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ABSTRACT
Purpose: Thymic stromal lymphopoietin (TSLP) is a critical regulator of immune responses associ-
ated with Th2 cytokine-mediated inflammation. Intranasal administration of oligodeoxynucleotides
with CpG motifs (CpG-ODNs) might improve lower airway outcomes of combined allergic rhinitis
and asthma syndrome (CARAS), but the inherent mechanisms of CpG-ODNs are not well defined.
This study investigated whether CpG-ODNs treated to upper airway could reduce lower airway TSLP
expression as well as whether this reduction could contribute to the alleviation of lower allergic inflam-
mation and airway hyper-reactivity (AHR) in CARAS mice. Materials and Methods: Ovalbumin (OVA)-
sensitized BALB/c mice were intranasal OVA exposure three times a week for 3 weeks. CpG-ODNs or
an anti-TSLP mAb was administered to a subset of these mice 1 hour after intranasal OVA challenge,
followed by 5 days of OVA aerosol challenge. The resulting immunological variables, nasal symptoms,
and nasal mucosa and lung tissues pathology were evaluated. TSLP production in the lung tissues
and bronchoalveolar lavage fluid (BALF) were determined by RT-PCR, western blotting or enzyme-
linked immunosorbent assay. Results: The CARAS mice exhibited overexpression of TSLP in the lung
tissues and BALF, and also demonstrated significant increases in BALF and splenocyte Th2-associated
cytokine production, serum OVA-specific IgE, nose and lung pathologies, and AHR. Intranasal admin-
istration of CpG-ODNs restored TSLP in the lower airway, and it significantly reduced the following
parameters: Th2-type cytokine production levels; the percentage of eosinophils in the BALF; IL-4 and
IL-5 concentrations in the supernatants of cultured splenic lymphocytes; serum OVA-specific IgE; peri-
bronchial inflammation score in the lungs; and nose pathology and nasal symptoms. Similar results
were obtained when the CARAS mice were treated with an anti-TSLP mAb to block intranasal TSLP
activity. Conclusions: Treatment with intranasal CpG-ODNs improves lower airway immunological
variable outcomes in the CARAS model via a mechanism that possibly involves in suppressing pul-
monary TSLP-triggered allergic inflammation.

Introduction

Allergic rhinitis (AR) and asthma often coexist and
are highly prevalent.[1,2] This coexistence suggests the
concept of “combined allergic rhinitis and asthma syn-
drome (CARAS),” “united airways” or “one airway-one
disease”[3–5] because an allergy is a systemic disease
that causes symptoms in different target organs.[6] AR
is one of several risk factors for the development of
asthma in both adults and children.[7] One in three AR
patients may progress to developing asthma within 10
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years.[8] AR can complicate asthma management and
lead to poor asthma control and outcomes.[2] Thus, the
clinical signs of AR predate the development of asthma,
suggesting that AR is an entry point for subsequent
allergic diseases.

Because AR and asthma are inflammatory disor-
ders that present a Th2-dominant immune imbalance
caused by the over-production of Th2-type cytokines
and a decrease in Th1 cytokine production, design-
ing a therapeutic strategy to shift the immune response
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toward Th1 has been of special interest to researchers in
recent years.[9,10] Previous studies have demonstrated
that oligodeoxynucleotides (ODNs) with CpG motifs
(CpG-ODNs) engage Toll-like receptor 9 (TLR-9) on
dendritic cells (DCs), B-cells and other cell types as
well as induce T helper (Th)1-type reactions[11] and
concomitantly inhibit Th2 responses.[12] Recently, we
reported that targeted treatment of the upper air-
way with intranasal CpG-ODNs reduce lower airway
inflammation in a murine model of CARAS.[13] How-
ever, the precise molecular mechanisms of CpG-ODNs
that mediate interactions between the upper and lower
airways are unknown.

Thymic stromal lymphopoietin (TSLP) is one of
several epithelial-derived cytokines capable of promot-
ing type-2 immune responses,[14] which are associ-
ated with the pathogenesis of allergic inflammatory
diseases, including AR and asthma.[15] Compelling evi-
dence demonstrates that TSLP represents one of the
master switches initiating allergic inflammation and
suggests that it has a determinant role in allergic dis-
eases.[16,17] We have previously reported that TSLP
plays a pivotal role in the initiation and persistence
of airway inflammation as well as remodeling in the
context of chronic allergic asthma, thereby suggest-
ing that appropriate inhibition of TSLP expression
could be a novel therapeutic method for asthma.[18]

Other data further highlight the TSLP pathway as
a relevant target in clinical human asthma.[19] In a
double-blind, placebo-controlled clinical study, Gau-
vreau et al. have found that treatment with AMG
157, a human anti-TSLP monoclonal immunoglobu-
lin, reduced allergen-induced bronchoconstriction and
indexes of airway inflammation in patients with mild
allergic asthma.[20] However, the existence of cross talk
between CpG-ODNs and TSLP production in CARAS
remains unclear. The link between CpG-ODNs and
TSLP induction was first reported by Yamada et al.[21]

who shown that CpG-ODNs inhibit TSLP production
in human arytenoid fibroblasts. Considering that AR
and asthma share a common underlying mechanism,
AR may act as a starting point for CARAS. Therefore, it
could be reasonable to speculate that treating AR with
CpG-ODNs may improve lower airway inflammation
in CARAS by down-regulating TSLP. To explore this
hypothesis, we used our previously described murine
OVA-driven model of CARAS,[13] and we addressed
this question by determining the expression levels of
TSLP mRNA and protein involved in the intranasal

administration of CpG-ODNs during antigen chal-
lenge in CARAS mice. We focused on TSLP because its
expression levels were significantly increased in asth-
matic mice in our previous studies[18,22] as compared to
the levels of other genes.[23] To the best of our knowl-
edge, studies investigating the effects of CpG-ODNs
and TSLP on allergic disorders are rare. The current
results indicate that treatment of inflammation in the
upper airways with CpG-ODNs improved the lower-
airway inflammation and AHR in the CARAS model
via a mechanism that might suppress pulmonary TSLP.
Some results of this study were reported in the form of
abstract.[24]

Materials and methods

Mice

Female BALB/c mice (Sun Yat-sen University Ani-
mal Centre, China) were maintained under specific
pathogen-free conditions in a temperature-controlled
environment under a 12-hour light/dark cycle. At the
onset of the experiments, all animals were between 6
and 8 weeks of age. All experiments were performed
with the approval of the local Animal Ethics and Wel-
fare Committee. To induce AR, the BALB/c mice were
sensitized on days 0 and 7 by intraperitoneal injec-
tion with 10 µg of ovalbumin (OVA, grade V, Sigma,
USA), which was emulsified in 2 mg of AL(OH)3
(OVA/alum). Two weeks later, the mice were chal-
lenged while awake by instilling a 10-µL droplet of
OVA (1 mg/mL) three times a week for 3 weeks.[5,13]

Immediately after the last nasal challenge, the number
of nasal rubbing movements and sneezing movements
was recorded using a video recorder and counted for
30 minutes. Twenty-four hours after the last intranasal
application of OVA, the awake mice were challenged
with either 5 mL of 2% OVA (CARAS group) or
5 mL of PBS using an aerosol exposure technique for
30 min for 5 consecutive days. For the CpG-ODNs
experiment, the mice were intranasally administered
10 µg (1 mg/mL) of CpG-ODNs (Sangon Biotechnol-
ogy, Shanghai, China), an amount that is known to
be optimal for the stimulation of murine cells from
a pilot study[13] and another study,[25] 1 hour after
the nasal challenge (as indicated in Figure 1A). For
the TSLP-blocking experiment, the mice received an
intranasal administration of 20 µg (2 mg/mL) of anti-
TSLP mAb (α TSLP Ab) (Abcam, USA) 1 hour prior to
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Figure . Intranasal CpG-ODNs treatment suppresses upper airway inflammation and nasal symptoms. (A) Protocol for generating the
CARAS model. Mice were treated with intranasal CpG-ODNs or anti-TSLP mAb (α TSLP Ab) as described in Materials and Methods. (B)
Histopathological analysis of mouse nasal mucosal tissues (images were taken at  ×  magnification). Upper panels show H&E staining,
and lower panels show PAS staining. (C) The number of eosinophils in the nasal septum was counted using a microscope at  × 
magnification. (D and E) Nasal symptoms were presented as sneezing and scratching of the nose. Frequency of sneezing and scratching
was monitored for  minutes after last intranasal challenge. Data are presented as the mean ± SD, and the difference between groups
was significant (P < .) according to analysis of variance (ANOVA). ∗P < . or ∗∗P < . compared with the counterpart groups.

OVA administration (Figure 1A). The anti-TSLP mAb
dose was predetermined by a staining analysis of air-
way inflammation in mice that received 10–40 µg of
anti-TSLP mAb as previously described.[18] The con-
trol mice were treated with PBS in the same way as the
experimental mice, except that the OVA, CpG-ODNs,
and anti-TSLP mAb were omitted during both the sen-
sitization and challenge phases (Figure 1A).

Assessment of airway reactivity

Airway resistance was measured using a methacholine-
induced airflow obstruction with a whole-body
plethysmograph (Buxco Electronics, USA) according
to the methods described in our previous report.[13,18]

Histological examination and assessment

Nasal tissues were isolated using previously pub-
lished methods with a slight modification.[12,26] When
mice were painlessly sacrificed by cervical disloca-
tion, nasal septum mucosal tissue from six mice in
each group was fixed with paraformaldehyde, embed-
ded in paraffin, sectioned, and stained with hema-
toxylin and eosin (H&E) or periodic acid-Schiff (PAS)
to count eosinophil and goblet cells, respectively. The
pathomorphology of the mouse nasal mucosa was
observed under an optical microscope. The num-
ber of eosinophils in the submucosal region of the
nasal septum was quantified under a microscope
in five fields at 40× magnification in a blinded
manner.[27]
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Lung tissues were isolated according to our pre-
viously published methods.[13,18] The lungs were dis-
sected from the chest cavity after lavage. The left
lung was immediately fixed in 4% paraformaldehyde,
embedded in paraffin, and sectioned (5-µm slices). To
assess lower airway inflammation, the sections were
stained with H&E or PAS. The severity of peribronchial
inflammation was scored by a blinded observer accord-
ing to the previously described features.[28]

Bronchoalveolar lavage fluid (BALF) and cell
collection

Bronchoalveolar lavage fluid (BALF) was obtained by
the infusion and collection of 0.5 mL of saline. The
BALF was centrifuged at 2000 rpm for 10 min at 4°C,
and the supernatant was stored at −80°C for further
cytokine quantification by enzyme-linked immunosor-
bent assay (ELISA). The differential cell counts in the
BALF were performed as described in our previous
report.[13,18]

Enzyme-linked immunosorbent assay (ELISA) for
cytokines

The concentrations of TSLP, IL-4, IL-5, IL-13, and
IFN-γ in the BALF were measured using ELISA kits
(TSLP: Abcam, USA; IL-4, IL-5, IL-13, and IFN-γ :
Elabsciences, Wuhan, China) according to the manu-
facturer’s instructions. A total of 0.7 mL of blood from
each mouse was collected by cardiac exsanguination.
The serum levels of OVA-specific IgE were determined
using an ELISA assay (Elabsciences, Wuhan, China).
The serum total IgE levels were not detected due to the
negative results in our previous study.[13]

RNA extraction and real-time quantitative PCR
analysis

Total RNA in the right lung samples was isolated with
Trizol (Invitrogen) as described in our previous report
with slight modification.[18] The RNA was quantified
by measuring the absorption at 260 nm, and the purity
of the RNA was assayed by the ratio of absorbance at
260 nm and 280 nm. A fraction was electrophoresed
with 1% agarose to verify its integrity. The total RNA of
each sample was reverse transcribed into cDNA. Real-
time PCR was performed to measure the mRNA levels
of TSLP, IL-4, IL-5, IL-13, and IFN-γ using the primers

Table . Real-time PCR primer sequences.

Target gene Direction Sequence

TSLP Forward primer ′-ACGGATGGGGCTAACTTACAA-′
Reverse primer ′-AGTCCTCGATTTGCTCGAACT-′

GAPDH Forward primer ′-AGCTTCGGCACATATTTCATCTG-′
Reverse primer ′-CGTTCACTCCCATGACAAACA-′

IL- Forward primer ′-CCATATCCACGGATGCGACA-′
Reverse primer ′-CGTTGCTGTGAGGACGTTTG-′

IL- Forward primer ′-TGAGGCTTCCTGTCCCTACT-′
Reverse primer ′-CCCCCACGGACAGTTTGATT-′

IL- Forward primer ′-ACCGAAATGTTGATAGCGACAG-′
Reverse primer ′-ACAATGCTCTGACAAATGCGTA-′

IFN-γ Forward primer ′-CAGCAACAGCAAGGCGAAAA-′
Reverse primer ′-TCATTGAATGCTTGGCGCTG-′

described in Table 1. Using GAPDH as a housekeep-
ing gene, the mRNA was analyzed with a real-time PCR
system (AB7500, Applied Biosystems, Foster City, CA,
USA) using the following conditions: 2 minutes at 94°C
followed by 40 cycles of 20 seconds at 94°C, 20 seconds
at 58°C, and 20 seconds at 72°C.

Western blot analysis

Western blot analysis was performed as previously
described.[29] Briefly, the lung tissues lysate was cen-
trifuged to obtain the supernatant. The total protein
concentration of the supernatant was measured by a
BCA Protein Assay Kit (Pierce, USA). The lung cell
lysate proteins were separated on sodium dodecyl sul-
phate polyacrylamide gel and transferred to polyvinyli-
dene difluoride membranes (Merck Millipore, USA).
The membranes were incubated with primary anti-
bodies against TSLP (Abcam, USA) or glyceraldehyde
3-phosphate dehydrogenase (GAPDH, Abcam, USA;
used as the internal reference control) overnight at 4°C.
The membranes were then incubated with horseradish
peroxidase-conjugated secondary antibody (Boster,
China) for 1 hour. The signals were detected using
Image-Pro Plus 6.0 Analyzer software (Media Cyber-
netics, USA).

In vitro splenic cell restimulation with OVA

In our previous report, we demonstrated that CpG-
ODNs suppress Th2-type cytokines in BALF. To clar-
ify whether CpG-ODNs can modulate the Th1/Th2
cytokine profile systemically, we performed a recall
antigen response assay as our previously described.[13]

Lymphoid cells (4×105 cells per 200 µL) from spleen
were prepared after mice were sacrificed. The cells
were stimulated with 10 μg/mL OVA at 37°C in
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an atmosphere of 5% CO2 for 4 days as previously
described.[5,12,13] After the incubation, the cell-free
culture supernatants were harvested and stored for
Th2-type cytokine quantification using commercially
available ELISA kits in accordance with the manufac-
turer’s instructions (Elabsciences, China).

Data analysis

The STATA 10.0 statistical software package (Stata
Corp LP) was used for the analyses. All results are pre-
sented as the means ± SD. For statistical evaluations,
one-way ANOVA was used to calculate the overall P-
value, and Bonferroni’s multiple comparison of means
was used as a posttest. A P-value of < .05 was consid-
ered a significant difference between groups.

Results

Treatment of upper airway with intranasal
CpG-ODNs suppresses upper airway inflammation
and nasal symptoms

We first assessed the distribution and severity
of allergen-induced intranasal inflammation and
observed that the OVA intranasal challenge induced
nasal inflammation in the sensitized mice (Figure 1B).
The mice with AR and CARAS developed significant
submucosal eosinophilia compared with control mice
(both P < .01, Figure 1C). Intranasal CpG-ODNs ther-
apy and blockade of TSLP activity with an anti-TSLP
mAb resulted in fewer eosinophils than in untreated
CARAS mice (both P < .01, Figure 1C). Furthermore,
AR and CARAS exhibited goblet cell hyperplasia in the
nasal mucosa of mice, which was inhibited by the CpG-
ODNs or anti-TSLP mAb (Figure 1B). To examine the
effects of CpG-ODNs on nasal symptomatology, we
counted the number of nasal rubbings and sneezing
movements for 30 minutes immediately after the last
nasal challenge. Mice in the control group were as
quiet as before the mock treatment, and no obvious
behavioral abnormalities were observed. Compared
to the control mice, the animals with AR and CARAS
demonstrated significant increases in nasal rubbing
and sneezing (both P < .01, Figure 1D and 1E). The
number of nasal symptoms was significantly lower in
mice with CARAS that received intranasal CpG-ODNs
or anti-TSLP mAb therapy than in mice that received
no therapy (both P < .05, Figure 1D and 1E). These

findings were consistent with the changes in nasal
inflammation following CpG-ODNs or anti-TSLP
mAb treatment.

Intranasal CpG-ODNs therapy inhibits the levels of
markers of both lower airway inflammation and
airway hyper-responsiveness

The aforementioned data clearly demonstrated that the
administration of intranasal CpG-ODNs suppresses
upper airway inflammation and nasal symptoms.
Because AR predates the development of asthma,[7]

we further analyzed the levels of Th1/Th2-associated
cytokines in the BALF and lung tissues of the experi-
mental animals to elucidate the contribution of CpG-
ODNs treatment to Th1/Th2 cytokine homeostasis in
the lower airway of the CARAS model. As shown in
Figure 2A and 2B, the levels of IL-4, IL-5, and IL-13
(both protein and mRNA) were higher in the CARAS
mice than in the control animals or in the AR ani-
mals (both P < .05). CpG-ODNs or anti-TSLP mAb
intranasal treatment significantly reduced the levels of
IL-4, IL-5, and IL-13 (both protein and mRNA) com-
pared to the levels found in the CARAS mice (both P
< .05, Figure 2A and 2B). Furthermore, the CARAS
mice exhibited a significant shift in the IFN-γ /IL-4
ratio compared with the AR mice (P < .05, Figure 2C).
However, this change was significantly reversed by
intranasal CpG-ODNs or anti-TSLP mAb treatment
(both P < .01, Figure 2C). Consistently, significantly
higher levels of OVA-induced Th2-type cytokine (IL-
4 and IL-5) production were observed in the spleen
cells obtained from the mice with AR and CARAS com-
pared with control mice (both P < .05, Figure 2D).
Splenocytes and lymphocytes in BALB/c mice that
had received intranasal CpG-ODNs or anti-TSLP mAb
therapy released significantly lower levels of IL-4 and
IL-5 than the BALB/c mice that received no therapy
(both P < .05, Figure 2D).

To determine if the protective effects of CpG-ODNs
previously observed in the AR model[12] would fur-
ther inhibit lower airway cellular inflammation after
repeated exposure to aerosolic OVA, we examined the
severity of lower airway inflammation using the peri-
bronchial inflammation score.[28] We found that ani-
mals with AR exposed to OVA for 5 consecutive days
(i.e., CARAS mice) exhibited robust airway inflam-
mation that was characterized by the influx of inflam-
matory cells, including eosinophils and lymphocytes
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Figure . Intranasal CpG-ODNs therapy alters Th-type responses from lower airway and splenocytes. (A) Relative mRNA expression of
Th/Th cytokines in lung tissues of mice. mRNA expression was analyzed by real-time PCR. (B) ELISA of Th/Th-associated cytokine levels
in the BALF. (C) The IFN-γ /IL- ratio in the BALF was evaluated by ELISA. (D) Th-type cytokine production levels in culture supernatants
of splenocytes were determined by ELISA. Each bar in the diagrams represents the mean ± SD of six independent experiments. ∗P < .
or ∗∗P < . compared with the counterpart groups.

(Supplementary Figure S1A). The inflammation score
of the CARAS mice was significantly higher than that
of AR mice and control animals (both P < .01, Supple-
mentary Figure S1B) and was significantly lower than
that of mice treated intranasally with CpG-ODNs or
anti-TSLP mAb (both P < .05, Supplementary Fig-
ure S1B). The total cell number, the absolute number
of eosinophils, and the percentage of eosinophils were
higher in the BALF of CARAS mice than in that of
PBS-treated controls and the AR group (all P < .01,
Supplementary Figure S1C-E). CpG-ODNs or anti-
TSLP mAb intranasal therapy markedly inhibited

the observed values in CARAS mice (all P < .05, Sup-
plementary Figure S1C–E), except for the percentage
of lymphocytes (both P > .05, Supplementary Fig-
ure S1F). Because goblet cell hyperplasia is a common
feature of asthmatic airways, we next evaluated airway
goblet cells and mucus with PAS staining. The CARAS
mice showed significant luminal mucus hypersecre-
tion and goblet cell hyperplasia in the airway epithelia
compared to the PBS-treated control mice (Supple-
mentary Figure S1A and S1G). Pretreatment with
either CpG-ODNs or anti-TSLP mAb markedly inhib-
ited mucus hyper-secretion and goblet cell hyperplasia
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(both P < .01, Supplementary Figure S1A and S1G).
In addition, the CARAS mice subjected to intranasal
CpG-ODNs or anti-TSLP mAb therapy exhibited
significantly lower levels of OVA-specific IgE than
the CARAS mice receiving no therapy (both P < .01,
Supplementary Figure S2A). Furthermore, the CARAS
mice exhibited significantly greater responses and sen-
sitivity to inhaled methacholine than the PBS-treated
control group and the AR group, while treatment with
intranasal CpG-ODNs or anti-TSLP mAb significantly
decreased AHR (both P < .05, Supplementary Fig-
ure S2B). However, CpG-ODNs treatment did not
demonstrated a superior effect on the AHR compared
with anti-TSLP mAb treatment (P > .05, Supple-
mentary Figure S2B). These findings indicated that
a robust Th2 response was induced in the CARAS
mice. Moreover, intranasal CpG-ODNs treatment
markedly suppressed the dominant production of
Th2-type immune responses and resulted in lower
airway inflammation and methacholine-induced AHR
in the CARAS mice. Similar results were obtained after
anti-TSLP therapy with the anti-TSLP mAb. There-
fore, these data suggested that the effects of CpG-ODNs
treatment on markers of lower airway inflammation
and AHR might be mediated by the downregulation of
TSLP.

Intranasal CpG-ODNs therapy inhibits TSLP mRNA
and protein expression in the lower airway of CARAS
mice

To determine if intranasal administration CpG-ODNs
could reduce lower airway TSLP levels, which is pivotal
for the generation of Th2-type inflammation,[30,31] we
measured TSLP mRNA expression in lung tissues of
mice using quantitative real time PCR. In CARAS
mice, lung TSLP mRNA expression was significantly
increased compared to TSLP levels in AR and control
mice (both P < .01, Figure 3A). Furthermore, ELISA
indicated that the TSLP protein levels in the BALF of
CARAS mice were significantly increased compared
to those of AR mice and control mice (both P <

.05, Figure 3B). Using Western blotting, we detected
higher TSLP protein expression in the lung tissues
of CARAS mice compared to AR and control mice
(both P < .01, Figure 3C). Because TSLP production
can be induced by TLR ligands,[32] we examined the
effects of CpG-ODNs (TLR9 agonist) and anti-TSLP
mAb upper airway-targeted treatments on lower air-
way TSLP production in CARAS mice. Lung TSLP
mRNA expression was significantly reduced in treated
CARAS mice compared to untreated CARAS mice
(both P < .01, Figure 3A). Moreover, TSLP protein

Figure . Intranasal CpG-ODNs therapy inhibits TSLP expression in the lower airway of CARAS mice. (A) Relative TSLP mRNA levels in lung
were detected using real-time PCR. (B) TSLP protein concentrations in BALF were detected using an ELISA kit. (C) Western blot results for
TSLP in the lung tissues of mice. GAPDH was used as an internal control. The data shown represent the means ± SD (n =  animals per
group). ∗P < . or ∗∗P < . compared with counterpart groups.
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levels in the lung cell lysates were also significantly
reduced by threefold to fourfold in CpG-ODNs- or
anti-TSLP mAb-treated CARAS mice compared to
untreated CARAS mice (both P < .05, Figure 3C)
as determined by western blotting (Figure 3C). Fur-
thermore, the ELISA demonstrated that TSLP protein
levels in the BALF of CARAS mice were significantly
reduced when the CARAS mice were subjected to
intranasal CpG-ODNs or anti-TSLP mAb treatment
(both P < .05, Figure 3B). Taken together, these results
demonstrated that targeted treatment of nasal mucosal
tissue in the upper airway with CpG-ODNs suppresses
TSLP mRNA and protein levels in the lower airway of
CARAS mice. Comparable results were observed when
TSLP activity was neutralized with an anti-TSLP mAb.

Discussion

Individuals with one atopic disease are far more likely
to develop a second disease.[33] The hypothesis of
the “atopic march” has gained popularity in recent
years. AR could act as the starting point of the atopic
march.[34] Murine models have identified TSLP as a
key molecule for atopic march progression.[33,35] The
“hygiene hypothesis,” which was combined with known
features of the atopic march,[36] links an increased risk
of atopic disease with reduced microbial exposure dur-
ing childhood. Toll-like receptors (TLRs) are found on
the cell surface and within the cell, where they facilitate
the recognition of and response to microbes and their
components. CpG-ODNs resemble bacterial DNA and
act as TLR9 agonists. Previous studies have examined
the effects of CpG-ODNs on allergic inflammation.
Mice treated with CpG-ODNs exhibit markedly less
nasal scratching and sneezing in addition to decreased
eosinophilic upper airway inflammation.[37] Our pre-
vious study also demonstrated that intranasal admin-
istration of CpG-ODNs significantly relieves lower-
airway inflammation and AHR in CARAS mice.[13]

Taken together, these results lend support to the uni-
fied airway theory, suggesting that upper airway treat-
ment can affect lower airway inflammation. Intranasal
administration of CpG-ODNs might be a novel ther-
apeutic strategy for the treatment of CARAS. How-
ever, the molecular and cellular pathways that cause
the effects of CpG-ODNs treatment on the interaction
between the upper and lower airways remain unex-
plored. Because TSLP can be induced by exogenous
stimuli, such as TLR ligands,[38] we hypothesized that

the effects of CpG-ODNs (TLR 9 agonist) on the nose-
lung interaction might be mediated through TSLP.

Our results suggested that the OVA-sensitized mice,
which were subjected to three weeks of continuous
intranasal OVA exposure followed by 5 days of OVA
aerosol challenge (i.e., CARAS mice), not only had
local upper airway nasal eosinophilia inflammation
and goblet cell hyperplasia (Figure 1) but also had
Th2-mediated lower airway lung inflammation. The
inflammation was demonstrated by dramatic increases
in the levels of IL-4, IL-5, and IL-13 in the lower airway
(both protein and RNA levels) as well as by BAL cel-
lularity, lung pathology, increased serum OVA-specific
IgE levels, and methacholine-induced AHR (Figure 2,
Supplementary Figures S1 and S2). In addition, the
CARAS mice exhibited overproduction of TSLP in
lung tissues and BALF (Figure 3). Although used only
in the upper airway, intranasal treatment with CpG-
ODNs markedly suppressed not only the upper air-
way nasal inflammation and nasal symptoms (Figure 1)
but also the dominant production of Th2-type immune
responses, lower airway inflammation and AHR in the
CARAS mouse model (Figure 2, Supplementary Fig-
ures S1 and S2). Furthermore, CpG-ODNs treatment
suppressed TSLP mRNA and protein expression in the
lower airway of CARAS mice (Figure 3). Similar results
were obtained when the CARAS mice were subjected
to intranasal blockade of TSLP activity using an anti-
TSLP mAb (Figures 2 and 3, Supplementary Figures S1
and S2). Because CpG-ODNs treatment suppressed
the levels of TSLP expression in the lower airway of
CARAS mice with comparable results to the use of
intranasal administration of a TSLP-neutralizing anti-
body, we, therefore, think that the suppression of pul-
monary TSLP might participate in the effects of CpG-
ODNs on lower airway inflammation.

However, it is necessary to point out that our
present data could not exclude completely the pos-
sibility that CpG-ODNs reduced TSLP production
indirectly by feedback of the inhibition of CpG-
ODNs on CARAS via a mechanism that may involve
CD4+CD25+Foxp3+ regulatory T cells (Tregs), which
are known to suppress the activity of effector T lym-
phocytes[39] by releasing anti-inflammatory cytokines
such as IL-10.[40,41] Asthma patients are known to have
fewer and less functional Tregs.[42–44] CpG-ODNs have
been shown to modulate Th2 inflammation in the
lung by induction of Tregs in a cockroach-induced
asthma model,[45] and increasing CD4+Foxp3+ Tregs
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might suppress TSLP and Th17 responses in the air-
ways.[39] IL-25 may affect Tregs activity[46] and pro-
mote and augment Th2 responses locally or system-
ically. Although growing evidence from experimental
and clinical studies indicates that the expression of IL-
25 is markedly upregulated in asthmatic conditions,[47]

the details underpinning how IL-25 orchestrates type
2 immunity have only been uncovered.[48] IL-25 may
activate mDCs to initiate type 2 immune responses
in the airway, and also prime pDCs to enhance host
defense against airway virus infection, as evidenced by
pDCs stimulated in vitro with IL-25 increase expres-
sion of TLR9 and show heightened activation responses
to TLR9 agonists.[49] Both IL-25 and TSLP can induce
production of Th2-type cytokines; however, the rela-
tionships between TSLP and IL-25 still require further
investigation.[48] Because Tregs and IL-25 are known to
regulate aberrant immune responses, such as those that
occur in asthma, it is valuable if we investigate a role for
Tregs and IL-25 in CpG-ODNs -mediated suppression
of OVA-induced CARAS, which might be a priority for
our future research.

To avoid nasal instillation of CpG-ODNs or anti-
TSLP mAb deposition in the lung, we repeatedly
applied a small volume (10-µL) droplet of OVA, PBS
to the nose of awake mice over the course of 3 weeks
as described in our previous study[13] and Klein-
Jan et al.[5] In contrast, many study groups used a
large volume of nasal aspiration to challenge sensitized
mice, which may lead to significant antigen deposi-
tion in the lungs and concomitant nasal and pulmonary
inflammation.[50] As demonstrated in Figure S1, sig-
nificantly higher percentages and absolute numbers of
eosinophils were present in the BALF of the CARAS
mice compared with the control mice. Few eosinophil-
ias were detected in the AR model (Supplementary Fig-
ure S1). The levels of Th2 cytokines in the BALF were
significantly higher in the CARAS mice than in the AR
or control animals (Figure 2). Based on these findings,
we are convinced of the validity of the CARAS model
for the study of the upper- and lower-airway interac-
tion. Thus, the suppression of lower-airway inflamma-
tion that was observed in the mice that received the
nasal instillation of CpG-ODNs in the present study
might have been due to treatment of inflammation in
the upper airways rather than pulmonary CpG-ODNs
deposition.

Based on the knowledge gained thus far, CpG-ODNs
are important contributors to Th1/Th2 cytokine

homeostasis and might be an effective alternative
to corticosteroids for the management of AR and
asthma. CpG-ODNs involving TLR 9 hold consider-
able promise as a novel immunotherapeutic agent for
the treatment of allergic diseases, especially CARAS.
Naturally, certain limitations must also be considered.
Differences in the immune responses between mice
and humans demand care when extrapolations are
made. Although OVA is the most widely studied aller-
gen, it is not the strongest Th2 inducer and lacks the
intrinsic enzymatic (e.g., protease) activities possessed
by most natural allergens.[36,51] However, together
with the results of other studies, our results provide
a rationale for conducting clinical trials using CpG-
ODN-based immunomodulation for the treatment
of patients who suffer from both AR and asthma.
CpG-ODNs have been currently used in clinical trials.
It was recently reported that treatment with CYT003,
which is a TLR-9 agonist immunomodulator and
consists of a bacteriophage capsid filled with an CpG,
significantly improved patient reported measures and
change in FEV1 in patients with mild-to-moderate per-
sistent allergic asthma in a Phase 2a clinical study,[52]

but CYT003 is ineffective as an add-on therapy to
ICS plus LABA in patients with moderate-to-severe
allergic asthma in a Phase 2b study.[53] The reasons
for apparent discrepancy between Phases 2a and 2b
study could relate to differences in disease severity
and experimental design (mild and well-controlled
asthma with undergoing controlled steroid withdrawal
versus moderate-to severe asthma with ICS/LABA
therapy). Indeed, patients with insufficiently con-
trolled moderate-to-severe asthma receiving medium-
to-high doses of ICS pose a potentially huge hurdle in
clinical trials, as there may only be a narrow window
for further improvements. Therefore, the results of the
Phase 2b study should not preclude future studies from
targeting TLR-9 in allergic asthma, as this approach is
based on convincing scientific rationale.[47]

In conclusion, our present study suggested that the
direct treatment of the upper airway with CpG-ODNs
improves lower airway inflammation and AHR pos-
sibly involves in restoring the overexpression of pul-
monary TSLP. The results of our study elucidated
a novel mechanism for CpG-ODNs treatment and
implicated CpG-ODNs as novel therapeutic agents for
CARAS. AR and asthma are now increasingly being
diagnostically and therapeutically approached via the
“one airway concept.” Optimal treatment consists of a
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combined strategy to treat the upper and lower airways,
thus ensuring an acceptable efficacy/safety ratio. There-
fore, future clinical studies for the CpG-ODNs treat-
ment of patients with coexisting conditions might be
warranted based on these data.
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