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Abstract

Genetic variants at the PTPNZ2 locus, which encodes the tyrosine phosphatase
PTPN2, cause reduced gene expression and are linked to rheumatoid arthritis
(RA) and other autoimmune diseases. PTPN2 inhibits signaling through the T cell
and cytokine receptors and loss of PTPN2 promotes T cell expansion and CD4
and CD8-driven autoimmunity. However, it remains unknown whether loss of
PTPN2 in FoxP3" regulatory T cells (Treg) plays a role in autoimmunity. Here we
aimed to model human autoimmune-predisposing PTPNZ2 variants, which results
in a partial loss of PTPN2 expression, in mouse models of RA. We identified that
reduced expression of Ptpn2 enhanced the severity of autoimmune arthritis in the
T cell dependent SKG mouse model and demonstrated that this phenotype was
mediated through a Treg-intrinsic mechanism. Mechanistically, we found that
through dephosphorylation of STAT3, PtpnZ2 inhibits IL-6-driven pathogenic loss of
FoxP3 after Tregs have acquired RORyt expression, at a stage when chromatin
accessibility for STAT3-targeted IL-17 associated transcription factors is
maximized. We conclude that PTPN2 promotes FoxP3 stability in mouse RORyt"
Tregs and that loss of function of PTPN2 in Tregs contributes to the association
between PTPNZ2 and autoimmunity.



Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune, systemic inflammatory
disorder that primarily affects diarthrodial joints(1). To date, various genome-wide
association studies (GWAS) have identified over 100 risk loci for RA(2, 3). One
gene found to be highly associated with RA is PTPN2, which encodes for the
protein tyrosine phosphatase (PTP) PTPN2, also known as T cell PTP(2). PTPN2
also strongly associates with inflammatory bowel disease (IBD)(4). Homozygous
carriage of the risk allele at the rs1893217 SNP - that tags an autoimmunity-
associated PTPNZ2 haplotype - results in a 33-50% decrease in PTPN2 mRNA in
human CD4" memory T cells(5). Also, the same rs1893217 risk allele drove
reduced PTPN2 protein expression and acted as a loss-of-function variant when
transfected into THP-1 cells(6).

PTPN2 is a ubiquitously expressed PTP and in hematopoietic cells it works
as an important negative regulator of T cell receptor (TCR) and cytokine signaling
by dephosphorylating SRC family kinases Lck and Fyn, Janus-activating kinases
(JAK)-1 and -3 and Signaling transducer and activators of transcription (STATS)-
1, 3 and 5(7-11).

How loss of function of PTPN2 promotes risk of RA and other autoimmune
diseases is incompletely understood. However, the importance of PTPN2 in
inflammation is exemplified by the fact that global deletion of Ptpn2 in mice leads
to early lethality due to progressive systemic myeloid-cell driven inflammation(12).
Further experiments with mice carrying conditional deletion of Pipn2 demonstrated
that PTPN2 also plays a critical role in maintenance of T cell tolerance. Mice
carrying T cell specific deletion of Ptpn2 showed enhanced TCR signaling, altered
thymic selection and increased proliferation of peripheral T cells, together resulting
in CD8-driven systemic autoimmunity(9). Complete Ptpn2 deficiency in T cells also
favored CD4 polarization towards a Th1 and Th17 fate, promoting aggressive
colitis(13), which correlated with increased Th1 and Th17 marker expression in
inflamed colon tissue from Crohn’s disease (CD) patients carriers of
rs1893217(13).



Although these studies point to a role of PTPN2 in modulation of T cell
tolerance, it remains unclear how loss of function of PTPN2 affects autoimmunity-
protective FoxP3" regulatory T cells (Treg)(14, 15). Two studies showing that
complete knockout (KO)(9, 10) of Ptpn2 promotes Treg expansion and FoxP3
stabilization in induced Tregs (iTreg)(16) suggest that loss of function of Pfpn2 in
Treg might partially counterbalance the autoimmunity risk induced by Pfpn2 KO in
FoxP3 negative CD4 and CD8 T cells. However, the role of PTPN2 or other
tyrosine phosphatases in Tregs has yet to be addressed through cell-specific

genetic manipulation.

In the present study, aimed to model the effect of partial loss of function of
PTPNZ2 in autoimmunity-prone human carriers, we assessed whether
haploinsufficiency of Pipn2 enhances severity of disease in multiple models of RA.
We show that Ptpn2 haploinsufficiency promotes CD4-driven autoimmune arthritis.
Unexpectedly, we found that partial loss of function of Ptpn2 in Tregs promotes
autoimmunity by destabilizing FoxP3 expression in the context of arthritis-induced
inflammation.



Results
PTPN2 haploinsufficiency promotes T cell-mediated arthritis

Figures 1A-C shows an in silico assessment of the extent of overlap
between RA-associated SNPs and DNase | hypersensitivity sites (DHS) and active
histone marks in the PTPN2 locus for different immune cell types. This type of
analysis is useful to get insight about the key cellular players where the PTPN2
locus selectively harbors a higher number of cis-regulatory DNA elements (DHS)
and thus are most likely to be perturbed by the RA-associated SNPs(17). We found
that the PTPNZ2 locus shows distinct patterns of DHS and histone modifications in
CD4 T cells as compared to B cells and monocytes (Figure 1A and Supplemental
Figure 1A), suggesting that the locus is more accessible and active in T cells. CD4
memory T cells were particularly enriched for DHS within the PTPNZ2 locus (Figure
1B). RA-associated PTPN2 SNPs that directly overlap with DHS were also
enriched in CD4 T cells, overall pointing to CD4 T cells as the key cellular target
of PTPN2-dependent pathogenesis of RA (Figure 1C).

Since PTPN2 regulates important functions in innate immune cells such as
macrophages and in synovial fibroblasts(7, 18), we first subjected Pton2"* and
Ptpn2*" BALB/c mice to K/BxN passive serum transfer and collagen antibody-
induced arthritis (CAIA), two models dependent on innate immune cells (19-22). In
these models, Ptpn2 haploinsufficiency did not affect development of arthritis
(Figure 1D and Supplemental Figure 1B, C), suggesting that partial loss of function
of Ptpn2 does not enhance the arthritogenic action of innate immune cells.

We next evaluated the effect of Ptpn2 haploinsufficiency in the SKG model
of autoimmune arthritis. The Zap70%¢ (W163C) mutation results in altered thymic
selection and emergence of self-reactive T cells that in the context of the H-2°
haplotype, result in Th17 cell dependent spontaneous arthritis (23, 24). Partial
loss of function of Ptpn2 significantly increased spontaneous development of
arthritis in female SKG mice (Figure 1E), with increased cartilage depletion and
bone damage (Supplemental Figure 1D, E).

Arthritis onset can be synchronized in SKG mice by injection of mannan(23).
Male Ptpn2+" SKG mice developed worse arthritis after injection of mannan,



correlating with significantly increased expression of the inflammatory cytokines
I11b, Tnf, 1l6, Tnfsf11 (the gene encoding for RANK-ligand) and //17a in arthritic
ankles (Figure 2A-D). We also observed an increased severity of mannan-induced
arthritis in female Ptpn2*" SKG mice (data not shown). We conclude that Ptpn2
haploinsufficiency, which reduces the expression of Ptpn2 to levels comparable to
what reported for carrier of disease associated PTPN2 SNPs (Supplemental
Figure 1F), enhances severity of arthritis in a T cell- but not in innate immune cell-
mediated models of arthritis.

Ptpn2 haploinsufficiency promotes enrichment of Th17 cells and ectopic
lymphoid-like structures

Next, we immunophenotyped Ptpn2** and Ptpn2*- SKG mice subjected to
mannan-induced arthritis. We found no difference in the number of total CD4 T
cells or in effector populations Th1 and Th17 or Tregs in popliteal lymph nodes of
Ptpn2*™* vs Ptpon2*~ SKG mice (Figure 3A).

In SKG arthritic ankles we mainly found CD4 T cells with an effector
phenotype (Figure 3B) while, consistent with previous reports, CD8 T cells were
almost absent (24, 25). Arthritic joints from Ptpn2*" SKG mice displayed increased
numbers CD4 T cells with specific expansion of Th17 cells when compared to
Ptpn2*""* SKG mice (Figure 3C-E). There was no difference in the number of either
RORyt" or RORyt” Tregs, and no Th1 cells were found within arthritic ankles (Figure
3D, E). There was a significant correlation between the number of Th17 cells in
arthritic ankles and the clinical arthritis score (Figure 3E), suggesting that the
arthritogenic action of Ptpn2 haploinsufficiency in SKG mice is mediated through
increased joint accumulation of Th17 cells.

Assessment of synovial tissue from arthritic Ptpn2"”" SKG mice also
displayed an increased presence of lymphoid nodules composed by B cells
(B220+), clustering within close proximity to CD4 T cell (Figure 3F, G). The
formation of these lymphoid nodules was reminiscent of the ectopic lymphoid
structures (ELS) that are present within the synovium of a subgroup of RA patients
and correlate with more severe disease course(26). Th17 cells can contribute to
the formation of ELS through production of IL-17 which stimulates expression of



CXCL13(26, 27). Consistent with the increased accumulation of Th17 cells in
Ptpn2*" SKG arthritic ankles, we found an increased expression of ELS-associated
genes including Cxcl12, Cxcl13, Lta, Ltb and Prdm1(28) in the same joints (Figure
3H), while there was no difference in the expression of Bcl6. Together, these
results further support the notion that increased arthritis in Ptpn2+" SKG mice is
mediated through a Th17-dependent mechanism.

T cell specific haploinsufficiency of Ptpn2 promotes arthritis

Previous studies have concluded that B cells play a minor role, if any, in
SKG arthritis(24). Accordingly, B cell depletion during the arthritic phase did not
influence disease severity in SKG mice (Supplemental Figure 2), thus it is unlikely
that promotion of SKG arthritis by Ptpn2 haploinsufficiency is mediated through an
action on B cells.

We therefore turned our attention to T cells. To verify that the partial loss of
function of Ptpn2 promotes SKG arthritis through a T cell intrinsic mechanism, we
generated SKG mice carrying T cell specific haploinsufficiency of Ptpn2 on the B6
background. First, we backcrossed the SKG mutation onto the B6 background for
10 generations. Next, we made our B6.SKG mice congenic for the H2¢ haplotype,
thus generating B6.SKG.H2® mice. We verified that B6.SKG.H2¥ mice
developed similar arthritis as SKG mice after injection of mannan, and displayed
similar synovial inflammation and bone destruction (Figure 4A, B). Also,
B6.SKG.H2%? mice showed similar enrichment of Th17 cells in popliteal lymph
nodes and arthritic ankles as seen in SKG mice (Figure 4C).

B6.SKG.H2Y® mice were further crossed with Pton2 floxed (Pton2™) and
Lck-cre” mice, thus generating B6.SKG.H2%?. Pton2™"* Lck-cre* mice carrying T cell
specific haploinsufficiency of Ptpn2 (Figure 4D). When subjected to mannan-
induced arthritis, female and male B6.SKG.H2%°.Pton2"* Lck-cre* mice displayed
more severe disease compared to control B6.SKG.H2¥?.Ptpn2"* Lck-cre™ mice
(Figure 4E, F). We conclude that Ptpn2 haploinsufficiency promotes development
of SKG arthritis through an intrinsic effect on T cells.

Ptpn2 haploinsufficient CD4 T cells transfer enhanced arthritis severity



SKG CD4 T cells can transfer arthritis to Rag2-KO mice(23). As shown in
Figure 5A-C, Rag2-KO transferred with CD4 T cells isolated from Ptpn2*" SKG
mice developed significantly worse arthritis than mice transferred with CD4 T cells
from Ptpn2""* SKG mice. Importantly, transfer of Ptpn2"~ SKG CD4 T cells also
caused increased formation of lymphoid nodules in arthritic ankles of Rag2-KO
mice (Figure 5D). These data confirm that Ptpn2 haploinsufficiency enhances
arthritis through an action on CD4 T cells.

In order to understand how Ptpn2 haploinsufficiency affects CD4 T cell
differentiation during SKG arthritis, we generated CD4 T cell chimeras by
transferring CD4 T cells isolated from pre-arthritic CD45.1 and CD45.2 Pton2*"* or
Pton2"" SKG mice into Rag2-KO mice (Figure 5E). Assessment of arthritic
chimeric mice revealed preferential expansion of Pton2*~ SKG CD4 T cells over
Ptpn2*"* SKG CD4 T cells in lymph nodes (Figure 5F). We observed preferential
expansion of Ptpn2+" SKG Treg in the spleen and of Th1 and especially Th17 cells
in lymph nodes (Figure 5G, H). The above-mentioned phenotype was not due to
differences in the frequencies of naive or effector subsets of CD4 T cells in the
pre-arthritic mice used for adoptive transfer (Supplemental Figure 3A). We
conclude that PtpnZ2 haploinsufficiency leads to increased expansion of SKG CD4
T cells and their effector subsets after transfer into lymphopenic hosts.

Thymic selection and TCR signaling are not altered by Ptpn2
haploinsufficiency

Complete deletion of Ptpn2 in T cells alters thymic selection and promotes
peripheral expansion of specific T cell clones, effects depending on the role of
PTPN2 as a negative regulator of TCR signaling (9, 10, 29). However, we did not
find any evidence for altered thymic selection or selective expansion of specific
peripheral VB CD4 T cell clones in Pton2*~ SKG mice compared to Pton2"* SKG
mice (Supplemental Figure 3B, C). Also, we did not detect any differences in the
induction of CD69 or CD25 after TCR stimulation between Ptpn2** and Ptpn2*"
naive SKG CD4 T cells (Supplemental Figure 4A, B). Although further studies are
needed to conclusively rule out a role for a Ptpn2 haploinsufficiency in thymic
selection, our data strongly suggest that Ptpn2 haploinsufficiency promotes



arthritis development through peripheral expansion of pathogenic Th17 and
perhaps also Th1 cells.
Increased sensitivity to IL-2 in Ptpn2 haploinsufficient CD4 T cells

Although an expansion of Ptpn2*” Th1 cells was only observed T cell
chimeric mice and not in arthritic Ptpn2*~ SKG mice, we did consider a potential
arthritogenic role of Ptpn2 haploinsufficient Th1 cells. Since IL-2 promotes
differentiation of Th1 cells(30) and previous reports have identified PTPN2 as an
important negative regulator of IL-2 signaling in CD4 T cells(9), we first assessed
IL-2-signaling in pre-activated Ptpn2*"* vs. Pton2*" naive SKG CD4 T cells. In line
with previous reports, we found increased IL-2 induced activation of STATS in
naive Ptpn2"” SKG CD4 T cells (Supplemental Figure 4C). This enhanced
sensitivity to IL-2 correlated with significantly increased differentiation into Th1
cells from naive Pton2"" SKG CD4 T cells while there was no evidence of
enhanced IFNy signaling (Supplemental Figure 4D, E). However, IFNy-producing
SKG CD4 T cells -i.e. Th1 cells- play a protective role in SKG arthritis(31).
Accordingly, global KO of IFNy aggravated arthritis development in SKG mice
(Supplemental Figure 4F). We conclude that although increased IL-2 signaling in
Ptpn2*" SKG mice can promote Th1 (and potentially Treg) expansion, Th1 cells
are unlikely to mediate the increased arthritis severity observed in these mice.
Enhanced arthritis is driven by IL-6 and IL-17

Development of arthritis in SKG mice is partially dependent on IL-6 and IL-
17(23, 25, 31). We verified the IL-17-dependence of SKG arthritis and lymphoid
nodule development by treating SKG and SKG CD4 T cell-recipient Rag2-KO mice
with IL-17A-neutralizing antibodies during the course of mannan-induced arthritis
(Supplemental Figure 5A-D). To determine if enhanced arthritis in Ptpn2'" SKG
mice was IL-17- and/or IL-6 dependent, we treated Pton2*"* and Ptpn2*" SKG mice
with IL-17A-neutralizing or IL-6-receptor (IL6-R)-blocking antibodies. Both
treatments eliminated differences in arthritis development and lymphocyte
accumulation in arthritic ankles between Pton2** and Ptpn2*" SKG mice (Figure
6A-C), while only partially suppressing disease development. Another cytokine

that is important for the pathogenesis of arthritis in SKG mice is TNFa(25).
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However, we did not find any difference in TNFa production between Pipn2™" and
Ptpn2*" SKG CD4 T cells (Supplemental Figure 5E). These data suggest that the
increased arthritis in Ptpn2*" SKG mice is driven by IL-6 and IL-17 but not by
increased TNFa production from CD4 T cells. We only detected minimal IL-6
production from SKG CD4 T cells which was unaffected by Ptpn2 haploinsufficieny
(Supplemental Figure 5F, G) pointing to T cell extrinsic sources of IL-6 as critical
for the enhanced arthritis of Pton2*~ SKG mice.

PTPN2 haploinsufficiency promotes conversion of Tregs

IL-6 is required for the differentiation of naive CD4 T cells into Th17(32). In
contrast to previous reports showing that complete loss of Ptpn2 promotes Th17
differentiation(13), naive SKG CD4 T cells from Pton2*" mice did not display
enhanced capacity for Th17 differentiation in vitro (Figure 6D). This was not due
to an altered expression of the il6ra complex in Ptpn2*" naive SKG CD4 T cells
(Supplemental Figure 5H). Thus, the accumulation of Th17 observed in arthritic
joints of Ptpn2*" SKG mice is unlikely due to increased differentiation of naive CD4
T cells into Th17.

IL-6 dependent conversion of FoxP3" Tregs into IL-17-producing FoxP3™ T
cells has previously been reported in the collagen induced arthritis (CIA) model,
and suggested as a source of autoreactive IL-17 producing cells in RA(33). We
therefore questioned whether Ptpn2 haploinsufficiency promotes IL-6-dependent
loss of Foxp3 by Treg and trans-differentiation into IL-17-producing T cells in SKG
mice. Figure 6E show that Ptpn2*~ SKG Tregs displayed enhanced IL-6-induced
in vitro conversion into IL-17 producing Foxp3™ cells. Similar to naive SKG CD4 T
cells, Pton2" SKG Tregs did not show any change in //6r expression
(Supplemental Figure 5H). Next, we assessed the stability of SKG Tregs during
arthritis in vivo by co-transferring CD45.2 SKG CD4 FoxP3" Tregs with CD45.1
SKG CD4" CD25 T cells to Rag2-KO mice and subjecting recipient mice to
mannan-induced arthritis (Supplemental Figure 5l, J). We found that during
arthritis, Ptpn2 haploinsufficient Tregs displayed significantly increased conversion
into Foxp3™ IL-17A-producing cells (exTregs, Figure 6F). These data point to a role

of PTPN2 as a regulator of Treg stability during autoimmune inflammation.

11



Treg-specific Ptpn2 haploinsufficiency promotes SKG arthritis

To further assess how Ptpn2 haploinsufficiency influences Treg function
during arthritis we generated a Treg fate mapping SKG mouse model by crossing
B6.SKG.H2Y¢ FoxP3Y " mice with B6.SKG.H2¥* ROSA-26-tdTomato reporter
mice and  B6.SKG.H2¥.Ptpn2"*  mice.  The  resulting  mice
(B6.SKG.H2¥ FoxP3Y """ tdTom"".Ptpn2"* " **| Figure 7A) carry Treg-specific
haploinsufficiency of Ptpn2, in which YFP identifies cells currently expressing
FoxP3 (Tregs), whereas tdTomato marks cells that are expressing (Tregs) or did
express FoxP3 (exTregs). When subjected to mannan-induced arthritis, we found
that female mice carrying Treg-specific haploinsufficiency of Ptpn2 displayed
enhanced arthritis severity (Figure 7B). Ptpn2 haploinsufficient Tregs did not
display reduced suppressive functions (Supplemental Figure 6A, B), consistent
with previous data from complete KO Tregs(9). Instead, increased arthritis in mice
carrying Treg-specific Ptpn2 haploinsufficiency correlated with increased
frequencies of IL-17 producing exTregs in both joint draining lymph nodes and
arthritic ankles (Figure 7C). Importantly, frequencies of Th17 (YFPIL17*IFNy
tdTom™ CD4 cells) in the Ilymph nodes and joints were unaffected by
haploinsufficiency of Ptpn2 in Treg (Figure 7D). Transfer of in vitro generated
exTregs to Rag2-KO mice was sufficient to induce arthritis and transfer of Ptpn2*"
exTregs led to a faster onset and more severe arthritis compared to transfer of
Ptpn2** exTregs (Figure 7E). We conclude that Ptpn2 haploinsufficiency promotes
arthritis at least in part at the Treg level, by rendering Tregs more susceptible to
FoxP3 loss and conversion into IL-17-producing arthritogenic exTreg cells.
The expression profile of exTregs are distinct from Tregs
To further characterize IL-17" exTregs and their relationship to Tregs, we
performed RNA-seq on exTregs and Tregs sorted from arthritic Treg fate mapping
mice (Supplemental Figure 6C). We identified around 1820 differentially expressed
genes (DEG, fold diff.>2, Padj<0.05) between Tregs and exTregs (Figure 8A).
Several Th17-associated genes (e.g. //17a, Rorc, 1122, 1123r) were found to be
upregulated in exTregs whereas several Treg-associated genes (e.g. Foxp3, Ctla4,
Grzmb, Gpr83) were downregulated in exTregs (Figure 8A). Gene-expression
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clustering (fold diff.>2, Padj<0.05) confirmed highly differential transcriptional
patterns between exTregs and Tregs indicating that exTregs represents a unique
population which has lost its Treg identity (Figure 8B, C). IL-17" exTregs also
expressed several genes important for homing to synovial tissue and RA
pathogenesis, e.g. Cxcr6, Ccr6, Ccl20, Tnfsf11 (Figure 8A-C). Interestingly, a
comparison of gene-expression between Ptpn2”* and Ptpn2** exTregs did not
reveal any difference (Figure 8D), suggesting that PTPN2 is an upstream regulator
of pathways that control Treg stability rather than skewing specific transcriptional
patterns in exTregs.
In vitro generated exTregs recapitulate in vivo exTregs

We next sought to assess whether the exTregs generated in our in vitro
conversion assay display sufficient similarities to the exTregs found in vivo to
enable mechanistic studies of the role of PTPN2 in Treg stability. RNA-seq was
performed on IL-17A" exTregs and IL-17A" Tregs isolated after 72h of in vitro
conversion assay using Tregs from Pton2"* and Pton2"" FoxP3°°"" SKG mice
(Supplemental Figure 7A). Gene-expression clustering revealed separated genetic
expression profiles between Tregs and in vitro generated exTregs (Figure 9A). We
identified around 870 differentially DEG (DEG, fold diff.>2, Padj<0.05) between
Tregs and in vitro generated exTregs (Supplemental Figure 7B). Although in vitro
generation of exTreg resulted in a reduced number of DEG when compared to in
vivo exTreg, in vitro generated exTreg showed highly similar enrichment in Th17
associated genes (e.g. /17, Rorc, and Tnfsf11) and reduced expression of Treg-
associated genes (e.g. Foxp3 and Ctla4) (Figure 9A, B). When we compared the
expression of 30 genes that have been reported to define the Th17 and Tregs
transcriptional programs (15, 33-36), we found very high similarity between
exTregs isolated from fate mapping mice, and in vitro generated exTreg (Figure
9C, Supplemental Figure 7C, D). The similarity in gene-expression profile between
in vitro and in vivo exTregs was further supported by pathway analysis, which
showed almost identical pathway enrichment between the two populations
(Supplemental Figure 7E). Furthermore, as seen in vivo, there was no difference
in gene-expression profiles between in vitro generated Pton2"* and Ptpn2*
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exTregs (Supplemental Figure 7F). We conclude that in vitro IL-6-induced exTregs
do display high phenotypic similarity to exTregs found in vivo in arthritic SKG mice.
The residual difference between the transcriptomes of in vitro IL-6-induced and in
vivo exTregs suggest that additional stimuli are needed to fully in vitro recapitulate
either the population heterogeneity or the transcriptional program of in vivo
exTregs.

exTregs display a unique chromatin landscape

Next, we assessed if generation of exTregs was also associated with
changes in chromatin accessibility. SKG Tregs were stimulated with IL-6 in vitro
and isolated after 24h (Treg 24h), 48h (Treg 48h) and 72h (Treg 72h) of culture
and their chromatin accessibility profiles were compared to exTregs isolated after
72h of stimulation (exTregs 72h) using ATAC-Seq (Figure 10A and Supplemental
Figure 7G). Comparison of exTregs 72h with Treg 24h identified more than 30,000
differentially accessible regions (Figure 10B), while comparison with Treg 48h
identified over 21,000 differentially accessible regions and comparison with Tregs
72h showed around 15,000 differentially accessible regions (Figure 10C, D).
Furthermore, comparison of differentially accessible regions between Tregs at
different stages of dedifferentiation demonstrated that exTregs possess a unique
set of regions with enhanced or suppressed accessibility, while Tregs 48h
displayed an expanded set of regions with enhanced accessibility when compared
to Tregs at other time points (Figure 10E-F).

Compared to Tregs, exTregs showed an almost complete lack of accessible
chromatin pattern at the Foxp3 loci, which was similar to that seen in sorted Th17
cells (Figure 10H). Evaluation of the Rorc loci showed gradually increasing
chromatin accessibility during Treg dedifferentiation and Tregs and exTregs after
72h displayed a pattern similar to that seen in Th17 cells (Figure 101). However, in
contrast to the Rorc loci, only exTregs showed a pattern of increased chromatin
accessibility similar to Th17 cells in the extended //17a and //17f loci (Figure 10J).

Together these results suggest that during IL-6 driven dedifferentiation,
Tregs undergo specific changes in chromatin accessibility which include a
progressive opening of the Rorc loci. On the other hand, exTreg display a unique
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chromatin landscape compared to Tregs at other stages, characterized, among
other changes, by the closure of the FoxP3 loci and increased chromatin
accessibility of the //17 loci, conducive to active //17 transcription. Furthermore, the
concentration of newly opened loci at 48h of stimulation suggest that key molecular
mechanisms of Treg destabilization occur at this stage.

Ptpn2 regulates stability of RORyt" effector Tregs

Consistent with the above-mentioned chromatin accessibility assessment,
analysis of in vitro SKG exTreg generation showed that IL-6-driven conversion into
FoxP3" exTregs occurs via upregulation of RORyt in Tregs followed by subsequent
loss of FoxP3 from RORyt" Tregs and expression of IL-17 in RORyt"FoxP3
exTregs (Figure 11A). RORyt" Tregs have been described in vivo as having an
effector phenotype(37, 38). In line with previous reports, RORyt" SKG Tregs
displayed an effector phenotype with high expression of CD44 and low expression
of CD62L and also showed high expression of ICOS and CCR6 similar to Th17
cells (Supplemental Figure 8A).

Next, we sorted effector and resting Tregs from Ptpn2*”* and Ptpn2*"
FoxP3°°FP SKG mice and subjected them to in vitro conversion (Supplemental
Figure 8B). We further confirmed that Rorc was primarily expressed in effector
Tregs by qPCR and flow cytometry (Supplemental Figure 8B-D, expression of
Prdm1 was used to confirm sorting of effector Tregs). There was no difference in
expression of Foxp3 between sorted effector and resting Tregs (Supplemental
Figure 8C), however effector Tregs showed enhanced tendency to lose FoxP3 and
convert into IL-17" exTregs despite lower expression of IL-6 receptors (Figure 11B-
D and Supplemental Figure 8E). As shown in Figure 11B-D, Pipn2
haploinsufficiency (which resulted in 50% reduction of Pipn2 expression,
Supplemental Figure 8F) selectively enhanced the in vitro conversion of effector
but not resting Tregs into exTregs. This was not associated with decreased
expression of CD25 in effector Tregs -which reportedly correlates with enhanced
Treg to exTreg conversion(33)- or with differences in expression of RORyt between
Ptpn2*"* and Ptpn2*" resting or effector Tregs (Supplemental Figure 8A, G, H).
These data suggest that IL-17-producing exTregs are generated via loss of FoxP3
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by effector RORyt" Tregs and that Ptpn2 selectively promotes FoxP3 stability in
effector RORyt" Tregs but not IL-6 induced induction of RORyt in Tregs.
Ptpn2 haploinsufficiency promotes IL-6 induced FoxP3 instability in effector
RORyt" Tregs

To further evaluate the mechanism by which IL-6 promotes conversion of
Treg into exTreg, we treated Ptpn2** and Ptpn2*" resting Tregs, which have low
or no expression of RORyt, with Ruxolitinib, an inhibitor of the JAK1-2/STAT3
pathway downstream the IL-6 receptor(39, 40). Ruxolitinib significantly reduced IL-
6- induced loss of FoxP3 from RORyt" Tregs and the generation of IL-17" exTregs
and obliterated the effect of Ptpn2 haploinsufficiency on the conversion of RORyt"
Tregs into IL-17" exTregs without affecting Treg survival within the time-frame of
the assay (Figure 11E, F and Supplemental Figure 8l). However, neither
Ruxolitinib nor Ptpn2 haploinsufficiency affected IL-6-induced upregulation of
RORyt in resting Tregs (Figure 11E, F). These data provides evidence that Treg to
exTreg conversion is promoted by IL-6-induced activation of the JAK/STAT
pathway, although further studies in vivo — e.g. via Ruxolitinib treatment - are
warranted to solidify the role of this pathway for in vivo exTreg generation.
Interestingly, inhibition of RORyt function did not block IL-6-induced loss of FoxP3
by RORyt" Tregs, despite suppressing expression of IL-17 from exTregs
(Supplemental Figure 8J, K).
PTPN2 regulates FoxP3 stability in effector Tregs through binding and
dephosphorylation of STAT3

In order to identify potential molecular mechanisms of action of PTPN2 we
interrogated the above-mentioned chromatin landscape data looking for
transcription factor (TF) binding motifs that are differentially accessible at
consecutive stages of IL-6 induced Treg dedifferentiation. We found that in the first
48h there was an enrichment of motifs for TF belonging to the bZIP family whereas
accessibility of binding motifs for the ETS-family TF was reduced. After an
additional 24h the same trend toward increased accessibility for bZIP-family TF
and decreased accessibility for ETS-family TF was observed in converted exTregs
72h, which in addition also displayed enrichment of motifs for Runt-family TF. On
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the contrary, non-converted Tregs 72h displayed an opposite profile characterized
by enrichment of ETS-family TF motifs and reduction in bZIP-family TF motifs
(Figure 12A). Several members of the bZIP transcription factor family (such as
BATF, JunB and Fosl2) have been associated with the Th17 differentiation
program(35, 41), whereas members of the ETS family (such as ETS-1) have been
associated with stabilization and functions of Tregs(42, 43). Among members of
the Runt TF family, Runx1 has an important role in promoting IL-17 production
through direct interaction with RORyt(44).

At no stage of Treg dedifferentiation could we observe differences in
chromatin accessibility between Pton2"* and Ptpn2*" (Supplemental Figure 8L),
suggesting that PTPN2 does not affect Treg dedifferentiation by skewing
chromatin accessibility to the above-mentioned TF. However, although we did not
find enrichment of STAT3 binding motifs (but we cannot rule out effects before the
time points considered in this study), we noticed that several TF (indicated by
arrows in Figure 12A) that bind to motifs displaying enhanced accessibility in Treg
48h (the stage at which conversion process is maximized) and in exTregs 72h are
known in CD4 T cells to mediate functions of STAT3(35, 45).

Since STAT3 is a known substrate for PTPN2, we hypothesized that Ptpn2
haploinsufficiency promotes Treg instability via abnormal regulation of STAT3
phosphorylation in RORyt" effector Treg. Consistent with our hypothesis, we
observed an enhanced activation of STAT3 in effector Ppn2* SKG Tregs after IL-
6 stimulation when compared to Ptpn2** SKG Tregs (Figure 12B). To confirm that
PTPN2 regulates Treg conversion through an action on STAT3 we sorted Tregs
from  Pton2"™ (PTPN2-WT), Lck-Cre.Pton2"™ (PTPN2-KO) and Lck-
Cre.Ptpn2"" Stat3"* (PTPN2-KO, STAT3-het) WT mice. PTPN2-KO Tregs showed
enhanced susceptibility to conversion into exTregs, which was abrogated by semi-
loss of STAT3 (Figure 12C and Supplementary Figure 8M).

In further support that STAT3 is a target for PTPN2 in Treg, we could co-
immunoprecipitate PTPN2 and STAT3 from lysates of in vitro expanded Tregs
(Figure 13A). To confirm a direct functional interaction between PTPN2 and STAT3

we performed in vitro dephosphorylation and substrate trapping experiments. In
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support of a direct role of PTPN2 in regulation of STAT3 activation, we found that
PTPN2 dephosphorylates STAT3 pY705 (Figure 13B). Furthermore, we found that
a substrate trapping mutant of PTPN2 (D182A, Q260A) could form a physical
complex with phosphorylated STAT3 (pTyr705) but not with unphosphorylated
STAT3 (Figure 13C).

Together, these results suggest a model (Figure 13D) where PTPN2
selectively inhibits JAK/STAT-dependent loss of FoxP3 in IL-6-stimulated RORyt"
effector Treg- at a stage when chromatin accessibility for Treg destabilizing TF is
maximized- which in turn inhibits RORyt-dependent IL-17 production. IL-6-induced
upregulation of RORyt in Treg does not promote loss of FoxP3 and surprisingly

appears to occur through a JAK- and PTPN2-independent pathway.
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Discussion

In this study we aimed to clarify the functional genetics of PTPNZ2 in
autoimmunity by focusing on mouse models of RA carrying semi-deletion of Ptpn2
which reduces the expression of Ptpn2 in immune cells to a level comparable to
what has been reported in human carriers of RA- and IBD-associated PTPN2
haplotypes. Global deletion of Ptpn2 in BALB/c mice results in spontaneous
subchondral bone erosion and synovitis, however no further experimental
investigation of the role of PTPN2 in RA has been reported(46). Although Pipn2
haploinsufficiency does not trigger spontaneous autoimmunity in B6 mice(9), we
show that it is able to enhance incidence and severity of disease on an
autoimmune-prone background. This exemplifies the importance of modeling
human autoimmune-associated variants in an autoimmunity-prone context,
reflecting the additional risk factors that are needed in humans to trigger disease.

Our data points to haploinsufficiency of Pipn2 being able to sustain some
but not all of the immunological functions reported for Ptpn2(9-11, 29). For
example, while complete deletion or deep knockdown of Ptpn2 revealed a major
role of this enzyme in limiting myeloid cell and synoviocyte-driven inflammation(7,
18), we find that innate immune cells are not critical mediators of the pathogenic
action of Ptpn2 haploinsufficiency. We show here that Pfpn2 haploinsufficiency in
autoreactive T cells promotes expansion of Th1, Treg and pathogenic Th17 cells
under lymphopenic conditions. Complete deletion of Pfpn2 is known to promote
lymphopenic expansion of naive CD4 and CD8 T cells through enhancement of
TCR signaling, while IL-7 signaling was unaffected(29). However, we did not find
significant evidence of increased TCR signaling in Ptpn2 haploinsufficient SKG
mice. Similarly, conditional haploinsufficiency of Ptpn2 in T cells on the B6
background did not result in increased TCR sensitivity or altered thymic
selection(9). On the other hand, the enhanced IL-2 signaling found in Ptpn2
haploinsufficient T cells is reminiscent of the phenotype of Pton2"" T cells which
display increased IL-2 mediated Treg expansion(9, 47). Thus, we speculate that
enhanced IL-2 signaling underlies the observed expansion of Ptpn2
haploinsufficient Th1 and Tregs in Ilymphopenic conditions. Ptpn2
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haploinsufficiency also led to marked expansion of pathogenic IL-17 producing
CDA4 T cells after transfer of SKG CD4 T cells into lymphopenic hosts. However, in
contrast to previous reports on naive Ptpn2” T cells, Pton2 haploinsufficient naive
CDA4 T cells did not show increased IL-6-driven differentiation into Th17. This could
be due to differences between WT and SKG naive T cells or between IL-6 vs IL-2
signaling amplification is Pton2” vs Ptpn2"" T cells.

Here we suggest that loss of FoxP3 by RORyt" Treg significantly contributes
to the increased numbers of IL-17-producing cells observed in Ptpn2*" arthritic
mice. We show that Treg-specific haploinsufficiency of PtpnZ2 is sufficient to
enhance severity of arthritis in SKG mice and replicates the phenotype seen in
mice carrying haploinsufficiency of Ptpn2 in all T cells. We did not find any defect
of suppressive function of Pfpn2 haploinsufficient Tregs, consistent with previous
data in mice carrying complete deletion of Pipn2(9). However, Ptpn2
haploinsufficient RORyt" Tregs are more sensitive to IL-6-dependent loss of FoxP3
and conversion into IL-17A-producing exTregs that can transfer arthritis to Rag2-
KO recipient mice. Since no conditional deletion of Ptpn2 or of other tyrosine
phosphatases in Tregs has been reported to date and the role of Ptpn2in Treg in
the context of inflammation has not been explored yet, our results also highlight
for the first time a potential role of a tyrosine phosphatase in Treg stability in the
context of autoimmune inflammation.

Since it has been reported that complete loss of Ptpn2 causes expansion
of Treg and enhances FoxP3 stability in inducible Tregs(9, 16), we were surprised
to find that Pipn2 haploinsufficiency promotes autoimmunity through
destabilization of Treg. Also the enhanced in vitro IL-2 signaling observed in Ptpn2
haploinsufficient naive CD4 T cells and the potentially IL-2 signaling dependent
expansion of disease-protective Th1 and Treg in lymphopenic animals might
sound inconsistent with the proposed arthritogenic role of Pipn2 haploinsufficiency
in SKG mice. However, in arthritic Pton2*"~ SKG mice we could not detect any
expansion of Th1 or Treg. Thus, in non lymphopenic conditions, the IL-2 signaling
enhancing effect of Ptpn2 haploinsufficiency might be limited and/or its disease
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protective effect neutralized by enhanced IL-6 signaling, which also might offset
any potential Treg expansion via Treg destabilization.

Our data lend support to previous observations that loss of FoxP3 in Tregs
is responsible for generation of pathogenic T cells during autoimmune diabetes(48)
and in CIA(33). However, the molecular mechanism of FoxP3 loss in Treg has
remained unexplored. Here we show that during IL-6 driven dedifferentiation,
Tregs undergo specific changes in chromatin accessibility. In this context,
enhanced IL-6-dependent loss of FoxP3 in Ptpn2 haploinsufficient Treg correlates
with enhanced phosphorylation of STAT3, and depends on JAK activity and
STATS3 expression. Importantly, T cell phenotyping and chromatin analysis shows
that loss of Ptpn2 selectively destabilizes effector Treg and suggests that STAT3
phosphorylation in Treg is only able to modulate FoxP3 stability in RORyt™ Treg,
without affecting IL-6-dependent RORyt expression. Thus, our data also suggest
potential differences in signaling pathways mediating IL-6 dependent RORyt
induction and in downstream STAT3-dependent signaling between Treg and
FoxP3-negative T cells.

In conclusion, reduced Ptpn2 expression promotes arthritis through
enhanced IL-6 signaling in effector Tregs, causing increased STAT3
phosphorylation that renders RORyt" Tregs more susceptible to loss of FoxP3. It
remains to be established whether the arthritogenic effect of Pipn2
haploinsufficiency is exerted on natural Treg and/or peripherally-induced Treg.
Also, the importance of PTPN2 as a regulator of JAK/STAT signaling suggests that
further studies on the potential role of Ptpn2 haploinsufficiency in enhancing
signaling of additional JAK/STAT activator cytokines that might play a role in the
pathogenesis of SKG arthritis (e.g. IL-23 and IL-10) are warranted.

Our study shows the importance of considering gene dosage when
performing functional genetics studies and sheds light on unexpected functions of
tyrosine phosphatases and the potential uniqueness of signaling pathways
involved in Treg stability. Further studies of tyrosine phosphatases in resting vs

effector Treg and of the molecular program underlying STAT3-dependent loss of
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FoxP3 in effector Treg hold the promise to unravel novel mechanisms of tolerance

and autoimmunity.

22



Methods
Mice

SKG mice have already been described(23). Ptpn2*" BALB/c mice has
been previously described(12). Generation of Ptpn2 floxed (Ptpn2™") B6 mice has
recently been described(49). B6 mice congenic for the H2® haplotype (JAX #
000359, B6.C-H2%bByJ), B6 FoxP3"™ < (JAX# 016959, B6.129(Cg)-
Foxp3™m4(YFPIere)Ayy )(50)), B6 ROSA-26-tdTomato (JAX# 007914, B6;Cg-
Gt(ROSA)26Sorm#(CAGtdTomato)Hze § (54))  BALB/c FoxP3-eGFP (JAX# 006769,
C.Cg-Foxp3™?®1J (52)), BALB/c CD45.1 (JAX# 006584, CByJ.SJL(B6)-Ptprc/J)
and BALB/c (JAX# 000651, BALB/cJ) mice were all obtained from Jackson
Laboratories (JAX). BALB/c Rag2-KO mice were purchased from Taconic (model
601). Above mice were housed at the La Jolla Institute for Allergy and Immunology
(LJI) and University of California, San Diego (UCSD) vivarium under specific
pathogen free conditions (SPF). Ptpn2™ Lck-Cre* (C57BL/6)(9) and Stat3"**
mice were housed at the Peter MacCallum Cancer Center (Melbourne, Australia).
Arthritis models

For the K/BxN serum transfer model, arthritis was induced in 8-week-old
male BALB/c mice by intraperitoneal (i.p.) injection of serum obtained from arthritic
K/BXxXN mice. Every 2 days, development of arthritis was assessed by
measurement of ankle thickness using a digital caliper according to an established
protocol(53).

For the SKG mouse model, both spontaneous and mannan-induced arthritis
were assessed. For mannan-induced arthritis, male and female mice were injected
i.p. with 20 mg of mannan (Sigma Aldrich), dissolved in sterile PBS at 8 weeks of
age. Clinical scoring and measurement of ankle thickness using a digital caliper
was performed twice weekly according to an established protocol(24). Briefly
clinical signs of arthritis in front and hind paws were scored as follows: 0, no joint
swelling; 0.1 per swollen finger joint (3 digits on front paw and 4 digits on hind
paw); 0.5, mild swelling of wrist or ankle; 1.0, severe swelling of wrist or ankle.
Scores for all finger joints of forepaws and hindpaws, wrists and ankles were

combined for each mouse yielding a maximum score of 5.4, which was considered
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the clinical endpoint. Mice reaching clinical endpoint scores were sacrificed
according to ethical guidelines.

For neutralization of IL-17, female and male SKG mice or Rag2-KO mice
were injected with 100 pg of anti-IL17 antibody (clone 17F3, BioXcell) both retro-
orbital (r.0.) and i.p. 1-2h before injection of mannan, after which mice received
anti-IL-17 antibody once weekly (100 pg) by i.p. injection. For neutralization of IL-
6 signaling, male SKG mice received weekly i.p. injections of 200 pg anti-IL-6R
(clone 15A7, BioXcell) antibody with the first injection performed 2h before injection
of mannan. Antibody treated mice were compared to control untreated mice.

All arthritis studies were performed on littermate mice. For treatment
experiments, mice with the same genotype were randomly selected for treatment
with cytokine neutralizing or control. Clinical scoring of mice was performed in a
blinded manner in which genotypes and treatments were blinded to the researcher
during scoring.
CD4 T cell transfer and generation of T cell chimeras in Rag2-KO mice

2x10° CD4 T cells isolated from spleen and lymph nodes of 8-week-old male
Ptpn2*"* and Ptpn2*" SKG mice using the EasySep™ Mouse CD4 T Cell
Enrichment Kit (Stem Cell Technologies), were transferred to 8-week-old male
Rag2-KO BALB/c mice through r.o. injection. The purity of isolated cells was
verified by flow cytometry and was typically 95-98% with no contaminating B cells
or CD8 T cells. Spontaneous development of arthritis was evaluated by clinical
scoring and ankle thickness as described above.

For CD4 T cell chimera experiments, CD4 T cells were isolated from spleen
and lymph nodes of 8-week old male CD45.1 and CD45.2 Ptpn2*"* and Ptpn2*"
SKG using the EasySep™ Mouse CD4 T Cell Enrichment Kit (Stem Cell
Technologies). 1x10° CD4 T cells from CD45.1 and CD45.2 mice were pooled in
a 1:1 ratio (total of 2x10° CD4 T cells / mouse) and transferred into 8-week-old
male Rag2-KO mice. To account for any differences between CD45.1 and CD45.2
SKG mice, Ptpn2*"* and Ptpn2*~ CD4 T cells were isolated from both CD45.1 and
CD45.2 mice and co-transferred with the opposite genotype isolated from either
CD45.1 or CD45.2 mice.
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In vitro Treg conversion assay

In vitro conversion assay of FoxP3" Tregs were performed using a protocol
adopted from Komatsu et al(33). Total FoxP3°¢""* SKG Tregs (Supplemental
Figure 51) or effector (CD44"CD62L") and resting (CD44°"CD62L*) FoxP3°¢ "
Tregs (Supplemental Figure 8B) were flow sorted from Pton2** and Ptpon2*" 8-10
week-old female FoxP3°¢F* SKG mice. Sorted Tregs were stimulated with
Dynabeads mouse anti-CD3/CD28 T cell activation beads (Invitrogen) with or
without addition of IL-6 (Biolegend, 50 ng/mL) for 24-72 hours. At the end of
stimulation cells were re-stimulated with PMA (20 ng/mL), ionomycin (1 uM) and
Brefeldin A for 5h and analyzed for the expression of IL-17A, FoxP3 and RORyt
using flow cytometry. Ruxolitinib (Selleck Chemical) was used for inhibition of
JAK1/2 signaling and the inverse agonist GSK805 (EMD Millipore Calbiochem)
was used for inhibition of RORyt function.

For conversion assay using Ptpn2" Lck-Cre* (WT), Ptpn2" Lck-Cre*
(PTPN2-KO) Ptpn2"Stat3" Lck-Cre* (PTPN2-KO STAT3-Het) B6 mice,
CD4"CD25" Trq cells were sorted by flow cytometry and stimulated with plate-
bound anti-CD3 (10 ug/ml) and soluble anti-CD28 (5 ug/ml) for 72h in the presence
of IL-6 (50 ng/ml). After 72h cells were stimulated in the presence of lonomycin (1
ug/ml), PMA (20ng/ml) and BD Golgi-Plug™ (BD Biosciences) and analysed for
the expression of IL-17A, RORyt and FoxP3 using flow cytometry.

Further information regarding antibodies used for flow cytometry staining
can be found in Supplemental Material.

In vivo Treg stability assay and transfer of exTregs to Rag2-KO mice

Tregs (CD4*FoxP3°®""*) were flow sorted from spleen and lymph nodes of
8-week-old female Ptpn2*"* or Pton2"~ CD45.2 FoxP3°°F" SKG mice, whereas
CD4*CD25 cells were sorted from Ptpn2*"* or Ptpn2*" 8-week-old female CD45.1
SKG mice (Supplemental Figure 5I, J). CD45.2 Tregs (3x10°) were transferred in
combination with CD45.1 CD4*CD25 SKG T cells (1.3x10°) to 8-week-old female
Rag2-KO mice. One week after transfer mice were injected with 20 mg of mannan
to boost induction of arthritis. Tregs were analyzed in lymph nodes of arthritis mice

using flow cytometry.
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For evaluation of the pathogenicity of exTregs, Tregs were sorted from
female Ptpn2""* or Ptpn2*" CD45.2 FoxP3°®"” SKG mice as above. Isolated Tregs
were subjected to in vitro conversion as described above. After 72h, Pton2** or
Ptpn2*" FoxP3°®F"- exTregs were sorted (Supplemental Figure 7G) and
transferred to female Rag2-KO mice (1.5x10° cells/mouse). Arthritis was induced
4 days after transfer by an i.p. injection with 20 mg of mannan. Mice were
monitored for development of arthritis as described above.

Isolation of IL-17" exTregs and Tregs for RNA-sequencing

Isolation of in vivo IL-17° exTregs from B6.SKG.H2%" FoxP3"™
e’ tdTom™* . Ptpn2"* ° ** was achieved by utilizing a mouse IL-17 Secretion
assay kit (Miltenyl Biotec Inc. 130-094-207) according to manufactures protocol.
Briefly, a single cell suspension was prepared from spleen and lymph nodes of
female B6.SKG.H2¥?.FoxP3" """ tdTom"*.Ptpn2"" or B6.SKG.H2Y¢. FoxP3' "
e tdTom™*.Ptpn2*"* arthritic mice (50-70 days after mannan). Cells were
stimulated with PMA (10 ng/mL) and ionomycin (1 ug/mL) in TexMACS media
(Milteny Biotec) containing 5% mouse serum for 3h, after which cells were stained
with a streptavidin labeled IL-17 capture reagent and incubated for 45 minutes.
Cells were counterstained with anti-Biotin-APC, CD4, TCRp, CD8, CD19 and
fixable viability dye. IL-17" exTregs (Live cells CD8'CD19 TCRB*CD4"'tdTom"YFP-
IL17A") and IL-17" Tregs (Live cells CD8'CD19 TCRB"'CD4"tdTom*YFP'IL17A")
were flow sorted directly into Trizol LS (Supplemental Figure 6C).

For isolation of in vitro generated IL-17" exTregs, Tregs (CD8CD19
CD4*FoxP3°°FP*) were sorted from female Pton2*"* or Ptpn2*" FoxP3°°™" SKG
mice. Isolated Tregs were subjected to in vitro conversion as described above. IL-
17" exTregs and IL-17" Tregs were isolated (Supplemental Figure 7A) using the
IL-17 Secretion kit as described above.

Isolation of cells for ATAC-Sequencing

Th17 cells (Live CD8' CD19°CD4 FoxP3°°"""CCR6") and Tregs (Live CD8§"
CD19°CD4FoxP3°%°""*) were flow sorted from Ptpn2** and Ptpn2*" female
FoxP3°¢"P SKG mice (Supplemental Figure 7G). 1x10°> Th17 and Tregs were
directly prepared for ATAC-sequencing (described in supplemental methods).
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Remaining Tregs were subjected to in vitro conversion as describe above.
FoxP3°CFP* (Tregs) cells were flow sorted after 24h, 48h and 72h of culture.

FoxP3°CFP- (exTregs) were sorted after 72h or culture (Supplemental Figure 7G).

Additional information regarding experimental methods can be found in
Supplemental Methods.

Data availability

RNA-seq and ATAC-seq data discussed in this publication have been deposited
in NCBI's Gene Expression Omnibus (GEQO) and are accessible through GEO
Series accession number GSE123488.

Statistics

Sample sizes were selected based upon our experience with the above-
mentioned assays in order to achieve sufficient power to detect biologically
relevant differences in the experiments being conducted with an o error (two tailed)
<0.05.

For statistical analysis 2-tailed Mann-Whitney U test was performed on non-
parametric data. On normally distributed data 2-tailed paired t-test or 2-tailed
unpaired t-test were performed as reported in the figure legends. For comparison
of multiple parameters 2-way ANOVA was used. All statistical analyses were
performed using GraphPad Prism software. A comparison was considered
significant if P was less than 0.05.

Study approval

The studies in animals were conducted in accordance with protocols
approved by the Institutional Animal Care and Use Committee of LJI (protocol
#AP140-NB4), the Institutional Animal Care and Use Committee of UCSD
(protocol # S16098) and the NHMRC Australian Code of Practice for the Care and
Use of Animals under approval of the Peter MacCallum Animal Ethics and
Experimentation Committee (Ethics number: AEEC 570, 604).
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Figures and legends

chr18 (p11.21) [(32FXME 0 pij.21] R 180121 HERIPR] 180123 KPR 18212 HENP1:20 18221 MRS IRERr)

5 kb PTPN2
Genes
Wamem [ | Yo o SNPs (n=79)
5 VRO OO O UE 0 PO 00 PRV 00 AT AR OO ANV 00 DAY W00 pHS (n=268)
e alwwe o . Conservation s
50 S
l CD4Tecells |&X
50 (GSM772884) |
l CD19Bcells | &
50 (GSM916053) | @
I CD14 mono. |
50 (GSM1003535) | £
I Heart tissue e
(GSM1059445) | =
B 407 C a 3 S 2
2 o '
3 °
2 304 CD4 T cells
‘» . CD19 B cells
£ 20 n
P CD14 mono
@ Heart tissue
[a) 10 T DOOWMNODONNOTOOUNONNOMNMOMT—ITMNONOOT—OW©
LOMNN OO OTNOWVOTOHONOT —O—ANANT——0MNMNM
+* LONOONNTF—ANANT MO OO MONOMNANONONONO©
QOFTAINNAINAINNANNOWMSONOOITMY 00— M—000H
- B S S BB ND B D DBHDD T O RSB NS NDHDS
NP\ QQ’ 2 RN AN G OB R P Y By SN AN S S oD
& & P QEOTALLBOPR P DM =D T pe S B B 0B O
S 0 © & 2 9% Qe 2 pTeeTe 2
N © efb == .
«@Q’ N RA associated PTPN2 SNPs
D ~ K/BxN Serum transfer - E SKG spontaneous arthritis - CD4* T cells
innate immunity & synoviocytes * PIpn2#SKG  -©-Pipn2* SKG
_2.0q 5, ~2.0-
E 5 £
£ 4/ £
= 1.5 < xx% @ 1.5
[7] 9 g
2 8 34 £
£ 1.0 ® 6 1.04
£ T 24 £
© 2 )
;é 0.5 - Ptpn2+/+ = 1] Aé 0.5
< -5 Ptpn2+ © <
0.0- T T T T T T 0 T T T T T T 1 < 0.0¢ T T T T T T 1
0 2 4 6 8 1012 8 10 12 14 16 18 20 22 8 10 12 14 16 18 20 22
Days after injection Weeks of age Weeks of age

of K/BxN serum
Figure 1. RA-associated haploinsufficiency of Ptpn2 promotes T cell
dependent arthritis in mice. A) UCSC tracks showing the chromosomal location
of the human PTPNZ2 gene, containing a large haplotype block of RA-associated
SNPs. Black lines indicate SNPs’ genomic location (the characterizing SNPs
rs2847297, rs1893217 and rs8083786 are indicated in red), and DNase
hypersensitivity sites (DHS). Example tracks of H3K4me1-seq from CD4 T cells,
CD19 B cells, CD14 monocytes and heart tissue. B) Number of DHS in the PTPN2
locus in single data sets of 4 primary cell types. C) Heat map of RA associated
SNPs (columns) that overlap with DHS in different primary cell types (rows). D)
Development of K/BxN serum-induced arthritis in Pton2*"* (n=9) and Ptpn2*" (n=7)
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male BALB/c mice. E) Clinical score (left panel) and ankle thickness (right panel)
during development of spontaneous arthritis in female Pton2*"* (n=8) and Ptpn2*"
(n=8) SKG mice. Compiled data from at least two independent experiments are
shown in (D, E). Arthritis severity was quantified utilizing the area under the curve.
Bars represent mean + SEM. **P < 0.01, ***P < 0.001 by Mann-Whitney.
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Figure 2. Ptpn2 haploinsufficiency aggravates mannan-induced arthritis in
SKG mice. A) Clinical score (left panel) and ankle thickness (right panel) in male
Pton2"* (n=13) and Ptpn2"" (n=11) SKG mice after mannan injection. B)
Representative images of hematoxylin/eosin (top left panels) and safranin-O
staining (lower left panels) of ankles from Ptpn2*"* (n=9) and Ptpn2*" (n=8) SKG
mice with mannan induced arthritis. Arrows indicate synovial inflammation (S),
bone erosion (E) and cartilage depletion (C), which are quantified in the right panel.
Scale bar 500 pm. C) Micro-CT of arthritic ankles from individual Ptpn2"* and
Ptpn2*" male SKG mice with mannan-induced arthritis. White arrows indicate bone
erosion or reactive bone deposition that is markedly increased in Ptpn2*" SKG
mice. D) gPCR analysis of cytokine gene expression in ankles of Ptpon2** (n=7)
and Pton2*" (n=8) male SKG mice 35 days after mannan injection. Compiled data
from at least two independent experiments are shown in (A-D). Arthritis severity
was quantified utilizing the area under the curve. Each symbol in (B, D) represents
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an individual mouse. Bars represent mean + SEM. *P < 0.05, **P < 0.01, **P <
0.001, ****P < 0.0001by Mann-Whitney (A, B) or unpaired t-test (D).
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Figure 3. Increased accumulation of synovial Th17 cells and ELS in Ptpn2
haploinsufficient SKG mice. A) Number of CD4 T cells and effector populations
Th1, Th17 (Pton2*"* n=12 and Ptpn2*" n=11) and Tregs (Ptpn2*"* n=8 and Ptpn2*"
n=7) in popliteal lymph nodes of SKG mice 30-35 days after mannan injection. B)
Distribution of CD4 and CD8 T cells among TCRB" T cells (left panel) and
expression of CD44 and CD62L on CD4 T cells (right panel) in arthritic ankles after
mannan injection. C-D) Number of CD4 T cells in arthritic ankles and Tregs
(TCRB'CD4"FoxP3"RORyt), RORyt" Tregs (TCRB'CD4'FoxP3"RORyt") and
Th17 cells (TCRB*CD4 FoxP3 RORyt") in ankles of Pton2** (n=9) and Ptpn2*"
(n=8) male SKG mice 30-35 days after mannan injection. E) Number of Th17
(TCRB'CD4’IL-17A’IFNYy; left panel) and the correlation between clinical score

and number of Th17 within ankles (right panel, Spearman correlation) of male
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Pton2*"* (n=12, filled circles) and Ptpn2*" (n=11, hollow circles) SKG mice 30-35
days after mannan injection. F) Representative microscopic image used to assess
the presence of ELS (indicated by black arrow, scale bar 500 um) in male Ptpn2**
and Ptpn2*" SKG mice after mannan injection (*P=0.015, Fisher's exact test). G)
Representative 2D Maximum intensity projection of multipanel confocal images of
CD4 (red) and B220 (green) in ELS from ankle synovial tissue of male Ptpn2*"
SKG mice day 35 after mannan injection. Representative of 3 individual mice.
Scale bar 200 um. H) gPCR analysis of ELS-associated gene expression in ankles
of male Ptpn2*"* (n=7) and Ptpn2*" (n=8) SKG mice 35 days after mannan injection.
Compiled data from at least two independent experiments are shown in (A-H).
Each symbol in (A-H) represents an individual mouse. Bars represent mean + SEM.

*P <0.05, P < 0.01, ***P < 0.001 by unpaired t-test.
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Figure 4. Ptpn2 haploinsufficiency promotes arthritis through T cells. A)
Clinical score (left panel) and ankle swelling (right panel) in BALB/c SKG (n=6) and
B6.SKG.H2Y® (n=6) mice after injection of mannan. B) Representative
hematoxylin/eosin staining (/eft panel, scale bar 500 um) and representative micro-
CT image (right panel) of arthritic ankles from BALB/c SKG and B6.SKG.H2% mice.
White arrows indicate bone erosion or reactive bone deposition. C) Representative
flow cytometry staining of Th1 and Th17 in popliteal lymph nodes (upper panels)
and arthritic ankles (lower panels) of BALB/c SKG and B6.SKG.H2% mice. D)
Generation of B6.SKG.H2¥? mice with a T cells specific haploinsufficiency of Pton2.
E-F) Clinical score of mannan-induced arthritis in female (E) and male (F)
B6.SKG.H2Ptpn2"*Lck-cre” (female n=9; male n=9) and
B6.SKG.H2YPtpn2"*Lck-cre* (female n=8; male n=9) mice. Compiled data from
at least two independent experiments are presented. Arthritis severity was
quantified utilizing the area under the curve. Bars represents mean £ SEM. **P <
0.01, ***P < 0.001 by Mann-Whitney.
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Figure 5. Ptpn2 haploinsufficient CD4 T cells transfer enhanced arthritis to
Rag2-KO mice. A) Clinical scores after transfer of total CD4 SKG T cells isolated
from pre-arthritic Pton2"* (n=10) and Pton2""~ (n=10) male SKG mice to male
Rag2-KO mice. B-C) Representative hematoxylin/eosin staining used for
histological evaluation (B scale bar 500 um, quantification shown in C) of ankle
joints of Rag2-KO mice in A (n=10 for each genotype). D) Presence of ELS in
arthritic ankles of Rag2-KO mice after transfer with CD4 SKG T cells in A. E)
Generation of CD4 SKG T cell chimeras. F-H) Analysis of expansion of CD4 T cells
(F, n=6) and effector populations Th1 and Th17 in lymph nodes (H, n=6) and Tregs
in the spleen (G, n=4) of T cell chimeras during the arthritic phase (12-14 weeks
after transfer) in Rag2-KO mice. Compiled data from at least two independent
experiments are presented. Each symbol in (C-H) represents an individual mouse.

Arthritis severity was quantified utilizing the area under the curve. Bars represents
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mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by Mann-Whitney (A, C) or
paired t-test (F-H).
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Figure 6. IL-6 promotes arthritis and Treg conversion in Ptpn2

haploinsufficient mice. A) Clinical score of male SKG mice after treatment with
anti-IL-17A antibodies once weekly (100 pg i.p.; Pton2"* n=5, Ptpn2*" n=4) or
control (Pton2*™* n=8, Pton2" n=8) during mannan-induced arthritis. B)
Representative images of ankles of 4 individual Ptpn2*"* and Ptpn2*" SKG mice
treated anti-IL-17A or control. C) Clinical scores of male Ptpn2*"* and Ptpn2*" SKG
mice treated with anti-IL-6R antibody once weekly (200 ng i.p.; Ptpn2*"* n=3,
Ptpn2*" n=3) or control (Pton2"" n=5, Pton2*" n=5) during mannan-induced
arthritis. D) In vitro differentiation of Th17 cells from naive Ptpn2*"* (n=4) and
Ptpn2*" (n=5) SKG CD4 T cells. E) Conversion of flow-sorted Pton2*"* (n=4) and
Ptpn2*" (n=3) SKG Tregs (CD4'FoxP3°°""*) into IL-17 producing exTregs (IL-
17A Foxp3°® ™) after 72h of stimulation with IL-6 (50ng/mL) and anti-CD3/CD28
coated beads in vitro. F) Co-transfer of CD45.1 SKG CD4'CD25 T cells with
CD45.2 SKG Tregs to Rag2-KO mice. Transferred CD45.2 Ptpn2** (n=7) and

Pton2"" (n=9) SKG Tregs were analyzed in lymph nodes of arthritic mice.
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Compiled data from at least two independent experiments are shown. Each
symbol in (D-F) represents an individual mouse. Arthritis severity was quantified
utilizing the area under the curve. Bars represent mean £+ SEM. *P < 0.05, **P <
0.01 by Mann-Whitney (A, C) or un-paired t-test (E, F).
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Figure 7. Treg specific Ptpn2 haploinsufficiency promotes pathogenic Treg
conversion and enhances arthritis severity. A) Generation of
B6.SKG.H2Y . FoxP3Y " *" tdTom"".Pton2"* fate mapping mice. B) Clinical
score (left panel) and ankle swelling (right panel) of female
B6.SKG.H2%? FoxP3" """ tdTom"*.Ptpn2*"* (n=8) and Ptpn2"* (n=8) mice after
injection with mannan at 8 weeks of age. C) IL-17 expressing cells within
TCRB'CD4"tdTom™ cells in lymph nodes (upper panels, axillary and popliteal,
Pton2"* (n=10) and Ptpn2"* (n=10)) and arthritic ankles (lower panels, Ptpn2**
(n=8) and Pton2"* (n=7)). Flow plots represents frequency within the
TCRB'CD4"tdTom™ population. Graphs represent frequency within the total
TCRB'CD4" T cell population. D) Frequency of TCRB'CD4tdTom™ Th17 cells
represented as the frequency within the total TCRB'CD4" T cell population in the

same mice as in C. E) Transfer of in vitro generated Ptpn2** (n=3) and Ptpn2""
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SKG (n=3) eGFP" exTregs to female Rag2-KO mice (1.5x10° exTregs/mouse).
Arthritis was induced 4 days after transfer by mannan injection. Compiled data
from at least three independent experiments are presented in (B-D). Experiment
in E was performed once. Each symbol in (C, D) represents an individual mouse.
Arthritis severity was quantified utilizing the area under the curve. Bars represent
mean + SEM. **P < 0.01, ***P < 0.001 by Mann-Whitney (B) or un-paired t-test (C,
E).
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Figure 8. Transcriptomic comparison of in vivo isolated exTregs and Tregs.
A-D) RNA-Seq performed on IL-17A" SKG exTregs and IL-17" SKG Tregs sorted
from Pton2"* (n=6) or Ptpn2*"* (n=4) arthritic fate mapping mice. A) MD-plot of
significantly (Padj < 0.05 and fold change > 2) up-regulated (red) and down-
regulated (blue) genes in IL-17A" exTregs vs IL-17A" Tregs. Gray represents non-
significantly (NS) expressed genes. B) Heat-Map of TPM values generated using
genes with a fold change > 2 and Padj < 0.05. C) Normalized expression of
selected genes in SKG IL-17A" exTregs and IL-17A° SKG Tregs. D) MD-plot
comparing Pton2"* and Ptpn2* IL-17A* exTregs. Compiled data from at least
three independent experiments are presented. Each symbol in (C) represents an
individual mouse. Bars represent mean + SEM. ****P < 0.0001 by un-paired t-test
(C).
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Figure 9. In vitro generated exTregs recapitulate in vivo exTregs. A-C) RNA-
Seq analysis performed on IL-17" SKG exTregs and IL-17" SKG Tregs generated
in vitro from Ptpn2** (n=3) and Ptpn2"" (n=3) Tregs isolated from FoxP3°°"" SKG
mice and stimulated for 72h hours with IL-6 (50 ng/mL) and anti-CD3/CD28 coated
beads. A) Heat-Map of TPM values generated using genes with a fold change > 2
and Padj < 0.05. B) Normalized expression of selected genes in IL-17A" SKG
exTregs and IL-17A" SKG Tregs. C) Expression of 30 genes associated with the
transcriptional profile of Tregs and Th17 cells in in vitro IL-17A" SKG exTregs and
in vivo IL-17A" SKG exTregs. Heat-map represents fold change between Tregs
and exTregs generated from raw counts. Compiled data from at three independent
experiments are presented. Each symbol in (B) represents an individual mouse.
Bars represent mean + SEM. *P < 0.05, ****P < 0.0001 by un-paired t-test (B).
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Figure 10. exTregs display a unique chromatin landscape. A-J) ATAC-Seq for
chromatin accessibility in SKG Tregs and SKG Th17 cells, as well as SKG Tregs
during in vitro conversion and SKG exTregs. A) Experimental design for evaluation
of chromatin profile in SKG Tregs during in vitro conversion in the presence of IL-
6 (50 ng/mL) and anti-CD3/CD28. Tregs were isolated after 24h, 48h and 72h of
culture whereas exTregs were isolated after 72h. B-D) Scatterplots of ATAC-seq
counts per peak comparing indicated samples. E-G) Boxplots of ATAC-seq counts
per peak from indicated samples at common or differentially accessible regions
from the comparison labeled above. Box indicates interquartile range with whiskers
1.5 times this range and outlier points. H-J) Normalized ATAC-seq coverage at the
Foxp3 (H), Rorc (1) and the /l17a and /117f (J) loci in Tregs, Th17 and Tregs during
in vitro conversion and exTregs. Scale 0-1200 for Foxp3 and Rorc, 0-800 for //17a
and /I17f. Black squares represent visually evident changes in ATAC signal. ATAC-
seq from two independent replicates.
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Figure 11. Ptpn2 haploinsufficiency promotes conversion of RORyt" effector
Tregs. A) Kinetics of IL-17A" exTregs generation during in vitro stimulation of
sorted Ptpn2** FoxP3°¢F" SKG Tregs (n=3) with IL-6 (50 ng/mL) and anti-
CD3/CD28 coated beads. B-C) In vitro conversion of Ptpn2** (n=6) and Ptpn2*"
(n=5) effector and resting SKG Tregs into IL-17" exTregs. D) Generation of FoxP3"
RORyt" exTregs (gated as in A) from Pton2** and Ptpn2"" effector and resting
SKG Tregs. E-F) Inhibition of JAK1/2 signaling using Ruxolitinib during in vitro
conversion of resting SKG Tregs. E) Gating strategy for evaluation of RORyt"
expressing Pton2** (n=7) and Pton2"" (n=6) cells after 72h of culture. F) Effect of
JAK1/2 inhibition on upregulation of RORyt" on live cells (upper left panel), the
generation of IL-17"FoxP3" exTregs (upper right panel) and the loss of FoxP3
within the RORyt" population (lower panels). Compiled data from two experiments

are presented (C-F). Each symbol represents an individual mouse. Bars represent
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mean + SEM. *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001 by un-paired t-
test (C, D) or 2-way ANOVA (F).
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Figure 12. Increased conversion of Ptpn2 haploinsufficient Tregs is mediated
through STAT3. A) Motif enrichment analysis on differentially accessible regions
identified by pairwise comparison of Tregs 24h versus Tregs 48h (Treg 48h), Tregs
48h versus Tregs 72h (Treg 72h) and Tregs 72h versus exTreg 72h (exTreg 72h).
Arrows indicate transcription factors that have been reported to associate with
STATS functions in CD4 T cells. Motifs with an enrichment log p value less than
-35 and found in 10% or more regions and a fold increase of 2.5 over background
were used to generate the heat-map. Motif enrichment analysis performed on
ATAC-seq experiment in Figure 10. B) IL-6 (5 ng/mL) induced activation of STAT3
(pY705) in Ptpn2*"* and Pton2*" effector SKG Tregs analyzed by flow cytometry.
C) In vitro conversion of Ptpn2" Lck-Cre™ (n=5), Pton2" Lck-Cre* (n=5) and
Ptpn2"Stat3"* Lck-Cre* (n=5) Tregs isolated from non-SKG B6 mice. Compiled
data from two experiments are presented (B-C). Each symbol represents in (B-C)
an individual mouse. Two independent replicates are used for ATAC-Seq heat-
map. Bars represent mean £ SEM. *P < 0.05, **P < 0.01, by un-paired t-test (B) or
Mann-Whitney (C).
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Figure 13. PTPN2 directly interacts and dephosphorylates STAT3. A)
Immunoprecipitation of STAT3 in in vitro expanded Tregs (expanded with IL-2 and
anti-CD3/CD28 coated beads) after stimulation with IL-6 (50 ng/mL) for 20 minutes.
All samples shown were separated on the same gel. WCL = Whole Cell Lysate. B)
Dephosphorylation of STAT3B pY705 after incubation with (+) or without (-)
recombinant PTPN2. Samples were taken at 0, 1h45’, 3h30’ and 7h for analysis.
All samples shown were separated on the same gel. C) Substrate trapping of
STAT3B pY705 by the PTPN2 mutant (D182A, Q260A). Unphosphorylated Stat3[3
was used as a negative control and does not bind PTPN2 as shown. Proteins were
analyzed by SDS-PAGE and run on the same gel. D) Schematic of proposed
mechanism by which partial loss of function in PTPN2 in Tregs promotes STAT3
mediated loss of FoxP3 and generation of IL-17A producing exTregs.
Representative out of two (A) and three (B, C) independent experiments are

shown.
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