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Upper airway viral infection in patients with airway allergy often exacerbates olfactory dysfunction, but the
mechanism for this exacerbation remains unclear. Here, we examined the effects of respiratory syncytial virus
(RSV) infection, in the presence or absence of airway allergy, on olfactory receptor neurons (ORNs) and their pro-
genitors in mice. Immunohistological analyses revealed that cockroach allergen (CRA)-induced airway allergy
alone did not affect the number of OMP+ mature ORNs and SOX2+ ORN progenitors. Intranasal RSV line 19
infection in allergy-free mice resulted in a transient decrease in SOX2+ ORN progenitors without affecting
OMP+ ORNs. In contrast, the RSV-induced decrease in SOX2+ ORN progenitors was exacerbated and prolonged
in allergic mice, which resulted in eventual loss of OMP+ORNs. In the allergicmice, reduction of RSV in the olfac-
tory epithelium was delayed as compared with allergy-free mice. These results suggest that ORN progenitors
were impaired by RSV infection and that airway allergy exacerbated damage to ORN progenitors by reducing
viral clearance.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Olfaction is a sensor for environmental chemicals that facilitates
the identification of foods as well as environmental danger signals.
Olfaction is mediated by the olfactory system, which is composed of
the olfactory receptor neurons (ORNs) in the nasal cavity and the
olfactory bulb (OB) in the forebrain. ORNs sense odor molecules and
transmit the odor information to olfactory bulbs passing through the
cribriform plate [1].

ORNs are unique among adult mammalian peripheral nervous
system in that they possess regenerative potential through the olfactory
epithelial stem cell system [2]. Two cell types in the basal layer of
olfactory epithelia (OE), globose basal cells (GBCs) and horizontal
basal cells (HBCs), act as ORN stem cells/progenitors and give rise to
mature ORNs expressing olfactory marker protein (OMP), which is
exclusively expressed in mature ORNs and modulates olfactory signal
transduction [3]. Accumulating evidences suggest that GBCs are actively
proliferating stem cells/multi-potent progenitors and increase their
proliferation potential uponOE damage [4], whereasHBCs are quiescent
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stem cells and contribute to OE regeneration only after severe OE dam-
age [5,6]. SOX2 is a transcription factor that is widely expressed in stem
cell populations including neural stem cells and plays a role inmaintain-
ing their undifferentiated state [7]. In the OE, SOX2 is expressed by pro-
liferating stem cells or progenitor cells and regulates the homeostasis of
OE [2,8–10].

Olfactory dysfunction affects roughly 1–2% of individuals in North
America, especially in elderly populations, and impairs their mental
health and quality of life [11–13]. Olfactory dysfunction is associated
with the damage to ORNs and/or OB from a variety of causes, such as
airway allergy, upper-airway virus infections such as rhinovirus, influ-
enza viruses and respiratory syncytial viruses (RSVs), head trauma,
and neurodegenerative diseases. Among these, severe upper-airway
virus infections are the most common cause of prolonged olfactory
dysfunction, which appears to occur from the continuous or irrevers-
ible damage to ORNs and possibly to ORN stem cells/progenitors or
microenvironment required to support ORN regeneration [11,14].
Interestingly, airway allergy and upper airway infections are closely
associated with each other; acute RSV infection during infancy is a risk
factor of allergic asthma, which is strongly associated with airway
allergy and exacerbates the severity of RSV infection in the respiratory
mucosa [15–17]. Also, patients with asthma and allergic rhinitis are
often troubled by severe exacerbation of their smell disorder and more
prolonged nasal symptoms after upper airway infection, compared
with patients without allergic condition. Despite extensive research
efforts in understanding the immunological mechanisms of RSV
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exacerbation of allergic responses, the impact of RSV infection in the
presence or absence of airway allergy on ORNs and their progenitors
remains elusive.

In this study, we explored the effects of RSV infection with or with-
out airway allergy on ORNs and ORN progenitors using a mouse model
of allergic airway disease and RSV infection. We found that RSV infec-
tion impairs the ORN progenitor SOX2+ basal cells and the association
of RSV with airway allergy exacerbates the pathology possibly due to
the delay in RSV clearance in allergic mice.

2. Methods

2.1. Mice

Female BALB/c mice, 6 to 8 weeks old, were purchased from the
Jackson Laboratory (Bar Harbor, ME). All mice were maintained in
specific-pathogen-free facilities in the Unit for Laboratory Animal
Medicine at the University of Michigan. The University Committee of
Use and Care of Animals (UCUCA), University of Michigan, Ann Arbor,
approved all animal experimental protocols, and experiments were
conducted according to the guidelines provided by the UCUCA review
committee.

2.2. Airway allergy model and respiratory syncytial virus infection

Airway allergy and RSV infection were performed as described
previously, with some modifications [18]. In brief, mice were simulta-
neously immunized both subcutaneously and intraperitoneally with
200 μl of a 1:1 mixture of clinical-grade CRA (Hollister-Stier Laborato-
ries, Spokane, WA) in incomplete Freund's adjuvant (Sigma-Aldrich)
on day −22. The mice next received CRA intranasally three times on
days −8, −4 and 0 to induce asthma and allergic inflammation
(allergic mice). Both naïve and allergic mice were infected intranasally
with 1 × 105 plaque-forming units (pfu) of RSV strain line 19 [19,20] on
day 0 and sacrificed on days 2, 4, 7 and 14 post-infection.

2.3. Tissue preparation

Septal nasalmucosa and olfactory bulbswere harvested on days 2, 4,
7 and 14 for histological andRT-PCR analyses. In brief, immediately after
euthanasia, nasal cavities were gently irrigated with 4% paraformalde-
hyde in order to minimize any mechanical damage to the olfactory
neuroepithelium. Mandibles were discarded, and trimmed heads were
skinned and further fixed in 4% paraformaldehyde for 24 h followed
by decalcification using Decalcifying Solution B (Wako Pure Chemical
Industries, Ltd, Japan) for 7 days. After decalcification, specimens were
embedded in paraffin or in Optimal Cutting Temperature compound
for frozen sectioning.

2.4. Histological analyses

All samples were cut at the level of the anterior end of the olfactory
bulb. Fourmicrometer-thick paraffin sectionswere deparaffinized in xy-
lene and rehydrated in alcohol before immunostaining. Deparaffinized
sections or six micrometer-thick frozen sections were treated with 3%
H202 to block endogenous peroxidase and then incubated in Blocking
One (Nacalai Tesque) to block non-specific immunoglobulin binding.
Primary antibodies against mouse SOX2 (rabbit monoclonal, EPR3131,
Abcam), cytokeratin 5 (CK5, rabbit monoclonal EP1601Y, Abcam), and
OMP (goat polyclonal, Wako) were detected with peroxidase conjugat-
ed appropriate secondary antibodies and a diaminobenzidine (DAB)
substrate. The numbers of OMP+ ORNs were analyzed quantitatively
on these histologic sections. To control for variation between speci-
mens, analyses were restricted to the olfactory neuroepithelium.
Three different microscopic fields (dorsal, middle, and ventral) of the
bilateral septal olfactory neuroepithelium were randomly captured by
a digital microscope camera (AxioCam, Carl Zeiss) with a 40× objective
lens. Thewidth of each fieldwas 350 μm. The number of counted cells in
each of the three microscopic fields was averaged across the sections.
The number of SOX2+ ORN progenitors and CK5+ quiescent stem
cells per mm basal layer length was counted manually on three differ-
ent fields (dorsal, middle and ventral) per mouse using digital imaging
software (CellSens Dimension, Olympus). Results are presented as
mean ± SD for each time point.

2.5. Enzyme-linked immunosorbent assay (ELISA)

Sera from allergic and allergy-freemicewere prepared and 500-fold
serum dilutions were tested for IgE to confirm the presence of allergic
responses before RSV infection using a mouse IgE ELISA MAX Deluxe
kit (Biolegend) according to the manufacturer's instructions.

2.6. RT-PCR

Total RNAwas isolated from septal nasalmucosa and olfactory bulbs
using TRIzol reagents (Life Technologies) at days 0, 2, 4, 7 and 14 after
RSV infection and reverse-transcribed with iScript Reverse Transcrip-
tion Supermix for RT-qPCR (Bio-Rad). Real-time PCR was performed
on a 7500 Real-Time PCR System (Applied Biosystems) using a TaqMan
probe or SYBR green (both from Life Technologies). We employed two
RSV-derived genes for quantification of RSVburden, RSV-G that encodes
glycoprotein mediating attachment to target cells and RSV-F that
encodes protein essential for fusion of virus particle and target cells.
Gene specific primes and probes used were: 18sRNA as endogenous
control (Life technologies); RSV-G (forward 5′-CCAAGCAAACCCAATA
ATGATTT-3′, reverse 5′ GCCCAGCAGGTTGGATTGT-3′ and probe 5′-
CTTTGAAGTGTTCAACTTTGTACCCTGCAT-3′); RSV-F (forward 5′-AATG
ATATGCCTATAACAAATGATCAGAA-3′ and reverse 5′-TGGACATGATAG
AGTAACTTTGCTGTCT-3′). The quantity of target mRNA in each sample
was normalized relative to the respective 18sRNA measurement.
Results are presented asmean± SD for each time point, and are repre-
sentative of two independent experiments.

2.7. Statistical analysis

Statistical differences among groups or time-points were deter-
mined with one-way ANOVA for kinetic studies, or Mann–Whitney
u-test for ELISA, using GraphPad Prism software (version 6.0; GraphPad
Software, Inc.). Logarithmic transformations were performed to obtain
normality of the RT-PCR data. p b 0.05 was considered to be statistically
significant.

3. Results

3.1. RSV infection impairs the olfactory receptor system

Olfactory receptor neurons (ORNs) are continuously replenished
from progenitors/stem cells in the basal layer [2]. To explore the effects
of RSV-infection on the ORNs and their progenitors/stem cells, BALB/c
mice were infected intranasally with RSV line 19 and the nose tissues
were collected for immunohistological analyses at days 2, 4 and 7.
Mature ORNs were identified as olfactory marker protein-positive
(OMP+) cells. ORN progenitors and quiescent stem cells were identified
as SOX2+ cells and cytokeratin 5-positive (CK5+) cells, respectively, in
the basal layer of the OE (Fig. 1A and B). Time course analyses revealed
that the number of OMP+ ORNs were unchanged by day 7 after RSV
infection, whereas those of SOX2+ ORN progenitors in the basal layer
significantly decreased to about 75% of those in untreated mice on day
2 (Fig. 1C and D). SOX2 expression was also found in sustentacular
cells in the luminal layer, and its expression level was decreased on
day 2 after RSV infection, although the biological significance of
this observation remains unclear. The mean number of SOX2+ ORN



Fig. 1.Histological changes in the olfactory epithelium following RSV infection. A: Olfactory epithelium in the indicated gated area was analyzed for the immunohistological identification
ofOMP+ORNs, SOX2+ORNprogenitors and CK5+quiescent stem cells. B: Representative images of the olfactory epithelium inuntreatedmice. Brown showsOMPor SOX2orCK5 positive
cells in the indicated panels. Blue shows nuclear counterstain with hematoxylin. Arrow head: ORN progenitors in the basal layer. C:Micewere infectedwith 1 × 105 pfu of RSV line 19 and
the olfactory epitheliumwas analyzed for OMP+ ORNs and SOX2+ ORN progenitors on the days indicated. Representative images from two independent experiments. D: Kinetics of the
numbers of OMP+ ORNs and SOX2+ ORN progenitors/mm basal layer after RSV infection. Data represent means ± SEM (n = 6) and are pooled from two independent experiments.
**, p = 0.0052 (vs day 0, one-way ANOVA).
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progenitors in RSV infected mice returned to steady-state levels by
day 7 (Fig. 1C and D). There were no obvious changes in the number
of CK5+ quiescent stem cells over the duration of the experiment
(Fig. 1B and data not shown). Given that OMP+ORNs are replenished
by SOX2+ ORN progenitors, these data suggest that RSV disrupts OE
by targeting and impairing SOX2+ ORN progenitors.

3.2. Airway allergy exacerbates the RSV-induced damage to ORN
progenitors

Since RSV infection often becomes severe in patients and mice with
airway allergy,we next examined RSV-induced damage to ORNprogen-
itors in mice with or without airway allergy. A systemic priming with
subsequent nasal boosting protocol was used to induce airway allergy
to CRA (Fig. 2A), and the magnitude of the allergic response was evalu-
ated bymeasuring IgE serum levels. The CRA-immunized group showed
significantly higher IgE serum levels as compared to those in the un-
immunized group, suggesting the successful induction of an allergic
response (Fig. 2B). The CRA-immunizedmice and unimmunized control
mice were then infected intranasally with RSV and the nasal tissue was
analyzed for SOX2+ ORN progenitors and OMP+ ORNs at days 0, 2, 4, 7
and 14 post-infection. The results showed that before RSV infection, the
numbers of SOX2+ ORN progenitors and OMP+ ORNs in allergic mice
were equivalent to those found in the allergy-free group (Fig. 2C).
When RSV-infected allergic (CRA + RSV) and allergy-free (UT + RSV)
groups were compared, the results demonstrated that although the
numbers of SOX2+ ORN progenitors in both groups similarly decreased
at day 2 after RSV-infection, the reduction becamemore severe at day 4
and was prolonged to day 14 in allergic mice (Fig. 2D). The numbers of
OMP+ ORNs were stable by day 7 in both groups, however, in RSV-
infected allergicmice OMP+ORNnumberswere significantly decreased
at day 14 after infection (Fig. 2D and E). These data suggest that RSV-
induced damage to ORN progenitors is exacerbated and prolonged in
the presence of airway allergy that eventually results in the loss of
ORNs.

3.3. Airway allergy delays RSV clearance in the nasal mucosa and olfactory
bulbs

Finally, we examined themechanisms of how airway allergy exacer-
bates the ORN progenitor damage induced by RSV-infection. Since the
Th2 dominant allergic microenvironment often inhibits the induction
of Th1- and Tc1-T cells required for optimal virus clearance, we hypoth-
esized that RSV clearance is impaired in the nasal tissue of these allergic
mice. To address our hypothesis, nasal mucosa and OB were collected
from RSV-infected mice with or without airway allergy, and RT-PCR
was performedwith gene specific primers to quantify RSV related struc-
tural proteins RSV-G and RSV-F. Relative expression of RSV-G and RSV-F
mRNA rapidly decreased and became almost undetectable by day 14 in
the nasal mucosa of the allergy-free mice following intranasal RSV-
infection, whereas the RSV-infected allergic mice had high levels
of RSV-G at day 14 compared to the RSV-infected allergy-free mice



Fig. 2. Airway allergy exacerbates RSV-induced damage to ORN progenitors. A: Mice were immunized subcutaneously (s.c.) and intraperitoneally (i.p.) with cockroach antigen (CRA)
emulsified in incomplete Freund's adjuvant (IFA) on day −22, then administrated intranasally (i.n.) with CRA every 4 days from day −8 to day 0 to induce airway allergy. Allergic-
(CRA) and allergy-free mice were infected intranasally with 1 × 105 pfu of RSV line 19 on day 0 and the tissue samples were collected for time-course analyses on the days indicated.
B: Serum IgE levels of untreated (UT) and allergic mice were determined by ELISA. Data represents means ± SEM (n= 9 and 34) and are pooled from seven independent experiments.
*, p= 0.028 (Mann–Whitney u-test). C: Nose sections from untreated and allergicmicewere analyzed for the OMP+ORNs and SOX2+ ORN progenitors in olfactory epithelium. Data rep-
resent means ± SEM (n= 4–6) from two independent experiments. D: Allergy free- (RSV) and allergic-mice (CRA + RSV) were infected with RSV on day 0 and the numbers of OMP+

ORNs and SOX2+ORNprogenitors in the olfactory epitheliumwere quantified in the nose sections on the days indicated. Data representmeans±SEM (n=4–6) and are pooled from two
independent experiments. *, p b 0.05; **, p b 0.01; ***, p b 0.001 (RSV vs CRA + RSV, by one-way ANOVA); †, p b 0.05; ††, p ≤ 0.01; †††, p b 0.001 (vs day 0, by one-way ANOVA). E:
Representative images of day 14 sections. Brown: OMP+ ORNs, blue: nuclear counterstain.
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(Fig. 3). Expression levels of RSV-G and -F in OB also appeared higher
(RSV-G but not RSV-F reached statistical significance) in the RSV-
infected allergic mice when compared to the allergy-free mice at
day 14 post-infection, and the relative expression levels of RSV-G
and RSV-F in the OB were 10–1000 times lower than those found in
the nasal mucosa of the same group (Fig. 3). Taken together, these
results suggest that airway allergy inhibits RSV clearance in the
nasal mucosa and OB.

4. Discussion

In the present study, we demonstrate for the first time that SOX2+

ORN progenitors are damaged a few days after RSV infection, before
the manifestation of ORN impairment. The damage to ORN progenitor
cells became severe and was prolonged in the presence of airway aller-
gy, and was associated with defective virus clearance from the nasal
mucosa and OB. Our results suggest that RSV impairs olfaction by
upstream disruption of ORN development and that airway allergy exac-
erbates RSV-induced olfactory dysfunction by inhibiting virus clearance.

OE contains mature ORNs and their stem cells/progenitors, which
constitute the regenerative peripheral nerve system [2]. Due to the
technical difficulties in accessing OE within hard nasal cavities, the
effects of RSV infection and airway allergy on this unique nerve system
have remained elusive. However, our mouse models of RSV infection
and airway allergy enabled us to dissect the kinetics of ORN and ORN
progenitor numbers after RSV infection, and revealed that ORN progen-
itors are the primary targets of RSV. Nonetheless, it remains to be deter-
minedwhether damage to ORN progenitors is responsible for the virus-
induced olfactory dysfunction found in patients, since we could not
quantitatively evaluate the olfaction of the mice with or without
ORN progenitor impairments. Considering that some viruses directly
invade the central nervous system and that cytopathic damage or
virus-induced inflammation could also affect olfaction [21], damage
to ORN progenitors alone might not be responsible for olfactory dys-
function. In fact, we detected a low level of RSV-derived mRNA in the
OB of RSV-infected mice, which is consistent with a recent report by
Espinoza et al. [22]. Future neurophysiological studies that quantify
the signal transduction from ORN to OB, as well as behavior tests to
evaluate olfaction, will reveal the pathophysiological significance of
RSV-induced ORN progenitor impairments. In addition, virus strains,
host species, pre-existing inflammation and immunological memory
to the virus could also affect virus tropism and the nature of the

image of Fig.�2


Fig. 3.Airway allergy delaysRSV clearance in thenasalmucosa and olfactory bulb. Allergy free- (RSV) and allergic- (CRA+RSV)micewere infectedwith RSVonday 0 and theRSVproteins
in the nasalmucosa (A) and olfactory bulbs (B)were quantified by RT-PCRwith gene specific primers for RSV-G and RSV-F on the days indicated. Data representmeans± SEM (n= 3–4),
and are representative of two independent experiments. *, p b 0.05; **, p b 0.01; ***, p b 0.001 (by one-way ANOVA).
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inflammatory response. Thus, establishment of a clinically available
detection method to evaluate damage to ORNs and ORN progenitors
is required in order to investigate the impact of virus infection on
these cells in patients with olfactory dysfunction.

In our model, reduction of SOX2+ ORN progenitors manifested as
early as day 2 after RSV infection independent of airway allergy. A pos-
siblemechanismof this reduction is the direct effects of the RSV on ORN
progenitors or on undefined olfactory niche cells involved in the main-
tenance of ORN progenitors/stem cells. Despite its tropism for epithelial
cells, Li et al. have demonstrated that RSV could directly infect nerve
cells in the lung [23]. Thus, RSV might directly infect and impair ORNs
or ORN progenitors in OE. Since RSV is primarily a low cytopathic
virus [17], growth inhibition or functional modification rather than
cytopathic damage to infected cells is likely to affect the reduction
of SOX2+ ORN progenitors.

Alternatively, it is also possible that RSV impairs SOX2+ ORN pro-
genitors through RSV-induced inflammation and immune responses,
since the pathogenesis of RSV is largely mediated by inflammation
and immunotoxicity in lungs [17].We have previously demonstrated
that the line 19 stain of the RSV used in the current study induces
expression of IL-6 [18], an inflammatory cytokine that suppresses
OE regeneration following injury [24]. Since the loss of SOX2+ ORN
progenitors by RSV infection occurs as early as day 2, and virus
specific immune responses require several days before effector T
cells are seen at the site of infection, it is unlikely that cytokines pro-
duced by effector T cells are responsible for the damage to SOX2+

ORN progenitors. However, the possibility remains that effector T cell-
derived cytokines synergistically disrupt ORN progenitor homeostasis.

RSV-induced reduction of SOX2+ ORN progenitors became severe
and was prolonged in the presence of airway allergy. Since airway
allergy itself did not affect the number of SOX2+ ORN progenitors,
airway allergy likely amplified the effects of RSV infection in our
model. In fact, RSV gene transcripts remained significantly higher in
allergic mice when compared to non-allergic mice, indicating that the
pathological action of RSV persisted longer in the allergic mice. The
delay in RSV clearance in allergic mice might be due to suppression of
anti-viral pro-inflammatory Th1 response under the Th2 dominant
microenvironment in allergic mice. However, there have been contra-
dictory reports on the effects of allergy on the interferon gamma
response (IFNγ). Although IFNγ responses were suppressed in a rat
allergy model induced by Aspergillus fumigatus [25,26], no changes in
IFNγ levels were observed in a mouse allergy model induced by CRA
[25,26]. This discrepancy might be due to a difference in the antigens
used to induce allergy or viruses and host species. Further studies are
required to identify the molecules and cells involved in defective virus
clearance from the nasal mucosa in an allergic microenvironment.

In conclusion, we show for the first time that SOX2+ ORN progeni-
tors are damaged by RSV infection. The damage to ORN progenitor
cells became severe and was prolonged in the presence of airway aller-
gy, with defects in virus clearance from the nasal mucosa and OB. The
pathophysiological and clinical significance of these findings in virus-
induced olfactory dysfunctions, and the mechanisms underlying the
damage to ORN progenitors remain to be addressed. Our findings pro-
vide a basis for these future studies and contribute to the development
of preventive and therapeutic approaches to virus-induced olfactory
dysfunction.
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