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Summary

IL-2, a cytokine linked to human autoimmune diseases, limits IL-17 production. We show that
deletion of STAT3 in T cells abrogates IL-17 production and attenuates autoimmunity associated
with IL-2 deficiency. While STAT3 induces IL-17 and RORyt and inhibits FOXP3, IL-2 inhibited
IL-17 independently of FOXP3 and RORyt. We found that STAT3 and STAT5 bound to multiple
common sites across the 1117 genetic locus. The induction of STAT5 binding by IL-2 was
associated with a reduction in STAT3 binding at these sites and the inhibition of associated active
epigenetic marks. Titrating the relative activation of STAT3 and STATS5 modulated Th17 cell
specification and thus, the balance rather than the absolute magnitude of these signals determine
the propensity of cells to make a key inflammatory cytokine.

Introduction

Optimal host defense requires that CD4* T helper cells adapt distinct cellular fates
efficiently to eliminate microbial pathogens®: 2. CD4* T cells also play critical roles in the
pathogenesis of immune-mediated diseases and Th17 cells in particular have emerged as key
players in a range of autoimmune disorders including: inflammatory bowel disease, psoriasis
and ankylosing spondylitis3. I1L-17 contributes to inflammation by a number of mechanisms,
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including myeloid cell expansion and recruitment. Along with the Th17 associated cytokine,
IL-21, IL-17 provides help to B cells®. Thus, defining the factors that govern the regulation
of IL-17 in T cells is of great importance with respect to the pathogenesis of autoimmune
disease.

IL-6, IL-21 and IL-23 in conjunction with IL-1 and/or TGF-B1 promote IL-17 production®.
The former cytokines all activate STAT3, which is critical for Th17 cell differentiation.
STAT3 directly regulates the 1117 gene and is necessary for the expression of multiple
transcription factors involved in Th17 differentiation® 19, Mice that lack Stat3 in T cells are
unable to generate Th17 cells1-13 and are resistant to a number of models of
autoimmunity2% 14, In humans, patients with Hyper-immunoglobulin E syndrome exemplify
the contribution of STAT3 to the immune system1°. Further evidence for the relevance of
STAT3 is made by the identification of polymorphisms associated with increased risk of
autoimmune disease 16,

Given the highly inflammatory nature of IL-17, it is not surprising that many factors serve to
constrain its expression. Cytokines such as IFN-y, IL-27 and IL-4 inhibit Th17
differentiation’- 7. A second category of factors that inhibit IL-17 expression in T cells
shares the ability to induce FOXP3 expression in vitro. These include high doses of TGF-
B118, retinoic acid® 20 and IL-2. Genetic deletion or antibody blockade of IL-2 results in
increased IL-17 production in vitrol3. Moreover, a feature of the autoimmune disease
associated with IL-2 deficiency is the overproduction of IL-17 in vivol3. The effects of IL-2
appear to be largely due to STATS5 as deficiency of this transcription factor in T cells
mimics many aspects of IL-2 deficiency. For example, mice in which Stat5a/b have been
deleted from their T cells, exhibit widespread autoimmune disease?, which is associated
with overproduction of IL-1713,

In the light of these findings, we set out to dissect the mechanisms by which IL-2 negatively
regulates IL-17, and to identify the participation of STAT3 and STATS5 in this process. We
found that absence of STAT3 in the context of IL-2 deficiency ameliorated autoimmunity
associated with this cytokine. However, the inhibitory effect of IL-2 on IL-17 was
independent of FOXP3. Instead, the data supported a model in which the relative activation
of STAT3 and STATS directly dictates the outcome of 1L-17 production. Consistent with
this prediction, we found that efficient Th17 differentiation occurred at very low doses of
IL-6, as long as STATS5 activation was antagonized. Thus, our findings point to a new model
of T helper cell specification and reveal the opposing effects of two closely related
transcription factors that act on the same genetic element.

STAT3in T cells mediates inflammatory colitis observed in IL-2 deficient mice

Mutations of the 112 gene, or the genes encoding its receptor subsets, are associated with
severe autoimmune disease in both mouse and man22. This pathology is associated with a
reduction in T regulatory (Treg) cells and elevated numbers of Th1 and Th17 cells. To
explore the contribution Th17 cells make to the inflammatory disease associated with IL-2
deficiency, we bred CD4-Cre;Stat3//fl (S3K) mice with 1127 animals to generate doubly-
deficient mice (1127°S3K). 1127-S3K mice, like 1127~ mice, have a significant reduction in the
proportion of FOXP3*CD4* T cells in the spleen, mesenteric lymph nodes (MLN) and
lymphocytes of the colonic lamina propria (LPL) at three months old (Fig. 1a, Supplemental
Fig. 1a). Consistent with this reduction in the proportion of FOXP3* CD4* T cells, there
was an expansion in the proportion of activated CD4* T cells (Supplemental Fig. 1b) and an
increase in the total numbers of CD4* T cells (Supplemental Fig. 2c) in both 1127~ and
1127-S3K mice compared with control animals. The lymphocytosis seen in 1127~ and
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112-S3K mice resulted in similar absolute numbers of CD4* FOXP3™ cells in all four
groups of mice, (Supplemental Fig. 1c), despite the differences seen in the proportion of
FOXP3*CD4* T cells.

We next compared T cell cytokine expression. The proportions and total numbers of IFN-y
positive cells were not significantly different between 1127~ and 1127-S3K mice (Fig. 1b,
Supplemental Fig. 2a, Supplemental Fig. 2c), but there was a profound reduction in
proportions of IL-17 and IL-22 production in T cells lacking STAT3 in the colonic lamina
propria (Fig. 1c, Supplemental Fig. 2a, Supplemental Fig. 2b). Importantly, despite the
residual impairment in Treg cells, deletion of Stat3 reduced the pathology associated with
IL-2 deficiency and significantly prolonged lifespan (P=0.003) (Fig. 1d and 1e). Thus, T cell
STAT3 is necessary for the inflammatory colitis associated with IL-2 deficiency,
irrespective of Treg cell deficits.

IL-2 and STAT5 inhibit IL-17 independently of FOXP3

The failure to induce FOXP3 has been considered a major reason for the autoimmunity
underlying IL-2 deficiency?3. In dissecting the possible mechanisms through which 1L-2
inhibits IL-17, it was logical to consider that the induction of FOXP3 might be a major
factor. To test whether the inhibition of IL-17 by IL-2 was causally related to FOXP3
induction, we assessed the effect of IL-2 in cells lacking FOXP3. Using naive cells from
TCR transgenic, FOXP3 mutant (Scurfy: Foxp3s:;Ragl”";0T2) mice, we measured in vitro
production of IL-17 in the presence and absence of IL-2. As expected, addition of IL-2
induced FOXP3 expression in control T cells but not in Scurfy T cells (Fig. 2a). To our
surprise, IL-2 inhibited IL-17 expression equivalently regardless of the presence or absence
of FOXP3, suggesting that the induction of FOXP3 plays only a small part, if any, in the
ability of IL-2 to inhibit 1L-17.

We previously showed that inhibition of IL-17 by IL-2 is dependent upon STAT513, We
next sought to determine if expression of STAT5 alone was sufficient to inhibit IL-17
production by transducing naive CD4* T cells with a retrovirus expressing constitutively
active STATS (Ca-STATS). As shown in figure 2b, this was the case; the proportion of
IL-17-producing cells was significantly reduced by expression of Ca-STATS5. Since STAT5
regulates FOXP3 expression24, it was important to assess whether the ability of Ca-STAT5
to inhibit 1L-17 was also independent of FOXP3 induction. We found that Th17
differentiation was equally inhibited by Ca-STATS in both control (Ragl”-;0T2) (P=0.021)
and Scurfy (Foxp3s";Rag1”-;0T2) T cells (P=0.015) (Fig. 2b, 2c). Thus, contrary to our
expectations, FOXP3 induction was unnecessary for IL-2 and STATS to inhibit IL-17
production.

IL-2 inhibition of IL-17 is not rescued by forced expression of RORyt

Reduction of RORyt expression mediates the inhibition of Th17 differentiation by the action
of the anti-inflammatory cytokine IL-2725. We therefore next assessed whether IL-2 acted
by a similar mechanism. We found that addition of IL-2 caused a marked reduction in the
proportion of IL-17-producing cells and a modest reduction in both the magnitude (as
determined by mean fluorescence intensity) and the proportion of cells that expressed
RORyt (Fig. 3a, top panels, Fig. 3b, left graph, Fig. 3c, Fig. 3d, left graph).

The former was significant but the latter was not, and was unaffected by the absence of
FOXP3 (Supplemental Fig. 3a). As expected, absence of STAT5 reversed the inhibitory
effect of IL-2, resulting in enhanced IL-17 production (Fig. 3a). This had no significant
effect on the proportions of cells expressing RORyt (Fig. 3b, right graph), but did have a
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small and statistically significant effect on the mean fluorescence intensity of RORyt
expression (Fig 3c, Fig. 3d, right graph) (P=0.03).

These small changes in RORyt expression appeared not to explain the larger alternation in
IL-17 production. However, to assess the role of RORyt more directly, we infected cells
with a retrovirus encoding RORvt, to see if forced expression of RORyt would abrogate
IL-2-mediated inhibition of IL-17 expression. To do this, it was necessary to delay addition
of IL-2 to allow time for the expression of transduced RORyt. The data in supplemental
figure 3b demonstrate that the earlier IL-2 was added, the more pronounced was its effect.
However, there was still a 30% reduction in IL-17-producing cells, even if IL-2 was added
after a 48-hour delay. Next, naive T cells from Rag1”~;0T2 (Control) and
Foxp3sf;Ragl";0T2 (Scurfy) mice were stimulated under Th17 conditions during which
they were infected with retrovirus encoding GFP or GFP and RORyt genes. After 48 hours,
IL-2 was added to the cell cultures (Fig. 3¢, lower panels) and after a further 48 hours
RORyt and IL-17 expression were determined in the GFP positive cells. The data in figure
3e demonstrate that cells stimulated under Th17 conditions and infected with GFP virus
expressed physiological amounts of RORyt whereas Th17 cells infected with RORyt
retrovirus expressed supra-physiological amounts of RORyt. The inhibitory effect of IL-2 on
the proportion of IL-17* cells was similar irrespective of whether RORyt was over-
expressed. IL-2 also inhibited IL-17 expression to a similar extent in cells that both
expressed supra-physiological amounts of RORyt and lacked FOXP3. Thus, IL-2 was able
to inhibit IL-17 expression by a mechanism that was independent of expression of either
transcription factor.

IL-2 does not impair IL-6-dependent STAT3 activation

Since the effect of IL-2 appeared not to be explained predominantly by regulation of
expression of FOXP3 or RORyt, we next considered whether I1L-2 might interfere with 1L-6-
dependent STATS3 activation. Upon IL-6 stimulation, SOCS proteins limit STAT3
activation. SOCS3 in particular has been identified as an inhibitor of STAT3 and Th17
development?® 26, Thus, we considered the possibility that prior activation of T cells with
IL-2 may have an enhancing effect on SOCS proteins, which would interfere with STAT3
phosphorylation. We therefore first measured SOCS3 mRNA expression in Th17 cells
polarized for three days in the presence or absence of IL-2, but found no difference
(Supplemental Fig. 4a). We also compared the ability of IL-2 to inhibit Th17 polarization in
cells lacking SOCS3 (CD4-Cre;Socs3/M), but found that IL-2 inhibited Th17 polarization to
a comparable extent in SOCS3-deficient and control T cells (Supplemental Fig. 4b). Finally,
we explored whether the activation of cells by IL-2 inhibited subsequent I1L-6-dependent
STAT3 phosphorylation. However, the magnitude of STAT3 phosphorylation as determined
by immunoblotting (Supplemental Fig. 4c) or by flow cytometry (Supplemental Fig. 4d) was
not affected by pre-incubation with IL-2. The experiment was also repeated in STAT5-
deficient cells (Supplemental Fig. 4e) and the presence or absence of STAT5 had no
influence on the level of phosphorylated STAT3 detected in response to IL-6 stimulation.

STATS is sufficient to inhibit IL-17 and acts directly in repressing the 1117 locus

Since indirect modes of negative regulation of the IL-17 failed to explain the effects of IL-2,
we next turned our attention to the possibility that STATS5 has direct effects on the genetic
locus spanning the 1117a - 1117f genes. Our previous data showed that STATS bound the
I117a promoter region; however, at that time, other aspects of the architecture of this locus
had not been elucidated?’- 28, To investigate the possibility that STAT5 might function as a
direct transcriptional repressor of the 1117a gene, we first mapped its binding sites using
chromatin immunoprecipitation with massive parallel sequencing (ChIP-seq) and compared
these with STAT3 binding sites within the 1117a-f locus. From this comparison, we

Nat Immunol. Author manuscript; available in PMC 2011 September 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yang etal.

Page 5

concluded that STATS5 bound not only at the 1117a promoter, but also at distal sites (-5K,
+10K, +23K, +28K and +36K) (Fig. 4a, lower panel). These sites all co-localised to regions
where STAT3 bound (Fig. 4a, upper panel), to predicted STAT binding site motifs (Fig. 4a,
blue triangles) and to DNase hypersensitivity sites in stimulated Th17 cells?’,

Given that IL-2, acting through STATS5, had direct effects on the 1117a gene, we next
wondered how this signal would interfere with the positive actions of STAT3. We were
struck by the finding that STAT3 and STATS5 appeared to bind at the same regions of the
I117a-f locus (Fig. 4a), suggesting that STAT5 could directly interfere with the ability of
STAT3 to bind the locus. To address this point, chromatin immuno-precipitation (ChIP) and
quantitative PCR was used to interrogate whether the presence of bound STAT5 inhibited
STAT3 binding. Primers were made corresponding to six sites (pl — p6, green triangles) and
each site was associated with both STAT3 and STATS binding and contained single discrete
DNA STAT binding sites (Fig. 4a, blue triangles). To be certain that IL-17-producing cells
were selectively interrogated, naive Th cells from IL-17F-RFP reporter mice were
stimulated under ThO conditions or Th17 conditions in the presence of IL-2 or anti-IL-2.
RFP* cells were sorted from the cells stimulated under Th17 conditions and STAT3 and
STATS binding was measured by ChIP and quantitative PCR. The results in figure 4b show
that the presence of IL-2 led to enhanced STATS5 binding across the 1117 locus at all the sites
identified by ChlP-seq (Fig. 4b, lower panel). Evidence of STATS5 binding correlated with a
significant reduction in STAT3 binding at all the sites associated with the 1117a gene and
within the intergenic region but only at one of the two sites associated with the 1117f gene
(Fig. 4b, upper panel, p5 and p6 sites).

Recent genome-wide studies have identified p300 binding as a marker of gene enhancer
elements?% 30, As shown in figure 5a (upper left panel), we saw evidence of p300
recruitment at all the interrogated STAT binding sites. The most prominent binding occurred
at the intergenic sites p3 and p4, suggesting that these two sites represent classical enhancer
elements. Of note, the presence of IL-2 resulted in reduced p300 binding to sites associated
with the 1117a promoter, but had little effect on sites associated with the 1117f promoter.

In order for efficient and stable gene transcription to occur, the locus must be held in an
open conformation, which can be monitored by the presence of characteristic histone
modifications1® 27. 31 The finding that STAT5 bound the putative regulatory sites suggested
to us that the IL-2/STATS signal might alter the epigenetic modifications within the
extended I117a-f locus. We therefore next explored the effect of IL-2 on total acetylation of
histone 3 (H3Ac, Fig. 5a, upper right panel) and histone 3 lysine 4 trimethylation status
(H3K4me3, Fig. 5a, lower left panel), both associated with transcriptional activation. The
data show that IL-2 stimulation resulted in a reduction in H3Ac modification primarily at the
I117a promoter (sites p1 and p2). In contrast, there was little effect on the 1117f promoter
(sites p5 and p6). The addition of IL-2 was associated with a reduction in H3K4me3 status
throughout the 1117a-f locus. Histone 3 lysine 27 trimethylation (H3K27me3) is typically
associated with an inhibition of gene transcription. We therefore next asked whether STAT5
binding to the 1117 locus was associated with the acquisition of H3K27me3. The data
demonstrate that cells stimulated under Th17 conditions had significantly less H3K27me3 at
all of the sites examined within the 1117a-f locus compared with cells stimulated under non-
polarizing (Th0) conditions. The addition of IL-2 resulted in a modest elevation in the levels
of H3K27me3 across the 1117a-f locus (Fig. 5a, lower right panel).

It has been previously reported that STATS is able to recruit the histone deacetylator adaptor
protein, NCoR232, To assess whether this was relevant for the regulation of 1L-17, we
polarized cells under Th17 conditions in the presence or absence of IL-2 and measured the
recruitment of NCoR2. In preliminary experiments, we found that the major site of NCoR2
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recruitment occurred within the intergenic region (p4) of the 1117 locus. As shown in figure
5b, IL-2 significantly increased binding of NCoR2 binding to this site. Thus, in response to
IL-2, STATS displaced STAT3, which resulted in loss of permissive histone modifications
and promoted recruitment of the NCoR2 repressor.

The balance of STAT5/STAT3 activation regulates Th17 specification

If STAT3 and STAT5 compete for binding to the same sites within the 1117a-f genetic locus,
this suggests a model of IL-17 expression that would depend less on the absolute
concentration of IL-6 or IL-2, but more on the relative ratios. Furthermore, the epigenetic
data predict that IL-17F would be more resistant to inhibition by IL-2 compared with
IL-17A. To explore these possibilities, we polarized naive T cells in TGF-B1 and anti-mouse
IL-2 with varying concentrations of IL-6 and human IL-2 and assessed intracellular
expression of IL-17A and IL-17F (Fig. 6). In the absence of I1L-2, the proportions of T cells
that expressed IL-17A were near maximal, even at very low doses of IL-6. In the presence
of a low concentration of 1L-2, increasing the concentration of IL-6 was able to reverse its
inhibitory action leading to the proportion of IL-17A* cells that approximated the
percentage seen at the lowest concentration of IL-6 in the absence of IL-2 (59% vs. 65%)
(Fig. 6a, top left panel vs. middle right panel). At high concentrations of IL-2, Th17
differentiation was abrogated even in the presence of maximal doses of IL-6 (Fig. 6b). At
the lowest concentration of IL-6, IL-2 potently inhibited IL-17F production. By contrast to
the inhibition of IL-17A by IL-2, the inhibition of IL-17F was completely reversed with
increasing concentrations of I1L-6 irrespective of the concentration of I1L-2 (Fig. 6¢). At the
highest concentration of IL-6 and IL-2, the majority of the Th cells that were IL-17F" were
IL-17A". In summary, Th17 commitment represents a dynamic balance between the binding
of STAT3 and STATS5 to sites along the 1117a-f genetic locus, although IL-17A and IL-17F
gene expression are not equally affected.

Discussion

We previously showed that IL-2 inhibits the differentiation of Th17 cells. Herein, we show
that IL-2 inhibits IL-17 gene expression, largely independent of FOXP3 or RORyt. Instead,
our data suggest an alternative explanation: that the major mode of action of IL-2 is directly
to repress the 1117 locus. STATS was necessary and sufficient for this action, inhibiting
transcription and removing accessible histone marks, and displacing STAT3 occupancy.
Consistent with this competition model, the proportion of naive T cells that became Th17
cells depended on the relative concentrations of IL-2 and IL-6, such that blockade of IL-2
permitted IL-17A production at very low levels of IL-6. Conversely, increasing the
concentration of 1L-6 overcame the inhibitory effects of IL-2. Thus, we propose a model in
which Th17 differentiation represents a continuum that reflects the balance between
extrinsic factors that both inhibit and promote fate determination. Specification is not simply
due to the instructive effects of a single cytokine, but rather represents the equilibrium of
these opposing signals. Strikingly, these signals activate two highly related transcription
factors, which act on the same locus but have opposite functional effects.

Complete lack of IL-2 in mice results in autoimmune disease that is modified by the genetic
background33: 34, Accordingly, humans with inherited deficiency of I1L-2 receptor or
STATS5b suffer from autoimmune disease3® 36, Recent work devoted to identifying genetic
predictions to autoimmunity has revealed that polymorphisms within the 112ra genetic locus
are a relevant factor for Type | diabetes and multiple sclerosis3’- 38, Taken together, these
data point to a critical role of IL-2 in limiting immune responses. Unquestionably, an
important aspect of 1L-2’s anti-inflammatory action is its ability to induce FOXP3. The
ability of IL-2 to inhibit Th17 differentiation may also be relevant, but the extent to which
IL-17 is an independent driver of autoimmunity in the setting of IL-2 deficiency is not clear.
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While deletion of 1L-17 alone did not reverse the autoimmune hemolytic anemia (AIHA)
associated with IL-2 deficiency in BALB/c mice3?, its role in mediating the colitis was not
explored. We found that the inflammatory colitis associated with IL-2 deficiency was
dependent on STAT3 in T cells, culminating in a significant prolongation of survival in
112-S3K mice compared with 1127~ animals.

Our findings contrast with that of Hoyer et al, but it must be emphasized that there are a
number of differences between our studies. The background of the mice studied was
different, with 1127- BALB/c animals dying at an earlier age of AIHA, whereas 1127~ C57BL/
6 mice die later of colitis33 34. Hoyer et al studied the effect of IL-17A alone, whereas our
study looked at T cell STATS3, critical for development of the Th17 lineagel 12, which is
characterized by a unique repertoire of chemokines and cytokines for which IL-17A is but
one member.

Originally identified as mediators of interferon action, STATS typically function as positive
transactivating factors. Several lines of evidence indicate that for some genes the actions of
one STAT can be compensated by a second, with both acting in a positive manner. Prior to
the advent of ChlP-seq, the number of known STAT-regulated genes was limited. However,
with this new technology the identification of STAT-bound genes has expanded*!. These
data confirm the notion that many genes are bound and positively regulated by more than
one STAT4L,

By contrast prior to this new approach, there were few examples of STATS serving as
repressors*2, However, an unexpected finding revealed by these data sets was that STATS
serve as transcriptional repressors for a considerable proportion of genes®!. Furthermore, a
third category of genes, identified by ChlP-seq analysis, can be characterized by
circumstances in which more than one STAT binds a given gene, and yet the individual
STATSs may have opposing actions. This was quite evident in the analysis of STAT4 and
STATS6 targets in Th1 and Th2 cells*L. In fact, of 265 genes bound and inhibited by STATA4,
150 were oppositely regulated under Th2 conditions in a STAT6-dependent manner. In these
cases, there was little evidence that this competition was directed to the same elements. On a
genome-wide scale, binding of a transcription factor that acts in a positive manner is
enriched in promoter regions. By contrast, when the factor is acting as a repressor, it is more
likely to be enriched in regions outside the promoter®3. In the case of STAT4 and STATS,
the binding motifs are also distinct; thus, in many circumstances activators and repressors
seem to have spatially distinct localization.

In this context the actions of STAT3 and STATS on the 1117a-f locus seemed particularly
intriguing to explore. STAT3 and STAT5 can induce expression of the same genes and their
actions can be complimentary; both factors induce Bcl-xI and Cyclin D1 expression®4.
Furthermore, STAT3 and STAT5 bind the same DNA motif. Then how would the action of
these two transcription factors divergently regulate 1117 gene transcription? As indicated, we
initially considered that indirect modes of regulation would be the most likely scenario;
however, our data indicated this not to be the case. On the contrary, our data clearly indicate
that STATS is recruited to the 1117 locus where its presence is associated with a reduction in
gene transcription, the histone H3 acetylation and K4 trimethylation status and the
recruitment of the transcriptional repressor NCoR2.

If STAT3 and STATS functioned like other factors that act as activators and repressors of
gene transcription, we expected that there would be enrichment of STAT3 and STATS in
different parts of the 1117 locus; however, this was also not the case. Both factors bound to
the same regions 5’ and 3’ of the gene, and the presence of STAT5 was associated with a
displacement of the positive transactivating factor STAT3 in the 1117a promoter and
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associated gene enhancers. It was notable that STATS5 binding also served to recruit the
inhibitor NCor2 predominantly in the intergenic region. To our knowledge, our data
represent the first example in which two STATS bind the same elements and have opposing
functions. However, we do not believe that this is singular to the 1117 gene. There are other
genes in which STAT3 and STAT5 have opposing roles in their expression in tumor cell
lines*4; however, with the exception of the present work, the precise modes of negative
regulation of the endogenous genes have yet to be investigated. We compared ChIP-seq data
with differential gene expression by microarray in STAT5- and STAT3-deficient T cells
stimulated under Th17 conditions. We identified more than 300 genes that showed evidence
of direct STAT binding within their loci whose expression was both diminished in the
absence of STAT3 and enhanced in the absence of STATS5. Within this group we found that
95% of these genes contained co-localised STAT3 and STATS5 binding peaks. This contrasts
with our previous work in Th1/Th2 development, in which only 24% of genes bound and
counter-regulated by STAT4 and STAT6 showed co-localization of STAT4 and STAT6
binding peaks*L. It will therefore be important to carefully delineate genes for which these
factors have complimentary versus opposing functions and to assess the mechanisms of
regulation.

The idea that related transcription factors can bind the same elements and have opposing
functions is not without precedent. For instance, E2F4 is recruited to the nucleus in cells
resting in G1 phase and serves to recruit the histone deacetylator adaptor protein mSin3B4°,
The initiation of cells into S phase from G1 is associated with the replacement of E2F4 with
the related factors E2F1, E2F2 and E2F346: 47, |n this case, one family member, E2F4,
serves uniquely as a repressor; it does not have a dual role. More analogous to the situation
with STAT3 and STATS is the NF-xB family. It comprises five members that form multiple
homo- and heterodimers but recognize the same consensus sequence. Initially, p65/p50 bind
the 1112p40 promoter, but they are displaced by RelB/p52, which correlates with extinction
of transcription?8. In this case, however, the same stimulus induces the formation of both
complexes and the regulation is temporal. This contrasts with our data in which two distinct
extrinsic signals activate different family members. However, it is also important to
recognize that individual cytokines are capable of activating multiple STAT proteins to
varying degrees. The possibility that for some genes two STATSs will have complementary
functions, while others will have opposing ones, is a subtlety that is not generally
recognized. Thus, cytokines should not be viewed as acting in a single linear pathway,
activating a single STAT: instead, the net effect of cytokines acting on their targets
represents the integration of actions of multiple STAT proteins, which can act co-operatively
at some gene loci and competitively at others.

Mice and media

C57BL/6 mice and 1127~ mice were purchased from Jackson Laboratory (Bar Harbor,
Maine). Rag1”-;0T2 mice and Foxp3s' mice were purchased from Taconic (Hudson, New
York). CD4-Cre;Stat5"f mice were published previously, CD4-Cre;Stat3'/fl mice were
obtained from Dr Levy (New York university)*?. IL-17F-RFP reporter mice were obtained
from Dr Dong (MD Anderson) and have been described previously>. All animal studies
were performed according to the NIH guidelines for the use and care of live animals and
were approved by the Institutional Animal Care and Use Committee of NIAMS. All cell
cultures were performed in RPMI with 10% fetal calf serum, 2 mM glutamine, 100 1U/ml
penicillin, 0.1 mg/ml streptomycin, Hepes buffer (all Invitrogen, CA) and 2 mM -
mercaptoethanol (Sigma, MO).
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T cell isolation and differentiation

CD4* T cells from spleens and lymph nodes of 6- to 8-week-old mice were purified by
negative selection and magnetic separation (Miltenyi Biotec, Germany) followed by sorting
of naive CD4*CD62L*CD44" population using FACSAria Il (BD, NJ). Cells were activated
by plate-bound anti-CD3/CD28 (both 10 ug/ml; eBioscience, CA) in media for 3-4 days
either under neutral conditions or with IL-6 (20 ng/ml) plus human TGF-p1 (2.5 ng/ml),
anti-1IFN-y (10 pug/ml, BioXCell), anti-IL-4 (10 ug/ml, BD pharmingen) and anti-mouse 1L-2
(mIL-2) (10 pg/ml, BioXCell). Human IL-2 (hIL-2) was used at 100 1U/ml unless indicated
otherwise.

Intracellular staining and flow cytometry

The following antibodies were used: For cell sorting: anti-CD4-PerCPCy5.5, anti-CD62L-
APC and anti-CD44-PE (all BD, NJ). For intracellular staining: anti-IL-17A-PE is from BD
(NJ). Anti-1L-17F-Alexa Fluor® 647, and anti-FOXP3-Alexa Fluor® 647 were purchased
from eBioscience (CA). In brief, cells were stimulated for 2 hours with PMA and ionomycin
with the addition of brefeldin A (GolgiPlug; BD, NJ). Afterwards, cells were fixed with 4%
formyl saline, permeabilized with 0.1% saponin buffer and stained with fluorescent
antibodies before analyzing on a FACS Calibur (BD, NJ). Events were collected and
analyzed with Flow Jo software (Tree Star, Ashland, OR).

Retroviral transduction

Naive CD4* T cells were activated with plate-bound anti-CD3, anti-CD28 and anti-IFN-y
for 24 hours. The activated cells were transduced with supernatants containing hNGFR
retrovirus, ANGFR-caSTATS5 retrovirus, GFP retrovirus or GFP-RORyt virus in the presence
of polybrene (8ug/ml) by centrifuge at 2500 rpm for 90 minutes at 30 degree. The same
procedure of transduction was repeated 24 hours later and differentiation cytokines were
added for 2 days.

Chromatin Immunoprecipitation (ChlP)

ChIP was performed as described previously®. Naive CD4* T cells were activated and
polarized for 3-4 days followed by cross-linking for 8 min with 1% formaldehyde. The cells
were harvested and lysed by sonication. After pre-clearing with protein A agarose beads
(Upstate, VA), cell lysates were immunoprecipitated with anti-H3K4m3 (ab8580, Abcam),
anti-STAT5A/STATSB antibody (PA-ST5A and PA-ST5B, R&D Systems), anti-STAT3
antibody (14-6727, ebioscience, CA), anti-H3Ac (06-599, Millipore), anti-H3K27m3
(07-449, Millipore), anti-p300 (C-20, Santa Cruz, CA) or anti-NCoR2 (ab24551, Abcam)
overnight at 4°C. After washing and elution, crosslinks were reversed at 65°C for 4 hr. The
eluted DNA was purified, samples analyzed by quantitative-PCR with customer designed
primers and probes (Supplemental Table 1) using a 7500 real time PCR system (both
Applied Biosystems, CA). The Ct value for each sample was normalized to corresponding
input value.

Chromatin immunoprecipitation and massive parallel sequencing (ChlP-seq)

ChIP-seq experiments were performed as described previously*!. Briefly, CD4* T cells
were activated with TCR stimulation and polarized with IL-6 and TGF-p1 for 3 days. Before
harvesting, cells were restimulated with 1L-6 for STAT3 precipitation or IL-2 for STAT5
precipitation for 30 minutes. Cross-linked T cells were treated with MNase to generate
approximately 80% mononucleosomes and 20% dinucleosomes. Chromatin from 2 x 107
cells was used for each ChIP experiment, which yielded approximately 100 ng of DNA.
Antibodies against anti-STAT5A/STATSB antibody (PA-ST5A and PA-ST5B, R&D
Systems), and anti-STAT3 (14-6727, ebiosciences, CA) were used. The ChIP DNA
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fragments were blunt-ended, ligated to the Illumina adaptors, and sequenced using the
Illumina 1G Genome Analyzer. Sequenced reads of 25 bp were obtained using the Illumina
Analysis Pipeline (all 1llumina, CA). All reads were mapped to the mouse genome (mm9)
and only uniquely matching reads were retained. Those unique tags were mapped into non-
overlapping 200 bps windows of genome for STAT3 binding sample. Significant peaks
(islands) were identified based on window tag-count threshold determined from a P-value of
0.05 (defined by Poisson background model).

Histopathology

Mouse tissues were fixed in 10% formyl-saline followed by embedding in paraffin blocks.
Tissue sections were stained in hematoxylin and eosin and reported by a pathologist in a
blinded manner.

Isolation of lamina propria lymphocytes

Large intestines were removed, cleared from mesentery, fat and Peyer’s patches, cut into
pieces and washed in HBSS w/o Ca2*/Mg?*. After incubation in HBSS with EDTA,
epithelial layer cells were removed and the remaining tissue was digested with collagenase
and DNAse | (both Roche, IN) at 37°C. Lamina propria lymphocytes were recovered from
the supernatant, purified over a 40%, 80% percol gradient and the interface layer washed
twice in media before stimulation with phorbol myristate acetate (PMA), ionomycin and
brefeldin A.

Real-time PCR
Total RNA was isolated with the use of mirVana™miRNA kit (Ambion, TX); cDNA was
synthesized with Tagman reverse transcription Kit (Applied Biosystems, CA) according to
the manufacture’s instructions. Quantitative PCR was performed with an ABI PRISM 7700
sequence detection system with site-specific primers and probes (Applied Biosystems, CA).
The comparative threshold cycle method and an internal control (B-actin) were used to
normalize the expression of the target genes. The primers and probes from Applied
Biosystems: mouse ACTB 4352341E and mouse SOCS3 (Mm00545913).

Immunoloblot analysis

T cell protein extracts were separated by 4-12% SDS-PAGE and were transferred to
nitrocellular membranes (invitrogen). Memberanes were probed with anti-STAT5 (Tyr694)
(9351, Cell signaling technology), anti-STAT3 (Tyr705) (9145, Cell signaling technology)
and anti-actin (Millipore).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The inflammatory colitis in IL-2 deficient mice is dependent on T cell STAT3

(a) CD4* T cells were isolated from the spleen, mesenteric lymph nodes (MLN) and colonic
lamina propria (LPL) of three month old Stat3'/fl (WT), CD4-Cre;Stat3™/f (S3K), 1127~ or
CD4-Cre;Stat3M/f:112/- (1127-S3K) mice. FOXP3 expression was determined by intracellular
staining. Histograms representing data from four separate experiments are shown. Paired t
tests were used to determine statistical significance (ns: not significant). (b, c) Cells were
stimulated for two hours with PMA, ionomycin and brefeldin A and expression of IFN-y,
IL-10 (b) and IL-17, IL-22 (c) was determined by intracellular staining. Data are
representative of four separate experiments; Statistics were determined by paired t testing
(ns: not significant). (d) Formaldehyde fixed colon sections of WT, S3K, 1127~ and 1127-S3K
mice were stained with haematoxylin and eosin. () Kaplan-Meyer survival curve comparing
mice with IL-2 deficiency (1127") and mice with both STAT3 and IL-2 deficiency (1127-S3K)
(**P=0.003).
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Figure 2. IL-2 inhibits IL-17A expression in the absence of FOXP3

(a) Naive CD4* T cells from control (Rag1”";0T2) and Scurfy (Foxp35;Rag1”-;0T2) mice
were stimulated with TGF-p1, IL-6, anti-IFN-y, anti-IL-4 and anti-IL-2 (left panels) or hiL-2
(right panels). IL-17A and FOXP3 expression were determined by intracellular staining.
Representative flow cytometry is shown (left panel a) together with cumulative results of
seven biological replicates from four independent experiments (right panel a), and
significance was determined by unpaired t testing (ns: not significant). (b, c) Naive CD4* T
cells from control (Rag1”";0T2) mice (b) and Scurfy (Foxp3s;Rag1”-;0T2) mice (c) were
activated in media alone. Twenty-four and 48 hours later, cells were infected with retrovirus
expressing human NGF-receptor (RNGFR) (empty vector) or hNGFR together with a
constitutively active STAT5S (Ca-STATDS). After the second virus transduction, TGF-B1,
IL-6, anti-IFN-y, anti-IL-4 and anti-1L-2 were added to the culture. Two days later, IL-17A
and FOXP3 expression were determined by intracellular staining. Flow cytometry plots of a
single representative experiment are shown above; the histogram representing three
independent experiments is below. Significance was determined using a paired t test.
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Figure 3. Over-expression of RORyt does not abrogate the inhibitory effect of I1L-2

(a,b) Naive CD4* T cells from control (Stat5™"/;0T2) mice were stimulated in media (ThO),
the presence of TGF-B1, IL-6 and IL-2 or the presence of TGF-B1, IL-6 and anti-1L-2. Naive
T cells from STATS KO (CD4-Cre;Stat51: 0T2) mice were stimulated in media (ThO) or
the presence of TGF-B1, IL-6 and IL-2. After three days, RORyt and IL-17 expression was
determined by intracellular staining. Data from a single representative experiment (a) and
three independent experiments (b) are shown. Significance was determined using a paired t
test (ns: not significant). (c,d) Mean fluorescence intensity for RORyt was determined for
CD4™* T cells from control mice stimulated under Th17 conditions in the presence of anti-
IL-2 or IL-2 or from STATS5 KO mice stimulated under Th17 conditions in the presence of
IL-2, a single representative experiment is shown (c) together with cumulative data from
three independent experiments (d). P values were determined by paired t testing (ns: not
significant). (e) Naive CD4* T cells from control (Rag1”~;0T2) or Scurfy
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(Foxp3s;Rag1";0T2) mice were stimulated in the presence of TGF-1, IL-6 and anti-
mlL-2 for two days. On day 1 and day 2, cells were infected with retrovirus containing GFP
alone or GFP together with RORyt. After two days, IL-2 was added (lower panels) and the
cells were incubated for a further two days. RORyt and IL-17 expression was determined in
the GFP positive cell population by intracellular staining in cells stimulated again for 2
hours with PMA, ionomycin and brefeldin A.
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Figure 4. STAT3 and STAT5 compete for the same binding sites within the 1117a-f locus

(a) Naive CD4* T cells were stimulated for three days under Th17 conditions. On the third
day cells were either stimulated with IL-6, crosslinked with formaldehyde and
immunoprecipitated with anti-STAT3 (upper panel a) or stimulated with IL-2 and
immunoprecipitated with anti-STATS5 (lower panel a). Immunoprecipitated DNA was
sequenced by massive parallel sequencing. The I117a-f locus is illustrated; the locations of
primer sites p1 — p6 are depicted by green triangles and candidate STAT binding sites are
illustrated by blue triangles. (b) Naive CD4" T cells from IL-17F-RFP reporter mice were
cultured for three days in media alone (Th0), or with TGF-B1, IL-6 and anti-1L-2
(Th17+anti-IL-2) or with TGF-B1, IL-6 and IL-2 (Th17+IL-2). On the third day, RFP* cells
from both groups were isolated using flow cytometry cell sorting. Cells were restimulated
with IL-6 in the presence or absence of IL-2, crosslinked with formaldehyde, and
immunoprecipitated with anti-STAT3 (b, upper panel) and anti-STAT5 (b, lower panel).
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Bound DNA was amplified by quantative-PCR for primer sites p1 — p6 and expressed as a

permil of input DNA. Data are pooled from two independent experiments. Error bars denote
s.e.m and P values were determined by unpaired t testing (ns: not significant).
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Figure 5. STAT5 binding is associated with a reduction in active epigenetic marks across the
1117a promoter region and associated enhancer elements

Naive CD4* T cells were stimulated for three days in the presence of media with anti-1IFN-y,
anti-1L-4 alone (ThO0), anti-IFN-y, anti-IL-4, TGF-B1, IL-6 and anti-IL-2 (Th17+anti-1L-2)
or anti-IFN-y, anti-IL-4, TGF-B1, IL-6 and IL-2 (Th17+IL-2). Cells were crosslinked and
immunoprecipitated with anti-p300, anti-H3Ac, anti-H3K4me3, anti-H3K27me3. DNA was
amplified as described in Fig. 5 and expressed as a percentage of input DNA. The data are
representative of two independent experiments. (b) Naive CD4™ T cells were stimulated
under Th17 condition with anti-IL-2 or IL-2. Cells were crosslinked and
immunoprecipitated with anti-NCoR2. Immunoprecipitated DNA was determined for the p4
region by quantitative-PCR and expressed as a percentage of input DNA. Data are
representative of three independent experiments. Error bars denote s.e.m and P values were
determined by unpaired t testing (* P<0.05, ** P<0.01, *** P<0.001, ns: not significant)
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Figure 6. Th17 generation is dynamically regulated by opposing effects of IL-2 and IL-6:

differential regulation of IL-17A and IL-17F

(a-c) Naive CD4* T cells were polyclonally stimulated for three days with anti-IFN-y, anti-
IL-4, anti-mIL-2, TGF-B1, varying concentrations of hIL-2 (0 to 100 1U/ml) and IL-6 (0.5 to
20 ng/ml). IL-17A and IL-17F expression was determined by intracellular staining. (a) Flow
cytometry plots showing a single representative experiment. (b,c) Summary of four
biological replicates from two separate experiments showing the effect of altered IL-2 and
IL-6 doses on (b) IL-17A expression and (c) IL-17F expression. Statistics were determined

using an unpaired t test (*** P<0.001, ns: not significant).
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