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Allergic rhinitis augments the response to a bacterial sinus
infection in mice: A review of an animal model

Robert Naclerio, M.D., Christopher Blair, B.S., Xiaohong Yu, M.D., Yu-Sung Won, M.D.,
Usama Gabr, M.D., and Fuad M. Baroody, M.D.

ABSTRACT
Background: Sinusitis is a poorly understood disease. Despite the significant morbidity and the enormous cost of treating sinusitis, little

progress has been made at improving our understanding of its pathophysiology. One reason for restricted progress in understanding the
disease is the lack of a satisfactory animal model that mimics sinusitis in man.

Objective: We review data establishing the development of sinusitis in mice after instillation of Streptococcus pneumoniae, the most
common pathogen responsible for acute sinusitis in man. We also review data showing that allergic inflammation in mice worsens a
subsequent bacterial sinusitis. We use this data to hypothesize how allergic inflammation worsens a bacterial sinus infection.

Methods: Different strains of mice were made allergic and/or infected.
Results: We show our ability to generate an allergic reaction in the nose after sensitization to ovalbumin. Our data further show that an

ongoing allergic nasal reaction worsens acute sinusitis.
Conclusion: A mouse model has been created for a study of the interaction of allergic rhinitis and acute bacterial sinusitis.

(Am J Rhinol 20, 524–533, 2006; doi: 10.2500/ajr.2006.20.2920)

Sinusitis defies a straightforward definition. At its most
basic level, sinusitis is defined as an inflammation of the

lining membrane of any of the paranasal sinuses. In human
subjects, this definition has limited intellectual, pathological,
and clinical significance. As a clinical entity, sinusitis has
manifestations varying from an incidental CT scan finding1,2

to an unremitting illness associated with a genetic abnormal-
ity in the epithelium of patients with cystic fibrosis.3

Clinicians and patients frequently diagnose sinusitis. More
than 31 million Americans describe chronic sinusitis as a
health problem, making it the most frequently reported
chronic disease in the United States.4 It affects all age groups,
including 17% of people �65 years of age.5 In 1991, 11.6
million office visits were made for sinusitis.6 The number of
restricted activity days per year increased from 50 million to
73 million between 1988 and 1992.7 The number of antibiotic
prescriptions increased from 5.8 million in 1985 to 13 million
in 1992.8 �200,000 sinus operations were performed in 1994.6
In 1996, $5.8 billion was spent on the care of patients with
sinusitis.9 Thus, each year, billions of dollars are spent on
direct medical costs for the treatment of this enigmatic illness.

Despite the high prevalence of sinusitis and the fact that
billions of dollars are spent on treatment, there have been
essentially no definitive studies of the etiology, pathogenesis,
and therapy of this condition. The major limitation lies in the
types of studies that can be done in human subjects. To date,
the best information has been obtained from punctures of
maxillary sinuses during acute episodes of sinusitis. These

studies have shown that Streptococcus pneumoniae is the most
common causative organism.10 Treatment of acute sinusitis
with antibiotics is superior to treatment with placebo in that
antibiotics lead to a faster resolution of the illness. It is also
important to note that placebo treatment still leads to resolu-
tion of symptoms in 60% of patients.11 This observation points
to the limited morbidity associated with the typical case of
acute sinusitis.

The best-studied animal model of sinusitis is the rabbit.12–15

The large size of the animal permits easy surgical manipula-
tion. However, the induction of acute sinusitis in this model
requires complete mechanical obstruction of the ostia. The
inability to manipulate the rabbit genetically and the lack of
availability of reagents and antibodies for the study of inflam-
mation in greater detail in this species prompted us to de-
velop another animal model. We chose the mouse because
this animal offers a greater potential to study inflammation.
To date, we have focused on modeling acute sinusitis, an
illness of �2 weeks duration. We chose to begin by inducing
acute sinusitis with S. pneumoniae.

The pathogenesis of S. pneumoniae infections in the sinuses
of mice has not been investigated, and the pathogenesis of
infection in other sites has not been established completely.
Nasal inoculation of animals can lead to meningitis, otitis,
pneumonia, rapidly fatal disseminated disease, or to an
asymptomatic carrier state.16 A number of virulence factors
can affect the response to infection, including the strain of S.
pneumoniae.17,18 Because sinusitis in man often is self-limited
and rarely leads to complications, we chose a strain of S.
pneumoniae that leads to inflammation and infection, rather
than death, to establish our model.

In addition to the systemic immune system, the mucosal
immune system undoubtedly plays a role in the response to S.
pneumoniae inoculation.19 The innate immune system is the
result of a steady-state resistance to infection provided by
physical barriers and the activation of multiple cellular and
soluble factors that lead to the release of acute phase reactants,
which promote phagocytosis and stimulate further cytokine
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and chemokine production targeted at fighting infection. The
mucosal immune system also includes such elements as B
cells that produce IgA, lamina propria T cells specialized in
regulating the local mucosal immune system, intraepithelial
lymphocytes that contain ��-T-cell receptors, M cells that
allow the passage of antigen directly to follicles, dendritic
cells that contribute to antigen presentation, and a unique
pattern of cellular trafficking. In human subjects, these factors
have not been suggested to be major contributors in the
reaction to sinusitis, except for contact areas interfering locally
with mucociliary transport—the target of surgical interven-
tion.20,21

A number of factors in human subjects are believed to be
associated with an increased incidence of sinusitis, although
none have been proved. In any large group of patients with
sinusitis, allergic inflammation appears to be one factor that
plays an important role in both acute and chronic sinusitis.22

Although there are no controlled evaluations comparing
the prevalence of chronic sinusitis in allergic and nonallergic
populations, there is a strong clinical impression suggesting
an association. van Dishoeck believed that allergy was an
underlying factor in 40–67% of patients with chronic sinus-
itis.23 Benninger, in studying outpatients in an otolaryngology
clinic, found that 54% of those with chronic sinusitis also had
allergic rhinitis.24 Grove and Farrior found a 50% incidence of
positive skin tests in patients undergoing sinus surgery,
whereas Friedman reported an incidence of atopy in 94% of
patients undergoing sphenoethmoidectomies.25,26 Savolainen
found the incidence of allergy to be 25% in a group of 224
patients with acute maxillary sinusitis, which was signifi-
cantly greater than a 16% incidence in a control group.27

Complementing the foregoing data that allergic rhinitis oc-
curs frequently in patients with chronic sinusitis are data
showing a high prevalence of sinus disease in patients with
allergic rhinitis. Abnormal sinus radiographs occur in �50%
of adults and children with perennial allergic rhinitis.28,29 In
contrast, Enberg reported a low incidence of sinus abnormal-
ities in patients with perennial nonallergic rhinitis.30 MRI
scans showed increased evidence of sinus mucosal abnormal-
ities during major pollinating seasons.31 In human subjects,
acute sinus infections often occur during allergen exposure
and are a common reason for the failure of allergy treatment.32

How allergic rhinitis affects the course of sinusitis is not clear.
The purpose of this study is to present a detailed review of a
mouse model of sinusitis. We will review how the model was
established and how it was used to show that ongoing allergic
inflammation worsens the response to an acute bacterial sinus
infection with S. pneumoniae.

MATERIALS AND METHODS

Mice
Six- to 8-week-old pathogen-free control and knockout

(KO) mice were purchased from the Jackson Laboratory in Bar
Harbor, ME. They were maintained in the biohazard suite of
the Carlson Animal Facility in microisolator-top cages. The
Animal Care Committee of The University of Chicago ap-
proved the studies.

Induction of Acute Sinusitis
Mice (18–22 g) were anesthetized with 50 mg/kg of ket-

amine and 5 mg/kg of zylazine. Because mice are obligate
nose breathers, we placed small droplets of solution onto the
external nares and allowed the fluid to be drawn into the
nasal passages during inhalation. The inhaled solution was
soy broth for control animals or soy broth containing S. pneu-
moniae for experimental animals. Approximately 20 �L of
solution were administered. In prior experiments, 20 �L of
Evans blue dye was observed to be widely distributed
throughout the nasal passages. Careful monitoring of breath-
ing rate and skin color during fluid inhalation prevented
respiratory failure. The animals recovered within 10–20 min-
utes of final droplet administration.

Nasal Culture
Animals were killed with 120 mg/kg of Nembutal (Ovatior

Pharmaceuticals Inc., Deerfield, IL). As respiratory depression
occurred, the animal’s head, external nose, and oropharynx
were disinfected with a swab of 70% isopropyl alcohol. Nasal
lavage with 100 �L of sterile saline was performed. Then, 10
�L was inoculated onto blood agar plates. The incubated
cultures were used for assessment of the bacteria growing in
nasal passages and sinuses at the time of death. In some
experiments, we used a standard technique of estimating
growth, by cross-streaking plates and grading growth as few,
moderate, and many. In other experiments, we quantified the
bacteria obtained by nasal lavage by using serial dilutions on
blood agar plates.

Sinus Culture
After the mice were anesthetized before killing, the skin

was removed from the skull. A surgical scalpel was used for
severing the skull in the midline and posterior to the orbit.
The tissue was then weighed and homogenized. Serial dilu-
tions were made on blood agar plates for quantifying the
number of bacteria per milligram of sinus tissue.

Harvesting of Sinus Mucosa
After lavage, the animal was first perfused transcardially

with lactated Ringer’s and then with a solution of 4% form-
aldehyde and 0.5% glutaraldehyde in 0.1 mmol/L of phos-
phate buffer. When the experiments demanded it, the lungs
were harvested also. The animal was decapitated, and the
head was placed in fresh fixative overnight. The following
day, the external soft tissue was removed, and then the skull
was ready for histological processing.

Histological Processing
The fixed skulls were decalcified in Surgipath Decalcifier II

(Surgipath Medical Industries, Richmond, IL) for 48 hours
and then washed in PBS three times. Tissue was rapidly
dehydrated at 4°C through a series of ethanol and xylene and
then infiltrated with low-temperature paraffin under vacuum.
Sections of the nasal passages were cut at 8 �m on a mic-
rotome and then mounted on glass slides. At this point,
sections were stained with either hematoxylin and eosin
(H&E) or Luna (Surgipath Medical Industries).
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Cytological Analysis
Individual H&E-stained sections were analyzed by use of a

computer-aided microscope in conjunction with a reconstruc-
tion and image analysis system (Neurologic; Microbrightfield,
Williston, VT). At 400� magnification, this system allowed us
to map precisely and to calculate the area of both the parana-
sal sinuses and the neutrophil clusters. An investigator blind
to the experimental conditions interpreted all sections.

Ovalbumin Sensitization
Mice were sensitized by i.p. injections of 20 �g of ovalbu-

min (OVA) together with an alum (aluminum hydroxide)
adjuvant. The alum adjuvant induced a nonspecific T-cell
response. Eleven days later, the mice received a second injec-
tion. Three days later, the animals were exposed to OVA (6%
solution in 0.1 M of PBS) by intranasal inoculation daily for 5
days. At initiation of the experiment and at the time of death,
serum was collected by ocular puncture for measurement of
total IgE.

Total IgE Assay
The levels of total IgE antibodies were detected by ELISA.

On day 1, 100 �L/well of 4 �g/mL of rat anti-mouse IgE in 0.1
NaHCO3 buffer (pH 8.2) was used for coating the plate and
was left to incubate overnight at 4°C. On day 2, the wells were
aspirated and washed with PBS-Tris buffer (pH 7.4; wash
buffer) four times. All wells were blocked with 200 �L of 1%
bovine serum albumin (BSA) in PBS for 3 hours at 25°C. The
wells were aspirated and washed three times. Purified mouse
IgE (range of curve, 100-2000 ng/mL) was used for the stan-
dard curve. Standard samples (100 �L of mouse IgE) or 100
�L of the experimental samples were added to the wells and
incubated overnight at 4°C. On day 3, the wells were aspi-
rated and washed five times. One hundred microliters of
biotinylated anti-mouse IgE (4 �g/mL) in assay buffer was
added to wells containing standards. The wells were aspi-
rated and washed six times, and 100 �L of streptavidin-
horseradish peroxidase (1:900 in blocking buffer) was added
to each well and incubated for 1 hour at room temperature.
Just before the end of incubation, a 10-mg tablet of O-
phenylendiamine (OPD) was added to 25 mL of citrate phos-
phate buffer. The wells were aspirated and washed six times.
Ten microliters of 30% H2O2 was added to the OPD mixture
and vortexed, and then 100 �L of the mixture was added to
each well. The color was allowed to develop for 10 minutes
before the reaction was stopped with 50 �L of 2 N sulfuric
acid added to each well. The plates were read at 490 nm.
Experimental sample values were extrapolated off the stan-
dard curve, and values below 93 ng/mL were assigned a
value of 50 ng/mL.

Statistical Analysis
The experiments had a similar design, and the primary

analysis consisted of two-sample t-tests of the group differ-
ences at 5 days. Parametric statistics were used, and the
results were expressed as mean � SEM.

RESULTS
Because the details of mouse sinuses had not been well

described, we began by systematically studying the anatomy

of their sinuses. We chose C57Bl/6 mice that were 5–8 weeks
old because they would have had minimal exposure to envi-
ronmental stimuli and limited immunologic memory, and
they can be obtained pathogen free. This strain also has been
used for numerous immunologic studies involving mice.

The sinuses of the mice show similarities to sinuses of
human subjects.33 The ethmoid and maxillary sinuses are air
spaces with connections to the nasal cavity. As in human
subjects, the bone outlining the sinuses is covered with a
pseudostratified columnar epithelium with some goblet cells.
There are blood vessels and nerves, but there is no ongoing
inflammation. The nasal mucosa has a similar lining as in
human subjects, containing submucous glands. Air passes
from the nasal cavity into the nasopharynx, which contains
lymphoid tissue.

We began our studies with a simple, direct approach. The
mice (C57Bl/6) were anesthetized, and then the inoculum of
S. pneumoniae (type 59) or broth (the control for the inocula-
tion procedure) was introduced into the nose, and the mice
were allowed to recover. We chose the nasal route because it
is believed to lead to nasopharyngeal colonization and sub-
sequent spread to the sinuses, mimicking the course of illness
in human subjects.16 The type 59 strain chosen for study is
antigenically similar to type 19, the serotype most frequently
recovered during episodes of community-acquired maxillary
sinusitis and acute otitis media.16 This strain is much less
frequently recovered during sepsis and is considered less
virulent. It was our goal to mimic community-acquired sinus-
itis, which is mostly a self-limited infection with few systemic
signs.

We observed the mice for clinical signs of illness. The mice
did not appear clinically ill in the days after the inoculation.
They ate and drank well. Their weight changed little, and
those surviving the longest gained the most weight. There
was no difference in weights before inoculation or at the time
of death, between mice inoculated with broth or with S.
pneumoniae. Sneezing, nasal discharge, cough, or nose rubbing
did not appear different between the infected and control
mice.

After some preliminary experiments, we chose to kill the
mice on day 5 to examine their sinuses. The histological
appearance in response to S. pneumoniae differed markedly
from that of mice inoculated with broth. The obvious differ-
ences were the appearance of neutrophil clusters within the
ethmoid sinuses and an increase in the number of neutrophils
within the mucosa. Gram stains of the clusters showed the S.
pneumoniae. The presence of a positive Gram stain implies at
least 105 organisms; in human subjects, the recovery of 104

organisms/mL is considered evidence of a bacterial infec-
tion.34

We then evaluated mice on days 2, 5, and 14 after inocula-
tion, and we quantitated the inflammatory response within
the sinuses by the percent of the surface area of the sinuses
occupied by neutrophil clusters and by the number of neu-
trophils per square millimeter of sinus mucosa in areas of the
sinuses occupied by clusters.35 The results for neutrophil clus-
ters (Fig. 1) and neutrophils per millimeter squared of mucosa
are shown (Fig. 2). Although the percent area with neutrophil
clusters may seem small, it is similar to the sinus area in-
volved by mucosal thickening in patients with symptomatic
episodes of acute sinusitis.
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We explored the kinetics of the response to infection. The
inoculum was grown to 109 organisms/mL. This implies that
107 were delivered to the mouse, because 10 �L of the inoc-
ulum was placed in the nasal cavity. After 1 hour, on average
6 � 105 organisms were recovered by lavage, which under-
estimates the number of organisms because of dilution.36 This
recovery is remarkable, considering that mucociliary clear-
ance would be expected to reduce nonbinding, nonproliferat-
ing organisms by 90% in 1 hour. Over the next several days,

the recovery of organisms remained fairly constant (Fig. 3),
further supporting proliferation of the organism. In 17 mice,
we cultured the nose by lavage after inoculation with S.
pneumoniae and then cultured the sinuses after death by re-
moving sinus mucosa and bone as described previously. The
correlation between the number of bacteria obtained by la-
vage and from tissue cultures was robust and highly signifi-
cant (r � 0.848; p � 10�6).36 Because of the strong correlation,
we feel comfortable using the lavage technique to quantify the
infection and keeping the sinuses intact for histological eval-
uation of the degree of infection. The number of bacteria per
gram of tissue ranged between 105 and 106 organisms, levels
compatible with those of an infection in human subjects and
with the findings on Gram stain of the clusters (i.e., the pres-
ence of organisms on Gram stain implies at least 105 were
present). The results also are consistent with animal models of
S. pneumoniae–induced acute otitis media, where bacterial
counts plateau around 104 and persist between 14 and 21 days
before being cleared.37 Like sinusitis, acute otitis media rarely
leads to mastoiditis or systemic disease.38,39

Because of concerns about the high initial inoculum, we
performed studies dosing with S. pneumoniae over 4 log con-
centrations beginning with 109 and going to 106. The mice
were cultured on day 5.36 Despite a decrease in the initial
inoculum, the number of organisms recovered on day 5 was
similar (Fig. 4). When the lowest dose was used, the organ-
isms had to proliferate to reach the same level as with the
higher inoculum. The number of neutrophils per millimeter
squared also is shown in Fig. 4 and shows large numbers of
neutrophils in the sinus mucosa comparable with those seen
in the previous infection experiments with the higher dose of
the inoculum in Fig. 2.

As another control to show the presence of an infection, we
studied the response to an antibiotic. We hypothesized that
treatment with an appropriate antibiotic would reduce the
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Figure 3. Kinetics of recovery of organisms from the murine si-
nuses. All mice were inoculated with S. pneumoniae and their
noses lavaged at various time points after inoculation, and the
lavage was examined for bacterial counts. Individual data for each
animal are graphed. (Reproduced with permission from Ref. 36.)
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Figure 1. Percentage of sinuses filled with neutrophil clusters in
mice infected with S. pneumoniae. The percentage of the sinuses
occupied by clusters appears to peak on day 5 and to decrease by 2
weeks. Mice challenged with broth only, used to deliver the S.
pneumoniae, and examined on days 5 (n � 6) and 14 (n � 2), did
not show any neutrophil clusters (data not graphed). The difference
between controls and infected mice on day 5 is significant at p �
0.001. NS � not significant. (Reproduced with permission from Ref.
35.)
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Figure 2. Neutrophils per millimeter squared of sinus mucosa in
mice exposed to S. pneumoniae or broth (controls). The number of
neutrophils appears to peak on day 5 and to decrease by 2 weeks. The
difference between controls and infected mice on day 5 is significant.
No day 2 controls have been evaluated to date. NS � not significant.
(Reproduced with permission from Ref. 35.)
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infection and the secondary inflammatory response. We ran-
domized 16 mice to treatment with Bactrim i.p. (30 mg/kg
q.d.) or to no treatment.40 All mice began treatment 2 days
before inoculation with S. pneumoniae. Treatment was contin-
ued daily for 5 days, and then the mice were killed. Bactrim,
an antibiotic to which S. pneumoniae is sensitive, significantly
reduced the objective measures of infection: neutrophil clus-
ters, neutrophils in the mucosa, and culture density (Fig. 5).
From these results, it was apparent that we could induce an
infection in mice with the most common organism that causes
acute sinusitis in human subjects, and we could inhibit the
infection and secondary inflammation by pretreatment with
an appropriate antimicrobial agent.

Previous investigations have shown that mice with dif-
ferent Th lymphocyte backgrounds respond differently to

leishmaniasis (a parasitic disease), with BALB/c mice
showing severe systemic infection when compared with
C57Bl/6 mice that have only a localized reaction.41 We next
studied the impact of infection in BALB/c mice, which
often are used in allergic studies because of their Th2
background, and compared the response to that of C57Bl/6
mice, which primarily favor a Th1-mediated lymphocyte
response. Both groups were inoculated with S. pneumoniae
and then killed on days 2, 5, 10, and 14. The results for the
neutrophil infiltrates and the percent of sinuses occupied
by neutrophil clusters were similar between the groups but
much greater than in control (noninfected) mice (Fig. 6).
There were no clusters in the control mice. In subsequent
experiments, we found the mice differed in their ability to
resolve the infection at later time points; i.e., C57BL/6 mice

Figure 5. Treatment with Bactrim significantly reduced the percent of sinuses occupied by neutrophil clusters and the number of neutrophils
per millimeter squared. (Reproduced with permission from Ref. 40.)

Figure 4. Bacterial recovery and sinus inflammatory response with decreasing doses of S. pneumoniae inoculum. Animals were inoculated
with decreasing doses of S. pneumoniae (seen on the x-axis), and the noses were lavaged and bacterial recovery was assessed. (A) The bacterial
count is graphed in and (B) the number of neutrophils per millimeter squared of sinus mucosa is shown. Each column represents data from
a single animal at the specified initial inoculum dose. Recovery of organisms and the degree of inflammation within the sinuses was similar
irrespective of the concentration of the initial S. pneumoniae inoculums.
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resolve the infection completely by day 28, whereas
BALB/c did not.

To begin to understand the role of the innate and acquired
immune system in response to infection, we inoculated Rag 1
KO mice (mice devoid of T cells) with S. pneumoniae and
analyzed the mice at days 2, 5, and 10.36 There were two mice
at each time point. One C57Bl/6 mouse was inoculated and 1
Rag 1 KO was not inoculated, and both were harvested at the
same time points and served as positive and negative con-
trols, respectively. None of the control Rag 1 KO mice grew
bacteria or developed a neutrophil influx. The C57Bl/6 mice
responded as before. The infected Rag 1 KO mice grew bac-
teria on all days at �105, and the number of bacteria in the
C57Bl/6 mice was similar through the first two time points
but decreased �10-fold on day 10 (Fig. 7). The neutrophil
clusters in the sinuses are graphed also in Fig. 7 and show a
larger response on days 2 and 5 in the RAG 1 KO mice
compared with the C57 mice. The number of neutrophils per
millimeter squared mirrored the cluster data. These exciting

preliminary results are consistent with containment of the
infection by the innate response and then resolution of the
infection and inflammation at later time points only in
the animals with an intact adaptive immune system.

We then made BALB/c mice allergic to OVA.42 We chose
mice 6–8 weeks old and injected them i.p. with OVA in alum
suspension twice at a 2-week interval. To show a specific IgE
response, we performed skin testing of sensitized and non-
sensitized mice. We tested compound 48/80 (a mast cell de-
granulating agent), OVA (the sensitizing antigen), and BSA
(an irrelevant antigen). The results show reactivity to com-
pound 48/80 in both groups, no reactivity to BSA in both
groups, and reactivity to OVA in the sensitized group only
(Fig. 8). To document an allergic response further, we devel-
oped an assay for total IgE and showed that allergic sensiti-
zation led to a dramatic increase in total IgE (Fig. 9).

We then performed a series of experiments whereby we
made mice allergic and exposed them to OVA aerosols or
intranasal inoculation with OVA for 6 consecutive days.42 The

Figure 6. Time course of the response to infection in C57Bl/6 and BALB/c mice. No significant differences between the two strains of mice
were noted. No clusters were identified in control mice (data not plotted). Responses in both strains are significantly greater than in controls.
(Reproduced with permission from Ref. 49.)

Figure 7. Response of Rag 1 KO mice to inoculation of the nasal cavity with S. pneumoniae. (A) Recovery of organisms from nasal lavage
2, 5, and 10 days after inoculation. Mean values are depicted. (B) The percentage of the sinus area occupied by neutrophil clusters is shown;
each column represents individual animal data. The panel shows the response in RAG mice 2 and 5 days after inoculation, the response in
control C57 mice 2 and 5 days after inoculation, and the response in 2 control mice: RAG KO and C57, which were both noninfected.
(Reproduced with permission from Ref. 42.)
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cause they result in a deposit of OVA on different mucosal
surfaces. Aerosolization creates particles of �1 �m that are
deposited primarily in the lungs, whereas intranasal drops are
primarily deposited in the nasal cavity.43 We monitored our
ability to induce an allergic reaction in either the lung or the
nose/sinus cavity by quantifying the number of eosinophils
accumulating in these sites after allergen challenge (Table 1).
The results showed our ability to induce allergic inflammation
in either the nose or the lungs, depending on the method of
antigen delivery, and only a slight neutrophil response during
the allergic reaction.

Next, we asked whether an allergic reaction or sensitization
would augment the inflammatory response to the inoculation
of S. pneumoniae.42 We challenged three groups of BALB/c
mice. The first group consisted of mice inoculated with S.
pneumoniae that were not made allergic. The second and third
groups were made allergic, with one being challenged with
antigen intranasally and the other by aerosolization. One day

after the first antigen exposure, S. pneumoniae was inoculated
intranasally. Daily antigen exposures to either the nose or the
lungs followed until the mice were killed on day 5. The
BALB/c-infected mice showed evidence of infection (Fig. 10).
The allergic mice exposed to aerosolized antigen showed
evidence of infection, similar to the nonallergic mice. In con-
trast, the allergic mice with an ongoing allergic reaction in
their nose showed an approximately threefold increase in the
percentage of sinuses with neutrophil clusters and a twofold
increase in the number of infiltrating neutrophils. The mice
with an intranasal allergic reaction also had more colonies of
S. pneumoniae recovered at death.

To control for the possibility that the OVA by itself was
augmenting the infection, we placed OVA in the nose of
nonsensitized mice daily for 5 days.44 The mice were inoc-
ulated with S. pneumoniae on day 1. The recovery of organ-
isms (6 � 5.5 � 105 versus 1 � 105; OVA plus infection
versus infection alone) and the degree of inflammation in
the sinuses (similar to that of mice infected without OVA
exposure) suggest that it is the allergic reaction to OVA that
is important and not just exposure of the nasal/sinus cav-
ities to OVA.44

DISCUSSION
Our results show that nasal instillation of S. pneumoniae in-

duces sinusitis in mice and that ongoing allergic inflammation at
the site augments the infection and the inflammatory response.

The exact pathogenesis of S. pneumoniae pneumonia is not
completely known.45–47 The effect of this organism in the
lungs has been investigated in mice and might provide insight
into the pathophysiology of infection in the sinuses. Initially,
there is alveolar edema combined with bacterial proliferation.
This phase is followed by red hepatization, in which an influx
of neutrophils is combined with a blood-tinged fluid. Gray
hepatization follows, with continued influx of neutrophils
and increased fibrin deposition. In most studies, the serotype
of the S. pneumoniae chosen for study causes death within 48
hours; thus, little information exists on the local inflammatory
response beyond 48 hours.

A number of virulence factors contribute to the course of
the infection, such as the capsule, the cell wall, pneumolysin,
pneumococcal surface protein A, complement, autolysin,
neuraminidase, peptide permeases, hydrogen peroxide, and
IgA1 protease.47 These factors also affect the type of infection.

The infection that we have induced in the sinuses causes
minimal symptomatology and a localized inflammatory re-
sponse. This pattern is consistent with the typical episode of
acute sinusitis in human subjects caused by less virulent
serotypes of S. pneumoniae.48

Using our model, we will investigate the mechanism by
which allergic rhinitis worsens acute sinusitis. We hypothe-
size that the innate immune system contains the infection and
then the acquired immune system eliminates the infection and
the inflammatory response to the infection. The local allergic
response in the nose affects both the innate immune response
and the acquired immune response essential to clear the in-
fection and the inflammatory response to that infection. Fur-
thermore, we hypothesize that IL-4 released by Th2 cells
recruited during the allergic reaction interferes with the re-
cruitment, development, and activation of Th1 cells that con-

Figure 8. Skin testing of mice made allergic to OVA shows in-
creased reactivity to the relevant antigen compared with nonallergic
control mice. The difference between the groups to OVA is signifi-
cant, n � 8, * p � 0.01. The 48/80 is a nonspecific mast cell
degranulating agent. BSA is bovine serum albumin, an irrelevant
antigen. Black bars � allergic mice; gray bars � nonallergic mice.
(Reproduced with permission from Ref. 42.)

Figure 9. Serum drawn before (pre) i.p. injection of OVA in alum
and after (post) i.p. and intranasal inoculation of OVA shows a
significant increase in IgE (*p � 0.01). The lines represent individ-
ual mice. The solid bars represent means. (Reproduced with permis-
sion from Ref. 42.)
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tribute to the suppression of infection and inflammation
caused by bacterial infection.

Many other potential mechanisms for the worsening of
sinusitis in allergic rhinitis patients exist. It is conceivable,
particularly in subjects with underlying anatomic defects,
that allergen-induced nasal congestion could obstruct sinus
drainage and enhance a subsequent bacterial infection, al-
though in our model obstruction of sinus ostia is not seen.
Systemic differences between allergic and nonallergic indi-
viduals might influence their response to infection; how-
ever, to date, our mice have not shown such a difference.
Allergic inflammation, which increases the number of
mucosal mast cells, combined with C3a and C5a generated
secondary to complement activation in response to S. pneu-
moniae infection, could lead to increased mast cell mediator

release, causing greater transudation of fluid and increased
proliferation of bacteria in the sinus cavities. Effects of
inflammatory mediators released by eosinophils during
an allergic reaction could alter the epithelium so that S.
pneumoniae binds better, leading to an augmented response.
The ciliary movement from the sinuses could be altered
by allergic inflammation, reducing the clearance of bacteria
and hence leading to an amplified infection. Allergic in-
flammation could “prime” circulating leukocytes such
that, when there is recruitment of such primed cells to the
sinus mucosa, an enhanced response to bacterial infection
occurs. Alternatively, allergic inflammation in the nasal
cavity could induce neurogenic inflammation within the
sinuses via central, as well as axonal, reflexes. These are
only some of the multiple potential mechanisms by which

Figure 10. (A) Percent of sinuses filled with neutrophil clusters and (B) the number of neutrophils per millimeter squared in sinus mucosa.
Control represents infected, nonallergic mice, aerosol, infected allergic mice with an ongoing allergic reaction in the lung, and intranasal,
infected allergic mice with an ongoing allergic reaction in the nasal cavity. An ongoing nasal allergic response increases the inflammatory
response to infection. *p � 0.001 versus control and aerosol. (Reproduced with permission from Ref. 42.)

Table 1 Eosinophil responses of BALB/c mice to different antigen exposures

Sensitization Inoculum Sinus Eos
(mm2 � SEM)

Lung Eos
(mm2 � SEM)

Saline Saline 12.4 � 2.8 5.0 � 1.4
OVA/alum Saline 12.0 � 1.2 25.0 � 6.5
Alum Saline 5.9 � 0.6 9.7 � 0.5
Saline Nasal OVA 14.5 � 2.3 13.4 � 1.6
OVA/alum Nasal OVA 380.3 � 25* 15.6 � 3.3
Alum Nasal OVA 16.3 � 1.4 24.4 � 7.3
Saline Aerosol OVA 17.4 � 1.5 45.5 � 7.7
OVA/alum Aerosol OVA 20.0 � 7.6 234.3 � 70*
Alum Aerosol OVA 18.7 � 6.2 41.1 � 3.6
Eos � eosinophils.
*p � 0.01 compared with controls.
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allergy could worsen the inflammatory response to S. pneu-
moniae.

The potential to test and develop successively more sophis-
ticated models of other aspects of sinusitis in mice is, in our
view, the most exciting future prospect of this model. Trans-
genic and KO mice provide opportunities to focus on the
defects that prolong and exacerbate acute infections, poten-
tially leading to chronic sinusitis. Thus, our model has the
potential to address the pathophysiology of sinusitis, a com-
mon, but underexplored disease.
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