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Abstract

Background: The aim of this study is to investigate the recip-
rocal effect of Staphylococcus aureus colonization and aller-
gic rhinitis in an allergy model of mice. Methods: BALB/c
mice with intraperitoneal ovalbumin (OVA) sensitization
and/or intranasal S. aureus inoculation were prepared. The
following 4 groups were designed: an OVA-sensitized S. au-
reus-inoculated (AR-SA) group, an OVA-sensitized uninocu-
lated (AR) group, a nonsensitized S. aureus-inoculated (SA)
group, and a nonsensitized uninoculated (control) group. Af-
ter intranasal OVA challenge, nasal lavage fluid, peripheral
blood, and nasal mucosa were collected. Polymorphonucle-
ar cells in the nasal lavage fluid were counted, serum OVA-
specific IgE and IgG1 were measured by enzyme immunoas-
says, and I[-4,IL-5,and IFN-ymRNAs in the nasal mucosa were
assessed by quantitative real-time reverse transcription-
PCR.The number of S. aureus in the nasal mucosa and lavage
fluid was counted. Results: Both eosinophil and neutrophil
counts were larger in the AR-SA group than in the other

groups. Both IgE and IgG1 levels were higher in the AR and
AR-SA groups than in the SA and control groups, and the
IgG1 level was higher in the AR-SA group than in the AR
group. The expression of I.-4 mRNA was higher in the AR-SA
group than in the other groups, and the expression of IL-5
mRNA was higher in the AR-SA group than in the SA group.
The AR-SA group showed higher counts of S. aureus in the
nasal mucosa than the SA group. Conclusion: These results
indicate the mutually potentiating effect of S. aureus coloni-

zation and allergic rhinitis. Copyright © 2012 S. Karger AG, Basel

Introduction

Staphylococcus aureus is one of the opportunistic
pathogens in humans, and is commonly detected in the
normal microflora of the skin, intestine, and upper
aerodigestive tract. In the upper aerodigestive tract, the
naris, nasal cavity, and pharynx are the major reservoirs
of this bacterium. The nasal carriage rate of S. aureus in
healthy people is about 80%. Persistent carriers account
for a quarter of all nasal carriers, and the other three
quarters are intermittent carriers [1]. Approximately 20%
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of all human staphylococcal infections are considered to
be autogenous [2].

Previous studies have shown that S. aureus coloniza-
tion and staphylococcal enterotoxins (SEs) may aggravate
atopic dermatitis and allergic rhinitis [3, 4]. Allergic reac-
tions are enhanced by nasal instillation of staphylococcal
enterotoxin B (SEB) in an allergic animal model [4]. In
humans, peripheral blood mononuclear cells from pa-
tients with allergic rhinitis have been shown to produce
higher levels of IL-4 and IL-5 in response to SEs than
those from nonallergic subjects [5]. In an actual clinical
setting, allergic rhinitis is often aggravated by upper re-
spiratory infection [6, 7]. Despite the fact that S. aureus is
an indigenous bacterium in the nasal cavity and is one of
the pathogens causing acute infective rhinosinusitis, the
mechanism by which S. aureus participates in the devel-
opment of allergic rhinitis is not fully understood.

SEs have superantigenic properties, and unselective-
ly activate inflammatory and immune processes: SEs di-
rectly bind to the major histocompatibility complex
class IT molecule expressed on antigen-presenting cells
as well as to the V3 region of the T cell receptor, and
thereby couple antigen-presenting cells and T cells,
leading to the activation and massive proliferation of
corresponding T cells [8-12]. There are more than 10
subtypes of SEs identified to date, and each SE has a dif-
ferent but wide range of affinity for the V(3 repertoire of
the T cell receptor. For instance, SEB has a high affinity
for VB3, 12, 13.2, 14, 15, 17 and 20, and thus activates a
large proportion of the T cell population [13, 14]. SEs can
also be target antigens of IgE-mediated immune re-
sponses. Increased levels of serum SEA- and SEB-spe-
cific IgE have been reported in patients with allergic rhi-
nitis and bronchial asthma [9].

On the other hand, some authors have reported allergy
to be one of the risk factors for bacterial colonization/in-
fection. Allergic constitution is associated with increased
bacterial carriage in the upper respiratory tract [15], and
is one of the risk factors for sinus infection [16]. In fact
patients with allergic rhinitis show a higher rate of S. au-
reus carriage in the nasal cavity compared to control sub-
jects [5].

These lines of evidence suggest that allergic reaction
and bacterial colonization/infection may synergize each
other. Although several investigators have shown the
synergistic effect of bacterial components on allergy in
animal models, few of them have used the whole bacte-
rium to enhance allergic reactions. The aim of this study
is to investigate the reciprocal effect of S. aureus coloniza-
tion and allergic rhinitis in an allergy model of mice.
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Table 1. Group design

Intraperitoneal S. aureus  Intranasal
injection inoculation OVA challenge
AR-SA group OVA + +
AR group OVA - +
SA group saline + +
Control group saline - +

Materials and Methods

Experimental Animals

Six- to 8-week-old male BALB/c mice were obtained from SLC
Japan Inc. (Shizuoka, Japan). The animals were kept in a patho-
gen-free environment in a biohazard containment facility. Each
group of animals was kept isolated from the other groups. The
care and use of the animals were in accordance with the Guide-
lines for Animal Experiments of the University of Occupational
and Environmental Health.

Ovalbumin Sensitization and Challenge

Ovalbumin (OVA) sensitization was carried out by the meth-
od of Sejima et al. [17] with modification. Four hundred nano-
grams of OVA (Sigma Chemical Co., St. Louis, Mo., USA) was
dissolved in 18 ml of saline and then mixed with 2 ml of Alum
Injectadjuvant solution (Pierce Biotechnology Inc., Rockford, I1.,
USA). Animals were sensitized by intraperitoneal injection of 0.5
ml of the resultant solution (OVA/alum) on days 1, 5, 14 and 21.
For nonsensitized animals, the same volume of saline was substi-
tuted for OVA/alum. Nasal allergic reaction was provoked by dai-
ly intranasal administration of 0.5 mg OVA/20 wl saline from day
22 through 28 or 35 until the animal was killed.

Inoculation of S. aureus

The S. aureus used for intranasal inoculation was a clinical
isolate from a patient with chronic rhinosinusitis, and was meth-
icillin susceptible (oxacillin MIC = 0.25 pg/ml). Toxigenicity tests
using a RIDASCREEN EIA kit (R-Biopharm GmbH, Darmstadt,
Germany) and a TST-RPLA TSST-1 kit (Denka Seiken Co. Ltd.,
Tokyo, Japan) showed that the strain was positive for toxic shock
syndrome toxin-1 and SEs A and D. S. aureus was grown on man-
nitol salt agar in humidified air containing 5% CO, at 37°C, and
suspended in sterile 10 mM phosphate-buffered saline (PBS) at pH
7.3 immediately before inoculation at a concentration of 1.0 X 10°
colony-forming units/ml. Twenty microliters of the S. aureus sus-
pension was intranasally administered on day 19.

Group Design

The following 4 groups were set up (table 1): an OVA-sensi-
tized S. aureus-inoculated group (AR-SA group), an OVA-sensi-
tized uninoculated group (AR group), a nonsensitized S. aureus-
inoculated group (SA group), and a nonsensitized uninoculated
group (control group). The control group consisted of 6 mice, and
the other groups consisted of 12 mice each. All animals received
intranasal OVA challenge. No mouse died prior to the designated
time point of sacrifice.
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Sample Collection

Sample collection was performed on days 28 and 35 (the 7th
and 14th day from the start of intranasal challenge) from 3 mice
each in the control group and from 6 each in the other groups.
Under intraperitoneal anesthesia with 120 mg/kg sodium pento-
barbital (Dainippon-Sumitomo Seiyaku Co. Ltd., Osaka, Japan),
the blood was collected by cardiac puncture and spun at 500 X g
for 15 min to obtain the sera, which was stored at -80°C until the
following analyses. The animals were then killed by cervical dis-
location and tracheostomized, and a 4-Fr catheter was inserted
through the tracheostoma upward to the nasopharynx. The nasal
cavity was gently perfused back to front with 1.1 ml of PBS via the
catheter, and the lavage fluid was collected at the nares. After na-
sal lavage, the animals were decapitated, the skull was split in the
midline to expose the nasal cavity, and the nasal mucosa was dis-
sected under a dissecting microscope.

Histological Examination

The nasal mucosa was fixed with 4% paraformaldehyde in
0.1 M phosphate buffer at 4°C overnight, and embedded while
frozen in an optimum cutting temperature compound. Then
7-pwm-thick sections were prepared using a cryostat, and mounted
on a glass slide. The slide was air-dried, stained with Hansel solu-
tion, and examined under a light microscope.

Cytological Examination of the Nasal Lavage Fluid

0.5 ml of the nasal lavage fluid was cytocentrifuged at 70 X g
for 5 min [18]. The resultant cytospin preparations were rapidly
air-dried and stained with Wright-Giemsa stain to examine dif-
ferential cell counts.

Measurements of OVA-Specific Immunoglobulins

Serum OVA-specific IgE was measured using a mouse OVA-
specific IgE ELISA kit (DS PharmaBiomedical Co. Ltd., Osaka,
Japan) according to the manufacturer’s instructions [19].

Serum OVA-specific IgG1 was also measured by an enzyme
immunoassay as described previously [20]. A MaxiSorp polysty-
rene 96-well microtiter plate (Nunc Laboratories, Roskilde,
Denmark) was coated with 10 wg/ml OVA in PBS at 4°C over-
night. After blocking with 10% fetal bovine serum/PBS, serum
samples were loaded and incubated at room temperature for 2 h.
The plate was then washed and incubated with 200 ng/ml horse-
radish peroxidase-conjugated goat anti-mouse IgGl (Bethyl
Laboratories Inc., Montgomery, Tex., USA) at room temperature
for 1 h. After washing, 100 pl of 1.46 mM 2,2"-azino-bis-(3-
ethylbenzthiazoline-6-sulfonic acid) with 0.03% hydrogen per-
oxide was added as substrate solution. The plate was allowed to
develop at room temperature for 15 min, and absorbance at 405
nm was measured.

Preparation of Total RNA

The nasal mucosa specimens were soaked in RNA stabiliza-
tion reagent (Qiagen Inc., Valencia, Calif., USA) at 4°C overnight
and stored at -80°C until use. Total RNA was extracted using an
RNeasy Midi Kit (Qiagen) according to the manufacturer’s in-
structions. The purity of RNA was assessed by determining the
ratio of light absorption at 260 to that at 280 nm (an A,40/A g ra-
tio between 1.9 and 2.1 was considered acceptable). The RNA con-
centration was determined from A,g.
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Quantitative Real-Time Reverse Transcription-PCR

Total RNA (2 pg) was reverse transcribed to cDNA with a
High Capacity RNA-to-cDNA Kit (Applied Biosystems Inc., Fos-
ter City, Calif., USA), which uses random primers. Quantitative
real-time reverse transcription-PCR analysis was performed with
an Applied Biosystems StepOnePlus real-time PCR system using
the TagMan Fast Universal PCR Master Mix (Applied Biosys-
tems) for 3 target genes (IL-4, IL-5, and IFN-v) and for 3-actin
mRNA (B-actin) as a housekeeping gene according to the manu-
facturer’s specifications. The TagMan gene expression assays for
IL-4 (assay identification No. NM021283_m1), IL-5 (assay identi-
fication No. NM010558_m1), IFN-vy (assay identification No.
NM001009803_m1), and p-actin (assay identification No.
NMO007393_m1) were purchased from Applied Biosystems. One
hundred nanograms per microliter of cDNA was mixed with Taq-
Man Universal PCR Master Mix with AmpErase (uracil N-glyco-
sylase) and a target primer/probe set of the TagMan gene expres-
sion assays, and subjected to PCR amplification with real-time
detection. The thermal cycler conditions were as follows: holding
at 95°C for 2 min, followed by two-step PCR of 40 cycles at 95°C
for 1 s followed by 60°C for 20 s. All the samples were assayed in
duplicate.

The measured threshold cycle (Cr) was normalized by sub-
tracting Cr for the housekeeping gene (B-actin) of each sample
from that for the target genes (IL-4, IL-5, and IFN-y). From the
obtained ACr, the ratio of the target gene to the housekeeping
gene was calculated as follows: target mRNA/B-actin mRNA ra-
tio = 27A°T.

Count of S. aureus

The nasal mucosa specimens were soaked in PBS and mashed
using a pestle. The nasal lavage fluid and the suspension of the
mashed mucosa were diluted X10-100 in PBS. Aliquots of the
dilutions were incubated on mannitol salt agar in humidified air
containing 5% CO, at 37°C for 24 h, and the number of colonies
of S. aureus was counted. We also performed bacterial culture of
the lung and blood to confirm no systemic infection.

Statistics

Data values were expressed as the mean * SEM. Statistical
significance of differences was tested using the two-tailed Stu-
dent t test. Differences were considered significant when p <
0.05.

Results

Differential Cell Counts in the Nasal Lavage Fluid

Figure 1 shows eosinophil and neutrophil counts in
the nasal lavage fluid. On day 28, both eosinophil and
neutrophil counts were larger in the AR-SA group than
in the SA and control groups (p = 0.001-0.046), and were
larger in the AR group than in the SA group (p = 0.019-
0.034). On day 35, both eosinophil and neutrophil counts
were larger in the AR-SA group than in the other groups
(p<0.023), and the eosinophil count was larger in the AR
group than in the SA group (p = 0.021).
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Fig. 1. Eosinophil (a) and neutrophil (b) counts in the nasal lavage fluid.
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Fig. 2. OVA-specific IgE (a) and IgGl (b) levels in the serum.

Histological Finding

No breakdown of the epithelial layer was observed at
the light-microscopic level in either OVA-sensitized or
nonsensitized mice.

Serum OVA-Specific Immunoglobulins

The serum OVA-specific IgE and IgGl1 levels are sum-
marized in figure 2. Both IgE and IgGl levels were higher
in the AR and AR-SA groups than in the SA and control
groups on days 28 and 35 (p < 0.018). No significant dif-
ference was observed in the IgE level between the AR and
AR-SA groups, whereas the IgG1 level was higher in the
AR-SA group than in the AR group on day 35 (p = 0.010).

Expression of IL-4, IL-5 and IFN-y mRNA in the

Nasal Mucosa

The expressions of cytokine mRNAs in the nasal mu-
cosa are summarized in figure 3. The expression of IL-4
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mRNA was higher in the AR-SA group than in the other
groups on both days (p = 0.001-0.033), and higher in the
AR group than in the SA and control groups (p < 0.018).
The expression of IL-5 mRNA was higher in the AR-SA
group than in the SA group on both days (p = 0.001-
0.024), and higher in the AR group than in the SA and
control groups on day 28 (p < 0.042). On the other hand,
no significant difference was observed in the expression
of IFN-y mRNA among the 4 groups.

Count of S. aureus

Figure 4 represents the number of colony-forming
units of S. aureus in the nasal lavage fluid and in the nasal
mucosa. The AR-SA group generally showed higher
counts than the SA group, and this difference was statis-
tically significant in the nasal mucosa on both days (p =
0.009-0.038). On the other hand, no bacteria were de-
tected in either lung or blood. In addition, all animals
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Fig. 4. CFU of S. aureus in the nasal lavage fluid (a) and in the nasal mucosa (b). CFU = Colony-forming units.

showed good general condition throughout the period of
experiment, and none of them died prior to the desig-
nated time of sacrifice. These observations indicate that
the animals did not develop systemic infections, and in-
oculated S. aureus probably stayed in the nasal cavity.

Discussion

In the present study, we demonstrated the mutually
potentiating effect of S. aureus colonization and allergic
rhinitis. S. aureus inoculation increased the exudation of

Synergism of S. aureus and Nasal Allergy

eosinophils and neutrophils, the specific IgGl level in the
serum, and the expression of IL-4 mRNA. Simultaneous-
ly, provocation of nasal allergic reaction enhanced S. au-
reus colonization.

Although there exist only a few inflammatory cells in
the mucus and mucosa of normal nasal and paranasal
cavities, numerous polymorphonuclear cells are locally
recruited in rhinosinusitis [21-23]. Recruitment of such
cells is regulated by a number of adhesion molecules and
chemotactic substances. Polymorphonuclear cell-related
adhesion molecules include E selectin, intercellular adhe-
sion molecule-1, and vascular cell adhesion molecule-1

Int Arch Allergy Immunol 2012;159:33-40 37



(VCAM-1), which are expressed on vascular endothelial
cells [24]. Chemoattractants for polymorphonuclear cells
include a variety of chemokines and chemical mediators
[25]. Bacterial colonization/infection probably promotes
the expression of these substances, and thereby upregu-
lates the recruitment of inflammatory cells in allergic re-
action. Particularly, SEs act as potent superantigens,
which trigger a strong immune response and induce neu-
trophil recruitment. A large proportion of T cell popula-
tion is activated by superantigens, and secretes various
cytokines such as IL-2, IL-6, IFN-vy, and TNF-a [26].
These cytokines then activate other immune cells, in-
flammatory cells, fibroblasts, and epithelial cells [27],
which release a number of chemical mediators including
neutrophil chemotactic factors such as CXC chemokines
and arachidonic acid metabolites.

SEs are known to induce the production of various
Thl and Th2 cytokines by lymphocytes and antigen-
presenting cells [13, 28]. Okano et al. [4] have reported
that nasal instillation of high-dose SEB increased IL-4,
IL-5 and IFN-y production from nasal mononuclear
cells, and serum-specific IgE/IgGl levels in Schistosoma
mansoni egg antigen-sensitized mice. However, they
also observed that low-dose SEB only increased the spe-
cific IgGl1 level, and did not significantly change the
production of the above cytokines or specific IgE [4]. In
the present study, we used S. aureus instead of SEs in
order to simulate the clinical situation more effectively.
We observed that S. aureus inoculation increased the
serum-specific IgG1 level and the expression of IL-4
mRNA but did not change IgE, IL-5 mRNA or IFN-y
mRNA. These observations suggest that the S. aureus
inoculation used in the present study may correspond to
a medium dose of SE.

IL-4 is one of the major Th2 cytokines, and is essential
for regulating allergic immune responses. This cytokine
is produced by mast cells, basophilic cells, and activated
Th2 cells [29, 30]. IL-4 is known as an autocrine factor
that promotes the proliferation and differentiation of Th2
cells themselves [31, 32]. IL-4 also induces immunoglob-
ulin class switching from IgM to IgG1/E in activated B
cells in mice, leading to sequential allergic responses [33-
35]. Eosinophil infiltration is one of the distinct allergic
reactions. Antigen-responding mast cells and activated
Th2 cells secrete IL-5, a potent eosinophil chemotactic
factor. Eotaxin, another potent chemokine for eosino-
phils, would also be secreted from fibroblasts and epithe-
lial cells [36, 37] in response to the combined stimulation
of IL-4 and bacterial components [38, 39]. Furthermore,
IL-4 elicits the expression of VCAM-1, an eosinophil-spe-
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cific adhesion molecule, on vascular endothelial cells,
and thereby upregulates eosinophil infiltration [40]. Such
processes involving IL-4 may underlie the synergistic ef-
fect of bacterial colonization on allergic reactions.

Some of the proinflammatory cytokines, such as IL-4,
TGEF-B, and IFN-v, trigger immunoglobulin class switch
recombination from IgM to other isotypes. IL-4 induces
not only IgE but also IgG1 production. Moon et al. [33]
have documented that low-dose IL-4 induced IgG1 pro-
duction while high-dose IL-4 induced IgE production
from mouse splenic B cells. In the present allergy model,
the simultaneous increase of IL-4 mRNA and IgGl sug-
gests that IL-4 plays a key role in immunoglobulin class
switching. Antigen-specific IgG may either suppress or
enhance allergic response; activation of inhibitory Fcy
receptors on immunocompetent cells plays a significant
role in maintaining immune tolerance by suppressing au-
toreactive B cells [41]. On the other hand, in addition to
IgE, antigen-specific IgG also contributes to the patho-
genesis of Th2-mediated airway inflammation via Fcy
receptor III [42]. The role of IgG in the development of
allergy has been substantiated by such conflicting obser-
vations, and is still controversial.

We also found that the AR-SA group showed higher
counts of S. aureus colonizing in the nasal mucosa than
the SA group. This may be at least partially due to the im-
pairment of the mucus blanket and mucociliary function
of the nasal epithelium caused by allergic reaction.
Laoukili et al. [43] reported that IL-13 inhibits the differ-
entiation of ciliated cells, impairs ciliary beating, and
stimulates the differentiation of goblet cells. In addition,
more severe epithelial damage may expose subepithelial
and/or submucosal extracellular matrix components
such as collagen, fibrinogen, laminin, and fibronectin, to
which staphylococcal adhesions are thought to bind.
Such adhesion molecules on bacteria are generically re-
ferred to as ‘microbial surface components recognizing
adhesive matrix molecules’, and are known to mediate
the adherence of the bacteria to the host [44-46]. Nasal
epithelial damage in allergic rhinitis is indistinguishable
at the light-microscopic level [47], but has been evidenced
at the ultrastructural level. Vacuolation of the epithelial
cells, widening of the intercellular spaces, and break-
down of the tight junction between the epithelial cells
[48-50] have been demonstrated in the nasal mucosa in
patients with allergic rhinitis. In light of all these find-
ings, nasal allergy can be considered to facilitate bacte-
rial adhesion and colonization onto the nasal mucosa.
Electron microscopy in the present allergic model re-
mains to be performed in a future study.
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Conclusions

In the present study we investigated the reciprocal ef-
tect of S. aureus colonization and allergic rhinitis in an
OVA allergy model of mice. Nasal inoculation of S. au-
reus increased the exudation of polymorphonuclear cells,

mRNA in the nasal mucosa. Provocation of nasal allergic
reaction enhanced S. aureus colonization. These results

specific IgGl in the serum, and the expression of IL-4
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