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Development of a mouse model of eosinophilic chronic
rhinosinusitis with nasal polyp by nasal instillation
of an Aspergillus protease and ovalbumin
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Abstract One subtype of chronic rhinosinusitis with nasal
polyps (CRSwNP) is characterized by the development of
a T-helper type 2 (Th2) response and eosinophilic infiltra-
tion. Here, we aimed to establish an eosinophilic CRSwNP
murine model, which would be essential to understand the
underlying pathogenesis and establish a treatment strat-
egy. C57BL/6 mice were challenged intranasally with a
mixture of an Aspergillus oryzae-derived protease (AP)
and ovalbumin (OVA) for 6, 8, or 12 consecutive weeks
(12 mice/group); control mice received the same volume of
phosphate-buffered saline for 12 weeks (n = 12). Sinona-
sal samples were evaluated histologically, and interleukin
(IL)-4, IL-5, IL-13, eotaxin, keratinocyte chemoattractant,
and macrophage inflammatory protein-2 mRNA levels in
sinonasal mucosa were measured by real-time PCR. Protein
levels of Th2 cytokines, INF-y, IL-17A, and chemokines in
nasal lavage fluid, and total serum IgE were measured by
ELISA. Greater eosinophil infiltration in the subepithelial
layer was observed in the challenged groups, compared with
the control group. Polypoid mucosal lesions were predomi-
nantly observed in the 12-week group, which also exhibited
mucosal thickening on micro-CT scans. The IL-4, IL-5,
and IL-13 mRNA and protein levels were elevated in the
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sinonasal mucosa and nasal lavage fluid. INF-y and IL-17A
were undetectable or not elevated relative to the control
group levels. In contrast, eotaxin levels were particularly
elevated in the sinonasal mucosa and nasal lavage fluid in
the 12-week group. In conclusion, intranasal AP and OVA
exposure successfully induced Th2-specific CRSwNP in a
murine model.
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Introduction

Chronic rhinosinusitis with nasal polyps (CRSwNP) is
a chronic inflammatory disease of the sinonasal cavity
mucosa; this disease has a multifactorial etiology and is
often associated with other respiratory diseases such as
asthma, aspirin hypersensitivity, idiopathic bronchiectasis,
and cystic fibrosis [1, 2]. Nasal polyps (NP) can be classi-
fied as eosinophilic or non-eosinophilic polyps, based on
the dominant inflammatory cell types. Among the various
CRSwNP types, eosinophilic CRSwNP, which is character-
ized by a marked increase in the expression of T-helper type
2 (Th2) cytokines and eosinophilic infiltration, is among the
most common and clinically significant, and it is difficult to
treat and is prone to recurrence [3, 4]. The establishment
of an appropriate murine model of eosinophilic CRSwNP
may be a critically important step toward improving treat-
ment. Several animal models of chronic rhinosinusitis (CRS)
are currently available. However, researchers lack an easily
inducible and appropriate animal model that accurately rep-
resents the human counterpart of eosinophilic CRS, espe-
cially with regard to successful NP development.
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In a previous study, we developed a murine model of
eosinophilic CRS without nasal polyps via intranasal chal-
lenge with an Aspergillus oryzae protease (AP) plus oval-
bumin (OVA) (AP + OVA) for 5 weeks without intraperito-
neal OVA sensitization [5]. In the present study, we tested
and confirmed the hypothesis that extended exposure to
AP + OVA may induce eosinophilic CRSwNP by devel-
oping a Th2-specific eosinophilic CRSwNP murine model
induced by prolonged intranasal treatment with AP + OVA.

Materials and methods
Eosinophilic CRSWNP murine model

C57BL/6 mice (5 weeks old) were purchased from Orient
Bio Inc. (Sungnam, Korea). The mouse intranasal challenge
was performed as previously described [5], with slight modi-
fications. Briefly, a mixture of 2 U AP (Sigma-Aldrich, St.
Louis, MO, USA) and 75 pg OVA (grade V; Sigma-Aldrich)
was diluted in sterile phosphate-buffered saline (PBS) to a
total volume of 20 pl and was intranasally instilled into each
mouse 3 times per week for a total of 6, 8, or 12 weeks (12
mice per group). Control mice were administered 20-pl PBS
but were otherwise treated identically (12 mice per group).
After nasal instillation, the mouse head was maintained
in a downward position to prevent reagent influx into the
lungs. Histological and nasal lavage fluid analyses involved
seven mice per group, whereas sinonasal tissue mRNA lev-
els were measured in five mice per group. All experiments
were approved by the Institutional Animal Care and Use
Committee of the Asan Institute for Life Science (2015-12-
012) and conducted according to international guidelines on
animal experimentation.

Histological analysis

At the end of the experiment, the mice were decapitated and
the skulls were fixed in 10% neutral-buffered formalin for
1 day, decalcified, and embedded in paraffin. The embed-
ded tissue was cut into serial 4-pm-thick coronal sections
and stained with hematoxylin and eosin (H&E) to detect
NP lesions, Sirius red to detect eosinophils, and an anti-
mouse neutrophil monoclonal antibody (1:200, NIMR-R14,
ab2557, Abcam, Cambridge, UK) to detect neutrophils in the
subepithelial layer. NP lesions were defined as distinct eleva-
tions of the mucosa with eosinophil infiltration and micro-
cavity formation [6]. The true maxillary sinus and ethmoid
labyrinths were also identified. The numbers of NP lesions
and infiltrating eosinophils were counted in two coronal sec-
tions using a high-power field (HPF; 400X magnification),
and the average value from four different areas was used for
between-group comparisons. This analysis was performed
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independently by two examiners blinded to the group assign-
ments. When the values from the two examiners differed by
10%, a consensus was reached via a simultaneous review
of the slides under a multihead microscope. On the same
two coronal sections, the maximal subepithelial thickness
at the transition zone between the olfactory and respiratory
epithelia of the ethmoid labyrinths was measured using an
image analysis system (cellSens Standard software version
1.7; Olympus, Tokyo, Japan) [7].

Micro-CT evaluation

One day before sacrifice, the skull of each mouse in the
12-week group was subjected to micro-CT scanning (Sky-
scan 1176; Bruker-microCT, Kontich, Belgium) with an
18-um resolution protocol. Each mouse was sedated with
an intraperitoneal injection of Zoletil (15 mg/kg) and Rum-
pun (5 mg/kg). For the sinusitis evaluation, the same coronal
plane showing the true maxillary sinuses and ethmoid laby-
rinths was selected for each mouse.

Analysis of mRNA and protein levels of cytokines
and chemokines in the sinonasal mucosa and nasal
lavage fluid

Total mRNA from the sinonasal mucosa was prepared
using a RNeasy Mini Kit (Qiagen, Venlo, The Netherlands),
and the levels of interleukin (IL)-4, IL-5, IL-13, eotaxin/
chemokine (C-C motif) ligand 11 (CCL11), keratinocyte
chemoattractant/chemokine (C—X-C motif) ligand 1 (KC/
CXCL1), and macrophage inflammatory proten-2/chemokine
(C-X~C motif) ligand 2 (MIP-2/CXCL2) mRNA were deter-
mined. Primers were purchased from Bioneer (Daejeon,
Korea). cDNA was synthesized using the M-MuLV reverse
transcriptase (RT-&GOTM kit, MP Biomedicals, Santa Ana,
CA, USA) and specific primers for IL-4 (forward: 5'-GGT
CTCAACCCCCAGCTAGT-3'; reverse: 5'-GCCGATGAT
CTCTCTCAAGTGAT-3'), IL-5 (forward: 5'-GGGCTTCCT
GCTCCTATCTA-3'; reverse: 5'-CAGTCATGGCACAGT
CTGAT-3'), IL-13 (forward: 5'-CCTGGCTCTTGCTTG
CCTT-3"; reverse: 5'-GGTCTTGTGTGATGTTGCTCA-3’,
eotaxin/CCL11 (forward: 5'-CTGCTTGATTCCTTCTCT
TTCCTAA-3'; reverse: 5'-GGAACTACATGAAGCCAA
GTCCTT-3"), KC (forward: 5'-TGGCTGGGATTCACCTCA
A-3"; reverse: 5'-GAGTGTGGCTATGACTTCGGTTT-3"),
and MIP-2 (forward: 5'-ACCAACCACCAGGCTACAG-3
reverse: 5'-GCGTCACACTCAAGCTCT-3'). The reactions
were performed using a LightCycler 480 real-time PCR sys-
tem (Roche, Pleasanton, CA, USA).

Nasal lavage fluid was collected as previously described
[5]. Briefly, after a partial tracheal resection was performed
under anesthesia, a 24-gauge catheter was inserted into the
tracheal opening in the direction of the posterior choanae.
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Thereafter, 400 pl of PBS was gently introduced into the
nasal cavity, and the fluid from the nostril was collected and
centrifuged. The levels of IL-4, IL-13, interferon (IFN)-vy,
IL-17A, KC/CXCL1, and MIP-2/CXCL2 in the nasal lav-
age fluid were measured using a multiplex immunoassay
(ProcartaPlex® Multiplex Immunoassays, eBioscience,
Vienna, Austria) according to the manufacturer’s protocols.
The concentrations of IL-5 and eotaxin/CCL11 were meas-
ured using the DuoSet Mouse ELISA Kit (R&D Systems,
Minneapolis, MN, USA) according to the manufacturer’s
instructions.

Analysis of serum total IgE levels

The serum levels of total IgE were measured using the
BD OptEIA™ Mouse IgE ELISA Set (BD Pharmingen,
San Diego, CA, USA) according to the manufacturer’s
instructions.

Fig. 1 Histologic findings of mice challenged with Aspergillus
protease and ovalbumin for 6-, 8-, and 12 weeks. a Mucosal bulges
(arrowheads) were detected in the 8- and 12-week groups, which also
developed polypoid lesions (arrows). Hematoxylin—eosin stain (left
column), sirius red stain (middle column), and neutrophil-specific

Statistical analysis

Between-group comparisons were performed using a non-
parametric Mann—Whitney U test. Statistical analyses were
performed using SPSS statistical software (version 16.0;
SPSS, Chicago, IL, USA). A p value of <0.05 was consid-
ered statistically significant.

Results
Histological analysis

Polypoid lesions were observed in 6 of the 7 mice (85.7%)
in the 12-week group (Fig. 1a, b). Only 3 of the 7 mice
(42.9%) in the 8-week group had polypoid lesions, whereas
none of the mice in the 6-week group had polyps. Addition-
ally, no polypoid lesions were observed in the control group.

b Hk
1%
c
2
7]
2
-]
I}
=3
2
o
Q
s
]
z
Control 6-week 8-week 12-week
c Fkk
200 ok
i *k
T 150
2
g 100:
o
£
2 50
w
o T T T T

Control 6-week 8-week 12-week

immunohistochemistry (brown, right column) (X400 magnification).
b In the 12-week group, polypoid lesions were found in 6 out of 7
mice (85.7%). ¢ Eosinophil counts in the 6-, 8-, and 12-week groups
were significantly elevated, compared to the control group. *p < 0.05;
**p < 0.01; ***p < 0.001
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Significantly greater numbers of infiltrating eosinophils were
observed in the 6-week (127.3 + 47.9 cells/HPF), 8-week
(118.5 £ 69.3 cells/HPF), and 12-week (105.4 + 45.0 cells/
HPF) groups, compared with the control group (0.4 + 0.9
cells/HPF) (p = 0.003, p = 0.002, and p = 0.003, respec-
tively); however, the eosinophil counts did not differ sig-
nificantly among the 6-, 8-, and 12-week groups (Fig. la,
¢). Eosinophilic exudates and Charcot-Leyden crystal-like
materials were also observed in the 6-, 8-, and 12-week
groups. Thus, the AP + OVA intranasal challenge likely
induces polyp formation between 8 and 12 weeks of expo-
sure. Furthermore, we observed no prominent increase in
infiltrating neutrophils in the lamina propria of AP + OVA
challenged mice (Fig. 1a). The maximal subepithelial thick-
ness was significantly greater in the 6- (84.5 + 20.9 pm),
8- (95.0 £+ 21.8 pm), and 12-week (102.7 + 20.8 pm) groups
relative to the control group (42.0 + 21.7 pm) (p = 0.010,
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Fig. 2 Subepithelial thicknesses in experimental mice challenged
with Aspergillus protease and ovalbumin for 6-, 8-, and 12 weeks.
The maximal subepithelial tissue thicknesses were greater in the
6-, 8-, and 12-week groups than in the control group. **p < 0.01;
***p < 0.001

p =0.002, and p = 0.003, respectively). Although the sub-
epithelium thickness tended to increase over time, the dif-
ferences observed between the 6-, 8-, and 12-week groups
were not statistically significant (Fig. 2).

Micro-CT evaluation

Coronal CT scan images of the 12-week group appeared
consistent with the histology findings. The CT findings
from the 12-week group included diffuse mucosal thicken-
ing of the nasal septum, ethmoid labyrinths, and true maxil-
lary sinuses. These mice also exhibited an uneven mucosal
surface, whereas control mice exhibited a smooth and thin
mucosal lining (Fig. 3).

Th1/2/17 cytokines and chemokines in sinonasal
mucosa and in nasal lavage fluid

The AP + OVA-challenged groups exhibited elevated lev-
els of IL-4, IL-5, IL-13, and eotaxin/CCL11 mRNA in the
sinonasal mucosa (Fig. 4a). Notably, the IL-5 mRNA levels
in the 6-, 8-, and 12-week groups were significantly higher
than those in the control group (p = 0.021, p = 0.021, and
p = 0.021, respectively). The eotaxin/CCL11 mRNA level
was also significantly elevated in the 12-week group relative
to the control, 6-, and 8-week groups (p = 0.016, p = 0.029,
and p = 0.029, respectively). In contrast, the mRNA levels
of KC/CXCL1 and MIP-2/CXCL2 did not differ significantly
among the experimental groups (AP + OVA challenged and
control) (Fig. 4b).

The IL-4, IL-5, and IL-13 protein levels in the nasal lav-
age fluid were significantly elevated in the three AP + OVA-
challenged groups. In particular, the IL-4 levels were signifi-
cantly higher in the 12-week group than in the 6-and 8-week

Fig. 3 Micro-CT scan images. The control group (a) exhibits smooth and thin mucosa, whereas the 12-week group (b) exhibits uneven and dif-

fusely swollen mucosa (arrow)
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Fig. 4 mRNA levels of T-helper type 2 (Th2) cytokines and
chemokines in the sinonasal mucosa of mice challenged with Asper-
gillus protease and ovalbumin for 6-, 8-, and 12 weeks. The mRNA

groups (p < 0.001and p = 0.03, respectively) (Fig. 5a). In
contrast, the IFN-y and IL-17A levels remained undetect-
able or did not differ among the study groups (Fig. 5b). The
eotaxin/CCL11 protein levels were significantly higher in
the 6-, 8-, and 12-week groups than in the control group
(» =0.001, p < 0.001, and p < 0.001, respectively). Further-
more, the eotaxin/CCL11 levels were significantly higher
in the 12-week group than in the 6-and 8-week groups
(p =0.03 and p = 0.001, respectively) (Fig. 5c). The protein
levels of KC/CXCL1 and MIP-2/CXCL2 were elevated in
all three AP + OVA challenged groups than in the control
group, whereas the MIP-2/CXCL2 levels were elevated only
in the 12-week group relative to the 6- and 8-week groups
(p =0.008 and p = 0.15, respectively) (Fig. 5c).

Total serum IgE levels

The total serum IgE levels were higher in AP + OVA-
challenged mice than in control mice (30.7 + 13.3 ng/ml).
However, there were no significant differences in the total
serum IgE levels among the 6- (324.31 + 175.5 ng/ml), 8-
(491.1 £+ 387.8 ng/ml), and 12-week (415.6 £+ 146.5 ng/ml)
groups (Fig. 6).

Discussion
In the present study, we successfully developed a murine

model of eosinophilic CRSwNP via the nasal instillation
of AP and OVA without systemic sensitization. This model
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levels of IL-4, IL-5, IL-13, and eotaxin/CCL11 were significantly
elevated in the AP + OVA-challenged groups relative to controls.
*p <.0.05

showed histological changes typical of human eosinophilic
CRSwNP, including polypoid lesions, eosinophil infiltration,
epithelial thickening, and subepithelial fibrosis. The levels of
IL-4, IL-5, IL-13, and eotaxin/CCL11, but not IFN-y and IL-
17A, were elevated in both the sinonasal mucosa and nasal
lavage fluid. In humans, eosinophilic polyp is characterized
by edematous stroma containing numerous eosinophils and
a thickened basement membrane [8]. Despite interspecies
differences, previous researchers defined the features of
eosinophilic NP in mice as mucosal bulges with eosinophilic
infiltration and microcavities, similar to human NP [6, 8]. In
the current study, NP lesions were successfully established
and exhibited eosinophilic infiltration with mucosal bulging,
microcavities, and a thickened subepithelial layer. Micro-
CT scans of mice in the 12-week group revealed diffuse
thickening and irregular surfaces in the sinonasal mucosa,
but did not provide detailed evidence for mucosal bulging,
compared with the histologic findings.

A few attempts have been made to develop an animal
model of NP associated with CRS. In one previous study,
Staphylococcus aureus enterotoxin B (SEB) was used as an
adjuvant to induce NPs in an allergic CRS murine model [6].
In that study, a mixture of SEB and OVA was administered
through the mouse nostril to trigger an allergic reaction and
successfully establish an NP lesion. However, that model
required systemic sensitization with OVA, followed by daily
intranasal instillation with OVA from day 12 to day 17, a
thrice-weekly intranasal challenge with OVA from day 21 to
day 102, and a once-weekly SEB challenge day 49 through
day 102 after OVA instillation [6, 9, 10]. Lindsay et al. [11],
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Fig. 5 Protein levels of T-helper type 1 (Th1)/Th2/Th17 cytokines
and chemokines in the nasal lavage fluid of mice challenged with
Aspergillus protease (AP) and ovalbumin for 6-, 8-, and 12 weeks.
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Fig. 6 Total serum IgE levels in mice challenged with Aspergillus
protease (AP) for 6-, 8-, and 12 weeks. The total serum IgE levels
were greater in AP + OVA-challenged mice than in control mice.
**%p < 0.001
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IL-4, IL-5, and IL-13 protein levels were significantly elevated in
the 3 AP + OVA-challenged groups relative to controls. *p < 0.05;
*#p < 0.01; #*¥p < 0.001

also developed a murine model of eosinophilic CRS without
NP using an A. fumigatus extract for both the sensitization
(intraperitoneal) and challenge (intranasal) material. In con-
trast, the experimental protocol used in the current study was
relatively simple and did not require systemic sensitization.
The entire protocol required a thrice-weekly AP + OVA
intranasal instillation for 12 consecutive weeks. Although
we did not observe an advantage with respect to the duration
of polyp development, our protocol could minimize the risk
of investigator errors during a long experimental period, and
may increase the reproducibility of eosinophilic CRSWNP
mouse generation.

Fungi are well-known inhaled antigens and have been
strongly linked to human allergic illnesses. Several studies
have assessed the allergenicity of A. fumigatus in the air-
ways. This species was found to readily induce allergic lung
inflammation when administered only topically, without the
need for additional adjuvants [12, 13]. According to previous
reports, protease activity is the main mechanism by which
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airway hyper-responsiveness to fungal extracts is induced
[14, 15]. In a study by Kheradmand et al. the inhalation
of protease-active A. oryzae, but not its protease-inactive
counterpart, elicited nearly equivalent airway hyper-respon-
siveness in the presence or absence of OVA, suggesting that
the protease is a key inducer of allergic inflammation in the
airway mucosa [14]. In our previous study, we noted that
topical nasal challenges with AP + OVA over 5 consecu-
tive weeks could induce more severe allergic inflamma-
tion in mice, compared with OVA alone [5]. In the present
study, prolonged intranasal exposure to AP + OVA over
12 weeks induced the development of Th2-specific eosino-
philic CRSwNP in mice. Aspergillus-derived proteases may
contribute to NP development by inducing allergic inflam-
mation, as well as by causing damage to the epithelial layer
and thus enhancing presentation to the immune system
(Th2 response) [16]. Because eosinophilic CRSwWNP can
be classified as an allergic airway disease, the majority of
CRS mouse model studies have adopted and modified aller-
gic airway disease animal models to generate eosinophilic
CRSwNP mouse models [6, 9, 10, 17].

In the present study, we assessed the time course of intra-
nasal challenge with AP + OVA. All mice but one (85.7%)
developed polyps after a 12-week challenge. Subepithelial
eosinophil infiltration was enhanced after a 6-week chal-
lenge, consistent with the results of a previous study [5]
wherein an eosinophilic CRS murine model was developed
via intranasal challenge with AP + OVA within 5 consecu-
tive weeks and was sustained for 12 weeks. Furthermore,
in the present study, the mRNA levels of IL-5 and eotaxin/
CCL11 in the sinonasal mucosa were significantly higher in
the 6-, 8-, and 12-week AP + OVA-challenged groups than
in the control group. In the nasal lavage fluid, the levels of
Th2 cytokines and eotaxin/CCL11 were also elevated in the
6-, 8-, and 12-week AP + OVA-challenged groups. Notably,
the levels of eotaxin/CCL11 in sinonasal mucosa and nasal
lavage fluid were significantly greater in the 12-week group
than in the 6- and 8-week groups. These results suggest that
the period of exposure to an eosinophilic Th2-milieu condi-
tion is among the most important factors affecting NP devel-
opment. Moreover, our model may reflect a Th2-specific
CRSwNP murine model that is distinct from the OVA plus
SEB-induced CRSwNP murine model, which exhibits mixed
Th1/Th2/Th17 features [9].

Our study had certain limitations. First, we did not clarify
the discordance between the mRNA levels of the neutro-
philic chemokines KC/CXCL1 and MIP-2/CXCL2 in the
sinonasal mucosa and the corresponding protein levels
in the nasal lavage fluid from the AP + OVA challenged
groups; specifically, the protein levels of these chemokines
were increased in the nasal lavage fluid, although the
mRNA levels were not elevated in the sinonasal mucosa.
However, as an immunohistochemistry analysis with an

anti-neutrophil-antibody did not reveal increased neutro-
phil infiltration in the subepithelial layer, the mRNA levels
of these chemokines in the sinonasal mucosa might be a
more reliable measure than the protein levels in nasal lavage
fluid. Second, the sample size in each experimental group
was relatively small. However, other sinusitis animal model
studies also used fewer than 10 mice/group. Additionally,
we used this model in other studies, where we consistently
identified polypoid tissues in a 12-week exposure model.

Conclusion

In conclusion, we developed an eosinophilic CRSwNP
mouse model via the local instillation of AP and OVA. Our
results identify the exposure period to a Th2 milieu con-
sequent to the AP and OVA challenge as one of the most
important factors affecting eosinophilic NP development.
The elevated levels of Th2-specific cytokines and eosino-
philic chemokines in the sinonasal mucosa and nasal lavage
fluid indicate that our model may serve as a useful tool for
studying the pathophysiology of eosinophilic CRSwNP.
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