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Antigen exposure causes activations of signal
transducer and activator of transcription 6 (STAT6) and
STAT1, but not STAT3, in lungs of sensitized mice
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Abstract

The signal transducer and activator of transcription (STAT) family of molecules play a critical role in the
signaling of many cytokines. In addition to STAT6, implication of STAT1 and STAT3 in the pathogenesis of
allergic airway diseases has also been suggested. However, there is little information whether or not anti-
gen challenge to sensitized animals causes the in vivo activation of STAT1 and/or STAT3 in the airways. In
the present study, the activations of these STAT molecules were monitored in lungs of mice with allergic
bronchial asthma. Male BALB/c mice were sensitized and repeatedly challenged with ovalbumin (OA) anti-
gen. Total protein samples of lungs were prepared at ~1-24 h after the last OA challenge, and western blot
analyses for total and tyrosine-phosphorylated STATs (pSTATs) molecules were conducted. In addition to the
phosphorylation of STAT6, STAT1 was also phosphorylated in lungs after the inhalation of OA antigen. Both
the phosphorylation of STAT6 and STAT1 occurred at the early stage after the antigen exposure. In contrast,
no significant increase in the level of pSTAT3 was observed in this mouse model of allergic bronchial asthma.
In conclusion, the current findings suggest that STAT6 and STAT1, but not STAT3, might be crucial signal
transducers in the pathogenesis of allergic bronchial asthma.
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Introduction

The dramatic increase in the number of asthma cases over
the past decades is of great concern for public health in
the world.®) The CD4* T helper 2 lymphocytes (Th2 cells)
are closely associated with disease severity, suggesting
an integral role for Th2 cells in the pathophysiology of
allergic bronchial asthma.?® Th2 cells secrete various
cytokines, termed Th2 cytokines, which cause several key
features of allergic bronchial asthma such as airway eosi-
nophilia, goblet cell hyperplasia, mucous hypersecretion,
airway remodeling, and airway hyperresponsiveness.?-
Increasing evidence indicates that interleukin-13 (IL-13),
one of the members of Th2 cytokine family, is a crucial
mediator in the pathogenesis of the disease.®® In addi-
tion, another Th2 cytokine IL-4 is also believed to play
a role in asthma.®' Interestingly, IL-4 shares many

functional properties with IL-13, presumably because
they share a common receptor composed of IL4Ra and
IL13Ral chains.?

Most of the activities of IL-13 and IL-4 can be ascribed
to the activation of signal transducer and activator of
transcription 6 (STAT6).03' Indeed, a critical role of
the STAT6 signal transduction in the development of
asthma has been suggested in STAT6-deficient mice.(1517)
Similarly, a cell-penetrating dominant-negative STAT6
peptide could inhibit asthma phenotypes in a mouse
model of allergic bronchial asthma.®® On the other
hand, recent studies also indicated an implication of
the STAT family of molecules other than STAT6, such as
STAT1 and STAT3,®” in the development of allergic
asthma. However, there is little information whether
or not antigen challenge to sensitized animals causes
the in vivo activation of STAT1 and/or STAT3 in the
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airways. So in the present study, activations of STAT1
and STAT3 were monitored in lung homogenates of the
antigen-challenged mice by immunoblottings using
antibodies against phosphorylated these molecules.
The time-course changes of the levels of phosphorylated
STAT1 (pSTAT1) and pSTAT3 were compared with that
of pSTATS.

Materials and methods

Animals

Male BALB/c mice were purchased from the Charles
River Japan, (Kanagawa, Japan) and housed in a patho-
gen-free facility. All animal experiments were approved
by the Animal Care Committee of the Hoshi University
(Tokyo, Japan).

Antigen sensitization and challenge

Preparation of a murine model of allergic bronchial
asthma was performed as described previously.?? In
brief, BALBc mice (8 weeks of age) were actively sen-
sitized by intraperitoneal injections of 8 pg ovalbumin
(OA; Seikagaku, Tokyo, Japan) with 2mg Imject Alum
(Pierce Biotechnology, Rockfold, IL) on day 0 and day 5.
The sensitized mice were challenged with aerosolized
OA-saline solution (5mg/mL) for 30 min on days 12,
16, and 20. A control group of mice received the same
immunization procedure except for inhaling saline
aerosol instead of OA challenge. The aerosol was gen-
erated with an ultrasonic nebulizer (Nihon Kohden,
Tokyo, Japan) and introduced to a Plexiglas chamber box
(130 x 200 mm, 100 mm height) in which the mice were
placed. At the indicated time after the last OA challenge,
mice were killed by exsanguination from the abdominal
aorta under urethane (1.6 g/kg, intraperitoneally; Sigma-
Aldrich, St Louis, MO) anesthesia.

Western blot analyses

The immunoblot analyses were carried out as previously
described.®?9 In brief, protein samples of mouse lungs
were subjected to 7.5% sodium dodecyl-sulfate-polyacr-
ylamide gel electrophoresis and the proteins were then
electrophoretically transferred to a polyvinylidene fluo-
ride (PVDF) membrane. After blocking with 1% BlockAce
(Dainippon Sumitomo Pharma, Osaka, Japan), the PVDF
membrane was incubated with the primary antibody. The
primary antibodies used in the present study were mono-
clonal mouse anti-STAT1 (1:1000 dilution; BD Biosciences,
San Jose, CA), anti-phospho-STAT1 (1:1000 dilution; BD
Biosciences), anti-STAT3 (1:2500 dilution; BD Biosciences),
anti-phospho-STAT3 (1:500 dilution; BD Biosciences),

polyclonal rabbit anti-STAT6 (1:1000 dilution; Santa Cruz
Biotechnology, Santa Cruz, CA), and anti-phospho-STAT6
(1:1000 dilution; Santa Cruz Biotechnology) antibodies.
Then the membrane was incubated with horseradish
peroxidase-conjugated donkey anti-rabbit IgG anti-mouse
IgG (1:2500 dilution; Amersham Biosciences, Piscataway,
NJ), detected by an enhanced chemiluminescent system
(Amersham Biosciences) and analyzed by a densitom-
etry system. Detection of house-keeping gene was also
performed on the same membrane by using mono-
clonal mouse anti-GAPDH (1:10,000 dilution; Chemicon
International, Temecula, CA) to confirm the same amount
of proteins loaded.

Statistical analyses

All the data were expressed as the mean with SE Statistical
significance of difference was determined by two-way
analysis of variance with post hoc Bonferroni/Dunn
(StatView for Macintosh ver. 5.0, SAS Institute, Cary, NC).
A value of P<0.05 was considered significant.

Results

Phosphorylation of STAT6 in lungs of mice induced by
antigen exposure

In the present study, we used our well-established
murine model of allergic bronchial asthma.®? In
agreement with our previous study,®” the OA challenge
caused a transient phosphorylation of STAT6 in lung tis-
sues (Figure 1A and 1B). The time-course examination
revealed a peak of the STAT6 phosphorylation at 3h
after the OA inhalation (Figure 1B). The antigen expo-
sure did not affect the expression of STAT6 protein itself
(Figure 1C).

Phosphorylation of STAT1, but not STAT3, in lungs of
mice induced by antigen exposure

Utilizing the identical protein samples used for the STAT6
phosphorylation analyses, the levels of pSTAT1 and
STAT3 were measured by immunoblottings. As shown
in Figure 2A, a distinct phosphorylation of STAT1 in lung
homogenate was detected after the OA antigen challenge.
The phosphorylation of STAT1 was also transient: the peak
was found at ~1-3 h after the OA inhalation, and the level of
pSTAT1 returned to the baseline at 24 h after the challenge
(Figure 2B). On the other hand, however, no significant
increase in the level of pSTAT3 was observed by the antigen
exposure, although STAT3 protein was distinctly expressed
in the lungs used (Figure 3A and 3B). Neither the levels of
STAT1 nor STAT3 proteins themselves were changed sig-
nificantly after the antigen challenge (Figures 2C and 3C).
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Figure 1. A time-course change in the level of phosphorylated sig-
nal transducer and activator of transcription 6 (STAT6) in lungs after
challenge with ovalbumin (OA) antigen. Male BALB/c mice were
actively sensitized and repeatedly challenged with OA as described in
Materials and methods. The protein samples of lungs were subjected
to immunoblot analyses. (A) Typical immunoblots of phosphorylated
STAT6 (pSTATS6; upper), total STAT6 (middle), and GAPDH (lower). The
levels of pSTAT6/STAT6 (B) and STAT6/GAPDH (C) were calculated.
Each column represents the mean + SE from six different animals.
*P<0.05 and ***P<0.001 vs. control (Cont) by Bonferroni/Dunn test.

Discussion

In addition to the phosphorylation of STAT6 (Figure 1),
a major signal transducer activated by Th2 cytokines
such as IL-13 and IL-4 in allergic bronchial asthma, 3%
the current study clearly showed that STAT1 is also
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Figure 2. A time-course change in the level of phosphorylated sig-
nal transducer and activator of transcription 1 (STAT1) in lungs after
challenge with ovalbumin (OA) antigen. Male BALB/c mice were
actively sensitized and repeatedly challenged with OA as described in
Materials and methods. The protein samples of lungs were subjected
to immunoblot analyses. (A) Typical immunoblots of phosphorylated
STAT1 (pSTAT1; upper), total STAT1 (middle) and GAPDH (lower). The
levels of pSTAT1/STAT1 (B) and STAT1/GAPDH (C) were calculated.
Each column represents the mean * SE from six different animals.
*P<0.05 vs. control (Cont) by Bonferroni/Dunn test.

phosphorylated in lungs after the inhalation of OA antigen
(Figure 2). The phosphorylation of both STAT6 and STAT1
occurred at the early stage after the antigen exposure
(Figures 1B and 2B). In contrast, no significant increase
in the level of pSTAT3 was observed in this mouse model
of the disease (Figure 3). It is thus possible that STAT6 and



46 Yoshihiko Chiba, Michiko Todoroki, and Miwa Misawa

A

pSTAT3

STATS e o c— — — —

GAPDH o = s ommm— o —

pSTAT3/STAT3

O -
Cont 1 3 6 12 24
Hours after challenge

C 2 -
T
a
o
<

Q 1-
o
<
(4]

O -

Cont 1 3 6 12 24

Hours after challenge

Figure 3. A time-course change in the level of phosphorylated sig-
nal transducer and activator of transcription 3 (STAT3) in lungs after
challenge with ovalbumin (OA) antigen. Male BALB/c mice were
actively sensitized and repeatedly challenged with OA as described in
Materials and methods. The protein samples of lungs were subjected
to immunoblot analyses. (A) Typical immunoblots of phosphorylated
STAT3 (pSTATS3; upper), total STAT3 (middle) and GAPDH (lower). The
levels of pSTAT3/STAT3 (B) and STAT3/GAPDH (C) were calculated.
Each column represents the mean * SE from six different animals.
Cont., control.

STAT1, but not STAT3, might be crucial signal transducers
in the pathogenesis of allergic bronchial asthma.

In agreement with our previous study,® the level of
pSTAT6 was significantly increased in lungs after the anti-
gen exposure (Figure 1). There is increasing evidence that
activation of STATG6 is a key in the pathogenesis of allergic

bronchial asthma. In patients with allergic bronchial
asthma, the level of pSTAT6 was increased in peripheral
CD4* CD161* T cells.?® An increase in pSTAT6 in airway
epithelial cells was also observed after allergen inhala-
tion in atopic asthma.?” In mouse models of allergic
bronchial asthma, development of airway inflammation
and hyperresponsiveness were inhibited by STAT6 gene
knockout®'? and by the treatment with a STAT6 inhibi-
tory peptide.'® Similar observations were also reported
by using pharmacological STAT6 inhibitors®*?® and a
short interfering RNA against STAT6.?%

In addition to the phosphorylation of STAT6, a sig-
nificant increase in the level of pSTAT1 was also found
in lungs of the antigen-challenged mice (Figure 2).
The activation of STAT1 might also be implicated in
the pathogenesis of allergic airway diseases. Sampath
et al.®” provided the first evidence for a possible role
of STAT1 in allergic bronchial asthma. They found that
pSTAT1 was increased in airway epithelial cells of asth-
matic patients.®” In a mouse model of allergic bronchial
asthma, Quarcoo ef al.1 reported that local application
of decoy oligonucleotide specific for STAT1 into airways
could attenuate antigen-induced airway inflamma-
tion and hyperresponsiveness. More recently, Hattori
et al.®Y found that STAT1-deficient mice failed to develop
inflammation and hyperresponsiveness of nasal airways
induced by topical antigen challenge. It is thus possible
that selective inhibition of activation of STAT1 in the
airways may have an advantage of treatment of allergic
airway diseases such as asthma.

Currently, the mechanism of phosphorylation of
STAT1 by the antigen challenge is unclear. STAT1 is
known as a major component of signaling cascade
for interferon-y (IFN-y),®? one of the Thl cytokines.
However, no evidence of increased levels of IFN-v itself
or IFN-y-producing cells was reported in the asthmatics,
although these subjects had a constitutive activation of
STAT1 in airway epithelial cells.®” On the other hand,
recent studies suggest that STAT1 is also phosphorylated
by Th2 cytokines IL-13 and IL-4 in various cells, includ-
ing bronchial smooth muscle, airway epithelial and lung
fibroblast cells.®® The homologous time-course changes
in the levels of STAT6 (Figure 1B) and STAT1 (Figure 2B)
may support the idea that STAT1 in the lungs is also acti-
vated by these Th2 cytokines, those are produced by the
antigen exposure.?*2%

Recently, STAT3 is also suggested as one of the
potential target for regulating airway inflammatory
responses.®Y However, the functional role of STAT3 in
allergic bronchial asthma is controversial. Simeone-
Penney et al.?” reported that antigen-induced airway
inflammation and hyperresponsiveness were decreased
in mice lacking airway epithelial STAT3. In contrast, Paul
et al.®” suggested that airway inflammation induced by
antigen is associated with low expression of STAT3 in



mice. In the present study, no significant increase in
the level of pSTAT3 (Figure 3B) or total STAT3 protein
(Figure 3C) was observed in lungs of the mouse asthma
model used. Further studies are needed to define the
functional role of STAT3 in allergic bronchial asthma.

In conclusion, the current study suggests that STAT1 is
also activated by antigen exposure in lungs of the sensi-
tized mice. In addition to the importance of STAT6, STAT1
may also be one of the potential targets for development
of antiasthma drugs.

Declaration of interest

This work was supported by the Ministry of Education,
Culture, Sports, Science and Technology of Japan. The
authors report no conflicts of interest. The authors alone
are responsible for the content and writing of the paper.

References

1. Eder, W, Ege, M.]., von Mutius, E. The asthma epidemic. N. Engl.
J. Med. 2006, 355, 2226-35.

2. Robinson, D.S., Hamid, Q., Ying, S., Tsicopoulos, A., Barkans, J.,
Bentley, A.M., Corrigan, C., Durham, S.R., Kay, A.B. Predominant
TH2-like bronchoalveolar T-lymphocyte population in atopic
asthma. N. Engl. J. Med. 1992, 326, 298-304.

3.  Walker, C., Kaegi, M.K., Braun, P., Blaser, K. Activated T cells
and eosinophilia in bronchoalveolar lavages from subjects with
asthma correlated with disease severity. J. Allergy Clin. Immunol.
1991, 88, 935-42.

4. Bochner, B.S., Undem, B.]., Lichtenstein, L.M. Immunological
aspects of allergic asthma. Annu. Rev. Immunol. 1994, 12,
295-335.

5. Cohn, L., Elias, J.A., Chupp, G.L. Asthma: mechanisms of dis-
ease persistence and progression. Annu. Rev. Immunol. 2004, 22,
789-815.

6. Wills-Karp, M., Luyimbazi, J., Xu, X., Schofield, B., Neben, TY.,
Karp, C.L., Donaldson, D.D. Interleukin-13: central mediator of
allergic asthma. Science 1998, 282, 2258-61.

7. Grinig, G., Warnock, M., Wakil, A.E., Venkayya, R.,
Brombacher, F, Rennick, D.M., Sheppard, D., Mohrs, M.,
Donaldson, D.D., Locksley, R.M., Corry, D.B. Requirement for
IL-13 independently of IL-4 in experimental asthma. Science
1998, 282, 2261-3.

8.  Wills-Karp, M. Interleukin-13 in asthma pathogenesis. Immunol.
Rev. 2004, 202, 175-90.

9. Steinke, J.W., Borish, L. Th2 cytokines and asthma. Interleukin-4:
its role in the pathogenesis of asthma, and targeting it for asthma
treatment with interleukin-4 receptor antagonists. Respir. Res.
2001, 2, 66-70.

10. Dabbagh, K., Takeyama, K., Lee, H.M., Ueki, I.E,, Lausier, J.A.,
Nadel, J.A. IL-4 induces mucin gene expression and goblet
cell metaplasia in vitro and in vivo. J. Immunol. 1999, 162,
6233-7.

11. Bryborn, M., Adner, M., Cardell, L.O. Interleukin-4 increases
murine airway response to kinins, via up-regulation of brady-
kinin Bl-receptors and altered signalling along mitogen-ac-
tivated protein kinase pathways. Clin. Exp. Allergy 2004, 34,
1291-8.

12. Callard, R.E., Matthews, D.J., Hibbert, L. IL-4 and IL-13 receptors:
are they one and the same? Immunol. Today 1996, 17, 108-10.

13. Chatila, T.A. Interleukin-4 receptor signaling pathways in asthma
pathogenesis. Trends. Mol. Med. 2004, 10, 493-499.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

STATS activation in allergic asthma 47

Hebenstreit, D., Wirnsberger, G., Horejs-Hoeck, J., Duschl, A.
Signaling mechanisms, interaction partners, and target genes of
STAT6. Cytokine Growth Factor Rev. 2006, 17, 173-88.
Kuperman, D.A., Schleimer, R.P. Interleukin-4, interleukin-13,
signal transducer and activator of transcription factor 6, and
allergic asthma. Curr. Mol. Med. 2008, 8, 384-92.

Akimoto, T., Numata, F,, Tamura, M., Takata, Y., Higashida, N.,
Takashi, T., Takeda, K., Akira, S. Abrogation of bronchial eosi-
nophilic inflammation and airway hyperreactivity in signal trans-
ducers and activators of transcription (STAT)6-deficient mice. J.
Exp. Med. 1998, 187, 1537-42.

Kuperman, D., Schofield, B., Wills-Karp, M., Grusby, M.J. Signal
transducer and activator of transcription factor 6 (Stat6)-deficient
mice are protected from antigen-induced airway hyperrespon-
siveness and mucus production. J. Exp. Med. 1998, 187, 939-48.
McCusker, C.T., Wang, Y., Shan, J., Kinyanjui, M.W,,
Villeneuve, A., Michael, H., Fixman, E.D. Inhibition of experi-
mental allergic airways disease by local application of a cell-
penetrating dominant-negative STAT-6 peptide. ]J. Immunol.
2007, 179, 2556-64.

Quarcoo, D., Weixler, S., Groneberg, D., Joachim, R., Ahrens, B.,
Wagner, A.H., Hecker, M., Hamelmann, E. Inhibition of signal
transducer and activator of transcription 1 attenuates allergen-
induced airway inflammation and hyperreactivity. J. Allergy Clin.
Immunol. 2004, 114, 288-95.

Simeone-Penney, M.C., Severgnini, M., Tu, P., Homer, R.J.,
Mariani, T.J., Cohn, L., Simon, A.R. Airway epithelial STAT3 is
required for allergic inflammation in a murine model of asthma.
J. Immunol. 2007, 178, 6191-9.

Chiba, Y., Ueno, A., Shinozaki, K., Takeyama, H., Nakazawa, S.,
Sakai, H., Misawa, M. Involvement of RhoA-mediated Ca2+ sen-
sitization in antigen-induced bronchial smooth muscle hyper-
responsiveness in mice. Respir. Res. 2005, 6, 4.

Chiba, Y., Kurotani, R., Kusakabe, T., Miura, T., Link, B.W.,
Misawa, M., Kimura, S. Uteroglobin-related protein 1 expression
suppresses allergic airway inflammation in mice. Am. J. Respir.
Crit. Care Med. 2006, 173, 958-64.

Chiba, Y., Nakazawa, S., Todoroki, M., Shinozaki, K., Sakai, H.,
Misawa, M. Interleukin-13 augments bronchial smooth muscle
contractility with an up-regulation of RhoA protein. Am. J. Respir.
Cell Mol. Biol. 2009, 40, 159-67.

Chiba, Y., Todoroki, M., Nishida, Y., Tanabe, M., Misawa, M. A
novel STAT6 inhibitor AS1517499 ameliorates antigen-induced
bronchial hypercontractility in mice. Am. J. Respir. Cell Mol. Biol.
2009, 41, 516-24.

Chiba, Y., Onoda, S., Hattori, Y., Maitani, Y., Sakai, H., Misawa, M.
Upregulation of ADAMS8 in the airways of mice with allergic bron-
chial asthma. Lung 2009, 187, 179-85.

Gernez, Y., Tirouvanziam, R., Nguyen, K.D., Herzenberg,
L.A., Krensky, A.M., Nadeau, K.C. Altered phosphorylated
signal transducer and activator of transcription profile of
CD4+CD161+ T cells in asthma: modulation by allergic status
and oral corticosteroids. J. Allergy Clin. Immunol. 2007, 120,
1441-8.

Phipps, S., Benyahia, E, Ou, TT., Barkans, J., Robinson, D.S.,
Kay, A.B. Acute allergen-induced airway remodeling in atopic
asthma. Am. J. Respir. Cell Mol. Biol. 2004, 31, 626-32.

Ohga, K., Kuromitsu, S., Takezawa, R., Numazaki, M., Ishikawna, J.,
Nagashima, S., Shimizu, Y. YM-341619 suppresses the differ-
entiation of spleen T cells into Th2 cells in vitro, eosinophilia,
and airway hyperresponsiveness in rat allergic models. Eur. J.
Pharmacol. 2008, 590, 409-16.

Darcan-Nicolaisen, Y., Meinicke, H., Fels, G., Hegend, O.,
Haberland, A., Kiihl, A., Loddenkemper, C., Witzenrath, M.,
Kube, S., Henke, W., Hamelmann, E. Small interfering RNA
against transcription factor STAT6 inhibits allergic airway inflam-
mation and hyperreactivity in mice. J. Immunol. 2009, 182,
7501-8.

Sampath, D., Castro, M., Look, D.C., Holtzman, M.]. Constitutive
activation of an epithelial signal transducer and activator of tran-
scription (STAT) pathway in asthma. J. Clin. Invest. 1999, 103,
1353-61.



48

31.

32.

33.

Yoshihiko Chiba, Michiko Todoroki, and Miwa Misawa

Hattori, H., Rosas, L.E., Okano, M., Durbin, J.E., Nishizaki, K., 34.

Satoskar, A.R. STAT1 is involved in the pathogenesis of murine
allergic rhinitis. Am. J. Rhinol. 2007, 21, 241-7.

Darnell, J.E. Jr. STATs and gene regulation. Science 1997, 277, 35.

1630-5.

Wang, I.M., Lin, H., Goldman, S.J., Kobayashi, M. STAT-1 is acti-
vated by IL-4 and IL-13 in multiple cell types. Mol. Immunol.
2004, 41, 873-84.

Gao, H., Ward, P.A. STAT3 and suppressor of cytokine signaling
3: potential targets in lung inflammatory responses. Expert Opin.
Ther. Targets 2007, 11, 869-80.

Paul, B, Mishra, V., Chaudhury, B., Awasthi, A., Das, A.B., Saxena,
U., Saxena, A., Chauhan, L.K., Kumar, P., Raisuddin, S. Status of
Stat3 in an ovalbumin-induced mouse model of asthma: analysis
of the role of Socs3 and IL-6. Int. Arch. Allergy Immunol. 2009,
148, 99-108.



Copyright of Immunopharmacology & Immunotoxicology is the property of Taylor & FrancisLtd and its
content may not be copied or emailed to multiple sites or posted to a listserv without the copyright holder's
express written permission. However, users may print, download, or email articles for individual use.



