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Objectives. Limited information is available regarding strain-related differences in mouse models of allergic rhinitis induced
by Dermatophagoides farinae (Der f1). In this study, we compared differences between two mouse strains and deter-
mined the optimal dose of Der f1 for allergic rhinitis mouse models.

Methods. Forty-eight mice were assigned to the following six groups (n=8 per group): group A (control, BALB/c), group B
(Der f1-sensitized BALB/c, 25 pg), group C (Der f1-sensitized BALB/c, 100 pg), group D (control, C57BL/6), group E
(Der f1-sensitized C57BL/6, 25 pg), and group F (Der f1-sensitized C57BL/6, 100 pg). Allergic inflammation was in-
duced with Der f1 and alum sensitization, followed by an intranasal challenge with Der f1. Rubbing and sneezing
scores, eosinophil and neutrophil infiltration, and immunoglobulin, cytokine, and chemokine levels in the nasal mu-
cosa and from splenocyte cultures were assessed.

Results. Rubbing and sneezing scores were higher in groups B, C, E, and F than in groups A and D, with a similar pattern in
both strains (i.e., group B vs. E and group C vs. F). Serum immunoglobulin levels were significantly elevated compared
to the control in groups B and C, but not in groups E and F. Eosinophil and neutrophil infiltration increased (all P<0.05)
after the Der f1 challenge (groups B, C, E, and F) compared to the control (groups A and D) in both the BALB/c and
C57BL/6 strains, without any significant difference between the two strains (group A vs. D, group B vs. E, and group
C vs. F) (P>0.05). BALB/c mice (group B) showed a greater elevation of splenic interleukin (IL)-4 (P<0.01), IL-5
(P<0.01), and IL-6 levels (P<0.05) and nasal IL-4 mRNA levels (P<0.001) than the C57BL/6 mice (group E). Inter-
estingly, mice treated with 100 pg Der f1 showed a weaker allergic response than those treated with 25 pg.

Conclusion. We found 25 pg to be a more appropriate dose for Der f1 sensitization. BALB/c mice are more biased toward
aTh2 response and are a more suitable model for allergic rhinitis than C57BL/6 mice. This study provides informa-
tion on the appropriate choice of a mouse model for allergic rhinitis.
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allergic rhinitis. Studies have demonstrated that several mouse
strains are Th2-biased (BALB/c, BP2, and A/J), while others are
Th1-biased (C57BL/6, DBA/2, AKR, and CBA) [7]. BALB/c
mice are generally preferred for studies on allergic immune re-
sponses, as this strain has been found to provide more robust al-
lergic rhinitis responses than the C57BL/6 strain in studies using
the Schistosoma mansoni egg antigen as an allergen [8]. In con-
trast, other studies have shown that C57BL/6 mice develop ex-
aggerated Th1-biased responses and relatively strong inflamma-
tion compared to BALB/c mice [9]. Most studies that have used
these murine models to study allergic responses (such as those
involved in asthma) have mainly focused on the lower airway,
whereas studies focusing on allergic inflammation in the upper
airway are lacking.

Few studies have specifically characterized differences be-
tween mouse strains in allergic immune responses in the upper
airway. Additionally, most previous studies have used a model of
ovalbumin (OVA) sensitization to induce allergic rhinitis in mice
[10-13]. This model is well-established and popular for allergic
airway inflammation due to the ease with which it can be used
to assess systemic allergic reactions. However, OVA is not an an-
tigen that patients are naturally exposed to, which limits the
model’s clinical relevance. The house dust mite (HDM) is the
most common cause of allergic diseases, and Dermatophagoides
farinae (Der f) and Dermatophagoides pteronyssinus (Der p)
are known contributors to this disease [14,15]. Mouse models of
allergic rhinitis induced by HDM antigens have recently been
established. Der {1, Der p1, Der {2, and Der p2 have been iden-
tified and purified from crude mite extracts, and are now well-
established as clinically important allergens [16]. However, in-
sufficient data are available regarding HDM allergens and dis-
crepancies in sensitivity between mouse strains. Accordingly, in
the current study, we aimed to compare susceptibility to allergic
rhinitis in BALB/c and C57BL/6 mouse strains using the Der f1
allergen.
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= Qur study found 25 pg of Dermatophagoides farinae (Der f1)
to be the optimal dose for general sensitization and experi-
mental allergic rhinitis.

= BALB/c mice are more biased towards a Th2 response than
C57BL/6 mice and serve as a more suitable animal model of
experimental allergic rhinitis.

= This is the first study to compare the susceptibility of mouse
strains to an allergic rhinitis model using Der f1, and differenc-
es were found in the severity of airway tissue inflammation
and cytokine responses between strains.

= This study could be helpful in selecting the appropriate mouse
strain for allergic rhinitis mouse models.
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MATERIALS AND METHODS

The Committee on the Use and Care of Animals of the institu-
tion approved the animal experiments and the study complied
with the governmental and international guidelines on animal
experimentation (No. DK-13-017).

Animals and grouping

Forty-eight mice were used and experiments were repeated twice
for nasal mucosal histology (n=24) and nasal mRNA analysis
(n=24). Female BALB/c and C57BL/6 mice (4 weeks of age,
20-25 g; Narabio Co., Seoul, Korea) were divided into six groups
(n=4 for each) in each experiment as follows: BALB/c control
group (group A), 25-ug Der f1-exposed BALB/c group (group B),
100-pg Der f1-exposed BALB/c group (group C), C57BL/6 con-
trol group (group D), 25-pg Der fl1-exposed C57BL/6 group
(group E), and 100-pg Der f1-exposed C57BL/6 group (group F).

Sensitization protocol and allergen exposure

The allergic rhinitis model was induced by exposing the mice to
Der fl1-alum on days 0, 7, and 14 via intraperitoneal injection
(Der f1-alum sensitization). Mice were injected intraperitoneally
on days 0, 7, and 14 with 25 pg of Der f1 (groups B and E) or
100 pg of Der f1 (groups C and F) in 1 mg of aluminum hydrox-
ide gel. The control mice (groups A and D) were sensitized intra-
peritoneally with phosphate buffered saline (PBS; PBS sensiti-
zation). The experimental mice (groups B, C, E, and F) were ex-
posed intranasally to 20 pg Der f1 diluted in 40 pL of PBS and
control mice (groups A and D) were treated similarly with PBS
daily for 7 consecutive days from day 21 to 27 (intranasal Der
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Fig. 1. Experimental protocol. Group A, control group of BALB/c
mice; Group B, BALB/c mice exposed to 25 ug of Dermatophagoi-
des farinae (Der f1); Group C, BALB/c mice exposed to 100 pg of
Der f1; Group D, control group of C57BL/6 mice; Group E, C57BL/6
mice exposed to 25 pg of Der f1; Group F, C57BL/6 mice exposed
to 100 pg of Der f1; PBS, phosphate buffered saline.
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f1 and PBS challenge). Mice were sacrificed on day 27 (Fig. 1).
Der f1 was distributed from Arthropods of Medical Importance
Resource Bank (Seoul, Korea).

Evaluation of clinical signs and tissue preparation

An observer who was blinded to this experiment counted the
frequency of rubbing and sneezing events during a 20-minute
period after the last allergen exposure. Mice were then eutha-
nized, and heads were removed en bloc, and fixed in 4% para-
formaldehyde for histologic examination. RNA was obtained
from the nasal mucosa for the assessment of cytokine gene ex-
pression by real-time polymerase chain reaction (PCR), as later
described.

Measurements of total IgE, Der f1-specific IgE, Der f1-specific
IgG1, and Der f1-specific IgG2a in serum

Sera were collected with a syringe from the retro-orbital vessels
of mice to measure serum immunoglobulin levels (total serum
immunoglobulin [Ig] E, Der f1-specific IgE, Der f1-specific IgG1,
and Der f1-specific IgG2a). Serum levels of total and Der f1-
specific immunoglobulins were calculated using a Mouse IgE
enzyme-linked immunosorbent assay (ELISA) set (555248; BD
Pharmingen, San Diego, CA, USA). Serum samples collected
from mice at the time of killing were serially diluted and then
added to 96-well plates coated with purified anti-mouse IgE
mAD (clone R35-72, BD Pharmingen). A purified mouse IgG1
isotype (A85-1, BD Pharmingen) was used as a standard for to-
tal IgE, and 3% bovine serum albumin was used to block non-
specific antigen-antibody reactions. A purified mouse IgG2a iso-
type (R19-15; SouthernBiotech, Birmingham, AL, USA) was
subtracted to the plate in order to measure the levels of total
IgE. Biotin-labeled Der f1 was added to detect Der f1-specific
IgE, Der fl-specific IgG1, and Der f1-specific IgG2a, followed
by Streptavidin-HRP (890803; R&D Systems, Minneapolis, MN,
USA). The reactions were developed using the 1-Step Ultra
TMB-ELISA (34028; Thermo Scientific, Waltham, MA, USA)
and were terminated by the addition of 1 M HCI. The optical
density (OD) was documented by using a luminometer iIEMS
Reader; Labsystems, Helsinki, Finland) set at 450 nm. The end-
point titers of Der f1-specific IgE, Der f1-specific [gG1, and Der
f1-specific IgG2a were manifested as the reciprocal log2 value
of the last dilution from a sample that resulted in an OD value
0.1 units greater than the background.

Histopathological analysis

Nasal tissues were decalcified, embedded in paraffin, and sec-
tioned coronally (4-pm thickness) at a distance approximately
5 mm from the nasal vestibule for the evaluation of nasal histol-
ogy. Sirius Red staining was then conducted to compare eosino-
phil infiltration between the groups. Five areas from the mice
mucosal sections were chosen randomly for evaluation. The
number of eosinophils were counted under high-power fields

(HPFs; 10x40) by an examiner who was blinded to the groups.
Three continuous slides were reviewed to exclude processing er-
rors.

Immunohistochemistry

For the evaluation of neutrophils, interleukin (IL)-25, and IL-33,
nasal sections were immunostained using avidin-biotinylated-
horseradish peroxidase-complex kits (ABC; PK6100, Vector
Laboratories, Burlingame, CA, USA). Nasal sections were rehy-
drated with ethanol after deparaffinization in xylene, blocked
with 5% BSA, and treated with each primary polyclonal anti-
body for neutrophils (1:100, ab2557; Abcam, Cambridge, UK),
IL-25 (1:100, #06-1080; Merck Millipore, Temecula, CA, USA),
and IL-33 (1:100,AF3626; R&D Systems) at 4°C overnight in a
humidified chamber after washing with PBS. The sections were
incubated for 90 minutes at room temperature with a secondary
antibody (biotin-conjugated goat anti-rabbit immunoglobulin G
(1:200, BA-1000; Vector Laboratories) and biotin-conjugated
goat anti-rat immunoglobulin G (1:200, BA-9400; Vector Labo-
ratories). Subsequently, the samples were rinsed with PBS, and
incubated with ABC for 60 minutes at room temperature. After
another wash with PBS, samples were developed with a peroxi-
dase substrate kit (DAB; Sk-4100, Vector Laboratories) contain-
ing 0.003% hydrogen peroxide. Lastly, the sections were coun-
terstained with hematoxylin (Sigma-Aldrich, St. Louis, MO, USA).
Each section was examined based on HPFs (10x40) by an inde-
pendent researcher blinded to the experimental parameters. Dark-
brown staining was considered a positive signal for the nasal sep-
tal mucosa sections. The quantification of immunohistochemical
staining in each section was measured using Image J program
(U.S. National Institutes of Health, Bethesda, MD, USA).

Real-time reverse-transcription PCR in the nasal mucosa

Total RNA was extracted from the cells using TriZol Reagent
(Invitrogen, Carlsbad, CA, USA). Next, cDNA was synthesized
using Superscript Reverse Transcriptase (Invitrogen) and oligo
(dT) primers (Fermentas, Waltham, MA, USA). Real-time PCR
was performed using the Tagman method with an ABI7500 (Ap-
plied Biosystems, Piscataway, NJ, USA). For the analysis of IL-4
(Mm00445258_g1), IL-17A (Mm00439618_m1), IL-10 (Mm-
00439616_m1), IL-5 (Mm00439646_m1), IL-6 (Mm00446190_
m1), interferon-gamma (IFN-y; Mm99999071_m1), and glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH; Mm03302249_g1
for mouse), Tagman Gene Expression Master Mix (4369016, Ap-
plied Biosystems) containing primers and probes was purchased
from Applied Biosystems (Foster City, CA, USA).The cDNA was
amplified using MicroAmp optical 96-well reaction plates (Ap-
plied Biosystems). The reaction was measured using a StepOne-
Plus Real-Time PCR System (one cycle of 50°C for 2 minutes
followed by one cycle of 95°C for 10 minutes and 40 cycles of
95°C for 15 seconds, and 60°C for 1 minute as per manufactur
er’s protocol (Applied Biosystems). The average transcript levels



of genes were normalized to GAPDH expression using the
27%4¢T method. Likewise, cDNA was synthesized and analyzed
for local chemokines including Eotaxin-1 (Mm00441238_m1
Ccl11), Eotaxin-2 (Mm00444701_m1 Ccl24), CXCL1 (Mm-
04207460_m1 Cxcl1), and CXCL2 (Mm00436450_m1 Cxcl2)
by performing real-time PCR in the same manner.

Assessment of systemic cytokines (IL-4, IL-5, IL-6, IL-10,
IL-17A, and IFN-y)

The spleens of mice were removed aseptically, and splenic mono-
nuclear cells were plated in 24-well tissue culture plates at a con-
centration of 3x10° cells/mL using RPMI1640 media (10-040-
CVR; Corning, Steuben County, NY, USA). After incubation in
a CO; incubator at 37 for 72 hours, the cells were stimulated
with Der f1 for 72 hours, and cell culture supernatants were stored
at —=70°C until cytokines were measured. Cytokines in culture
supernatants were assayed using a sandwich ELISA kit (R&D
Systems), according to the manufacturer’s instructions. The con-
centrations of IL-4 (DY-404), IL-5 (DY-405), IL-6 (DY-406), IL-10
(DY-407), IL-17 (DY-421), and IFN-y (DY-485) were determined
based on interpolation from a standard curve after measuring the
OD at 450 nm (all results are expressed as pg/mL).

Statistical analysis

Symptom scores, nasal tissue histopathology results, and immu-
noglobulin and systemic cytokine levels were presented as
mean tstandard error of the mean, and cross-group compari-
sons were performed using the Mann-Whitney U-test. Compari-
sons among groups were performed based on the Kreskas-Wal-
lis test with Dunn’s multiple comparisons test. The P-values less
than 0.05 were considered statistically significant. The Mann-
Whitney U and Kruskal-Wallis tests were implemented using
GraphPad InStat version 5.0 (GraphPad Software, San Diego,
CA, USA).

RESULTS

Mice exposed to a low dose (25 pg) of Der 1 had higher
rubbing and sneezing scores

The symptom scores for groups A (20.8+18.4), B (50.0+£13.5),
C (35.5+£19.7), D (22.0+£10.4), E (50.8£20.5), and F (36.8+
6.1) were recorded (Fig. 2). The rubbing and sneezing scores of
groups B and E were significantly higher than those of their re-
spective control groups (A and D; both P<0.05). However, no
significant differences were observed between the BALB/c and
C57BL/6 strains (P=0.13).

BALB/c mice had higher serum immunoglobulin levels than
C57BL/6 mice

The total serum IgE levels were measured in groups A (0.0%
0.0 pg/mL), B (17.21+4.6 pg/mL), C (7.7£5.1 pg/mL), D (1.5%

Lee Kl et al. Effect of Mouse Strain on Allergic Rhinitis 399

80

Rubbing and sneezing counts

BALB/c

C57BL/6

Fig. 2. Rubbing and sneezing counts. Control group of BALB/c mice
(group A), BALB/c mice exposed to 25 ug of Dermatophagoides fa-
rinae (Der f1; group B), BALB/c mice exposed to 100 ug of Der f1
(group C), control group of C57BL/6 mice (group D), C57BL/6 mice
exposed to 25 pg of Der f1 (group E), and C57BL/6 mice exposed
to 100 pg of Der f1 (group F). Bars represent standard error. Signifi-
cantly different from control mice, *P<0.05.

1.5 ug/mL), E (2.1£2.1 pg/ml), and F (5.2+5.2 pg/mlL) (Fig. 3A).
The total IgE level was significantly higher (P<0.001) in BALB/c
mice that were challenged with a low dose (25 pg) of Der f1 (group
B). Interestingly, the total IgE levels were lower in BALB/c mice
that had been challenged with a higher dose (100 pg) of Der f1
(group C). In C57BL/6 mice, the highest total IgE levels were
observed in mice challenged with a higher dose of Der f1 (group
F); however, no statistically significant differences were detected
compared with group D (P=0.43). BALB/c mice showed a more
robust total serum IgE response than C57BL/6 mice. Serum Der
f1-specific IgE levels were measured by ELISA in groups A (0.1+
0.0 units), B (1.0£0.1 units), C (0.3+0.1 units), D (0.310.1 units),
E (0.1£0.1 units), and F (0.3£0.0 units), as shown in Fig. 3B.
We similarly observed a significant elevation in Der f1-specific
IgE levels in BALB/c mice that were challenged with a low dose
of Der f1 (P<0.001), but the response in C57BL/6 mice was not
statistically significant (P=0.08). Serum Der f1-specific IgG1
levels were also measured by ELISA in groups A (0.1£0.0 units),
B (1.0£0.1 units), C (0.8£0.3 units), D (0.2£0.1 units), E (0.1£
0.0 units), and F (0.2+0.1 units), as shown in Fig. 3C. BALB/c
mice showed higher levels of Der f1-specific IgG1 than C57BL/6
mice, and the highest IgG1 level was found in BALB/c mice chal-
lenged with a low dose of Der f1 (group B, P<0.001). Serum
Der f1-specific IgG2a levels were measured in groups A (0.1%
0.0 units), B (2.3£0.4 units), C (2.8+0.6 units), D (0.2+0.1
units), E (0.2£0.1 units), and F (0.5+0.1 units), as presented in
Fig. 3D. BALB/c mice showed higher levels of Der f1-specific Ig-
G2a than C57BL/6 mice. Although serum Der f1-specific IgG2a
levels were elevated in BALB/c mice, no significant differences
was observed between groups B and C (P=0.10).
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Fig. 3. Serum immunoglobulin (Ig) levels. (A) Total IgE levels from serum. (B) Der f1-specific IgE levels from serum. (C) Der f1-specific 1gG1
levels from serum. (D) Der f1-specific IgG2a levels from serum. Control group of BALB/c mice (group A), BALB/c mice exposed to 25 ug of
Dermatophagoides farinae (Der f1; group B), BALB/c mice group exposed to 100 pg of Der f1 (group C), control group of C57BL/6 mice
(group D), C57BL/6 mice exposed to 25 ug of Der f1 (group E), and C57BL/6 mice exposed to 100 pg of Der f1 (group F). Bars represent
standard error. Significantly different from control mice or significantly different between strains, *P<0.05, **P<0.01, ***P<0.001.

Mice exposed to a low dose of Der f1 had higher eosinophil
and neutrophil infiltration in the nasal mucosa

Eosinophil infiltration

The number of eosinophils per HPF was counted in groups A
(43.8£18.0), B (250.4+86.4), C (80.3£61.2), D (6.3+4.8),E
(249.0+37.4), and F (157.0£57.3). A robust elevation in eosin-
ophil infiltration was noted in both BALB/c and C57BL/6 mice
treated with a low dose of Der f1 (groups B and E) compared to
their respective control groups (groups A and D, P=0.002 and
P<0.001, respectively), as shown in Fig. 4A. Both mouse strains
treated with a low dose of Der f1 also had higher eosinophil in-
filtration than their respective higher-dose groups (groups C and
F, P<0.05 for both), as shown in Fig. 4B.

Neutrophil infiltration
The number of neutrophils per HPF was counted in groups A

(33.0£11.7), B (90.8+21.4), C (58.5£22.7), D (28.3%£8.5), E
(68.0£21.5), and F (56.0£19.1). Neutrophil infiltration was
most prominent in group B. Expression of a neutrophil-specific
marker was higher in groups B, E, and F than in their respective
control groups in both strains (groups A and C, P<0.01, P<0.05,
and P<0.01), as presented in Fig. 5. Neutrophil infiltration ap-
peared to be higher in BALB/c mice than in C57BL/6 mice;
however, there was no statistically significant difference between
the two groups (P>0.05).

Levels of innate cytokines (IL-25 and IL-33)

In recent years, the innate cytokines IL-25, IL-33, and thymic
stromal lymphopoietin have been found to play an important
role in allergic Th2 inflammation. The levels of innate cytokines
were measured using immunohistochemistry. IL-25 expression
was higher in groups B, E, and F than in their respective control



PBS Der f1 25 pg

Der 1 100 pg

Lee Kl et al. Effect of Mouse Strain on Allergic Rhinitis 401

400 -

300

200

100

Eosinophils (counts/HPF)

BALB/c C57BL/6 e

Fig. 4. Eosinophil infiltration in the nasal mucosa. (A) Representative microphotographs (x400), and (B) quantitative analyses of eosinophil infil-
tration in the nasal mucosa. The panels show Sirius Red staining (x400). Control group of BALB/c mice (group A), BALB/c mice exposed to
25 ug of Dermatophagoides farinae (Der f1; group B), BALB/c mice group exposed to 100 g of Der f1 (group C), control group of C57BL/6
mice (group D), C57BL/6 mice exposed to 25 ug of Der f1 (group E), and C57BL/6 mice exposed to 100 pg of Der f1 (group F). PBS, phos-
phate buffered saline; HPF, high-power field. Bars represent standard error. Significantly different from control mice, *P<0.05, **P<0.01,
**P<0.001.

120 -

*k

BALB/c ¥

Neutrophils (counts/HPF)

C57BL6 %

BALB/c C57BL/6 e
Fig. 5. Infiltration of neutrophils in the nasal mucosa. The panels show immunohistochemical findings for neutrophils (x400). Control group of
BALB/c mice (group A), BALB/c mice exposed to 25 ug of Dermatophagoides farinae (Der f1; group B), BALB/c mice group exposed to 100
ug of Der f1 (group C), control group of C57BL/6 mice (group D), C57BL/6 mice exposed to 25 ug of Der f1 (group E), and C57BL/6 mice ex-
posed to 100 pg of Der f1 (group F). PBS, phosphate buffered saline; HPF, high-power field. Bars represent standard error. Significantly differ-

ent from control mice, *P<0.05, **P<0.01.

groups (Fig. 6). Groups B and E, which had been exposed to a
low dose of Der f1, expressed higher levels of IL-25 than con-
trols that had not been exposed to Der f1 and groups C and F,
which had been exposed to a higher dose.

IL-33 is expressed in the nucleus of epithelial cells and re-
leased into the cytoplasm upon activation. In groups B, C, E, and
F, nuclear staining seemed to be stronger than in their respective
control groups in both strains (groups A and C), but without sta-
tistical significance. In a quantitative analysis, there was no sig-
nificant relationship between the expression of IL-33 and expo-
sure to Der f1 dose or mouse strain (Fig. 7).

BALB/c mice exposed to a low dose of Der f1 showed higher
expression of IL-4 and local chemokines in the nasal mucosa
IL-4 mRNA expression was elevated in the nasal mucosa of
groups B and C. Interestingly, IL-4 mRNA expression was signif-

icantly higher in group B, which received a low dose, than in
group E (P<0.001) (Fig. 8A). IL-5 mRNA expression was also
significantly elevated in groups B and C (P=0.06) (Fig. 8B).
Higher expression of IL-17 mRNA was also found in groups D
and E (Fig. 8E). Interestingly, the highest expression of IFN-y
mRNA was found in the C57BL/6 control group (Fig. 8F). In
contrast, no significant differences were observed between the
two strains for the expression of IL-6 and IL-10 mRNA (Fig. 8C
and D).

Expression of eotaxin-1 and eotaxin-2 mRNA was also higher
in BALB/c mice (groups B and C), than in the C57BL/6 groups
that received the same treatment (group B, P<0.001; group C,
P<0.001) (Fig. 9A and B). There was a significant difference ob-
served in expression of CXCL1 (P<0.001) and CXCL2 (P<
0.001) mRNA for the two mouse strains, particularly when they
were challenged with a low dose of allergen (Fig. 9C and D).
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Fig. 6. Expression of interleukin (IL)-25 in the nasal mucosa. The panels show immunohistochemical findings for IL-25 (x400). Control group of
BALB/c mice (group A), BALB/c mice exposed to 25 ug of Dermatophagoides farinae (Der f1; group B), BALB/c mice group exposed to 100
ug of Der 1 (group C), control group of C57BL/6 mice (group D), C57BL/6 mice exposed to 25 ug of Der f1 (group E), and C57BL/6 mice ex-
posed to 100 pg of Der f1 (group F). PBS, phosphate buffered saline; HPF, high-power field. Bars represent standard error. Significantly differ-
ent from control mice or significantly different between strains, *P< 0.05, **P< 0.01.
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Fig. 7. Expression of interleukin (IL)-33 in the nasal mucosa. The panels show immunohistochemical findings for IL-33 (x400). Control group of
BALB/c mice (group A), BALB/c mice exposed to 25 ug of Dermatophagoides farinae (Der f1; group B), BALB/c mice group exposed to 100
ug of Der f1 (group C), control group of C57BL/6 mice (group D), C57BL/6 mice exposed to 25 ug of Der f1 (group E), and C57BL/6 mice ex-

posed to 100 ug of Der 1 (group F). PBS, phosphate buffered saline; HPF, high-power field.

BALB/c mice had stronger systemic Th2 cytokine responses
than C57BL/6 mice
IL-4 levels were measured using ELISA for groups A (0.7+£1.1
pg/mL), B (747.0£196.0 pg/mL), C (293.4+65.3 pg/mL), D
(1.5%0.7 pg/mL), E (13.3+£13.4 pg/mL), and F (11.5+7.3 pg/mL).
Groups B and C expressed higher levels of IL-4 than the other
groups. Relative to the control, group B (P<0.001) had the high-
est level of IL-4 (Fig. 10A). IL-4 expression was detected only at
low levels in C57Bl/6 mice. Similarly, IL-5 levels were measured
for groups A (2.9£2.6 pg/mL), B (1,673.0+206.8 pg/mL), C
(1,055.5+114.2 pg/mL), D (3.6+2.7 pg/mL), E (199.1+283.9
pg/mL), and F (30.0£37.5 pg/mL). Group B had a significantly
higher IL-5 level (P=0.002) than group E (Fig. 10B).

Levels of IL-6 were also measured in groups A (4.6 4.6 pg/mL),
B (339.31+75.0 pg/mL), C (223.1£91.0 pg/mL), D (10.8+10.0
pg/mL), E (156.2+£228.9 pg/mL), and F (71.5+31.7 pg/mL).
Group B, which received a low dose of Der f1, had the highest

level of IL-6 expression, with a significant difference (P<0.001)
compared to the control group (Fig. 10C).

Levels of IL-10 protein were also measured in groups A
(10.4+12.4 pg/mL), B (2,650.0+280.5 pg/mL), C (1,847.5+
297.6 pg/mL), D (11.2+11.9 pg/mL), E (43.6+£56.4 pg/mL),
and F (8.91£15.4 pg/mL). BALB/c mice that had been treated
with low and high doses of Der f1 expressed higher levels of
IL-10 (P<0.001 for both) than the control group. However, no
dose-dependent increase in IL-10 levels was found in a compari-
son of group B to group C (Fig. 10D). Similar to IL-4, only low
levels of IL-10 were detected in C57BL/6 mice.

In contrast, when IL-17 levels were compared across groups A
(1.84+3.6 pg/mL), B (4.2+1.5 pg/mL), C (10.1£8.9 pg/mL), D
(10.2£20.5 pg/mL), E (15.3+26.5 pg/mL), and F (3.0+5.1 pg/mL),
we found that IL-17 expression was generally higher in C57BL/6
mice than in BALB/c mice. However, no statistical difference in
IL-17 levels was detected between the two mouse strains (Fig.
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10E).

Finally, levels of IFN-y expression were also measured in groups
A (0.0£0.0 pg/mL), B (183.4£36.0 pg/mL), C (95.9£37.4 pg/mL),
D (0.0+0.0 pg/mL), E (0.0+0.0 pg/mL), and F (0.0£0.0 pg/mL).
Group B had the highest level of IFN-y expression, with a signif-
icant difference compared to the control group (P<0.001) (Fig.

10F).

DISCUSSION

Animal models are used to study various pathologies, including
allergies, rhinosinusitis, and infectious diseases [17-19]. Several
animal studies have investigated the specific characteristics of
lower airway inflammation in the context of allergies [7,20].
However, there is a knowledge gap on allergic inflammation in
the upper airway. Thus, it is important to identify the optimal al-
lergen doses required to elicit allergic responses in mouse mod-
els. There is a lack of data from previous studies regarding the
optimal dosing for mouse models of allergic rhinitis, particularly
with respect to differences between strains. Shibamori et al. [21]
reported that C57BL/6 mice that were HDM-sensitized and
challenged with Der f (100 pg) exhibited increased airway hy-
per-responsiveness. Kelada et al. [9] also studied allergen-in-
duced lower airway inflammation in two different mouse strains
and demonstrated that C57BL/6 mice were clearly more re-
sponsive to higher doses of methacholine. We focused our atten-

tion on allergic airway inflammation, particularly in the upper
nasal airway. Our findings indicated that a challenge with a low
dose of allergen (25 pg) was best for yielding reproducible
symptoms and inflammatory responses in both BALB/c and
C57BL/6 mice. Accordingly, we suggest that a dose of 25 pg of
Der f1 is more appropriate for general sensitization in experi-
mentally induced allergic rhinitis models.

Relatively high symptom scores were observed in the negative
control groups for both BALB/c and C57BL/6 mice in this study.
All mice were housed in the same environment and all experi-
ments were performed under the same conditions. The relatively
high symptom scores in the negative control groups could have
been due to mechanical irritation caused by PBS, and it is not
unusual to observe symptom scores in that range in negative
control groups. Notably, we observed a significant elevation in
symptom scores in mice that received a low-dose challenge with
Der f1. Interestingly, symptom scores and immunoglobulin levels
did not increase further with higher doses of Der f1.The present
study is one of the first to compare the immunological responses
induced by different allergen dosages in different mouse strains,
and we identified a diminished response at higher dosages. Pre-
vious reports have described a suppressed immune response af-
ter administration of high doses of antigen [22,23]. Although
higher doses of drugs are expected to induce a stronger response
in a dose-dependent manner, it seems that this is not applicable
to antigens. Administration of suboptimal or high doses of antigen
can paradoxically suppress immune responses to the antigen [22].



In general, when a given antigen is administered over a wide range
of concentrations, intermediate doses induce immunity, whereas
low and high doses induce tolerance. Immune tolerance could
be an explanation for the lower responses observed in response
to a higher dose of Der f1.

Total serum IgE levels have been previously analyzed in vari-
ous mouse strains [7,9,21]. Those studies showed that BALB/c
mice exhibited lower total serum IgE levels than other mouse
strains, in particular other Th2-biased strains such as BP2 and
A/J. Generally, levels of Th2 cytokines such as IL-4 are associated
with increases in total serum IgE levels. In the current study, we
showed a robust increase in total serum IgE levels in the Th2-bi-
ased BALB/c mouse strain when challenged with a low dose of
Der f1, suggesting that BALB/c mice are more appropriate for a
model of Der f1-induced allergic rhinitis than C57BL/6 mice.

Eosinophil infiltration into upper airway tissue is a primary
characteristic of allergic inflammation. Tissue eosinophilia during
allergic responses is mainly characteristic of Th2 immune respons-
es, such as those elicited by IL-5 and CCL11/eotaxins. Th2-biased
mouse strains such as BALB/c, BP2, and A/J have been reported
to reproduce the characteristics of human allergic responses bet-
ter than the Th1-biased mouse strains C57BL/6, DBA/2, CBA,
and AKR [7]. Specifically, those researchers found that BALB/c
mice consistently showed robust eosinophil and neutrophil infil-
tration. Accordingly, they suggested that BALB/c mice are a bet-
ter model for airway inflammation and associated immunologi-
cal changes than other Th2-biased mouse strains and Th1-biased
mice [7,24-26]. In this study, BALB/c and C57BL/6 mice showed
similar levels of eosinophil and neutrophil infiltration in the na-
sal mucosa.

The mechanisms underlying the immune reactions elicited by
allergic airway inflammation remain poorly understood. Our
findings also showed a discrepancy between eosinophil infiltra-
tion and mRNA expression of associated chemotactic factors.
While the mRNA levels of eotaxin-1 and eotaxin-2 were higher
in BALB/c mice than in C57BL/6 mice, no upregulation was ob-
served in groups challenged with Der f1. This suggests that rath-
er than control on the transcriptional level, eotaxin-1 and eo-
taxin-2 are post-transcriptionally and/or post-translationally
regulated.

It has also been reported that levels of Th2 cytokines, includ-
ing IL-4, may not always be correlated with total serum IgE lev-
els [7]. The authors of that study suggested that while IL-4 plays
an important role in the production of IgE [27], it also mediates
other pathways, such as those associated with the differentiation
of Th-lymphocytes [7]. Our data showed that the IL-4 levels in
the Th2-biased BALB/c strain increased significantly when chal-
lenged with a low dose of allergen. In contrast, levels of IL-17 in
the nasal mucosa were elevated in Th1-biased (C57BL/6) mice,
and no strain-dependent differences were observed for other lo-
cal cytokines such as IL-5, IL-6, IL-10, and IFN-y. Most systemic
cytokines (including IL-4, IL-5, IL-6, and IL-10) were consistently
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expressed at higher levels in Th2-biased BALB/c mice. Interest-
ingly, the expression of IFN-y showed an opposite trend to what
we expected.

The key finding of this study is that overall, Th2-biased BALB/c
mice better reproduced allergic responses than Th1-biased C57BL/6
mice; thus, these mice are a better model of allergic rhinitis. How-
ever, we also found that airway tissue inflammation is not neces-
sarily correlated with local and systemic Th2 cytokine expression.

There is no doubt that immunological reactions to allergens
are complex and have many different components that involve
numerous regulatory mechanisms. This is particularly true in ex-
perimental models of allergic rhinitis. One limitation of this
study is the lack of mechanistic details underlying strain differ-
ences, as only phenotypic differences were described. To eluci-
date the reasons for strain-specific differences in the immune re-
sponse, more experiments are necessary. Additional studies are
also required in the long term for the development of clinical
applications.
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