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Influence of viral infection on the development of nasal hypersensitivity
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Summary

Background The underlying relationship between viral infections and allergic diseases of the upper
respiratory tract has not been well clarified.

Methods In order to clarify the relationship between viral infection and nasal hypersensitivity, mice
were sensitized with ovalbumin (OVA) and then infected intranasally with respiratory syncytial virus
(RSV), after which their nasal sensitivity to histamine or antigen was examined.

Results Non-sensitized mice showed transient mild nasal hypersensitivity following nasal
administration of histamine after intranasal RSV inoculation. In mice sensitized with OVA, RSV
infection significantly exaggerated their nasal hypersensitivity to histamine and OVA. Treatment of
these mice with a neurokinin (NK)-1/NK-2 receptor antagonist, but not with anti-IL-5 antibodies,
reduced their hypersensitivity. The infiltration of nasal mucosa with eosinophils was temporarily
associated with accelerated rate of RSV elimination in these animals.

Conclusion RSV infection induced transient nasal hypersensitivity. Several mechanisms, including
impairment of nasal epithelial cells are thought to mediate this effect. In allergen-sensitized mice,
RSV inoculation strongly enhanced nasal hypersensitivity.

Keywords histamine, nasal hypersensitivity, RSV
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Introduction

Recent epidemiological evidence has suggested that acute
respiratory viral infections exacerbate the symptoms of pre-
existing reactive airway diseases and is the most important
trigger of acute asthmatic attacks [1-4]. Viruses, rather than
bacteria, cause most acute respiratory tract infections, and
asthma attacks in children are often preceded by viral
infection [5-7]. '

The nasal cavity is often the first target of invading viruses,
because it is the point of entry into the respiratory tract. The
common cold is the most widespread viral infectious
condition and is usually caused by viruses such as rhino-
viruses, parainfluenza viruses, influenza viruses, adenoviruses
and respiratory syncytial virus (RSV) [8, 9]. However, the
relationship between viral infections and allergic diseases in
the upper respiratory tract has not been well defined. The
results from studies that have examined the influence of atopy
on the development of the symptom after viral infections are
controversial [10-13]. Bardin et al. [11] observed more severe
cold symptoms in atopic subjects than in non-atopic subjects
after experimental rhinovirus infection. However, in another
study, augmented nasal allergic inflammation induced by
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antigen provocation before viral inoculation did not result in
a worsening of cold symptoms [12]. The effects of the
common cold on nasal hypersensitivity or allergic rhinitis
have not been clearly established.

Nasal responses to viral infection are thought to differ
depending on the viral species. Although rhinoviruses causes
little damage to epithelial cells in the respiratory tract, RSV
induces marked cytopathic effects [13]. RSV is an RNA virus
infection which usually results in common cold symptoms,
although progression to lower respiratory tract symptoms,
the most common being bronchiolitis, frequently occurs in
infants. RSV causes about 60% of the bronchitis cases in
children {14, 15]. In prospective studies, as many as 75-90%
of infants with a clinical diagnosis of bronchiolitis subse-
quently developed recurrent episodes of wheezing suggestive
of childhood asthma and experienced airway histamine or
methacholine hypersensitivity which persisted for several
years [16-22].

In the present study, we have shown that RSV infection
contributes to the exacerbation of nasal hypersensitivity in an
allergic rhinitis mouse model.

Materials and Methods

Animals

Eight-week-old male C57BL/6 mice (Nippon Clea, Shizuoka,
Japan) that were raised on ovalbumin (OVA)-free chow were
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used in this study. Hartley strain guinea-pigs (Nippon Clea)
were also used to measure passive cutaneous anaphylaxis
(PCA). The use of these laboratory animals was approved by
the local Animal Ethics Committee (Yamanashi Medical
University) and the experiments were conducted in confor-
mity with the guidelines of the committee.

Experimental infection with respiratory syncytial virus

The long stramn of RSV (prototype RSV group A strain) was
grown in HEp-2 cells in minimal essential medium (MEM)
supplemented with 2% fetal calf serum (FCS), 2mm
L-glutamine and antibiotics. RSV was partially purified by
polyethylene glycol precipitation, followed by centrifugation
in a 35-65% discontinuous sucrose gradient, as described
elsewhere [23]. RSV (1 x 10° plaque-forming units (PFU))
in a volume of 20pl. was administered intranasally to
mice. Uninfected Hep-2 cells were processed similarly and
used as controls.

Virus assay

Lungs and nasal tissues were collected and homogenized in
MEM containing 2% FCS and were stored at — 70 °C until
they were assayed. RSV was assayed by the plaque method
using HEp-2 cells in 24-well microplates. The overlay for the
plaque assay consisted of MEM supplemented with 2% FCS,
antibiotics and 1% methylcellulose. Plates were incubated for
7 days at 37°C. After the methylcellulose was removed, the
plaques were fixed with 10% formaldehyde and stained with
0.1% crystal violet.

Evaluation of sensitivity to histamine in nasal mucosa

One microlitre of various concentrations of histamine, diluted
in phosphate-buffered saline (PBS), was administered into
each nostril of the experimental mice. The number of nasal
rubbing attacks that occurred during the ensuing 10 min was
then counted.

Experimental protocol for sensitization with ovalbumin

Mice were immunized with 10pug OVA (grade V, Sigma
Chemical Co., St Louis, MO, USA) intraperitoneally with
alum once a week for 4 weeks. Heat-killed bordetella pertussis
(1 x 10® bacterial units) was used as an adjuvant in the first
immunization. Five days after the last immunization, the mice
were either inoculated with RSV or sham-infected with
sonicated non-RSV-infected HEp-2 cells. Two micrograms
OVA in 2pL PBS was administered intranasally for 5
consecutive days after the inoculation. Sensitized mice were
divided into the following experimental groups and treated as
follows. Group 1 consisted of 30 mice treated with a
neutralizing 1L-5 antibody or a neurokinin (NK)-1/NK-2
antagonist. A rat neutralizing monoclonal antibody (mAb)
directed against mouse 1L-5 (PharMingen, San Diego, CA,
USA) and a control isotype mouse IgGI mAb (PharMingen)
were used. Antibodies were injected intraperitoneally twice a
week at a dose of 0.1 mg for 1 week before RSV inoculation,
and were administered intranasally for 5 consecutive days
after inoculation. Group 2 consisted of 10 OVA-sensitized
mice who received 0.04 pg of the NK-1/NK-2 antagonist [24]

FK224 (Fujisawa Co Ltd, Osaka, Japan) intranasally for 35
consecutive days after RSV inoculation. On the day following
the last nasal administration of OVA, the nasal rubbing
attacks were counted for 10 min. The sensitivity of the mice to
histamine was examined 24 h later in a similar manner.

Treatment of ovalbumin-sensitized mice with a
neutralizing anti-interferon-y monoclonal antibody or with
interferon-y

OVA-sensitized mice received 0.1 mg of anti-IFN-y neutraliz-
ing mAb (PharMingen) or control mAb intraperitoneally
twice a week and then intranasally for 5 consecutive days
before nasal provocation with OVA. Other OV A-sensitized
mice were administered 1ug of IFN-y (PharMingen) intra-
nasally for 5 consecutive days before provocation with OVA.

Detection of ovalbumin-specific immunoglobulin E
antibody

OVA-specific IgE antibodies were detected by PCA [25].
Briefly, 100pL of undiluted and twofold diluted serum
samples were injected intradermally into the dorsal skin of
shaved guinea-pigs. Three days later, the animals were
challenged intravenously with 1 mg OVA together with 1%
Evans blue. A blue lesion of a diameter greater than Smm, as
determined 30 min after the challenge, was considered to be
positive. PCA titres were expressed as the reciprocal of the
highest dilution giving a positive reaction.

Histological examination

On the 4th day after RSV inoculation the mice were killed by
CO, overdose. The heads of the mice were detached along the
line between the upper and lower jaws, and they were then
fixed in formalin and decalcified. The section of the nasal
cavity anterior to the eyeball was examined and processed for
paraffin sectioning. Tissue sections were stained with PAS
and the number of infiltrating eosinophils in the whole nasal
septum mucosa of each section was determined.

Fluorescence-activated cell sorting analysis

Nasal mucosal tissue from the above mice was cut into small
pieces, which were then teased gently through a nylon mesh
using frost glass slides. The disrupted mucosa was then
suspended in RPMI-1640 containing 10% FCS, penicillin
(100 units/mL) and streptomycin (100 pg/mL). After washing
twice with medium, CD3* T cells were purified in 0.2mL of
RPMI-1640 using magnetic beads (Dynal, Great Neck, NY,
USA). Following purification, the medium was supplemented
with 10% FCS. 10° nasal CD3™ T cells collected from seven
RSV-infected OVA-sensitized mice or from non-infected
OVA-sensitized mice were stained with fluorescein-conju-
gated anti-CD4 antibody (PharMingen) and fixed overnight
with 4% paraformaldehyde (Sigma Chemical Co). The fixed
cells were permeabilized by incubation in PBS with 1%
bovine serum albumin and 2% saponin (Sigma Chemical Co)
for 10 min. A phycoerythrin-conjugated anti-IFN-y antibody
(PharMingen) or an anti-IL-5 antibody (PharMingen),
diluted to 20 pg/mL in PBS, was then added. After a 30 min
incubation, the cells were washed with PBS and were

© 2005 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 35:679-684
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analyzed using a FACScan (Becton Dickinson, Fullerton,
CA, USA).

Statistical analysis

Comparisons between groups were evaluated using Student’s
¢ test and Wilcoxon’s test.

Results

Viral replication and nasal histamine sensitivity

After nasal inoculation with 10° PFU of RSV, mild replica-
tion of RSV in the respiratory tract was observed with peak
levels occurring in the lung on day 4 and the levels then
declined until day 7 as shown previously [26]. RSV was
recovered from the nasal mucosa for 12 days after inocula-
tion.

Non-specific stimulation of the nasal mucosa of mice also
resulted in nasal rubbings. The number of nasal rubbing
attacks observed in 20 normal mice following nasal installa-
tion of 2pL PBS was 9.4 + 29 (mean £ SD). Thus, the
lowest histamine concentration administered intranasally in a
volume of 2 pL that was needed to induce more than 20 nasal
rubbing attacks was defined as the threshold level of nasal
histamine hypersensitivity. After RSV inoculation, the thresh-
old decreased and reached its lowest on day 4. It returned to
normal by day 14 (Fig. 1(a)).

Influence of respiratory syncytial virus infection on
ovalbumin-sensitized mice

The threshold of nasal hypersensitivity to histamine decreased
in OVA-sensitized mice and RSV infection in OVA-sensitized
mice induced a dramatic enhancement of nasal sensitivity to

histamine (Fig. 1(b)). The threshold of nasal hypersensitivity
to histamine observed in RSV-infected mice increased
gradually after the last nasal administration of OVA and 14
days later, it was the same as that of non-infected mice (data
not shown). Fluorescence-activated cell sorting analysis of
nasal mucosal T lymphocytes in the RSV-infected OVA-
sensitized mice not only revealed an increased expression of
IFN-y, but also of IL-5 (Table 1). Anti-IL-5 treatment of
RSV-infected OVA-sensitized mice using neutralizing anti-
bodies reduced the histamine sensitivity in some degree
(P<0.05) and the treatment with an NK-1/NK-2 antagonist
resulted in a marked reduction (P <0.001) of the sensitivity
(Fig. 1(b)).

After OVA nasal provocation the frequency of nasal rubb-
ing attacks dramatically increased in RSV-infected OVA-
sensitized mice, compared with non-infected sensitized mice
(Fig. 2). However, anti-IL-5 treatment of RSV-infected OVA-
sensitized mice did not significantly improve nasal symptoms
after OVA administration. On the other hand, an NK-1/NK-
2 antagonist resulted in a significant improvement (Fig. 2).

The number of eosinophils in the nasal mucosa was mark-
edly increased in RSV-infected OVA-sensitized mice com-
pared with those in non-infected OVA-sensitized mice (Fig.
3). The PCA titre, on the other hand, was not significantly
different between the two groups (mean + SD; 21.1 £ 21.0 in
infected sensitized mice, 16.6 = 11.4 in non-infected sensitized
mice). Anti-IL-5 treatment of RSV-infected OVA-sensitized
mice significantly reduced the number of infiltrated eosino-
phils, however, the treatment with an NK-1/NK-2 antagonist
had no effect on eosinophil infiltration.

The nasal administration of IFN-y to OVA-sensitized mice
increased the number of nasal eosinophils, but had no effect
on nasal symptoms (Fig. 4). Treatment with anti-IFN-y
neutralizing antibodies did not affect nasal symptoms or
eosinophil infiltration (Fig. 4).

Threshold histamine concentration to induce nasal rubbing attacks

—
0
e

(b)

Histamine threshold (- log;y M)
Histamine threshold (- log;y M)

14 day

Pre 3 7

Post-RSV infection

16
15
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6

P <0.001
P<0.001 P<0.05

P <0.001

OVA- OVA- sensitized+RSV

sensitized

Control

Anti-IL-5 NK-1,2 antagonist

Fig. 1. Threshold histamine concentration needed to induce nasal rubbing attacks in respiratory syncytial virus (RSV)-infected non-sensitized mice (a) and
in ovalbumin (OVA)-sensitized mice (b). After RSV inoculation, the threshold decreased transiently and reached its lowest on day 4. Although the threshold
decreased in OVA-sensitized mice, RSV infection in OVA-sensitized mice induced a dramatic reduction of the threshold. The treatment with neurokinin
(NK)-1/NK-2 receptor antagonist but not with anti-IL-5 neutralizing antibodies improved the reduction. Non-OVA-sensitized mice were used as controis.
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Table 1. IL-5 and IFN-y expression of nasal mucosal T lymphocytes from
OVA-sensitized mice”

RSV-intected mice (%) Sham-infected mice (%)

IL-5 11.9 6.2
IFN-y 17.4 11.4

OVA, ovalbumin; RSV, respiratory syncytial virus.
*Mean of two groups.and each group consisted of T lymphocytes collected
from nasal mucosa of seven mice.

OVA nasal provecation
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Fig. 2. The number of nasal rubbing attacks in ovalbumin (OVA)-
sensitized mice following OVA provocation. Respiratory syncytial virus
(RSV) infection in OVA-sensitized mice induced a dramatic enhancement of
number of attacks. The anti-iL-5 treatment reduced the enhancement in
some degree and the topical administration of the neurokinin (NK)-1/NK-2
receptor antagonist did more.

Eosinophil infiltration
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Fig. 3. The number of eosinophils in the nasal mucosa. Respiratory
syncytial virus (RSV) infection markedly increased the eosinophil infiltration
in ovalbumin (OVA)-sensitized mice. The treatment with anti-IL-5 anti-
bodies reduced the number significantly but not with neurokinin (NK)-1/NK-
2 receptor antagonists.

RSV replication on day 4 was significantly reduced in
OVA-sensitized mice. However, the use of anti-IL-5 did not
exhibit any influence on viral replication and no reduction in
viral shedding was observed in anti-IL-5-treated OVA-
-sensitized mice (Fig. 5).

Discussion

The above studies were designed to examine the mechanism
of nasal hypersensitivity observed during viral infections. A

murine RSV infection model was used in which the
quantitative analysis of nasal rubbing attacks was evaluated
as a measure of nasal hypersensitivity. Sneezes in mice are not
clearly distingnishable as in humans and are difficult to
quantify precisely. The evaluation of nasal obstruction is also
difficult, because mice cannot survive by breathing orally.
BALB/c mice are known to be sensitive to allergic reactions
[27], particularly in the lower respiratory tract, although their
nasal reactivity to histamine and other antigens is quite low
(data not shown). While C57BL/6 mice are known to mount a
Thl dominant immune response [28], IgE production is
inducible in these animals if the correct adjuvant, such as
alum, is used, and nasal hypersensitivity can be observed after
the topical administration of histamine or antigens. In light of
the above and because RSV replication in the nose of BALB/
¢ mice is tolerated well by these animals, we chose to use
C57BL/6 mice in our study.

The observations summarized in this report suggest that
experimentally induced infection with RSV results in
significant enhancement of nasal sensitivity to OVA and
histamine in previously sensitized animals. OVA-sensitized
animals also exhibited increased expression of IL-5 and IFN-
v and pronounced accumulation of eosinophils in the nasal
mucosa after RSV infection.

The mechanisms underlying the development of hypersen-
sitivity states after viral infections such as RSV have not been
clinically defined. It is possible that viral infection-associated
mucosal damage; recruitment of mast cells, eosinophils and
other cellular mediators of hypersensitivity; and activation of
cholenergic, adrenergic or non-adrenergic non-cholinergic
neurogenic mechanisms may play an important role in the
development of mucosal hypersensitivity states [29-31].

In the present studies, pre-treatment with anti-I1L-5 resulted
in significant decrease in the accumulation of eosinophils.
However, such treatment did not influence the degree of viral
induced hypersensitivity. In fact, anti-1L-5 treatment was
associated with decreased viral elimination in the nasal cavity,
and as a result eosinophils may be associated with accelerated
RSV elimination. It has been shown that eosinophil cationic
protein and eosinophil-derived neurotoxin may act as
rebonuclease-dependent antiviral agents [32]. In the present
studies, it is interesting to note that use of IFN-y was
associated with increasing eosinophil counts but did not
influence nasal hypersensitivity reactions. Thus, although
eosinophils may play an important role in viral induced
allergic inflammation [33, 34], eosinophils did not seem to
contribute to nasal hypersensitivity to OVA in the current
experimental setting. IFN-y is a classical Thl cytokine that
has been shown to reduce allergic reactions when adminis-
tered during sensitization [35]. However, treatment of OVA-
sensitized animals with anti-IFN-y neutralizing antibody did
not decrease nasal sensitivity to OVA during RSV infection.

The observation of particular interest in the current studies
is the significant reduction of nasal hypersensitivity detected
after the use of NK-1/NK-2 antagonists, although such
treatment did not influence eosinophil counts. Recently, it has
been shown that infection with RSV frequently is associated
with activation of NK receptor sites [36-38]. Tachykinin
family of neuropeptides such as substance P have been shown
to exhibit strong blinding affinity for NK receptors especially
NK-1. Such receptor-neuropeptide interactions are associated
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Infiuence of IFN-y or of anti-IFN-y antibodies on OVA- sensitized mice
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Fig. 4. Influence of IFN-y and anti-iFN-y antibodies on ovalbumin (OVA)-sensitized mice. The nasal administration of IFN-y increased the number of
eosinophils, but did not affect the nasal symptoms. Anti-IFN-y treatment had no effect on either nasal symptoms or eosinophil numbers.
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Fig. 5. Respiratory syncytial virus (RSV) replication in the nasal mucosa
on day 4 after RSV inoculation. Replication was reduced in ovalbumin
(OVA)-sensitized mice, but this reduction was abolished in anti-lL-5-treated
OVA-sensitized mice. Non-OVA-sensitized mice were used as controls.

with a wide variety of biologic inflammalory effects, including
changes in vascular permeability, mucous secretion, leucocyte
chemotaxis and bronchoconstriction [39-41]. It is thus
suggested that RSV-associated increase in allergic nasal
hypersensitivity to OVA and possibly to other allergens
may in part be related Lo activation of neuropeptide receptors
during acute viral infection of the nasal mucosa.

It is possible that increased eosinophil recruitment is
mediated by chemokines induced by IFN-y. Recently
induction of eotaxin 3 and IP-10 by IFN-y in mucosal cell
cultures has been demonstrated after experimental RSV
infection in in vivo settings [42-44]. Based on these reports
and the present studies, it is proposed that a possible
relationship exists between 1IFN-y and induction, recruitment
and/or activation of eosinophils in allergic sensitization in the
nasal mucosa during viral infections.
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