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Loss-of-function variants of protein tyrosine phosphatase non-receptor type 2 (PTPN2) enhance
risk of inflammatory bowel disease and rheumatoid arthritis; however, whether the association
between PTPNZ2 and autoimmune arthritis depends on gut inflammation is unknown. Here we
demonstrate that induction of subclinical intestinal inflammation exacerbates development of
autoimmune arthritis in SKG mice. Ptpn2-haploinsufficient SKG mice — modeling human carriers
of disease-associated variants of PTPN2 — displayed enhanced colitis-induced arthritis and joint
accumulation of Tregs expressing RAR-related orphan receptor yT (RORyt) — a gut-enriched Treg
subset that can undergo conversion into FoxP3-IL-17* arthritogenic exTregs. SKG colonic Tregs
underwent higher conversion into arthritogenic exTregs when compared with peripheral Tregs,
which was exacerbated by haploinsufficiency of Ptpn2. Ptpn2 haploinsufficiency led to selective
joint accumulation of RORyt-expressing Tregs expressing the colonic marker G protein-coupled
receptor 15 (GPR15) in arthritic mice and selectively enhanced conversion of GPR15* Tregs into
exTregs in vitro and in vivo. Inducible Treg-specific haploinsufficiency of Ptpn2 enhanced colitis-
induced SKG arthritis and led to specific joint accumulation of GPR15* exTregs. Our data validate the
SKG model for studies at the interface between intestinal and joint inflammation and suggest that
arthritogenic variants of PTPN2 amplify the link between gut inflammation and arthritis through
conversion of colonic Tregs into exTregs.

Introduction

Genome-wide association studies (GWAS) have identified more than 100 risk genes for rheumatoid arthri-
tis (RA), spondyloarthropathies (SpAs), as well as other forms of immune-mediated arthritis (1-3). The
dissection of “causal variants” and of their functional effects at the molecular, cellular, and whole-organ-
ism levels is rapidly progressing (4). However, it is believed that functional alterations induced by genetic
variants are insufficient per se to trigger common polygenic autoimmune diseases, whose pathogenesis
rather depends on a complex interaction between genetically encoded functional variations and nongenetic
risk factors, such as environment exposures and/or concurrent local or systemic pathology (5). An import-
ant nongenetic risk factor for autoimmune arthritis is gut inflammation, which can be triggered by dysbiosis
and/or other mechanisms (“gut-joint axis,” refs. 6-12).

The gut mucosa is enriched with both immune-suppressive “tissue-resident” colonic forkhead box P3*
(FoxP3") regulatory CD4* T cells (Tregs) and RAR-related orphan receptor yT* (RORyt*) IL-17—producing
effector CD4* T cells (Th17) (13, 14). Circulation of T cells between the gut and inflamed joints during
arthritis has been reported, and there is supporting evidence for circulation of gut-induced IL-17-produc-
ing T cells as a potential pathogenic mechanism in RA (15-18). However, the involvement of intestinal
CD4" T cells in the pathogenesis of RA remains largely unknown, and whether intestinal Tregs play a role
in inflammatory arthritis has not yet been addressed.
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Extensive evidence in multiple mouse models supports the dependence of autoimmune arthritis on the
gut microenvironment (9, 18-20). SKG mice, which under specific pathogen—free conditions develop spon-
taneous Th17-dependent autoimmune arthritis, display no spontaneous disease when maintained in germ-
free conditions (21-23). In addition, curdlan-injected SKG mice develop IL-23—dependent small intestine
inflammation, gut dysbiosis, and spondyloarthropathy resembling enteropathic arthritis (24). Thus, SKG
mice seem to be an ideal model for mechanistic assessment of the gut-joint inflammation axis.

Several arthritis-predisposing genes are shared autoimmunity genes and predispose to inflammatory
bowel disease (IBD). The shared autoimmune nature of these genes is at least in part due to their pro-
motion of basic mechanisms of autoimmunity or inflammation (25-27). However, it is reasonable to
hypothesize that these shared genetic risk factors might also in part operate by amplifying the reciprocal
promotion of clinical or subclinical inflammation between guts and joints. One of the genes that highly
associates with RA and IBD encodes for the protein tyrosine phosphatase (PTP) PTPN2, also known as T
cell PTP. RA-associated PTPN2 haplotypic blocks of noncoding single nucleotide polymorphisms (SNPs)
also associates with IBD (28-31). Homozygous carriers of the PTPN2 tagging SNP rs1893217 display a
30%—-50% decrease in PTPN2 mRNA expression in memory CD4* T cells (32). Furthermore, the same
rs1893217 risk allele drives reduced PTPN2 protein expression and acts as a loss-of-function variant when
transfected into THP-1 cells, a phenotype that is also observed in colonic fibroblasts isolated from carriers
of the PTPN2 tagging SNP rs2542151 (33, 34).

PTPN?2 is a ubiquitous PTP that is highly expressed in immune cells (35, 36). The importance of
PTPN2 in inflammation is exemplified by the fact that global deletion of this PTP induces myeloid-driven
systemic inflammation and lethality in mice (37). Furthermore, T cell-specific deletion of PTPN2 results
in development of aggressive colitis and signs of systemic autoimmunity (38, 39). These phenotypes have
been attributed to the important role of PTPN2 in regulating activation of Janus kinases (40); signal trans-
ducers and regulators of transcription-1 (STAT1), STAT3, and STATS5 (41); as well as T cell receptor (TCR)
signaling (38). Consistent with the key role of PTPN2 loss of function in autoimmunity, recent studies have
also validated PTPN2 as an important target for cancer immunotherapy (42, 43).

As mentioned, human disease-associated variants of PTPN2 only induce a partial loss of PTPN2
(32), which can be modeled by studying Ptpn2-haploinsufficient mice (44, 45). When compared with the
dramatic phenotypes observed in Prpn2-deficient animals, Ptpn2-haploinsufficient mice remain healthy
under normal conditions (37, 38), but in the presence of inflammatory triggers or when combined with
other autoimmune disease—predisposing genes, they can develop gut or joint inflammation (44, 45). This
observation is consistent with the idea that disease-associated variants of PTPN2 need to interact with
other risk factors to induce disease in humans.

In human patients with IBD, carriers of the PTPN2 tagging SNP rs1893217 show enhanced expansion
of disease-promoting Th17 and impaired expansion of disease-protective Tregs in colonic tissue (46).
Th17 cells are also considered key players in the pathogenesis of RA (47-49). Tregs’ conversion into
FoxP31L-17* exTregs is thought to contribute to the generation of highly autoreactive IL-17* effector
T cells in RA (44, 50, 51). We recently showed that Prpn2 haploinsufficiency, which models the loss of
PTPN2 expression observed in carriers of PTPN2 risk alleles for IBD and RA, enhances development
of Th17-dependent arthritis when introduced onto the SKG mouse background. We identified a novel
Treg-intrinsic mechanism for PTPN2 in maintaining peripheral Treg stability during arthritic inflamma-
tion and limiting the generation of highly arthritogenic exTregs (44).

In the present study we sought to understand how the interaction between loss of function of PTPN2
and intestinal inflammation affects the pathogenesis of arthritis in human carriers of IBD- and RA-as-
sociated PTPN2 variants. To model such interaction, we assessed the effect of PTPN2 haploinsufficien-
cy in a potentially new model of arthritis induced by subclinical colonic inflammation in SKG mice.

Results

Arthritogenic CD4* T cells are present in the colons of SKG mice. The abovementioned and other published evi-
dence (22) in SKG mice points to a relationship between intestinal and joint inflammation in SKG mice and
to the potential circulation of gut-induced IL-17-producing T cells as a potential pathogenic mechanism in
this model. However, the cause-effect direction of such a relationship and whether intestinal autoreactive
T cells play an arthritogenic role in SKG mice have not been addressed yet. To begin addressing these gaps
in knowledge, we first compared the intestinal architecture in prearthritic SKG mice versus age-matched
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BALB/c mice. Consistent with previous reports (52), we did not find signs of ileal or jejunal inflammation
in these mice; however, around 50% of prearthritic SKG mice showed histologically evident immune cell
infiltration in the colonic lamina propria (Figure 1A). Immunophenotyping of prearthritic SKG versus age-
matched BALB/c colonic lamina propria showed increased numbers of lymphocytes (CD45* cells, Sup-
plemental Figure 1A; supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.141868DS1). While a slight reduction was found in the numbers of CD4" T cells (Supplemen-
tal Figure 1A), numbers of colonic RORyt*FoxP3-CD4* T cells (CD45*TCRB*CD4*RORyt*FoxP3") and
colonic Tregs (cTregs, CD45*TCRB*CD4*FoxP3") were significantly increased in prearthritic SKG mice
versus BALB/c (Supplemental Figure 1A). We also observed a significant increase of RORyt-expressing
(CD45*TCRB*CD4*RORyt"FoxP3*) cTregs in SKG mice versus BALB/c (Figure 1A).

In line with reports that in other mouse strains RORyt-expressing Tregs mainly reside in the colons of
healthy mice (53-55), we observed that RORyt-expressing Tregs were almost uniquely present in the colons
of prearthritic SKG mice when compared with spleen and peripheral lymph nodes (Figure 1B and Sup-
plemental Figure 1B). Expression of RORyt in CD4" T cells, including Tregs, is highly dependent on IL-6
in B6 mice (55-57). Consistent with this notion, in prearthritic conditions, we found that IL-6-knockout
(KO) SKG mice had a critical deficit of colonic RORyt-expressing Tregs and RORyt*FoxP3-CD4" T cells,
whereas the pool of total Tregs was unchanged in these mice (Figure 1C and Supplemental Figure 1C).

To assess whether the colonic lamina propria of SKG mice harbors arthritogenic T cells, we next isolated
CD4" T cells from either the spleen or the colonic lamina propria of prearthritic SKG mice, transferred them
into recombination activating gene 2-KO (Rag2-KO) mice, and evaluated arthritis development in recipient
mice (Figure 1D). As shown in Figure 1E, we found that colonic CD4" T cells from prearthritic SKG mice
induced significantly worse arthritis when compared with splenic CD4* T cells from the same mice. Notably,
there was a significantly increased accumulation of RORyt-expressing Tregs in addition to RORyt*FoxP3-CD4*
T cells in joint draining lymph nodes and ankles and of total Tregs in the ankles of mice that received colonic
T cells (Figure 1F and Supplemental Figure 2).

Together, these results suggest that the colon of SKG mice is enriched with arthritogenic CD4* T cells.
Arthritis induced by colonic SKG T cell transfer is characterized by lymph nodes’ and ankles’ enrichment
with RORyt-expressing T cells, a population that in healthy mice is highly enriched in the colon and whose
generation is dependent on IL-6.

Subclinical colonic inflammation promotes generation of arthritogenic CD4* T cells and arthritis development in
SKG mice. Next, to investigate whether colonic inflammation can influence the severity of arthritis in SKG
mice, we took advantage of dextran sulfate sodium (DSS) to disrupt colonic integrity (58). SKG mice were
administered drinking water containing a low dose of DSS (0.5%), which was sufficient to enhance colon-
ic inflammation (Figure 2, A and B) but did not induce clinically evident colitis (Figure 2C), or normal
drinking water for 10 days and then maintained on normal drinking water for up to 28 days. Induction of
subclinical colonic inflammation by 0.5% DSS led to development of clinically evident arthritis in SKG
mice already at 28 days after DSS water, at an age when spontaneous arthritis was barely detectable by
caliper measurement in our SKG colony (Figure 2D). DSS-induced arthritis in SKG mice was associated
with significantly increased numbers of RORyt*FoxP3-CD4" T cells, RORyt-expressing Tregs, as well as
total Tregs in popliteal lymph nodes (Figure 2E and Supplemental Figure 3A).

To establish whether colonic inflammation enhances generation of arthritogenic CD4" T cells, we iso-
lated colonic CD4* T cells from SKG mice administered either regular water or 0.5% DSS water for 10
days and transferred these to Rag2-KO mice (Figure 2F). As shown in Figure 2G, colonic CD4" T cells
from mice treated with DSS water induced significantly worse arthritis when compared with colonic CD4*
T cells from mice receiving regular water. This enhanced arthritis was associated with significant accu-
mulation of RORyt* Tregs and RORyt*FoxP3-CD4* T cells in arthritic ankles, whereas no difference was
observed in lymph nodes (Figure 2H and Supplemental Figure 3B).

These data suggest that subclinical colonic inflammation exacerbates arthritis in SKG mice by pro-
moting expansion of arthritogenic colonic CD4" T cells. In addition, arthritis induced by subclinical colon
inflammation and transferred by colonic T cells in SKG mice is characterized by increased numbers of
RORyt-expressing T cells, pointing to a potential colonic origin of these cells.

Prpn2 haploinsufficiency enhances SKG arthritis induced by subclinical colonic inflammation. We recently reported
that Ptpn2 haploinsufficiency in SKG mice enhances the development of mannan-induced arthritis and causes
increased accumulation of RORyt-expressing Tregs in arthritic ankles (44) (Supplemental Figure 4). We thus
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Figure 1. Arthritogenic CD4" T cells are enriched in the colons of SKG mice. (A) Left: representative H&E staining of colons obtained from 8- to 10-week-
old BALB/c (n = 4) and prearthritic SKG BALB/c (n = 4) mice. Scale bars: 200 pm. Right: RORyt* cTregs (CD45*TCRB*CD4*RORyt*FoxP3*) in colons isolated
from BALB/c and prearthritic BALB/c SKG mice (n = 6/group). (B) RORyt* Tregs (CD4*FoxP3*RORyt*) in spleen, lymph nodes, and colons of prearthritic SKG
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Clinical score and change in ankle thickness. (F) Flow cytometric analysis of RORyt* Tregs (CD4*FoxP3*RORyt*) cells in lymph nodes and ankles of arthritic
Rag2-KO mice in E. Compiled data from 2 independent experiments are shown in E and F. Each symbol in A-C, E, and F represent an individual mouse.
Arthritis severity was quantified using the area under the curve. Graphs show mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by Mann-Whitney U test
(E), unpaired t test (A, C, and F) or 1-way ANOVA (B).
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sought to explore whether reduced PTPN2 expression would exacerbate the arthritogenicity of subclinical
colonic inflammation in SKG mice. We administered 0.5% DSS to female Ptpn2-haploinsufficient and WT SKG
mice to induce subclinical colonic inflammation as in Figure 2, A—C. This dose of DSS did not cause develop-
ment of clinical colitis in mice of either genotype but resulted in more significant inflammatory infiltration in
colons of Ppn2*'~ mice when compared with WT mice (Figure 3, A and B). Increased colonic inflammation
induced by 0.5% DSS correlated with dramatically enhanced arthritis development in Ptpn2-haploinsufficient
SKG mice (Figure 3C), with increased signs of synovial inflammation, bone erosion, and cartilage depletion at
28 days after DSS water (Figure 3D). Consistent with the phenotype observed in Ppn2*/~ SKG mice subjected
to mannan-induced arthritis (44), numbers of Th17 (CD4'IL-17A*FoxP3"), total Tregs, and RORyt-expressing
Tregs were increased in arthritic ankles and lymph nodes of mice with established (28 days) compared with
early (10 days) arthritis. Th17 cells, total Tregs, and RORyt-expressing Tregs were also more expanded in the
joints and lymph nodes of Ptpn2-haploinsufficient SKG mice with established arthritis. Pspn2-haploinsufficient
mice with early arthritis displayed a significant expansion of Th17 cells and RORyt-expressing Tregs only in
arthritic ankles but not lymph nodes (Figure 3, E and F; and Supplemental Figure 5, A-D). Of notice, numbers
of total T cells (TCRp* cells) and CD4* T cells and of total cTregs and RORyt-expressing cTregs — but not of
CD4'IL-17*FoxP3" (cTh17) cells — were expanded in the colons of mice with established versus early DSS-in-
duced arthritis (Supplemental Figure 5, E-H). However, when the colonic immunophenotype of Ptpn2-hap-
loinsufficient mice was compared with WT mice, the only significant difference was a mild increase in total
and CD4* T cells in Ptpn2*~ mice with established DSS-induced arthritis (Supplemental Figure 5, E and F).
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Figure 2. Colonic CD4* T cells promote susceptibility to DSS-induced arthritis in SKG mice. (A) Female SKG mice
received 0.5% DSS in their drinking water or regular drinking water (n = 5 mice/group) for 10 days, after which the water
was replaced with regular drinking water until the end of the experiment. Arthritis was assessed by clinical scoring and
measuring ankle thickness. Body weight was assessed twice per week. (B) Left: representative colon H&E staining.
Right: colon lymphocyte infiltration score. Scale bars: 200 um. (€) Change in body weight of mice in A. (D) Clinical score
and change in ankle thickness of mice in A. (E) Numbers of RORyt* Tregs (CD4*FoxP3*RORyt*) and RORyt*FoxP3-CD4*
T cells in lymph nodes of mice in A. (F) Adoptive transfer of colonic CD4* T cells (cCD4*) isolated from mice receiving
either 0.5% DSS water or regular water for 10 days into Rag2-KO recipient mice. Arthritis was induced 1 week after cell
transfer by an intraperitoneal injection of mannan. (G) Clinical score and change in ankle thickness of mice in F receiv-
ing cCD4* T cells from SKG mice treated with either 0.5% DSS water (n = 4) or regular water (n = 5). (H) Flow cytometric
analysis of RORyt* Tregs (CD4*FoxP3*RORyt*) cells in lymph nodes and ankles of arthritic Rag2-KO mice in G. Compiled
data from 2 independent experiments are shown in A-E. Each symbol in B, E, and H represents an individual mouse.
Arthritis severity was quantified using the area under the curve. Graphs show mean + SEM. *P < 0.05, **P < 0.01, ***P

< 0.001 by Mann-Whitney U test (D and G) or unpaired t test (B, E, and H).
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Figure 3. Ptpn2 haploinsufficiency enhances susceptibility to DSS-induced arthritis in SKG mice. (A) Left: Female Ptpn2*/* (n = 7) and Ptpn2*/- (n =

6) SKG mice received 0.5% DSS in their drinking water for 10 days, after which the water was replaced with regular drinking water until the end of the
experiment. Middle: representative colon H&E staining. Right: colon lymphocyte infiltration score. Scale bars: 200 pm. (B) Change in body weight of
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(C) Clinical score and change in ankle thickness of Ptpn2*/+ (n = 13) and Ptpn2*/- (n = 12) SKG mice receiving 0.5% DSS in their drinking water as described
in A. (D) Left: representative H&E and toluidine blue staining of arthritic ankles. Right: scores of synovial inflammation, cartilage depletion, and bone
erosions. Scale bars: 500 um. (E and F) Female Ptpn2*/* and Ptpn2*/- SKG mice received 0.5% DSS drinking water as in A and were sacrificed at 10 days (n
=7 Ptpn2*/* and n = 8 Ptpn2*- mice) or 28 days (n = 10 Ptpn2*/* and n = 10 Ptpn2*/- mice). Number of (E) RORyt* Tregs (CD4*FoxP3*RORyt*) and (F) Th17
(CD4*1L-17A*FoxP3°) in lymph nodes and ankles. Compiled data from 6 (A-F) independent experiments are shown. Each symbol in A and D-F represents
an individual mouse. Arthritis severity was quantified using the area under the curve. Graphs show mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by
Mann-Whitney U test (C) or unpaired t test (A and D) or 2-way ANOVA (E and F).

There was no other difference between Pipn2*/- and WT mice in total and CD4* T cells, cTh17 cells, total cTregs,
or RORyt-expressing cTregs in early or late DSS-induced arthritis (Supplemental Figure 5, E-H). Although we
cannot rule out that additional differences might occur at earlier times, this colonic CD4* T cell phenotype was
consistent with the one observed in prearthritic SKG mice and after induction of mannan-induced SKG arthritis
(Supplemental Figure 4E).

Induction of subclinical colonic inflammation in male Pfpn2-haploinsufficient SKG mice resulted in
increased disease development and joint, lymph node, and colonic immunophenotypes similar to those
observed in female mice (Supplemental Figure 6). DSS-induced arthritis was overall milder in male mice,
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consistent with previous observations that male SKG mice develop less severe arthritis (23) and that Prpn2
haploinsufficiency enhances arthritis less efficiently in male mice (44) (Supplemental Figure 6).

We conclude that Prpn2 haploinsufficiency enhanced disease severity and caused identical immunopheno-
types — accumulation of IL-17*CD4" T cells and colon-enriched RORyt-expressing Tregs in arthritic ankles
and lymph nodes but not in the colonic lamina propria — in mannan-induced SKG arthritis (Supplemental
Figure 4) and DSS-induced arthritis (Figure 3 and Supplemental Figures 5 and 6). Overall, the data suggest
that Prpn2 haploinsufficiency links colonic inflammation to arthritis triggering or severity via local induction of
arthritogenic colonic T cells or peripheral expansion of such cells once they have circulated to arthritic joints.

PTPN2 maintains the stability of colonic Tregs in prearthritic SKG mice. We have recently described a role for
PTPN2 in inhibiting IL-6—dependent conversion of effector peripheral Tregs from SKG mice into arthritogenic
IL-17-producing exTregs (44), by limiting IL-6-mediated downregulation of FoxP3. Thus, we next assessed
whether Prpn2 haploinsufficiency enhances cTregs’ conversion in prearthritic SKG mice, by using our previ-
ously described “constitutive” Treg fate-mapping mice (44). These reporter mice (B6.SKG.H2%4 FoxP3YFP-Cre+/-
tdTomato™* Pipn2V*) carry a constitutive Treg-specific haploinsufficiency of Ppn2, a yellow fluorescence protein
reporter that identifies cells currently expressing FoxP3 (Tregs) and a Cre-induced tdTomato reporter expressed
from the Gt(ROSA)26 locus that identifies cells that are currently expressing (Tregs) or previously expressed
(exTregs) FoxP3 (Figure 4A). Using these mice, we compared the presence of IL-17" exTregs in the spleens
and colons of SKG mice at the prearthritic stage. As shown in Figure 4B, IL-17* exTregs were significantly
increased in the colons versus spleens of prearthritic mice regardless of mouse genotypes. IL-17" exTregs were
also significantly increased in the colons but not the spleens of prearthritic mice carrying Treg-specific Ptpn2 hap-
loinsufficiency compared with WT mice (Figure 4B and Supplemental Figure 7). Consistent with the phenotype
observed in the fate-mapping mouse, Ptpn2 haploinsufficiency also markedly enhanced the conversion of cTregs
from SKG mice into IL-17A" exTregs (Figure 4C) in an in vitro Treg conversion assay (44).

The data suggest that in SKG mice the colon is a main site for the conversion of cTregs into IL-17* exTregs
already in the prearthritic state. This process is significantly enhanced by cell-intrinsic partial loss of PTPN2.

PTPN2 maintains the stability of cTregs during autoimmune inflammation. We next assessed whether
cTregs’ instability contributes to the arthritogenic action of Ptpn2-haploinsufficient SKG colonic T cells.
We adoptively transferred into Rag2-KO mice CD45.1-marked EGFP* Tregs (CD4*FoxP3E¢*) isolat-
ed from either the spleens or colons of FoxP3ES*? SKG mice together with CD45.2-marked SKG CD4*
effector (CD4*CD25") peripheral T cells and monitored development of arthritis after injection of mannan
(Figure 4D and Supplemental Figure 8A). Notably, mice receiving cTregs developed significantly worse
arthritis when compared with mice receiving splenic Tregs (Figure 4E). We observed an increased frequen-
cy of CD45.1*IL-17* exTregs (CD4*IL-17A*FoxP3ES ™) in both lymph nodes and ankles of mice receiving
cTregs versus splenic Tregs (Figure 4F and Supplemental Figure 8B). However, no differences in the fre-
quency of CD45.2* Th17 (CD4*IL-17A*FoxP3") cells were observed between the 2 groups of mice (Figure
4G and Supplemental Figure 8C), pointing to increased arthritis in recipients of cTregs being dependent on
enhanced instability rather than reduced suppressive ability of cTregs.

Next, we cotransferred cTregs from either Ptpn2-haploinsufficient or WT CD45.2-marked FoxP3EC?
SKG mice in combination with CD4* effector T cells isolated from CD45.1-marked WT SKG mice and
evaluated the development of arthritis after mannan injection (Figure 4H). As shown in Figure 41, mice
receiving Ptpn2-haploinsufficient cTregs developed significantly more arthritis when compared with mice
transferred with WT cTregs. Flow cytometric analysis of arthritic ankles revealed an increased frequen-
cy of CD45.2*IL-17A* exTregs in mice receiving Ptpn2-haploinsufficient cTregs (Figure 4J). A similar
increase was observed in the lymph nodes of these mice (Supplemental Figure 8D). However, there
was no difference in the frequency of CD45.1* Th17 cells between mice transferred with either WT or
Prpn2-haploinsufficient cTregs, suggesting enhanced instability rather than reduced suppressive ability of
Prpn2-haploinsufficient cTregs (Figure 4K and Supplemental Figure 8E).

Together, these results suggest that cTregs could be an important source of pathogenic IL-17* exTregs
in arthritic SKG mice and that cTreg destabilization can mediate enhanced arthritis development in
Prpn2-haploinsufficient SKG mice.

Arthritis in Ptpn2-haploinsufficient SKG mice is associated with accumulation of G protein—coupled receptor
15—positive CD4* T cells. To further characterize the role of PTPN2 in the stability of resident cTregs and
determine whether there is a relationship between destabilization of cTregs and enhanced arthritis in
Prpn2-haploinsufficient mice, we focused on Tregs expressing G protein—coupled receptor 15 (GPR15).
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Figure 4. PTPN2 maintains the stability of colonic Tregs. (A) Schematic of SKG Treg fate-mapping mouse. (B) Left: representative flow cytometric
gating of IL-17-producing cells among tdTomato*CD4* T cells isolated from B6.SKG.H2%/¢ FoxP3YF*Cre+/- tdTomato®/* Ptpn2*/* or Ptpn2"/* Treg fate-map-
ping mice. Right: frequency of IL-17-producing exTregs (CD4*tdTomato*IL-17A*FoxP3"**) in spleens and colons isolated from 12-week-old prearthritic
Treg fate-mapping SKG mice. (C) In vitro conversion assay of Ptpn2*/* (n = 6) and Ptpn2*/- (n = 5) colonic SKG Tregs (cTregs) into IL-17-producing
ex-cTregs (CD4*IL-17*FoxP3). Cells were analyzed after 4 days of stimulation. Left: representative flow cytometry plots. Right: frequency of ex-cTregs.
(D-G) CD45.1 SKG CD4* FoxP3E¢*+ colonic Tregs (cTregs) or splenic Tregs (spTreg) were cotransferred with CD45.2 SKG CD4*CD25" effector T cells
(Teffs) into Rag2-KO recipient mice (n = 4/group). Arthritis was induced in recipient mice 1 week after transfer by injection of mannan, and mice were
analyzed at day 35. (D) Schematic for adoptive transfer experiment. (E) Clinical score and change in ankle thickness of recipient mice. (F) Frequency
of CD45.1 IL-17A* exTregs (CD4*IL-17*FoxP3°) in ankles of arthritic recipient mice. (G) Frequency of Th17 (CD4*IL-17A*FoxP3-) among transferred CD45.2
SKG CD4+CD25- Teffs in ankles of arthritic recipient mice. (H-K) Cotransfer of CD45.2 SKG CD4*FoxP3E¢F*+ Ptpn2+/+ or Ptpn2*/- cTregs together with
CD45.1 SKG CD4+CD25 Ptpn2+/+ Teff into Rag2-KO recipient mice (n = 7/group). Arthritis was induced in recipient mice 1 week after transfer by injec-
tion of mannan, and mice were analyzed at day 28. (H) Schematic for adoptive transfer experiment. (I) Clinical score and change in ankle thickness in
recipient mice. (J) Frequency of Ptpn2*/* and Ptpn2*/- CD45.2 IL-17A* ex-cTregs (CD4*1L-17A*FoxP3") in ankles of arthritic recipient mice. (K) Frequency
of Th17 (CD45.1"CD4*IL-17A*FoxP3-) among CD45.1 Teff in ankles of arthritic recipient mice. Compiled data from 2 independent experiments are shown
in A-K. Each symbol in B, C, F, G, J, and K represents an individual mouse. Arthritis severity was quantified using the area under the curve. Graphs
show mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by 2-way ANOVA (B), unpaired t test (C, F, G, and J-K), or Mann-Whitney U test (E and I).
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GPR15 identifies resident cTregs in mice (59—-61). An analysis of GPR15 expression on CD4" T cells in
spleens, peripheral lymph nodes, and colons of SKG mice showed that GPR15*CD4* T cells were over-
whelmingly enriched in the colon and that they were mostly FoxP3* (Figure 5A and Supplemental Figure
9, A and B). We next evaluated the number of total GPR15* Tregs, GPR15*RORyt*FoxP3-CD4"* T cells,
and GPR15" RORyt-expressing Tregs in WT versus Ptpn2-haploinsufficient SKG mice subjected to man-
nan-induced arthritis. During mannan-induced arthritis, there were increased numbers of both GPR15*
RORyt-expressing Tregs and RORyt*FoxP3-CD4* T cells but not of total GPR15" Tregs in both popliteal
lymph nodes and ankles of Pfpn2-haploinsufficient SKG mice. Strikingly, numbers of GPR15- RORyt-ex-
pressing Tregs and GPR15" RORyt*FoxP3-CD4" T cells were unaffected by Prpn2 haploinsufficiency (Fig-
ure 5, B and C; and Supplemental Figure 9, C—E). This phenotype was not due to increased local prolif-
eration of GPR15" cells because there was no difference in the expression of Ki-67, a cell proliferation
marker, in total lymph node total GPR15* Tregs, GPR15* RORyt-expressing Tregs, or GPR15"RORyt*
FoxP3-CD4" T cells between WT and Ppn2-haploinsufficient SKG mice (Supplemental Figure 9F).

Together, the data support the idea that Prpn2 haploinsufficiency enhances conversion of colon-
ic GPR15* cTregs into RORyt-expressing Tregs and exTregs either in the colon or after their egress and
recruitment to arthritic joints. However, enhanced colonic egress and/or joint recruitment of GPR15* T
cells was not ruled out and could also play a role.

PTPN?2 selectively promotes the stability of GPR15* Tregs in vitro and in vivo. The above results led us to ques-
tion whether PTPN2 differentially regulates the stability of GPR15" versus GPR15™ Tregs. Thus, we sorted
GPR15" and GPR15™ Tregs from pooled spleens and colons of either Ptpn2-haploinsufficient or WT Fox-
P3ECFP SKG mice and subjected these cells to in vitro IL-6—induced conversion (44). Notably, Ptpn2 haploin-
sufficiency only caused increased conversion of GPR15" Tregs into IL-17A—producing exTregs (Figure 5D).

Next, we sought evidence that the selective effect of PTPN2 on the stability of GPR15" Tregs occurs
in vivo and mediates the effect of Pfpn2 haploinsufficiency on SKG arthritis. We isolated GPR15* and
GPRI15" Tregs from either WT or Ptpn2-haploinsufficient CD45.2 FoxP3E6f? SKG mice and cotrans-
ferred these with CD4" effector T cells isolated from CD45.1 WT SKG mice into Rag2-KO mice, then
monitored development of arthritis after injection of mannan (Figure 5E). Consistent with the above-
mentioned in vitro data, only mice receiving Ptpn2-haploinsufficient GPR15* Tregs developed signifi-
cantly more severe arthritis compared with the other groups (Figure 5F), whereas arthritis development
in mice receiving Ptpn2-haploinsufficient GPR15™ Tregs was comparable to mice receiving either WT
GPR15* or GPR15™ Tregs (Figure 5F). Flow cytometric analysis of popliteal lymph nodes and ankles
of arthritic mice revealed increased frequencies of CD45.2* IL-17A—producing exTregs in mice receiv-
ing Ptpn2-haploinsufficient GPR15" Tregs (Figure 5G and Supplemental Figure 10A), supporting a
selective effect of Ptpn2 haploinsufficiency on GPR15* Treg stability. Furthermore, consistent with the
arthritis phenotype, no differences in exTregs were observed between mice receiving either Ptpn2-haplo-
insufficient GPR15 Tregs or WT GPR15" Tregs or GPR15 Tregs (Figure 5G and Supplemental Figure
10A). We did not observe any differences in the numbers of exTregs in the colon between all transfer
groups (Supplemental Figure 10C). CD45.1* Th17 cells derived from transferred CD4* effector cells
were also comparable between the groups (Figure SH and Supplemental Figure 10, B and D). To con-
firm that the observed differential effect of Ptpn2 haploinsufficiency was not due to selective alteration
of the suppressive capacity of either GPR15" or GPR15™ Tregs, we also performed in vitro Treg sup-
pression assays (Supplemental Figure 10, E and F). Although Prpn2 haploinsufficiency did not alter the
suppressive capacity of either GPR15" or GPR15™ Tregs, GPR15* Tregs showed increased suppressive
capacity when compared with GPR15™ Tregs regardless of Prpn2 genotype (Supplemental Figure 10E).

Together, these results strongly suggest that increased arthritis development observed in mice receiving
Prpn2-haploinsufficient Tregs is due to selectively increased destabilization of GPR15* Tregs.

Treg-specific Ptpn2 haploinsufficiency enhances SKG arthritis induced by subclinical colonic inflammation. To
gather further evidence that promotion of cTregs’ conversion into IL-17* T cells contributes to the observed
enhancement of DSS-induced SKG arthritis by Pipn2 haploinsufficiency, we bred Pipn2"* SKG mice with a
tamoxifen-inducible Treg fate-mapping model (44). These reporter mice (B6.SKG.H24/¢ FoxP3ECFP-ERT2Cre+/+
tdTomato™? Prpn2"*) carry tamoxifen-inducible Treg-specific haploinsufficiency of Ppn2 and EGFP
expression and tdTomato reporter expression from the Gt(ROSA)26 locus that identifies cells that are
currently expressing (Tregs) or at some point expressed FoxP3 (exTregs) (Figure 6A). Because tamoxifen
treatment is performed only in the prearthritic and pre-DSS phase, cells undergoing induction of FoxP3
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Figure 5. Ptpn2 haploinsufficiency causes enhanced conversion of GPR15* Tregs in vitro and in vivo. (A) Frequency of GPR15-expressing Tregs
(CD4*FoxP3*GPR15*) among CD4* T cells in spleen (Sp), lymph nodes (LN) and colons of prearthritic SKG mice (n = 7). (B and €) Number of GPR15* and
GPR15- RORyt* Tregs (CD4*RORyt*FoxP3* GPR15* or GPR15) and RORyt*FoxP3-CD4* T cells (CD4*RORyt*FoxP3- GPR15* or GPR157) in ankles of Ptpn2+/+
(n = 8) and Ptpn2*/~ (n = 12) SKG mice with mannan-induced arthritis at day 49 shown in Supplemental Figure 4. (D) Frequency of IL-17A-producing
exTregs (CD4*IL-17A*FoxP3°) after in vitro conversion of GPR15* and GPR15- Tregs isolated from Ptpn2+*/* (n = 5) and Ptpn2*/- (n = 5) FoxP3F"* SKG
mice. (E-G) Cotransfer of CD45.1 SKG CD4*CD25 Ptpn2+/+ Teffs together with GPR15* Ptpn2*/+ (n = 10) or Ptpn2*/- (n = 9) Tregs (CD4*FoxP35¢FP*CPR15")
or GPR15" Ptpn2+/* (n = 10) or Ptpn2*/- (n = 10) Tregs (CD4*FoxP3¢F**GPR15") into Rag2-KO mice. Arthritis was induced 1 week after cell transfer by

an intraperitoneal injection of mannan. (E) Schematic for adoptive transfer experiment. (F) Clinical score and change in ankle swelling in Rag2-KO
recipient mice. (G) Frequency of IL-17-producing exTregs (CD45.2*CD4*IL-17A*Foxp3-) in lymph nodes and ankles of arthritic recipient mice on day 28.
(H) Frequency of Th17 (CD45.1*CD4*IL-17A*FoxP3-) among CD45.1 Teffs in lymph nodes and ankles of arthritic recipient mice on day 28. Compiled data
from at least 2 (A) or 3 (D-H) independent experiments are shown. Each symbol in A-D, G, and H represents an individual mouse. Graphs show mean
+ SEM.*P < 0.05, **P < 0.01, ***P < 0.001 by 1-way ANOVA (A), unpaired t test (B and C), Mann-Whitney U test (F), or 2-way ANOVA (D, G, and H).

exclusively during the course of inflammation, such as the majority of locally induced Tregs in inflamed
joints, are excluded from the tracking. Tamoxifen-induced Ptpn2 haploinsufficiency in these mice enhanced
mannan-induced arthritis similar to that previously reported in the constitutive fate-mapping Ptpn2-hap-
loinsufficient mice (Supplemental Figure 11A) (44). We next assessed the effect of tamoxifen-inducible
Treg-selective haploinsufficiency of Ptpn2 in the context of DSS-induced arthritis. As shown in Figure 6, B
and C, Prpn2 haploinsufficiency in tamoxifen-inducible fate-mapping mice led to enhanced DSS-induced
arthritis. This phenotype correlated with an increased presence of GPR15* IL-17—producing exTregs in
joints, lymph nodes, and colons (Figure 6, D and E; and Supplemental Figure 11B), while differences in
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numbers of GPR15 IL-17-producing exTregs were minimal and nonsignificant (Figure 6F). On the other
hand, numbers of Th17 (tdTomato CD4*IL-17A*FoxP3") cells were similar between mice with Treg-selec-
tive haploinsufficiency of Ptpn2 and WT mice (Figure 6G).

Overall, these results support the idea that Prpn2 haploinsufficiency enhances DSS-induced arthritis in
SKG mice by inducing a Treg-intrinsic reduction in cTreg stability, which is mainly restricted to GPR15*
cells. The marked accumulation of GPR15* exTregs in the joints and lymph nodes of Prpn2*/~ fate-mapping
mice after low-dose DSS treatment suggests that cTregs’ instability at least in part links subclinical colonic
inflammation to enhanced arthritis in these mice.

Discussion

Experimentation in mouse models other than SKG has shown that the gut can host arthritogenic T cells
(18, 20). However, it remains unclear to which extent the relationship between gut inflammation and arthri-
tis is due to an enrichment of arthritogenic T cells within the gut versus promotion of systemic T cell
activation. Here, we established a cause-effect relationship between subclinical intestinal inflammation and
enhanced arthritis severity in SKG mice, a model that is known to develop both intestinal inflammation
and gut microbiome—dependent arthritis (21, 22, 52). We also leveraged the SKG model to demonstrate
that partial loss of function of PTPN2, mimicking common genetic PTPN2 variations associated with both
RA and IBD (2, 25, 32-34), in Tregs, interacts with gut inflammation to promote severity of arthritis. In
our current working model (shown in Figure 7), subclinical colonic inflammation promotes both expansion
of autoreactive T cells in the colon as well as cTregs’ instability and egress of autoreactive cTregs — but
also likely of RORyt-expressing Tregs, ex-cTregs, and cTh17 to the joints. Loss of PTPN2 impinges on this
arthritogenic mechanism via a Treg-intrinsic mechanism by further reducing cTreg stability at the colonic
level or in arthritic joints or at both locations. Loss of PTPN2 also enhances intestinal inflammation in
SKG mice, potentially through the same effect on cTreg stability and/or additional effects of PTPN2 on
lymphocyte and myeloid cells (32, 45, 46). Regulation of colonic T cell egress by PTPN2 via enhanced
colonic inflammation or more direct effects is also likely and warrants further investigation.

The intestinal mucosa is enriched with Th17 cells, and previous studies have shown that colonic T cells
can be arthritogenic (18, 53). GPR15 is important for the homing of Tregs to the colon and for the mainte-
nance of colonic immune homeostasis in mice (59, 61, 62). GPR15 can therefore be used as a marker for
murine colon-resident Tregs. Many of the cTregs show a Th17-like phenotype, expressing the transcription
factor RORyt, and the generation of these RORyt-expressing Tregs is at least partially IL-6 dependent (55).
These cells have an activated phenotype and play an important role in limiting Th17-mediated immune
responses not only in the gut but also in the periphery during autoimmune inflammation (54, 55, 63). In
line with this notion, we find RORyt-expressing Tregs mainly within the colons of prearthritic SKG mice,
where their generation is dependent on IL-6. During SKG mannan-induced and DSS-induced arthritis,
there is an expansion of RORyt-expressing Tregs in joint draining lymph nodes and arthritic ankles. It is
likely that this expansion is in part due to local inflammation-induced RORyt upregulation, but further
experimentation is necessary in order to distinguish RORyt-expressing Tregs that are joint recruited from
those that are induced locally in the context of arthritic inflammation. Nevertheless, joint and joint drain-
ing lymph node enrichment of GPR15* total Tregs and GPR15* RORyt-expressing Tregs observed in SKG
mice with Treg-specific haploinsufficiency of Ptpn2 induced in concomitance with DSS treatment supports
the idea of an early conversion of autoreactive cTregs or their egress to the joints. The earlier appearance
of GPR15" RORyt-expressing Tregs in ankles versus lymph nodes is also consistent with migration of
circulating cTregs into inflamed joints, where it has been reported that Tregs’ conversion can be driven by
synoviocyte-produced IL-6 (51).

Compared with peripheral Tregs, SKG cTregs have an increased tendency to lose FoxP3 expression
and convert into IL-17—-expressing arthritogenic exTregs after adoptive transfer into RAG mice. This obser-
vation is consistent with our finding that effector Tregs have an increased sensitivity to IL-6—promoted
conversion into pathogenic IL-17-producing exTregs, which correlates with their increased expression of
RORyt (44, 54, 55). Intriguingly, we find that the effect of Prpn2 haploinsufficiency on Treg stability is
limited to GPR15-expressing colonic Tregs. These cells also show an increased suppressive capacity com-
pared with GPR15 Tregs, which is unaffected by PTPN2 but might partially balance their instability. The
latter observation might explain why there is no difference in arthritis development between Rag2-KO mice
receiving GPR15* (which are predominantly cTregs) versus GPR15- WT Tregs.
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Figure 6. Inducible Treg-specific Ptpn2 haploinsufficiency aggravates development of DSS-induced arthritis. (A)
Schematic of B6.SKG.H2¢/¢ FoxP3EcFP-ERT2-Cre+/+ tdTomato™ " Ptpn2+/+ or Ptpn2™* inducible Treg fate-mapping mice. (B-G)
Female Ptpn2*/+ (n = 5) and Ptpn2/* (n = 7) inducible Treg fate-mapping mice received 0.5% DSS in their drinking water
for 10 days. After 10 days, the water was replaced with regular drinking water until the end of the experiment at day

61. Treg fate-mapping mice were administered 100 uL tamoxifen (20 mg/mL) via oral gavage for 5 consecutive days

to induce Cre expression. After the last treatment with tamoxifen, mice were rested for 2 weeks before receiving DSS
drinking water. (B) Change in body weight. (C) Clinical score and change in ankle thickness. (D) Number of IL-17-pro-
ducing exTregs (CD4*tdTomato*IL-17A*FoxP3") in lymph nodes, ankles, and colons. (E and F) Number of IL-17-producing
(E) GPR15* or (F) GPR15™ exTregs (CD4*tdTomato*IL-17A*FoxP3") in lymph nodes, ankles, and colons. (G) Number of
tdTomato™ Th17 (CD4*tdTomato"IL-17A*FoxP3") in lymph nodes, ankles, and colons. Compiled data from 2 independent
experiments are shown. Clinical score and ankle swelling were quantified using the area under the curve. Each symbol
in D-G represents an individual mouse. Graphs show mean + SEM *P < 0.05, **P < 0.01, ***P < 0.001 by Mann-Whitney
U test (C) or unpaired t test (D-G).
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Figure 7. Proposed model of how PTPN2-controlled stability of GPR15-expressing colonic Tregs affects the gut-

joint inflammation axis in autoimmune arthritis. Subclinical colonic inflammation promotes both expansion of
autoreactive CD4* T cells as well as instability of GPR15-expressing RORyt* cTregs, resulting in egress of autoreactive
GPR15-expressing RORyt* cTregs, ex-cTregs, and cTh17 to the joints. Loss of PTPN2 impinges on this process via a
Treg-intrinsic mechanism by further reducing cTreg stability at the colonic level or in arthritic joints or at both locations,
which amplifies both colonic and subsequent joint inflammation.

DSS treatment induced an expansion of colonic Tregs and Th17 in SKG mice. However, the frequency
of these T cell populations was not increased in DSS-treated versus prearthritic colons. There was also no
differential expansion of these populations in the colons of Ppn2*'* versus Ptpn2*/~ mice after DSS treat-
ment, despite an increased infiltration of total immune cells and T cells in Ptpn2*~ mice. The lack of cor-
relation between joint and colonic expansion of Tregs and Th17 supports our hypothesis of an enhanced
colonic egress of cTregs. However, our histopathological analysis of immune cell infiltration was limited to
the distal part of the colon, whereas the flow cytometric analysis of CD4" T cells was performed on whole
colons at more than 10 days after DSS mark. Thus, our study might be insensitive to localized expansions
of Tregs or Th17 cells or to potentially transient phenomena that occur before the 10-day after DSS mark.

In addition to the known caveats of modeling human arthritis in mice (19, 64), the direct translatabil-
ity of our findings in SKG arthritis might be limited by differences in the expression patterns of GPR15
between human and mouse immune cells (in humans, GPR15 is mainly found on effector cells and to lesser
extent on Tregs, refs. 61, 65). Further experimentation is also needed to understand the molecular basis of
the selective effect of Prpn2 haploinsufficiency in GPR15* versus GPR15™ Tregs and whether the effect of
PTPN2 is limited to IL-6-induced Treg instability. Also, PTPN2 regulates epithelial gut barrier functions
(66), and its complete loss can affect the gut microbiome in mice (46). Thus, it is possible that gut dysbiosis
also contributes to enhancing arthritis severity in Ptpn2-haploinsufficient SKG mice.

Despite these limitations, our study does support the idea that autoimmune-associated haploinsuffi-
ciency in Ptpn2 promotes development of arthritis through an action on a population of cTregs expressing
GPR15. Such destabilization of cTregs might also play a role in the mechanism of action of PTPNZ2 in IBD.
No genetic association between PTPNZ2 and SpAs has emerged so far; however, to the best of our knowl-
edge, GWAS in SpAs have been limited to ankylosing spondylitis and psoriatic arthritis (3, 67). Thus, we
also suggest that a potential role of PTPN2 in enteropathic arthritis is worth exploration.

Our model contributes to clarifying how genetic risk factors for autoimmunity interact with the gut
microenvironment in the pathogenesis of disease and is particularly fitting for genes, such as PTPN2,
that are shared between IBD and RA or SpA. We also validated the SKG mouse as a model to study
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the gut-joint axis and established a potentially novel model of arthritis triggered by subclinical colonic
inflammation. Considering that IL-17 is believed to play a more critical role in SpA versus RA (48,
68) and the emerging importance of SKG mice as a model for SpA inflammation, our colitis-induced
model might also be applicable to studying the mechanism of action of SpA genes, and especially
enteropathic arthritis.

Methods

Mice. BALB/c SKG, BALB/c Ptpn2*'~, and C57BL/6 (B6) Prpn2-floxed (Ptpn2V") mice have been previ-
ously described (37, 69, 70). B6 mice congenic for the H2¢ haplotype (JAX 000359, B6.C-H2¢ /bByl),
B6 FoxP3YF-Ce [JAX 016959, B6.129(Cg)-Foxp3m4YFr/iCrayr/y (71)], FoxP3ECFPERTCre [JAX (016961,
B6.Foxp3tm9(EGFP/cre/ERT2)Ayr/J (72)], B6 ROSA-26-tdTomato [JAX 007914, B6;Cg-Gt(RO-
SA)26Sormi4CAGudTomaotize / T (773)] BALB/c FoxP3-EGFP [JAX 006769, C.Cg-Foxp3™™/J (74)], BALB/c
CD45.1 [JAX 006584, CByJ.SJL(B6)-Ptprc?/J], BALB/c Il67- [JAX 007078, CBylJ.129S2(B6)-116™%/]],
and BALB/c (JAX 000651, BALB/cJ) mice were all purchased from The Jackson Laboratory. Breeding
onto the SKG background was performed in-house. BALB/c Rag2-KO mice were purchased from Taconic
(model 601). All mice were housed in the UCSD vivarium under specific pathogen—free conditions.

Mannan-induced arthritis. Male or female 8-week-old SKG mice were injected i.p. with 20 mg of mannan
(M7504, MilliporeSigma), dissolved in sterile PBS. Clinical scoring and measurement of ankle thickness
using a digital caliper were performed twice weekly according to an established protocol (23, 44). Clinical
signs of arthritis in front and hind paws were scored as follows: 0, no joint swelling; 0.1 per swollen digit (3
digits on front paw and 4 digits on hind paw); 0.5, mild swelling of wrist or ankle; and 1.0, severe swelling
of wrist or ankle. Scores for all digits of fore paws and hind paws, wrists, and ankles were combined for
each mouse, yielding a maximum score of 5.4, which was considered the clinical endpoint. Mice reaching
clinical endpoint scores were sacrificed according to ethical guidelines. All arthritis studies were performed
on littermate mice. Clinical scoring of mice was performed in a blinded manner in which genotypes were
unknown to the researcher during scoring.

DSS-induced arthritis. For induction of intestinal inflammation, drinking water containing 0.5% DSS
(MP216011025, MP Biomedicals) was administered to 8-week-old female or male Ptpn2*'* or Ptpn2*'~- SKG
mice for 10 days. After 10 days, the DSS-containing drinking water was replaced with regular drinking
water until the end of the experiment. Body weight was monitored twice per week to determine potential
development of colitis. Development of arthritis in littermate mice was evaluated in a blinded manner by
clinical scoring and measurement of ankle thickness as described above.

Constitutive and inducible Treg fate-mapping mice. For evaluation of Treg fate in vivo, we used our
recently described constitutive Treg fate-mapping mice (44) on the SKG background (B6.SKG.H2/¢
FoxP3YFP-Cet/~ tdTom"* Ptpn2*'* or Ptpn2"*) and inducible Treg fate-mapping mice that were generated
by crossing B6 FoxP3FCFP-ERT2-Cre+/+ mice with B6 ROSA-26-tdTomato™!, B6 Pipn2"", and B6.SKG.H24
mice. In the resulting B6.SKG.H2%/¢ FoxP3ECFP-ERT2-Cre+/+ tdTomato™ ! Prpn2*/* or Ptpn2"* mice, FoxP3FCFP+
Tregs carry an inducible Cre-ERT?2 fusion protein that can be activated by administration of tamoxi-
fen, allowing for generation of Treg-specific Ptpn2 haploinsufficiency and fate mapping. To induce Cre
expression, 8-week-old Ptpn2*/* and Prpn2"* female inducible Treg fate-mapping mice were adminis-
tered 100 pL tamoxifen (T5648, MilliporeSigma, 20 mg/mL dissolved in corn oil) via oral gavage (for
DSS treatment) or by i.p. injection (for mannan-induced arthritis) for 5 consecutive days (75). Two weeks
after the last treatment, a blood sample was collected by retro-orbital bleeding, and tdTomato expression
in EGFP* (FoxP3*) CD4" T cells was analyzed by flow cytometry to confirm successful induction of Cre
expression by tamoxifen. Tamoxifen-treated mice were either treated with 0.5% DSS drinking water or
administered a single i.p. injection of 20 mg of mannan to induce arthritis as described above.

Histological assessment of arthritic joints. Hind paws were fixed in 10% neutral-buffered zinc/formalin,
decalcified, and embedded in paraffin. Sections were prepared from tissue blocks by HistoTox and stained
with H&E and toluidine blue. Histopathological evaluation of synovial inflammation and bone erosion was
performed from H&E-stained slides and cartilage erosion from toluidine blue—stained slides. Scoring of syno-
vial inflammation, bone destruction, and cartilage depletion was performed in a blinded manner by 2 inde-
pendent researchers as previously described (76).

Histological assessment of colons. The colon was separated into 3 parts: proximal, middle, and distal.
After removing feces, each colon sample was fixed in 10% neutral-buffered formalin. The 3 parts of the
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colon were then embedded in a single paraffin block, sectioned, and stained with H&E. Histopathological
scoring for infiltration was performed in a blinded manner as previously described (77). Histological signs
of immune infiltration were scored as follows: 0, no infiltrate; 1, infiltrate around crypt basis; 2, infiltrate
reaching to muscular mucosae; 3, extensive infiltration reaching the muscular mucosae and thickening of
the mucosa with abundant edema; and 4, infiltration of the submucosa.

Cell preparation and flow cytometry. Single-cell suspensions were prepared from lymph nodes and spleens
by mincing the tissues through a 70 pum cell strainer. Isolation of cells from the colonic lamina propria was
performed according to a previously published protocol (78). Briefly, colons were segmented and washed with
Hanks’ balanced salt solution (HBSS), after which the mucosal layer was removed using fetal bovine serum—
free (FBS-free) HBSS containing 25 mM HEPES and 20 mM EDTA. The colonic tissue was then dissociated
using collagenase VIII (C2139, MilliporeSigma, 0.67 mg/mL) and DNase I (10104159001, Roche, 0.05 mg/
mL) for 30 minutes at 37°C, after which lymphocytes were isolated using a Percoll gradient. For isolation of
synovial cells, joints were rinsed with 5% FBS RPMI medium and dissociated with collagenase VIII (0.67
mg/mL) and DNase I (0.05 mg/mL) at 37°C for 40 minutes. Cells were preincubated with Fc block (2.4G2,
BD Pharmingen) before antibody staining. For surface staining, fluorescence-conjugated antibodies against
CD4 (RM4-5), CD8 (53-6.7), TCRB (H57-597), CD45.2 (30F11), CD45.1 (A20), and CD25 (PC65.1) were
purchased from eBioscience, Thermo Fisher Scientific. The anti-GPR15 antibody (S150421) was obtained
from BioLegend. For intracellular cytokine staining, cells were incubated with 20 ng/mL phorbol 12-myri-
state 13-acetate (PMA, P8139, MilliporeSigma) and 1 pM ionomycin (10634, MilliporeSigma) in the pres-
ence of brefeldin A (1:1000 dilution, 00-4506-51, eBioscience, Thermo Fisher Scientific) for 5 hours at 37°C.
Intracellular staining was performed with the IC fixation buffer (50-112-9058, eBioscience, Thermo Fisher
Scientific) and permeabilization buffer (00-5123-43, eBioscience, Thermo Fisher Scientific). For intracellular
staining of transcription factors, the FoxP3/Transcription Factor staining buffer set was used (50-112-8857,
eBioscience, Thermo Fisher Scientific). Antibodies against FoxP3 (FJK-16s), RORyt (B2D), Ki-67 (SolA15),
and IFN-y (XMG1.2) were obtained from eBioscience, Thermo Fisher Scientific. The anti-IL-17A antibody
(TC11-18H10.1) was purchased from BioLegend. Dead cells were excluded by staining with Fixable Viability
dye (65-0866-18) from eBioscience, Thermo Fisher Scientific. Cells were analyzed on a Bio-Rad ZE5 Cell
Analyzer. Flow-sorting was performed on a FACSARIA II (BD). Flow cytometry data were analyzed using
FlowJo software (Tree Star, Inc.).

CD4* T cell transfer in Rag2-KO mice. CD4* SKG T cells (1 x 10°) flow-sorted from either the spleen or the
colonic lamina propria of 10-week-old female CD45.1* FoxP3ESf** SKG mice were transferred into 8-week-
old female CD45.2 Rag2-KO BALB/c mice through retro-orbital injection. One week after transfer, arthritis
was induced in recipient mice by a single i.p. injection with 20 mg mannan. Development of arthritis in
littermate mice was evaluated in a blinded manner by clinical scoring and measurement of ankle thickness
as described above. To evaluate the effect of subclinical colonic inflammation on the generation of arthrito-
genic CD4* T cells, female SKG mice were administered either 0.5% DSS water or regular water as described
above. At day 10, CD4* T cells (1.5 x 10°) were flow-sorted from the colonic lamina propria and transferred
into 8-week-old female BALB/c Rag2-KO mice through retro-orbital injection. Arthritis was induced and
monitored as described above.

In vitro Treg conversion assay. In vitro conversion of FoxP3* SKG Tregs was performed using our previ-
ously established protocol, which is adopted from a protocol by Komatsu et al. (44, 51). For experiments
presented in Figure 4C, colonic CD4*FoxP3ECFP* SKG Tregs were flow-sorted from 8- to 10-week-old male
or female Prpn2*'* and Ptpn2*- FoxP3ESF? SKG mice. For experiments in Figure 5D, GPR15* or GPR15"
CD4*FoxP3ECF* SKG Tregs were flow-sorted from pooled spleens and colons isolated from either Ppn2*/*
or Ppn2*’~ 8- to 10-week-old male or female FoxP3ES™ SKG mice. Sorted Tregs were stimulated with
Dynabeads mouse anti-CD3/CD28 T cell activation beads (11452D, Invitrogen, Thermo Fisher Scientific)
in the presence of IL-6 (575702, BioLegend; 50 ng/mL) for 96 hours. After 96 hours, cells were restimu-
lated with PMA (20 ng/mL), ionomycin (1 uM), and brefeldin A for 5 hours and analyzed for the expres-
sion of IL-17A, FoxP3, and RORyt using flow cytometry.

In vivo Treg stability assays in Rag2-KO mice. For evaluation of Treg stability during arthritis devel-
opment, we used our previously established protocol (44). For experiments evaluating the difference
between colonic and peripheral Tregs (Figure 4, D-G; and Supplemental Figure 8), CD4* FoxP3EGP+
SKG Tregs were flow-sorted from spleen or the colonic lamina propria of 8- to 10-week-old female
Ptpn2*’* CD45.1 FoxP3ES*? SKG mice, whereas CD4*CD25- effector T cells were sorted from 8- to
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10-week-old female Pipn2+/* CD45.2 SKG mice. For experiments evaluating the role of PTPN2
in cTregs (Figure 4, H-K; and Supplemental Figure 8), CD4"FoxP3 " were flow-sorted from the
colon lamina propria of 8- to 10-week-old female CD45.2 FoxP3EC™ Prpn2*/* or Prpn2*~ SKG mice,
and CD4*CD25" effector T cells were sorted from 8- to 10-week-old female Ptpn2*’* CD45.1 SKG
mice. For experiments evaluating the role of PTPN2 in GPR15* and GPR15 Tregs (Figure 5, E-H),
GPR15* or GPR15 CD4*FoxP3ECf** SKG Tregs were sorted from pooled spleen and colonic lamina
propria obtained from 8- to 10-week-old female CD45.2 FoxP3ES? Pryn2*/* or Ptpn2*- SKG mice, and
CD4*CD25" effector T cells were sorted from 8- to 10-week-old female Ptpn2*/* CD45.1 SKG mice.
After isolation, sorted Tregs (1 x 10°) were transferred in combination with CD4*CD25 SKG effector
T cells (4 x 10°) to 8-week-old female Rag2-KO mice. One week after transfer, mice were injected i.p.
with 20 mg of mannan to boost induction of arthritis. Development of arthritis in littermate mice was
evaluated in a blinded manner by clinical scoring and measurement of ankle thickness as described
above. At the end of the experiment, flow cytometry was used for analysis of CD4* T cells in lymph
nodes, ankles, and colons of arthritic mice.

Assessment of Treg stability in fate-mapping mice. Briefly, single-cell suspensions were prepared from
spleens, lymph nodes, and colonic lamina propria obtained from B6.SKG.H2%¢ FoxP3Yf*-Cret/~ tdTom"*
Prtpn2*'+ or Prpn2"V* or B6.SKG.H2%¢ FoxP3ECFPERT2Cret/+ tdTomato! Prpn2*/* or Ptpn2"* female mice as
described above. Isolated cells were then stimulated with PMA, ionomycin, and brefeldin A for 5 hours as
described above. After stimulation the presence of IL-17* exTregs was analyzed by flow cytometry.

Treg suppression assay in vitro. GPR15* or GPR15™ Tregs (CD4*FoxP3ESF*) were flow-sorted from
pooled spleens and colonic lamina propria isolated from either Pipn2** or Ppn2*'~ 8-week-old BALB/c
FoxP3FC" SKG mice. Naive CD4* T cells (CD4*CD62L*CD44°CD25) were sorted from the spleens of
BALB/c Ptpn2*/* mice. Naive CD4" T cells were stained with CellTrace Violet (C34557, Invitrogen, Ther-
mo Fisher Scientific) to track proliferation. CellTrace-labeled naive CD4* T cells (5 X 10*) were then cocul-
tured with varying numbers of Tregs, in the presence of 5 pg/mL of soluble anti-CD3 (100302, BioLegend)
and 1 x 10° units of mytomycin C—treated (60 pg, M4287, MilliporeSigma) splenocytes from female BAL-
B/c Rag2-KO mice as antigen-presenting cells. Cells were cultured for 3 days, after which proliferation of
naive CD4* T cells was evaluated by flow cytometry.

Statistics. Sample sizes were selected based on our experience with the abovementioned assays in order
to achieve sufficient power to detect biologically relevant differences in the experiments being conducted. For
statistical analysis, 2-tailed Mann-Whitney U test was performed on nonparametric data, and 2-tailed unpaired
t test was performed on normally distributed data. For comparison of multiple parameters, 1-way or 2-way
ANOVA was used. The statistical test used for each individual experiment is reported in the figure legend. All
statistical calculations were performed using GraphPad Prism software. A comparison was considered signifi-
cant if Pwas less than 0.05.

Study approval. The studies in animals were conducted in accordance with a protocol approved by the
TIACUC of the UCSD (protocol S16098).
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