondary lymphoid tissue organogenesis (Cherrier et al., 2012), as well as driving the
differentiation of effector T lymphocyte and innate lymphoid cells (ILCs) involved in
mucosal protection (Ciofani et al., 2012; Ivanov et al., 2006; Scoville et al., 2016). More
importantly, RORyt also regulates the effector T cell gene programs implicated in the
pathogenesis of autoimmune diseases, including the production of interleukin 17 (IL-17)
cytokines in pathogenic T helper 17 (Th17) cells and IL-10 in regulatory T cells (Tregs);
both have been shown to be dysregulated in patients with inflammatory bowel diseases
(IBD) (Fujino et al., 2003; Ivanov et al., 2006; Jiang et al., 2014; Neumann et al., 2014;
Sun et al., 2019). However, the mechanisms by which RORyt control cell-type-specific
transcription programs are not well understood, thus, limiting our ability to target this
pathway to ameliorate autoimmune problems without adversely affecting other

homeostatic processes that are also highly dependent on RORyt.
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RORyt and its transcriptional functions are regulated by post-transcriptional
modifications (PTMs), including acetylation, ubiquitination, and phosphorylation (Rutz et
al., 2016). While acetylation of RORyt by p300 impairs RORyt binding to chromatin DNA
and its target gene expression, deacetylation of RORyt mediated by SIRT1, restores the
ability of RORyt to drive 1l117a expression (Lim et al., 2015). Ubiquitination at Lys69 on
RORyt is selectively required for Th17 differentiation and dispensable for T cell
development (He et al., 2017a). RORYyt poly-ubiquitination and deubiquitination by E3
ubiquitin ligases (UBR5 and ITCH) and deubiquitinating enzyme A (DUBA), respectively,
define the rate of RORyt proteasomal degradation (Kathania et al., 2016; Rutz et al.,
2015). Phosphorylation of RORyt at S376 and S484 are found to stimulate and inhibit
RORyt functions in cultured Th17 cells, respectively (He et al., 2017b). In addition,
phosphorylation of RORyt at S489 promotes RORyt interaction with AhR and
subsequently enhanced IL-17A production during autoimmune responses (Chuang et al.,
2018). However, little is known about the function of those different PTMs contribute to
the diverse RORVyt function in vivo, especially phosphorylation.

Here, we report that RORyt is phosphorylated at S182. Single-cell RNA-seq
(scRNA-seq) revealed that RORytS!82 not only restricts IL-1B-mediated Th17 cell effector
functions, but also promotes anti-inflammatory cytokine IL-10 production in lymphoid
tissue (LT)-like RORyt* Treg cells in inflamed tissues. Phosphor-null RORytS#2A knock-in
mice experienced delayed recovery and succumbed to more severe disease after DSS

induced colitis and EAE challenges.
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RESULTS

Serine 182 of RORVyt is dispensable for T cell development in the thymus

To characterize post-translational modifications (PTMs) of RORyt, a 2xFlag-tagged
murine RORyt expression construct was transfected into HEK293ft cells. Whole-cell
lysates after transfection 48hrs were used for anti-Flag immunoprecipitation and tandem
mass-spectrometry (MS/MS) analysis. Peptide mapping to RORyt harbored
phosphorylation at S182, T197, S489, methylation at R185, and ubiquitination at K495
(Figure 1A). In particular, the serine residue in position 182 of RORyt or 203 of RORY,
was conserved between mouse and human (Figure S1A). Phosphorylation at this site
was the most abundant among all the RORyt PTMs identified (Figure 1B), consistent with
previous reports (He et al., 2017b; Huttlin et al., 2010). To assess the in vivo function of
this serine residue, we generated phospho-null knock-in mice (RORyt5824) by replacing
the serine codon on Rorc with that of alanine using CRISPR-Cas9 technology (Figure
1C). Heterozygous crosses yielded wildtype (WT) and homozygous RORytS182A
littermates born in Mendelian ratio with similar growth rates (Figure S1B).

In the thymus, CD4*CD8* thymocytes express RORyt to maintain high levels of
the anti-apoptotic factor, B-cell lymphoma-extra large (Bcl-xL). RORyt total knockout
thymocytes undergo apoptosis, resulting in the impaired generation of mature T cells (Sun
etal., 2000). In RORytS¥?A CD4+*CD8"* thymocytes, RORyt and Bcl-xL protein abundance
were similar to those observed in WT cells (Figure S1C-D). RORytS82A CD4*CD8*
double-positive thymocytes matured normally into single positive CD4* T helper and CD8*

cytotoxic T cells (Figure S1E). In the spleen, mature CD4* T helper and CD8* cytotoxic
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cell populations also appeared normal in the RORytS'82A mice (Figure S1F). Together,
these results suggest that S182 of RORyt and/or its phosphorylation is dispensable for T

cell development.

scRNA-seq revealed RORyt>'%2 dependent Th17 and Treg populations in steady
state colon

In the intestinal lamina propria, RORyt acts as a master transcription factor regulating
differentiation and effector cytokine production in several immune cell populations,
including RORyt"Foxp3- (Th17), RORyt*Foxp3* T cells (RORyt* Treg), and type 3 innate
lymphoid cells (ILC3) (Cai et al., 2011; Ivanov et al., 2006; Song et al., 2015). Similar
proportion of RORyt-expressing CD4* T cells and ILC3 (CD3") cells were present in both
the small intestine and colon of WT and RORytS'82A mice (Figure S1G-H). Since IBDs
primarily affect the colon, we characterized the contribution of RORytS!® to the colonic
CD4* T cell transcriptome using scRNA-seq (10x Genomics). Colonic lamina propria
CD4* T cells from two pairs of WT and RORyt5#2A mice were captured using anti-CD4
magnetic beads (Figure 1D). From each sample, 10-13,000 cells were sequenced. A total
of 11,725 cells with Cd4>0.4 and ~1100 genes/cell were analyzed using Seraut (Stuart
et al., 2019).

UMAP (uniform manifold approximation and projection) projection revealed 12 cell
clusters with distinct gene expression patterns in our dataset. Our subsequent analysis
focused on 8175 cells (69.7% total) in clusters 0-3 and 5-6; consisting of cells with high
expression of CD4 and Cd3e (Figure 1E-F). Cells in clusters 0 and 3 had marked

expression of l117a and Ifng, representing two distinct subsets of the Th17 lineage. Cells
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in cluster 2 with the high level of Foxp3 and 1110 were regulatory T cells. Memory cells
(cluster 1, Cd44") and naive cells (cluster 5, Cd44'%) had abundant expressions of Klf2,
Tcf7, and Ccr7. Proliferating CD4* T cells (cluster 6) had high levels of Stmnl and Ki67
(Figure 1G). At the population level, there was a significant reduction of Treg cells (cluster
2) and an increase in one of the Th17 subsets (cluster 3) in the RORytS82A colon (Figure
1H). Results from the scRNA-seq analyses reveal an unexpected dependency of Th17

and Treg populations on RORyt5182in the steady state of colon.

RORYyt5®2A qugmented IL-17A production in response to IL-1B
Differential gene expression analysis revealed Th17 cells in cluster O and cluster 3 shared
a common gene program but also harbored unique surface receptor and effector cytokine
expression patterns (Figure 2A-B). Th17 cells in cluster O expressed greater 1118r1, ll1rn,
Ccl2, Ccl5, Ccl7, Ccl8, Cxcll, and Cxcl13. In contrast, Th17 cells in cluster 3 had higher
levels of 1123r, Ccr6, 1122, Ccl20, and Cxcl3. Intriguingly, Th17 cells in cluster 3 from the
RORYytS'82A colon had higher expression of I11rl (Figure 2C). The 1l1rl1 gene encodes the
IL-1B receptor involves in promoting inflammatory cytokine production in Th17 cells and
contributes to pathologies in Th17-mediated autoimmunity (Coccia et al., 2012; Sutton et
al., 2006). We therefore speculated that Th17 cells in cluster 3 from the RORytS82A colon
with higher Il1r1 expression would have enhanced Th17 cytokine production potential.
Indeed, Th17 cells in cluster 3 from the RORytS!82A colon had higher expression of l117a
(Figure 2C).

Next, we wanted to determine whether S182 on RORyt contributes to IL-17A

production in Th1l7 cells downstream of IL-1(3 receptor signaling in a T cell-intrinsic
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manner. Naive T cells from WT and RORyt5182A mice were purified and polarized toward
the Th17 lineage in vitro as described (Ciofani et al., 2012) (diagramed in Figure 3A). In
the presence of IL-1B, RORytS182A Th17 cells had significantly greater IL-17A production
potential (Figure 3B and S2A). Similar RORyt protein abundance was found in WT and
RORyt5182A Th17 cells (Figure 3C). Western analysis confirmed that RORyt proteins were
phosphorylated at S182 in cultured Th17 WT cells (Figure 3D). RT-gPCR confirmed that
an increase of l117a at the RNA level was observed in RORyt5182A Th17 cells cultured in
the presence of IL-6, IL-23, and IL-18 (Figure 3E); this culture combination is the classic
pathogenic Thl7 culture condition (Ghoreschi et al., 2010). Chromatin
immunoprecipitation (ChiP-seq) experiments indicated that RORyt binding on the ll117a-
1117f locus in WT and RORytS¥?A Th17 cells were comparable (Figure 3F). However,
higher H3K27 acetylation (H3K27ac) was detected at the CNS4 regulatory region in
RORyt5182A Th17 cells (Figure 3F). Together, these results reveal the unexpected role of
RORytS'82 in negatively regulating Th17 effector cytokine production in the presence of

IL-18 (modeled in Figure 3G).

RORYytS®2A T cells drive exacerbated diseases in two models of colitis

Previous reports suggest that Th17 cells generated in the presence of IL-6, IL-23, and IL-
18 contribute to autoimmune pathologies in the intestine (El-Behi et al., 2011; Ghoreschi
et al, 2010). Therefore, we hypothesized that RORytS182A Th17 cells with
hyperresponsiveness to IL-1B receptor signaling will drive tissue inflammation. In a model
of T cell transfer colitis, Rag1’ recipients, lacking endogenous T cells, received WT or

RORytS'82A donor CD4* naive T cells, experienced similar weight loss between day 2-16.
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However, the weights of recipients of WT cells stabilized on day 19-31, but those with
RORyt5182A cells experienced further weight reduction (Figure 4A). RT-gPCR confirmed
the increases of ll17a and Il1rl1 at the RNA level (Figure 4B). These results indicate that
the contribution of S182 on RORyt and/or its phosphorylation to colonic inflammation is
CD4* T cell-intrinsic.

We also challenged the WT and RORytS'82A cohoused littermates with 2% DSS in
the drinking water to induce acute intestinal epithelial injury, a model with disease
pathologies similar to those observed in human ulcerative colitis patients (Chassaing et
al., 2014). In this model, scRNA-seq experiment of colonic lamina propria cells from WT
mice harvested on day 10 post DSS challenge in a workflow similar to the steady state
experiment described earlier in Figure 1D revealed that ll1b was upregulated in CD4* T
cell-associated macrophages (cluster 4) and neutrophils (cluster 10) (Figure S4A-B). In
the T cell compartment, DSS challenged colon harbored an increase of memory (cluster
1) and Treg (cluster 2) cells, and a reduction of Th17 (cluster 3) (Figure S4C-D). The
DSS-responsive genes in Thl7 cells (cluster 0 and 3 depicted in Figure S4C) were
enriched with tumor necrosis factor-alpha (TNF) and oxidative phosphorylation signatures
(Figure S4E), which are pivotal pathways previously implicated in colitis (Koelink et al.,
2020; Liu et al., 2017). Consistent with our findings in the T cell transfer colitis model,
DSS challenged RORytS'82A mice had a significant delay in weight recovery on day 8-10
as compared to their WT littermates (Figure 4C). Colons harvested from DSS-challenged
RORyt5182A mice were much shorter than those from DSS-challenged WT mice (Figure
4D). Colonic CD4* T cells from the DSS-challenged RORytS¥?A mice also harbored

elevated surface expression of IL-18 receptors (Figure S3A), implicated in pathogenic
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Th17 driven autoimmunity (Cua et al., 2003; Ronchi et al., 2016). Histological analysis
revealed significantly more infiltrating immune cells present in the colons from RORytS182A
mice on day 10 (Figure 4E). Together, these in vivo results suggest that S182 on RORyt
and/or its phosphorylation in CD4* T cells contribute to inflammation resolution in colitis

settings.

scRNA-seq revealed RORytS'®2-dependent colonic Th17 and Treg programs during
DSS challenge
To characterize the contribution of RORyt5182A to T cell programs during the resolution
phase of colonic inflammation, we harvested colonic lamina propria cells from two pairs
of WT and RORyt5182A mice on day 10 post DSS challenge for scRNA-seq. At the
population level, fewer memory T cells (cluster 1) were found in the DSS-challenged
RORyt5182A colons as compared to WT (Figure S5A). Differential gene expression
analysis revealed greater number of genes in clusters 0-3 that were upregulated in the
DSS-challenge RORytS'82A colon (Figure S5B), suggesting a global repressive role of
RORyt5182 in colonic T cells in inflamed settings. Notably, RORytS82A Th17 cells in cluster
0 had higher lI117a expression, and cells in cluster 3 had higher pro-inflammatory cytokine
Ccl5 expression (Figure 5A-B). Flow cytometry analysis revealed that the RORyt*Foxp3-
Th17 subset had more IL-17A producers in the DSS-challenged RORytS82A colon (Figure
5C).

In addition to the notable expansion of IL-17A producing Th1l7 cells, DSS-
challenged RORyt5182A mice also had significantly fewer IL-10 producers among the

RORyt*Foxp3* (RORyt* Treg) cells (Figure 5C). Recent studies suggested that IL-10


https://doi.org/10.1101/2021.05.14.444071

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.14.444071; this version posted May 16, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

secreted by these cells helps to limit colonic inflammation (Ohnmacht et al., 2015; Sefik
et al., 2015; Xu et al., 2018; Yang et al., 2016). To identify the Treg population with
RORyt5*¥2-dependent IL-10 production, we further divided the Tregs, in cluster 2, into 5
subsets (Figure 5D). Subsets 0 and 4 express genes characteristics of suppressive Treg
cells, including Gzmb and Ccrl (Figure 5E), as described in previous reports (Miragaia et
al., 2019). Subsets 2 and 3 express genes characteristics of lymphoid tissue (LT)-like
Treg, including Slprl. Subsets 1 express genes characteristics of non-lymphoid tissues
(NLT) Treg, including Gata3 and Pdcdl. The reduction of cluster 2 cell number in the
steady state RORytS'82A colon observed in Figure 1H can be traced to the loss of LT-like
(subset 3) Tregs (Figure S6A). Upon DSS challenge, IL-10 expression in LT-like (subset
3) Tregs was significantly reduced in the RORyt58?A colon (Figure 5F-G), consistent with
our observation in Figure 5C. Altogether, these data indicate that RORyt5!8? negatively
regulates effector cytokine production in Thl7 cells, promotes expression of anti-
inflammation cytokine, IL-10, as well as epithelial repair factors in RORyt* Treg cells to

facilitate inflammation resolution during colitis.

RORYyt5¥?A mice experienced the more severe disease in EAE

Finally, we assessed whether S182 of RORVyt is involved in the negative regulation of
inflammation beyond intestinal mucosal injury. Previous reports suggest that pathogenic
Th17 cells drive disease in the EAE mouse model (Thakker et al., 2007) by secreting IL-
17A to recruit CD11c* dendritic cells (DC) and further promoting IL-17A production from
bystander TCRyd* type 17 (Tyd17) cells to fuel local inflammation (Cua et al., 2003; Ivanov

et al., 2006; Solt et al., 2011; Xiao et al., 2014); modeled in Figure 6A. When challenged
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in our model, RORyt5'82A mice had higher disease scores and experienced greater weight
loss (Figure 6B-C). Total spinal cord immune infiltrates in RORytS*¥2A mice had higher
levels of Cd4, Cdllc, and ll17a mRNAs (Figure 6D-E). Flow cytometry results further
confirmed a significant increase in the number of IL-17A producing Th17 (CD4*TCRy?&)
and Tyol7 (CD4 TCRyd*) cells (Figure 6F), as well as DC (CD11c") cells, but no change
in macrophages (CD11b*F4/80%), in the spinal cord of the RORyt5182A mice (Figure 6G).
Overall, these results demonstrate the critical role of S182 on RORyt in modulating
RORyt* T cell functions to protect against colonic mucosal inflammation and central

nervous system autoimmune pathologies.

DISCUSSION

Our study revealed the transcriptional landscapes of colonic lamina propria CD4* T cells
in homeostasis and during colitis at the single-cell level. In addition to the naive and
memory populations, we identified two novel subsets of Th17 and five subsets of Treg
cells with distinct cell surface receptors and effector molecule expressions. Colonic Th17
cells in cluster 3 express higher levels of inflammation-related signature genes, including
[123r. Under steady state, mutation of S182 on RORyt resulted in an expansion of this
Th17 subset in the colon. During the inflammation resolution phase, post DSS challenge,
cells in this cluster were significantly reduced. In contrast, colonic Th17 cells in cluster O
enriched with 1118r1, ll1rn, Ccl2, Ccl5, Ccl7, Ccl8, Cxcll, and Cxcl13 may help to establish
chemotactic gradients to regulate trafficking of local immune cells. Interestingly, DSS-
regulated genes of Th17 cells in cluster O were highly enriched in TNF and NF«B signaling

pathways. TNF antagonists have been the mainstay in the treatment of inflammatory
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bowel diseases (IBD) for over 20 years (Vulliemoz et al., 2020), and the NFxB pathway
is known to be activated in inflamed colonic tissue from IBD patients (Atreya et al., 2008;
Liu et al., 2017). It would be interesting for future studies to explore whether Th17 cells
subset in cluster O is targeted by anti-TNF therapies in human IBD.

In the RORytS182A colon, both Th17 subsets had elevated expression of 111r1,
resulting in augmented IL-17A production in response to IL-1B signaling. In a positive
feedforward loop, IL-17A stimulates the production of IL-1 by neutrophils and monocytes
(McGinley et al.,, 2020), which in turn signals on T cells to potentiate intestinal
inflammatory response and encephalomyelitis in the central nervous system (Coccia et
al., 2012; Sutton et al., 2006). As a result, RORytS'82A mice with Th17 that are
hyperresponsive to IL-13 signaling had delayed recovery when challenged with DSS-
induced gut injury and succumbed to more severe pathology during EAE. These results
highlight the novel repressive function of S182 on RORyt in dampening IL-17A production
in response to IL-18 signaling in Th17 cells.

During the inflammation resolution phase post-DSS challenge, we also observed
an increase of colonic Treg (cluster 2) cells. S182 on RORVyt is required for maintaining
LT-like (Cluster 2 subset 3) Treg population in steady state colon and their IL-10
production potential during DSS-induced colitis. RORyt* Tregs are abundantly found in
the intestinal mucosa and peripheral lymphoid organs (Ohnmacht et al., 2015; Sefik et al.,
2015). Secretion of IL-10 by these cells helps to protect against autoimmune diseases
(Coquet et al., 2013; Ohnmacht et al., 2015; Rutz et al., 2015; Sefik et al., 2015; Xu et al.,
2018) by dampening uncontrolled production of inflammatory cytokines, including IL-17A,

and excessive intestinal inflammation in mouse models (Guo, 2016). Impaired IL-10
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production has been associated with severe cases of inflammatory bowel diseases
patients (Ishizuka et al., 2001; Saxena et al., 2015), and several studies suggest that
administration of IL-10 in these patients as a potential therapy (Ishizuka et al., 2001;
Saxena et al., 2015). In DSS-treated RORytS82A mice, IL-10 producing LT-like Tregs had
increased expression of S1pr4, which is involved in cell migration (Olesch et al., 2017),
as well as decreased levels of Cd44 and ld2, encoding molecules implicated in Treg
activation and IL-10 production (Bollyky et al., 2009; Hwang et al., 2018). Future studies
will be needed to investigate whether RORytS182-dependent IL-10 expressions in LT-like
Tregs exert paracrine effects on local Thl7 effector programs and contribute to the
delayed DSS and EAE disease recovery observed in RORytS¥2A mice. Furthermore, it
remained to be explored whether the same or distinct kinase(s) and/or pathways are
involved in phosphorylating S182 on RORVyt in these different T cell subsets.

Given the essential role of RORyt in the differentiation and function of Th17 cells
implicated in autoimmunity, many RORYyt inhibitors have been developed for therapeutic
purposes. Most current inhibitors are designed to disrupt RORyt-dependent transcription
by preventing its interaction with steroid receptor coactivators. Unfortunately, as this is a
common mechanism RORyt employs across the different cell and tissue types, this
approach will likely exert undesired side-effects on thymic development and other innate
immune cells expressing RORyt. Our discovery of the unique involvement of S182 on
RORyt in regulating colonic mucosal Thl7 and Treg populations and functions, but
dispensable for thymocyte development, provide a new cell-type-specific venue for

designing better therapies to combat T cell-mediated inflammatory diseases.


https://doi.org/10.1101/2021.05.14.444071

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.14.444071; this version posted May 16, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

FIGURE LEGEND
Figure 1. scRNA-seq revealed RORytS'®82-dependent Th17 and Treg populations in
steady state colon.

A. Proportion of modified and unmodified peptides identified by Tandem MS/MS
mapping to murine RORyt from whole cell lysates of 293ft cells transfected with
Flag2x-mRORYyt expression construct for 48hrs.

B. Top: Major phosphorylation sites in relation to the activation function (AF-1), DNA-
binding domain (DBD), and ligand-binding domain (LBD) of RORyt. Bottom:
representative mass spectral map of one murine RORyt peptide carrying a
phosphorylated S182 residue.

C. CRISPR-Cas mediated genomic mutations to generate the RORyt5182A knock-in
mice.

D. scRNA-seq experiment workflow: CD4* and their associated colonic lamina propria
cells were enriched with anti-CD4 microbeads. 10X Genomics droplet-based 3’
SCRNA-seq was employed to reveal captured cell transcript profiles.

E. UMAP plot of twelve immune cell clusters obtained from D (left) and the average
expression of Cd3e in each cell (right).

F. Heatmap of average expression of genes with cluster-specific expression patterns
from E.

G. Violin plots of selected genes from each cluster, with gene expression scaled on the
y-axis.

H. Proportions of colonic CD4* T cells in each cluster from two pairs of WT and

RORYytS182A Jittermates.
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Figure 2. scRNA-seq identified two subsets of Th17 cells in steady state colon.

A. Left: zoom in view of the UMAP plot showing two neighboring populations of colonic
Th17 cells in red (cluster 0) and green (cluster 3). Right: select cell surface
receptors and effector molecules enriched in the two Th17 subsets from WT mice.

B. Heatmap of mean scaled average expression of cluster-specific genes in steady
colonic Th17 (cluster 0 and 3) and Treg (cluster 2) cells of WT and RORyt5182A,

C. Expression of ll17a and 1l1r1 in colonic Th17 cell subsets (cluster 0 and 3) in the

steady state WT and RORyt51824 mice. UMAP expression plots (left) and violin plots

(right).

Figure 3. IL-1B signaling promoted dysregulated effector cytokine production in
RORytS182A Th17 cells.

A. Th17 culture workflow in vitro.

B. Proportion of IL-17A*IL-17F* producers among Th17 cells cultured for 3 days under
conditions as indicated. Each dot represents result from one mouse. * p-value<0.05,
** p-value<0.01 (paired t-test).

C. Geometric mean fluorescence (gMFI) of RORyt in WT and RORytS182A Th17 cells
cultured under different conditions. Each dot represents result from one mouse.

D. Western blot analysis of total RORyt and S182-phosphorylated RORyt in cultured
Th17 cells from two pairs of WT and RORytS182A [ittermates.

E. Normalized 1117a mRNA expression in WT and RORytS182A Th17 cells cultured in
IL-6, IL-18 and IL-23 for 3 days, detected by qRT-PCR. Each dot represents result

from one mouse. * p-value<0.05 (paired t-test).
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F. Top: IGV browser showing RORyt and p300 occupancy at ll17a-1117f locus as
reported previously (Ciofani et al., 2012) along with the location of ChIP-gPCR
primers designed to capture each of the conserved non-coding regulatory elements
(CNS). Bottom: Enrichment of RORyt and H3K27ac at the 1117a-1117f locus in WT
and RORyt382A Th17 cells as determined by ChIP-gPCR. n=4, ** p<0.01 (t-test).

G. Working model: IL-18 signaling promotes dysregulated effector cytokines

production in RORytS¥2A Th17 cells.

Figure 4. RORytS'82A T cells drived exacerbated diseases in two models of colitis.

A. Weight changes of Ragl’ mice receiving WT or RORytS182A naive CD4* T cells.
Each dot represents result from one mouse. ** p-value<0.01 and *** p-value<0.001
(multiple t-test).

B. Expression level of ll1r1, 1123r and Il17a in colonic lamina propria of Ragl” mice
receiving WT or RORytS182A naive CD4* T cells. Each dot represents result from
one mouse. * p-value<0.05 (t-test).

C. Weight changes of WT and RORyt5182A mice challenged with 2% DSS in drinking
water for 7 days and monitored for another 3 days. Each dot represents result from
one mouse. * p-value<0.05 (multiple t-test).

D. Top: representative bright field images of colons from C. Bottom: summarized
colonic lengths of DSS treated WT and RORytS'82A mice from C harvested on day

10. Each dot represents result from one mouse. ** p-value<0.01 (t-test).
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E. Top: representative colonic sections from D. Bottom: summarized score of colonic
inflammatory infiltrates (bottom) in DSS treated WT and RORyt5182A mice. Each

dot represents result from one mouse. * p-value<0.05 (t-test).

Figure 5. scRNA-seq revealed RORytS#2-dependent colonic Thl7 and Treg
programs during DSS challenge.

A. Heatmap of Logz fold change of select RORyt5*¥2-dependent genes expression in
Th17 (cluster 0 and 3) and Treg (cluster 2) from steady state and DSS challenged
colons.

B. Violin plots of the selected gene expressions in Th1l7 (cluster 0 and 3) and Treg
(cluster 2) cells.

C. Top: representative flow cytometry analysis. Bottom: proportion of IL-10 and IL-
17A production potential in colonic RORyt*Foxp3- (Th17), RORyt*Foxp3* (RORyt*
Treg), RORytFoxp3* (Treg), and RORyt'Foxp3- cells from DSS treated WT and
RORytS'82A mice and harvested on day 10. Each dot represents result from one
mouse. * p-value<0.05, *** p-value<0.001 (t-test).

D. Closed up UMAP of the five Treg subsets within Cluster 2.

E. Heatmap of mean scaled average expression of select Treg subsets enriched
genes from D.

F. Percentage of cells expressing RORytS'82-dependent genes (grey, p-Value<0.05)
in colonic Treg subsets 0 and 3 from DSS challenged WT and RORytS82A mice.

Select genes were labeled and highlighted in blue.
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G. Left: UMAP displaying 1110 expression in scRNA-seq dataset. Right: violin plots of
the 1110 expression in LT-like Treg (subset 3) cells from control or DSS challenged

WT and RORytS182A mice.

Figure 6. RORyt5182A mice experienced more severe disease in EAE model.

A. Working hypothesis: RORytS182 acts as the upstream negative regulator of
pathogenic Th17 cell activities in EAE.

B. Disease score of MOG-immunized WT (n=7) and RORyt5!8?A (n=14) mice. Results
were combined of three independent experiments. ** p-value<0.01, *** p-
value<0.001 (multiple t-test).

C. Weight change of MOG-immunized WT and RORytS!82A mice. Results were
combined of three independent experiments. * p-value<0.05, *** p-value<0.001
(multiple t-test).

D. Normalized mRNA expression of Cd4, Cdl1c, Cd19 and Cd11b in spinal cords
infiltrated at the peak of EAE disease (day 16-19) from MOG-immunized WT and
RORyt5182A mice as detected by gRT-PCR. Each dot represents result from one
mouse. * p-value<0.05 (paired t-test).

E. Normalized mRNA expression of the indicated cytokine genes in spinal cords
infiltrated at the peak of EAE disease (day16-19) from MOG-immunized WT and
RORytS'82A EAE mice as detected by qRT-PCR. Each dot represents result from

one mouse. * p-value<0.05 (paired t-test).
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F. Number of total T helper (CD4*) and TCRyd* (left) and IL-17A* expressing Th17
and Tyd17 cells (right) in EAE mice harvested at the peak of disease (day16-19).
Each dot represents result from one mouse. * p-value<0.05 (t-test).

G. CD11b*F4/80* (macrophage, left) and CD3e'CD11c* (DC, right) cells numbers in
the spinal cords of EAE mice harvested at the peak of disease (day16-19). Each

dot represents result from one mouse. * p-value<0.05 (t-test).

Supplementary Figure S1. Normal thymic T cell development and intestine
homeostasis in RORytS¥?A mice.

A. S182 (black line) localizing to the hinge region of RORyt is conserved between
mouse and human.

B. Weight of WT (n=49) and RORyt>182A (n=57) mice assessed at the indicated ages.
Each dot represents result from one mouse.

C. Geometric mean fluorescent intensity (GMFI) of RORyt in thymic CD4*CD8a.*
double positive (DP) cells from WT and RORytS182A cohoused littermates. Each dot
represents result from one mouse.

D. Representative histogram of Bcl-xL expression in thymic DP cells from WT and
RORyt5182A mice. This experiment was repeated three times on independent
biological samples with similar results.

E. Representative flow cytometry analysis of CD4 and CD8a expression in thymic cells
from WT and RORytS'82A mice. This experiment was repeated three times on

independent biological samples with similar results.
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F. Representative flow cytometry analysis of CD4 and CD8a expression in
splenocytes from WT and RORytS182A mice. This experiment was repeated three
times on independent biological samples with similar results.

G. Proportion of RORyt"Foxp3-, RORyt*Foxp3*, and RORyt' Foxp3* T cell subsets and
CD3e'RORyt"Foxp3- (ILC3) cells in the steady state small intestinal lamina propria
of WT (n=6) and RORyt>'82A mice (n=6).

H. Proportion of RORyt*Foxp3-, RORyt"Foxp3*, and RORyt' Foxp3* T cell subsets and
CD3e'RORyt*Foxp3- ILC3 cells in the steady state colonic lamina propria of WT

(n=6) and RORyt5182A mice (n=6).

Supplementary Figure S2. Representative cytokine production potential in Th17 cells
cultured from WT and RORytS182A mice.
A. Representative flow cytometry analysis of IL-17A and IL-17F expression in cultured

Th17 cells from WT and RORyt5'82A mice as described in Figure 3B.

Supplementary Figure S3. Cell surface IL-1R expression on colonic Th17 cells in
steady state and DSS-challenged WT and RORytS'82A mice.

A. Summary of proportions of IL-1R* Th17 cells in colonic lamina propria of WT and

RORyt5182A mice treated with or without DSS (left) and representative flow plots

(right). Each dot represents result from one mouse. * p-value<0.05 (paired t-test).

Supplementary Figure S4. DSS-induced epithelial injury altered colonic immune cell

populations and their transcription programs in WT mice.
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A. UMAP plot of colonic lamina propria cells obtained from steady state (blue) and day
10 post DSS challenged (red) WT mice.

B. Left: violin plot of select genes enriched in CD4* T cells associated macrophages
(cluster 4) and neutrophils (cluster 10). Right: average expression of Il1b in
macrophages and neutrophiles from control and DSS challenged WT mice.

C. Altered proportions of each CD4* T cell cluster in colonic lamina propria cells from
steady state (n=2) and day 10 post DSS treated WT mice (n=2).

D. DSS-dependent genes (p-value<0.05) identified in each cell cluster.

E. Heatmap of -Logio p-Value of the top seven KEGG pathways from DSS-dependent

genes in clusters 0,1, 2, 3, and 5.

Supplementary Figure S5. RORytS®2-dependent cell populations and target genes in
colon under steady state and during DSS challenge.
A. Proportions of individual scRNA-seq clusters among colonic lamina propria CD4*
T cells from DSS-challenged WT and RORyt>182A mice. * p-value<0.05, n=2.
B. Number of RORyt5'82-dependent genes in individual scRNA-seq clusters from
steady state (control) (left) and DSS-challenged (right) WT and RORytS'82A mice

(n=2). # of DE genes means number of differentially expressed genes.

Supplementary Figure S6. Cluster 2 Treg subsets in control and DSS challenged WT
and RORyt>#?A mice
A. Proportions of Treg subclusters from steady state (top) and DSS-treated (bottom)

colons of WT (n=2) and RORyt5%?A mice (n=2). * p-value<0.05 (multiple t-test).
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METHODS

Mice

RORytS'82A were generated by CRISPR-Cas9 technology in the C57BL/6 (Jackson
Laboratories) background mice and confirmed by sanger sequencing of the Rorc locus.
Heterozygous mice were bred to yield 8-12 WT and homogenous knock-in (RORytS1824)
cohoused littermates for paired experiments. Ragl’” (Jackson Laboratory stock No:
002216) were obtained from Dr. John Chang’s Laboratory. Adult mice at least eight weeks
old were used. All animal studies were approved and followed the Institutional Animal

Care and Use Guidelines of the University of California San Diego.

Th17 cell culture

Mouse naive T cells were purified from spleens and lymph nodes of 8-12 weeks old mice
using the Naive CD4+ T Cell Isolation Kit according to the manufacturer’s instructions
(Miltenyi Biotec). Cells were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM,
Sigma Aldrich) supplemented with 10% heat-inactivated FBS (Peak Serum), 50U/50 ug
penicillin-streptomycin (Life Technologies), 2 mM glutamine (Life Technologies), and 50
MM B-mercaptoethanol (Sigma Aldrich). For polarized Th17 cell polarization, naive cells
were seeded in 24-well or 96-well plates, pre-coated with rabbit anti-hamster IgG, and
cultured in the presence of 0.25 pyg/mL anti-CD3¢ (eBioscience), 1 pg/mL anti-CD28
(eBioscience), 20 ng/mL IL-6 (R&D Systems), and/or 0.1 ng/mL TGF-B (R&D Systems),

20 ng/mL IL-1B (R&D Systems), 25 ng/mL IL-23 (R&D Systems) for 72 hours.
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DSS induced and T cell transfer colitis

Dextran Sulfate Sodium Salt (DSS) Colitis Grade 36,000-59,000MW (MP Biomedicals)
was added to the drinking water at a final concentration of 2% (wt/vol) and administered
for 7 days. Mice were weighed every other day. On day 10, colons were collected for H&E
staining and lamina propria cells were isolation as described (Lefrancois and Lycke, 2001).
Cells were kept for RNA isolation or flow cytometry. The H&E slides from each sample
were scored in a double-blind fashion as described previously (Abbasi et al., 2020). For
T cell transfer model of colitis, 0.5 million naive CD4* T cells isolated from mouse
splenocytes using the Naive CD4* T Cell Isolation Kit (Miltenyi), as described above, were
injected intraperitoneally into Ragl” recipients. Mice weights were measured twice a
week. Pathology scoring of distal colons from DSS-challenged mice were performed blind

following previously published guidelines (Koelink et al., 2018).

scRNA-seq and analysis
Colonic lamina propria cells from DSS or non-DSS treated mice were collected and
enriched for CD4* T cells using the mouse CD4* T cell Isolation Kit (Miltenyi). Enriched
CD4* cells (~10,000 per mouse) were prepared for single cell libraries using the
Chromium Single Cell 3' Reagent Kit (10xGenomics). The pooled libraries of each sample
(20,000 reads/cell) were sequenced on one lane of NovaSeq S4 following manufacturer’s
recommendations.

Cellranger v3.1.0 was used to filter, align, and count reads mapped to the mouse
reference genome (mm10-3.0.0). The Unique Molecular Identifiers (UMI) count matrix

obtained was used for downstream analysis using Seurat (v4.0.1). The cells with
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mitochondrial counts >5%, as well as outlier cells in the top and bottom 0.2% of the total
gene number detected index were excluded. After filtering, randomly selected 10,000
cells per sample were chosen for downstream analysis. Cells with Cd4 expression lower
than 0.4 were removed, resulting in 27,420 total cells from eight samples. These cells
were scaled and normalized using log-transformation, and the top 3,000 genes were
selected for principal component analysis. The dimensions determined from PCA were
used for clustering and non-linear dimensional reduction visualizations (UMAP).
Differentially expressed genes identified by FindMarkers were used to characterize each
cell cluster. Other visualization methods from Seurat such as VInPlot, FeaturePlot, and

DimPlot were also used.

EAE model

EAE was induced in 8-week-old mice by subcutaneous immunization with 100 pg myelin
oligodendrocyte glycoprotein (MOG35-55) peptide (GenScript Biotech) emulsified in
complete Freund’s adjuvant (CFA, Sigma-Aldrich), followed by administration of 400 ng
pertussis toxin (PTX, Sigma-Aldrich) on days 0 and 2 as described in (Bittner et al., 2014).
Clinical signs of EAE were assessed as follows: 0, no clinical signs; 1, partially limp tail;
2, paralyzed tail; 3, hind limb paresis; 4, one hind limb paralyzed; 5, both hind limbs
paralyzed; 6, hind limbs paralyzed, weakness in forelimbs; 7, hind limbs paralyzed, one
forelimb paralyzed; 8, hind limb paralyzed, both forelimbs paralyzed; 9, moribund; 10,

death.

Flow cytometry
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Cells were stimulated with 5 ng/mL Phorbol 12-myristate 13-acetate (PMA, Millipore
Sigma) and 500ng/mL ionomycin (Millipore Sigma) in the presence of GoligiStop (BD
Bioscience) for 5 hours at 37°C, followed by cell surface marker staining.
Fixation/Permeabilization buffers (eBioscience) were used per manufacturer instructions
to assess intracellular transcription factor and cytokine expression. Antibodies are listed

in Table S1.

cDNA synthesis, gRT-PCR, and RT-PCR

Total RNA was extracted with the RNeasy kit (QIAGEN) and reverse transcribed using
iScript™ Select cDNA Synthesis Kit (Bio-Rad Laboratories). Real time RT-PCR was
performed using iTag™ Universal SYBR® Green Supermix (Bio-Rad Laboratories).
Expression data was normalized to Gapdh mRNA levels. Primer sequences are listed in

Table S2.

Chromatin immunoprecipitation

ChIP was performed on 5-10 million Th17 cells crosslinked with 1% formaldehyde.
Chromatin was sonicated and immunoprecipitated using antibodies listed in Table S1 and
captured on Dynabeads (ThermoFisher Scientific). Immunoprecipitated protein-DNA
complexes were reverse cross-linked and chromatin DNA purified as described in

(Kaikkonen et al., 2013). ChIP primer sequences are listed in Table S2.

Statistical analysis
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All values are presented as means + SD. Significant differences were evaluated using
GraphPad Prism 8 software. The Student’s t-test or paired t-test were used to determine
significant differences between two groups. A two-tailed p-value of <0.05 was considered

statistically significant in all experiments.
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Serine 182 on RORyt regulates T helper 17 and
regulatory T cell functions to resolve inflammation
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Fig 1. scRNA-seq revealed RORytS182 dependent Th17 and Treg
populations in steady state colon.
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Fig 2. scRNA-seq identified two subsets of Th17 cells in the
steady state colon.
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Fig 3. IL-18 signaling promoted dysregulated effector
cytokine production in RORYytS182A Th17 cells.
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Fig 4. RORytS182A T cells drived exacerbated diseases in two
models of colitis.
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Fig 5. scRNA-seq revealed RORytS132-dependent colonic
Th17 and Treg programs during DSS challenge.
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Fig 6. RORytS182A mice experienced more severe disease in
EAE model.
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Fig S1. Normal thymic T cell development and intestine
homeostasis in RORytS182A mice.
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Fig S2. Representative cytokine production potential in Th17
cells cultured from WT and RORyt5182A mice.
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Fig S3. Cell surface IL-1R expression on colonic Th17 cells in steady
state and DSS-challenged WT and RORyt5182A mice.

+
Gate: RORyt"Foxp3 s
40— E_ 4 [18.7
X S
04
30 = /
.
4
= 20 - " S I . .
= ©  9.68 o |243
o) @, e
=X 404 ZE o~ g
oé x X
0 T -
DSS: - + FSC —»


https://doi.org/10.1101/2021.05.14.444071

Fig S4. DSS-induced epithelial injury altered colonic
immune cell populations and their transcription programs
in WT mice.
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Fig S5. RORytS182.dependent cell populations and target
genes in colon under steady state and during DSS
challenge.
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Fig S6. Cluster 2 Treg subsets in control and DSS-
challenged WT and RORytS182A mice.
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