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T-bet and STAT6 Coordinately Suppress the
Development of IL-9—Mediated Atopic
Dermatitis—Like Skin Inflammation in Mice

Sohei Makita'"®, Hiroaki Takatori'->°, Ayako Matsuki', Hirotoshi Kawashima'~*, Arifumi Iwata],
Shigeru Tanaka', Daiki Nakagomi®, Yoshihiro Oya’, Ryutaro Matsumura®, Tomohiro Tamachi',
Akira Suto', Kotaro Suzuki', Koichi Hirose'* and Hiroshi Nakajima'

T-bet and signal transducer and activator of transcription (STAT) 6 are critical factors for helper T-cell differ-
entiation in humans and mice. Additionally, polymorphisms in TBX27 (T-bet) and STAT6 are associated with the
susceptibility of allergic diseases. However, precise mechanisms of the reciprocal regulation between T-bet and
STAT6 in allergy remain unclear. To determine the reciprocal regulation in vivo, we investigated the phenotype
of T-bet/STAT6 double-deficient (T-bet™~ STAT6 ') mice. Unexpectedly, T-bet™~ STAT6'~ mice but not T-
bet™’~ mice or STAT6'~ mice spontaneously developed severe dermatitis. Not only eosinophils and mast cells
but also CD4" T cells infiltrated into the skin of T-bet’~ STAT6™'~ mice. Adoptive transfer of CD4" T cells of T-
bet™~ STAT6™'~ mice into severe combined immunodeficient mice induced the accumulation of eosinophils
and mast cells in the skin, whereas depletion of CD4" T cells ameliorated the dermatitis in T-bet '~ STAT6 '~
mice. Comprehensive transcriptome analyses revealed that IL-9 expression was enhanced in T-bet '~ STAT6 "~
CD4" T cells. Indeed, IL-9 neutralization ameliorated the dermatitis in T-bet '~ STAT6 '~ mice. T-bet '~ STAT6 '~
CD4" T cells expressed functional thymic stromal lymphopoietin receptors and produced large amounts of IL-9
on thymic stromal lymphopoietin stimulation. These results indicate that T-bet and STAT6 coordinately suppress
atopic dermatitis—like skin inflammation, possibly by inhibiting thymic stromal lymphopoietin—dependent IL-9

production in CD4" T cells.
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INTRODUCTION

The classic view of T helper type (Th) 2 cell-mediated dis-
eases such as asthma, allergic rhinitis, and atopic dermatitis is
based on the fact that the pathology of these diseases is
characterized by infiltration of inflammatory cells including
eosinophils, mast cells, and activated CD4" T cells produc-
ing Th2 cytokines such as IL-4, IL-5, and IL-13 (Nakayama
et al., 2017; Zhu and Paul, 2010). In accordance with these
findings, it is generally believed that signal transducer and
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activator of transcription (STAT) 6, which is an essential
signaling molecule for IL-4 and IL-13, is vital for the induc-
tion of Th2 cell-mediated allergic diseases, whereas T-bet, a
master regulator of Th1 cell development, is required for the
downregulation of Th2 cell-mediated diseases (Nakayama
et al., 2017; Zhu and Paul, 2010).

Regarding the role of T-bet beyond the suppression of Th2
cell-mediated immune responses, we have shown previ-
ously that T-bet expressed in CD4™ T cells is crucial for the
inhibition of Th17 cell-mediated neutrophilic inflammation
in the airways (Fujiwara et al., 2007). In addition, we have
reported recently that T-bet expressed in innate lymphoid
cells (ILCs) inhibits IL-33—induced, type 2 ILC (ILC2)—
mediated eosinophilic airway inflammation (Matsuki et al.,
2017), suggesting that T-bet suppresses innate-type as well
as acquired-type allergic airway inflammation in vivo.
Moreover, it has been reported that gene variants in TBX21
and STAT6 are associated with asthma and allergy in humans
(Vercelli, 2008). However, the precise roles of T-bet and
STAT6 in the development of allergic diseases remain
unclear.

IL-9, a pleiotropic cytokine, promotes the development of
allergic diseases (Noelle and Nowak, 2010; Stassen et al.,
2012). Concerning the source of IL-9, multiple Th cell sub-
sets, including Th2 cells, Th9 cells, Th17 cells, and regulatory
T cells, and other subsets of immune cells, such as ILC2s,
mast cells, and NK T cells, have been shown to produce IL-9
(Noelle and Nowak, 2010; Schmitt et al., 2014). With regard
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STAT6

to the development of IL-9—producing CD4™ T cells, various
cytokine signaling pathways, such as IL-2/STAT5, IL-4/STAT6,
type | IFN/STAT1, and TGF-f/SMADs, have been reported to
promote 1L-9 production in CD4" T cells (Kaplan et al.,

a T-bet STAT6- e Figure 1. T-bet™/~ STAT6 '~ mice
= = T-bet-  spontaneously develop atopic
: WT T-bet” STAT6 STAT6"- dermatitis—like skin inflammation. (a)
‘ o Representative photographs of mice
. (13-week-old). (b) Means + SD of skin
f 7 ,«.ﬂ’m .~ - .. . inflammation score at 13 weeks old
. 7 e . .:“.4' (n = 5, each). (c) Means + SD of
0 | LA = & scratching frequency per 5 minutes
™ o d o q © . (n =3, each). (d) Representative
N ; g % AT “  photomicrographs of H&E staining
; EZ’ and means + SD of epidermal
b " | y I | _ )
B ol b e == thickness at 10 random points at 13
c 5 ol % weeks old (n = 3, each). (e)
2 4 (fmm?) Representative photomicrographs of
g 3 250 il toluidine blue staining and means +
IS g » 200 il SD of mast cell numbers in five
.,—‘E ] 2 ] random microscope fields (x100). (f)
c o 150 .
= 1 [ Means + SD of numbers of CD45
% 0 = 100 cells, CD4" T cells, Siglec-F*
50 ~ eosi i +
WT T-bet- STAT6" T-bet- CD”C+ eosmoph'lls,'and Ly6G '
STAT6" 0 CD11b™ neutrophils in dorsal skin
c . WT T-bet” STAT6" T-bet'- (per 900 mm?) at 13 weeks old (n = 3,
(/5 min) - STAT6-- each).. All results are rep.resentatlve of
> three independent experiments. Bar =
s 2 * f CD45* cell * =
@ (x10%) cells 50 um. *P < 0.05, **P < 0.005. STAT,
g 15 600 = signal transducer and activator of
£ * transcription; WT, wild-type.
= 10 o 1
E § 400 I
= 5 a
g € 200
§ 0l== . — 2 j -
WT  T-bet” STAT67 T-bet” 0+ T T T
STAT6- WT T-bet” STAT6” T-bet’-
STAT6"-
- -/~ 3
d WIT T<oet (x10%) CD4* T cells
400
£ 3007
[} *
£ 2007 .
2 100
0 o
M 2 e WT  T-bet”STAT6" T-bet’
STAT6 STATE*
s (x103) eosinophils
400 =
5 300
a
E 200
e 100 s
0 I - I 1
WT  T-bet” STAT6" T-bet”
STAT6-
@ (x10°) neutrophils
§ 400
£ £ 300
T £ 200
£ 5
@ < 100
B
8‘ 0 0 T T T 1
WT T-bet” STAT6" T-bet* W' TEbSESTATE™ Tebet:

STAT6™

2015). In contrast, we found that T-bet expressed in ILCs
suppresses IL-9 production of lung ILC2s during IL-
33—induced airway inflammation (Matsuki et al., 2017).
However, little is known about the regulatory mechanisms of
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IL-9 production from CD4" T cells. We examine here the
reciprocal regulation of T-bet and STAT6 in vivo by
comparing T-bet”~ mice, STAT6~ mice, and T-bet™’~
STAT6 '~ mice. Our findings highlight cooperative roles of T-
bet and STAT6 in the suppression of IL-9—producing CD4" T
cells that cause atopic dermatitis—like skin inflammation.

RESULTS

T-bet/STAT6 double-deficient mice develop atopic
dermatitis—like skin inflammation spontaneously

To investigate the reciprocal regulation of T-bet and STAT6
in vivo, we generated T-bet and STAT6 double-deficient (T-
bet™~ STAT6 ") mice and examined the phenotype of the
mice. Unexpectedly, we found that T-bet "~ STAT6 '~ mice
but not wild-type (WT) mice, T-bet”’~ mice, or STAT6 '~
mice spontaneously developed inflammatory skin diseases
(Figure Ta and b). The dermatitis started being apparent at the
age of 8 weeks, and both male and female T-bet ™~ STAT6 '~
mice developed dermatitis by the age of 12 weeks
(Supplementary Figure S1). In addition, T-bet™~ STAT6 /~
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mice but not WT mice, T-bet™~ mice, or STAT6™~ mice
scratched the skin frequently (Figure 1c). Histopathological
analyses of the dorsal skin revealed that T-bet™'~ STAT6 ™/~
mice exhibited extensive thickening of the epidermis (acan-
thosis), which was associated with hyperkeratosis and infil-
tration of inflammatory cells, including mast cells (Figure 1d
and e). Analyses of cells harvested from the skin showed that
the numbers of skin-infiltrating CD45" inflammatory cells,
Siglec-F" CD11c™ eosinophils, and CD4" T cells were
significantly higher in T-bet ™~ STAT6 /" mice than those in
WT mice or T-bet™~ mice (Figure 1f). In contrast, the
numbers of LypG" CD11b™ neutrophils were very low and
compatible among these mice (Figure 1f).

gPCR analysis of the dorsal skin demonstrated that mRNA
levels of Th2-related cytokines and chemokines, including
1133, Tslp, Ccl5 (encoding RANTES), and Ccl24 (encoding
eotaxin-2), were enhanced in T-bet™~ STAT6 ™~ mice as
compared with those in WT mice (Figure 2). In addition,
mRNA expression of Artn (encoding artemin), which is
shown to be responsible for epidermal hyperinnervation and
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(Figure 2) consistent with the scratching behavior. Moreover,
mRNA expression of Th17 cell—related cytokines, such as

CD44

Figure 3. T-bet™/~ STAT6 /~ CD4*
T cells induce the accumulation of
eosinophils and mast cells in the skin.
Cells of skin-draining LNs were
harvested from the mice (12-week-
old). (@) Means + SD of absolute
numbers of CD45" cells and CD4"
CD3e" cells. (b) Representative CD4
versus CD44 staining of CD4* CD3e*
T cells (n = 3, each). (c) CD4™ T cells
isolated from WT mice or T-bet ™/~
STAT6 ~'~ mice (8- to 12-week-old)
were transferred to SCID mice. Eight
weeks later, cells from the dorsal skin
were analyzed by FACS.
Representative CD11c versus Siglec-F
and FceRI versus c-kit staining of
CD45% CD3 ™ cells and means + SD
of the numbers of Siglec-F* CD11c
eosinophils and c- kitJr FceRI™ mast
cells (n = 3, each). (d—f) Mice were
treated with anti- CD4 antibody as
described in the Materials and
Methods. (d) Representative CD45
versus CD4 staining of CD45" CD3*
cells in the skin (n = 3, each). (e)
Means + SD of skin inflammation
score at 13 weeks (n = 3, each). (f)
Representative CD11c versus Siglec-F
and FceRlI versus c-kit staining of
CD45% CD3 ™ cells in the skin and
means & SD of the numbers of
eosinophils and mast cells (n = 3,
each). Data are representative of two
independent experiments. *P < 0.05,
**P < 0.005. LN, lymph node; SCID,
severe combined immunodeficient;
STAT, signal transducer and activator
of transcription; WT, wild-type.

I117a, 11171, and 1122, but not of the Th1 cell—related cytokine
Ifng was upregulated in the skin of T-bet
(Figure 2). In contrast, no significant difference was observed
in the expression of /31, Ccl17 (encoding TARC), Ccl11

~/~ STAT6 ™~ mice
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(encoding eotaxin-1), or //6 mRNA (Figure 2). These results
suggest that T-bet and STAT6 coordinately suppress the
development of inflammatory skin diseases and that the in-
flammatory skin diseases developed in T-bet™~ STAT6 ™/~
mice resemble atopic dermatitis rather than psoriasis,
although some characteristics of atopic dermatitis including,
TARC elevation, are lacking.

CD4™* T cells cause atopic dermatitis—like skin

inflammation in T-bet ™'~ STAT6 ™'~ mice

Because ILC2s in the skin of T-bet™~ STAT6™"~ mice do not
produce IL-5 (Makita et al., 2018) and thus seem not to be
responsible for eosinophilic skin inflammation, we evaluate
the roles of CD4" T cells in atopic dermatitis—like skin
inflammation. As shown in Figure 3a, CD4" T cells were
increased in the skin-draining lymph nodes (LNs) in T-bet /"~
STAT6 '~ mice compared with those in WT mice. FACS an-
alyses revealed that CD44"% (memory) CD4" T cells were
markedly increased in the skin-draining LNs in T-bet™"~
STAT6 '~ mice (Figure 3b). In contrast, the numbers of CD4 "
T cells were not significantly increased in mesenteric LNs or
mediastinal LNs in T-bet™~ STAT6™'~ mice (Supplementary
Figure S2), suggesting that the skin inflammation in T-bet ™~
STAT6 '~ mice seems to be a local manifestation rather than
one of the systemic manifestations.

To determine whether CD4™" T cells are involved in the
development of dermatitis, we first performed adoptive
transfer experiments of CD4% T cells. In this experiment,
CD4™ T cells isolated from spleen and skin-draining LNs of
either T-bet™~ STAT6™~ mice (8- to 12-week-old) that had
developed the skin inflammation or control WT mice (8- to
12-week-old) were intravenously transferred to severe com-
bined immunodeficient (SCID) mice. Because some of the
SCID mice receiving CD4" T-cell transfer develop colitis,
which makes it difficult to evaluate the skin inflammation
score, we evaluated skin inflammation by measuring the
number of eosinophils and mast cells in the skin rather than
the skin inflammation score. The numbers of eosinophils and
mast cells in the skin were significantly increased by the
adoptive transfer of CD4™ T cells of T-bet "~ STAT6 '~ mice
but not of WT mice at 8 weeks after the transfer (Figure 3c).

We further examined the roles of CD4™ T cells in the
development of atopic dermatitis—like skin inflammation by
depletion experiments. In this experiment, anti-CD4 mAb or
control 1gG was injected intraperitoneally to T-bet™~
STAT6 '~ mice from 3 weeks to 13 weeks of age. We found
that the depletion of CD4™ T cells (Figure 3d) modestly but
significantly reduced the skin score (Figure 3e) and the
numbers of eosinophils and mast cells in the skin (Figure 3f)
in T-bet "~ STAT6 '~ mice. These results suggest that CD4" T
cells are involved in the development of atopic
dermatitis—like skin inflammation in T-bet ™~ STAT6 /"~ mice.

IL-9 is partly responsible for the development of atopic
dermatitis—like skin inflammation in T-bet ™'~ STAT6 ™/~
mice

To address the mechanisms by which T-bet and STAT6
expressed in CD4" T cells coordinately suppress the devel-
opment of atopic dermatitis—like skin inflammation, we
searched for genes whose expression was upregulated in
memory CD4" T cells in the skin-draining LNs in T-bet™~
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STAT6 '~ mice by RNA sequencing (RNA-seq) analyses. A
substantial number of genes were upregulated in T-bet™’~
STAT6 '~ CD4" T cells compared with WT CD4" T cells
(cluster I—=IV) (Figure 4a). Some of the genes were upregulated
in T-bet ™~ STAT6 /~ CD4™ T cells even compared with T-bet ™~
CD4™ T cells or STAT6 '~ CD4™" T cells (cluster 1) (Figure 4b).
Consistent with a previous report showing enhanced Th17
cell differentiation in T-bet™~ STAT6™~ mice (Das et al.,
2009), cluster | contained several Th17 cell—related genes,
such as Il17a, I17f, 1122, and Rorc; however, the most
significantly induced gene was 119 (Figure 4c). Recent studies
shed light on the importance of IL-9 in the context of atopic
dermatitis (Angkasekwinai, 2019; Esaki et al., 2016; Ma
et al., 2014). Therefore, we focused on the excessive IL-9
production in T-bet™~ STAT6™'~ CD4" T cells. qPCR anal-
ysis of isolated memory CD4™ T cells from the skin-draining
LNs confirmed elevated expression of //9 mRNA in T-bet ™~
STAT6™'~ mice (Figure 4d). Indeed, the frequency of IL-
9—producing CD4" T cells in the dorsal skin was signifi-
cantly higher in T-bet"~ STAT6 '~ mice than in WT mice
(Figure 4e).

Because T-bet and STAT6 are expressed not only in T cells
but also in other cell populations, including nonhematopoietic
cells, we next examined whether the increased IL-9—producing
CD4" T cells in T-bet™"~ STAT6™'~ mice was cell-intrinsic or
tissue environment—dependent. We first employed usual bone
marrow (BM) chimera experiments in which BM cells from
either T-bet /= STAT6 '~ mice or WT mice were transferred to
irradiated WT recipient mice. I1L-9 production of isolated CD4™"
T cells from these mice was examined seven weeks after the
cell transfer. We found that CD4" T cells derived from T-bet ™~
STAT6 "~ BM cells produced higher amounts of IL-9 than those
derived from WT BM cells (Figure 4f). We also performed other
BM chimera experiments in which BM cells from WT mice
were transferred to either irradiated T-bet ™~ STAT6 '~ or WT
recipient mice. As shown in Figure 4g, CD4™ T cells from these
mice produced similar amounts of IL-9. We finally performed
mixed BM chimera experiments in which BM cells from T-
bet™~ STAT6™~ mice (Thy1.2) and WT mice (Thy1.1) were
cotransferred to irradiated WT recipient mice (Thy1.1). We
found that T-bet "~ STAT6 '~ CD4" T cells isolated from the
recipient mice produced higher levels of IL-9 than WT CD4* T
cells isolated from the same mice (Figure 4h). These results
suggest that T-bet and STAT6 expressed in hematopoietic cells
are primarily involved in suppressing the development of IL-
9—producing CD4" T cells.

To determine whether the excessive production of IL-9
is involved in the development of atopic dermatitis—like
skin inflammation in T-bet™ STAT6™~ mice, we next
examined the effect of neutralizing anti—IL-9 antibody on
the development of atopic dermatitis—like skin inflam-
mation. As shown in Figure 5a and b, anti—IL-9 antibody
significantly ameliorated skin disease in T-bet™~ STAT6 '~
mice. Consistently, the number of skin-infiltrating eosinophils
was significantly reduced by anti—IL-9 antibody in T-bet™~
STAT6 '~ mice (Figure 5c). In contrast, the numbers of mast
cells and CD4" T cells were not significantly reduced by
anti—IL-9 antibody (Figure 5c). These results indicate that the
enhanced production of IL-9 leads to eosinophilic inflam-
mation in the skin in T-bet”~ STAT6 '~ mice.
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Figure 4. IL-9—producing CD4™*

T cells are increased in the skin in
T-bet™’~ STAT6 '~ mice. (a—c) Total
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IL-9—producing CD4 " T cells do not develop in T-bet ™/~
STAT6 ™/~ mice under conventional Th9 cell—inducing
conditions

To address the mechanism underlying the enhanced IL-9
production by the absence of T-bet and STAT6 in CD4* T
cells, we evaluated in vitro differentiation of IL-
9—producing CD4™" T cells. In this experiment, naive CD4*
T cells isolated from WT mice or T-bet”~ STAT6/~ mice
were stimulated with anti-CD3/CD28 mAb under

conventional Th9 cell—inducing conditions (in the pres-
ence of IL-4 plus TGF-B) for 4 days, and IL-9 production
was examined by intracellular staining. Consistent with a
previous report showing that STAT6 is required for Th9 cell
differentiation under Th9 cell=inducing conditions
(Goswami et al., 2012), IL-9—producing CD4" T cells
developed under Th9 cell—inducing conditions in WT mice
but not in T-bet”’~ STAT6 '~ mice (Supplementary
Figure S3).
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Figure 5. Neutralization of IL-9 attenuates atopic dermatitis—like skin inflammation in T-bet ™/~ STAT6 /™ mice. (a) Shown are representative photographs of
WT mice and T-bet ™'~ STAT6 ™/~ mice (19-week-old) with or without anti—IL-9 antibody treatment (twice per week, from 6 to 19 weeks). (b) Severity of skin
disease was assessed by the skin inflammation score. Means + SD (n = 5, each). (c) Representative CD11c versus Siglec-F and FceRI versus c-kit staining of
CD45"% CD3 ™ cells; CD45 versus CD4 staining of CD45" CD3 ™ cells in the skin; and means + SD of the numbers of Siglec-F* CD11c¢™ eosinophils, c-kit"
FceRI™ mast cells, and CD45" CD4™ T cells in the skin (n = 3, each). Results are representative of two independent experiments. *P < 0.05, **P < 0.005. NS,

not significant; STAT, signal transducer and activator of transcription; WT, wild-type.
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To further address the mechanisms underlying the
enhanced 1L-9 production in T-bet”~ STAT6 '~ CD4* T
cells, we explored mRNA expression of conventional Th9
cell—related molecules in memory CD4™ T cells in the skin-
draining LNs of T-bet = STAT6 '~ mice. We found that the
levels of Smad2, Maf, and Rorc, which are involved in the
development of Th9 cells and Th17 cells (Wang et al., 2013),
were significantly increased in T-bet™~ STAT6 '~ CD4™ T
cells (Supplementary Figure S4). In contrast, the levels of
Gata3, Irf4, Batf, Spil (encoding PU.1), Smad3, and Gcn5,
which are crucial for the development of IL-4/STAT6— and
TGF-B—dependent conventional Th9 cells (Kaplan et al.,
2015), were not enhanced in T-bet™~ STAT6 '~ CD4* T
cells (Supplementary Figure S4). The expression of //2rg was
reduced in T-bet™~ STAT6 '~ CD4™ T cells (Supplementary
Figure S4). Taken together, these findings suggest that IL-
9—producing CD4" T cells in T-bet '~ STAT6 '~ mice are
likely to be distinct from conventional Th9 cells developed in
the presence of IL-4 plus TGF-p.

Thymic stromal lymphopoietin—induced IL-9 production is
enhanced in T-bet ™'~ STAT6 ™'~ CD4™ T cells

To address the mechanism underlying the enhanced IL-9
production in T-bet”’~ STAT6 '~ CD4" T cells, we per-
formed Gene Ontology analyses of the upregulated genes in
T-bet ™~ STAT6™'~ CD4" T cells. We found that “cytokine-
cytokine receptor interaction” was the most significantly
enriched Gene Ontology term in the upregulated genes in T-
bet '~ STAT6'~ CD4" T cells (Supplementary Figure S5a).
Because it has been reported that not only STAT6 but also
STAT5 induces the development of IL-9—producing CD4" T
cells as a downstream signaling molecule of IL-2 or thymic
stromal lymphopoietin (TSLP) (Kaplan et al., 2015; Yao et al.,
2013), we next performed gene set enrichment analyses of
the upregulated genes in T-bet ™~ STAT6 '~ CD4" T cells.
Among IL-4, IL-2, and TSLP signaling, TSLP signaling was
significantly enriched in the upregulated genes in T-bet™~
STAT6 '~ CD4" T cells (Supplementary Figure S5b), which is
consistent with the increased mRNA expression of Tslp in the
skin in T-bet™~ STAT6™~ mice (Figure 2).

We then examined the expression of functional TSLP re-
ceptor, which consists of IL-7 receptor o chain and TSLP re-
ceptor, in CD4" T cells in skin-draining LNs in T-bet™’~
STAT6 '~ mice. We found that the levels of I/7ra and Crlf2
(encoding TSLP receptor) were significantly increased in T-
bet '~ STAT6 '~ CD4" T cells compared with those in WT
CD4* T cells (Figure 6a). FACS analyses revealed that the
frequency of CD4" T cells expressing IL-7 receptor ¢ chain
and TSLP receptor was higher in T-bet ™~ STAT6™'~ mice than
in WT mice (Figure 6b). Consistently, TSLP-induced STAT5
phosphorylation was enhanced in T-bet "~ STAT6/~ CD4" T
cells (Figure 6c), suggesting that TSLP-STAT5 signaling was
enhanced in T-bet "~ STAT6 '~ CD4" T cells.

We finally investigated whether TSLP induces IL-9 pro-
duction in T-bet™~ STAT6'~ CD4" T cells. CD4™ T cells
isolated from skin-draining LNs of WT or T-bet™~ STAT6 "~
mice were stimulated with anti-CD3/CD28 mAb in the
presence or absence of TSLP or IL-2. In the presence of TSLP,
119 mRNA was markedly induced in T-bet ™~ STAT6 /~ CD4*
T cells (Figure 6d). In contrast, IL-2 did not induce //9 mRNA
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expression in T-bet™~ STAT6™~ CD4* T cells (Figure 6d),
consistent with the reduced expression of //2rg. TSLP mark-
edly promoted anti-CD3/CD28 mAb—induced IL-9 produc-
tion from T-bet™~ STAT6 '~ CD4" T cells at protein levels
(Figure 6e). Even when naive CD4" T cells were stimulated
with anti-CD3/CD28 mAb plus TSLP, IL-9 production was
significantly increased in T-bet™~ STAT6 '~ CD4" T cells
(Figure 6f). These results suggest that T-bet and STAT6 coop-
eratively suppress the expression of functional TSLP receptors
in CD4" T cells and suppress TSLP-mediated IL-9 production.

DISCUSSION

In this study, we showed that T-bet "~ STAT6™"~ mice but not
T-bet”~ mice or STAT6~ mice developed atopic
dermatitis—like skin inflammation (Figure 1). Regarding the
mechanism underlying the skin inflammation in T-bet™~
STAT6 '~ mice, we found that the depletion of CD4" T cells
attenuated the skin inflammation in T-bet™~ STAT6 ™~ mice,
whereas the adoptive transfer of T-bet™~ STAT6™'~ CD4* T
cells into SCID mice resulted in the accumulation of eosin-
ophils and mast cells in the skin (Figure 3). Transcriptome
analysis and intracellular staining revealed that the produc-
tion of 1L-9 was significantly enhanced in T-bet ™"~ STAT6 '~
CD4™" T cells (Figure 4). The neutralization of IL-9 improved
the skin inflammation in T-bet™~ STAT6™~ mice (Figure 5).
Finally, we showed that TSLP strongly induced IL-9 produc-
tion in T-bet "~ STAT6 '~ CD4" T cells, possibly because of
the enhanced expression of TSLP receptors (Figure 6). These
results suggest that T-bet and STAT6 coordinately suppress the
development of atopic dermatitis—like skin inflammation
through the inhibition of TSLP-induced IL-9 production in
CD4™" T cells.

We found that IL-9 production is increased in T-bet™~
STAT6™/~ CD4™ T cells (Figure 4) and that IL-9 is involved in
the development of atopic dermatitis—like skin inflammation
in T-bet™~ STAT6™"~ mice (Figure 5). IL-9 is a pleiotropic
cytokine that influences various functions of target cells,
including T cells, B cells, ILC2s, mast cells, and eosinophils
(Angkasekwinai, 2019; Kaplan et al., 2015; Noelle and
Nowak, 2010; Stassen et al., 2012). It has been reported
that Th9 cells may contribute to the pathogenesis of atopic
dermatitis because IL-9 stimulates VEGF secretion in human
keratinocytes, leading to the upregulation of angiogenesis
and vascular permeability in the skin lesion (Ma et al., 2014).
In addition, Schlapbach et al. (2014) have shown that human
Th9 cells are predominantly found in the skin and capable of
amplifying immune responses by enhancing cytokine pro-
duction from Th1, Th2, Th9, and Th17 cells. Moreover, Th9
cells are involved in causing allergic contact dermatitis
(Angkasekwinai, 2019). Therefore, the excessive differentia-
tion and/or accumulation of IL-9—producing CD4™ T cells in
the skin could be involved in the pathogenesis of atopic
dermatitis—like skin inflammation in T-bet "~ STAT6 '~ mice.

It has been shown that the development of Th9 cells re-
quires the coordinated activation of transcriptional factors
such as IRF4 and BATF, which are downstream of IL-4/STAT6
signaling, and TGF-f—induced SMAD2/3 as well as SMAD-
independent induction of PU.1 (Chang et al., 2010; Kaplan,
2017). In addition, IL-2— or TSLP-STAT5 signaling is re-
ported to be involved in IL-9 production from CD4" T cells

www.jidonline.org

1281


http://www.jidonline.org

1282

S Makita et al.

T-bet and STAT6 Suppress Skin Inflammation

Figure 6. TSLP-induced IL-9
production is enhanced in T-bet ™/~
STAT6 ™/~ CD4™ T cells. (a) mRNA
expression of //7ra and Crlf2 (TSLPR)
in CD44% CD4™ T cells isolated from
skin-draining LNs of WT mice or T-
bet™~ STAT6 ™'~ mice (n = 3, each).
(b) Representative TSLPR versus IL-
7Ra staining of CD44" CD4™ T cells
in skin-draining LNs and means + SD
of the frequency of IL-7Ra" TSLPR*
cells (n = 3, each). (c) Skin-draining
LN cells were stimulated with or
without TSLP (100 ng/ml) for 15
minutes. The levels of intracellular
pSTAT5 in CD4™ T cells were
evaluated by FACS. Histograms
indicate the levels of pSTAT5 in the
absence (shaded) or presence (line) of
TSLP. Means =+ SD of frequency of
pSTAT5" cells (n = 3, each). (d) CD4"
T cells from skin-draining LNs were
stimulated with anti-CD3/CD28 mAbs
in the presence or absence of IL-2
(100 ng/ml) or TSLP (100 ng/ml) for 18
hours, and mRNA levels of 119 were
analyzed by qPCR. Means + SD of
relative expression of //9 (n = 3, each).
(e) CD4™ T cells from skin-draining
LNs were stimulated with or without
anti-CD3/CD28 mAbs in the presence
or absence of TSLP (100 ng/ml) for 3
days. Protein levels of IL-9 in the
supernatants were measured by ELISA.
Means & SD (n = 3, each). (f) Naive
CD4" T cells from skin-draining LNs
were stimulated with anti-CD3/CD28
mAbs in the presence or absence of
TSLP (100 ng/ml) for 5 days. IL-9
levels in culture supernatants were
measured by ELISA. Means & SD, n =
3, each. Data are representative of two
independent experiments. *P < 0.05,
**P < 0.005. LN, lymph node; IL-
17Ra., IL-17 receptor o chain; pSTAT,
phosphorylated STAT; STAT, signal
transducer and activator of
transcription; TSLP, thymic stromal
lymphopoietin; TSLPR, thymic stromal
lymphopoietin receptor; WT, wild-
type.
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(Kaplan, 2017). Micossé et al. (2019) have reported that in vivo (Figure 4), although in vitro stimulation under con-
PPARY contributes to the production of I1L-9 in human Th2  ventional Th9 conditions (IL-4 plus TGF-B) did not induce IL-
cells. In this study, we found that IL-9—producing CD4" T 9 production in naive CD4" T cells in T-bet™~ STAT6 '~
cells were markedly increased in T-bet™’~ STAT6™'~ mice  mice (Supplementary Figure S3). Consistently, the expression
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of various transcription factors induced under conventional
Th9 conditions such as PU.T and IRF4 was not increased in T-
bet '~ STAT6 '/~ CD4" T cells (Supplementary Figure S4).
RNA-seq analyses revealed that the expression of PPARY was
not increased in T-bet™~ STAT6™'~ CD4" T cells compared
with WT CD4™" T cells (cluster V in Figure 4a). These findings
indicate that conventional Th9 cell—related transcriptional
factors are not implicated in the increased IL-9 production in
T-bet™~ STAT6 ™"~ CD4™ T cells.

Regarding the mechanisms underlying IL-9 production
even in the absence of STAT6 activation, our findings sug-
gest that the enhanced responsiveness to TSLP stimulation
is involved in the enhanced IL-9 production in T-bet™~
STAT6 '~ CD4" T cells. TSLP has been shown to be highly
expressed in keratinocytes in patients with atopic dermatitis
(Soumelis et al., 2002). In addition, forced expression of
TSLP in keratinocytes induces atopic dermatitis—like skin
inflammation (Soumelis et al., 2002), suggesting that TSLP
expressed in the skin contributes to the pathogenesis of
atopic dermatitis. TSLP is known to activate STAT5 to pro-
mote proliferation and cytokine production of Th2 cells
(Pandey et al., 2000; Soumelis et al., 2002). Moreover, it
has been shown that TSLP increases IL-9 production from
human and murine Th9 cells and enhances Th9 cells’
ability to promote allergic airway inflammation (Yao et al.,
2013). In this regard, we found that TSLP signaling rather
than IL-4 or IL-2 signaling is enriched in genes preferen-
tially expressed in T-bet”~ STAT6 '~ CD4" T cells
(Supplementary Figure S5b). Indeed, TSLP induces IL-9
production more strongly in T-bet”~ STAT6 '~ CD4* T
cells than in WT CD4™ T cells (Figure 6). We also found that
TSLP-STAT5—mediated signaling is upregulated, possibly
because of the increased expression of functional TSLP
receptors in T-bet™~ STAT6™'~ CD4" T cells (Figure 6).
These results suggest that T-bet and STAT6 coordinately
suppress the TSLP-STAT5-IL-9 axis in CD4™ T cells. Further
studies addressing the mechanisms underlying the sup-
pression of the TSLP-STAT5-IL-9 axis by T-bet and STAT6 are
required.

Our findings raise the possibility that IL-9—producing
CD4" T cells in T-bet”~ STAT6™'~ mice may share some
characteristics with Th17 cells. gqPCR analyses showed that
the expression of //77a and I/17f, as well as 119, was increased
in memory CD4™ T cells in the skin-draining LNs in T-bet ™"~
STAT6 '~ mice, consistent with previous findings that Th17
cell differentiation was enhanced, but Th1 and Th2 cell dif-
ferentiation were impaired in T-bet™~ STAT6 '~ mice (Das
et al., 2009; Tamachi et al., 2009; Yang et al., 2008). Our
attempts to detect both IL-9 and IL-17A in one cell by intra-
cellular cytokine staining have failed likely because of tech-
nical reasons. Further analyses using highly sensitive single-
cell RNA-seq analysis are required to address the relation-
ship between IL-9—producing CD4™ T cells and Th17 cells in
T-bet ™~ STAT6™'~ mice.

We demonstrated that the numbers of CD4" T cells and
eosinophils infiltrating into the skin were increased in
STAT6 '~ mice compared with those in WT mice (Figure 1),
suggesting that STAT6 suppresses skin infiltration of CD4" T
cells and eosinophils. However, STAT6 '~ mice did not
develop atopic dermatitis—like skin diseases (Figure 1). The
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mechanisms underlying the discrepancy remains unknown.
Transcriptome analyses of CD4™ T cells in the skin-draining
LNs revealed that considerable numbers of genes, including
119 and Th17 cell—related genes such as 1/17a, 1117f, and 1122,
were increased in T-bet ™~ STAT6 '~ CD4" T cells compared
with STAT6™'~ CD4" T cells. A series of BM chimera ex-
periments demonstrated that T-bet/STAT6 double deficiency
in BM cells is involved in the enhanced IL-9 production in
CD4™ T cells (Figure 4f—h). These findings suggest that the
enhanced production of IL-9 and Th17 cell—related cytokines
by the absence of T-bet and STAT6 and the enhanced skin
infiltration of CD4" T cells by the absence of STAT6 may
synergistically cause atopic dermatitis—like skin diseases in
T-bet "~ STAT6 '~ mice. This notion is consistent with recent
studies showing that Th17 cells contribute to the develop-
ment of atopic dermatitis in some situations (Brunner et al.,
2017; Esaki et al., 2016).

We found that the depletion of CD4™" T cells by anti-CD4
antibody reproducibly reduced the severity of skin inflam-
mation, but the effects are not strong. Because skin infiltration
of eosinophils and mast cells has already been observed at 3
weeks of age in T-bet™~ STAT6 ™/~ mice (unpublished data), it
is plausible that the depletion of CD4™" T cells starting from 3
weeks of age is not sufficient to eliminate the preexisting
inflammation. It is also possible that other cell populations
contribute to the development of skin inflammation. In this
regard, we have previously reported that ILCs may not be
responsible for the development of skin inflammation
because ILCs in the skin of T-bet™~ STAT6 '~ mice did not
produce IL-5 (Makita et al., 2018). However, it remains
possible that ILCs contribute to the development of skin
inflammation by producing other cytokines such as IL-9.
Further studies using cell type—specific IL-9—deficient mice
are required to address this possibility.

In conclusion, our findings indicate that T-bet and STAT6
coordinately  suppress the development of atopic
dermatitis—like skin inflammation, possibly through the
downregulation of the TSLP-IL-9 axis in CD4" T cells. Our
findings could associate with the mechanisms underlying the
development of conjunctivitis after administration of dupi-
lumab, an inhibitor of IL-4/IL-13 signaling, to treat atopic
dermatitis (Gooderham et al., 2018). Although further studies
are needed, our results should add insights into the patho-
genesis of atopic dermatitis and indicate that we should be
careful when we apply STAT6 inhibition to the therapeutic
strategy for atopic dermatitis.

MATERIAL AND METHODS

Mice

T-bet™~ mice (Finotto et al., 2002) on a BALB/c background were
obtained from Jackson Laboratory (Bar Harbor, ME). BALB/c T-bet ™~
mice were crossed with STAT6™~ mice (Takeda et al., 1996) to
obtain T-bet™~ STAT6™~ mice. BALB/c-scid/scid mice (SCID mice)
were purchased from CLEA (Tokyo, Japan). BALB/c Thy1.1* mice
were kindly provided by Dr S. Hori (The University of Tokyo, Tokyo,
Japan). All mice were housed in microisolator cages under specific
pathogen-free conditions, and all experiments were performed ac-
cording to the guidelines of Chiba University and the National In-
stitutes of Health guide for the care and use of laboratory animals.
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Scoring of skin diseases

The severity of skin diseases was scored by a method based on the
macroscopic diagnostic criteria described by Saunders et al. (2016)
in a blinded manner. In brief, the signs of edema, erythema, scale,
and erosion of skin lesion were graded 0—3 (0, none; 1, mild; 2,
moderate; 3, severe), and total score on four regions (ear, face, head,
and back) of each mouse was calculated by the sum of individual
scores for each parameter.

Measurement of scratching behavior

To measure the frequency of scratching, 13-week-old mice were put
into an acrylic cage for approximately 5 minutes and allowed to
adapt to the conditions. The behavior of mice was recorded for 5
minutes by a video camera, and scratching frequency was counted
as described previously (Kuraishi et al., 1995).

Isolation of inflammatory cells from the skin

Dorsal skin was cut into small pieces and incubated in RPMI 1640
medium containing Liberase TL (0.5 mg/ml, Roche, Basel,
Switzerland), DNase (0.1 mg/ml, Wako, Tokyo, Japan), and Hepes
(25 mM, Thermo Fisher Scientific, Waltham, MA) for 90 minutes at
37 °C. The samples were transferred to a Gentle MACS tube (Mil-
tenyi Biotec, Bergisch Gladbach, Germany) with 10 ml of RPMI. The
samples were dissociated by Gentle MACS (Miltenyi Biotec) with
program C. Single-cell suspensions were prepared by passing
through a 70-pum nylon cell strainer.

Isolation of memory CD4* T cells from LNs

Memory CD4* T cells were purified from single-cell suspensions of
skin-draining LNs by negative sorting with an EasySep Mouse
Memory CD4" T Cell Isolation Kit (StemCell Technologies, Van-
couver, British Columbia, Canada) according to the manufacturers’
instructions.

Flow cytometric analysis and intracellular staining

After dead cell staining with Zombie NIR (Biolegend, San Diego,
CA) and Fc receptor blocking with anti-CD16/32 antibody (93;
Biolegend), intracellular staining of CD4™ T cells was performed as
described previously (Kawashima et al., 2013) using anti—IL-9
antibody. After washing, cells were analyzed on a FACS Canto I
(Becton Dickinson, San Jose, CA), and data were analyzed with
FlowJo software (Becton Dickinson).

Adoptive transfer of CD4™ T cells

CD4™" T cells were purified from LNs and spleen with a MojoSort
Mouse CD4 T Cell Isolation Kit (Biolegend) and injected intrave-
nously to SCID mice at 6 weeks of age (1 x 10° cells/mouse).

In vivo depletion of CD4™ T cells

Anti-CD4 mAb (GK1.5, 500 pg) or control 1gG was injected intra-
peritoneally to T-bet™~ STAT6 ™~ mice twice per week from 3 weeks
to 13 weeks of age. The mice were analyzed at 13 weeks of age.

In vivo neutralization of IL-9

Anti—IL-9 mAb (MM9C1, 200 png) or control IgG was injected
intraperitoneally to T-bet™~ STAT6™'~ mice twice per week from 6
weeks to 19 weeks of age. The mice were analyzed at 19 weeks of
age.

Bone marrow chimeras

BM chimera mice were prepared by intravenously injecting Thy1.2™"
WT BM cells (5 x 10° cells) or Thy1.2™" T-bet™~ STAT6 ™"~ BM cells
(5 x 10° cells) into Thy1.1" WT mice at 5 hours after total body
irradiation (4.5 Gy). In other experiments, Thy1.1" WT BM cells (5 x
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10° cells) were injected intravenously into irradiated Thy1.2* WT
mice or Thy1.2" T-bet”~ STAT6 '~ mice. In mixed BM chimera
experiments, mixtures of Thy1.1 T WT BM cells (2.5 x 10° cells) and
Thy1.2™ T-bet™~ STAT6 ™~ BM cells (2.5 x 10° cells) were injected
intravenously into irradiated Thy1.1" WT mice. Recipient mice were
treated with antibiotics (sulfamethoxazole and trimethoprim sus-
pension, Hi-Tech Pharmaceuticals, Norcross, GA) for two weeks
after the injection. Four to seven weeks after the BM reconstitution,
CD4™ T cells were purified from skin-draining LNs of the chimeric
mice. In mixed BM chimera experiments, after CD4" T-cell purifi-
cation, Thy1.2" CD4™" T cells were separated from Thy1.1" CD4" T
cells using anti-Thy1.2 antibody and anti-Thy1.1 antibody with a cell
sorter SH800 (SONY, Tokyo, Japan).

RNA sequencing analysis

Total RNA was isolated by using a RNeasy Mini Kit (Qiagen, Hilden,
Germany). RNA-seq was performed as described previously (Tanaka
et al., 2014). In brief, RNA-seq libraries were prepared using a
SureSelect Strand Specific RNA Library Preparation kit (Agilent,
Santa Clara, CA). Sequencing was performed on an I[llumina
HiSeq1500 using a HiSeq Rapid SBS kit v2 (Illumina, San Diego, CA)
in a 50-base single-end mode. mRNA profiles were calculated with a
Cufflinks software and expressed as fragments per kilobase of exon
model per million mapped fragments. K-means++ clustering was
performed to z-transformed data using the R project (ver 3.6.2) and
the LICORS package. Gene Ontology analysis was performed using
Metascape (Zhou et al., 2019). Gene set enrichment analysis was
performed using the GSEA software (4.0.3) (Subramanian et al.,
2005). The gene sets used in this study were prepared from
GSM2151577 and GSM2151575 for IL-4 signaling (Rochman et al.,
2017), GSM2151585 and GSM2151571 for TSLP signaling
(Rochman et al., 2017), and GSM1014577 and GSM1014578 for IL-
2 signaling (Liao et al., 2014). RNA-seq data will be available from
the National Center for Biotechnology Information’s Gene Expres-
sion Omnibus on publication of the manuscript.

Statistical analysis

Data are summarized as means + SD. The statistical analyses of the
results were performed using Prism 5 for Mac OSX as follows: two-
tailed Student’s t-test for paired groups and two-way ANOVA fol-
lowed by Tukey’s post-hoc comparisons tests for multiple groups. P-
values < 0.05 were considered significant.

Data availability statement

The datasets generated for this study can be found in the National
Center for Biotechnology Information’s Gene Expression Omnibus
(GSE156288).
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MATERIALS AND METHODS

Reagents

Antibodies to murine CD3e (2c11), CD4 (RM4-5), CD11b (M1/
70), CD28 (37.51), CD45 (30F-11), c-kit (2B8), FceRI (MAR-1),
IL-7 receptor a. chain (SB/199), thymic stromal lymphopoietin
receptor (22H9), Thy1.2 (30-H12), and IL-9 (RM9A4) were
purchased from Biolegend (San Diego, CA). Antibodies to
murine Siglec-F (E50-2440), Ly6G (RB6-8C5), CD44 (1M?),
CD11c (HL3), Thyl.1 (OX-7), and phosphorylated signal
transducer and activator of transcription 5 (pY694) were pur-
chased from BD Biosciences (San Jose, CA). Anti-CD4 antibody
(GK1.5) and anti—IL-9 antibody (MM9C1) were purchased from
Bio X Cell (West Lebanon, NH). Murine thymic stromal lym-
phopoietin and IL-2 were purchased from R&D Systems (Min-
neapolis, MN) and Wako (Osaka, Japan), respectively.

Histologic analysis

The dorsal skin was resected, fixed in 10% phosphate-
buffered formalin, embedded in paraffin, sectioned, stained
with either H&E or toluidine blue, and examined by light
microscopy.

IL-9 quantification

IL-9 in culture supernatants was measured by using an ELISA
MAX Set (Biolegend) according to the manufacture’s
protocol.

gPCR analysis
Total RNA was extracted with an Isogen Il reagent (Nippon
Gene, Tokyo, Japan), and reverse transcription was carried
out using an iScript cDNA Synthesis Kit (BioRad, Hercules,
CA). gPCR was performed as described previously
(Kawashima et al., 2013). The expression level of each gene
was normalized to the level of B-actin. The sequences of
primers are as follows.
Actb: 5'-tgttaccaactgggacgaca-3’
caatgcctgtggta-3'
Artn: 5'-ccctagctgttctageectg-3' and 5'-agggttctttcgctgcacaa-3'
Batf: 5'-gttctgtttctccaggtce-3’ and 5’-gaagaatcgcatcgcetge-3'
Bclé: 5'-cctgtgaaatctgtggeactcg-3’ and 5'-cgcagttggcttttgt

and 5'-ccatca

gacg-3’

Ccl5:  5'-cagcagcaagtgctccaatctt-3'  and  5'-ttcttgaacc
cacttcttctctgg-3’

Ccl11:  5'-atgcagagctccacageget-3'  and  5'-ttatggttttg
gagtttggag-3'

Ccl17: 5'-caggaagttggtgagctggtata-3’ and 5'-

ttgtgttcgectgtagtgeata-3’

Ccl24: 5'-ctgtgcctgacctccagaac-3’ and 5'-ctaaacctcggtgc
tattgc-3’

Gata3: 5’-agggacatcctgcgegaactgt-3’
catcttccggtttcgggtctgg-3’

and 5
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Gen5: 5'-aaggccaatgaaacctgcaag-3’  and  5'-ctca
cagctacggcacaactc-3'
Ifng: 5'-ggatgcattcatgagtattgc-3’ and 5'-ccttttccgettcctgagg-3’
I2ra: 5'-aaccatagtacccagttgtcgg-3’ and 5'-tcctaagcaacgca
tatagacca-3’

112rb:  5'-tggagcctgtccctctacg-3’ and  5'-tccacatgcaagaga

cattgg-3’

I12rg:  5'-ctcaggcaaccaacctcac-3’ and  5'-gctggacaa
caaatgtctggtag-3'

Il6:  5'-gaggataccactcccaacagacc-3’  and  5’-aagtgcat
catcgttgttcataca-3’

I[7ra:  5'-acaactatgtaagaagccaaaaacga-3’ and  5'-

tcaacgcctttcacctcatg-3’

119:  5'-cttgtgtctctcegteccaac-3
gatgga-3’

Il17a:  5'-gagtccagggagagcttcatc-3’
cacgctgag-3'

I117f. 5'-tgctactgttgatgttgggac-3’' and 5’-aatgccctggttttggtt
gaa-3’

1122: 5'-tttcctgaccaaactcagca-3’ and 5'-tctggatgttctggtcgtca-3’

1131:  5'-tcagcagacgaatcaatacagc-3’ and  5'-tcgctcaa
cactttgactttct-3’

and 5’-actatccttttcaccc

and 5'-cagtgtttgga

1133: 5'-tctctggacctgecaggtgt-3'  and  5'-cctgttgatggtcac
gacgcg-3'
Irf1:  5'-aggcatccttgttgatgtcc-3’ and  5’-aattccaaccaaatcc
cagg-3'
Irf4:  5'-gcccaacaagctagaaag-3’  and  5'-tctctgagggtctg
gaaact-3'
Maf.  5'-aaatacgagaagctggtgagcaa-3’ and  5'-cggga

gaggaagggttgtc-3’

Rorc: 5'-ccgctgagagggcttcac-3’ and  5'-tgcaggagtaggcca
cattaca-3’

Spit: 5’'-gggcatccagaagggcaa-3’
gagcttcttcttga-3’

Smad2: 5'-atgtcgtccatcttgecattc-3’ and 5'-aaccgtectgttttctt

and 5'-ggtaggt

tagctt-3’

Smad3: 5'-cacgcagaacgtgaacacc-3’ and 5’-ggcagtaga
taacgtgaggga-3’

Tnfa: 5’-gcctcttctcattectgettg-3' and 5’-ctgatga

gagggaggccatt-3’

Tslp: 5'-acggatggggctaacttacaa-3’ and 5'-agtcctcgatttgetc
gaact-3'

Tslpr:  5'-tcacggggtgatgtcacagt-3’
taacggaactccag-3’

and  5'-agtgcca
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Supplementary Figure S1. Skin inflammation score of male and female T-
bet ™/~ STAT6 ™'~ mice. The severity of the skin disease in male and female
T-bet™/~ STAT6 ™/~ mice was assessed by the skin inflammation score.
Means + SD (n = 6, each). STAT, signal transducer and activator of
transcription.
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Supplementary Figure S2. The numbers of CD4* CD3e™ cells in mesenteric LNs and mediastinal LNs in T-bet ™'~ STAT6 ™'~ mice. Cells of (a) mesenteric LNs
or (b) mediastinal LNs were harvested from WT and T-bet ™~ STAT6 '~ mice (12-week-old). Means & SD of absolute numbers of lymphocytes and CD4" CD3e™
cells in LNs and representative CD4 versus CD44 staining of CD4" CD3e™ T cells are shown (n = 3, each). LN, lymph node; NS, not significant; STAT, signal
transducer and activator of transcription; WT, wild-type.
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Supplementary Figure S3. Development of conventional Th9 cells is impaired in T-bet ™'~ STAT6 '~ mice. Naive CD4" T cells isolated from spleen of WT
mice or T-bet ™~ STAT6 '~ mice were stimulated with anti-CD3/CD28 mAbs under neutral conditions or Th9-inducing conditions (IL-4, TGF-B, and anti—IFN-y
antibody) for 4 days. Cells were stimulated with PMA/ionomycin for 4 hours, and the expression of IL-9 in CD4* T cells was assessed by intracellular staining.
Representative CD4 versus 1L-9 staining in CD4* T cells are shown. Data are representative of two independent experiments. PMA, phorbol 12-myristate 13-
acetate; STAT, signal transducer and activator of transcription; Th, T helper type; WT, wild-type.

1285.e3 Journal of Investigative Dermatology (2021), Volume 141



relative expression

=

relative expression

=

relative expression relative expression
F .

relative expression

=

0.008 -
0.006
0.004
0.002 A1

Spit1 (PU.1)

0.107
0.08+
0.06+
0.04+
0.02+

0.015+

0.0104

0.0054

WT T-bet’
STAT6

Batf

WT T-bet
STAT6

Rorc

0.0257
0.020-
0.015+
0.0104
0.005+

WT T-bet*
STAT6

Smad?2

o
1

2.07
1.5
1.0
0.54

e
~

WT T-bet”
STAT6™

Ii2ra

WT T-bet”
STAT6

Irf4
0.08
0.06 1
0.04 1
0.02 A
0 .

WT T-bet’-
STAT6"

Maf

0.3

0.2

0.1

=

WT T-bet”-
STAT6"
Bcl6
0.04
0.03
0.02 1
0.01 1
0 .
WT T-bet’-
STAT6"
Smad3

0.006+

0.004 -

0.002+

WT T-bet"
STAT6
112rb
0.8+
0.6
0.4
0.2
o4
WT T-bet”
STAT6

0.015+

0.010+

0.005+

0.37

0.2+

0.14

0.0157

0.0107

0.005 A

2.0+
1.5
1.0
0.5+

S Makita et al.

T-bet and STAT6 Suppress Skin Inflammation

Irf1

WT T-bet”
STAT6"-

Gata3

WT T-bet’
STAT6

Gen5

WT T-bet”
STAT6

li2rg

WT T-bet’-
STAT6"-

Supplementary Figure S4. The
expression levels of Th9 cell-related
molecules in T-bet ™'~ STAT6 ™/~
CD4™ T cells. CD44" CD4" T cells
were isolated from skin-draining LNs
of WT mice or T-bet /™ STAT6 '~
mice and stimulated with PMA/
ionomycin for 2 hours. mRNA levels
of indicated molecules were analyzed
by gPCR analyses. Means + SD (n =
3, each). *P < 0.05. LN, lymph node;
PMA, phorbol 12-myristate 13-
acetate; STAT, signal transducer and
activator of transcription; Th, T helper
type; WT, wild-type.
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Supplementary Figure S5. TSLP signaling—associated genes are enriched in T-bet ™'~ STAT6 '~ memory CD4™* T cells. Total RNA of CD44" CD4" T cells in
skin-draining LNs was isolated from WT mice or T-bet ™~ STAT6 '~ mice and subjected to RNA-seq analysis as described in Figure 4a—c. (@) GO enrichment
analysis was performed for the upregulated genes in T-bet ™~ STAT6 ™/~ CD44* CD4™" T cells by Metascape. (b) GSEA was performed for differentially expressed
genes in CD44" CD4™" T cells between WT mice and T-bet = STAT6 '~ mice using gene sets involved in IL-4 signaling, IL-2 signaling, and TSLP signaling. The
significance threshold was set at FDR < 0.05. FDR, false discovery rate; GSEA, gene set enrichment analysis; GO, Gene Ontology; NES, normalized enrichment
score; RNA-seq, RNA sequencing; STAT, signal transducer and activator of transcription; TSLP, thymic stromal lymphopoietin; WT, wild-type.
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