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Nontypeable Haemophilus influenzae (NTHi) is a major pathogen causing otitis media (OM). One of the outer
membrane proteins of NTHi, P6, is a common antigen to all strains and is considered a candidate for mucosal
vaccine. We have previously reported that intranasal immunization with P6 and cholera toxin (CT) could
induce P6-specific immunoglobulin A (IgA) antibodies in the middle ear. In the present study, we assessed the
effect of intranasal immunization for the protection against NTHi-induced OM. Mice were immunized intra-
nasally with P6 and CT as an adjuvant on days 0, 7, and 14. Control mice were given phosphate-buffered saline
(PBS) without antigen. One week after the final immunization, a suspension of live NTHi (107 CFU) was
injected into the tympanic cavity to induce experimental OM. On days 3 and 7 after bacterial challenge, mice
were killed and middle ear effusions (MEEs) were collected. All immunized mice showed elevated titers of P6-
specific antibodies in MEEs. The rank order of specific antibody included, from highest to lowest levels, IgG,
IgA, and IgM. In addition, immunized mice showed enhanced clearance of NTHi from the middle ear and the
number of NTHi in MEEs of immunized mice was reduced by 97% on day 3 and by 92% on day 7 after bacterial
challenge relative the number in the MEEs of control mice. The protective effect of intranasal immunization
on the incidence of NTHi-induced experimental OM was evident on day 7 after challenge. By day 7, the number
of MEEs in immunized mice was 64% less than that in control mice and the incidence of NTHi culture-positive
MEEs in immunized mice was 56% less than that in control mice. Less stimulation of tumor necrosis factor
alpha (TNF-a) production in the middle ear was evident on day 3 after challenge. Immunized mice showed
lower concentrations of TNF-a in MEEs. These results indicate that intranasal immunization affords protec-
tion against experimental OM as evidenced by enhanced clearance of NTHi and less stimulation of TNF-a
production in the middle ear. These findings suggest that a nasal vaccine might be useful for preventing OM.

Otitis media (OM) is one of the most common infectious
diseases in children, and the peak incidence of this disease
occurs in early childhood. Nontypeable Haemophilus influenzae
(NTHi) is a major causative pathogen of OM and is often
isolated from middle ear effusions (MEEs) and the nasophar-
ynx (12). Because of the increased incidence of antibiotic-
resistant strains of NTHi in recent years, the development of a
vaccine against this bacterium is considered an important goal
for public health (14, 15). Recent efforts to develop an effective
vaccine candidate against NTHi have focused on P6, an outer
membrane protein of NTHi and a common antigen to all
strains (32, 33).

The middle ear mucosa is capable of producing local and
systemic responses after an appropriate antigenic stimulus
(30). Local immunity in the middle ear, in conjunction with
systemic immunity, plays an important role in OM. Antigen-
specific antibodies appear in MEE during acute OM and seem
to play a major role in the resolution of acute OM (20, 46).
Thus, vaccination leading to elevation of the levels of NTHi
antigen-specific antibodies is likely to prevent acute OM.

The mucosal immune system is considered a separate func-
tional entity quite independent of the systemic immune system
because the mucosal immune system possesses unique ana-
tomic features and is composed of specialized subsets of lym-
phoid cells (29). At the mucosal surface, secretory immuno-
globulin A (IgA) plays a major role in protective immunity. We
previously demonstrated that intranasal immunization was an
effective regimen to induce mucosal IgA immune responses in
the upper respiratory tract and that the nasal mucosal IgA
immune responses induced by intranasal immunization were
effective for the clearance of bacteria in the nasopharynx (25,
35). In addition, we recently reported that the middle ear
mucosa is characterized as a mucosal effector site and that
intranasal immunization with P6 and cholera toxin (CT) could
induce P6-specific IgA responses in the middle ear (22). Thus,
prevention of OM by intranasal immunization with P6 is an
important area of investigation into the development of the
vaccine. Since intranasal immunization enhances NTHi clear-
ance from the nasopharynx, it is also likely to enhance NTHi
clearance from the middle ear cavity. Moreover, it is also likely
that the same mechanisms for clearing bacteria from the re-
spiratory tract mucosa are used in the middle ear mucosa
because the mucosal effector sites are similar (22).

The middle ear mucosa can secrete high levels of inflamma-
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tory cytokines in response to microbial or endotoxin stimula-
tion (31), and tumor necrosis factor alpha (TNF-a) and inter-
leukin-1b (IL-1b) are present in large proportions of the
MEEs (34, 38). These cytokines are known to contribute to the
formation and maintenance of OM (19), and less intense stim-
ulation of their production may decrease inflammation and
pathologic changes associated with OM.

While the protective effect of mucosal IgA antibodies
against mucosal surface infection is well documented, the un-
derlying mechanisms are not entirely understood. Local immu-
nity in the middle ear has been ignored largely because of
technical difficulties associated with analyzing small quantities
of MEE. Chinchillas are often used as animal models for
NTHi-induced OM. However, this model is inadequate due to
its lack of genetic uniformity and our lack of knowledge of its
immune responses. Since correlation between inflammatory
cytokines and mucosal immunoglobulin production may help
elucidate the mechanism of protection against NTHi infection,
we devised a method to analyze inflammatory and immune
responses on a single murine MEE sample. In this study, we
tested the efficacy of intranasal vaccination with P6 and CT for
enhancing the clearance of NTHi from the middle ear, reduc-
ing the stimulation of middle ear mucosal inflammatory cyto-
kine production, and preventing OM in a murine model.

MATERIALS AND METHODS

Animals. BALB/c mice were purchased from Charles River Japan (Atsugi,
Japan). The mice were maintained under specific-pathogen-free conditions. A
total of 92 healthy adult mice between 6 and 8 weeks of age were used in the
experiment.

Immunization. P6 was purified from NTHi (strain 76) in our laboratory by a
previously reported method (22, 23). Sixty-four mice were immunized intrana-
sally three times, on days 0, 7, and 14, with 10 ml of phosphate-buffered saline
(PBS) containing a mixture of 10 mg of P6 and 1 mg of CT (Sigma, St. Louis, Mo.)
as a mucosal adjuvant (P61CT-immunized mice) or 10 ml of PBS containing
1 mg of CT alone (CT-immunized mice). Twenty-eight control mice were given
PBS without antigen.

Middle ear challenge with live NTHi and induction of experimental OM. The
same strain of NTHi used for the preparation of P6 was cultured on chocolate
agar plates overnight at 37°C in 5% CO2, removed by scraping, and resuspended
in PBS (109 CFU/ml) for middle ear challenge. One week after the third immu-
nization, the bacterial suspension was injected into the right tympanic cavity.
Briefly, after a submandibular skin incision was made, the right inferior bulla was
exposed and two microholes were made in the bulla with a 27-gauge needle. A
micropipette was inserted into one of the microholes, and 10 ml (109 CFU) of the
live NTHi suspension was injected slowly. The mice were monitored by otomi-
croscopic observation to confirm the presence of MEE and tympanic membrane
changes. Fourteen mice from each group were killed on days 3 and 7 after the
operation. The rates of NTHi clearance from the middle ear and the incidence
of experimental OM were measured.

Sampling. Mice were anesthetized by intraperitoneal injection with 0.1 ml of
PBS containing 2 mg of ketamine (Sigma) and 0.2 mg of xylazine (Sigma), and
blood, ear wash, and MEE samples were collected. Blood samples were collected
by orbital puncture 1 week after the third immunization and on days 3 and 7 after
bacterial challenge. Samples were stored at 220°C prior to being assayed for
antibodies and cytokines. One week after the third immunization, ear wash
samples were collected, the left tympanic cavity was washed three times with 10
ml of cold PBS, and then the 30 ml of PBS wash was pooled and adjusted to a final
volume of 50 ml with PBS. Care was taken to avoid contamination of ear wash
samples with blood. On days 3 and 7 after injection with NTHi, the mice were
killed and perfused transcardially with PBS to avoid contamination of MEEs with
peripheral blood. To collect MEE samples, the tympanic cavity was washed three
times with 10 ml of cold PBS immediately after sacrifice. The MEE samples and
the 30 ml of PBS wash were pooled and adjusted to a final volume of 50 ml with
PBS. Suspensions were centrifuged, an aliquot from each supernatant was seri-
ally diluted 10-fold, and 10-ml aliquots of the diluted samples were spread on
chocolate agar plates to determine the concentration of live bacteria. After

overnight incubation at 37°C in 5% CO2, NTHi was identified by standard
bacteriologic techniques, including Gram staining and determination of their V
and X growth factor requirements, and the colonies were counted (24). The
concentration of NTHi was expressed as CFU per milliliter of ear wash. The
remaining supernatants (approximately 36 to 41 ml) were then frozen at 220°C
and stored prior to before being assayed for antibodies and cytokines. Due to the
small size of the samples, we could not assay each MEE specimen for all
antibodies (IgA, IgM, and IgG) and inflammatory cytokines (IL-1b and TNF-a).
MEE samples in control and immunized groups were assayed for IgA, IL-1b and
TNF-a (34 ml) or for IgG, IL-1b, and TNF-a (34 ml). The remaining MEEs were
assayed for IgA and IgG (26 ml). The remaining supernatants of the MEEs from
each group of mice were pooled (67 ml) and assayed for IgM. The ear samples
were not run in duplicate due to the small volume of samples obtained from each
ear. The cell pellet was diluted with PBS and processed for enumeration of
inflammatory cells with a hemocytometer (the number of cells per cubic milli-
meter was given) and differential cell enumeration with Wright stain (Wright
stain solution; Wako Pure Chemical Industries, Ltd., Osaka, Japan).

Detection of P6-specific antibodies by ELISA. P6-specific antibody titers in ear
wash, MEE, and serum samples were determined by an enzyme-linked immu-
nosorbent assay (ELISA) as described previously (36). Briefly, 96-well plates
(Nunc, Roskilde, Denmark) were coated with an optimal concentration of P6
(100 ml of a 5-mg/ml concentration of P6) in PBS. The plates were incubated
overnight at 4°C in a humidified atmosphere and washed three times with PBS.
The wells were each blocked for 1 h at 37°C with 200 ml of PBS containing 1%
bovine serum albumin (Gibco BRL, Gaithersburg, Md.). After extensive wash-
ing, serial twofold dilutions of ear wash, MEE, and serum were added and
incubated for 4 h at room temperature. After incubation and washing, 100 ml of
a 1:1,000-dilution of biotinylated goat anti-mouse IgM, IgG, or IgA (Southern
Biotechnology Associates, Inc., Birmingham, Ala.) was added to each well. A
detection solution containing a 1:2,000 dilution of horseradish peroxidase-con-
jugated streptavidin (Gibco BRL) was added. The plates were incubated over-
night at 4°C. After the plates were washed, the color reaction was developed at
room temperature with 100 ml of 1.1 mM ABTS [2,29-azinobis (3-ethylbenzthia-
zoline-6-sulfonic acid)] in 0.1 M citrate-phosphate buffer (pH 4.2) containing
0.01% H2O2 (Moss, Inc., Pasadena, Calif.) after a 15-min incubation. End-point
titers were expressed as the reciprocal log2 of the last dilution that had an optical
density at 414 nm (OD414) of .0.1 OD unit above the OD414 value of negative
control samples obtained from control mice.

Detection of cytokines in MEE by ELISA. Assays for IL-1b and TNF-a were
performed with commercially available mouse ELISA kits (R&D Systems, Inc.,
Minneapolis, Minn.). ELISAs were performed as specified by the manufacturer.
All samples were run with negative and positive controls. Standard curves were
generated from known concentrations of cytokine provided by the manufacturer.
The sensitivity of these assays, i.e., the lowest concentration of cytokine detect-
able in MEEs, was less than 5.1 pg/ml for TNF-a and less than 3.0 pg/ml for
IL-1b. Samples were diluted such that the concentration of cytokine was within
the range of the assay standards. The optical densities were read with a microtiter
ELISA plate reader (Sanko Junyaku Co., Ltd., Tokyo, Japan).

Statistical analysis. The mean volume and variability of volume within each
MEE group were similar between control and immunized mice. Thus, variations
in volume and dilution of MEE were unlikely to affect the results. The bacterial
concentrations (in CFU per milliliter) were analyzed for statistical significance by
the Mann-Whitney test. Specific antibody titers (in reciprocal log2), the cytokine
concentrations (in picograms per milliliter), and inflammatory cell numbers (cells
per cubic millimeter) were analyzed for statistical significance by Student’s
paired t test. Differences at P , 0.05 were considered significant. The correla-
tions of bacterial concentration (in CFU per milliliter), IgA and IgG titers, and
cytokine concentration were analyzed by Pearson’s product moment method
(null hypothesis: H0:P 5 0; alternative hypothesis: H1:P , 0).

RESULTS

P6-specific antibody assay. The levels of P6-specific IgA
antibodies in ear wash were significantly elevated after intra-
nasal immunization with P6 and CT (P , 0.01) but not after
immunization with CT alone. After middle ear challenge with
NTHi, P6-specific IgG, IgA, and IgM antibodies were detected
in MEEs of P61CT-immunized mice as early as day 3, and
their titers were further increased by day 7 (P , 0.01). The
rank order of specific immunoglobulin included, from highest
to lowest levels, IgG, IgA, and IgM. However, the increase of
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the P6-specific antibodies was not observed in MEEs of CT-
immunized mice (Fig. 1). Since antibodies in MEEs during the
acute period might represent passive diffusion from serum,
serum antibodies were also examined. P6-specific IgG, IgA,
and IgM antibodies were detected in serum (Fig. 2), and the
levels of these antibodies directly correlated with those in
MEEs. The levels of IgG, IgA, and IgM antibodies in serum
were also higher in P61CT-immunized mice than in CT-im-
munized mice. Thus, intranasal immunization with P6 and CT
followed by intratympanic inoculation of NTHi resulted in
antigen-specific middle ear mucosal and systemic immunolog-
ical responses.

Intranasal immunization enhances the clearance of NTHi
from middle ear. Control mice, CT-immunized mice, and
P61CT-immunized mice showed different rates of clearance of
bacteria from the middle ear as evidenced by the number of
NTHi cultured from the MEEs (Table 1). P61CT-immunized
mice had smaller NTHi numbers in MEEs than did control
mice, and this difference was significant throughout the exper-
iment (from days 3 to 7 after middle ear challenge with live
NTHi: day 3, P 5 0.0006; day 7, P 5 0.0346). On postchallenge
day 3, the number of NTHi in MEE was 97% smaller than that
of the controls, and on postchallenge day 7, the number of
NTHi in MEE was 92% smaller than that of the controls. The
numbers of NTHi showed significant negative correlation with
the titers of anti-P6 IgA (r 5 20.638, P 5 0.007) and anti-P6
IgG (r 5 20.605, P 5 0.042) in MEEs of P61CT-immunized
mice on postchallenge day 3 (Fig. 3). However, the enhanced
clearance of NTHi from the middle ear was not observed in
CT-immunized mice. The rates of clearance of bacteria from

the middle ear in CT-immunized mice were not different from
those in control mice throughout the experiment (P . 0.05).
These results indicate that intranasal immunization with P6
plus CT enhanced the clearance of NTHi from middle ear; the
protective effect was associated with P6-specific IgA and IgG
antibody titers in MEEs.

Intranasal immunization reduces the incidence of NTHi-
induced experimental OM. Experimental OM was determined
by the presence of MEE and tympanic membrane changes,
including dilated vessels, increased thickness, and reduced
translucency. On postchallenge day 3, NTHi-positive MEE was
evident in both control and immunized mice (Table 1). On
postchallenge day 7, the number of MEEs in P61CT-immu-
nized mice was 64% smaller than that in control mice and the
incidence of NTHi culture-positive MEEs in P61CT-immu-
nized mice was 56% lower than that in control mice. However,
intranasal immunization with CT showed no effect on the in-
cidence of OM and the duration of culture-positive MEEs.

The tympanic membrane changes were shown in most of the
control and immunized mice on postchallenge day 3; by post-
challenge day 7, there were minor differences in the numbers
of immunized and control mice with tympanic membrane
changes. Thus, intranasal immunization with P6 and CT af-
forded a reduction in the incidence of OM and in the duration
of culture-positive MEEs in response to infection with NTHi.

Quantitative determination of inflammatory cytokines in
MEEs by ELISA. ELISA of MEE samples from mice injected
with NTHi revealed significant levels of TNF-a and IL-1b.
Throughout the experiment, the mean concentration of TNF-a
and IL-1b in MEEs tended to be lower in P61CT-immunized

FIG. 1. The levels of P6-specific IgA antibodies in ear washes were
significantly elevated after intranasal immunization with P6 and CT
(P , 0.01) but not after immunization with CT alone. After middle ear
challenge with NTHi, P6-specific IgG, IgA, and IgM antibodies were
detected in MEEs of P61CT-immunized mice as early as day 3 and
their titers were further increased by day 7 (P , 0.01). However,
P6-specific antibody levels were not elevated in MEEs of CT-immu-
nized mice. These results are expressed as the mean and standard error
and were obtained from a total of three experiments with 14 mice per
group.

FIG. 2. The levels of P6-specific antibodies were elevated in serum
after intranasal immunization with P6 and CT (day 0 [1 week after the
final immunization]) and further increased after middle ear challenge
with NTHi (postchallenge days 3 and 7). Isotype patterns and increases
in the titers of P6-specific antibodies were the same in serum and
MEE. The levels of P6-specific antibodies were not elevated in serum
after intranasal immunization with CT alone. These results are ex-
pressed as the mean and standard error and were obtained from a total
of three experiments with 14 mice per group.
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mice than in control mice (Fig. 4). On postchallenge day 3, the
concentrations of TNF-a in MEEs of P61CT-immunized mice
were significantly lower than those in control mice (P 5 0.041)
and CT-immunized mice (P 5 0.027). On postchallenge day 7,
the concentrations of TNF-a in MEEs of P61CT-immunized
mice were lower than those in control mice, but no statistical
significance was demonstrated (P 5 0.089). On postchallenge
day 3, the concentration of TNF-a in MEE was positively
correlated with the number of NTHi in MEE (immunized, r 5
0.716 and P 5 0.035; controls, r 5 0.647 and P 5 0.058) and
negatively correlated with the IgA titer (r 5 20.784, P 5 0.018)

(Fig. 5). There was no significant correlation between the con-
centration of TNF-a and the IgG titer (r 5 20.463, P 5 0.104).
The concentrations of IL-1b in MEEs of P61CT-immunized
mice were also lower than those in control mice, but no sta-
tistical significance in IL-1b concentration was detected due to
large within-groups variation (day 3, P 5 0.732; day 7, P 5
0.189). The TNF-a and IL-1b concentrations in MEEs of CT-
immunized mice were not different from those in MEEs of
control mice throughout the experiment (P . 0.05). Negligible
levels of TNF-a and IL-1b were detected in serum. These
results indicate that there was less stimulation of TNF-a but

FIG. 3. Correlation between the number of NTHi and the P6-specific IgA antibody titers (A) and between the number of NTHi and the
P6-specific IgG antibody titers (B) in MEEs of P61CT-immunized mice on postchallenge day 3. The number of NTHi showed a significant negative
correlation with the P6-specific IgA antibody titers (r 5 20.638, P 5 0.007) and with the P6-specific IgG antibody titers (r 5 20.605, P 5 0.042).

TABLE 1. Bacterial clearance and occurrence of OM with effusion

Vaccination and day
postchallengea

No. of NTH: cultured from MEEs
(CFU/ml) (range)b

Presence of MEEs
(no. of MEEs/total

no. of ears) (%)

No. of culture-positive
MEEs/total no. of

ears (%)

No. of tympanic membrane
changes/total no.

of ears (%) f

Day 3
Control 8.6 3 105 (0–2.8 3 106) 14/14 (100) 13/14 (92.8) 13/14 (92.8)
CT 6.4 3 105 (2.1 3 104–3.5 3 106)c 14/14 (100) 14/14 (100) 13/14 (92.8)
P61CT 2.6 3 104 (0–1.3 3 105)d 14/14 (100) 11/14 (78.5) 12/14 (85.7)

Day 7
Control 4.4 3 104 (0–1.3 3 105) 11/14 (78.6) 9/14 (64.2) 3/14 (21.4)
CT 4.7 3 104 (0–3.4 3 105)c 12/14 (85.7) 9/14 (64.2) 2/14 (14.2)
P61CT 3.7 3 103 (0–2.7 3 104)e 4/14 (28.5) 4/14 (28.5) 0/14 (0)

a Results were obtained from a total of three experiments with 14 mice per group.
b Results are expressed as the mean concentration (minimum and maximum values). The ratio of the mean of bacterial numbers in the control and P61CT-

immunized groups was 33:1 on postchallenge day 3 compared to 12:1 on postchallenge day 7.
c P . 0.05 compared with the control group.
d P , 0.0006 compared with the control group.
e P , 0.0346 compared with the control group.
f Otoscopical signs of otitis media, including dilated vessels, increased thickness and reduced translucency. Number of ears with tympanic membrane changes/total

number of ears.
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not IL-1b production in the middle ear after intranasal immu-
nization with P6 and CT.

The mean number of inflammatory cells was slightly but not
significantly smaller in MEEs from P61CT-immunized mice
(day 3, 6,012 cells/mm3; day 7, 1,039 cells/mm3) than in MEEs
from control mice (day 3, 7,942 cells/mm3; day 7, 1,589 cells/
mm3) or CT-immunized mice (day 3, 7,464 cells/mm3; day 7,
1,180 cells/mm3). No correlation was found between the num-
ber of inflammatory cells in MEEs and the rate of bacterial
clearance or P6-specific antibody titers in the middle ear. Pat-
terns of differential cell counts were the same for control and
immunized mice throughout the experiment. Cell counts in
MEEs on postchallenge days 3 and 7 consisted mainly of neu-
trophils (84 to 96%), lymphocytes (2 to 14%), and a few mac-
rophages/monocytes (1 to 3%).

DISCUSSION

Here we have reported on the protective effect of intranasal
immunization against middle ear infection by NTHi. We di-
rectly demonstrated protective immunity against NTHi-in-
duced OM in mice intranasally immunized with P6 and CT.
Moreover, our study partially elucidated the mechanism by
which intranasal vaccination protects the middle ear by ana-
lyzing immune and inflammatory responses after NTHi chal-
lenge.

Intranasal immunization is known to elicit a local secretory
IgA response in addition to considerable serum IgG, IgA, and
IgM antibody levels (5). Secretory IgA plays a major role in
eradicating the organism from the mucosal surface, and the

protective effect of IgA is associated with adhesive and agglu-
tinative activities (42). The effect of inflammation on the trans-
fer of circulating IgG antibodies into MEE during OM is well
documented (21). It is likely that some of the protective effects
observed in the middle ear of immunized animals after chal-
lenge may result from the IgG antibody produced. Like IgA,
IgG may limit the entry of mucosal pathogens into the organ-
ism and their subsequent multiplication and thus prevent sys-
temic infection and promote bactericidal mechanisms (39).
Serum-derived IgG antibodies would probably be protective in
accordance with the principle of “pathotopic potentiation” of
local mucosal immunity described in experimental animals (6).
As in acute OM (11, 47), we found that MEEs of infected mice
contained a relatively higher proportion of P6-specific IgG
than of IgA. The increase in the levels of specific IgG, IgA, and
IgM antibodies in serum was similar to that in MEE but was
higher in serum, suggesting that these antibodies migrated
from serum to MEE. However, in comparison with the specific
IgA, IgM, and IgG antibodies in serum, middle ear washes
from P61CT-immunized mice contained only specific IgA an-
tibodies prior to bacterial challenge. It has been reported that
specific antibody-producing cells in the middle ear mucosa
(with the dominant IgA isotype) and elevated levels of specific
IgA antibodies in ear washes were detected after intranasal
immunization (22). These results suggest that IgA antibody-
producing cells within the middle ear mucosa are important
sources of antigen-specific IgA in ear wash. Therefore, it is
more likely that during the course of OM, P6-specific IgA
antibodies in MEEs of P61CT-immunized mice represented
both local antibody production and transudation from serum.

FIG. 4. (A) IL-1b concentrations in MEEs. (B) TNF-a concentrations in MEEs. The IL-1b levels in MEEs of P61CT-immunized mice was
slightly lower than those in MEEs of control mice (day 3, P 5 0.732; day 7, P 5 0.189). The TNF-a concentrations in MEEs of P61CT-immunized
mice were significantly less than those in MEEs of control mice (P 5 0.041) and CT-immunized mice (P 5 0.027) on postchallenge day 3. On
postchallenge day 7, statistical significance was not demonstrated between P61CT-immunized and control mice (P 5 0.089). The TNF-a and IL-1b
concentrations in MEEs of CT-immunized mice were not different from those in MEEs of control mice throughout the experiment (P . 0.05).
These results are expressed as the mean 6 SE and were obtained from a total of three experiments with 14 mice per group.
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In contrast, P6-specific IgG and IgM antibodies in MEEs seem
to be derived mainly from serum.

In several different animal models, protection against NTHi-
induced middle ear infection was demonstrated after mucosal
(27) or systemic (1, 2, 16) presentation of antigen. Intestinal
immunization with killed NTHi enhanced the clearance of
NTHi from the middle ear in rats, but the protective antigen
and protective immune responses were not shown in that study
(27). Enhanced clearance of NTHi from the middle ear was
observed in chinchillas after systemic immunization with a
mixture of outer membrane proteins, and the protection was
associated with antigen-specific bactericidal antibodies (1, 2,
16). Enhanced NTHi clearance from the mucosal surface gen-
erally correlates well with antigen-specific mucosal IgA titer
but not with serum IgA and IgG antibody levels after mucosal
immunization (24). The present study showed that intranasal
immunization with P6 and CT effectively enhanced the clear-
ance of NTHi from the murine middle ear. Since a significant
negative correlation between NTHi numbers and anti-P6 IgA
titer was found in MEEs, we speculate that intranasal immu-
nization produced mucosal immunity, thereby inhibiting the
adherence of NTHi to the middle ear mucosa. The systemic
immunity elicited by this route of immunization also probably
contributed to protection against NTHi infection, as evidenced
by the significant negative correlation between NTHi numbers
and the anti-P6 IgG titer in MEEs. Intestinal immunization
with killed NTHi or P6 enhanced the clearance of NTHi from
the lungs, and the clearance mechanism involved rapid recruit-
ment of phagocytic cells (26, 40). Here, using our murine OM
infection model, we demonstrate that antibody-mediated im-
munity but not recruitment of neutrophils plays a major role in
clearance of NTHi from the middle ear.

DeMaria et al. (10) demonstrated that systemic immuniza-
tion with P6 reduced the incidence of NTHi-induced OM in
chinchillas, and this effect was associated with elevated levels
of bactericidal antibody in serum. Our present study indicates
that intranasal immunization with P6 and CT also provides a
significant degree of protection against experimental OM as
assessed by the incidence of NTHi-induced OM and the pres-
ence of P6-specific antibodies in MEE and serum.

The unregulated release of large amounts of inflammatory
cytokines accounts for the majority of toxic effects of endo-
toxin. TNF-a and IL-1b are pivotal inflammatory cytokines,
and their role in the pathogenesis of OM is well documented
(3, 19). Hypothetically, suppression of key inflammatory me-
diators of the acute-phase response will effectively prevent or
reduce MEE and inflammation (17). Both cytokines are pro-
duced in the middle ear and are present in MEE (9, 37).
Neutrophils are the principal source of IL-1b at sites of in-
flammation (18, 28), whereas mucosal macrophages are the
principal source of TNF-a (4).

IgA antibodies prevent potentially harmful local and sys-
temic inflammatory reactions. Yanagita et al. (48) reported
that fimbria-specific IgA antibodies produced in saliva after
intranasal immunization inhibited bacterial attachment to and
reduced subsequent inflammatory cytokine production by ep-
ithelial cells in vitro. In vitro studies showed that IgA down-
regulates TNF-a release in human monocytes (43, 45). Yellon
et al. (49) assayed MEEs from children with OM and did not
find any significant correlation between the concentrations of
inflammatory cytokines and immunoglobulins. We showed that
inflammatory-cytokine release was tempered after intranasal
immunization and that concentrations of TNF-a were signifi-
cantly lower (P 5 0.041) in MEEs of P61CT-immunized mice

FIG. 5. Correlation between TNF-a concentrations and P6-specific antibody titers in MEEs of P61CT-immunized mice on postchallenge day
3. (A) Correlation between TNF-a concentrations and P6-specific IgA antibody titers. A significant negative correlation was detected (r 5 20.784,
P 5 0.018). (B) Correlation between TNF-a concentrations and P6-specific IgG antibody titers. There was no significant correlation (r 5 20.463,
P 5 0.104).
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than those in control mice on postchallenge day 3. Moreover,
a significant negative correlation (r 5 20.784, P 5 0.018) was
observed between the TNF-a concentration and IgA titer on
postchallenge day 3 despite the small number of MEE speci-
mens. IgA may reduce the stimulation of TNF-a production by
enhancing the clearance of NTHi from the middle ear. Since
antigen-specific IgA possesses the ability to inhibit bacterial
attachment to epithelial cells, it prevents bacterial invasion,
macrophage activation, and the subsequent inflammatory re-
sponse. The present study is the first demonstration of less
strong stimulation of TNF-a production after intranasal im-
munization in a murine model of OM. In control mice, in-
creased numbers of bacteria invade the middle ear mucosa and
stimulate macrophages to produce TNF-a. Elevation of the
local levels of TNF-a activates and maintains neutrophil
phagocytosis but simultaneously increases inflammatory effects
in the middle ear. Our study showed the relationship between
the TNF-a concentration and bacterial numbers in MEEs, and
this relationship may explain why the difference in TNF-a
concentrations between the immunized and control groups was
more obvious on postchallenge day 3 than on day 7 (Table 1).

In the present study, we demonstrated protection against
NTHi-induced OM after intranasal immunization. This was
not due to the effects of CT as a mucosal immunogen, since the
numbers of NTHi and concentrations of TNF-a in MEEs were
comparable to those in MEEs of control mice. These results
indicate that intranasal immunization with P6 and CT, but not
with CT alone, provides a protective immunity against NTHi-
induced OM.

The impact of intranasal immunization on IL-1b production
is less clear. We failed to show less stimulation of IL-1b pro-
duction in MEEs of immunized mice. Macrophages are the
central effector cell type in endotoxin-mediated host responses
(13). Moreover, monocytes are more likely to modulate IL-1b
production since, in humans, interaction of these cells with IgA
stimulates the release of the IL-1 receptor antagonist (44). The
delay in the appearance of macrophages/monocytes in MEEs
(7) and the middle ear mucosa (8) during OM is well docu-
mented and may explain the discrepancy between the down-
regulatory effect of IgA on IL-1b release in vitro and the
results of our study.

Endotoxin is not readily eradicated by local host defense
mechanisms and remains in the middle ear after the elimina-
tion of viable bacteria, continually stimulating the production
of TNF-a and IL-1b (41). This observation is supported by our
finding that on postchallenge day 13 middle ear washes were
culture negative but contained detectable levels of inflamma-
tory cytokines in both groups (data not shown). The concen-
trations of TNF-a and IL-1b were significantly lower in MEEs
of P61CT-immunized mice than in MEEs of control mice, and
this is probably a result of stimulation by a lower concentration
of endotoxin. In the present study, high levels of TNF-a and
IL-1b were detected in MEE but not in serum, suggesting high
local production of inflammatory cytokines in the middle ear.

In summary, our present findings demonstrate that intrana-
sal immunization with P6 and CT induces P6-specific middle
ear mucosal and systemic responses and affords protection in
murine experimental OM, as evidenced by enhanced clearance
of NTHi and reduced stimulation of TNF-a production in

MEE. These findings suggest that nasal vaccine might be use-
ful for the prevention of OM.
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