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Abstract

T helper (Th) cell subsets develop in response to multiple activating signals, including the cytokine
environment. IL-9-secreting T cells develop in response to the combination of 1L-4 and TGF-$,
though they clearly require other cytokine signals, leading to the activation of transcription factors
including STATS. In Th17 cells, there is a molecular antagonism of STAT5 with STAT3 signaling,
though whether this paradigm exists in other Th subsets is not clear. In this report, we demonstrate
that STAT3 attenuates the ability of STAT5 to promote the development of IL-9-secreting T cells.
We demonstrate that production of I1L-9 is increased in the absence of STAT3, and cytokines that
result in a sustained activation of STAT3, including IL-6, have the greatest potency in repressing
IL-9 production in a STAT3-dependent manner. Increased IL-9 production in the absence of
STAT3 correlates with increased endogenous IL-2 production and STATS5 activation, and blocking
IL-2 responses eliminates the difference in IL-9 production between wild type and STAT3-
deficient T cells. Moreover, transduction of developing Th9 cells with a constitutively active
STATS5 eliminates the ability of IL-6 to reduce IL-9 production. Thus, STAT3 functions as a
negative regulator of 1L-9 production through attenuation of STAT5 activation and function.

INTRODUCTION

Differentiation of CD4 T cells into T helper (Th) subsets is induced upon ligation of the T
cell receptor and is significantly influenced by the cytokines present in the environment
during activation and expansion. Initial studies demonstrated that IL-4 and IL-12 were
sufficient to drive the differentiation of CD4 T cells into IL-4-producing Th2 cells or IFN-y-
producing Thl cells, respectively resulting in the simple paradigm where one cytokine
activated one STAT protein that subsequently induced the expression of a single
differentiation program (1). This paradigm was insufficient to explain Th subsets described
later, such as Th17 cells, which required multiple cytokine signals for their development.
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Our current understanding suggests that T cell differentiation is likely the result of the
integration of multiple cytokine signals that leads to induction of a unique profile of
transcription factor expression that drives distinct cell fates.

In the framework of a paradigm where a single STAT protein yields multiple outcomes
depending on additional cytokines in the environment, cytokine signaling through STAT3 is
a key regulator in maintaining the balance of transcription factors in T helper cell
differentiation. STAT3 is required for differentiation of IL-17-producing Th17 cells as well
as T follicular helper (TFH) cells (2-4). STAT3 plays an important role in directly
transactivating key Th17- and TFH-associated genes, including //17a, //17f, Rorc, Bcl6 and
1121 (3-5). However, STAT3 also plays an equally important role in these cells as an
antagonist to 1L-2-induced STATS signaling that is detrimental to both Th17 and TFH
differentiation. STAT3 can directly compete with STAT5 for DNA binding, which deters
activation of //17a/fand //2ra (6, 7). Additionally, induction of STAT3 in T cells also alters
capacity of the cell to produce IL-2 and express the high affinity IL-2R (i.e. CD25) (8, 9),
thereby reducing the risk of autocrine responsiveness to IL-2 and prolonging lineage
commitment.

Despite the role of STAT3 as a STATS antagonist in Th17 and TFH cell differentiation, our
laboratory demonstrated that STAT3 is an important positive regulator of Th2 fate
determination in the presence of the differentiating STAT6 signal (10). In Th2 cells, STAT3
augmented STAT6 binding to key Th2-associated gene promoters, including Gata3and Maf.
Further, selective STAT3-deficiency in T cells resulted in reduced Th2 differentiation in vitro
and a marked reduction in allergen-induced airway hypersensitivity in vivo (10). These
results suggest that in the presence of a dominant cytokine pathway, such as the 1L-4-STAT6
pathway, the function of other STAT proteins might be altered.

Like Th2 cells, IL-9-producing CD4 T cells, termed Th9 cells, also differentiate in response
to IL-4/STAT6-mediated signals. However, this IL-4 mediated signal is altered by additional
TGF- signaling and results in a unique pattern of gene expression including elevated
expression of the transcription factor IRF4, suggesting that these cells are a distinct lineage
from Th2 cells (11, 12). Th9 cells play a critical role in allergic airway inflammation,
parasite immunity and also promote anti-tumor responses (12). However, relatively little is
known about the underlying molecular mechanisms that govern the differentiation of Th9
cells. Because Th9 cells share a requirement for STAT6 signaling with Th2 cells, and our
previous work suggested that STAT3 was required for Th2 differentiation, we initially asked
if STAT 3-activating cytokines enhanced Th9 differentiation. Surprisingly, induction of
STAT3 by particular cytokines inhibited Th9 differentiation and deletion of STAT3 in Th9
cultured cells augmented Th9 differentiation by altering 1L-2 and STAT5 activation.

METHODS

Mice

Stat3 M mice expressing the CD4-Cre transgene (Stat3/fl Cre+) mice were originally
provided by Dr. David Levy (13) and maintained on the C57BI/6 background under specific
pathogen free conditions. Bcl6f/fl CD4-Cre mice (14) were provided by Dr. Alexander Dent.
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All mice were used with the approval of the Indiana University Institutional Animal Care
and Use Committee.

T cell culturing conditions

Naive CD4 T cells were isolated from the spleens of mice using magnetic enrichment
following direction of the supplier (Miltenyi Biotec, Auburn, CA, USA). These cells were
cultured in complete RPMI 1640 media at 1x108 cells per ml on tissue culture plates coated
with 2pg/ml of anti-CD3 (145-2C11, BioXCell, Labanon, NH, USA) and soluble anti-CD28
(5ug/ml, 37.51, BioXCell) for ThO/unpolarized conditions. In addition to CD3/CD28
stimulation, Th2 cells were cultured with murine I1L-4 (20ng/ml, Peprotech, Rocky Hill, NJ,
USA) and anti-1IFN-y (XMG1.2, 10ug/ml, BioXCell); Th9 cells received IL-4 and anti-1FN-y
as per Th2 cells, but also were treated with 2ng/ml of human TGF-$ (Miltenyi Biotec); Th17
cells were cultured with murine IL-6 (50ng/ml, Peprotech), human TGF-$ (2ng/ml), anti-
IFN-y (10pg/ml) and anti-1L-4 (11B11, 10ug/ml, BioXCell); iTregs were cultured in the
presence of human TGF-$ ( 2ng/ml) and human IL-2 (50U/ml). After three days of initial
polarization, cells were expanded in 3 volumes fresh media containing half concentrations of
the cytokines listed above.

In some experiments, cells were also treated with various STAT3 agonist cytokines including
IL-6, IL-10, IL-21. IL-23, IL-27 and GM-CSF (all from Peprotech), or with IL-2 blocking
reagents (anti-1L-2: 10ug/ml, JES6-5H4, Biolegend, anti-CD25: 10ug/ml, PC61, Biolegend).

Intracellular cytokine staining, transcription factor staining, and flow cytometry

At various time points during the culture period, we harvested cells to assess their capacity
to produce a number of cytokines by intracellular cytokine staining (ICS). 1-2x10° cells
were cultured in media containing Phorbol 12-myristate 13-acetate (PMA, 5ng/ml, Sigma),
ionomycin (500ng/ml, Sigma) and monensin (2uM, Sigma) for 5-6 hours at 37°C. After
incubation, cells were washed in PBS and stained with a fixable viability dye (eBioscience)
followed by washing and fixation with 4% formaldehyde for 10 min at room temperature.
Cells were then permeabilized with 0.1% saponin and stained for intracellular cytokines
(IL-4; 11B11, BiolLegend, IL-9; RM9A4, Biolegend, I1L-2; JES6-5H4, Biolegend, IL-17A,
eBiol7B7, eBioscience, IFN-y; XMG1.2, eBioscience).

Real-time PCR

Total RNA was isolated from cells cultured for 5 days in various conditions using Trizol
(Life Technologies). RNA was reverse transcribed according to manufacturers directions
(Invitrogen). Quantitative real-time PCR was performed with commercially available
primers (Life Technologies,) with a 7500 Fast-PCR machine (Life Technologies).

Retroviral Transduction

Bicistronic retroviral vectors containing constitutively active murine STAT5 (caSTAT5) and
human nerve growth factor receptor ((NGFR, (15)) were a gift from Dr. J. Sun and were
used to generate retrovirus as previously described (10). In order to transduce Th9 cells with
these retroviruses, naive cells were cultured under Th9 conditions for 2 days and infected
with either the control hNGFR empty vector control or caSTAT5-hNGFR virus in the
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presence of polybrene (8ug/ml, Sigma) by centrifugation at 2,000 rpm for 1 hr at room
temperature. After centrifugation, the retrovirus was removed and conditioned media was
added back to the cells. On the next day, cells were expanded as per above and assessed for
function and phenotype on day 5 of culture.

Data Analysis and Statistics

RESULTS

Flow cytometry data was collected using the Attune Flow Cytometer (Life Sciences), and
data was analyzed on FlowJo v 8.87 (Tree Star). All data was graphed and analyzed
statistically using Prism software v6 (Graph Pad). Unless noted, all statistical comparisons
were done using a Student’s t-test and considered significantly different if p<0.05.

STAT3 is a negative regulator of IL-4-mediated IL-9 production

Our previous work demonstrated that STAT3 was required for IL-4/STAT6-mediated Th2
differentiation (10). Because differentiation of Th9 cells are also derived in the presence of
IL-4 and requires STAT6 (16), we wanted to determine if STAT3 was also required in this
process. To this end, we generated T helper subsets in vitro that differentiate in culture in the
absence of IL-4 (i.e. ThO, Th17 and iTreg) or require IL-4 for their differentiation (i.e. Th2,
Th9) and defined their capacity for IL-9 production after short restimulation with anti-CD3.
We observed that both IL-4-derived Th2 and Th9 cells had a significantly increased (p<0.05)
capacity to produce IL-9 after re-stimulation, with an ~7- and ~3.5-fold increase in the
proportion of cells producing IL-9 under Th2 and Th9 cells, respectively (Figure 1A, B).
Interestingly, deficiency of STAT3 in IL-4-independent T helper subsets (ThO, Th17, iTregs)
exhibited no increased capacity to produce 1L-9 (p>0.05, Figure 1A, B). Further, STAT3-
deficient Th2 and Th9 cells expressed a marked increase (p<0.05) in //9mRNA levels as
compared to controls (Figure 1 C). Together, these data indicate that STAT3 is a negative
regulator of IL-9 production in cells differentiated with I1L-4.

STAT3-agonist cytokines dampen Th9 differentiation

To further address the role of STAT3 in the regulation of IL-9 production, we asked if adding
known STAT3 activating cytokines to Th9 cultures would negatively affect their
differentiation. As a first step, we assayed whether a panel of known STAT3 agonist
cytokines could induce phosphorylation of STAT3 in naive cells cultured under Th9
conditions for 0.5 hrs (e.g. initial activation) or 24 hrs (e.g. sustained activation). IL-6, -10,
-21, and -27 all significantly (p<0.05) induced acute phosphorylation of STAT3, whereas
IL-23 and GM-CSF did not (Figure 2A, B). However, only IL-6 and IL-27 resulted in
increased phosphorylation of STAT3 at 24 hrs after stimulation. We next asked if the
cytokines that were able to induce STAT3 phosphorylation (IL-6, 10, 21, 27) were able to
inhibit Th9 differentiation when added to these cultures. Interestingly, IL-6 exhibited the
greatest capacity to inhibit Th9 differentiation, followed by IL-21, whereas addition of 1L-10
and IL-27 had no effect on IL-9 production (Figure 2C). The ability of these cytokines to
inhibit Th9 differentiation generally correlates with the induction of sustained STAT3
activation (Figure 2A,B). Furthermore, IL-6 dramatically reduced Th9 differentiation even at
low concentrations (1 ng/ml), whereas IL-21 had no effect at this dose (Figure 2C).
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These results raised the possibility that the dose of these cytokines may be important in their
ability to inhibit Th9 differentiation. To further explore this, we increased the dose of 1L-21
to determine if higher doses of IL-21 could match the effects seen of low-dose IL-6
treatment. Initially, we compared the capacity of these cytokines to promote sustained
phosphorylation of STAT3 at 24 hrs after stimulation. While IL-6 treatment resulted in
maximal activation of STAT3 at relatively small doses (1 ng/ml), this level of STAT3
phosphorylation was not seen at even 50 times the dose of I1L-21 (50 ng/ml) (Figure 2D). We
also assessed IL-9 production after 5 days of culture in Th9 cells cells cultured with
increasing doses of IL-6 and IL-21. IL-6, at very low doses (1 ng/ml), resulted in maximal
decreases of IL-9 production whereas IL-21 generally required 50 times the dose to reduce
IL-9 secretion to similar levels (Figure 2E). Taken together, these data indicate that STAT3
agonist cytokines impair Th9 differentiation, correlating with their capacity to activate
sustained STAT3 phosphorylation during differentiation.

IL-6/IL-21-mediated disruption of Th9 differentiation requires STAT3, but not BCL6

IL-6 and IL-21 were previously reported to induce phosphorylation of both STAT1 and
STAT3 (17), and in some instances, cytokines that activate STAT1 have been also shown to
impair Th9 differentiation (18, 19). We therefore wanted to determine if IL-6 and I1L-21-
mediated suppression of Th9 differentiation required STAT3. In these experiments, naive
CD4 T cells were isolated from StatFf-Cre- or Stat3V/f-Cre+ mice and cultured under Th9
conditions in the presence or absence of IL-6 or IL-21 for five days, followed by the
assessment of these cells for IL-9 production after restimulation. As before, both IL-6 and
11-21 differentially decreased the frequency of IL-9-producing in STAT3-sufficient cells;
however, this effect was completely lost in STAT3-deficient cells (Figure 3A, B). Further,
IL-6 was capable of repressing the Th9-associated factor IRF4 protein expression in WT
Th9 cells, but not in STAT3-deficient cells whereas IL-21 had no effect on IRF4 expression
(Figure 3C). Importantly, addition of IL-6 or IL-21 to Th9 culture conditions in either WT or
STAT3-deficient cells did not result in an increase in the capacity of these cells to produce
IL-17, suggesting that activated STAT3 selectively acts to modulate 1L-9 and not divert these
cells towards a Th17 phenotype (Figure 3A). As a whole, these data indicate that STAT3 is a
critical mediator downstream of 1L-6/21 signaling.

Recent work demonstrated that IL-21 mediates suppression of Th9 differentiation via
induction of BCL6 (20). IL-6 has also been reported to induce early BCL6 expression in T
follicular helper cells (17). We therefore wanted to ask in our system if 1L-6/21 suppresses
Th9 differentiation via induction of BCL6. In our studies, IL-6, but not IL-21 enhanced Bcl6
MRNA expression in Th9 cells, whereas neither cytokine induced detectable BCL6 protein
expression (data not shown). Further, treatment of conditional BCL6-deficient Th9 cells
with IL-6 or IL-21 resulted in a decreased frequency of IL-9-producing cells and IRF4
protein expression similar to that observed in control cells (¢>0.05, Figure 3A, D, E). These
data suggest that although STAT3 is required for suppression of Th9 differentiation by both
IL-6 and IL-21, this inhibition is independent of BCLS.
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STAT3 regulates STAT5 activation during Th9 differentiation

Previous studies have shown that STATS5 is required for Th9 differentiation but inhibits
differentiation of Th17 and T follicular helper cells (20-24). During Th17 differentiation,
STAT3 acts to directly induce transcription of Th17-associated genes but also aids
differentiation by antagonizing binding of STAT5 to key Th17-associated genes (6). To
determine the mechanism of STAT3 function in Th9 cells, we examined phosphorylated
STATS protein levels over the course of Th9 differentiation in control or STAT3-deficient
CD4 T cells, or in control cells in the presence or absence of IL-6 or IL-21. At the onset of
the experiment, naive control and STAT3-deficient cells had virtually no detectable pSTAT5
expression and indicates that naive cells isolated from these mice are similar directly after
isolation. At day 3 of culture, all groups had elevated but similar levels of pSTATS5.
However, when cells were expanded in fresh media at day 3 of culture, IL-6-treated, and to a
lesser extent IL-21-treated cells rapidly lost pSTAT5S expression, compared to 1L-21-
untreated cells (p<0.05, Figure 4A). Interestingly, STAT3-deficient Th9 cells exhibited
significantly higher levels of pSTAT5 expression at day 5 of culture (p<0.05, Figure 4A).
Importantly, STAT6 activation is not impaired in the absence of STAT3 (16).

We also examined pSTATS5 at day 5 of culture in control or STAT3-deficient Th9 cells
treated with or without IL-6 or IL-21 to determine if the decrease in pSTATS5 induced by
these cytokines was STAT3-dependent. Indeed, while control cells treated with IL-6 or IL-21
exhibited measurable decreases in pSTATS5, STAT3-deficient Th9 cells treated with these
cytokines had no decrease as compared to untreated controls (Figure 4B, C).

To determine if the decreased pSTAT5 expression observed in IL-6-treated cells correlated
with a decrease in the expression of STATS5 target genes, we examined protein levels of
CD25, IRF4 and FOXP3 at day 5 of culture in both control and STAT3-deficient cells left
untreated or treated with IL-6 or IL-21. Figures 4D—F show that IL-6 markedly decreased
expression of CD25, IRF4 and FOXP3 (p<0.05) as compared to untreated controls.
Interestingly, 1L-21 had virtually no effect on STAT5-target gene expression despite a
reduced STATS5 activation (p>0.05). Further, IL-6-mediated suppression of these genes is
completely dependent on STAT3, as STAT3-deficient cells exhibited no decrease in CD25,
IRF4 or FOXP3 protein expression (£>0.05, Figure 4D-F). These data suggest that STAT3
regulates the activation of STAT5 that is likely to directly impact IL-9 production.

Augmented STAT5 activation and IL-9 production in STAT3-deficient Th9 cells requires IL-2

production

As IL-2 is the major STAT5-activating cytokine produced by T cells and is critically
important for Th9 differentiation (20, 25-27), we initially determined if STAT3-deficiency
or activation of STAT3 by agonist cytokines altered IL-2 production during Th9
differentiation. In these experiments, STAT3-deficient or control cells were cultured under
Th9 conditions in the presence or absence of IL-6. At days 0, 3, 4 and 5 of culture we re-
stimulated cells to determine their capacity to produce IL-2 by intracellular cytokine
staining. Figure 5A shows that IL-6 treatment decreased the early (days 3 and 4 of culture)
capacity of Th9 cells to produce IL-2 as compared to untreated controls (p<0.05). In
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contrast, STAT3-deficient Th9 cells have an increased capacity to produce IL-2 as compared
to controls (p<0.05, Figure 5A).

To determine if the reduced capacity of IL-6 and IL-21-treated Th9 cells to produce IL-2
was dependent on STAT3, we examined the capacity of STAT3-sufficient or -deficient cells
to produce IL-2 at day 4 of culture after re-stimulation. Indeed, STAT3-sufficient cells
exhibited a loss of IL-2 production when treated with I1L-6 or 1L-21 (0<0.05), but this loss in
function was abrogated in STAT3-deficient cells (©>0.05, Figure 5B). Therefore, 1L-6 and
IL-21, through STAT3 signaling, impair the production of IL-2 in developing Th9 cells.

Based on the above data, we hypothesized that augmented IL-2 production in the absence of
STAT3 may lead to enhanced Th9 differentiation. To test this hypothesis, we differentiated
Th9 cells from control or STAT3-deficient mice, and on day 3 expanded these cells cell in
fresh media with or without blocking antibodies to IL-2 and CD25. After 2 additional days
of culture, we assessed pSTATS levels in resting cells and IL-9 production after stimulation
with PMA and ionomycin. Figure 5C-D show that 1L-2/CD25 blockade significantly
reduced both pSTATS and IL-9 production of STAT3-deficient Th9 cells to levels observed
in control cells that underwent the same treatment.

The deficiency in IL-2 production in IL-6-treated cultures suggests that supplementation of
the cultures with exogenous IL-2 might rescue I1L-9 production. To test this, we added
increasing doses of IL-2 to IL-6-treated Th9 cultures, but did not observe a recovery in 1L-9
production (Fig. 5E). This lack of responsiveness is consistent with decreased CD25
expression in IL-6-treated Th9 cultures (Fig. 4D). Taken together, these data suggest that
STAT3 controls IL-2 production that then acts to activate STAT5 and promote Th9
differentiation.

Expression of constitutively active STAT5 protects Th9 cells from deleterious effects of

IL-6

Above we showed that STAT3 controls STAT5 activation and Th9 differentiation by
regulating the production of IL-2. We therefore hypothesized that ectopic expression of a
constitutively active STAT5 (caSTATS5) would neutralize the deleterious effects of IL-6 on
Th9 differentiation. To test this hypothesis, we cultured STAT3-sufficient Th9 cells in the
presence or absence of IL-6 for two days, and then transduced these cells with a retrovirus
expressing human nerve growth factor ('1NGFR) alone or ANGFR-IRES-caSTATS. At day 5
of culture we assayed IL-9 production after restimulation. In control-transduced cells, IL-6
treatment reduced the proportion of IL-9 producing cells as compared to untreated controls
(p<0.05, Figure 6A, B). Transduction of cells with caSTAT5 resulted in an increased
proportion of IL-9-producing cells as compared to cells transduced with a control retrovirus
(0<0.05), therefore confirming the positive role of STAT5 in Th9 differentiation seen in
other studies (20, 21, 27). However, when caSTAT5-expressing cells were treated with IL-6,
there was no appreciable decrease in the frequency of 1L-9 producing cells as compared to
control-transduced cells (©>0.05, Figure 6A, B, C). Additionally, caSTAT5 expression in
these cells attenuates the 1L-6-mediated loss of FOXP3, IRF4, GATA3 and CD25 expression
(p<0.05, Figure 6C). Together, these data indicate that IL-6/STAT3 suppression of Th9
differentiation is mediated by suppression of IL-2 production and STAT5 signaling.
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DISCUSSION

These studies define a role for IL-6 as a potent negative regulator of Th9 development and
demonstrate that STAT3 was required for the ability of IL-6 to inhibit IL-9 production. Other
STAT3-activating cytokines were not as effective as IL-6, and this correlated with either a
lack of long-term activation of STAT3 or increased activation of STAT1. IL-6 diminished
endogenous IL-2 production, resulting in decreased CD25 expression and diminished STAT5
activation, a molecule that promotes Th9 development. Moreover, responsiveness to
exogenous IL-2 was diminished, possibly due to decreased CD25 expression. Importantly,
the ability of IL-6 to impair Th9 development is attenuated in the presence of active STATS.
Thus, IL-6-induced STAT3 interferes with the activation of STATS5 and impairs the
differentiation of IL-9-producing T cells.

The concepts of STAT protein cooperation and antagonism have been identified during the
development of multiple T helper cell lineages. Both STAT3 and STAT5 cooperate with
STAT6 for optimal Th2 differentiation (10, 15) through mechanisms that include cooperative
binding to DNA and is similar to that observed in cooperative STAT1 and STAT3 DNA
binding downstream of the IL-21 receptor (28). In contrast, antagonism between STAT3 and
STATS are critical for appropriate Th17 and TFH differentiation where STAT3 and STAT5
compete for binding to key Th17- and TFH-associated genes and balance the expression of
Blimp-1 and BCL6 (5, 24, 29-31). Antagonism also occurs during STAT activation. In TFH
cell differentiation, STAT3-deficient CD4 T cells exhibit a profound increase in expression
of activated STAT1 and STAT1 target gene expression that interferes with normal TFH
differentiation (7), suggesting compensatory activation of alternative STAT molecules. Thus,
there is considerable evidence for STAT proteins being key integrators of multiple
extracellular signals.

Our data supports a mechanism wherein the IL-6/STAT3 pathway represses both IL-2
production and IL-2 responsiveness in Th9 cultures, resulting in decreased I1L-9 production.
This is further substantiated by the ability of active STATS5 to bypass the requirement for
IL-2 signaling even in the presence of IL-6. The mechanism through which IL-6 regulates
IL-2 is not entirely clear. STAT3 can induce FoxO1 and FoxO3 to repress IL-2 in some T
cell culture conditions (9), but we did not observe increased expression of either factor with
added IL-6 in Th9 cultures (data not shown). We did observe IL-6 induced expression of
1kzf3, the Ikaros family member Aiolos, in Th9 cultures that was shown to represses IL-2 in
Th17 cultures (32). However, knockdown of /kzf3in Th9 cultures by siRNA did not rescue
IL-9 production (data not shown). We further examined a potential role for SOCS3 to
regulate IL-9 using conditional mutant T cells. Although IL-9 production was increased in
the absence of SOCS3, IL-6 was still capable of repressing IL-9 in SOCS3-deficient T cells
(data not shown). This does not exclude the potential role of other SOCS proteins, or of
IL-6-induced phosphatases that might negatively regulate IL-2 signaling. Thus, although the
effect of IL-6 in this system is clear, the mechanism is still not completely defined.

We showed that various STAT3-activating cytokines had different capacities to repress Th9
differentiation that correlated with their capability for sustained STAT3 activation. IL-6, the
most potent repressor of 1L-9, induced phosphorylation of STAT3 that was sustained from
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0.5 to 24 hours. In contrast, IL-21 stimulation induced similar short-term activation of
STATS3, but did not result in STAT3 activation after 24 hours of stimulation, correlating with
a lesser ability to inhibit IL-9 production. Interestingly, IL-27, which was previously shown
to inhibit 1L-9 production by Th9 cells at higher doses (18), also induced long-term STAT3
activation in a greater percentage of cells than IL-21 but exhibited no inhibitory effect at the
doses used in our study. Stimulation with IL-27 also resulted in the long-term activation of
STAT1, whereas IL-6 and IL-21 induced acute STAT1 activation that was diminished after
24 hours (data not shown). As STAT3 and STAT1 have been shown to antagonize reciprocal
function (7, 28, 33), it is possible that sustained STAT1 activation interferes with the ability
of STAT3 to repress I1L-2 expression, resulting in a minimal effect of IL-27 on 1L-9
production.

The role of BCL6 in Th9 development is not entirely clear. Our results, using mice that are
conditionally deficient for BCL6 in T cells, observed no increased IL-9 in the absence of
BCL6 and demonstrated that STAT 3-activating cytokines did not require BCL6 for
decreasing IL-9 production. In contrast, two previous reports identified BCL6 as a repressor
of 1L-9 production (20, 27). These studies used BCL6-specific ShRNA in T cell cultures or T
cells isolated from mice with a germ line mutation in BCL6 to demonstrate a role for BCL6
in limiting IL-9 production (20, 27). These differences in methodology raise two potential
reasons for the distinct findings. First, ShRNA treatment would diminish BCL6 expression
later in culture, or for a shorter time period, than the T cells used in our studies that are
developmentally deficient in BCL6 (14). Second, mice with a germ line deficiency in BCL6
have dramatic inflammatory disease, and recent reports have supported that at least some
observations in these mice are a result of the inflammatory cytokine environment, rather than
an intrinsic role of BCL6 within T cells (34, 35). Notably, Bc/6 germline deficient mice
over-produce IL-6 and this can skew T cell differentiation to other Th lineages (36). Another
explanation for the difference in results may be due to the timing of cytokine addition. In our
studies IL-6 and 1L-21 were added at the onset of culture, whereas in Liao et al IL-21 was
added 4 hours prior to analysis (20). Based on these differences, it is tempting to speculate
that STAT 3-activating cytokines may have different requirements for BCL6 depending on
whether acute activation of IL-9 or longer-term differentiation is being examined.

Our previous work demonstrated that although STAT3 is required for Th2 development, it is
not required for Th9 differentiation (10, 16). In this report, we further that observation by
demonstrating that IL-6-induced STAT3 is a potent inhibitor of 1L-9 production in both Th2
and Th9 cells. In our unpublished data, we also demonstrated that the expression of the IL-9-
inducing transcription factor SfpsZ was increased in Th2 cells in the absence of STAT3 and
is reminiscent of STAT3 acting as a switch factor in other Th cell lineages. In the
differentiation of Th17 cells, STAT3 represses Treg-associated Foxp3 and induces Rorcand
1117 expression by directly binding to each of these genes (2, 3, 5). The mechanism of
STAT3 action in Th2 and Th9 cells is not entirely clear but logically include the ability of
STAT3 to promote STAT6 binding to Th2 target genes including GATA3 that might promote
differentiation towards the Th2 phenotype and away from a Th9 phenotype (10, 16).
Moreover, expression of STAT6 target genes in STAT3-deficient Th2 cells resembles the
effects of TGF-P treatment on Th2 cells resulting in reduced GATA3 expression and reduced
IL-4 production (37, 38). Based on these data, it is also possible that STAT3 might also de-
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sensitize Th2 cells to TGF- signaling, however, the expression of other known TGF-f-
induced genes (i.e. /fgae) is not significantly changed in STAT3-deficiencent Th2 cells as
compared to controls (data not shown). Therefore, this scenario is less likely. Ultimately,
STAT3 might limit IL-9 production through several mechanisms.

Although T helper cell differentiation is often examined in a reductionist system, examining
the effects of single cytokines, T cell differentiation in vivo occurs in a complex cytokine
environment. The T cell must intrinsically assimilate multiple signals to generate responses
that are effective at combating pathogens. The mechanisms of signal assimilation include
regulation of cytokine receptors to alter cellular responses, but extend to co-operation and
competition among transcription factors activated by extracellular signals. Many cytokines
have been shown to positively or negative impact Th9 differentiation although the precise
mechanisms are not well defined (12). In this report, we show that the IL-6/STAT3 pathway
impairs IL-9 production. STAT3 functions by limiting IL-2 production and impairing STAT5
activation, a factor necessary for the expression of //9. This finding parallels the paradigm in
Th17 cells that STATS impairs STAT3-dependent differentiation and activation of //17-1/17f
(6, 23). Our findings suggest that STAT3-STATS5 antagonism impact T helper cell
differentiation pathways distinct from Th17 development. The relative importance of this
pathway in vivo will be the focus of future studies.

Acknowledgments

This work was supported by Public Health Service grants R01 Al057459 and R03 A1101628 to MHK, MRO was
supported by PHS T32 AR062495, MMH was supported by PHS T32 Al060519, and FFV was supported by a
grant from The Séo Paulo Research Foundation. Support provided by the HB Wells Center was in part from the
Riley Children’s Foundation.

References

1. Abbas AK, Murphy KM, Sher A. Functional diversity of helper T lymphocytes. Nature. 1996;
383:787-793. [PubMed: 8893001]

2. Mathur AN, Chang HC, Zisoulis DG, Stritesky GL, Yu Q, O’Malley JT, Kapur R, Levy DE, Kansas
GS, Kaplan MH. Stat3 and Stat4 direct development of IL-17-secreting Th cells. J Immunol. 2007;
178:4901-4907. [PubMed: 17404271]

3. Yang XO, Panopoulos AD, Nurieva R, Chang SH, Wang D, Watowich SS, Dong C. STAT3 regulates
cytokine-mediated generation of inflammatory helper T cells. J Biol Chem. 2007; 282:9358-9363.
[PubMed: 17277312]

4. Nurieva RI, Chung Y, Hwang D, Yang XO, Kang HS, Ma L, Wang YH, Watowich SS, Jetten AM,
Tian Q, Dong C. Generation of T follicular helper cells is mediated by interleukin-21 but
independent of T helper 1, 2, or 17 cell lineages. Immunity. 2008; 29:138-149. [PubMed:
18599325]

5. Durant L, Watford WT, Ramos HL, Laurence A, Vahedi G, Wei L, Takahashi H, Sun HW, Kanno Y,
Powrie F, O’Shea JJ. Diverse targets of the transcription factor STAT3 contribute to T cell
pathogenicity and homeostasis. Immunity. 2010; 32:605-615. [PubMed: 20493732]

6. Yang XP, Ghoreschi K, Steward-Tharp SM, Rodriguez-Canales J, Zhu J, Grainger JR, Hirahara K,
Sun HW, Wei L, Vahedi G, Kanno Y, O’Shea JJ, Laurence A. Opposing regulation of the locus
encoding IL-17 through direct, reciprocal actions of STAT3 and STAT5. Nat Immunol. 2011;
12:247-254. [PubMed: 21278738]

7. Ray JP, Marshall HD, Laidlaw BJ, Staron MM, Kaech SM, Craft J. Transcription factor STAT3 and
type | interferons are corepressive insulators for differentiation of follicular helper and T helper 1
cells. Immunity. 2014; 40:367-377. [PubMed: 24631156]

J Immunol. Author manuscript; available in PMC 2017 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Olson et al.

Page 11

8. Akaishi H, Takeda K, Kaisho T, Shineha R, Satomi S, Takeda J, Akira S. Defective IL-2-mediated

IL-2 receptor alpha chain expression in Stat3-deficient T lymphocytes. Int Immunol. 1998;
10:1747-1751. [PubMed: 9846704]

9. Oh HM, Yu CR, Golestaneh N, Amadi-Obi A, Lee YS, Eseonu A, Mahdi RM, Egwuagu CE. STAT3

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

protein promotes T-cell survival and inhibits interleukin-2 production through up-regulation of Class
O Forkhead transcription factors. J Biol Chem. 2011; 286:30888-30897. [PubMed: 21730069]

10.

Stritesky GL, Muthukrishnan R, Sehra S, Goswami R, Pham D, Travers J, Nguyen ET, Levy DE,
Kaplan MH. The transcription factor STAT3 is required for T helper 2 cell development.

Immunity. 2011; 34:39-49. [PubMed: 21215659]

Jabeen R, Goswami R, Awe O, Kulkarni A, Nguyen ET, Attenasio A, Walsh D, Olson MR, Kim
MH, Tepper RS, Sun J, Kim CH, Taparowsky EJ, Zhou B, Kaplan MH. Th9 cell development
requires a BATF-regulated transcriptional network. J Clin Invest. 2013; 123:4641-4653. [PubMed:
24216482]

Kaplan MH, Hufford MM, Olson MR. The development and in vivo function of T helper 9 cells.
Nat Rev Immunol. 2015; 15:295-307. [PubMed: 25848755]

Raz R, Lee CK, Cannizzaro LA, d’Eustachio P, Levy DE. Essential role of STAT3 for embryonic
stem cell pluripotency. Proc Natl Acad Sci U S A. 1999; 96:2846-2851. [PubMed: 10077599]
Hollister K, Kusam S, Wu H, Clegg N, Mondal A, Sawant DV, Dent AL. Insights into the role of
Bcl6 in follicular Th cells using a new conditional mutant mouse model. J Immunol. 2013;
191:3705-3711. [PubMed: 23980208]

Zhu J, Cote-Sierra J, Guo L, Paul WE. Stat5 activation plays a critical role in Th2 differentiation.
Immunity. 2003; 19:739-748. [PubMed: 14614860]

Goswami R, Jabeen R, Yagi R, Pham D, Zhu J, Goenka S, Kaplan MH. STAT6-dependent
regulation of Th9 development. J Immunol. 2012; 188:968-975. [PubMed: 22180613]

Choi YS, Eto D, Yang JA, Lao C, Crotty S. Cutting edge: STAT1 is required for IL-6-mediated
Bcl6 induction for early follicular helper cell differentiation. J Immunol. 2013; 190:3049-3053.
[PubMed: 23447690]

Murugaiyan G, Beynon V, Pires Da Cunha A, Joller N, Weiner HL. IFN-gamma limits Th9-
mediated autoimmune inflammation through dendritic cell modulation of IL-27. J Immunol. 2012;
189:5277-5283. [PubMed: 23125412]

Wong MT, Ye JJ, Alonso MN, Landrigan A, Cheung RK, Engleman E, Utz PJ. Regulation of
human Th9 differentiation by type | interferons and IL-21. Immunol Cell Biol. 2010; 88:624-631.
[PubMed: 20421880]

Liao W, Spolski R, Li P, Du N, West EE, Ren M, Mitra S, Leonard WJ. Opposing actions of I1L-2
and IL-21 on Th9 differentiation correlate with their differential regulation of BCL6 expression.
Proc Natl Acad Sci U S A. 2014; 111:3508-3513. [PubMed: 24550509]

Yao W, Zhang Y, Jabeen R, Nguyen ET, Wilkes DS, Tepper RS, Kaplan MH, Zhou B. Interleukin-9
is required for allergic airway inflammation mediated by the cytokine TSLP. Immunity. 2013;
38:360-372. [PubMed: 23376058]

Richard AC, Tan C, Hawley ET, Gomez-Rodriguez J, Goswami R, Yang XP, Cruz AC, Penumetcha
P, Hayes ET, Pelletier M, Gabay O, Walsh M, Ferdinand JR, Keane-Myers A, Choi Y, O’Shea JJ,
Al-Shamkhani A, Kaplan MH, Gery |, Siegel RM, Meylan F. The TNF-family ligand TL1A and its
receptor DR3 promote T cell-mediated allergic immunopathology by enhancing differentiation and
pathogenicity of IL-9-producing T cells. J Immunol. 2015; 194:3567-3582. [PubMed: 25786692]
Laurence A, Tato CM, Davidson TS, Kanno Y, Chen Z, Yao Z, Blank RB, Meylan F, Siegel R,
Hennighausen L, Shevach EM, O’Shea JJ. Interleukin-2 signaling via STAT5 constrains T helper
17 cell generation. Immunity. 2007; 26:371-381. [PubMed: 17363300]

Nurieva RI, Podd A, Chen Y, Alekseev AM, Yu M, Qi X, Huang H, Wen R, Wang J, Li HS,
Watowich SS, Qi H, Dong C, Wang D. STATS5 protein negatively regulates T follicular helper
(Tfh) cell generation and function. J Biol Chem. 2012; 287:11234-11239. [PubMed: 22318729]
Houssiau FA, Renauld JC, Fibbe WE, Van Snick J. IL-2 dependence of IL-9 expression in human
T lymphocytes. J Immunol. 1992; 148:3147-3151. [PubMed: 1533652]

Schmitt E, Germann T, Goedert S, Hoehn P, Huels C, Koelsch S, Kuhn R, Muller W, Palm N, Rude
E. IL-9 production of naive CD4+ T cells depends on IL-2, is synergistically enhanced by a

J Immunol. Author manuscript; available in PMC 2017 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Olson et al.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 12

combination of TGF-beta and IL-4, and is inhibited by IFN-gamma. J Immunol. 1994; 153:3989—
3996. [PubMed: 7930607]

Bassil R, Orent W, Olah M, Kurdi AT, Frangieh M, Buttrick T, Khoury SJ, Elyaman W. BCL6
controls Th9 cell development by repressing 119 transcription. J Immunol. 2014; 193:198-207.
[PubMed: 24879792]

Wan CK, Andraski AB, Spolski R, Li P, Kazemian M, Oh J, Samsel L, Swanson PA 2nd,
McGavern DB, Sampaio EP, Freeman AF, Milner JD, Holland SM, Leonard WJ. Opposing roles
of STAT1 and STAT3 in IL-21 function in CD4+ T cells. Proc Natl Acad Sci U S A. 2015

Ballesteros-Tato A, Leon B, Graf BA, Moquin A, Adams PS, Lund FE, Randall TD. Interleukin-2
inhibits germinal center formation by limiting T follicular helper cell differentiation. Immunity.
2012; 36:847-856. [PubMed: 22464171]

Oestreich KJ, Mohn SE, Weinmann AS. Molecular mechanisms that control the expression and
activity of Bcl-6 in TH1 cells to regulate flexibility with a TFH-like gene profile. Nat Immunol.
2012; 13:405-411. [PubMed: 22406686]

Walker SR, Nelson EA, Yeh JE, Pinello L, Yuan GC, Frank DA. STAT5 outcompetes STAT3 to
regulate the expression of the oncogenic transcriptional modulator BCL6. Mol Cell Biol. 2013;
33:2879-2890. [PubMed: 23716595]

Quintana FJ, Jin H, Burns EJ, Nadeau M, Yeste A, Kumar D, Rangachari M, Zhu C, Xiao S,
Seavitt J, Georgopoulos K, Kuchroo VK. Aiolos promotes TH17 differentiation by directly
silencing 112 expression. Nat Immunol. 2012; 13:770-777. [PubMed: 22751139]

Qing Y, Stark GR. Alternative activation of STAT1 and STAT3 in response to interferon-gamma. J
Biol Chem. 2004; 279:41679-41685. [PubMed: 15284232]

Dent AL, Shaffer AL, Yu X, Allman D, Staudt LM. Control of inflammation, cytokine expression,
and germinal center formation by BCL-6. Science. 1997; 276:589-592. [PubMed: 9110977]

Sawant DV, Sehra S, Nguyen ET, Jadhav R, Englert K, Shinnakasu R, Hangoc G, Broxmeyer HE,
Nakayama T, Perumal NB, Kaplan MH, Dent AL. Bcl6 controls the Th2 inflammatory activity of
regulatory T cells by repressing Gata3 function. J Immunol. 2012; 189:4759-4769. [PubMed:
23053511]

Mondal A, Sawant D, Dent AL. Transcriptional repressor BCL6 controls Th17 responses by
controlling gene expression in both T cells and macrophages. J Immunol. 2010; 184:4123-4132.
[PubMed: 20212093]

Heath VL, Murphy EE, Crain C, Tomlinson MG, O’Garra A. TGF-betal down-regulates Th2
development and results in decreased IL-4-induced STAT®6 activation and GATA-3 expression. Eur
J Immunol. 2000; 30:2639-2649. [PubMed: 11009098]

Veldhoen M, Uyttenhove C, van Snick J, Helmby H, Westendorf A, Buer J, Martin B, Wilhelm C,
Stockinger B. Transforming growth factor-beta ‘reprograms’ the differentiation of T helper 2 cells
and promotes an interleukin 9-producing subset. Nat Immunol. 2008; 9:1341-1346. [PubMed:
18931678]

J Immunol. Author manuscript; available in PMC 2017 April 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Olson et al.

Page 13

. iTreg
A Th2 Th9 Th17 T
2| 0.2 o 4
Stat3"" e
Cre- @
gg@ - 03
0.04) 0.3 0
Stat37f W
CD4-Cre 3
0.05| =

B

IL-4 IL-4

» 407 *

E; H Stat3?f Cre-
- 304 [ stat3icbacre
<

Q 20

o *

®

4 10

X

ThO Th2 Th9 Th17 iTreg

IL-17A IL-17A

l Stat3?f Cre-
I:l Stat3ﬂ/ﬂCD4-Cre

*

Th2 Th9

Figure 1. Stat3isa negativeregulator of IL-9in Th2 and Th9 cells
STAT3 is a negative regulator of IL-9 production in Th2 and Th9 cells. Naive CD4 T cells

were isolated and cultured under ThO, Th2, Th9, Th17 and iTreg conditions for 5 days
followed by stimulation with PMA and ionomycin in the presence of monensin for 5.5
hours. A) Representative contour plots and (B) quantitation of intracellular cytokine
staining. C) //9 mRNA expression in resting Th2 and Th9 cells at day 5 of culture. *, p<0.05
comparing Stat3f/fl Cre- vs Stat3™/fl Cre+. Error bars represent standard deviation of the
mean and data is representative of one of 3 individual experiments with 3—-4 mice per

experiment.
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Figure 2. IL-6 isa negativeregulator of IL-9in Th2 and Th9 cells
STAT3 agonist cytokines activate STAT3 in under Th9 conditions and limit Th9

differentiation. Naive CD4 T cells were cultured under Th9 conditions alone and with
addition of 10ng/ml of STAT3 agonist cytokines. At 0.5 and 24 hrs of culture, we examined
phospo-STAT3 (pSTAT3 Y705) via flow cytometry. A) Representative histograms and (B)
quantitation of pSTAT3 (Y705) staining. *, p<0.05 significantly different at 0.5hrs of
stimulation as compared to Nil-treated controls. $, p<0.05 significantly different at 0.5hrs of
stimulation as compared to Nil-treated controls. C) Quantitation of the frequency of I1L-9*
CD4 T cells treated with various STAT3-activating cytokines at 1ng/ml or 10ng/ml. *p<0.05
significantly different as compared to untreated (Nil) controls. D) pSTAT3 (Y705) MFI at 24
hours of culture with increasing doses of 1L-6 and IL-21. E) IL-9 secretion measured after
24 restimulation of day 5 cultured Th9 cells in the presence of increasing doses of IL-6 and
IL-21 at day 0. *p<0.05 significantly different comparing IL-6 treatment vs IL-21 treatment.
Error bars represent standard deviation of the mean and data is representative of one of 2
individual experiments with 3 mice per experiment.
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Figure 3. IL-6-mediated IL-9 silencing is dependent on STAT3 but noBCL6
IL-6-mediated disruption of Th9 differentiation requires STAT3 but not BCL6. Naive CD4 T

cells were isolated from Stat3f/fl Cre-, Stat3™/fl Cre+, BCL6WYW! Cre+ and BCL6M/ Cre+
mice and differentiated under Th9 conditions in the presence or absence of 10ng/ml of IL-6
or IL-21. A) Representative contour plots of IL-9 and IL-17A production after restimulation
of day 5 cells with PMA and ionomycin. Quantitation of the (B) proportion of IL-9* CD4 T
cells and (C) the MFI of IRF4 of STAT3-sufficient and deficient cells and the % of IL-9* (D)
and IRF4 MFI (E) of BCL6-sufficient and deficient cells. *, p<0.05 significantly different as
compared WT untreated controls. $, p<0.05 significantly different as compared to STAT3- or
BCL6-deficient untreated controls. Error bars represent standard deviation of the mean and
data is representative of one of 2-3 individual experiments with 3—4 mice used in each
experiment,.

J Immunol. Author manuscript; available in PMC 2017 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Olson et al.

A.

Page 16
B. Nil IL-6 IL-21
= 80- O Stat3" Cre+ - 11 8.9/ 0.6 1.1 5.5
B ol # -® Stat3" cre-Nil Stat3"" - : .
> Cre-
< -+ IL-6 re
E 40- -+ IL-21 X
[
@ 201 Stat3'M |
° x Cret+ -
© - *

0 3 45 2 S e
pSTAT3 (Y705)

Day in Culture

W stat3"" Cre-
[ stat3" cre+

Nil IL-6 IL-21 F ® Nil IL-6 IL-21
300- 3 151 M stat3" Cre-
o fifl
- 1 [ stat3" Cre+
200- 3 104
() T
! 1S
100 . S 51 .
= 8@ = T .l
Nil IL-6 IL-21 N Nil IL-6 IL-21

Figure 4. STAT3 regulates STATS5 activation during Th9 differentation
STAT3 regulates STATS5 activation during Th9 differentiation. Th9 cells derived from

Stat3/fl Cre- and Stat3™/fl Cre+ mice were cultured in the presence or absence of I1L-6 or
IL-21 as above and monitored pSTATS5 (Y694) expression over the time course of
differentiation (A). B) Representative contour plots and quantitation (C) of pSTAT5 (Y694)
and pSTAT3 (Y705) at day 5 of differentiation in STAT3/fl Cre- and Cre+ Th9 cells treated
with or without IL-6 or IL-21 as above. Expression of CD25 (MFI, D), IRF4 (MFI, E), and
FOXP3 (%, F) as cells treated as per panel B. *, p<0.05 significantly different as compared
to STAT3/fl Cre- untreated controls. #, p<0.05 significantly different as compared to
STAT3M/l Cre- cells. Error bars represent standard deviation of the mean and data is
representative of one of 3 individual experiments with cells isolated from 3 mice per each
experiment.
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Figure5. STAT3 isa negativeregulator of IL-2 production in Th9 cells
IL-2 secretion is required for enhanced STATS5 activation and IL-9 production by STAT3-

deficient Th9 cells. Th9 cells were cultured as per Figure 5 and at each time point cells were
re-stimulated with PMA and ionomycin and assessed for IL-2 production by ICS (A). B)
The proportion of IL-2+ cells at day 5 of culture in STAT3-sufficient and -deficient cells
cultured with or without I1L-6. *, p<0.05 significantly different as compared to Stat3f/fl Cre-
untreated controls. #, p<0.05 significantly different as compared to Stat3™/fl Cre- cells. C)
stat3f/fl Cre- and Cre+ cells were cultured under Th9 conditions, at day 3 of culture cells
were expanded in fresh media with or without blocking antibodies to IL-2 and CD25. Two

days after antibody blockade we examined pSTATS (Y694) expression in resting cells (C) or

the proportion of IL-9* cells after PMA and ionomycin (D). (E), Th9 cell were cultured in
the presence or absence of IL-6 for 3 days as per above. On day 3 of culture, cells were
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removed for the aCD3-coated plates and given fresh media with % concentration of
cytokines. In addition, some IL-6-treated Th9 cells were also given increasing doses of
exogenous recombinant human IL-2 and cultured for an additional 2 days. The frequency of
IL-9* CD4 T cells is shown after stimulation with PMA and ionomycin. *, p<0.05
significantly different as compared to STAT3/fl Cre- untreated controls. #, p<0.05
significantly different as compared to STAT3/fl Cre+ cells. Error bars represent standard
deviation of the mean and data is representative of one of 2-3 individual experiments with
cells isolated from 3 mice per experiment.
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Figure 6. Constitutive active STATS protects Th9 cells against deleterious effects of IL-6/STAT3
Transduction of Th9 cells with constitutively active (caSTAT5) protects against deleterious

effects of IL-6 on Th9 differentiation. Th9 cells cultured with or without IL-6 were
transduced with a hNGFR-expressing empty vector control virus or hANGFR-caSTATS virus
on day two of culture. After 3 days, cells were stimulated with PMA and ionomycin and
assessed for IL-9 production by ICS. A) Representative contour plots (A) and quantitation of
IL-9 production (B) by control and caSTAT5-transduced Th9 cells. C) IL-6-induced changes
in Th9-associated factor protein expression assayed by flow cytometry. Fold changes in
protein expression in panel C were determined by dividing the % positive or MFI from Nil
(either control or STAT5-transduced) treated cells by that of IL-6-treated cells (either control
or STAT5-transduced) and assigning it as a negative value, representing a decrease in
expression. A value of -1 indicates no change. Error bars represent standard deviation of the
mean and data is representative of one of 2 individual experiments with cells isolated from 3
mice per experiment.
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