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Abstract

Background: Chronic rhinosinusitis (CRS) with nasal polyps (CRSWNP) is a chronic
inflammatory disease often accompanied by impairment of sense of smell. This
symptom has been somewhat overlooked, and its relationship to inflammatory
cytokines, tissue compression, neuronal loss, and neurogenesis is still unclear.
Methods: In order to elucidate potential mechanisms leading to CRS in humans, we
have established a type 2/T helper type 2 cell (Th2)-mediated allergic CRS mouse
model, based on house dust mite (HDM) and Staphylococcus aureus enterotoxin B
(SEB) sensitization. The inflammatory status of the olfactory epithelium (OE) was
assessed using histology, biochemistry, and transcriptomics. The sense of smell was
evaluated by studying olfactory behavior and recording electro-olfactograms (EOGs).
Results: After 22 weeks, a typical type 2/Th2-mediated inflammatory profile was
obtained, as demonstrated by increased interleukin (IL)-4, IL-5, and IL-13 in the OE.
The number of mast cells and eosinophils was increased, and infiltration of these
cells into the olfactory mucosa was also observed. In parallel, transcriptomic and his-
tology analyses indicated a decreased number of immature olfactory neurons, possi-
bly due to decreased renewal. However, the number of mature sensory neurons
was not affected and neither the EOG nor olfactory behavior was impaired.
Conclusion: Our mouse model of CRS displayed an allergic response to HDM + SEB
administration, including the type 2/Th2 inflammatory profile characteristic of human eosi-
nophilic CRSWNP. Although the sense of smell did not appear to be altered in these condi-
tions, the data reveal the influence of chronic inflammation on olfactory neurogenesis,
suggesting that factors unique to humans may be involved in CRSwNP-associated anosmia.
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INVESTIGATING SENSE OF SMELL IN ALLERGIC CRS MOUSE MODEL
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CRS, chronic rhinosinusitis; GAP43, growth associated protein 43; HDM, house dust mite; IL, interleukin; I.N., intranasally; NEUROG1, neurogenin 1; OMP, olfactory marker
protein; OSN, olfactory sensory neuron; RGS1, regulator of G-protein signaling 1; SEB, Staphylococcus aureus enterotoxin B; TRP63, transformation related protein p63.

GRAPHICAL ABSTRACT
Mice intranasally exposed to house dust mite extract + staphylococcus aureus enterotoxin B develop allergic chronic sinusitis (CRS) with a local
type 2/Th2 response. Type 2/Th2 cytokine release associates with eosinophil and mast cell infiltration, decreased immature OSN in the olfac-

tory epithelium, and no loss of smell. Although sense of smell did not appear to be altered in this model, the data reveal the influence of

chronic inflammation on olfactory neurogenesis

1 | INTRODUCTION

Chronic rhinosinusitis (CRS) is a very common disease, reportedly
affecting approximately 12% of the general population? with sig-
nificant direct medical costs. CRS is defined in adults as a local
inflammation of the nasal and paranasal sinus mucosae with symp-
toms including nasal congestion, loss of smell, rhinorrhea, and
facial pain that persists for at least 12 consecutive weeks.! There
are two main phenotypes of CRS: CRS with nasal polyps
(CRSWNP), which typically has an eosinophilic component, and
CRS without nasal polyps (CRSsNP), which has a neutrophilic com-
ponent.?2 Although the causes of CRSWNP are still unclear, sus-
pected pathogenic mechanisms include an innate barrier defect,
primary infections that damage the mucosal barrier and promote
its permeability, and dysfunction of several components of immu-
nity.2 Although still a matter of debate® fungal colonization has
been proposed to promote dysregulation of the sinonasal micro-
of CRSwNP with local

biome. Association colonization by

Staphylococcus aureus has been reported,” and the toxins secreted
by S. aureus that act as superantigens have been shown to amplify
immune responses and shift inflammation toward the type 2/T
helper type 2 cell (Th2) profile, including eosinophil infiltration and
activation.®® While systemic atopy is not strongly associated with
CRSWNP, elevations of IgE in nasal secretions and tissue indicate
a localized allergic condition.® Levels of IgE antibodies to Staphylo-
coccal enterotoxin superantigens in nasal polyp tissue are thought
to be related to disease severity.>”

It is generally well accepted that the immune system plays a
major role in CRS development.2®? Infiltration of innate immune
cells and increased levels of pro-inflammatory chemokines and
cytokines have been detected in nasal polyps of CRS patients.®
The injured epithelium releases cytokines interleukin IL-25 and IL-
33, and thymic stromal lymphopoietin (TSLP), collectively known
as alarmins, which direct Th2-polarized inflammatory response by
inducing the production of type 2 cytokines, IL-5, IL-4, and IL-
13.2°
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FIGURE 1 Protocol for allergen HDM sensitization and SEB administration. Two groups of mice of 38 animals were treated either with
PBS (control group) or with HDM + SEB (treated group). On Days 1 and 5, S.C. HDM (HDM 100 pg + 200 pg Alum in PBS [100 pL]) was
administered, followed by daily .N. HDM (HDM 20 pg in 40 pL PBS [20 ulL/nare]) from Days 12 to 19. I.N. HDM + SEB: 20 pg HDM + SEB
10 ng (20 pL/nare). HDM, house dust mite; I.N., intranasally; PBS, phosphate buffer saline; S.C. subcutaneously; SEB, Staphylococcal

enterotoxin type B

Patients with CRS generally suffer from many symptoms,
including nasal obstruction, congestion, nasal discharge, facial
pressure and pain, headache, and reduction or even loss of
smell (hyposmia or anosmia, respectively).? Impairment in sense
of smell, one of the most troublesome symptoms in patients
with CRSWNP, is correlated with disease severity and may be
the first sign of disease reoccurrence.’® This particular symp-
tom has a substantial impact on quality of life and is often
overlooked in disease management. The degree of olfactory
Clinical studies
in CRSwNP
patients than in CRSsNP patients.!? Although impaired olfac-

dysfunction varies across CRS phenotypes.

report that olfactory loss is more prevalent

tion in CRS is associated with conductive and sensorineural

1213 jts exact mecha-

components as well as local inflammation,
nisms are still not fully understood. Nasal airflow reduction,
edema-induced compression of olfactory nerves, or hypersecre-
tion of Bowman's glands with altered ion concentrations in the
olfactory mucus likely contribute to reducing the sense of
smell.121 |t has also been suggested that inflammatory media-
tors could have direct neurotoxic actions on olfactory sensory
neurons (OSNs). 12131516 OSNs with abnormal morphologies

17

and potential functional defects,”” as well as higher numbers

of immature neurons, suggesting an attempt at regeneration,®
have also been reported in CRS patients.

Because biopsies from CRSwNP patients are somewhat diffi-
cult to obtain, several animal models have been developed to
study CRS, including allergy models. Ovalbumin (OVA) administra-
tion combined with or without low doses of Staphylococcal
enterotoxin B (SEB) has been shown to induce eosinophil infiltra-
tion, to release type 2 cytokines from the olfactory mucosa, and
to form structures that resemble nasal polyps.t” Recently, house

dust mite (HDM), a well-known allergen in humans, was used in

combination with SEB in an allergic CRS mouse model to induce
nasal inflammation resembling that observed in CRSwWNP patients,
such as infiltration of eosinophils, mast cells, and polypoid
lesions.?® However, these animal studies did not directly measure
the sense of smell or the OSN turnover within the olfactory
epithelium (OE).

In our present study, we used HDM and SEB as inducers of
allergic CRS in mice to investigate the link between the inflamma-
tory state and the OE structure, as well as the impact of type 2/
Th2 inflammation on olfactory function. Our data demonstrate an
elevation of type 2/Th2 markers, concomitant with changes in
other transcriptomic and histology markers, and a decrease in
immature olfactory neuron number and renewal without affecting

the sense of smell in mice.

2 | MATERIALS AND METHODS
Experiments were carried out on 76 BALB/cByJ mice, all 4-week-

old females (Charles River Laboratories, Saint-Germain-Nuelles,
France) housed in animal facilities accredited by the Association
for Assessment and Accreditation of Laboratory Animal Care Inter-
national (AAALAC). All animal experiments were conducted in
accordance with European guidelines for care and use of labora-
tory animals and were approved by the local ethics committee
(Comité d'Ethique pour la Protection de I'Animal de Laboratoire
C2EA-24). The experimental protocol (Figure 1) of an allergic CRS
model activated by purified HDM extract from Dermatophagoides
pteronyssinus (Der p1; Greer Laboratories, Lenoir, NC, USA) and
SEB from S. aureus (List Biological Laboratories, Inc.,, Campbell,
CA, USA) was adapted from Khalmuratova et al?®  Statistical

analyses were performed by a statistician in collaboration with our
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TABLE 1 Transcriptomic analysis of olfactory epithelium (OE) inflammation and cytoarchitecture

Function Gene
General inflammation TNF-a
Th2 inflammation
IL-13
IL-13Raq
IL-13Ratp
IL-4
IL-5
Innate inflammation (alarmins from epithelial cells) IL-25
IL-33
IL-1RL1
CCR4
TSLP
T2R 38
Th1 inflammation IFN-y
Tolerance IL-10
EPAS1
SIX1
Polyp APRIL
BAFF
ICAM1
RGS1
TRP63
NEUROG1
SOX2
GAP43
NHLH2
NEU2
OMP

Sustentacular cells

Horizontal basal cells (HBC)

Globose basal cells (GBC)

Immature olfactory neurons

Mature olfactory neurons

Eotaxin 1 (CCL11)

FC Mus musculus gene name
x0.6 Tumor necrosis factor
x10*** Chemokine (c-c motif) ligand 11

x51*** Interleukin 13

x1.3*** Interleukin 13 receptor alpha 1
x6.8*** Interleukin 13 receptor alpha 2
x1.8*** Interleukin 4

x1.4 Interleukin 5

x1.4 Interleukin 25

x1 Interleukin 33

X7.17%* Interleukin 1 receptor L1 (ST2 IL-33 receptor)
x0.2*** Chemokine (c-c motif) receptor 4
x1.3 Thymic stromal lymphopoietin

x1.4 Putative taste receptor

x1 Interferon y

x1.7** Interleukin 10

x1.1 Endothelial PAS domain protein 1
x1.1 Sine oculis-related homeobox 1 homolog
x1.2 A proliferation-inducing ligand
x0.4*** B-cell activating factor

x0.9 Intercellular adhesion molecule 1
x1.6** Regulator of G-protein signaling 1
x1.4 Transformation related protein p63
X0.6*** Neurogenin 1

x1 SRY (sex-determining region Y)-box 2
x0.4*** Growth-associated protein 43
x0.3*** Nescient helix loop helix 2

x1.1 Neuraminidase 2 transcript variant 1
x1.1 Olfactory marker protein

Data are expressed as a fold change (FC) between the ACT of HDM + SEB-treated mice and ACT of vehicle-treated mice. Statistical differences
between groups were assessed using the Wilcoxon-Mann-Whitney U test, and P values below P < 0.05 were considered statistically significant.
CT, cycle threshold; HDM, house dust mite; OE, olfactory epithelium; OMP, olfactory marker protein; PAS, Per-Arnt-Sim; SEB, Staphylococcal entero-

toxin type B; TSLP, thymic stromal lymphopoietin.
***P < 0.001 vs controls.
**P < 0.01 vs controls.

biostatistical department and using SAS v9.2 (SAS Institute, Cary,
NC, USA).

Detailed materials and methods are fully described in Supporting
Information of this article.

3 | RESULTS

3.1 | HDM + SEB intranasal treatment induces
local type 2/Th2 inflammation

Type 2/Th2 inflammation markers were found to be enhanced in the
OE of mice treated with intranasal injections of HDM + SEB as com-
pared to controls.

After 22 weeks of allergen treatment, mice presented a signifi-
cant (P < 0.001) elevation of IL-13, IL-4, and IL-5 mRNA levels in the
OE compared to the control group (51-fold, 1.8-fold, and 1.4-fold,
respectively) (Table 1). Expression of the chemokine eotaxin 1 was
dramatically and significantly increased (10-fold; P < 0.001 compared
to control group) (Table 1). mRNA analysis of additional inflamma-
tory markers in the HDM + SEB-treated OE compared to control OE
further revealed an upward trend for the expression of alarmins (eg,
IL-25 and TSLP), a significant (P < 0.001) increase in IL-13 receptor
subunits (6.8-fold in IL-13Ra, and 1.3-fold in IL-13Ra4, Table 1), and
a significant increase in IL-10 (1.7-fold; P < 0.001).

These data were corroborated by protein titration (Figure 2A),
showing a significant increase (P < 0.0001) in IL-13 and IL-5 in the
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FIGURE 2 Differential expression of cytokines and IgE in (A) OE and (B) serum. Measurement of cytokines, IL-4, IL-5, and IL-13, and
eotaxin (CCL11) by Bio-Plex multiplex and IgE by ELISA in OE of 20 controls (vehicle) and 20 HDM + SEB-treated mice (HDM). All individual
data are expressed in box-and-whisker plots showing the median values with interquartile range and minimum and maximum values. Statistical
analysis was performed using a Wilcoxon-Mann-Whitney U test, and P values below P < 0.05 were considered statistically significant.

***P < 0.001 vs controls. ELISA, enzyme-linked immunosorbent assay; HDM, house dust mite; IL, interleukin; ns, not significant; OE, olfactory
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FIGURE 3 Eosinophils and mast cell counts in (A) olfactory mucosa and in (B) respiratory mucosa. Eosinophil infiltration was evaluated
using Sirius red staining and quantified by pixel count (number of red pixels/total number of pixels) and expressed as a percentage in an
olfactory or respiratory area previously defined. Mast cells were stained based on IHC using mast cell tryptase antibody. Positive cells were
counted as a number of cells per squared millimeter. Graphs represent median with interquartile range of eight mice (plots) for each group.
Statistical differences between groups were assessed using the Wilcoxon-Mann-Whitney U test, and P values below P < 0.05 were considered
statistically significant. (C) Sirius red staining of a vehicle animal at low magnification with higher magnification inset. (D) Sirius red staining of
an HDM + SEB animal at low magnification with higher magnification inset. Pink circles indicate areas of eosinophil infiltration. ***P < 0.001
vs controls. HDM, house dust mite; IHC, immunohistochemistry; SEB, Staphylococcal enterotoxin type B

HDM + SEB-treated group vs control group (IL-13: 6.3 + 0.5 pg/mg
of tissue vs 2.8 +0.3pgmg; IL-5 0.30+0.04 pg/mg vs
0.07 £ 0.01 pg/mg). IL-4 levels were under the detection threshold in
the control group but detectable in HDM + SEB-treated mice

(8.7 £ 0.6 pg/mg). In contrast to the transcriptomic analysis, eotaxin
protein levels were not significantly (P = 0.06) different between
HDM + SEB-treated vs control groups (75.3 £ 3.8 pg/mg vs
85.1 + 3.6 pg/mg). Moreover, total IgE, considered as an allergic index,
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FIGURE 4 (A) Distribution of GAP43-positive immature cells and interaction between eosinophils and nerve bundles within olfactory
mucosa of HDM + SEB exposed mouse (IHC GAP43 combined with Sirius red staining); black arrows point to eosinophils stained by Sirius red,
pink arrow points to a nerve bundle stained with GAP43 antibody, and green arrows point to GAP43-positive immature olfactory neurons. (B)
Number of mature olfactory neurons and (C) immature olfactory neurons in OE. Mature olfactory neurons were stained by IHC using OMP
antibody and quantified by pixel count (brown pixels/total pixel number) and expressed as a percentage. Immature olfactory neurons were
stained by IHC using GAP43 antibody and counted as a number of cells per squared millimeter. Graphs represent median with interquartile
range of 7-8 mice (plots) for each group. Statistical differences between groups were assessed using the Wilcoxon-Mann-Whitney U test, and
P values below P < 0.05 were considered statistically significant. (D) GAP43 IHC at low magnification in a vehicle animal. (E) GAP43 IHC at
low magnification in an HDM + SEB animal. *P < 0.05 vs controls. GAP43, growth-associated protein 43; HDM, house dust mite; IHC,
immunohistochemistry; NS, not significant; OE, olfactory epithelium; OMP, olfactory marker protein; SEB, Staphylococcal enterotoxin type B

was significantly (P < 0.0001) increased in the OE (22.4 + 3.9 ng/mg
vs 3.1 £ 0.2 ng/mg for the HDM + SEB-treated group vs control
group). In addition, IgE was the only inflammatory marker found ele-
vated in serum (24,393 + 1613 ng/mL vs 6989 + 1783 ng/mL for the
HDM + SEB-treated group vs control group, Figure 2B).

The infiltrations in both olfactory and respiratory mucosa tis-
sues by eosinophils and mast cells were quantified by Sirius red

staining and immunohistochemistry (IHC), respectively, and showed

significantly (P < 0.001) higher levels in HDM + SEB-treated mice
olfactory mucosa 0.03 +0.01% vs
0.0008 + 0.0005% for eosinophils and 629 + 214 cells/mm?® vs
3.3+33 respiratory mucosa
0.4 +0.1% vs 0.003 + 0.001% for eosinophils and 4.6 + 4.6 cells/

mm? vs 1655 + 491 cellssmm?® for mast cells; Figure 3A and B).

vs control mice (in

cellssmm? for mast cells; in

Qualitative histological analysis revealed a differential distribution

of infiltrating eosinophils (Figure 3C and D) and mast cells in the
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FIGURE 5 Characterization of sense of smell (A) typical recordings of 10% heptanal-evoked EOGs of OSNs from vehicle-treated and

HDM + SEB-treated mice. Black arrows indicate odorant (heptanal 10%) stimulation (100 ms). (B) EOG responses to increasing odorant
percentage in vehicle and HDM + SEB groups. Values represent the means of peak amplitudes + SEM (n = 7-8/group), normalized to the
response to 100% heptanal. (C) Buried food test. Bar graph represents the time course of median latency to discover a hidden food + MAD in
the vehicle and HDM + SEB-treated groups (n = 38/group). In the Week 13_Sham experiment, mice had to discover a food pellet without
odorant. The inset shows the latency distribution in Week 22 for both groups. Graphs represent median with interquartile range of 38 mice
(plots) for each group. EOG, electro-olfactograms; HDM, house dust mite; MAD, median absolute deviation; OSN, olfactory sensory neurons;

SEB, Staphylococcal enterotoxin type B

allergic OE: Mast cells were located into the epithelium layer,
whereas eosinophils were observed within the lamina propria, near
to the nerve bundle (Figure 4A).

3.2 | HDM + SEB treatment affects olfactory
mucosa structure

The impact of allergen treatment on the olfactory markers was fur-
ther analyzed. Expression levels of the olfactory marker protein
(OMP), which is uniquely associated with mature OSNs, were not
significantly different between groups (fold change [FC] = 1.1). In
contrast, a significant decrease in expression levels of growth-asso-
ciated protein 43 (GAP43), a marker of immature OSNs, was
observed in the HDM + SEB-treated group (0.4-fold, P < 0.001)
compared to controls (Table 1). Immunolabeling of mature and
immature OSNs also supported a differential response of these pop-
ulations. In HDM + SEB-treated mice, the number of mature OMP-
positive OSNs was unchanged in the OE (1.7 + 0.3% for HDM +
SEB-treated group vs 1.5 + 0.2% for control group), whereas there
was a significant (P < 0.05) reduction in the number of immature
GAP43-positive OSNs (1145 + 271 cells/mm? for HDM + SEB group
vs 2067 £ 617 cellssrmm? for control group; P < 0.05; Figure 4B-E).
Additional transcriptomic hallmarks indicated a 0.6-fold reduction in
the expression of NEUROG1, a marker of globose basal cells (GBC)

in HDM + SEB group compared to control (P < 0.001; Table 1). In
contrast, expression of the horizontal basal cell (HBC) markers
TRP63 and RGS1 was slightly increased compared to controls (1.4-
fold and 1.6-fold, respectively).

3.3 | HDM + SEB treatment does not induce OSN
dysfunction and loss of smell

The heptanal-evoked electro-olfactogram (EOG) characteristically dis-
played a fast depolarization of approximately 1 mV in amplitude fol-
lowed by a slow and progressive repolarization lasting about
10 seconds (Figure 5A). Electro-olfactograms amplitudes observed in
each group were not significantly different (P = 0.4536) overall hep-
tanal doses tested (Figure 5B).

After 22 weeks of allergen treatment, a buried food test was
performed and the median latency to discover the hidden food in
HDM + SEB-treated mice group was not significantly different com-
pared to control mice (P = 0.4365) (Figure 5C).

The performance of the mice changed over the course of the
study. The latency to discover hidden food declined over time in
both HDM + SEB-treated and control groups (Figure 5C). A sham
trial was performed as a negative control at Week 13, with an odor-
free polystyrene pellet; mice were unable to find this odor-free pellet

(latency of 900s + 0 median absolute deviation) (Figure 5C),
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suggesting that mice relied on their sense of smell to find buried pel-
lets and that they were not overtrained to burrow and find any

object regardless of its odor.

4 | DISCUSSION

To our knowledge, this study is the first to evaluate the impact of
inflammation on both sense of smell and olfactory neurogenesis in a
mouse model of allergic CRS. Mice treated for 22 weeks with a com-
bination of HDM + SEB showed an elevation of several type 2/Th2
markers, as measured by transcriptomic and biochemical analyses.
This elevation was concomitant with changes in other transcriptomic
and histology markers revealing a decrease of immature olfactory
neuron number and renewal, without affecting the sense of smell of
mice as measured by EOG and behavioral food test.

In our present study, we combined and adapted the mouse mod-
els developed by Kim et al*’ and Khalmuratova et al.?° In order to
induce a robust type 2/Th2 inflammatory profile, the impact of sev-
eral factors (eg, mouse strain, type of allergen, anesthesia, sex, age,
and stress??) that could modulate allergy development following air-
way exposure of nonsensitized laboratory rodents to antigen was
considered in our experimental procedure. BALB/cByJ female mice
were chosen because it has been established that they have a more
pronounced type 2/Th2 response in dermatitis or airway allergy
inflammation models.?22® However, the impact of allergen exposure
regimen (dose and duration) on tolerance, a reaction that can occur
during a long period of continuous allergen administration, was more
difficult to ascertain. To decrease tolerance, we introduced an inter-
ruption in the allergen (HDM) administration and monitored IL-10
mRNA levels, which are known as a tolerogenic marker. However,
after the immunization pause, IL-10 mRNA levels were still up-regu-
lated, while type 2/Th2 markers remained elevated. These data are
in good agreement with those of a long-term study by Kim et al.,?*
where mice treated with OVA + SEB presented increased type 2/
Th2 inflammation markers despite a twofold increase in IL-10 cyto-
kine levels, suggesting an incomplete immune tolerance mechanism.
House dust mite is an allergen rarely used to induce allergic CRS in
animals, but, as shown by Khalmuratova et al?® its use may repre-
sent an improvement of CRS models, as HDM induces a more robust
inflammatory profile than OVA, enhances the infiltration of mast
cells known to be involved in the development of CRSWNP, and is
more relevant to human disease than OVA.22°

In their HDM CRS murine model study,?® Khalmuratova et al
reported an elevation of total serum IgE, as well as increased eosino-
phil and mast cell numbers in the nasal mucosa. Further describing
this model, our transcriptomic analysis showed an increase in inflam-
matory markers related to type 2/Th2 inflammation in the OE
(Table 1), including IL-4, IL-13, and IL-5 mRNA levels. These results
were confirmed at the protein level. In contrast, no change in the
level of these three cytokines was observed in the serum. These
results strongly suggest that our CRS mice model presents a type 2/
Th2 inflammatory profile restricted to the nasal cavity. Focusing on

the OE and combining two different stimuli (protease activity with
HDM and bacterial protein with SEB), we found a strong increase in
IL-33 receptor (ST2) mRNA and a slight increase in IL-25 mRNA
without affecting TSLP and IL-33 mRNA levels (Table 1). In our
model, the cellular sources of cytokine release have yet to be deter-
mined. Recently, in a short-term (3 months) mouse model where
CRSWNP was induced by OVA and SEB, a correlation between the
up-regulation of IL-25 and TSLP was observed, suggesting that IL-25
could drive TSLP release, leading to type 2/Th2 inflammation. How-
ever, this result was not reported in a long-term (6 months) model.?*
These observations pointed to these innate inflammatory markers as
participants in the early stages of the disease that drive inflammation
toward type 2/Th2 response. It is now clearly established in the liter-
ature that innate inflammation markers (eg, alarmin molecules such
as IL-25, TSLP, and IL-33) are involved in the generation of CRS.7%¢

In our present study, the structure of the OE was similar when
comparing HDM + SEB-treated and control groups, while previous
studies have reported differences.?°?* The thickness of the OE was
unchanged, in contrast to the data shown by Khalmuratova et al.°
This discrepancy could possibly be due to the fact that we measured
the thickness of the mature olfactory neuron layer, whereas Khalmu-
ratova et al?® investigated the subepithelial layer. Further, nasal poly-
poid lesions described by Kim et al®* were not observed in our
HDM + SEB-treated group, and this was corroborated by qPCR anal-
ysis, showing low B-cell activating factor (BAFF) mRNA levels and no
modification of A proliferation-inducing ligand (APRIL) mRNA, both
markers of nasal polyps in humans and mice.?’

Histological differences were observed between control and
HDM + SEB-treated groups. Olfactory mucosa from HDM + SEB-
treated animals displayed a significant reduction in the number of
immature OSNs. This observation was further correlated with the
decreased expression of GAP43 mRNA, which encodes a protein
believed to be involved in the growth and development of immature
neurons.?® Reduced expression of GAP43 has been associated with
impaired development and maturation of olfactory neurons in severe
neurotoxic or inflammatory conditions.*¢??

Elevations in TNF release are known to induce apoptosis of
immature and mature OSNs.%?*° However, in our present study, we
did not observe any change in TNF mRNA (Table 1) or protein levels
(data not shown), which may be explained by differences in proto-
cols for inducing inflammation: nasal administration of Aspergillus
fumigatus'® or genetically induced local pro-inflammatory cytokine
release® vs nasal administration of combined allergens HDM + SEB
in our model. These different induction strategies might result in dif-
ferential cytokine profiles (T helper 1 [Th1], Th2, Th1/Th2-mixed, or
T helper 17 [Th17]) that could differently impact OSN survival or
renewal. For example, a study by Mori et al®! suggests that IL-4 and
IL-13 cytokines could contribute to pathological mechanisms leading
to the loss of dopaminergic neurons in Parkinson's disease. Interest-
ingly, IL-13Raq and IL-4Ra mRNAs are detected in mature OSNs as
well as in HBCs and GBCs,3? which are involved in OSN renewal.
Moreover, the expression of IL-13Ray, a decoy IL-13 receptor that
may inhibit IL-4 and IL-13-dependent pathways, was dramatically
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increased in the HDM + SEB-treated group. Further studies are
required to decipher the exact roles of neural IL-4 and IL-13 path-
ways and their possible regulatory impacts on neurogenesis and
homeostasis of olfactory neurons.

In our model, the induced inflammation of the OE may have
affected the neurogenesis cascade without impairing the survival of
mature OSNs. Indeed, in addition to GAP43, NEUROG1 transcripts
were reduced, suggesting that GBC-derived neurogenesis may be
impaired, as NEUROG1-expressing GBCs are immediate neuronal pre-
cursors that can give rise to a small number of OSNs in a few days.>®
Given that adult mouse olfactory neurons display a half-life of 90 days
and are continuously renewed,3* it is possible that the duration of our
protocol was not long enough to observe a significant and measurable
reduction in the total number of OMP-expressing mature OSNs. Hori-
zontal basal cells are another class of stem cell in the OE that are acti-
vated by severe epithelial damage.®> TRP63, a master negative

regulator of the multipotent progenitor HBC activation,33353¢

was
found to be up-regulated in our model. Recently, a study using methi-
mazole-induced olfactory lesions in mice demonstrated the impor-
tance of a transient inflammation (Th1) in promoting repair, especially
through the proliferation of TRP63-expressing HBCs prior to their dif-
ferentiation.3” In our model, the increased expression of RGS1,
another HBC-specific gene,®? together with TRP63, may further sug-
gest that sustained, rather than transient, inflammation could maintain
the proliferation of undifferentiated HBCs.

The sense of smell and EOG recordings were not affected by the
development of inflammation in our allergic CRS model, possibly due
to the preservation of the mature olfactory layer. In an allergic rhini-
tis (AR) mouse model, Ozaki et al®®* demonstrated an impact of
inflammation and olfactory defect by choosing a more discriminatory
behavioral model to detect olfaction and by electrophysiological
records of the olfactory bulb. Unfortunately, this study did not men-
tion the state of the mature OSNs. Moreover, it has been shown
previously that sense of smell in mice was unaffected by a dramatic
depletion of up to 90% of carnosine, a peptide marker for mature
OSNSs, in the OE.3? Nevertheless, the link between OSN number and
sense of smell has not been clearly determined in the literature.

Furthermore, it has been proposed that eosinophil infiltrations are
involved in sense of smell deficiency. AR mouse models have evaluated
the differences in eosinophil infiltration between respiratory epithe-
lium and OE.1384041 Thase models used OVA or A. fumigatus as aller-
gens and presented that eosinophils infiltrated or did not infiltrate the
OE, or were limited to the respiratory-olfactory epithelia transition.
These discrepancies can be explained by various factors, including the
amount of allergen, immunization time course, and induction of an
allergic response coupled or not with innate inflammation. In CRS ani-
mal models, the use of different allergens (eg, OVA/HDM with or with-
out SEB) and sensitization protocol”?° focused on nasal cavities
without any distinction between olfactory and respiratory epithelia.

In our present work, eosinophils in the HDM + SEB-treated group
were more present in the respiratory than in the olfactory area; this
may result from a greater number of epithelial cells releasing alarmins

and eosinophil-attracting chemokines in that region. Interestingly,

eosinophils in OE were mainly observed in the subepithelial compart-
ment (lamina propria), at times near to nerve bundles which was also
observed by Carr et al.*° Given that eosinophil granules are neurotox-
ic,*2 this could contribute to OSN dysfunction and particularly to
impaired signal transmission. The EOG recordings in our study
assessed normal events related to the cilia and olfactory receptor-
mediated transduction pathway. However, this technique does not
provide any information on signal propagation through the OSN
axons, which may be damaged by inflammation. A recent clinical study
by Lavin et al*® demonstrated a correlation between elevated eosino-
phil markers in the superior turbinate of CRSWNP patients and poor
performance in an olfactory test. Although human and murine olfac-
tory mucosa cytoarchitectures are similar, their relative surfaces and
cell subpopulation ratios display some differences.** For example, the
total number of olfactory neurons is much higher in mice than in
humans® and could explain why olfactory function in rodents appears
to be more resistant to inflammatory challenges.

In conclusion, our study presents a mouse model of allergic CRS
describing for the first time a decrease in immature olfactory neurons
associated with a type 2/Th2 response within the olfactory area. Our
findings strengthen the emerging view that olfactory loss may not only
result from physical features, such as mechanical nasal obstruction,
but also involve an inflammatory component. In agreement with and
reinforcing previously published data on the potential impact of
inflammatory cytokines on OSN regeneration, these results also raise
the question of a potential toxicity of type 2/Th2 inflammatory cells
on olfactory signal transmission, potentially opening new perspectives

to explain human olfactory dysfunction in CRSwWNP.
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