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ABSTRACT

Background: Signal transducer and activator of transcription (STAT) 1 signaling pathway mediates biological functions of interferon
(IFN) vy, which is a key cytokine-regulating T helper 1 (Th1) differentiation. Although constitutive activation of STATI has been reported
in the airway epithelium of patients with chronic asthma, its in vivo role in the pathogenesis of allergic rhinitis is not clear. We determined
the role of STAT1 in the pathogenesis of allergic rhinitis in vivo using STAT1 gene-deficient (STAT1—/—) mice and a murine model of
Schistosoma mansoni egg antigen (SEA)—induced allergic rhinitis.

Methods: STAT1—/— BALB/c and wild-type (WT) mice were sensitized by intranasal administration of SEA, and their immunologic
responses were examined.

Results: STAT1—/— mice showed impaired nasal eosinophilia and markedly reduced histamine-induced nasal hyperresponsiveness after
SEA sensitization. Moreover, levels of Th2-associated SEA-specific IgG1 and IgE antibodies were lower in STAT1—/— mice. Anti-CD3—
stimulated nasal lymphocytes from STAT1—/—mice also produced less amounts of Th2-associated cytokines IL-4, IL-5, IL-10, and IL-13
compared with WT mice, but both produced comparable levels of IFN-vy.

Conclusion: These results show that STATI is involved in the pathogenesis of SEA-induced allergic rhinitis in BALB/c mice.
Furthermore, they reveal a surprising role of STAT1 in induction of nasal eosinophilia, and Th2-type cytokine production from nasal
lymphocytes during allergic rhinitis.

(Am J Rhinol 21, 241-247, 2007; doi: 10.2500/ajr.2007.21.2970)
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llergic rhinitis is one of the most common immune dis-
orders, which is categorized as an inflammatory dis-
ease associated with the production of antigen-specific IgE,
nasal eosinophil infiltration, nasal hyperresponsiveness and a
predisposition to allergic reactions.'® This disease is charac-
terized by the development of an aberrant T helper 2 (Th2)-
biased immune response and increased production of Th2
cytokines such as IL-4 and IL-5 associated with a concomitant
decrease in Thl-associated interferon (IFN) y.*5 It is known
that IL-4 induces the differentiation and expansion of Th2
lymphocytes, which result in the production of IL-4, IL-5,
IL-10, and IL-13 that are involved in the pathogenesis of
allergic diseases.®” Moreover, IL-4 is involved in the produc-
tion of IgE, which mediates the induction of immediate hy-
persensitivity reaction,® whereas as IL-5 promotes activation
and the survival of eosinophils that contribute to the allergen-
induced airway inflammation.® 10
The signal transducers and activators of transcription
(STATs) play a critical role in the signaling of many cytokines.
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Seven STAT proteins have been identified in mammalian
cells: STAT1, -2, -3, -4, -5a, -5b, and -6.711.12 The importance of
STATG6 in the pathogenesis of allergic disease such as asthma
has been confirmed using STAT6-deficient mice, which have
defects in IL-4- and IL-13-mediated functions.!>15 On the
other hand, STAT4 is essential for mediating biological func-
tions of Thl-inducing cytokine IL-12, which has been shown
to attenuate allergen-induced airway inflammation.!6-18

STAT1 is a major component of signaling cascade for
IFN-v, which is another key cytokine regulating Th1 differen-
tiation.!121° STAT1 also is activated by other growth factors
and a number of other cytokines.'*-2* However, STAT1 plays
an obligate and dedicated role in mediating biological func-
tions of IFN-y and IFN-a/B.2527 A recent study showed that
STAT1 is constitutively activated in the airway epithelium of
patients suffering from chronic asthma, although there was no
evidence of increased levels of IFN-y-expressing immune
cells in the asthmatic subjects.?® Nonetheless, Thl cells can
potentiate allergic airway inflammation.?® Although all these
findings suggest that STAT1 may be involved in inducing
airway inflammation during asthma, little is known about the
role of STAT1-mediated signaling in regulating nasal inflam-
mation during allergic rhinitis.

We recently developed a murine model of allergic rhinitis,
which involves the repeated intranasal administration of
Schistosoma mansoni egg antigen (SEA) in the absence of an
adjuvant. These mice consequently show potent Th2 response
associated with nasal mucosal inflammation as well as eosin-
ophil infiltration.3® Using this experimental model, we inves-
tigated the role of STAT1 in the pathogenesis allergic rhinitis.
We found that deficiency of STAT1 impairs Th2-type cytokine
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production from the nasal lymphocytes, prevents nasal eosin-
ophilia, and blocks development of allergic inflammation.

Materials and Methods

Animal and Reagents

The wild-type BALB/c mice were obtained from
Harlan Sprague-Dawley. Mouse strains lacking STAT-1
(STAT1—/—) BALB/c mice were generated in the laboratory
of Dr. Joan Durbin by backcrossing to at least 12 generations.
Seven to 10-week-old female mice were used in all of the
experiments and were maintained in spacific patogen-free
facility according to institutional guidelines. All experimental
protocols and procedures in this study were approved by the
Institutional Care and Use Committee.

Sensitization of Mice

Mice were sensitized by repeated intranasal administration
of SEA as described previously®® with a slight modification.
Briefly, wild-type (WT) and STAT1—/— mice were sensitized
with 5 pug of SEA in the absence of adjuvant by administration
into the anterior nose once a week for 3 weeks (on days 1, 8,
and 15). One week later, mice were rechallenged by daily
administration of 1 ug of SEA intranasally for 7 consecutive
days (on days 21-28; nasal challenge). For sensitization, SEA
was delivered in 20 uL of PBS through the nostril into the
nasal cavity without anesthesia. Blood was collected by tail
snipping on 1 day before the first sensitization, 6 days after
the third sensitization, and 18 hours after the final challenge.
In addition, 18 hours after the final challenge, the mice were
killed and nasal lymphocytes were isolated by enzyme extrac-
tion with collagenase as described previously.3!

Measurement of Nasal Hyperresponsiveness

To evaluate nasal hyperresponsiveness, mice were admin-
istered histamine intranasally and the concentration of hista-
mine that causes nasal rubbing and sneezing was determined.
Briefly, 10 uL of histamine (Sigma, St. Louis, MO) in different
doses was administered into the nostrils, and nasal symptoms
(nasal rubbing and sneezing) were evaluated by counting the
number of nasal rubbings and sneezing that was caused for 5
minutes after nasal administration of histamine. The concen-
tration of histamine at which mouse rubbed >40 times and
also sneezed >5 times was identified as the threshold concen-
tration. This point was expressed to the limiting concentration
of histamine (logl0 M). The nasal responsiveness was mea-
sured 1 day before both the first sensitization and the death
(days 0 and 29).

Antibody ELISA

The levels of SEA-specific IgG1 and IgG2a in the serum
were measured by ELISA as previously described.3? Briefly,
ELISA plates were coated with SEA (2 ug/mL) in PBS, pH 9.0,
and incubated overnight at 4°C. Then, plates were blocked in
PBS with 5% nonfat powdered milk for 1 hour at 37°C. After
washing plates, serum samples were added at a dilution of
1/100 and incubated for 2 hours at 37°C. Bound antibodies
(Abs) were detected by incubation with either horseradish
peroxidase (HRP)-anti-mouse IgGl or HRP-anti-mouse
IgG2a (Southern Biothechnologies, Birmingham, AL) at a di-
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lution of 1/5000 in 75% PBS and 25% FBS. After further
incubation at 37°C for 1 hour, tetramethylbenzidine substrate
solution was added. The reaction was stopped by 5% phos-
phoric acid and outside diameter, 450 nm, was read on a
microplate reader. The serum total IgE and SEA-specific IgE
was determined also by ELISA as previously described.3’ The
detection limit of serum total IgE was 0.2 ng/mL.

Histological Examination

Mice were killed 18 hours after the final nasal challenge.
The heads were removed and fixed in 10% buffered formalin
for 24 hours. Then, they were decalcified in Cal-Ex (VWR
Scientific Products, Bridgeport, NJ) overnight and washed
free of Cal-Ex in running water for 3 hours. Coronal nasal
sections were stained with Luna solution and the number of
eosinophils in the nasal septum mucosa was counted micro-
scopically under a high power field (magnification, X400).
The degree of eosinophilia was calculated blindly from three
sections in each mouse.

In Vitro Culture of Nasal Lymphocytes Cells and
Cytokine Determination

Mice were killed 18 hours after the final nasal challenge.
Nasal lymphocytes from WT or STAT1—/— mice were iso-
lated by enzyme extraction with collagenase, as previously
described.3! The 6 X 10° cells were cultured in 48-well flat-
bottom plates in 5% CO, at 37°C with or without plate-bound
purified hamster anti-mouse CD3e monoclonal Ab (mAb; 1
pg/mL; BD Biosciences Pharmingen, San Jose, CA). Alterna-
tively, cells were cultured in the presence or absence of 4
mg/mL of SEA. After 72 hours of culture, supernatants were
harvested. IL-4, IL-5, IL-10, IL-13, and IFN-y production in
culture supernatant were measured by captured ELISA as
previously described3? (PharMingen, San Diego, CA for IL-4,
IL-5, IL-10, and IEN-vy; R&D Systems for IL-13). The detection
limits in these assays were 10 pg/mL for IL-4, 200 pg/mL for
IL-5, 10 pg/mL for IL-13, and 20 pg/mL for IFN-y.

Statistical Analysis

Results were statically analyzed using Mann-Whitney’s U
test. Differences between groups were considered significant
at the p < 0.05 level. All data were expressed as mean *+ SE.

RESULTS

STAT1—/— Mice Fail to Develop Histamine-Induced
Nasal Hyperresponsiveness after SEA Sensitization

Nasal allergic symptoms such as sneezing and nasal rub-
bing were determined in response to intranasal application
with serial concentration of histamine before the sensitization
(day 0) and after the final challenge (day 28). Before sensiti-
zation, both WT and STAT1—/— mice displayed similar his-
tamine responsiveness (Fig. 1). On day 28, response to hista-
mine application increased markedly in WT mice (p < 0.01).
In contrast, at this time, no increase in histamine responsive-
ness was observed in STAT1—/— mice (Fig. 1).

STAT1—/— Mice Fail to Develop Significant Nasal
Eosinophilia

Allergen sensitization and challenge promote a nasal in-
flammatory response characterized by infiltration of a large
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Figure 1. Histamine-induced nasal responsiveness. WT mice and
STAT1—/— mice were intranasally sensitized with SEA once a
week for 3 weeks. Then, 1 week later, all of the mice were challenged
with SEA for 7 consecutive days. The nasal hyperresponsiveness for
histamine was determined before sensitization (day 0) and after
nasal challenge (day 28). Histamine responsiveness of WT (L) and
STAT1—/— mice (@) was expressed by the threshold histamine
concentration that caused mice to sneeze >5 times and nasal rub-
bing >40 times in 5 minutes. Data shown are mean * SEM from
two independent experiments of eight mice per group. 0 in the y-axis
is equivalent to 1 M; tp < 0.01 compared with WT group.

number of eosinophils into nasal mucosa. Hence, we exam-
ined eosinophil infiltration into nasal septum in WT and
STAT1—/— mice after nasal challenge. STAT1—/— mice
showed a marked reduction in eosinophil recruitment into
their nasal mucosa as compared with WT mice, which devel-
oped significant nasal eosinophilia after sensitization (p =
0.0317; Fig. 2). The number of eosinophils into nasal septum
mucosa per field (400X) was 26.5 = 3.0 in the WT mouse
group and 5.9 = 1.7 in the STAT1—/— mouse group, respec-
tively. No nasal eosinophilia was evident in naive WT and
STAT1—/— mice (data not shown).

Analysis of Antibody Response

Serum IgE, IgG1, and IgG2a were determined in WT and
STAT1—/— mice by ELISA. After the nasal sensitization with
SEA, WT mice produced a significant amount of Th2-associ-
ated total IgE, SEA-specific IgE and IgG1, but not Thl-asso-
ciated SEA-specific IgG2a. STAT1—/— mice displayed signif-
icantly higher levels of total IgE than WT mice even before the
sensitization as well as after the sensitization. Interestingly,
STAT1—/— mice produced significantly lower levels of SEA-
specific IgG1 and IgE than WT mice (Fig. 3). Both groups
displayed basal levels of SEA-specific IgG2a.

Analysis of Cytokine Production by Nasal
Lymphocytes

To investigate whether lack of STAT1 affects cytokine pro-
duction by nasal lymphocytes in our model, we measured the
levels of Th2-associated I1L-4, IL-5, IL-10, IL-13, and Thil-
associated IFN-vy by nasal lymphocytes from SEA-sensitized
WT and STAT1—/— mice. After in vitro stimulation with
anti-CD3, nasal lymphocytes from WT mice produced a sig-
nificant amount of IL-4, IL-5, IL-10, and IL-13 (Fig. 4, A-D). On
the other hand, anti-CD3-stimulated nasal lymphocytes from
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Figure 2. Nasal eosinophilia of mice intranasally sensitized with
SEA. WT and STAT1—/— mice were intranasally sensitized with
SEA. After nasal challenge, mice were killed and coronal nasal
sections were fixed, decalcified, and stained with Luna solution.
Typical nasal sections are shown: (A) WT mouse and (B)
STAT1—/— mouse (magnification, X400; black arrows show eosin-
ophils).

STAT1—/— mice failed to produce significant amounts of
these cytokines. Regarding the production of IFN-v, there was
no significant difference between WT mice and STAT1—/—
mice (Fig. 4E). Nasal lymphocytes from both WT and
STAT1—/— mice produced very low amounts of cytokines
after in vitro stimulation with SEA. The cytokine levels were
either near or below the detection limit and there were no
statistically significant differences between the groups (data
not shown).

DISCUSSION

In this study, we used the murine model of allergic rhinitis
that we developed previously.?° In this model, Ag was given
intranasally without adjuvants, which could not only mimic
the natural exposure of the disease but also exclude the im-
munoregulatory effect of adjuvants that may distort the phys-
ical responses and bypass the need for STAT1. Our findings
show that SEA-sensitized STAT1—/— mice fail to develop
nasal hyperresponsiveness in response to histamine that as-
sociated with reduced nasal eosinophilia. Furthermore,
STAT1—/— mice also displayed significantly lower levels of
Th2-associated SEA-specific IgE and IgG1 and impaired pro-
duction of Th2-associated cytokines from the nasal lympho-
cytes. These results show that STATI is involved in the patho-
genesis of allergic rhinitis.

STAT1 has been reported to be activated by a number of
cytokines and growth factors.'>-2¢ However, STAT1-deficient
mice show a predominant signaling defect in the response to
IFN-vy and IFN-a/B.2527 Thus, STAT1—/— mice are highly
susceptible to infections with several pathogens that include
bacteria, viruses, and parasites.?>2633 STAT1 also regulates
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Figure 3. Levels of (A) SEA-specific IgE, (B) total IgE, (C) SEA-specific IgG1, and (D) 1gG2a in STAT1—/— and WT mice. WT mice and
STAT1—/— mice (n = 8 per group) were intranasally sensitized with SEA once a week for 3 weeks. Then, 1 week later, all of mice were
challenged with SEA for 7 consecutive days. WT () and STAT1—/— mice (@) were bled by tail snipping one day before the first
sensitization, on day 6 after the third sensitization, and 18 hours after the final challenge. SEA-specific IgE, total IgE, SEA-specific 1gG1,
and SEA-specific 1gG2a were measured by ELISA. Data are from two independent experiments. *p < 0.05 and fp < 0.01 compared with

the WT group.

expression of a transcription factor T-bet, which specifically
regulates IFN-y production from natural killer and CD4" T
cells.3435

Allergic diseases such as asthma usually are associated
with preferential induction of Th2-biased response and im-
paired production of Th1 cytokine such as IFN-vy, which sup-
presses disease exacerbating Th2 responses.®” For example, in
an animal model of allergic asthma, IFN-y treatment sup-
presses airway inflammation after allergen challenge.?* Con-
versely, ovalbumin-sensitized IFN-y-deficient mice show per-
sistent hyperresponsiveness and inflammation of airway.?”
STAT1 is also selectively activated in bronchial epithelial cells
of asthmatic subjects” and the epithelial STAT1 activity corre-
sponded closely with increased expression of ICAM-1.28 In-
terestingly, levels of IFN-y mRNA in bronchial epithelium
were low in both normal controls and asthmatic subjects,
indicating that the IFN-y-independent mechanism was re-
sponsible for STAT1 activation in the latter.?8

A previous study has shown that expression of intracellular
adhesion molecule (ICAM) 1 is increased in perennial allergic
rhinitis, suggesting that ICAM-1 may be involved in traffick-
ing of leukocytes into nasal mucosa during rhinitis.3¥ In a
murine model of allergic rhinitis, administration of anti-
ICAM-1 Ab blocked nasal eosinophilia and allergen-induced
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nasal symptoms.3® In humans, IFN-y, TNF-q, eosinophil ma-
jor basic protein, and eosinophilic cationic protein increase
expression of ICAM-1 on epithelial cells, resulting in in-
creased adherence of eosinophils and other leukocytes to
epithelial cells.#0 In this study, anti-CD3 stimulated nasal
lymphocytes from WT, and STAT1—/— mice produced sig-
nificant but comparable levels of IFN-vy, but the latter group
showed reduced nasal inflammation. Because STAT1 is criti-
cal for mediating most biological functions of IFN-v, it is
likely that impaired migration of leukocytes into nasal mu-
cosa in STAT1—/— mice may be caused by the inability of
these mice to up-regulate ICAM-1 rather than the imbalance
between Thl and Th2 in this model. Indeed, ongoing gene
chip microarray analysis in our laboratory has revealed that
expression of ICAM-1 is significantly reduced in lymphoid
and nonlymphoid organs from STAT1—/— mice (data not
shown). In addition, vascular cell adhesion molecule (VCAM)
1 also plays a critical role in the pathogenesis of airway
inflammation. A recent study by Quarcoo et al. using a murine
model of asthma showed that a decoy oligonucleotide neu-
tralizing STAT1 inhibited allergen-induced airway inflamma-
tion and airway hyperreactivity by attenuating up-regulation
of VCAM-1.41 Moreover, it is known that Th1 cells can pro-
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Figure 4. Production of (A) IL-4, (B) IL-5, (C) IL-10, (D) IL-13, and (E) IFN-vy by nasal lymphocytes from WT and STAT1—/— mice
sensitized intranasally with SEA. Nasal lymphocytes were isolated and cultured in vitro for 72 hours without (L) or with plate-bounded
anti-CD3 (M). Cytokines were measured by ELISA. Results were expressed as the mean = SEM. tp < 0.01 compared with WT group. Data

are pooled from two independent experiments (n = 8 per group).

duce TNF-a, which may be important for the induction of
ICAM-1 and/or VCAM-1.42

Several studies have shown that Th2-asociated cytokines
IL-4, IL-5, and IL-13 are involved in pathogenesis of allergic
diseases.*344 Although IL-4 is involved in Th2 differentiation
and IgE production,*>45 IL-5 plays a central role in the differ-
entiation, accumulation, and migration of eosinophils to the
site of inflammation.* STAT1 is a Th1-associated transcription
factor that induces IFN-y production from T cells.3435 Con-
versely, the absence of STAT1 results in an increase in Th2
cytokine production.?34¢ Interestingly, we found that T cells
from both WT and STAT1—/— mice displayed comparable
levels of CD28, and CTLA4 (CD152; data not shown), but
anti-CD3-stimulated T cells from STAT1—/— mice produced
significantly lower levels of Th2-associated IL-4, IL-5, IL-13,
and IL-10. Both WT and STAT1—/— T cells produced com-
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parable levels of Thl-associated IFN-vy. Although IFN-vy pro-
duction can be induced viz STAT1-independent pathway,*
our observations that STAT1-deficient cells produce less Th2-
associated cytokines are novel and need further investigation.
Nonetheless, taken together, these findings indicate that
STAT1-mediated signaling is involved in regulating Th2-type
but not Th1-type cytokine production from nasal lymphocytes
in this model. Furthermore, they also indicate that reduced
production of Th2-associated cytokines by nasal T cells may
partly contribute to reduced severity of allergic rhinitis in
STAT1—/— mice.

In this study, SEA-specific IgG levels were lower when
compared with those observed in our previous study.?° This
may be caused by different captured buffer, blocking buffer,
and/or manufacturer-delivered HRP-anti-mouse IgG1. Mice
were not anesthetized before delivery of intranasal SEA. Be-
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cause we deliver few amounts of solution (10 uL per nostril),
mice do not sneeze or cough during the delivery. Thus, there
were no apparent differences in SEA delivery between the
strains.

In conclusion, we have shown that STAT1—/— mice fail to
develop allergic inflammation and nasal eosinophilia after
SEA sensitization. Furthermore, failure to develop allergic
rhinitis in STAT1—/— mice is associated with reduced levels
of Th2-associated SEA-specific IgE and IgG1l and impaired
production of Th2 cytokines such as IL-4, IL-5, IL-10, and
IL-13 by nasal lymphocytes. These findings indicate that
STAT1 is involved in the pathogenesis of allergic rhinitis and
nasal airway hyperresponsiveness. This investigation pro-
vides new insights into an unexpected role of STAT1 in in-
duction of Th2-like response during allergic rhinitis and me-
diating nasal inflammation and airway hyperresponsiveness.
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