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IL-21 is a type | cytokine essential for immune cell differentiation
and function. Although IL-21 can activate several STAT family
transcription factors, previous studies focused mainly on the role
of STAT3 in IL-21 signaling. Here, we investigated the role of STAT1
and show that STAT1 and STAT3 have at least partially opposing
roles in IL-21 signaling in CD4™ T cells. IL-21 induced STAT1 phos-
phorylation, and this was augmented in Stat3-deficient CD4* T
cells. RNA-Seq analysis of CD4* T cells from Stat1- and Stat3-de-
ficient mice revealed that both STAT1 and STAT3 are critical for IL-
21-mediated gene regulation. Expression of some genes, including
Thx21 and Ifng, was differentially regulated by STAT1 and STAT3.
Moreover, opposing actions of STAT1 and STAT3 on IFN-y expression
in CD4* T cells were demonstrated in vivo during chronic lympho-
cytic choriomeningitis infection. Finally, IL-21-mediated induction of
STAT1 phosphorylation, as well as IFNG and TBX21 expression, were
higher in CD4* T cells from patients with autosomal dominant hyper-
IgE syndrome, which is caused by STAT3 deficiency, as well as in cells
from STAT1 gain-of-function patients. These data indicate an inter-
play between STAT1 and STAT3 in fine-tuning IL-21 actions.

IL-21 | T cells | STATs | IFN-y | AD-HIES

Interleukin-Zl (IL-21) is a type I cytokine that signals via a
receptor composed of IL-21R and the common cytokine re-
ceptor y-chain, v, (1). y. is also shared by the receptors for IL-2,
IL-4, IL-7, 1L-9, and IL-15 and is mutated in humans with
X-linked severe combined immunodeficiency (XSCID), a dis-
ease characterized by the absence of T and natural killer (NK)
cells and the presence of nonfunctional B cells (2). IL-21 is
primarily produced by CD4" T cells and natural killer T (NKT)
cells, but it has pleiotropic actions on both adaptive and innate
immune cells, including T, B, NK, NKT, and dendritic cells (1).
In T cells, IL-21 can act as a comitogen and cooperates with IL-7
and IL-15 to expand CD8* T cells (3), promotes Th17 differ-
entiation (4-6), and induces BCL6 expression (7) to promote T
follicular helper cell development (8, 9). In B cells, IL-21 pro-
motes plasma cell differentiation (10, 11), and in combination
with IL-4, drives IgG1 and IgG3 class switch (11, 12). Defective
signaling by IL-21 appears to substantially explain the B-cell
defect observed in patients with XSCID (11, 13). Furthermore,
IL-21 can enhance the cytotoxic activity of NK and NKT cells (1)
and induce the apoptosis of conventional dendritic cells (14).
IL-21 activates multiple signaling pathways, including the
JAK-STAT, PI 3-kinase (PI3K), and MAPK pathways (15). Of
these, the JAK-STAT pathway has been most extensively stud-
ied. IL-21 induces phosphorylation of JAK1 and JAK3, which
in turn leads to phosphorylation and nuclear translocation of
STAT3, which then binds to IFN-y—activated sequence (GAS)
motifs and modulates expression of IL-21-responsive genes.
IL-21 also activates STAT1, but the function of IL-21-activated
STATT1 is largely unknown, although IL-21 was suggested to use
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STAT1 to promote CD8* T-cell cytotoxicity and apoptosis of
mantle cell lymphoma (16, 17). We now have elucidated the
roles of STAT1 in IL-21 signaling and identified an interplay
between STAT1 and STAT3 in mediating the actions of IL-21
in CD4* T cells, and have also found increased IL-21-mediated
induction of STAT1 phosphorylation in cells from patients with
autosomal dominant hyper-IgE syndrome (AD-HIES), and in
patients with a STAT1 gain-of-function (GOF) mutation, which
correlates with increased IFNG (interferon gamma) and TBX21
(T-box 21) expression after IL-21 stimulation.

Results

IL-21 Induces Sustained STAT1 and STAT3 Activation in CD4™ T Cells.
IL-21 was previously shown to induce strong and sustained STAT3
phosphorylation (pSTAT3) but only weaker and more transient
STAT1 phosphorylation (pSTAT1) in total splenocytes, B cells,
and CD8" T cells (18, 19). We first compared IL-21-induced
pPSTAT1 and pSTATS3 in preactivated CD4* and CD8"* T cells.
IL-21 induced strong pSTAT1 and pSTAT3 at 30 min (Fig. 1 4
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and B). pSTAT1 as well as pSTAT3 was still detected at 4 and 8 h
of stimulation (Fig. 1 4 and B), and when we deleted Stat3 by
crossing Stat3-floxed mice to CD4-Cre transgenic mice (referred to
as Stat3~'~ herein), IL-21 induced more pSTAT1 at 4 and 8 h in
Stat3™~ CD4™ T cells than in WT cells (Fig. 1 4 and C); this in-
crease was minimally observed in CD8" T cells (Fig. 1 B and C).
Interestingly, we observed diminished IL-21-induced expression
of Socs3 and SocsI in Stat3~'~ cells (Fig. 1D). Because SOCS3 and
SOCS1 can negatively regulate cytokine signaling by blocking
STAT protein phosphorylation (20), this might in part explain the
increased pSTAT1 in the absence of STAT3. Using ImageStream
to image fluorescently labeled pSTAT1 and pSTAT3 within CD4*
T cells, we confirmed that both STAT1 and STATS3 translocated
to the nucleus after IL-21 stimulation (Fig. 1E and Fig. S1).

Both STAT1 and STAT3 Contribute to IL-21-Mediated Gene Regulation
in CD4™ T Cells. We next used RNA-Seq in WT, Stat]™"~, and
Stat37'~ CD4" T cells to elucidate the roles of STAT1 and
STAT3 in IL-21-mediated gene regulation (Fig. 24). Consistent
with its activation by IL-21 (Fig. 1), STAT1 was responsible for
the regulation of ~10% (173 of 1,648) of the genes (fold-
change > 1.5) after IL-21 stimulation (Fig. 2B and Dataset S1).
Although STAT3 is considered to be the major transcription
factor responsible for IL-21’s effect, it only affected ~40% (834
of 2,101) of the genes regulated by IL-21 (Fig. 2B and Dataset
S2), suggesting contributions of STAT-independent (e.g., MAPK
and PI3K) pathways, which are also involved in IL-21-mediated
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Fig. 1. IL-21-induced STAT1 phosphorylation is enhanced in the absence of
STAT3 in CD4* T cells. (A and B) CD4* (A) and CD8* (B) T cells from Stat3**
and Stat3™~ mice were stimulated with 5 ug/mL plate-bound anti-CD3 +
2 pg/mL soluble anti-CD28 for 2 d, rested 1 d, then not stimulated or stim-
ulated with IL-21 for 30 min, 4 h, and 8 h. Levels of pSTAT3, STAT3, pSTAT1,
and STAT1 were assessed by Western blotting. Data are representative of
three to five experiments. (C) Quantification of Western blotting images by
ImageJ. (D) IL-21-mediated Socs3 and Socs7 mRNA expression in CD4™ T cells
is STAT3-dependent. CD4* T cells from Stat3** and Stat3~'~ mice were stim-
ulated with IL-21 as in A for 4 h, mRNA expression of Socs3 (Left) and Socs1
(Right) was analyzed by RT-PCR. Shown is expression relative to Rp/7; data
are representative of three experiments. (E) IL-21-activated STAT1 and
STAT3 translocate to the nucleus. CD4* T cells were stimulated with IL-21 as
in A for 30 min. Samples were fixed and stained with DAPI (nuclear stain,
purple), and with antibodies to pSTAT1 (green) or pSTAT3 (yellow), and
analyzed by ImageStream. Overlapped DAPI and pSTAT1 or pSTAT3 staining
(Merge) indicates nuclear translocation. Data are representative of three
independent experiments.
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signaling (19). Moreover, we observed augmented IL-21-
induced expression of a number of genes in the absence of
STAT1 or STATS3, suggesting that these STAT proteins also
directly or indirectly inhibit expression. Notably, nearly ~50%
(84 of 173) of IL-21-regulated, STAT1-dependent genes were
also STAT3-dependent (Fig. 2C and Dataset S3). Some genes
were differentially regulated by STAT1 and STAT3. For exam-
ple, the Thl cell signature genes 7bx21 (Fig. 2D) and Ifng (Fig.
2F) were not induced by IL-21 in the absence of STATI, but
their expression was elevated in the absence of STAT3, consis-
tent with an inducing role for STAT1 and repressive role for
STATS3. This finding is also consistent with a report showing that
IL-21 induces Tbet expression in CD8* T cells via STAT1 (16).
We hypothesized that IL-21-activated STAT1 and STAT3 di-
rectly regulated the expression these genes and therefore used
ChIP-Seq to determine STAT1 and STAT3 binding in CD4* T
cells after IL-21 stimulation. IL-21-induced STAT3 bound at
sites 5’ of the Thx21 and Ifng loci (Fig. 2 F and G) containing
GAS motifs (Table S1), and the level of STAT3 binding was
lower in Statl-deficient cells (Fig. 2 F and G). STAT1 binding
was detected at the same sites and additionally at multiple sites
where STAT3 binding was minimal (Fig. 2 F and G). In contrast
to Tbx21 and Ifng, IL-21-induced expression of the [/2] gene was
elevated in the absence of STAT1 but decreased in the absence
of STAT3 (Fig. 2H), and correspondingly, IL-21-mediated
STAT3 binding was enhanced in Stat]-deficient cells (Fig. 2I), and
STAT1 and STAT3 bound at distinct sites for regulating /121 ex-
pression (Fig. 27). These data collectively indicate key roles for
STAT1 for IL-21-induced gene expression in CD4* T cells and
suggest that STAT1 and STAT3 can regulate gene expression
through binding at the same or different sites at the Tbx21, Ifng,
and I121 loci.

Opposing Effects of STAT1 and STAT3 on IL-21-Mediated IFN-y
Expression. By ChIP-Seq, we observed STAT1 binding in pre-
activated CD4* T cells even without IL-21 stimulation (Fig. 2 F,
G, and I), and indeed, the basal level of phosphorylated STAT1
was also higher in preactivated Star3-deficient CD4* T cells (Fig.
14). We thus investigated if T-cell receptor (TCR) signaling in
naive CD4" T cells augmented STAT1 phosphorylation in these
cells, and found that TCR signaling strongly induced STAT1
phosphorylation at 24 and 48 h after stimulation and persisted
for at least 72 h (Fig. 34, lanes 3-8 vs. 1 and 2), but augmented
STATT1 phosphorylation in Stas3-deficient CD4* T cells was only
detected at 48 and 72 h (Fig. 3 A and B, lanes 6 and 8 vs. 5 and
7). Addition of an IFN-y blocking antibody diminished STAT1
phosphorylation induced by TCR signaling (Fig. 34, lanes 9-14),
suggesting that TCR-mediated IFN-y expression induced STAT1
activation. Importantly, however, STAT1 phosphorylation was
still higher in Stat3-deficient CD4* T cells even in the presence
of anti-IFN-y (Fig. 34, lanes 12 vs. 11 and 14 vs. 13, and Fig. 3B),
indicating that IFN-y was not responsible for this difference and
suggesting that other cytokines might contribute to the aug-
mented STAT1 phosphorylation. Because IL-21-induced Ifng
mRNA expression was enhanced in Staz3-deficient CD4* T cells
(Fig. 2E), it was possible that IFN-y signaling contributed to
the IL-21-induced augmented STAT1 phosphorylation in these
cells; however, an IFN-y blocking antibody did not significantly
affect STAT1 phosphorylation induced by IL-21 (Fig. 3 C and
D), indicating that IL-21 worked independently from IFN-y
signaling for inducing higher STAT1 activation in Stat3-deficient
CD4" T cells.

Above, we showed that IL-21 could induce 7hx21 and Ifng
expression in preactivated CD4" T cells after 4 h of stimulation,
with an enhanced effect in the absence of STAT3. However, it
was previously reported that IL-21 suppresses IFN-y expression
during T-cell differentiation (21). We therefore investigated the
effect of IL-21 on IFN-y expression during CD4* T-cell
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Fig. 2. IL-21-mediated gene regulation in CD4* T cells requires both STAT1 and STAT3. (A-C) CD4* T cells from Stat1*'*, Stat1™~, Stat3*"*, and Stat3™'~ mice
were preactivated with plate-bound anti-CD3 + anti-CD28 for 3 d, rested overnight, and not stimulated or stimulated with IL-21 for 4 h. Gene expression was
determined by RNA-Seq. For each sample, RNA was prepared from combined cells from three mice. (A) Heat map comparing the IL-21-mediated gene ex-
pression in CD4* T cells with the indicated genotypes. (B) Number of IL-21 regulated genes that are STAT1- or STAT3-dependent (pie charts, Upper) and the
number of these genes that are induced or repressed (bar graphs). (C) Venn diagram showing numbers of genes that are independently or coregulated by
STAT1 and STAT3. (D and E) IL-21-mediated mRNA expression of Tbx21 (D) and Ifng (E) in Stat1*'*, Stat1~'~, Stat3*"*, and Stat3~'~ CD4* T cells was determined
by RT-PCR. Shown are combined results from three mice with expression relative to Rp/7. (F and G) Preactivated CD4* T cells from Stat1*'*, Stat1~/~, Stat3*/*,
and Stat3™'~ mice were stimulated with IL-21 for 1 h, and STAT1 and STAT3 binding at Tbx21 (F) and Ifng (G) loci was determined by ChIP-Seq analysis. Tag
numbers for peaks are indicated. (H) As in D and E, IL-21-mediated mRNA expression of the //21 gene was determined by RT-PCR. Shown are combined results

of three mice and expression relative to Rp/7. (/) As in F and G, STAT1 and STAT3 binding at the //27 locus was determined by ChIP-Seq analysis.

differentiation. After 24 h of stimulation, IL-21 induced Tbet
expression in CD4" T cells, and Tbet expression was enhanced
when Stat3 was deleted (Fig. 3E). IL-21 diminished Ifng ex-
pression in Stat3-sufficent cells during 4 d of differentiation (Fig.
3F), but it increased Ifng expression in Stat3-deficient cells (Fig.
3F). These results are consistent with lower IFN-y protein pro-
duction after 4 d of differentiation with IL-21 in WT cells but
increased IFN-y expression in similarly treated Star3-deficient
cells (Fig. 3G). Consistent with the fact that IL-21 acted in-
dependently of IFN-y signaling, addition of anti-IFN-y sup-
pressed intracellular IFN-y expression in WT CD4* T cells, but it
did not affect the increased IFN-y expression in Stat3-deficient
cells (Fig. 3G). STAT1 is absolutely required for IFN-y expres-
sion, as the basal expression of intracellular IFN-y was abolished
in Statl-deficient CD4" T cells (Fig. 3H). As a result, the IL-
21-mediated IFN-y expression that we observed in Stat3-
deficient cells could not be detected in Statl-deficient cells.
Although the IL-21-induced augmented STAT1 phosphory-
lation was independent of IFN-y signaling, expression of IFN-y
mRNA (Figs. 2E and 3F) and protein (Fig. 3G) was increased in
these cells. Therefore, we asked if the increased IFN-y expres-
sion affected IL-21-mediated gene expression, particularly for
Thl signature genes (e.g., Ifng and Tbx21) whose induction by
IL-21 was enhanced in Stat3-deficient cells. We performed a
kinetic analysis by stimulating WT and Stat3-deficient CD4*
T cells with IL-21, without or with anti-IFN-y, and determined
gene expression by RNA-Seq after 24 and 72 h of stimulation.
By Ingenuity Upstream Regulator Analysis, we identified 53
STATI1-regulated genes whose expression was induced by

9396 | www.pnas.org/cgi/doi/10.1073/pnas.1511711112

IL-21, with higher induction in Stat3-deficient cells at the 24
and 72 h time points (Fig. 44 and Dataset S4), including Ifng,
Tbx21, Ifitl, and Ifit2 (Fig. 4 B-E). The addition of anti-IFN-y
reduced IL-21-induced expression of these Th1 signature genes
in both WT and Stat3-deficient cells (Fig. 4 and Dataset S4),
suggesting that even though IFN-y signaling did not affect the
augmented STAT1 phosphorylation induced by IL-21, it was
partly responsible for IL-21-mediated gene expression in Stat3-
deficient cells.

Opposing Effects of STAT1 and STAT3 During Lymphocytic
Choriomeningitis Infection. The opposing effects of STAT1 and
STAT3 on IFN-y production in CD4* T cells were further ex-
amined in vivo using lymphocytic choriomeningitis (LCMV) in-
fection. We infected Statl ™=, Stat3~'~, and control mice with
LCMYV clone 13 and determined IFN-y production in antigen-
specific CD4* T cells. Consistent with our in vitro results, the
numbers of antigen-specific (Fig. 54) and IFN-y—producing (Fig.
5B) CD4* T cells were decreased in Stat1™'~ mice infected with
LCMYV compared with WT littermates, but increased in Stat3~/~
mice (Fig. 5 C and D). Interestingly, however, the numbers of
antigen-specific (Fig. SE) and IFN-y-producing (Fig. 5F) CD8"
T cells were not significantly altered in Stat3~~ mice. These data
suggest that STAT1 and STAT3 play opposing roles in regulating
IFN-y production in CD4% cells. IL-21 signaling is likely in-
volved, as previous reports showed that IL-21 is induced and
plays a protective role in LCMV infection (22-24), although other
STAT1- or STAT3-activating cytokines—including perhaps IL-6,

Wan et al.
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Fig. 3. STAT3 suppresses IL-21-mediated Thet and IFN-y expression in CD4*
T cells. (A) Naive CD4* T cells from Stat3** and Stat3~~ mice were stimu-
lated with 5 pg/mL plate-bound anti-CD3 + 2 pg/mL soluble anti-CD28
without or with 10 pg/mL anti-IFN-y for 24-72 h. Levels of pSTAT1 and STAT1
were determined by Western blotting. Data are representative of three
experiments. (B) Quantification of Western blotting images by Imagel.
Numbers indicate the ratios of pSTAT1 levels in Stat3™~ cells vs. Stat3** cells
and dividing this value by total STAT1 levels in Stat3™~ cells relative to
Stat3** cells. (C) CDA* T cells from Stat3** and Stat3™~ mice were stimu-
lated with 5 pg/mL plate-bound anti-CD3 + 2 pg/mL soluble anti-CD28 for
3d, rested 1 d, and then not stimulated or stimulated with IL-21 for 4 h, and
8 h, without or with the addition of 10 ug/mL anti—IFN-y. Levels of pSTAT1
and STAT1 were determined by Western blotting. Data are representative of
two experiments. (D) Quantification of Western blotting images by Image)
as in B. (E) Naive CD4* T cells from Stat3™* and Stat3~~ mice were stimu-
lated with 5 pg/mL plate-bound anti-CD3 + 2 pg/mL soluble anti-CD28
without or with 100 ng/mL IL-21 for 24 h, and Tbet expression was analyzed
by flow cytometry. Data are representative of three experiments. (F) Naive
CD4* T cells from Stat3** and Stat3~~ mice were treated as in E, and Ifng
expression was determined at different points relative to Rp/7; data are
representative of three experiments. (G and H) Naive CD4" T cells from
Stat3*'* and Stat3™~ (G), or Stat1*'* and Stat1~"~ (H), mice were treated as in
E for 4 d, without or with the addition of 10 pg/mL anti-IFN-y. Cells were
washed and restimulated with PMA + ionomycin and golgiplug for 4 h, and
intracellular IFN-y and IL-17 were analyzed by flow cytometry. Data are
representative of three experiments.

IL-10, or type I IFN, which are involved in LCMV responses (25—
28)—might also contribute.

Higher IL-21-Induced STAT1 Phosphorylation and IFNG and TBX21
Expression in CD4* T Cells from Patients with AD-HIES and STAT1
GOF Mutation. To clarify the roles of STAT1 and STAT3 in the
response to IL-21 in humans, we used CD4* T cells from pa-
tients with AD-HIES, a genetic disorder caused by dominant-
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negative mutations in STAT3. In most cases, mutations occur in
the SH2 or DNA binding domains, leading to the partial loss of
STAT3 activity (29), and Th17 cell differentiation is typically
defective in these patients (30). We stimulated preactivated
CD4" T cells purified from AD-HIES patients (Table S2) with
IL-21, and compared pSTATI1 levels and IFNG and TBX2I
mRNA expression with those seen with healthy controls. In
normal human donors, IL-21 induced pSTAT1 in CD4* T cells
by 30 min and then declined, but was still detected after 4 h (Fig.
6A4). In CD4* T cells from patients with AD-HIES, pSTAT1 was
higher than in cells from normal donors, particularly at 4 h after
IL-21 treatment (Fig. 6 A and B). Interestingly, CD4" T cells
from some AD-HIES patients also expressed higher levels of
total STAT1 (Fig. 64). Moreover, IL-21 induced IFNG and
TBX21 mRNA expression in human CD4*% T cells, and particu-
larly for TBX21 the fold-induction was higher in AD-HIES CD4"*
T (Fig. 6 C and D and Fig. S2), consistent with the suppressive

A anti-IFN-y
Stat3 +/+ -/- +/+ -/-
3 0 1 3

Day 0 1 3 0 1 3 0 1

Dpp4
1830012016Rik
Ifit2

Herc6
Mx2
Caspt
Cmpk2
él607873

(i

- I1sg15
Serpina3f
Sh

Eif2ak2
Ccend2
Cd8e

[ Stat3-/- + anti-IFN-y

O Stat3+/+ M Stat3+/+ + anti-IFN-y [l Stat3-/-

C

n

o9)
-
o

]

Ifng/Rpl7
(62
1
Tbx21/Rpl7

e
w ©

O
m

Ifit2l Rpl7
_ N

Ifit1/Rpl7
nN
@

0- 0
Day013 013 013 013 Day013 013 013 013

Fig. 4. IFN-y signaling partially controls IL-21-mediated gene expression.
(A) CD4* T cells from Stat3*"* and Stat3~'~ mice were stimulated with 5 pg/mL
plate-bound anti-CD3 + 2 pg/mL soluble anti-CD28 for 3 d, rested 1 d, then not
stimulated or stimulated with IL-21 for 24 h or 72 h, without or with 10 pg/mL
anti-IFN-y. Gene expression was determined by RNA-Seq. Heat map showing a
list of STAT1-regulated genes (identified by Ingenuity Upstream Regulator
Analysis) whose expression is induced by IL-21, and the induction was further
increased in Stat3-deficient cells. (B-E) Expression of Ifng (B), Tbx21 (C), Ifit1
(D), and Ifit2 (E), which are in the list of genes shown in A, was confirmed by
RT-PCR. Shown are representative of two experiments.

PNAS | July 28,2015 | vol. 112 | no.30 | 9397

IMMUNOLOGY AND

INFLAMMATION


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1511711112/-/DCSupplemental/pnas.201511711SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1511711112/-/DCSupplemental/pnas.201511711SI.pdf?targetid=nameddest=SF2

L T

z

D\

A CD4+ gated B
Stati+/+  Stat1-/- __ *k
©4 v 4 —
© o Foo
5 = Statt+/+ _ Stat1-/ <
21| by ks
= ©2 Lo
24 © T
£ [eN <
g (=2} o
8 e o
= | <o Stat1+/+ Stat1-/-
O —— — S
CD44
C CD4+ gated D
Stat3+/+  Stat3-/- * —_
©4 3 NN 22
8 S ® Stat3+/+ _Stat3-/- 3
o — 6 ks
2 3 ] z
I 54 z .
5, S | o |l e .3
:Eu Q2 ]
= o % CDa4 0
2 Qo ) Stat3+/+ Stat3-/-
=|[ r <0
O T ———— - Stat3+/+ Stat3/-
CD44
E CD8+ gated
Stat3+/ Stat3-/- — &
3 - o NS > NS
> Y; 30 ‘>_< —
8 = e =20 )
B & &
=t
[s} L ~
© 3 15 ® 1o &#
(J a
E s |
aQ (o]
o 8 't Q a
é L 2 S o Qo L
T —pa > T Stai3+/+ Stat3-- + Stat3+/+ Stat3-/-
F CD8+ gated
Stat3+/+ _ Stat3-/-
2 NS - NS
14 1 ® — 9 —
gp33-41 < ° 10 Y
' peptide 120 @ I o
b E s T Lo
- 1 1" Y N
gp276-286 & Pl L")
peptide @] ) o
ﬁé" 61l f 73 Stat3+/+ Stat3-/-  Stat3+/+ Stat3-/-
T gp33-41 gp276-286
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spleen cells were isolated at day 6 after infection. (A) Percentages (Left)
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gp66 tetramer staining. (B) Total spleen cells were stimulated with LCMV-
specific gp66-77 peptide for 5 h, percentages of CD4* CD44" IFN-y* cells
were determined. (Left) Individual mice; (Right) summary of data from
multiple animals. In A and B, data are from two experiments with a total
of six to seven mice per group. (C-F) Stat3** and Stat3~'~ mice were
infected with 2 x 10° pfu of LCMV clone 13 and total spleen cells were
isolated at day 9 after infection. (C) Percentages (Left) and numbers
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mer staining. (D) Total spleen cells were stimulated as in B; percentages of
CD4* CD44* IFN-y* cells were determined. (Left) Individual mice; (Right)
summary of data from multiple animals. (E) Percentage (Left) and num-
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sentative analysis and the right two panels summarize data from mul-
tiple animals. In C-F, data are from three experiments with 10-11 mice

per group.

effect of STAT3 on the expression of these genes. We also ex-
amined the effect of IL-21 on CD4" T cells from two patients
with STAT1 GOF mutation (Table S2). Similar to the effect of
IL-21 in CD4" T cells from patients with AD-HIES, IL-21-
induced STAT1 phosphorylation was enhanced in STAT1 GOF
CD4" T cells (Fig. S3 4 and B), and the IL-21-induced IFNG
and TBX2] expression was also augmented (Fig. S3 C and D).
These data indicate that STAT1/STAT3 interplay influences
IL-21-mediated gene regulation.
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Discussion

The role of STAT3-independent pathways in IL-21 signaling is not
well understood. Here, we investigated the possible role of STAT1
in regulating IL-21 function in CD4" T cells, and we now show that
STAT1I, as well as STAT3, is a mediator of the actions of IL-21 in
these cells. Our RNA-Seq analysis revealed that 10% of the IL-21-
regulated genes in CD4" T cells were STAT1-dependent and that
almost half of these genes were coregulated by both IL-21-activated
STAT1 and STATS3, suggesting that STAT1 not only exerts its own
actions but that it also interplays with STAT3 for fine-tuning IL-21-
mediated gene regulation. Conceivably, some of these genes may be
regulated by STAT1-STAT3 heterodimers, although it is possible
that some require both STAT1 and STAT3 homodimers instead of
heterodimers. Previously, it was shown that there is enhanced IFN-
y-mediated STAT3 activation in Statl-deficient mouse embryonic
fibroblasts (31) and enhanced IL-6 mediated STAT1 activation in
Stat3-deficient mouse embryonic fibroblasts (32), revealing
that cytokines can activate more of one STAT when another is
absent. The balance of STAT1 and STAT3 is intriguing given that
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Fig. 6. IL-21-induced STAT1 phosphorylation is enhanced in CD4* T cells from
patients with AD-HIES. CD4" T cells from normal donors (ND) and AD-HIES
patients (HIES) were stimulated with 2 png/mL plate-bound anti-CD3 and 1 pg/mL
soluble anti-CD28 for 3 d, rested 1 d, then not stimulated or stimulated with
IL-21 for 30 min and 4 h. Levels of pSTAT1 and STAT1 were determined by
Western blotting; p-actin was used as a loading control. (A) Data are shown for
five patients and five normal controls. (B) Quantification of Western blotting
images in A by ImageJ. Numbers indicate the ratios comparing pSTAT1 levels in
cells from patients relative to cells from normal donors. (C and D) IL-21-induced
IFNG and TBX21 mRNA expression is enhanced in CD4* T cells from patients
with AD-HIES. CD4* T cells from normal donors and AD-HIES patients were
activated as described in panel A, then not stimulated or stimulated with IL-21
for 4 h. mRNA expression of IFNG (C) and TBX21 (D) was determined by RT-PCR.
Shown is fold-induction by IL-21 relative to ACTB, data from five experiments,
with the level for untreated samples set to 1.
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STAT1 is classically activated by interferons, mediating an anti-
viral and tumor-suppressor response, whereas STAT3 is an on-
cogene (33). We now have shown that STAT1 and STAT3 have
opposing roles in regulating IFN-y expression in CD4" T cells,
both in vitro when stimulated with IL-21 and in vivo when the
mice were infected with LCMV. Moreover, we found that 1L-21-
mediated activation of STAT1 suppressed STAT3-dependent 1/127
expression, which presumably normally serves to auto-amplify
IL-21 signaling. Thus, STAT1 activation may be a mechanism for
limiting IL-21-mediated immune responses.

Several possible mechanisms may account for the interplay
of STAT1 and STAT3 induced by IL-21. First, we found that IL-21-
mediated induction of the Socs! and Socs3 genes was diminished in
the absence of STAT3, suggesting that the prolonged STAT1 acti-
vation may be a result of the attenuation of a negative regulatory
signal. Second, the absence of either STAT1 or STAT3 would pre-
vent the formation of STAT1/STAT3 heterodimers, presumable fa-
voring formation of STAT3 or STAT1 homodimers, respectively,
with potential effects on gene expression. Third, our ChIP-Seq
analysis revealed altered STAT3 binding to DNA in the absence of
STAT1, a finding that may help to explain altered expression of
STAT3-dependent genes in the absence of STATI. Fourth, the
opposing effects of STAT1 and STAT3 may also result from dif-
ferential effects on other molecules. For example, we found that
STAT1 and STAT3 reciprocally regulated expression of both IFN-y
and Tbet (which is a critical mediator of IFN-y) (34) after stimulation
with IL-21 in vitro. Thus, multiple mechanisms might contribute to
the opposing effects of STAT1 and STAT3 upon IL-21 stimulation.

Corresponding to our data in the mouse, we also demonstrated
increased IL-21-induced STAT1 activation and higher JFNG and
TBX21 expression in CD4* T cells from patients with AD-HIES.
AD-HIES patients have recurrent infections, including chronic
mucocutaneous candidiasis and impaired Th17 cell differentiation
(30). Interestingly, patients with GOF mutation of STAT1 also
suffer from chronic mucocutaneous candidiasis as a result of de-
fective Th17 cell differentiation (35), further supporting the idea
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of opposing effects of STAT1 and STAT3 and that a balance of
these STAT proteins is critical for normal host defense.

Materials of Methods

Mice. All mice were used under animal protocols approved by the National
Heart, Lung, and Blood Institute Animal Care and Use Committee. CD4"
T cells lacking STAT3 were described previously (14). Stat1™~ mice were
backcrossed to the C57BL/6 background for six generations. See SI Materials
and Methods for more information.

Isolation and Activation of T Cells. Murine total and naive T cells were isolated
from spleen using magnetic beads (Miltenyi Biotec). Human CD4* T cells
from peripheral blood mononuclear cells were isolated using Dynabeads
(Invitrogen). Cells were preactivated as reported (14). See S/ Materials and
Methods for more information.

Flow Cytometry. Surface and intracellular staining were performed per the
standard protocol. For nuclear translocation of pSTAT proteins, cells were stained
as described previously (14), and analyzed on an ImageStream system. See S/
Materials and Methods for more information

LCMV Clone 13 Infection. For LCMV clone 13 infection, see S/ Materials and Methods.

Immunoblot Analysis. Immunoblotting were performed per the standard
protocol. See SI Materials and Methods for more information.

RNA-Seq and ChIP-Seq. RNA-Seq and ChIP-Seq were performed as reported
(14, 36). See S/ Materials and Methods for more information.

Statistical Analysis. Statistical analysis was performed by Student’s t test. See
SI Materials and Methods for more information.
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