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Background: Twistl is a transcriptional repressor that inhibits the development of Th1 cells.
Results: Twist] impairs Th17 and Tth cell development by decreasing IL-6-induced STAT3.
Conclusion: Twist1 represses the development of autoimmunity and germinal center B cell expansion and antibody production

following immunization.

Significance: Twistl is a common repressor of cell-mediated and humoral adaptive immunity.

Cytokine responsiveness is a critical component of the ability
of cells to respond to the extracellular milieu. Transcription fac-
tor-mediated regulation of cytokine receptor expression is a
common mode of altering responses to the external environ-
ment. We identify the transcription factor Twistl as a compo-
nent of a STAT3-induced feedback loop that controls IL-6 sig-
nals by directly repressing Il6ra. Human and mouse T cells
lacking Twistl have an increased ability to differentiate into
Th17 cells. Mice with a T cell-specific deletion of Twistl dem-
onstrate increased Th17 and T follicular helper cell develop-
ment, early onset experimental autoimmune encephalomyelitis,
and increased antigen-specific antibody responses. Thus,
Twistl has a critical role in limiting both cell-mediated and
humoral immunity.

CD4 T helper cells control immunity to pathogens and the
development of inflammatory disease by acquiring the ability to
secrete effector cytokines. The differentiation of T helper sub-
sets follows exposure to a specific cytokine environment. IL-12
promotes development of Th1 cells, IL-4 promotes Th2 differ-
entiation, and there are partially redundant roles for IL-6 and
IL-21 in T follicular helper (Tth)? cell development (1, 2). Th17
cells develop in response to several cytokines, including IL-6,
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TGEF-B, IL-1B, and IL-23 (3—-7). Restricted cytokine expression
in Th17 cells result from coordinated expression of ROR%t,
BATEF, IRF4, and other factors (8 —10). Some of the factors in
this network are required for the development of additional Th
subsets and cooperate with specialized factors to promote
acquisition of distinct phenotypes. BATF and IRF4, for exam-
ple, function with BCL6 to promote development of Tth cells
(11). Cytokine signals that regulate T helper cell differentiation
rely upon STAT proteins.

Responsiveness to the extracellular milieu is a core compo-
nent of the adaptability of the immune system. Cytokines medi-
ate intracellular communication and can promote the dif-
ferentiation and proliferation of responsive cells. Regulating
cytokine responsiveness is a recurring theme during the devel-
opment of effector T cell subsets. Cytokine signaling can rein-
force responsiveness by modulating receptor expression. The
signal transducer and activator of transcription factor STAT5
promotes [l4ra and 1112rb2 expression, genes that are critical,
respectively, for IL-4 and IL-12 signaling to stimulate Th2 and
Th1 differentiation (12, 13). STAT3 promotes //23r expression
that is required for the development of inflammatory Th17 cells
(14). Conversely, decreased receptor expression interferes with
the ability of a cell to respond to the cytokine environment.
STATS5 inhibits expression of Il6ra and 1l6st, limiting Th17 dif-
ferentiation (12). Similarly, the transcription factor GATA3
diminishes expression of 1/12rb2 and Stat4 that mediate IL-12
responses and prevents Th2 cells from responding to a Thl-
promoting environment (15, 16). Thus, regulation of cytokine
signaling provides a very proximal point to control the differ-
entiation of Th effector phenotypes.

STAT3 is required for multiple T helper cell lineages, includ-
ing Th2, Th17, and Tth (17-21). As part of its function, STAT3
activates genes that are common among these lineages (Maf,
Batf, Irf4) and genes that are lineage-specific, such as Rorc for
Th17 and Bcl6 for Tth (22-27). However, a balance between
positive and negative regulatory factors controls the differenti-
ation of each of these subsets. The IL-2-STATS5 signaling path-
way limits IL-17 production, and the balance between STAT3
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and STATS5 activation determines the ability of cells to produce
inflammatory cytokines (26, 28). STAT5 signaling similarly
decreases the development of Tth cells (29, 30). Whether addi-
tional transcription factors regulate the responsiveness of dif-
ferentiating T cells to STAT3-activating cytokines has not been
completely explored.

Twistl is a basic helix-loop-helix protein important for
developmental programs, including craniofacial, heart, and
limb development during embryogenesis, and is induced by
IL-12-STAT4 signaling in Thl cells (31, 32). Twistl displays
preferential expression in Th1 cells and limits the expression of
inflammatory cytokines, including IFN-y and TNF-« in Thl
cells (31). Twistl negatively regulates Th1 gene expression and
cytokine production through several mechanisms, including
decreasing the expression of 1/12rb2, resulting in diminished
STAT4 activation (33). Because Twistl controls inflammatory
cytokine production in Th1l cells, we speculated that Twistl
might play important roles in other T helper cell subsets. In this
report, we show that Twistl expression is induced following
stimulation with STAT3-inducing cytokines and that it reduces
IL-17 production in Th17 cells in vitro and in vivo. Moreover,
Twist1 represses Tth cell development in vivo. Twist1 represses
Th17 and Tth differentiation by directly binding to, and
repressing expression of, the I/6ra locus, subsequently reducing
STATS3 activation. Thus, Twist1 is a STAT3-induced negative
regulator of Th17 and Tth differentiation, limiting the develop-
ment of cell-mediated and humoral immunity.

EXPERIMENTAL PROCEDURES

Mice—C57BL/6 mice were purchased from Harlan Sprague-
Dawley (Indianapolis, IN). Twist1""CD4-Cre and Stat3™"CD4-
Cre mice were described previously (17, 33). Twist1""CD4-Cre
mice were backcrossed to C57BL/6 mice for six generations with
Cre-negative littermates as wild type mice for in vivo experiments.
Mice were maintained under specific pathogen-free conditions.
All experiments were performed with the approval of the Indiana
University Institutional Animal Care and Use Committee.

In Vitro T Cell Differentiation—Naive CD4*CD62L™" T cells
were isolated from spleen and lymph nodes using MACS beads
and columns (Miltenyi Biotec). CD4™" T cells were activated
with plate-bound anti-CD3 (2 pg/ml 145-2C11) and soluble
anti-CD28 (0.5 pg/ml BD Pharmingen) with additional cyto-
kines (all from PeproTech) and antibodies (Bio X cell) to gen-
erate Thl (5 ng/ml IL-12; and 10 ug/ml anti-IL-4, 11B11), Th2
(10 ng/ml IL-4; and 10 pug/ml anti-IFN-y XMG), Th9 (20 ng/ml
IL-4; 2 ng/ml TGF-B; and 10 pug/ml anti-IFN-vy, XMG), Th17
(100 ng/ml IL-6; 10 ng/ml IL-23; 10 ng/ml IL-1B; 2 ng/ml TGE-
3;10 pg/ml anti-IL-4, 11B11; and 10 ug/ml anti-IFN-vy, XMG)
or regulatory T (Treg; 2 ng/ml TGF-S, and 10 pg/ml anti-IL-4,
11B11) culture conditions. Cells were expanded after 3 days
with half-concentration of the original cytokines in fresh
medium. Cells were harvested on day 5 for analysis. To inhibit
STAT3 activation, doses of cucurbitacin I (JSI-124, Sigma
Aldrich) were added into WT and Twistl-deficient Th17 cell
cultures. Phosphorylated STAT3 and cytokine production
were measured using intracellular staining and ELISA, respec-
tively. For receptor-blocking experiments, Th17 cells were cul-
tured as above in the presence of control antibody or blocking
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antibody to IL-6R (15A7, Bio X cell). Cytokine production was
measured using ELISA.

Induction of EAE and ex Vivo Analyses—Induction and scor-
ing of experimental autoimmune encephalomyelitis (EAE) dis-
ease has been described previously (34). In brief, a cohort of
8 —12-week-old female WT and TwistI-deficient mice (7 mice/
group) were immunized subcutaneously with 100 ug of myelin
oligodendrocyte glycoprotein (MOGp35-55) peptide antigen
(Genemed Synthesis) in a 150-ul emulsion of complete
Freund’s adjuvant (Sigma Aldrich) on days 0 and 7. The mice
were injected (intraperitoneal) with 100 ng of pertussis toxin
(Sigma Aldrich) on days 0 and 2. The clinical signs were scored
daily for 30 days. On day 12 following induction of EAE, spleno-
cytes were isolated and stimulated with MOG peptide for 48 h,
and cytokine production was measured by ELISA. Mononu-
clear cells were isolated from brain using a 30%/70% Percoll
gradient and stimulated with PMA and ionomycin for 2 h fol-
lowed by monensin for a total of 6 h before staining for intra-
cellular cytokine production.

Sheep Red Blood Cell (SRBC) Immunization and Antibody
Titer Measurement—SRBC (VWR Intl.) were washed three
times with PBS. Wild type and Twist] mutant mice were
injected with 1 X 10° cells (intraperitoneal). Mice were sacri-
ficed after 9 days for the analysis. Serum was collected by car-
diac puncture, and SRBC-specific antibodies were measured by
ELISA as described previously (35). For in vivo receptor-block-
ing experiments, SRBC-immunized mice were injected (intra-
peritoneal) with 50 ug/ml of control antibody or blocking anti-
body to IL-6R (15A7, Bio X cell) on days 4, 6, and 8. Mice were
sacrificed after 9 days for the analysis.

Retroviral Expression Vectors and Retroviral Transduction—
Bicistronic retrovirus expressing enhanced GFP only (MIEG)
or Twistl and enhanced GFP (Twistl) and the preparation of
retroviral stocks were described previously (33). CD4™ T cells
were transduced on day 2 with control or retrovirus vector
expressing gene of interest by centrifugation at 2000 rpm at
25 °C for 1 h in the presence of 8 ug/ml polybrene. Viral super-
natant was replaced with the former culture supernatant sup-
plemented with 50 units/ml human IL-2. After spin infection,
cells were expanded on day 3 and analyzed on day 5.

Human Helper T Cell Differentiation—The use of human
cells was approved by the Institutional Review Board of Indiana
University. Naive CD4" T cells were isolated from PBMCs
using magnetic beads (Miltenyi Biotec). For Th17 cell differen-
tiation, naive CD4" cells were activated with anti-CD3 (2
pg/ml; HIT3a; BD Pharmingen) and soluble anti-CD28 (0.5
pg/ml; CD28.2; Biolegend) with additional cytokines and anti-
bodies 10 ng/ml human IL-13, 25 ng/ml human IL-6, 25 ng/ml
human IL-23, 5 ng/ml human TGF-B, 10 pug/ml anti-IFN-v,
and 10 ug/ml anti-IL-4 (all from R&D Systems) and 25 ng/ml
human IL-21 (Cell Sciences). On day 3, cells were expanded
with additional medium and half-concentration of cytokines.
Cells were harvested for analysis on day 5.

Transfection of siRNA—siRNAs targeting Twistl or TWISTI
were purchased from Santa Cruz Biotechnology. For mouse
Th17 cell transfection, CD4" T cells were transfected with
siRNA on day 2 using Amaxa Nucleofector kit (Lonza), rested
overnight with hIL-2, and restimulated with anti-CD3 for 24 h
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for gene expression and cytokine production analyses. For
human Th17 cell transfection, day 5-differentiated Th17 cells
were transfected with siRNA using a human T cell nucleofector
kit (Lonza), rested overnight with hIL-2, and restimulated with
anti-CD3 for 24 h for gene expression analyses.

Luciferase Reporter Assay—The IL6RA promoter reporter
was purchased from SwitchGear Genomics. For analyzing the
effect of Twistl on IL6RA promoter activity, Jurkat T cells were
grown in RPMI 1640 with 10% FBS and transfected with 2—5 ug
of the IL6RA luciferase reporter plasmid and control or increas-
ing concentration of plasmid expressing Twistl via FuGENE
reagent (Roche Diagnostics). After 24 h, transfected cells were
stimulated with PMA and ionomycin for 6 h before analyzing
with the Dual-Luciferase system (Promega).

Analysis of Gene Expression, ELISA, and Flow Cytometry—
Quantitative RT-PCR and ELISA were performed as described
previously (36). For surface staining, resting T cells were stained
for IL-2Ra-FITC and IL-6Ra-phycoerythrin (BD Pharmingen)
and fixed with 2% paraformaldehyde for 10 min before analysis.
For cytokine staining, CD4™" T cells were stimulated with PMA
and ionomycin for 2 h followed by monesin for a total 5 h, fixed,
permeabilized with 0.2% saponin, and stained for IL-17A-PE,
IL-17F-Alexa Fluor 647, and IFN+y-phycoerythrin-Cy7 (BD
Pharmingen). CD4-Alexa Fluor 700, ICOS-FITC, PD-1-
PerCPCy5.5 (Biolegend), and biotinylated CXCR5 (eBiosci-
ence) were used to stain for Tth cells. PNA-FITC (Vector labs),
B220-phycoerythrin, GL-7-Alexa Fluor 647, biotinylated Fas
(BD Pharmingen), and CD19-AF700 (Biolegend) were used to
stain for germinal center B cells. A Foxp3 staining buffer set
(eBioscience) was used for Bcl-6-phycoerythrin (BD Pharmin-
gen) and Twistl-Alexa Fluor 647 (R&D Systems) intracellular
staining. For phospho-STAT3 and phospho-STATS5 analyses,
cells were fixed, permeabilized using 100% ice-cold methanol,
and stained for phospho-STAT3-Alexa Fluor 647 and phos-
pho-STAT5-phycoerythrin (BD Pharmingen) before analysis.
For immunoblot analysis, whole-cell protein lysates were
extracted from T cells and immunoblotted with Twistl
(Twist2Cla) or B-actin (C4) (Santa Cruz Biotechnology) as a
control.

ChIP—ChIP assay was performed as described (37). In brief,
resting Th17 cells were cross-linked for 10 min with 1% form-
aldehyde and lysed by sonication. After preclearing with
salmon sperm DNA, bovine serum albumin, and protein aga-
rose bead slurry (50%), cell extracts were incubated with either
rabbit polyclonal STAT3 (C-20), Twistl (H-81) (Santa Cruz
Biotechnology), or normal rabbit IgG (Millipore) overnight at
4 °C. The immunocomplexes were precipitated with protein
agarose beads at 4 °C for 2 h, washed, eluted, and cross-links
were reversed at 65 °C overnight. DNA was purified, resus-
pended in H,O, and analyzed by quantitative PCR with
Tagman or SYBR primers as described previously (17). Addi-
tional primers were as follows: Twist1 distal, 5'-AGCATGCA-
GGGCTTAATTTG-3’ (forward) and 5'-ACTGTGCTTCCA-
AAGGTGCT-3' (reverse); Twistl proximal, 5'-GCCAGGTC-
GGTTTTGAATGG-3' (forward) and 5'-CGTGCGGGCGGA-
AAGTTTGG-3' (reverse); ll6ra, 5'-CGTGGCTCAGATCGGT-
GT-3' (forward) and 5'-GCCATCCTACTGGGCTTTC-3’
(reverse); Bcl6, 5'-CCCAACATAATTGTCCCAAA-3' (forward)
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and 5'-GCGAGAGAGTTGAGCCGTTA-3' (reverse); and Icos,
5'-ACACCA CATCAACCTCCACA-3' (forward) and 5'-GAA-
GACAAAGACACGGCAGA-3' (reverse).

Statistical Analysis—Student’s ¢ test (two-tailed) was used to
generate p values for all data.

RESULTS

STAT3-activating Cytokines Induce Twistl Expression—
Twistl negatively regulates cytokine production in Th1 cells,
although effects in other T helper subsets have not been defined
(33). To test this, we compared cytokine production from in
vitro polarized cultures of naive CD4™" T cells from mice carry-
ing a conditional mutant allele of TwistI crossed to CD4-Cre
mice (Twist1YCD4-Cre™) and Twist1V'CD4-Cre ™ littermate
controls (referred to as wild type). As shown previously, Thl
cells display increased production of IFN-+y (Fig. 14). Cytokine
production by Th2 and Th9 cells and percentages of Foxp3™ in
vitro-derived Treg cells were similar between wild type and
Twistl-deficient cultures (Fig. 1, A and B). In contrast, there
was a marked increase in IL-17 production from Th17 cultures
(Fig. 1A).

To begin to define a mechanism for Twist1 regulating Th17
development, we first examined the regulation of Twistl in
Th17 cells. Because STAT3 directly binds to the Twistl pro-
moter in breast cancer cells (38), we speculated that STAT3
might induce Twistl expression in Th17 cultures. Stimulation
of wild type Th17 cells with IL-6 or IL-23 to activate STAT3, or
IL-12 to activate STAT4, led to increased Twistl mRNA and
protein expression compared with unstimulated cells (Fig. 1, C
and D). Because TwistI expression in Th17 cells is lower than
Thl cells (33), we hypothesized that an inhibitory signal
represses Twistl expression in developing Th17 cells. Indeed,
IL-6 or IL-12 induced TwistI expression in activated CD4" T
cells, and this was decreased when TGF-$3 was added to the
culture (Fig. 1E). To confirm that Twist1 isa STAT3 target gene
in Th17 cells, gene expression was compared in activated wild
type and Stat3-deficient CD4" T cells. In the absence of
STATS3, IL-6 was unable to induce Twist1 expression, although
expression was equally induced in IL-12-stimluated wild type
and Stat3-deficient CD4™" T cells (Fig. 1E).

Given that the Twistl promoter contains STAT3 binding
sites (Fig. 1F) (38), we wanted to determine whether STAT3
could directly bind to the regulatory regions of Twistl. When
ChIP assay was performed using Th17 cells, STAT3-activating
cytokines, but not IL-12, resulted in STAT3 binding to the
Twist]l promoter, with the greatest amounts in the proximal
promoter segment (Fig. 1G). These results suggested that
STAT3-activating cytokines and TGF-f play opposing roles in
regulating TwistI expression in Th17 cultures.

Twistl Represses Cytokine Production in Thl7 Cells—To
define the scope of Twistl-dependent repression of the Th17
phenotype, we ectopically expressed Twistl in Th17 cells and
examined cytokine production. Ectopic Twistl expression in
Th17 cells resulted in decreased IL-17A and IL-17F production
compared with control cells (Fig. 2A). Twist1-deficient Th17
cells produced more IL-17A, IL-17F, and GM-CSF than wild
type cells, although IL-10 production was similar (Fig. 2, B and
D, and data not shown).
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FIGURE 1. Twist1 is regulated by STAT3-activating cytokines in Th17 cells. A, naive wild type and Twist1-deficient CD4 " T cells were cultured under Th1,Th2,
Th9, Th17, and Treg cell polarizing conditions. Th1, Th2, Th9, and Th17 cells were restimulated with anti-CD3 for 24 h to access cytokine production by ELISA.
B, percentage of Foxp3 expression in Treg cells following in vitro differentiation. C and D, on day 5, differentiated wild type Th17 cells generated as described
in A were rested or stimulated with IL-6, IL-23, or IL-12 for 2 h before gene expression analysis by qRT-PCR (C) and Twist1 expression by immunoblot (/B) with
densitometry normalized against B-actin (D). E, naive wild type and Stat3-deficient CD4™" T cells were activated with anti-CD3 and anti-CD28 in the presence or
absence of IL-6, TGF-, or IL-12 and gene expression was analyzed by qRT-PCR after 3 days. F, schematic of Twist7 promoter containing STAT3 binding sites. G,
cells prepared as described in C were used for ChIP analysis using STAT3 antibody. Data are mean of four independent experiments =+ S.E. (A and B), or are mean

of replicate samples *+ S.D. and representative of three independent experiments with similar results (C-G).**, p < 0.01. unstim, unstimulated.

Because TGF- inhibits Twistl expression and Th17 differ-
entiation in the presence of IL-23 and absence of TGF-f results
in highly encephalitogenic Th17 cells (39), we compared the
differentiation of wild type and TwistI-deficient CD4™ T cells
in the presence or absence of TGF-f3 in Th17 cell culture con-
ditions. Th17 cells derived in the absence of TGF-B had
increased TwistI gene expression, compared with those derived
under conventional Th17 conditions (Fig. 2C). Moreover,
Twistl-deficient Th17 cells derived in the absence of TGF-f3
had increased secretion of IL-17A and GM-CSF (Fig. 2D).
Although TGF-B represses Twistl expression and has differen-
tial effects on IL-17 and GM-CSF production (Fig. 2, C and D)
(4, 5), IL-6 was able to induce Twistl expression, resulting in
altered cytokine production in the presence or absence of
TGEF-B. Thus, Twistl repressed IL-17 and GM-CSF even when
TGEF-pB is present in Th17 culture conditions to limit Twistl
expression.

To demonstrate that Twist1 function is conserved in human
Th17 cells, naive CD4" T cells isolated from the peripheral
blood of healthy individuals were differentiated into Th17 cells,
transfected with siRNA encoding TWIST1, and assessed for
gene expression. Knockdown of TWIST1 in human Th17 cells
resulted in increased IL17A and ILI17F gene expression (Fig.
2E). TWISTI knockdown in human Th17 cells also resulted in
increased expression of the Th17-inducing genes RORC, BATF,
and MAF, compared with control cells (Fig. 2E). Messenger
RNA for Il17a, Rorc, Batf, and Maf were similarly increased in
Twist1-deficient Th17 cells compared with wild type cells (Fig.
2F). Because each of these genes is a direct target of STAT3 (22,
23,25-27), we tested whether binding of STAT3 to the promot-
ers of these genes was altered. We observed increased STAT3
binding to gene promoters in Twist1-deficient Th17 cells com-
pared with wild type cells (Fig. 2G). Together, these data dem-

27426 JOURNAL OF BIOLOGICAL CHEMISTRY

onstrate that Twistl impairs differentiation of mouse and
human IL-17-secreting T cells.

Twistl Impairs IL-6-STAT3 Signaling by Repressing Il6ra
Expression—Twist1-deficiency resulted in increased binding of
STAT3 to Th17 target genes, and the balance between STAT3
and STATS5 signaling is crucial in regulating Th17 cell differen-
tiation (28). We hypothesized that Twist1 was altering cytokine
signaling and investigated the kinetics of phospho-STAT3 and
phospho-STAT5 during Th17 differentiation using wild type
and Twistl-deficient naive CD4™ T cells. The frequency of
phospho-STAT3 was higher in TwistI-deficient Th17 cells on
day 2 and day 3 compared with wild type cells, although phos-
pho-STAT5 was comparable between the two cell types (Fig.
3A). The increase in phospho-STAT3 but not phospho-STAT5
in TwistI-deficient Th17 cells correlates with higher IL-6R«a
expression but similar IL-2Ra expression on days 2 and 3 com-
pared with wild type cells (Fig. 3, Band C). I/6st, the gp130 chain
of IL-6 receptor, and Stat3 expression were similar between
wild type and Twistl-deficient Th17 cells, although Il6ra
mRNA reflected the same pattern as protein expression (Fig.
3C). Given that IL-21 and IL-23 induce phospho-STAT3, we
wanted to determine whether Twist1 also has a negative effect
on I/23r and 1I21r expression. Twist1-deficient Th17 cells had
similar levels of 1/23r and I21r expression compared with wild
type cells (Fig. 3C). Because IL-6Ra expression was increased at
early time points, we examined cytokine production from Th17
cells during differentiation and observed similar increases of
cytokine production from T cells that lack expression of Twist1
(Fig. 3D).

To test the requirement for STAT3 in this process, we
treated wild type and Twistl-deficient Th17 cultures with an
inhibitor of STATS3 activation during differentiation. Addition
of the inhibitor decreased STAT3 phosphorylation at days 3
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FIGURE 2. Twist1 suppresses cytokine production in Th17 cells. A, naive CD4 ™ T cells were isolated from wild type mice and differentiated under Th17
culture conditions. On day 2, cells were transduced with either control or Twist1-GFP (Twist1)-expressing retrovirus. On day 5, cells were stimulated with
PMA and ionomycin for 6 h before intracellular staining (ICS) for cytokine production. Data are gated on GFP™ cells. B, differentiated wild type and
Twist1-deficient Th17 cells were stimulated with PMA and ionomycin for 6 h before ICS analysis. C and D, naive wild type and Twist1-deficient CD4" T
cells were cultured under Th17 polarizing conditions with or without TGF-B. On day 5, cells were left unstimulated for gene expression analysis by
gRT-PCR (C) or reactivated with anti-CD3 for 24 h to assess cytokine production by ELISA (D). E, naive CD4™ T cells were isolated from PBMCs and
differentiated under Th17 culture conditions. On day 5, cells were transfected with control or siRNA targeting TWIST1, rested overnight, and stimulated
with anti-CD3 to assess gene expression by qRT-PCR. F and G, differentiated wild type and Twist1-deficient Th17 cells were used for gene expression
analysis by qRT-PCR before (Rorc, Batf, and Maf) or after (I/17a) 6 h anti-CD3 stimulation (F) and ChIP analysis using STAT3 antibody (G). Data are mean
of four to five independent experiments = S.D (A-D) or are mean of replicate samples = S.D. and representative of three independent experiments with
similar results (E-G). ¥, p < 0.05; **, p < 0.01. ND, not detectable.

and 5 of cultured wild type and Twistl-deficient T cells (Fig.
3E). There was a corresponding dose-dependent decrease in
IL-17 production at all time points (Fig. 3F), with lower doses of
the inhibitor resulting in production of IL-17 production
from Twistl-deficient Th17 cells similar to that in untreated
wild type cells (Fig. 3F). Similarly, blocking IL-6R in TwistI-
deficient Th17 cultures resulted in IL-17 production compara-
ble with untreated wild type cells (Fig. 3G). These results sug-
gested that Twist1 specifically targets IL-6-STAT3 signaling in
Th17 cells.
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We next wanted to determine whether Twistl represses
ll6ra expression by directly binding to the E-box sites in the
Il6ra promoter that is conserved in mouse and human genes
(Fig. 3H). When ChIP was performed using wild type and
Twist1-deficient Th17 cells, the binding of Twistl to the pro-
moter of Il6ra was observed by days 2 and 3 in wild type cell
cultures, with the peak of binding following the peak of Twist1l
expression (Fig. 3, I and J). To further demonstrate the direct
consequences of Twist1 binding to the //6ra promoter, Jurkat T
cells were transfected with an IL6RA luciferase reporter and a
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FIGURE 3. Twist1 impairs IL-6-STAT3 signaling in Th17 cells. A-D, naive CD4" T cells were isolated from WT and Twist1""CD4-Cre mice and differentiated
under Th17 polarizing conditions. The levels of phospho-STAT3 (pSTAT3) and phospho-STAT5 (pSTAT5) were measured by ICS each day (A). T cells cultured
under Th17 conditions for 2 or 3 days were used for surface marker analysis (B), gene expression analysis by gRT-PCR (C), or analysis of cytokine production after
anti-CD3 stimulation (D). Eand F, naive CD4™" T cells were isolated from WT and Twist1""CD4-Cre mice and differentiated under Th17 polarizing conditions with
increased doses of STAT3 inhibitor (JSI-124). Cells were harvested on days 3 (D3) and 5 and used to measure the level of pSTAT3 by ICS (E) or restimulated with
anti-CD3 to assess cytokine production by ELISA (F). G, T cells were cultured as above in the presence of control antibody or blocking antibody to IL-6R,
harvested on days 3 and 5, and restimulated with anti-CD3 to assess cytokine production using ELISA. H, schematic of /l6ra promoter containing Twist1 binding
sites./and J, T cells cultured under Th17 conditions for 2 or 3 days were used for gene expression analysis by qRT-PCR (/) or used for ChIP analysis using Twist1
antibody (J). K, luciferase activity in Jurkat T cells transfected with various concentrations of plasmid encoding Twist1 along with IL6RA or NFAT luciferase
reporter and then activated for 6 h with PMA and ionomycin. Data are mean of four independent experiments * S.D. (A, B, and D) or are mean of replicate
samples = S.D. and representative of three independent experiments with similar results (C and E-K). *, p < 0.05; **, p < 0.01. ND, not detectable, RU, relative
units.
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plasmid encoding Twistl. Notably, Twistl repressed the tran-
scriptional activity of the IL6RA promoter, but not an NFAT
reporter, in a dose-dependent manner (Fig. 3K).

Mice with Twist1-deficient T Cells Display more Severe Clin-
ical Symptoms of MOG-induced EAE—Although Thl and
Th17 cells have been demonstrated to be crucial in mediating
the development of EAE, the role of IFN-vy and IL-17 in EAE
disease has been controversial (40, 41). Recently, GM-CSF, pro-
duced by Th1 and Th17 cells, has been identified as a contrib-
utor to the development of EAE (5, 42). As Twistl negatively
regulates IL-17 and GM-CSF in Th17 cells (Fig. 2) and IEN-vyin
Th1 cells (33), we wanted to compare the development of MOG
peptide-induced EAE in wild type and TwistI""CD4-Cre™*
mice. Twist]""CD4-Cre* mice manifested severe clinical
symptom of MOG-induced EAE than wild type mice, although
maximal severity and recovery were similar (Fig. 44). Increased
disease resulted in a 26% increase in the area under the mean
clinical disease score curve of Twist1""CD4-Cre™ mice, com-
pared with control mice (area under the curve, WT (22.6 clin-
cial score X time); TwistI-mutant mice (28.6)). The number of
days with a mean clinical score greater than one was an average
of 16.5 for control mice and 21 for Twist1""CD4-Cre " mice, an
increase of 27%. Earlier disease development correlated with
an increase in CD4¥IL-17A", CD4"IFN-y™", and CD4*IL-
17A*IFN-y* mononuclear cells isolated from the brain of
Twistl-mutant mice compared with wild type mice at day 12
(Fig. 4B). In addition, MOG-stimulated TwistI-deficient
splenocytes produced significantly more IL-17, GM-CSF, and
IFN-vy compared with wild type cells (Fig. 4C). The earlier onset
of MOG-induced EAE in Twist] mutant mice is not likely due
to a defect in regulatory T cells because Twist] mutant mice
have percentages of nTreg and in vitro development of iTreg
that are comparable with wild type mice (data not shown and
Fig. 1A). Together, these data suggest that Twistl limits the
development of inflammatory T cell subsets and autoimmune
disease.
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Twistl Limits T Follicular Helper Cell Development—Be-
cause Twistl impacts IL-6 signaling, and IL-6-induced STAT3
signaling is required for Tth development, we wanted to deter-
mine if Twistl deficiency in T cells affected Tth genera-
tion. Twistl is expressed at greater amounts in Tth cells
(CD4"CD44"CXCR5"PD-1"*; mean fluoresence intensity,
4954) than in non-Tth effector cells (CD4*"CD44"CXCR5™
PD-1"; mean fluorescence intensity, 3096) or naive T cells
(CD4"CD44~ CD62L™; mean fluorescence intensity-1926) as
determined by intracellular staining for Twistl. We initially exam-
ined Tth development in mice with EAE. Following immunization
with MOG peptide, splenocytes from Twist1"*CD4-Cre™ mice
had significantly more Tth cells (defined as CD4"CXCR5" PD-
1MICOS™) than wild type splenocytes (Fig. 5A). To further explore
the ability of Twist1 to regulate Tth development, we immunized
wild type and Twist1"CD4-Cre* mice with SRBC. As observed
following MOG peptide immunization, SRBC immunization
resulted in increased Tth cell development in Twist1""CD4-Cre™
mice, compared with wild type mice (Fig. 5B). Percentages of
Tth cells in the absence of Twistl were similarly increased
defining cells with either ICOS or Bcl-6 expression (Fig. 5B).
Moreover, in the absence of Twist1, there was an increase in the
percentages of CD4*CXCR5*PD-1" cells that were phospho-
STAT3-positive and IL-6Ra-positive, and in the amount (mean
fluorescence intensity) of IL-6Ra expression (Fig. 5B).

We then sorted Tth and non-Tth cells from SRBC-immu-
nized wild type and TwistI""CD4-Cre* mice to examine
changes in gene expression following normalization for the
increased Tth cell number in the absence of Twist1. Consistent
with flow cytometry, Twist1 was expressed in greater amounts
in the Tth population than in non-Tth cells, and no Twistl
mRNA was detected in Cre™ cells (Fig. 5C). We observed little
difference in gene expression of Batf, Bcl6 and Irf4 between wild
type and Twist1"?CD4-Cre* cells in the non-Tfh population.
In the Tth population, the absence of Twist1 resulted in modest
increases of Batfand Bcl6 and a more dramatic increase of Irf4
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(Fig. 5C). Similar to observations in Th17 cells, the gene most
increased in TwistI-deficient Tth cells was Il6ra (Fig. 5C).
When we blocked IL-6 signaling using anti-IL-6R antibody, we
observed a decrease in the percentages of CD4*CXCR5" PD-
1M cells that were phospho-STAT3-positive in wild type and
Twist1""CD4-Cre™ mice (Fig. 5D). In addition, the Tth popu-
lation in anti-IL-6R treated Twist1VCD4-Cre™ mice was less
than the percentage of Tth cells in untreated wild type mice
(Fig. 5D). This result identifies the IL-6-STAT3 signaling path-
way as a critical Twistl target during Tth cell development.
We then tested whether T cells activated in the absence or
presence of IL-6 (Tth-like conditions) demonstrated Twist1-

27430 JOURNAL OF BIOLOGICAL CHEMISTRY

dependent regulation of Tth genes. Addition of IL-6 to acti-
vated T cell cultures resulted in increased pSTAT3,
increased STAT3 binding to the Twistl promoter, and
increased Twistl expression over 48 h of culture (Fig. 6, A
and B). Paralleling the induction of Twistl expression,
Twistl binding to the [l6ra, Bcl6, and Icos promoters was
also induced by IL-6 (Fig. 6C). Thus, as in Th17 cells, Twist1l
isacomponent ofa STAT3-inducible negative feedback loop
in Tth cells.

To determine the functional consequences of the increased
Tth cells that develop in mice with TwistI-deficient T cells, we
examined the development of germinal center B cells and anti-
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body production following SRBC immunization. We observed
a 3-fold increase in the percentages of germinal center B cells
(defined as B220"CD19" Fas* GL-7"PNA™) (Fig. 7, A and B).
Analysis of SRBC-specific antibody production demonstrated
increased serum IgG antibody titers in Twistl"?CD4-Cre™
mice, compared with wild type mice (Fig. 7C). Isotype-specific
analysis demonstrated greater IgG1 and IgG2a/c serum anti-
body titers in mice that lack Twist1 expression in T cells than in
wild type cells (Fig. 7C). Thus, Twistl limits Tth development
and humoral immunity.

DISCUSSION

The ability of cells to respond to their environment is essen-
tial in immunity. Integrating the responses to the cytokine
milieu is critical in cellular differentiation and can alter
responses to subsequent cytokine exposure. In this report, we
identify a cytokine signaled feedback loop that regulates T
helper cell differentiation. Cytokines, including IL-6, induce the
STAT3-dependent expression of Twistl, which then binds to
the promoter of the Il6ra gene, repressing transcription and
thus limiting IL-6 responsiveness and STAT3 activation. The
ability of Twistl to repress IL-6 signaling limits the develop-
ment of Th17 cells and Tth cells in vivo, thereby controlling
cell-mediated and humoral components of the immune
response. This observation is consistent with recent findings
that Twist1 can also regulate the cell fate decisions of multipo-
tential cardiac neural crest between neurons and smooth mus-
cle via its direct transcriptional repression of Phox2b (43).

Twistl functions as either a homodimer or heterodimer with
other basic helix-loop-helix factors where the dimerization
partners dictate the function (44). Altering the balance between
Twistl and Hand2 has a significant impact on limb and cranio-
facial defects in humans with Saethre-Chotzen syndrome (45).
Twist1 has been shown to form a dimer with E47 protein, which
is inhibited by the Id3 (44—46). Interestingly, Id3-deficient
mice have a defect in regulatory T cell generation and an
enhancementin Th17 differentiation linked to the ability of E47
to induce Rorc expression (47). Maruyama et al. (47) suggested
that the ability of E47 to transactivate Rorc expression might
require other factors downstream of IL-6. Consistent with this,
we observed an increase in E47 binding at the Rorc promoter in
Twist1-deficient Th17 cells compared with WT cells, although
there was no change in either Tcfe2a (encoding E47) or 1d3
expression (data not shown). E2A and Id3 also have opposing
roles in the generation of Tth-like cells, and E2A contributes to
germinal center B cell development, suggesting a similar role in
this subset (48, 49). Moreover, Twistl can also function
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FIGURE 7. Twist1 represses germinal center B cells and antibody produc-
tion in SRBC-immunized mice. A-C, WT and Twist1%CD4-Cre mice were
immunized with SRBC. On day 9, splenocytes were stained for germinal cen-
ter B cells (A) with total cell count shown in B. Data are gated on
B220*"CD19"Fas™. Serum from WT and Twist1"1CD4-Cre mice was diluted
and used to measure antibody titers by ELISA (C). Data are mean = S.E. of four
to five mice per group and representative of two independent experiments
with similar results. ¥, p < 0.05. PNA, peanut agglutinin.

through non-canonical basic helix-loop-helix protein-protein
interactions. We have previously shown that Twistl inhibits
IEN-vy production by forming a complex with Runx3 through
its Runt DNA binding domain and preventing it from binding
DNA (33). Because Runx1 transactivates Rorc expression, it is
possible that Twist1 interacts with Runx1, thus repressing Rorc
expression. Whether Runx1 or Runx3 contribute to Tth devel-
opment has not been defined. Further studies need to be per-
formed to dissect the relationship between Twist1, E47, and the
lineage determining factors for the development of each subset.

Although Twistl may regulate T helper subset development
through several mechanisms, one paradigm that emerges is
Twistl being an essential component of a cytokine-induced
feedback loop. In Th1 cells, STAT4 induces Twist1, which sub-
sequently decreases I/12rb2 expression and STAT4 activation
(33). Similarly, in Th17 and Tth cells, STAT3 induces Twist1,
which represses I/6ra, resulting in decreased STAT3 activation.
In Th17 cells, and likely in Tth cells as well, this alters the bal-
ance of activation between STAT3 and STATS5 that have
opposing roles in both of these subsets (19, 28 -30). Thus,
Twistl functions as a balancing factor that regulates signal
integration.

Many transcription factors inhibit the development of T
helper cell lineages (1, 50, 51). However, the majority of factors
promote one lineage at the expense of another. For example,

JOURNAL OF BIOLOGICAL CHEMISTRY 27431



Twist1 Represses IL-6-STAT3 Signaling

GATAS3 promotes Th2 differentiation as it inhibits the devel-
opment of Th1l and Th17 cells (15, 52). In this respect, Twist1 is
novel in that it represses the development of Thl, Th17, and
Tth cells, without any corresponding increase in cytokine
secretion characteristic of other T helper subsets. In targeting
these subsets, Twistl regulates particular components of the
inflammatory T cell-mediated immune response. The addi-
tional ability of Twistl to limit B cell responses suggests that
signaling pathways regulating Twistl expression represent
potential therapeutic targets for broad modulation of the
immune response.

The data in this report demonstrate that Twistl is a STAT3
target gene that directly represses [/6ra, impairing IL-6-STAT3
signaling. This limits the expression of subset-associated tran-
scription factors, including Rorc, Batf, Bcl6, and Maf, resulting
in decreased cytokine production and effector function. These
results reveal a negative regulatory feedback loop controlling
the transcriptional network required for the development of
multiple T helper subsets.
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