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IL-1 family members and STAT activators induce
cytokine production by Th2, Th17, and Th1 cells
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Expression of T1ST2, the IL-33R, by Th2 cells requires GATA3.
Resting Th2 cells express little GATA3, which is increased by IL-33
and a STATS5 activator, in turn increasing T1ST2 from its low-level
expression on resting Th2 cells. Th2 cells that have upregulated
T1ST2 produce IL-13, but not IL-4, in response to IL-33 plus a STAT5
activator in an antigen-independent, NF-kB-dependent, cyclo-
sporin A (CsA)-resistant manner. Similarly, Th17 cells produce
IL-17A in response to IL-18 and a STAT3 activator and Th1 cells
produce IFN+y in response to IL-18 and a STAT4 inducer. Thus, each
effector Th cell produces cytokines without antigenic stimulation in
response to an IL-1 family member and a specific STAT activator,
implying an innate mechanism through which memory CD4 T cells
are recruited by an induced cytokine environment.
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L-33, a member of the IL-1 family, is synthesized as a 31-kDa

precursor and cleaved in vitro by caspase-1 to a mature 18-kDa
form (1). T1ST2, originally identified as an orphan receptor
expressed primarily on Th2 and mast cells (2-4), has now been
shown to bind to IL-33 and to form a complex with IL-1R AcP
(5, 6) that mediates IL-33 signaling (1). IL-33 transduces its
effects through the classical IL-1 signaling machinery, including
activation of NF-kB and MAPKs (1).

Administration of IL-33 to mice causes profound alterations in
mucosal tissues, including lung, esophageal, and intestinal eosino-
philia, and splenomegaly, and enhanced serum IgA and IgE (1).
Inhibition of IL-33, either by anti-T1ST2 antibody or T1ST2
immunoglobin, blocks secretion of IL-4, IL-5, and IL-13 and
markedly suppresses eosinophilic inflammation in recipients of
ovalbumin-specific Th2 cells challenged with ovalbumin (2, 7).
T1ST2-deficient mice show a defect in primary response to schis-
tosoma egg antigens (8) and IL-33 treatment at the time of Trichuris
muris infection allows susceptible mice to expel the parasite (9).

These results indicate an important role for IL.-33 and T1ST2 in
allergic/parasite-induced inflammatory responses. However, the
molecular regulation of TIST2 expression and how IL-33 mediates
its function remain unclear. Here we show that T1ST2 expression
by Th2 cells is regulated by GATA3 and STATS. Further, IL-33 and
STATS activators such as IL-2, IL-7, and TSLP act synergistically to
induce and maintain GATA3 expression. IL-33 then acts on
T1ST2-expressing Th2 cells to induce production of IL-13, but not
IL-4, in a TCR-independent, NF-«kB-, and p38-dependent manner.
Such TCR-independent IL-13 production by Th2 cells is similar
to the previous demonstration by others that treatment of Thl
cellswith IL-18 and IL-12 induces IFNy production (10). Consistent
with these findings, we also show that Th17 cells (11-13) treated
with IL-1B and a STATS3 activator (IL-6, IL-21, or IL-23) produce
IL-17A in a TCR-independent manner. Thus, all 3 effector Th
populations respond to an IL-1 family member and a STAT
activator with the production of a key effector cytokine, providing
a mechanism for innate activation of memory or effector CD4 T
cells.

Results

T1ST2 Expression on Th2 Cells. T1ST2 is under tight regulation while
IL-1R AcP is broadly expressed. Naive CD4 T cells do not express
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detectable T1ST2 (Fig. 14). Culture under Th2 conditions for 4
days (1xTh2) results in a small fraction of the cells expressing high
levels of TIST2. More Th2 cells express T1ST2 after a second round
of priming (2xTh2) and essentially all 3-round primed Th2 cells
(3xTh2) express T1ST2 (Fig. 1A4). T1ST2 expression falls strikingly
when 3xTh?2 cells are “rested” in IL-2- (Fig. 1 4 and B), IL-7-, or
TSLP-containing medium (Fig. 1B). Rested Th2 cells expressing
low levels of T1ST2 were cultured in IL-2, IL-7, or TSLP alone,
IL-33 alone, or IL-33 plus IL-2, IL-7, or TSLP for 2 days. T1ST2
expression was significantly upregulated in the cells cultured in
1L-33 combined with IL-2, IL-7, or TSLP, but not in the cells
cultured in IL-2, IL-7, or TSLP alone or IL-33 alone (Fig. 1B).
T1ST2 upregulation was first detected at 24 h of culture in IL-2 plus
IL-33 (Fig. 1C).

T1ST2 Expression Is GATA3 Dependent. T1ST2 is expressed on Th2
cells but not on Th1 or naive CD4 T cells, suggesting that GATA3,
the master transcription factor for Th2 differentiation, has a role in
regulating T1ST2. Two-round primed Th2 (2xTh2) cells derived
from Gata3-fl/f] mice or wild-type mice were infected with a
GFP-Cre retrovirus. Cre* cells were separated by cell sorting,
cultured under Th2 conditions for an additional round to reduce the
amount of residual GATA3 protein in the Cre-expressing cells, and
then collected to measure 77st2 mRNA (Fig. 24). T1st2 mRNA in
wild-type Th2 Cre™ cells was 60-fold higher than in Gata3-fl/fl Th2
Cre™ cells. Indeed, the amount of T1st2 mRNA in the GATA3-
deficient Th2 cells was no greater than in Th1 cells.

We next asked whether the IL-33/STATS-mediated upregulation
of T1ST2 in resting Th2 cells is also GATA3 dependent. Three-
round primed Th2 (3xTh2) cells from Gata3-fl/f1 or wild-type mice
were infected with a GFP-Cre retrovirus. Cre* and Cre ™~ cells were
cultured under Th2 conditions for an additional round and then
maintained in IL-2-containing medium for 2 weeks. Cells were then
placed in medium containing IL-2 alone, IL-33 alone, or IL-2 plus
IL-33 for 2 days. 77st2 mRNA, which was already very low in
Gata3-fl/f1/Cre™ cells, was not induced in these cells by any treat-
ment. By contrast, 77st2 mRNA was induced, to a similar degree,
in wild-type/Cre*, wild type/Cre~, and Gata3-fl/f1/Cre~ cells and
was best in response to stimulation with IL-2 plus IL-33 (Fig. 2B).
Thus, T1st2 induction by IL-2/IL-33 is GATA3 dependent.

To directly link GATA3 to T1ST2 expression, CD4 T cells were
cultured under Th2 conditions for 2 days and infected with a
Gata3-nerve growth factor receptor (NGFR) retrovirus or a con-
trol NGFR retrovirus. After a 4-day-Th2 priming period, a small
fraction of both the NGFR™ and the NGFR™* cells from control
retroviral infection expressed T1ST2, representing endogenous
early Th2 T1ST2 induction (Fig. 2C). In the cells expressing viral
Gata3 (NGFR™ cells from the NGFR-Gata3-infected culture), the
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Fig. 1. STATS5 is required for T1ST2 expression. (A) Naive CD4 T cells purified
from 5C.C7 transgenic Rag2~/~ mice were cultured under Th2 conditions for
indicated periods. D1 indicates cells that had just completed Th2 priming. D5
indicates cells cultured in IL-2-containing cRPMI for 5 days after completion of Th2
priming. (B) 3xTh2 cells that had been maintained in IL-2 medium for 2 weeks
were cultured in medium containing indicated cytokines for 48 h and then
stained for T1ST2. (C) 3xD14 Th2 cells were cultured in the cytokines for the
indicated periods and then stained for T1ST2. The experiments were performed
3 times.

majority of the cells expressed high levels of T1ST2. After being
cultured in IL-2-containing medium for 7 days, TIST2 on the
NGFR™ cells strikingly declined while the majority of viral
GATA3" cells continued to express T1ST2, although at a some-
what lower level, implying that continued high-level GATA3 ex-
pression is important for maintaining T1ST2 levels.

GATAZ3 binds strongly to the —12K T1st2 enhancer as indicated
by chromatin immunoprecipitation (ChIP) sequencing (J.Z., G.W.,

unpublished observations). ChIP with an anti-GATA3 antibody
revealed a remarkable enrichment of the —12K 77st2 enhancer
sequences in TCR-stimulated Th2 cells, but not in Th1 or Th17 cells
(Fig. 2D). Using mouse IgG as a control for anti-GATA3 resulted
in no enrichment.

GATA3 levels decline when Th?2 cells are rested in IL-2 medium.
Culturing such rested cells in medium containing IL-33 plus IL-2 for
2 days substantially increased GATA3 protein levels compared to
cells cultured in IL-33 alone or in IL-2 alone (Fig. 2E). In “2-day
IL-33 plus IL-2” cells, GATA3 binds to the T7st2 gene as shown by
the striking enrichment of the —12K enhancer sequences by
anti-GATA3 precipitation. The capacity of GATA3 to bind to
specific sites in the T7st2 locus implies its role in regulating T1ST2
expression is direct.

STATS5 Plays Direct Roles in GATA3 Upregulation and T1ST2 Reexpres-
sion. IL-2, IL-7, and TSLP, in combination with IL.-33, each led to
upregulation of T1ST2 (Fig. 1B) and each activates STATS. To
determine whether STATS mediated the effects of these cytokines
in T1ST2 upregulation, STATS was depleted from the responding
cells (Fig. 34). Two-round primed Th2 (2xTh2) cells from Stat5a/
Stat5b-f1/f1 or wild-type mice were infected with a GFP-Cre retro-
virus. Cre™ cells were sorted, on the basis of GFP expression and
cultured for 6 days in IL-4-containing medium to maintain viability.
These cells were then cultured in IL-4-containing medium supple-
mented with IL-2, IL-33, or IL-2 plus IL-33. T7st2 mRNA induc-
tion, measured 48 h later, occurred only in WT Cre™ cells cultured
with IL-2 plus IL-33. Stat5a/Stat5b-fl/f1/Cre* cells, in which the
Stat5a and Stat5h genes were deleted, had markedly decreased
TIst2 (Fig. 3A).

Because T1ST2 expression requires both STATS and GATA3
and GATA3 appears to act directly on 77st2, we asked whether
STATS is required for GATA3 induction or STATS functions
together with GATA3 to induce T1ST2 expression. Induction of
GATA3 expression by IL-33 plus IL-2 was observed in wild-type/
Cre™* cells but not in the Stat5a/Stat5b-fl/fl/Cre™ cells (Fig. 3B),
implying that STATS, and IL-33, is required for GATA3 induction
and thus has an “upstream” role in T1ST2 induction. ChIP using
anti-STATS5A and anti-STAT5B antibodies resulted in a significant
enrichment of a —800-bp Gata3 promoter sequence, indicating that
STATS binds to the Gata3 gene, consistent with its playing a direct
role in upregulating GATA3 expression (Fig. 3C). ChIP revealed
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Fig.2. T1ST2 expression is GATA3 dependent. (4) 2xTh2 cells derived from Gata3"floxed" or C57BL/6 mice were retrovirally infected with GFP-Cre during the third
round of Th2 priming. GFP-Cre positive cells were sorted and cultured under Th2 conditions for an additional round and cells were collected to measure T7st2 mRNA
by QPCR. Four-round primed Th1 (4xTh1) cells derived from C57BL/6 mice were cultured and examined in parallel. (B) 3xTh2 cells from Gata3"‘floxed"’ or C57BL/6 mice
were retrovirally infected with GFP-Cre. GFP-Cre positive and negative cells were sorted and cultured under Th2 conditions for an additional round and then maintained
in IL-2-containing medium. Two weeks later, the cells were divided into 3 portions, cultured in medium containing IL-2 alone, IL-33 alone, or IL-2 plus IL-33. Two days
later, cellswere collected to measure T7st2 mRNA. (C) CD4 T cells were cultured under Th2 conditions and 2 days later the cells were retrovirally infected with Gata3-NGFR
or NGFR. After an additional 2 days, cells were stained to measure NGFR and T1ST2 expression immediately (D1) or after 7 days of culture in IL-2-containing medium
(D7). (D) 1xTh1, 1xTh17, and 1xTh2 cells were fixed immediately after completion of priming and immunoprecipitated with anti-GATA3. D7 1xTh2 cells were cultured
in IL-2 plus IL-33 for 2 days and ChIP with anti-GATA3 or control mouse IgG was performed. (E) MFl of GATA3 staining for D1 2xTh2 cells; D8 2xTh2 cells; D8 cells cultured
in IL-2, IL-33, or IL-2 plus IL-33 for an additional 48 h (D8 + 2 days IL-2, D8 + 2 days IL-33, D8 + 2 days IL-2 + 33). The experiments were performed two times.

13464 | www.pnas.org/cgi/doi/10.1073/pnas.0906988106 Guo et al.



SINPAS

@ = 1
© S T1st2 intron7
<3 2 u Stat5flffl cre+ IL33 STA;:t:Sh;gZ £
Z% m Stat5fl/fl cre+ 1L2+33 S Ss
Er- ¢ m Stat5fl/fl cre+ IL2 I £T
oY% 2 ®® 8 o » 6
>0 0 0%6 S,y Tist2 intron 4
®E B so
T2 IDD 'L q, ) Pri Or
[] L ’b 4 2
..% YV . m WT cre+ IL33 é‘ég E‘Eo
v \\' m WT cre+ 1L2+33 S0 b %gbn;a ‘1..5'5,5"5 I (VDo
statsffi WT = WT cre+ IL2 ES o @ WY \‘\ \;\"
Cre+ Cre+ o 9«\;‘ é‘\;‘ 4 v 4
GATA3 STATSA  STATSB STATSA  STATSB

Fig.3. STATSisdirectlyinvolved in GATA3 and T1ST2 upregulation. (A and B) 2xTh2 cells from Stat5''floxed" or C57BL/6 mice were retrovirally infected with GFP-Cre.
GFP-Cre positive cells were sorted and cultured in IL-4-containing-cRPMI for 6 days. Cells were then cultured in IL-2, IL-33, or IL-2 plus IL-33 for 48 h, with IL-4 in the
medium, and then collected to measure T7st2 mRNA (A) or stained for GATA3 expression (B). (C) D7 1xTh2 cells were cultured in IL-2 plus IL-33 for an additional 2 days,
and ChIP with anti-STAT5A, anti-STAT5B was performed. (D) D7 1xTh2 cells were cultured in IL-2, IL-33, or IL-2 plus IL-33 for 24 h and ChIP with anti-STAT5A, anti-STAT5B,

or control mouse 1gG was performed. The experiments were performed twice.

that STATS binds to 77st2 intron 7, but not intron 4, sequences (Fig.
3D). From these experiments, it can be concluded that GATA3
expression is dependent on both STATS activation and IL-33 and
that GATA3 and STATS likely jointly regulate T1ST2 expression
in Th2 cells.

Culture in IL-33 Enhances STAT5 Phosphorylation. We asked whether
IL-33 reciprocally regulates STATS activation. Three-round primed
Th2 (3xTh2) cells expressing TIST2 were cultured in medium with
or without IL-33 for 20 h, and then washed to remove 1L-33, and
challenged with IL-2 for 15 min. Twenty-hour culture in IL-33
resulted in a greater degree of STATS phosphorylation in response
to IL-2 than seen in Th2 cells cultured without IL-33 (supporting
information (S7) Fig. S1.4). Consistent with this, IL-2 induced more
Socs3 mRNA in IL-33-cultured cells (Fig. S1B).

T1ST2-Expressing Cells Produce IL-13 in Response to IL-33. One-round
primed Th2 (1xTh2) activated cells, of which ~1/5 express high
levels of T1ST2, and rested Th2 cells, which uniformly express
low-level T1ST2, were cultured in medium containing IL-2 alone,
IL-33 alone, or IL-2 plus IL-33. IL-13 production was detected at
3 h and 6 h in activated Th2 cells cultured in IL-2 plus IL-33 (Fig.
4 A, B, and C), largely in the T1ST2" cells (Fig. 4 B and C). IL-33

alone also induced T1ST2* activated cells to produce IL-13, to a
level approximately half that induced by IL-33 plus IL-2 (Fig. 4 A4,
B, and C).

IL-13 production by rested Th2 cells was not detectable until 24 h
and then only in cells cultured in both IL-33 and IL-2 (Fig. 44).
Rested Th2 cells require 24 h culture in IL-33 plus IL-2 to achieve
high levels of T1ST2 expression (Fig. 1C); it is only in the T1ST2-
expressing cells that IL-13 production is induced.

IL-13 production in response to PMA plus ionomycin (P+1I) was
similar in activated and rested Th2 cells (Fig. 4 B and C) and not
limited to TIST2" cells, implying that the pathways through which
IL-33 and P+I induce IL-13 are different.

IL-33 Plus a STAT5 Activator Can Induce IL-13 and IL-5 but Not IL-4 or
IL-2 Production from Th2 Cells. To examine which Th2 cytokine(s)
1L-33 can induce, activated 3xTh2 cells were stimulated with IL-33,
TSLP, IL-33 plus TSLP, or P+I for 48 h. IL-33 plus TSLP induced
amounts of IL-13 similar to those induced by P+1 and somewhat
greater than those induced by IL-33 alone (Fig. 4D). No IL-13 was
induced by TSLP alone. IL-5 production was induced by IL-33 plus
TSLP and to a substantially smaller degree by IL-33. Neither IL-4
nor IL-2 was induced by IL-33 or IL-33 plus TSLP, although both
were induced by P+1. Similar induction of IL-13 and IL-5 by Th2
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Fig. 4. IL-33, together with activated STATS5, induces IL-13 and IL-5 but not IL-4 or IL-2. (A) D1 1xTh2 cells (activated) and D10 1xTh2 cells (rested) were cultured in
medium containing IL-2, IL-33, or IL-2 plus IL-33 for the indicated periods and supernatants collected to measure IL-13 production by ELISA. (B) Cells in A were stimulated
for 4 h to measure IL-13 production by intracellular staining. (C) Relative amount of IL-13 production was calculated by multiplying the MFI and the percentage of
IL-13-producing cells. (D) 3xTh2 cells were stimulated with P+1, TSLP, IL-33, or TSLP+IL-33 for 48 h. The supernatants were collected. (E) 3xTh2 cells were stimulated with
P+1, TSLP, IL-33, or TSLP+IL-33 for indicated periods and collected to measure //13, II5, 114, and /I2 mRNA. (F) 3xTh2 cells were stimulated with P-+1 or IL-2 plus IL-33 for
4 h to test IL-4 and IL-13 production. The experiments were performed 3 times.
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IL-33 plus IL-2-induced IL-13 production is NF-«B and p38 dependent but NFAT independent. (A) 3xTh2 cells were pretreated with the indicated inhibitors for

30 min and then stimulated with IL-33 plus IL-2 or P+1 for 4 h to test IL-4 and IL-13 production. (B) 3xTh2 cells were pretreated with DMSO (mock) or CsA for 30 min
and then stimulated with PMA or PB-anti-CD3/CD28 for 6 h to determine IL-4 and IL-13 production. The experiments were performed 3 times.

cells was observed in response to IL-33 plus IL-2 or IL-33 plus IL-7,
but no IL-4 or IL-2 was observed (Fig. S2).

1113 and 1I5 mRNA were induced by IL-33 or IL-33 plus TSLP
at ~30-70% of the levels induced by P+I (Fig. 4E). The kinetics
of induction by P+1I and by IL-33 were similar. /74 and /12 mRNAs
were not induced in response to IL-33 plus TSLP or to IL-33 alone.

Cytokine production was also assessed by intracellular staining
(Fig. 4F). P+1induced ~85% of 3xTh2 to produce IL-13 and ~50%
to produce IL-4; IL-33 plus IL-2 induced 25-30% of the cells to
produce IL-13, but none produced IL-4 (Fig. 4F). We conclude that
without TCR stimulation, IL-33 plus IL-2 can induce Th2 cells to
produce substantial amount of IL-13 but not IL-4.

IL-33/STAT5-Induced IL-13 Production Requires NF-«B and p38 but Not
Nuclear Factor of Activated T Cells. IL-33 has been reported to trigger
the IL-1 signaling pathway, leading to activation of NF-«B, and the
ERK, p38 and JNK MAPKs (1). To test whether IL-13 production
was mediated through such pathways, 3xTh2 cells were pretreated
for 30 min with an NF-«B inhibitor, Bay11-7082, or with MAPK
inhibitors, and then cultured for 4 h in IL-33 plus IL-2. IL-13
production was decreased by pretreatment with the NF-«B inhib-
itor or the p38 inhibitor, SB203580, but not by pretreatment with
inhibitors of ERK or JNK signaling, although these MAP kinases
were activated in IL-33-stimulated Th2 cells (Fig. S3). The NF-«xB
inhibitor caused ~70% inhibition, taking into account the diminu-
tion in the frequency of IL-13-producing cells and mean fluores-
cence intensity (MFI) of those cells (Fig. 54). The p38 inhibitor
caused a similar degree of inhibition (=70%). When the p38
inhibitor and the NF-«B inhibitor were used together, the degree
of inhibition was ~90% (Fig. 54).

Nuclear factor of activated T cells (NFAT), activated by TCR
through calcineurin, regulates transcription of multiple cytokine

genes, including /12, Il4, and /13 (14). Cyclosporin A (CsA), an
inhibitor of calcineurin-mediated activation of NFAT, failed to
block IL-33 plus IL-2-induced IL-13 production by 3xTh2 cells (Fig.
5A4). By contrast, CsA completely abolished IL-4 production in-
duced by P+I or by anti-CD3/CD28 (Fig. 5 A and B). CsA only
partially inhibited IL-13 production in response to P+I or anti-
CD3/CD28 (Fig. 5 A and B). Consistent with this, PMA alone
induced IL-13 but not IL-4 production; PMA-induced IL-13 pro-
duction was CsA resistant (Fig. 5B).

1L-33 combined with IL-2, IL-7, or TSLP also led to cell
proliferation. Rested Th2 cells that were cultured in the medium
containing IL-33 combined with IL-2, IL-7, or TSLP showed CFSE
dilution indicating several cell divisions (Fig. S4). By contrast, cells
that were cultured without any cytokine, IL-33 alone or STATS
activators alone, showed no or only a limited number of cell
divisions.

Upregulation of Receptors for IL-1 Family Members and Master
Regulators in Th1 and Th17 Cells. The capacity of IL-33 plus a STATS
activator to regulate expression of GATA3 and T1ST2 led us to ask
whether the master regulators and IL-1R family members ex-
pressed by Thl and Th17 cells were similarly regulated.

Selective expression of receptors for an IL-1 family member was
shown in CD4 T cells primed under Th1, Th2, or Th17 conditions
for 4 days. IL-18Ra showed heightened expression on Th1 cells,
IL-33R on Th2 cells, and IL-1R1 on Th17 cells (Fig. 64). As a
control, we show the selective expression of the master regulator
genes for the 3 cell types, Thet, Gata3, and Rorc.

Because T1ST2 and GATA3 are regulated by IL-33 and STATS
activators in Th2 cells, we asked whether expression of IL-18R« and
T-bet in Thl cells and of IL-1R1 and RORyt in Th17 cells are
similarly regulated by the appropriate IL-1 family member and the
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Fig. 6. IL-1, together with IL-23, IL-21, or IL-6 induces IL-17A production. (A) 1xTh1, 1xTh2, and 1xTh17 cells were collected after 4-day priming and mRNA for Tbet,

Gata3, Rorc, 1118r1, T1st2, and //1r1 measured. (B) Rested 1xTh17 and 1xTh1 cells were cultured in cRPMI with indicated cytokines for 24 h and then collected to test
expression of indicated mRNAs. (C) Rested 1xTh1 cells were cultured in cRPMI with the indicated cytokines for 24 h and then stained for IL-18Ra expression. (D) 1xTh17
cells were cultured in cRPMI for 2 days and then stimulated with the indicated combination of cytokines for 48 h. Supernatants were collected and ELISA was performed
to test IL-17A production. The experiments were performed 3 times.

13466 | www.pnas.org/cgi/doi/10.1073/pnas.0906988106

Guo et al.


http://www.pnas.org/cgi/data/0906988106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0906988106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0906988106/DCSupplemental/Supplemental_PDF#nameddest=SF4

Lo L

P

1\

=y

STAT known to be important in commitment to their lineage. Th1
cells cultured in IL-18 plus IL-12 showed increased /18 and Tbet
mRNA levels (Fig. 6B) and elevated IL-18R1 expression (Fig. 6C).
Markedly elevated I/1r] and Rorc mRNA levels are found in Th17
cells cultured in IL-23 plus IL-1 (Fig. 6B). IL-12 activates STAT4,
which is important for Thl differentiation (15). IL-23 activates
STATS3, a critical factor for Th17 differentiation (11-13). Thus, the
IL-1 receptor family members expressed in Thl and Th17 cells
appear to be regulated in a way parallel to the regulation of TIST2
by GATA3 and STATS in Th2 cells.

IL-1 and STAT3 Activators Cause TCR-Independent IL-17A Production.
It would be interesting to establish whether an IL-1 receptor family
member and a STAT activator collaborate in cytokine-dependent
cytokine production in all 3 Th lineages. IL-1 and STAT3 activators
(IL-6, IL-21, and IL-23) have been reported to be important for
Th17 development and maintenance (11-13, 16). On the basis of
these reports, we tested Th17 cells for IL-17 production in response
to stimulation with IL-1 and a STAT3 activator, independent of
TCR engagement. One-round primed Th17 (1xTh17) cells were
cultured in cRPMI for 2 days and then stimulated with IL-1 family
cytokines alone or with IL-23, IL-21, or IL-6 (Fig. 6D). None of the
STAT3 activators alone caused detectable IL-17A production;
IL-1B alone induced IL-17A but the combination of IL-18 with
IL-23, IL-21, or IL-6 caused considerably greater production. Such
IL-17A production is only slightly inhibited by CsA (Fig. S5).
Neither IL-18 nor IL-33 alone or in combination with the STAT3
activators had any effect on IL-17A production.

Discussion

IL-1 family cytokines play critical roles in immune regulation and
inflammation (17, 18). IL-33, the most recently identified mem-
ber of the IL-1 family, has been shown to be involved in allergic
and parasitic inflammatory responses. IL-33 binding to T1ST2,
together with IL-1RAcP, leads to activation of NF-«B, and the
ERK, p38, and INK MAPKs, causing enhanced TCR-stimulated
IL-13 and IL-5, but not IL-4, production from Th2 cells (1).
Here, we showed that activated Th2 cells produce IL-13 in
response to IL-33 independent of TCR stimulation but only in
cells expressing high levels of T1ST2.

Naive CD4 and Thl cells do not express T1ST2. As cells are
repetitively stimulated under Th2 conditions, the proportion of the
activated cells that express high levels of T1ST2 rises. When Th2
cells were allowed to “rest” for several days in medium containing
IL-2, IL-7, or TSLP, T1ST2 expression declines strikingly. Culture
of resting Th2 cells in medium containing IL-33 combined with
IL-2, IL-7, or TSLP, but not IL-33 alone, causes upregulation of
T1ST2 expression within 24 h.

We demonstrated that T1ST2 expression is dependent on
GATAZ3, the critical Th2 transcription factor. Th2 cells from which
the Gata3 gene was deleted showed a severe impairment in both
TCR-induced and IL-33 plus STATS5-induced T1ST2 reexpression.
Introduction of retroviral GATA3 during the first round of Th2
priming strikingly increases the proportion of T1IST2* cells. ChIP
studies showed direct binding of GATA3 to the —12K enhancer in
the T7st2 locus in recently primed Th2 cells and in IL-33 plus IL-2
cultured Th2 cells. These lines of evidence indicate that GATA3
plays an important role in T1ST2 expression.

The importance of STATS in GATA3 reexpression in resting
Th2 cells is based on experiments showing that in established Th2
cells from which STATS was deleted, IL-2 plus IL-33 failed to
induce GATA3 upregulation and the subsequent enhancement of
T1ST2 expression was abolished. Furthermore, ChIP analysis re-
vealed direct binding of STATS to the Gata3 promoter. Thus,
GATA3 is upregulated through the concerted action of IL-33 and
IL-2.IL-7 or TSLP, which activate NF-«B and STATS, respectively,
and GATAD3 in turn, directly regulates TIST2 expression. STATS
also binds to the T17st2 locus, consistent with its cooperation with
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GATAS3 in T1ST2 upregulation. Interestingly, while IL-33 and a
STATS activator regulate sensitivity to IL-33, IL-33 enhances
STATS phosphorylation in response to IL-2, indicating a reciprocal
regulation of receptor expression and activity.

Not only is the expression of T1ST2 in Th2 cells regulated by
GATA3, an association of Tbet expression with I/18r levels in Th1l
cells and of Rorc expression with I17r] mRNA levels in Th17 cells
was observed. It had been reported that IL-18Ra is upregulated in
established Thl cells by TCR stimulation and IL-12, a STAT4
activator (19), which might question a role for T-bet in regulation
of IL-18Ra expression. However, TCR/IL-12-dependent upregu-
lation of IL-18Ra does not occur in Thl cells prepared from
IFN+y-deficient CD4 T cells and is restored by addition of exogenous
IFNvy (20). Because IFNvy activates T-bet, these reports are con-
sistent with a role for T-bet in Th1-cell IL-18R« induction. Further,
we showed that T-bet and IL-18Ra expression in Thl cells are
regulated by the joint action of IL-18 and IL-12, parallel to the
upregulation of GATA3 and T1ST2 by IL-33 and IL-2, IL-7, or
TSLP in Th2 cells. A similar regulation of Rorc and IlIr] mRNA
levels was observed in Th17 cells. An increase in Rorc expression is
associated with elevation of /l1r] expression in rested Th17 cells, as
described above, and such elevation is observed in cells cultured in
both IL-18 and IL-23. Consistent with our results, it has recently
been reported that IL-1R is selectively expressed on Th17 cells and
Th17 cells produced IL-17A in response to IL-1 and IL-23 (16).

In T1ST2-expressing Th2 cells, IL-33 alone or IL-33 plus a
STATS activator induce IL-13 and IL-5 production within 4 h but
neither IL-4 nor IL-2 is produced. IL-13 production in response to
IL-33 plus a STATS activator is CsA resistant but NF-«B depen-
dent; when stimulated through TCR or P+I, IL-13 production is
only partly inhibited by CsA. Further, PMA alone induces IL-13
production, which is completely CsA resistant. By contrast, TCR-
or P+I-stimulated IL-4 production is completely calcineurin/NFAT
dependent and PMA alone fails to induce IL-4. Thus, IL-4 pro-
duction appears totally dependent on the calcium/calmodulin/
calcineurin/NFAT pathway whereas IL-13 production is stimulated
through this pathway but also can respond to NF-«B. Indeed, 2
putative NF-«B binding sites have been reported in the 7113 5’
flanking region (21). It has also been reported that the affinity of
NF-«B for the murine /4 promoter is too weak to be detected (22).
In keeping with the requirements for cytokine-stimulated induction
of IL-13 and IL-17 in Th2 and Th17 cells, respectively, in Th1 cells,
IL-18 plus IL-12-induced IFNy production is NF-«kB and p38
dependent and NFAT independent (10, 23, 24).

Asiswell known, IL-4 and IL-13 are closely related Th2 cytokines
encoded by adjacent genes on the same chromosome, ~12 kb apart.
Among the type I cytokines, they are most similar to one another
in amino acid sequence. They have a similar structure, share a
receptor (the type II IL-4 receptor), and have a common ability to
activate STAT6. However, they have distinct physiologic functions.
IL-4 plays a critical role in Th2 differentiation and immunoglobulin
class switching (25) whereas IL-13 is a major effector of allergic
inflammation (26). Anti-IL-13, but not anti-IL-4, inhibits elicitation
of airway hypersensitivity responses in mice whereas anti-IL-4 can
block induction of hypersensitivity (27, 28). IL-13, but not IL-4, is
essential for expulsion of parasites in Nocardia brasiliensis infection
(29, 30). Consistent with the above, serum IL-13 concentrations
during allergic inflammatory responses are measurable, while IL-4
is barely detectable. The cytokine-mediated, NF-«kB-dependent
pathway may provide a partial explanation for this large amount of
IL-13 in vivo.

What is the physiological significance of cytokine-induced effec-
tor cytokine production? Cytokine-induced cytokine production
provides a means through which differentiated Th cells can be
stimulated to produce their effector cytokines in response to innate
stimuli that cause the production of IL-1, IL-18, or IL-33 and of
activators of STAT3, STAT4, or STATS. For each of the involved
STATs, a non-T cell-dependent activator exists. For STATS3, it is
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IL-6, or I1L-23, for STAT4, IL-12, and for STATS, IL-7 or TSLP.
Thus, innate stimuli can act on non-T cells inducing them to
produce cytokines that, in turn, mobilize potent effector cytokine
production by memory CD4 T cells. Indeed, TSLP has been
reported to cause Th2 cytokine production in allergic inflammatory
skin reactions (31). Thus, in acute or chronic inflammatory settings
in which there is heightened and/or dysregulated production of an
IL-1 family member and of a STAT3, STAT4, or STATS producer,
an opportunity for production of key effector cytokines exists from
differentiated CD4 T cells independent of the presence of the
cognate antigens of those T cells and thus for inducing or propa-
gating the inflammatory state.

Materials and Methods

Mice and Cell Culture. Taconic supplied the 5C.C7 transgenic Rag2~/~, C57BL/6,
and BALB/c mice. Mice homozygous for the floxed Gata3 gene (32) or for floxed
Stat5a and Stat5b genes (33) were previously described. CD4 T cells and antigen-
presenting cell (APC) purification and Th1, Th2, and Th17 cell priming are de-
scribed in S/ Text.

Flow Cytometry. To stain phospho-STATS5, cells were fixed with 4% paraformal-
dehyde and permeabilized with 90% ice-cold methanol at —20 °C overnight. To
stain GATA3, cells were fixed with the fixation and permeabilization kit from
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