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Abstract

Background: Dupilumab, an antibody that binds IL-4Ra and inhibits IL-4 and IL-13 signals, has demonstrated efficacy in chronic
rhinosinusitis with nasal polyps (CRSWNP) primarily characterized by type 2 inflammation. Current evidence suggests that the rate
of improvement in olfactory dysfunction with dupilumab exceeds that of nasal polyp reduction, yet the underlying mechanism
remains undisclosed. We hypothesize that dupilumab may initially ameliorate sensorineural olfactory dysfunction. Methodology:
Male BALB/c mice were intranasally administered ovalbumin and Aspergillus protease for 12 weeks to induce eosinophilic sinona-
sal inflammation. Dupilumab treatment was also administered. The mice underwent histological assessment, olfactory behavi-
oural test, and gene expression profiling to identify neuroinflammatory markers within the olfactory bulb. Results: Dupilumab
treatment resulted in a reduction in the number of mucosal protruding lesions, as well as decreased infiltration of eosinophils

and neutrophils, along with a decrease in olfactory sensory neuron injury. Furthermore, there was a downregulation in the mRNA
expression related to microglia activation and neuroinflammation in the olfactory bulb. Conclusions: Dupilumab improves the
sensorineural pattern of olfactory dysfunction in mice, potentially explaining why olfaction improves more rapidly than polyp

reduction in patients with CRSWNP.
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Introduction

Chronic rhinosinusitis (CRS) is characterized by inflammation

of the nasal cavity and sinuses lasting more than 12 weeks.
Historically, the classification of CRS was primarily based on phe-
notype. However, in recent years, there has been a shift towards
a classification primarily centred on the presence or absence

of type 2 inflammatory responses . Conventional treatments
involve medications and surgical intervention, with biologic
agents emerging as potential options for treating patients with
severe CRS exhibiting type 2 inflammation ©.

Typically, odour molecules enter the olfactory epithelium, and
the signals are transmitted by olfactory sensory neurons to the
olfactory bulb, eventually reaching the olfactory cortex. Olfac-
tory dysfunction, including both conductive and sensorineural
patterns, occurs in up to 84% of individuals diagnosed with CRS
). According to the European Position Paper on Rhinosinusitis
and Nasal Polyps (EPOS) 2020 guidelines, a decreased sense of
smell and taste is associated with type 2 disease more than type
1 disease ™. Any obstruction in the sinonasal cavity, such as a
large nasal polyp, can impede the passage of odour molecules.
Additionally, any impairment along this neural pathway can
result in sensorineural olfactory dysfunction. Olfactory recep-
tor neurons (ORNs), also known as olfactory sensory neurons
(OSNs), can be identified by olfactory marker protein (OMP) ¢,
Previous in vivo studies have demonstrated a positive correla-
tion between sensorineural olfactory dysfunction and reduced
expression of OMP ©,

Currently, there are several biologic agents, including dupilu-
mab, an interleukin (IL)-4Ra antibody that can block both IL-4
and IL-13 signals ©. In recent years, the SINUS 24 and SINUS 52
trials have demonstrated the efficacy of dupilumab in treating
chronic rhinosinusitis with nasal polyps (CRSWNP) . Nasal polyp
size reduction and olfactory improvement after dupilumab
treatment have been demonstrated in several studies using
real-world clinical data ©#%, After two weeks of initiating dupi-
lumab, some patients showed a reduction in nasal polyps, while
improvements in olfactory performance could be noticeable as
early as three days into the treatment for some patients 3.
Currently, there is no exact mechanism supporting the incon-
sistency in the timeline of improvement between nasal polyps
and olfactory dysfunction. Our hypothesis suggests that the
use of dupilumab may initially improve damage to the olfactory
nervous system, thereby improving olfactory dysfunction.

Materials and methods

Animals

Male BALB/c mice aged four weeks and weighing between 22-
25g were procured from BioLASCO (Taipei, Taiwan). Female mice
were deliberately omitted to minimize the potential influence of
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sex hormones. These mice were housed in sterile cages under a
12-hour light/dark cycle at a consistent temperature of 25 + 2 °C,
with unrestricted access to water and food. All animal experi-
ments adhered to the National Institute of Health guidelines
and received approval from the Institutional Animal Care and
Utilization Committee of Taipei Veterans General Hospital.

Induction of eosinophilic sinonasal inflammation with olfac-
tory dysfunction and administration of dupilumab

The intranasal administration in mice was carried out according
to a protocol previously outlined by Kim et al., with some adjust-
ments (*19), After a one-week acclimatization period, a solution
containing 75 pg of ovalbumin (OVA) (grade V; Sigma-Aldrich,
St. Louis, MO, USA) and 2U of Aspergillus protease (AP) (Sigma-
Aldrich) was diluted in phosphate-buffered saline (PBS) to a total
volume of 20 pL. This mixture was then intranasally administered
into each naris (10uL/naris) three times a week for a duration of
12 weeks. A separate control group received intranasal adminis-
tration of 20 pL of PBS. Following nasal instillation, the mouse's
head was maintained in a downward position to prevent

the reagent from entering the lungs. To minimize potential
anaesthesia-induced mortality, morbidity and inefficiency, the
intranasal administration was conducted without anaesthesia. In
mice receiving dupilumab treatment, the drug was administered
at 10mg/kg intraperitoneally either every other week or once a
week for a period of 4 weeks after the induction of OVA/AP for 8
weeks. The details of the four groups mentioned above are also
presented in Figure 1A.

Histological assessment

Following the 12-week experimental period, mice were anesthe-
tized through intraperitoneal injection of Zoletil (30 mg/kg) and
Xylazine (8 mg/kg). Post-anaesthesia, mice were decapitated,
and the head and mandible's skin was removed. The collec-

ted samples underwent fixation in 4% paraformaldehyde and
subsequent decalcification in a 10% ethylenediaminetetraacetic
acid solution in PBS over 14 days at 4°C. After decalcification,
tissues were dehydrated, embedded in paraffin, and sectioned
into 4-um-thick coronal slices. Selected sections, located just
anterior to the eyes' anterior border, underwent haematoxylin
and eosin (H&E) staining for eosinophil count and respiratory
mucosal thickness measurement. Immunohistochemistry analy-
sis employed a fully automated Bond-Max staining system (Leica
Microsystems, Vista, CA, USA) with antibodies against eosinophil
major basic protein (MBP) antibody (BMK-13, 1:100, #NBP1-
42140, Novus Biologicals, USA), Myeloperoxidase (MPO, 1:6000;
#E-AB-70091, Elabscience, USA), and olfactory marker protein
(OMP, 1:6000; #ab183947, Abcam Inc., Cambridge, MA, USA).
Eosinophil count and the presence of mucosal protruding
lesions were also confirmed through sections stained with
anti-eosinophil MBP. Eosinophil infiltration, and microcavity
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Figure 1. (A) Experimental protocol for intranasal administration of OVA/AP. Four groups of mice were subjected to treatment: OVA/AP (n = 7), PBS

(control group, n =5), OVA/AP + dupilumab treatment every 2 weeks (n = 4), and OVA/AP + dupilumab treatment every week (n = 4). Following a

1-week adaptation period, the mice received intranasal administration of OVA/AP or PBS three times per week. The dupilumab treatment groups were

administered dupilumab starting 8 weeks after the initial OVA/AP administration. (B) The section selected for neutrophil and eosinophil infiltration

evaluation is positioned anterior to the anterior border of the eyes in the mice. Two olfactory areas (o) and two respiratory areas (r) for measurement

are chosen in each mouse (red box). OVA, ovalbumin; AP, Aspergillus protease; g2w, every 2 weeks; q1w, every 1 week; i.n., intranasal.

formation were also recorded 9. Microcavities located near

the surface of the sinus lumen are about to rupture and con-
nect to the surrounding sinus cavity. Eventually, the stalk of a
polypoid lesion forms 9. Neutrophil infiltration was quantified
using anti-MPO sections. The average eosinophil and neutrophil
count were determined in a high-power field (HPF, x400) in two
respiratory and two olfactory areas (Figure 1B). Additionally, the
OMP signal in the olfactory epithelium was measured, including
the sublayer containing OMP-positive (OMP+) axon bundles. The
OMP+ sections were utilized to measure the thickness of the ol-
factory epithelium from the nasal septum. The brown-coloured
OMP+ area and length were quantified using the thresholding
method with ImageJ software. All sections underwent examina-
tion under a light microscope (Ni-E system) by two independent
examiners blinded to the experimental groups, and three conse-
cutive slides were reviewed to exclude processing errors.

Olfactory behaviour test - buried food test

The buried food test involves burying food 1 cm beneath fresh
bedding to assess each mouse's ability to detect odours 7. Mice
underwent a 20-hour fasting period before and after 12 weeks
of OVA/AP intranasal administration. For habituation, each mou-
se spent 10 minutes in an individual cage with fresh bedding.
Concurrently, a piece of standard chow (Laboratory Autoclava-
ble Rodent Diet 5010; PMI Nutritional International) was buried

1 cm under the fresh bedding in the middle of each cage, with
the mouse placed in the corner. The latency time, representing
the duration it took for a mouse to locate and begin consuming
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the buried food after it started moving, was recorded. To elimi-
nate considerations related to motor disorders or changes in
food motivation, an exposed food test, where food was placed
on the surface of the fresh bedding, was subsequently conduc-
ted for each mouse following the buried food test.

Measurement of the mRNA of neuronal and microglia
markers and inflammatory cytokine expressions in olfactory
bulb

After 12 weeks of intranasal administration of OVA/AP/PBS, the
mice were euthanized, and their olfactory bulb tissues were
collected for total RNA extraction. Subsequently, cONA was
synthesized using a reverse transcription kit. Reverse trans-
cription quantitative polymerase chain reaction (RT-qPCR) was
performed on an ABI QuantStudio 3 Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA) with SYBR green PCR
Master Mix (Vazyme Biotech, Nanjing, China). The 2-22T method
was employed to determine the relative expression levels of the
target mRNAs as fold changes compared to the control, with
olfactory bulb samples normalized to GAPDH expression. The
primer sequences used for PCR are provided in Supplementary
Table 1.

Statistical analysis

Statistical analyses were performed using SPSS 17.0 software
(SPSS, Inc). Data were presented as mean + standard deviation.
Multiple group comparisons were conducted using one-way
ANOVA with LSD post hoc test. Pearson's correlation was em-
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Figure 2. Weight changes and olfactory behaviour test results after OVA/AP induction and dupilumab treatment. (A) There were no significant differ-

ences in the body weight of the four mouse groups before the experiment. After 12 weeks of experimentation, all four groups showed weight growth,

with no noticeable differences between the groups. (B) In the buried food test, the OVA/AP-treated group (n=5) showed a significantly longer time

spent finding the hidden food compared to the control group (n=5). Following dupilumab treatment (n=4), the time spent locating the concealed

food decreased, particularly in mice receiving weekly dupilumab. No differences were observed between the groups in finding the visible food (n=3-5

in each group). Data are presented as mean * SD, with **P < 0.01 and ***P < 0.001 indicating statistical significance. OVA, ovalbumin; AP, Aspergillus

protease; 2w, every 2 weeks; 1w, every 1 week.

ployed to examine the correlation between the OMP positive
area and length and the latency of the buried food test. Statisti-
cal significance was considered at P < 0.05.

Results

Improvement of olfactory function after dupilumab treat-
ment

We induced eosinophilic sinonasal inflammation in mice by in-
tranasal injection of OVA/AP and treated them with dupilumab
at different frequencies. There were no significant differences

in body weight among the control group (n=5), OVA/AP group
(n=7), and two Dupilumab treatment groups (n=4) before and
after the experiment (Figure 2A), indicating that both OVA/AP
induction and Dupilumab treatment did not affect the mice's
growth. The buried food test (n=4-5 in each group) was used to
assess olfactory function. Following intranasal injection of OVA/
AP, the mice exhibited a significant increase in the time spent
searching for food, indicating a deterioration in olfactory func-
tion (P < 0.001). Treatment with dupilumab every other week
did not improve olfactory function. However, treatment with
dupilumab once a week significantly reduced the time spent
searching for food, suggesting an improvement in olfactory
function (P < 0.01). When food was placed on the surface, there
were no statistical differences between groups, indicating that
mice in all groups (n=3-5) had the motivation and motor ability
to search for food (Figure 2B).

Reduction of sinonasal mucosal thickness, mucosal protru-
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ding lesions and inflammatory cell infiltration by dupilumab
We measured respiratory area mucosal thickness, protruding
lesions, eosinophils, and neutrophils in the sinonasal mucosa of
the control group mice (n=5), mice exposed to OVA/AP adminis-
tration (n=6-7), and mice subjected to OVA/AP administration
treated with dupilumab every 2 weeks (n=3-4) or every week
(n=4). After OVA/AP induction, mucosal thickness (Figure 3A),
mucosal protruding lesions (Figure 3B), eosinophils (Figure 4
A,B), and neutrophils (Figure 4C) were significantly higher than
in the control group (all P < 0.001). Following dupilumab treat-
ment, mucosal thickness (Figure 3A) and mucosal protruding
lesions (Figure 3B) were significantly lower than in the OVA/AP-
induced group (all P < 0.01). Similarly, eosinophil (Figure 4 A,B)
and neutrophil (Figure 4C) infiltration were significantly lower
than in the OVA/AP-induced group after once-weekly dupilu-
mab treatment (all P < 0.05).

Reduction of damage to olfactory sensory neurons by dupi-
lumab

We quantified olfactory sensory neurons in the nasal cavity
through OMP staining in the control group mice (n=5), mice
exposed to OVA/AP administration (n=4), and mice subjected to
OVA/AP administration treated with dupilumab every 2 weeks
(n=4) or every week (n=3) (Figure 5A,B). Following OVA/AP
induction, the distribution area and length of olfactory sensory
neurons in the nasal septum decreased significantly compared
to the control group (all P < 0.001), indicating nerve damage.
Dupilumab treatment mitigated this condition (all P < 0.05).
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Figure 3. Dupilumab treatment reduces both respiratory mucosal thickness and the occurrence of mucosal protruding lesions. The evaluated section,

located just anterior to the anterior border of the eyes, includes control group mice (n=5), mice exposed to OVA/AP administration (n=7), and mice

subjected to OVA/AP administration treated with dupilumab every 2 weeks (n=3-4) or every week (n=4). (A) Representative photomicrographs of H&E

staining capture mucosal thickness in the respiratory area, located in the lower part of the sinonasal cavity without olfactory nerve (scale bar =20 um).

Mice subjected to OVA/AP administration also exhibited irregular mucosal surface. The right panel quantifies respiratory mucosal thickness in the

mentioned area. (B) Representative photomicrographs of eosinophil major basic protein IHC staining illustrate nasal mucosal protruding lesions with

eosinophil infiltration (arrow) and microcavity formation (asterisk) (scale bar =20 um). Enlarged view of eosinophil is shown in left upper corner of the

images. The right panel provides quantitative data on the number of mucosal protruding lesions. Data are expressed as mean + SD, with **P < 0.01

and ***P < 0.001 indicating statistical significance. OVA, ovalbumin; AP, Aspergillus protease; Dup, dupilumab; g2w, every 2 weeks; 1w, every 1 week.

However, we did not observe changes in olfactory mucosa thick-
ness after OVA/AP induction or Dupilumab treatment (Figure
5C). Additionally, we identified a positive correlation between
the OMP+ area in the sinonasal section and the length of OMP+
epithelium on the nasal septum (r=0.774, P=0.001) (Figure 5D).
Both factors were negatively correlated with latency in the
buried food test (r=-0.833 and -0.874, both P < 0.001) (Figure
5D). The above results show that dupilumab reduces olfactory
sensory neuron injury, and this reduction is correlated with
improved olfactory performance.

Reduction of gene expression of M1 microglia and inflam-
matory substances in the olfactory bulb by dupilumab

The olfactory bulb plays a vital role in the olfactory system. We
examined the mRNA expression of key markers in this region
among the control group mice, mice exposed to OVA/AP admi-
nistration, and mice subjected to OVA/AP administration treated
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with dupilumab every 2 weeks or every week (n=3-4 in each
group). Neuronal nuclear protein (NeuN) is a neuronal marker,
and we observed no change in mRNA expression following
OVA/AP induction and dupilumab treatment. Our attention
then turned to olfaction-specific genes. OMP functions as an
indicator of mature olfactory sensory neurons, while growth-
associated protein-43 (GAP43) signifies immature olfactory sen-
sory neurons. Following OVA/AP induction, there was a decline
in OMP mRNA expression (P <0.01) and an increase in GAP43
MRNA expression (P <0.001). Subsequent dupilumab treatment
showed no alteration in OMP mRNA expression but was accom-
panied by a significant decrease in GAP43 mRNA expression (P
<0.01) (Figure 6A).

lonized calcium binding adaptor molecule 1 (Iba1) and CD68
are markers for microglia/macrophages, and CD86 is a marker
for M1 type. OVA/AP induction of CRS increased the expres-
sion of these genes (all P < 0.01), while dupilumab treatment
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Figure 4. Dupilumab treatment demonstrates a reduction in both eosinophil and neutrophil infiltration within the olfactory and respiratory regions

of sinonasal tissue. The designated region for assessing neutrophil and eosinophil infiltration lies anterior to the anterior border of the eyes in control

group mice (n=5), mice exposed to OVA/AP administration (n=6-7), and mice subjected to OVA/AP administration treated with dupilumab every

2 weeks (n=3-4) or every week (n=4). (A) Representative photomicrographs of H&E staining capture eosinophil infiltration (yellow arrow) in the

olfactory and respiratory area of the mice (scale bar =20 um). The right panel quantifies the number of eosinophils in the aforementioned area. (B)

Representative photomicrographs of eosinophil major basic protein IHC staining also reveal eosinophil infiltration (yellow arrow) in the olfactory and

respiratory area of the mice (scale bar =20 um). The right panel quantifies the number of eosinophils in the aforementioned area. (C) Representative

photomicrographs of MPO IHC staining capture neutrophil infiltration (yellow arrow) in the olfactory and respiratory area of the mice (scale bar =20

um). The right panel quantifies the number of neutrophils in the aforementioned area. Data are expressed as mean = SD, with *P < 0.05, **P < 0.01

and ***P < 0.001 indicating statistical significance. HPF: high-power field (x400); OVA, ovalbumin; AP, Aspergillus protease; Dup, dupilumab; g2w, every

2 weeks; q1w, every 1 week.
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Figure 5. Dupilumab treatment demonstrates an improvement of olfactory sensory neuron injury induced by intranasal OVA/AP administration in the
olfactory epithelium. (A) Representative photomicrographs of immunohistochemistry with anti-OMP antibody of olfactory mucosa illustrate mature
olfactory sensory neurons in control group mice (n=5), mice exposed to OVA/AP administration (n=4), and mice subjected to OVA/AP administration
treated with dupilumab every 2 weeks (n=4) or every week (n=3) (scale bar =1000 um). The right panel quantifies OMP+ area of olfactory epithelium.
(B) Representative photomicrographs of immunohistochemistry with anti-OMP antibody detect olfactory mucosa in the nasal septum (yellow double
arrow) (scale bar =200 pm). The right panel quantifies OMP+ length of olfactory epithelium in the nasal septum. (C) Representative photomicro-
graphs of immunohistochemistry with anti-OMP antibody display olfactory epithelium thickness in the upper part of the nasal septum, divided into
(s) superior, (m) middle, and (i) inferior sections. The right panel quantifies olfactory mucosal thickness in the aforementioned area. (D) The correlation
between OMP+ area in the sinonasal cavity, OMP+ length along the nasal septum and the latency revealed by the buried food test is depicted. Data
are expressed as mean * SD, with *P < 0.05, **P < 0.01 and ***P < 0.001 indicating statistical significance. OMP+: olfactory marker protein positive;

OVA, ovalbumin; AP, Aspergillus protease; Dup, dupilumab; g2w, every 2 weeks; q1w, every 1 week.
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Figure 6. The mRNA levels of (A) neuronal markers, (B) microglia markers, and (C) inflammation markers in the olfactory bulb are analysed in control
group mice, mice exposed to OVA/AP administration, and mice subjected to OVA/AP administration treated with dupilumab every 2 weeks or every
week (n=3-4 in each group). The vertical axis represents the relative mRNA expression of each marker compared to the control group. In the IL-4
panel, the vertical axis is the relative mRNA expression compared to the OVA/AP group. Data are presented as mean + SD, with *P < 0.05, **P < 0.01

and ***P < 0.001 indicating statistical significance. OVA, ovalbumin; AP, Aspergillus protease; Dup, dupilumab; g2w, every 2 weeks; q1w, every 1 week.
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decreased the mRNA expression of CD68 and CD86 (all P < 0.05)
(Figure 6B). Various mRNA expression of inflammatory markers,
including IL-1B, IL-6, IL-4, IL-5, IL-10, IL-13, interferon-y (IFN-y),
inducible nitric oxide synthase (iNOS), monocyte chemoattrac-
tant protein-1 (MCP-1), and matrix metalloproteinase-9 (MMP-9)
were checked. The inflammatory substance IL-13, IL-4, IL-6, IL-10
and IL-13 showed increased gene expression after OVA/AP-indu-
ced sinusitis (all P < 0.05). Dupilumab treatment, administered
both weekly and every other week, decreased IL-1(3 expression
(both P < 0.05) (Figure 6C).

Discussion

The reason why olfaction improves more rapidly than polyp
reduction in patients with CRSWNP after dupilumab treatment
remains unclear. Our study is the first to provide evidence that
dupilumab not only reduces the infiltration of inflammatory
cells in sinonasal tissues but also improves olfactory neuronal
injury and inflammation. This may explain why dupilumab im-
proves olfactory dysfunction before polyp reduction.

Ideal substances that induce eosinophilic sinonasal inflamma-
tion or therapeutic drugs should have minimal systemic impact,
including weight reduction. In this study, referencing Kim et al.,
the eosinophilic sinonasal inflammation model was induced
using OVA/AP, and the body weight showed growth after 12
weeks, with no significant difference compared to the control
group ¥, Additionally, the treatment group receiving the drug
dupilumab also exhibited weight gain after 12 weeks, with no
significant difference compared to the control group.

The buried food test is a straightforward assessment to conduct
in mice, as they possess a highly sensitive sense of smell "7 If
mice take an extended period to locate buried food, it indicates
impaired olfaction. Dupilumab has the potential to ameliorate
olfactory dysfunction in patients with CRSWNP. In our present
study, mice with eosinophilic sinonasal inflammation exhibited
diminished olfaction. While those treated with dupilumab every
other week showed no improvement in olfactory function,

mice receiving more frequent dupilumab injections every week
demonstrated significant enhancement in olfactory function.
Although it cannot be determined whether this represents a
recovery of smell function or a prevention of further olfactory
loss, this finding is reasonable and can be considered analogous
to the human condition.

In this study, dupilumab was found to decrease respiratory
mucosal thickness and sinonasal mucosal protruding lesions,
aligning with observed polyp reduction in humans. Notably,
weekly dupilumab demonstrated the ability to reduce eosinop-
hil and neutrophil infiltration in the sinonasal region, a novel
finding not previously reported. Although dupilumab adminis-
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tered every other week failed to reduce eosinophil infiltration

in the olfactory region, this might be attributed to the necessity
for more frequent dupilumab treatment in the deeper olfactory
regions. In rodent studies, Le Floc'h et al. reported a reduced
eosinophil count in lung tissue following dupilumab treatment;
however, there is a lack of eosinophil count data in rodent
models specifically focused on sinonasal tissue after dupilumab
administration 8. Investigations into blood eosinophil levels fol-
lowing dupilumab treatment in humans have been conducted,
revealing instances of transient eosinophilia 2. There is limi-
ted data on eosinophil counts in human sinonasal deep tissues.
This scarcity may be attributed to the challenges associated with
obtaining sinonasal tissue biopsies, a procedure that can be
burdensome for patients. While biopsies conducted before dupi-
lumab treatment could offer detailed information on the degree
of type 2 inflammation, patient reluctance to undergo repeated
biopsies post-treatment due to potential complications such as
pain, bleeding, and poor wound healing may limit the availa-
bility of such data. Instead, blood samples are more accessible
for evaluating eosinophil levels after dupilumab treatment.
However, it is essential to acknowledge that systemic eosinophil
conditions assessed through blood tests may not necessarily
correlate with eosinophilic infiltration in sinonasal tissue.

In patients with CRSWNP, the presence of large polyps may lead
to conductive olfactory dysfunction. However, our mouse model
did not exhibit nasal polyps large enough to induce conductive
olfactory dysfunction. Instead, the mice in our model developed
sensorineural olfactory dysfunction. Dupilumab was found to
improve olfactory dysfunction in our model, indicating an im-
provement in the sensorineural pattern. OMP serves as a marker
for olfactory sensory neurons “. In this study, there was a signi-
ficant loss of OMP in the sinonasal region following induction
with OVA/AP, and OMP demonstrated recovery after dupilumab
treatment. Consistent with our previous studies highlighting

the strong association between OMP and olfaction, the current
study reinforced this relationship 2", Olfactory performance, as-
sessed through the buried food test, was found to be correlated
with both the OMP+ area in the sinonasal section and the length
of OMP+ epithelium on the nasal septum.

The olfactory bulb plays a crucial role in the olfactory system,
and our study investigated the gene expression of neuronal
markers in this region. OMP serves as a marker for mature ol-
factory sensory neurons, while GAP43 is indicative of immature
olfactory sensory neurons @2, Their expression can be reciprocal;
when OMP expression is low, GAP43 tends to be upregulated,
facilitating the preparation for new neuron growth to aid in the
repair of the injury @. In our study, following OVA/AP induction,
OMP mRNA expression decreased while GAP43 mRNA expres-
sion increased. After treatment with dupilumab, there was no



change in OMP mRNA expression, while GAP43 mRNA expres-
sion significantly decreased.

Microglia in the olfactory bulb can be activated into pro-inflam-
matory M1 type or anti-inflammatory M2 type in response to
external stimuli #*?*), An increased presence of M1 type results in
heightened inflammation and subsequent olfactory dysfunction
@9, Iba1/CD68 serves as a marker for microglia/macrophages,
while CD86 is indicative of M1 microglia . Consistent with

our prior reports, these markers increased following OVA/AP
injection 2. Our study utilized dupilumab and demonstrated

a decrease in CD68 and CD86, suggesting the potential of this
drug to reduce M1 microglia in the olfactory bulb. Microglial
activation is a pivotal factor in neuroinflammation, with M1
microglia capable of releasing proinflammatory cytokines such
as IL-1p and IL-6, leading to neuronal injury ¢2'27), Suppression of
M1 microglial activation represents a strategy to inhibit neuroin-
flammation #®.

Inflammation in the olfactory bulb can lead to olfactory dys-
function ?. We investigated the relative gene expression in the
olfactory bulb, examining various inflammatory markers, inclu-
ding IL-1B, IL-6, IL-4, IL-5, IL-10, IL-13, IFN-y, iINOS, MCP-1, and
MMP-9. Following OVA/AP induction, only IL-1, IL-4, IL-6, IL-10,
and IL-13 exhibited increased expression. These inflammatory
cytokines represent a mix, not solely related to type 2 inflam-
mation, which is characteristic of cytokines in sinonasal tissue.
Even though only IL-13 decreased after dupilumab treatment,
administered both weekly and every other week, the data sug-
gests that dupilumab has the potential to reduce inflammation
in the olfactory bulb.

A limitation of this study is its preclinical design. However,
obtaining specimens from the olfactory epithelium and olfac-
tory bulb in humans poses significant challenges due to the
potential for causing olfactory neuronal injury through biopsies
in these regions. In the absence of readily available human spe-
cimens, animal studies can offer valuable insights.

Dupilumab ameliorates sensorineural olfactory loss

Conclusion

This study demonstrates that dupilumab, an antibody that binds
IL-4Ra and inhibits IL-4 and IL-13 signals, can improve the sen-
sorineural pattern of olfactory dysfunction. Dupilumab not only
restores olfactory sensory neuron injury in the sinonasal region
but also reduces neuroinflammation in the olfactory bulb. This
finding may elucidate why, in humans, olfactory dysfunction im-
proves more rapidly than the reduction in polyp size in patients
with CRSWNP after dupilumab treatment.
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SUPPLEMENTARY MATERIAL

Supplementary Table 1. The detected target gene primers.

Gene hame
Rbfox3 (NeuN)

Omp
Gap43
Ibal
CD68
CD86
g
114

15

116

1110
1113
Ifnr
Nos2 (iNOS)
Mcp1
Mmp9
Gapdh

Forward primer

CACCACTCTCTTGTCCGTTTGC

AGCAGGATGGTGAGAAGCTGAT
CTCCAACGGAGACTGCAGAAA
AGGAGACGTTCAGCTACTCTGACTT
AGCTGTTCACCTTGACCTGCTC
TGGGCTTGGCAATCCTTATC
GCACTACAGGCTCCGAGACTAAC
CACGGAGATGGATGTGCCA
GTTCTGACTCTCAGCTGTGTCTGG
CCACTCCCAACAGACCTGTCTAT
TGAAAATAAGAGCAAGGCAGTGG
TCTGTGTAGCCCTGGATTCCC
CAGCAACAGCAAGGCGAAAAAGG
AAGATGGCCTGGAGGAATGC
GCTACAAGAGGATCACCAGCAG
TCGCGTGGATAAGGAGTTCTC
AATGTGTCCGTCGTGGATCTG

Reverse primer

GGCTGAGCATATCTGTAAGCAGC

TTGTCCAGAACCACGTTCCA
GGCATGTTCTTGGTCAGCCT
ACCAGTTGGCCTCTTGTGTTCT
CCAATGATGAGAGGCAGCAAG
TGTAAATGGGCACGGCAGAT
TTGTCGTTGCTTGGTTCTCCTTGT
GTTCTTCTTCAAGCATGGAGTTTTC
CAACAGAGCTCGGTGAGCG
GCATCATCGTTGTTCATACAATCA
TGATCATCATGTATGCTTCTATGCA
GGCCTTGCGGTTACAGAGG
TTTCCGCTTCCTGAGGCTGGAT
TGCTGTGCTACAGTTCCGAG
GTCTGGACCCATTCCTTCTTGG
GGAAACTCACACGCCAGAAGA
GCCCAAGATGCCCTTCAGT
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