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Influenza A virus (IAV) predisposes individuals to secondary infections with the bacterium Streptococcus pneumoniae (the
pneumococcus). Infections may manifest as pneumonia, sepsis, meningitis, or otitis media (OM). It remains controversial as to
whether secondary pneumococcal disease is due to the induction of an aberrant immune response or IAV-induced immunosup-
pression. Moreover, as the majority of studies have been performed in the context of pneumococcal pneumonia, it remains un-
clear how far these findings can be extrapolated to other pneumococcal disease phenotypes such as OM. Here, we used an infant
mouse model, human middle ear epithelial cells, and a series of reverse-engineered influenza viruses to investigate how IAV pro-
motes bacterial OM. Our data suggest that the influenza virus HA facilitates disease by inducing a proinflammatory response in
the middle ear cavity in a replication-dependent manner. Importantly, our findings suggest that it is the inflammatory response
to IAV infection that mediates pneumococcal replication. This study thus provides the first evidence that inflammation
drives pneumococcal replication in the middle ear cavity, which may have important implications for the treatment of
pneumococcal OM.

Streptococcus pneumoniae is a Gram-positive bacterium that
colonizes the nasopharynx of up to 80% of preschool children

(1). Generally, S. pneumoniae colonization is transient and
asymptomatic. However, in the presence of influenza A virus
(IAV), S. pneumoniae is able to disseminate to other sites in the
body and cause disease (2).

The genome of IAV consists of eight gene segments, two of
which encode the surface glycoproteins the hemagglutinin (HA)
and the neuraminidase (NA). The HA of influenza virus binds to
terminal sialic acid residues on cell surface glycoproteins and gly-
colipids, facilitating internalization of the virus. In contrast, the
NA of influenza virus cleaves terminal host sialic acid residues to
facilitate the release of new virions. IAV strains are divided into
subtypes based on the antigenically and structurally distinct HA
and NA that they bear. H1N1 and H3N2 subtypes currently cir-
culate in the community. Although there are limited data avail-
able, secondary bacterial disease appears to be more prevalent
following outbreaks of H3N2 influenza viruses, compared to
H1N1 virus outbreaks (3–7). Despite suggestions that this virus-
subtype dependence of disease is associated with the increased
activity of the viral NA in H3N2 strains (5), the mechanism by
which IAV facilitates secondary pneumococcal disease largely re-
mains unclear.

Recently, Shivshankar and colleagues (8) demonstrated that
chronic inflammation in the lungs of the elderly facilitates pneu-
mococcal pneumonia by upregulating host receptors which are
then co-opted for pneumococcal adherence. These observations
add further weight to previously noted associations of IAV-in-
duced inflammation and secondary pneumococcal disease (9, 10).
However, the role of inflammation remains controversial, as oth-
ers have reported that inhibition of the immune response by IAV
can also facilitate pneumococcal pneumonia (11). Moreover, it
remains unclear as to to what extent these findings can be extrap-
olated to other pneumococcal disease phenotypes, such as otitis
media (OM).

OM is the most common clinical consequence of pneumococ-

cal-influenza virus coinfections in children and can lead to fatal
meningitis and permanent hearing loss (12). Studies in the chin-
chilla suggested that the ability of IAV to perturb the function of
neutrophils facilitated secondary pneumococcal OM, suggesting a
role for virus-induced immunosuppression (rather than inflam-
mation) in disease development (13). In contrast, secondary OM
may be largely independent of IAV-induced immunosuppression
and instead reflect the ability of the viral NA to cleave sialic acid
and expose receptors for pneumococcal adherence (14). Herein,
we have used our previously established infant mouse model of
OM (designed to mimic the underdeveloped immune system of
children) (15) and human middle ear epithelial cells (HMEECs)
to provide the first evidence that it is the viral HA that dictates the
likelihood of pneumococcal OM. This reflects the ability of the
viral HA to affect the replication efficacy of IAV in the middle ear.
Increased viral replication in the middle ear was associated with a
proinflammatory response in this organ. We show that a proin-
flammatory response in the middle ear can then mediate second-
ary bacterial disease.

MATERIALS AND METHODS
Viral and bacterial strains. The bioluminescent S. pneumoniae strain
EF3030lux (type 19F) was used in all experiments (16). The preparation
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and storage of pneumococci prior to infection have been described else-
where (17). The panel of different IAV strains used in this study is shown
in Table 1. Select viruses were created using reverse genetics (RG), as
described previously (18). Virus stocks were prepared in embryonated
eggs, and titers of infectious virus were determined by three independent
plaque assays on Madin-Darby canine kidney (MDCK) cells as described
previously (17).

BPL inactivation of IAV. Udorn/72 was grown in the allantoic fluid of
embryonated chicken eggs as described previously (17). A final concen-
tration of 0.1% �-propiolactone (BPL; Acros Organics, Morris Plains, NJ)
in citrate buffer (125 mM sodium citrate, 150 mM sodium chloride, pH
8.2) was added to the virus. Virus was subsequently incubated overnight at
20°C under conditions of continuous slow shaking and then purified by
dialysis (Slide-A-Lyzer Dialysis Cassettes; Thermo Scientific Inc., Bremen,
Germany). The structural integrity of the HA postpurification was con-
firmed using a standard hemagglutination assay (19). Virus inactivation
was confirmed by three passages in MDCK cells, where no virus could be
detected by plaque assay following the third passage.

Infection of mice. Animal experiments were approved by the Animal
Ethics Committee of the University of Melbourne. C57BL/6 mice were
bred and housed under specific pathogen-free (SPF) conditions at the
Department of Microbiology and Immunology at The University of Mel-
bourne, Australia. Five-day-old C57BL/6 mice were colonized intrana-
sally (i.n.) with 2 � 103 CFU of S. pneumoniae EF3030Lux in 3 �l of
phosphate-buffered saline (PBS). Alternatively, mice were mock treated
with an equivalent volume of PBS. At 14 days of age, infant mice were
infected i.n. with 20 PFU (strains PR8/34, Cambridge/34, and WSN/33) or
102.5 PFU (all other virus strains) of egg-grown IAV in 3 �l of PBS. Six
days post-IAV infection, mice were euthanized and organs were collected
for analysis. Where relevant, Salmonella lipopolysaccharide (LPS; Sigma)
(0.05 mg) or PBS was administered to the middle ear of 14-day-old mice
via a transtympanic injection, and middle ears were collected 2 days later
for histology.

Experiments using the pressure cabin were performed with 14-day-
old, SPF C57BL/6 mice (Harlan, The Netherlands) and were approved by
the Animal Ethics Committee of the Radboud University. The pressure
cabin was used essentially as described previously (20). Briefly, 10 �l BPL-
inactivated Udorn/72 diluted in PBS was applied to both nostrils of anes-

thetized mice and the pressure was raised to 40 kPa. Four days after chal-
lenge with BPL-inactivated virus, mice were euthanized and middle ears
were collected. The dose of BPL-inactivated Udorn/72 used in these ex-
periments was the dilution at which the BPL-inactivated virus had an HA
titer which was equivalent to the HA titer of 104 PFU of live Udorn/72.

Enumeration of bacterial and viral load and in vivo imaging. Tissues
used to quantify bacterial and viral load were collected and processed as
described previously (15–17). All CFU and PFU data are expressed per
organ. In vivo imaging was performed using an IVIS-Spectrum system
(Caliper LifeSciences) as described previously (15, 17).

RNA extraction, cDNA synthesis, and qPCR. RNA was extracted
using TRIzol (Invitrogen), purified using an RNAeasy minielute kit
(Qiagen), and DNA-se treated (Turbo DNase; Ambion). Each sample
consisted of the two middle ear bullas taken from one mouse. cDNA for
host expression analysis and viral mRNA quantification was synthesized
using oligo(dT)18 (Roche) and a Transcriptor High Fidelity cDNA syn-
thesis kit (Roche). Alternatively, cDNA for viral RNA (vRNA) quantifica-
tion was synthesized using the Uni12 primer (21) and a Superscript II kit
(Invitrogen). Quantitative PCR (qPCR) was performed using SYBR green
(Quantance), a Stratagene Mx3005 qPCR Thermocycler (Agilent Tech-
nologies), and the relevant primers against either the relevant murine
gene or the matrix gene of Udorn/72 (Table 2).

Microarray and analysis. Six independent samples were used for each
condition and analyzed using a NimbleGen platform (12 � 135K mouse
gene expression arrays; Roche Nimblegen). Each sample consisted of the
two middle ear bullas taken from one mouse. Array images were acquired
with a NimbleGen MS200 scanner and processed with NimbleScan soft-
ware using the RMA algorithm. Data were processed using ArrayStar
(DNAStar). Differential expression tests were performed with a moder-
ated t test implemented in ArrayStar, followed by false-discovery-rate
(FDR) correction of the P values (Q-values) according to the method of
Storey and Tibshirani (22). A gene was considered to be differentially
expressed when an expression ratio of �4 or �0.025 relative to the control
was obtained with a corresponding Q-value that was �0.05. Differentially
expressed genes were mapped to Gene Ontology (GO) terms to enrich for
gene class using the DAVID tool (23). DNA microarray data are available
at Gene Expression Omnibus (GEO).

TABLE 1 Viral strains used

Virus name Subtype Description

Mt. Sinai lineage of A/PR/8/34 (PR8/34) H1N1 Mouse-adapted IAV strain grown in embryonated eggs
Cambridge lineage of A/PR/8/34 (Cambridge/34) H1N1 Alternative lineage of PR8/34
A/Memphis/1/71 (Mem/71) H3N2 Human isolate grown in embryonated eggs
A/Udorn/307/72 (Udorn/72) H3N2 Human isolate grown in embryonated eggs
A/Port Chalmers/1/73 (Port Chalmers/73) H3N2 Human isolate grown in embryonated eggs
A/Brazil/11/78 (Brazil/78) H1N1 Human isolate grown in embryonated eggs
A/WSN/33 (WSN/33) H1N1 Mouse-adapted IAV strain grown in embryonated eggs
A/Netherlands/246/08 (NL/08) H1N1 Recent human isolate
A/Netherlands/364/06 (NL/06) H1N1 Recent human isolate
A/Netherlands/602/09 (NL/09) H1N1 Recent human isolate
A/Netherlands/348/07 (NL/07) H3N2 Recent human isolate
A/Netherlands/312/03 (NL/03) H3N2 Recent human isolate
HKx31 H3N2 Reassortant of PR8/34 and A/Aichi/2/68(H3N2) bearing the H3N2 surface antigens
PR8-HKx31 HA H3N1 RG virus with the HA gene of HKx31 and other genes from PR8/34
PR8-HKx31 NA H1N2 RG virus with the NA gene of HKx31 and other genes from PR8/34
Udorn-PR8 HA H1N2 RG virus with the HA gene of PR8/34 and other genes from Udorn/72
Udorn-PR8 NA H3N1 RG virus with the NA gene of PR8/34 and other genes from Udorn/72
RG PR8/34 H1N1 RG virus with all the genes of PR8/34
RG Udorn/72 H3N2 RG virus with all the genes of Udorn/72
PR8-Auck HA H1N1 RG virus with the HA gene of A/Auckland/1/09 (H1N1) and other genes from PR8/34
PR8—Udorn HA H3N1 RG virus with the HA gene of Udorn/72 and other genes from PR8/34
PR8—Udorn NA H1N2 RG virus with the NA gene of Udorn/72 and other genes from PR8/34
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Histology. Middle ears were collected and processed for histology
essentially as described previously (15). Sections were scored by a pathol-
ogist blinded to the study design, based on the percentage of the middle
ear cavity containing an inflammatory cell infiltrate, as previously pub-
lished (15). Immunofluorescence was performed as described previously
(15).

Infection of HMEECs. HMEECs (24) were kindly donated by David
Lim (House Ear Institute, Los Angeles, CA) and cultured in a 1:1 mixture
of Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) and fully sup-
plemented BEGM (Lonza, The Netherlands). For infection studies, con-
fluent monolayers were washed with DMEM (Gibco) and infected with
IAV at a multiplicity of infection (MOI) of 1 for 45 min at 37°C. Cells were
then washed and incubated in a 1:1 mixture of DMEM (Gibco) and fully
supplemented BEGM (Lonza). To evaluate the percentage of infected
cells, cells were fixed with 80% (vol/vol) methanol and stained using flu-
orescein isothiocyanate (FITC)-conjugated anti-influenza A virus nu-
cleoprotein (Abcam, United Kingdom). The percentage of infected cells
was calculated by counting a minimum of 70 cells per well.

Cytokine production. Levels of interleukin-6 (IL-6) were measured
by an enzyme-linked immunosorbent assay (ELISA) (Sanquin, The Neth-
erlands), while IL-8 was measured using a cytometric bead assay (CBA)
Human Flex Set (BD Biosciences).

Statistical analysis. Statistical analyses were performed using
GraphPad Prism version 5.00 for Windows (GraphPad Software, San
Diego, CA).

RESULTS
The viral HA dictates pneumococcal replication in the middle
ear. To understand the role of IAV in bacterial OM, we tested the
ability of a panel of different IAV strains to induce bacterial OM in
mice colonized with the bioluminescent S. pneumoniae strain
EF3030lux. Bacterial OM was monitored by enumeration of bac-
terial load in the middle ear 6 days post-IAV infection. This time
point was selected as day 6 is the peak of OM in infant mice (15).
Infection with HKx31 (H3N2), Port Chalmers/73 (H3N2), and
Mem/71(H3N2) resulted in approximately 105 bacteria in the
middle ear (Fig. 1A). These findings are consistent with our pre-
vious observation of bacterial OM in mice coinfected with S. pneu-
moniae and Udorn/72 (H3N2), and we have demonstrated that
this amount of bacteria in the ears is associated with increased
middle ear inflammation and a 20-dB hearing loss (15). In con-
trast, infection with H1N1 strains resulted in lower middle ear
bacterial titers (a mean of approximately 103 bacteria), which were
equivalent to the titers seen with mock-infected mice (Fig. 1A).
We have previously demonstrated that this level of pneumococci

FIG 1 H3N2 viruses facilitate pneumococcal otitis media. (A) Titers of S. pneu-
moniae EF3030lux in the middle ears of mice 6 days after i.n. infection with differ-
ent IAV strains. Bacterial counts are represented as the averages of titers derived
from the left and right ears of each mouse. Statistical significance was determined
using a Mann-Whitney U test and Bonferroni posttest and was analyzed only
relative to mock-infected mice (rather than comparing all the different permuta-
tions of the relative treatment groups). Statistical significance is denoted by two
asterisks (P � 0.01). Data are pooled from a minimum of two independent exper-
iments. The dashed line indicates the detection limit of the assay. (B) Replication of
different IAV strains in the nasal cavity. Mice were coinfected with S. pneumoniae
EF3030lux and IAV, and IAV titers were assessed 6 days post-viral infection. Sta-
tistical significance was determined using a one-way analysis of variance
(ANOVA) and Bonferroni posttest. Data are pooled from a minimum of two
independent experiments. The dashed line indicates the detection limit of the
assay. (C) Representative in vivo images of S. pneumoniae EF3030lux in the middle
ears of mice at various days (d) after intranasal (i.n.) infection with IAV. A lumi-
nescent signal indicates the presence of live, actively replicating pneumococci at
that site. The detection limit of in vivo imaging in the middle ear is approximately
103 CFU (16).

TABLE 2 Primers used for qPCR

Primer Sequence (5=¡3=)
GAPDH_F AGGTCGGTGTGAACGGATTTG
GAPDH_R TGTAGACCATGTAGTTGAGGTCA
pro IL-1�_F CAACCAACAAGTGATATTCTCCATG
pro IL-1�_R GATCCACACTCTCCAGCTGCA
SAA_F AGCCTTCCATTGCCATCATTCTT
SAA_R AGTATCTTTTAGGCAGGCCAGCA
TNF-�_F CATCTTCTCAAAATTCGAGTGACAA
TNF-�_R TGGGAGTAGACAAGGTACAACCC
CXCL2_F AGTGAACTGCGCTGTCAATGC
CXCL2_R AGGCAAACTTTTTGACCGCC
IL-1�_F ACTCATTGGCGCTTGAGTCGGCA
IL-1�_R TGTCACCCGGCTCTCCTTGAAGGT
Udorn/72_F AAGACCAATCCTGTCACCTCTGA
Udorn/72_R TCCTCGCTCACTGGGCA
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in the middle ear does not result in OM (as defined by middle ear
inflammation and hearing loss) (15). The inability of the tested
H1N1 strains to induce bacterial outgrowth in the middle ear was
in spite of the fact that these strains replicated efficiently in the
nasal cavity (Fig. 1B). These results were also not due to the lower
infectious doses used for the more virulent H1N1 IAV strains
(such as PR8/34), as mice infected with only 20 PFU of HKx31 still
developed bacterial OM (data not shown). Likewise, the differ-
ences could not be explained by differences in the kinetics of dis-
ease development, as mice infected with PR8/34 showed no bac-
terial OM by in vivo imaging on day 2, day 4, or day 13 post-IAV
infection (Fig. 1C). Thus, of the IAV strains tested, H3N2 strains
induced a higher rate of bacterial OM in mice.

The HKx31 reassortant virus, associated with bacterial OM,
has all the internal genes of PR8/34 (H1N1) but the HA and NA of
A/Aichi/2/68 (H3N2). As PR8/34 did not promote OM, this im-
plicates the NA and/or HA as the key viral determinant(s) of OM
in this mouse model of disease. Reverse genetics (RG) was thus
used to create two isogenic PR8/34 strains bearing either the HA
or the NA from HKx31 (PR8-HKx31 HA or PR8-HKx31 NA,
respectively). Mice infected with PR8-HKx31 NA showed no sig-
nificant increase in pneumococcal titers (P � 0.05; Kruskal-Wallis
test and Dunn’s posttest; Fig. 2A) or luminescence in the middle
ear (Fig. 2B) compared to mice infected with the reverse-engi-
neered parental virus RG PR8/34. Conversely, mice infected with
PR8-HKx31 HA had significantly higher pneumococcal titers
(P � 0.05; Kruskal-Wallis test and Dunn’s posttest; Fig. 2A) and

luminescence (Fig. 2B) in the middle ear. These data suggest that it
is the HA of A/Aichi/2/1968 that confers susceptibility to pneu-
mococcal OM.

To confirm that the HA was responsible for promoting the OM
observed in our previous study in Udorn/72 (H3N2)-infected
mice (15), we used reverse genetics to generate two additional
viruses, Udorn-PR8 HA and Udorn-PR8 NA, which bear the in-
ternal genes of Udorn/72 with the HA and NA, respectively, of
PR8/34. The transfer of the PR8/34 HA to a Udorn/72 backbone
was sufficient to significantly reduce pneumococcal titers com-
pared to mice infected with RG Udorn/72 (P � 0.05; Kruskal-
Wallis test and Dunn’s posttest; Fig. 2A). Similarly, the transfer of
the Udorn/72 HA to a PR8/34 backbone increased pneumococcal
titers in the middle ear, while the transfer of the Udorn/72 NA did
not (P � 0.05; Kruskal-Wallis test and Dunn’s posttest; Fig. 2A).
Taken together, these data show that, among these viruses, the
viral HAs of Udorn/72 and HKx31 confer enhanced susceptibility
to pneumococcal OM while that of PR8/34 does not.

The viral HA determines middle ear inflammation. To gain
further insight into the mechanism facilitating pneumococcal OM
in vivo, we focused on the differences between infection with
Udorn/72 and Udorn-PR8 HA. Transcriptional profiling was per-
formed on the middle ears of mice 6 days postinfection with one of
the two viruses. We identified 78 upregulated and 6 downregu-
lated probe sets in Udorn/72-infected mice relative to Udorn-PR8
HA-infected mice (Fig. 3A). Gene expression analysis demon-
strated that Udorn/72 induced a much stronger inflammatory re-
sponse than Udorn-PR8 HA, with 16 probe sets assigned to the
inflammatory response (GO:0006954, Fig. 3B). Of note, there
were significantly higher levels of pro-IL-1�, IL-1�, and CXCL2 in
the middle ears of Udorn/72-infected mice (see Table S1 and S2 in
the supplemental material). The expression of key proinflamma-
tory genes was subsequently confirmed by qPCR (Fig. 3C). To
verify that these findings were not restricted to a single time point,
qPCR was used to assess the expression of key proinflammatory
cytokines 3 days post-IAV infection. Similar to day 6 results, pro-
IL-1�, CXCL2, serum amyloid A (SAA), and IL-1� were upregu-
lated �2-fold in Udorn/72-infected mice (Fig. 3C). The ability of
a broader panel of virus strains to induce middle ear inflammation
was then examined histologically. Figure 3D clearly shows differ-
ential abilities of H3 and H1 IAV strains to induce middle ear
inflammation (for the statistical analysis of these data, see Table S3
in the supplemental material). Virus strains that caused middle
ear inflammation in the absence of a S. pneumoniae infection (i.e.,
H3 strains) were those that facilitated bacterial outgrowth in the
middle ear in a coinfection. This virus-induced inflammation was
characterized by an influx of inflammatory cells (the overwhelm-
ing majority of which were neutrophils) into the middle ear cavity
(results not shown). Viruses that did not cause middle ear inflam-
mation in a single infection (i.e., H1 strains) were also those that
did not facilitate bacterial outgrowth in the middle ear in a coin-
fection (Fig. 3D). Although these results show a clear correlation
between viral inflammation and pneumococcal replication, viral
suppression of the immune response or virus-induced damage to
the epithelium may also contribute to enhanced pneumococcal
replication. Thus, we investigated the pneumococcal response in
the context of nonviral inflammation. Instead of a viral infection,
LPS or PBS was administered directly into the middle ear cavity of
mice colonized with S. pneumoniae. Transtympanic injection of
LPS, and not PBS, induced middle ear inflammation, which was

FIG 2 The H3 HA facilitates pneumococcal otitis media. (A) Titers of S.
pneumoniae EF3030lux in the middle ears of mice 6 days after i.n. infection with
different IAV strains. Bacterial counts are represented as the averages of titers
derived from the left and right ears of each mouse. Statistical significance was
determined using a Kruskal-Wallis test and Dunn’s posttest relative to the
relevant reverse genetics (RG) parental virus. Statistical significance is denoted
by two asterisks (P � 0.01) or one asterisk (P � 0.05). Data are pooled from a
minimum of two independent experiments. The dashed line indicates the
detection limit, while solid lines indicate the mean values of the data. H3
viruses are shown in black, while H1 viruses are shown in white. (B) Represen-
tative in vivo images of S. pneumoniae EF3030lux in the middle ears of mice 6
days after intranasal (i.n.) infection with IAV. The detection limit of in vivo
imaging in the middle ear is approximately 103 CFU (16).
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characterized by submucosal edema and a neutrophilic infiltrate
in the lumen of the middle ear cavity (Fig. 3E) akin to what is
observed following IAV infection. LPS, and not PBS, also induced
pneumococcal outgrowth in the middle ear cavity (Fig. 3E). These
findings demonstrate that the simple induction of middle ear in-
flammation is sufficient to induce bacterial OM and suggest that
the ability of the IAV to induce middle ear inflammation may
facilitate secondary bacterial OM.

IL-1� is detected in the middle ear during clinical cases of OM
(25), and in mice, IL-1� in the middle ear triggers otitis media
with effusion (25). Given that pro-IL-1� was upregulated in the
middle ear following Udorn/72 (H3N2) infection, we reasoned
that IL-1� contributed to the observed outgrowth of bacteria in
the middle ear. However, B6.ICE�/� mice (which are unable to
produce the caspase-1 necessary for the production of active IL-
1�) still displayed pneumococcal OM and middle ear inflamma-
tion (data not shown). Similarly, coinfected B6.IL1R�/� mice
(which are unable to respond to IL-1� or IL-1�) and
B6.MyD88�/� mice (which are defective in their immune re-
sponse to selective bacterial/viral ligands) still developed high bac-
terial titers in the middle ear (data not shown). Thus, although
inflammation facilitates pneumococcal outgrowth in the middle
ear, there is a large degree of redundancy in the inflammatory
cascade in the middle ear.

Middle ear inflammation is associated with viral replication
in the middle ear. We then sought to assess if virus-induced mid-
dle ear inflammation was dependent on active viral replication.
Udorn/72 was thus inactivated by �-propiolactone (BPL) treat-
ment, and a pressure cabin system (20) was used to deliver the
virus from the nasal cavity to the middle ear of 14-day-old mice.
Preliminary experiments showed that a pressure increase of 40
kPa delivered an intranasally administered inoculum to the
middle ear (see Fig. S1 in the supplemental material), consis-
tent with previous studies (20). The administration of inacti-
vated Udorn/72 to the middle ear did not induce inflammation
(Fig. 4A). Thus, we assessed the replication of live Udorn/72 and
Udorn-PR8 HA over time. There was no significant difference
between the levels of replication of the two viruses in the nasal
cavity at any time point (P � 0.05; Mann-Whitney U test; Fig. 4B).
However, in the middle ear Udorn/72 replicated to significantly
higher titers than Udorn-PR8 HA at all time points (P � 0.01;
Mann-Whitney U test; Fig. 4C). Consistent with these data, we
detected significantly more viral particles and viral mRNA in the

FIG 3 Inflammation facilitates bacterial OM. (A) Heat map demonstrating
differential gene expression in the middle ears of mice 6 days postinfection
with Udorn/72 or Udorn PR8-HA. Upregulated genes are represented in yel-
low, downregulated genes are shown in blue, and black represents genes that
were not differentially expressed. (B) Functional classification of genes up-
regulated in the middle ear of Udorn/72-infected mice relative to that of
Udorn-PR8 HA-infected mice 6 days postinfection. (C) Fold increase in the
expression of selected genes in the middle ear of Udorn/72-infected mice rel-
ative to that of Udorn-PR8 HA-infected mice 6 days postinfection by qPCR.

Means � standard errors of the means (SEM) are shown, where each bar
represents a minimum of four data points. Data are normalized to glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) expression. SAA: serum amyloid
A. (D) Middle ear inflammation observed by histology 6 days after infection
with IAV. Inflammatory score data represent the percentage of the middle ear
cavity with an inflammatory cell infiltrate, as previously published (15). Sec-
tions were scored by a pathologist blinded to the experimental design, and each
data point represents a single ear from an infected mouse. Data are pooled
from a minimum of two independent experiments. Data points in black indi-
cate H3-bearing viruses, while data points in white indicate H1-bearing vi-
ruses. (E) Immunofluorescence using a FITC-labeled anti-S. pneumoniae an-
tibody (�Sp-Ab) on middle ear sections from mice colonized with S.
pneumoniae and challenged transtympanically with LPS/PBS or left untreated.
Hematoxolin and eosin (H&E) staining of the relevant sections is shown (up-
per panels). Boxes indicate the regions examined by immunofluorescence in
the lower panels. Relevant image magnifications are shown. MEC, middle ear
cavity; Co, cochlea.
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middle ears of Udorn/72-infected mice than in mice infected with
Udorn-PR8 HA (P � 0.01; Mann-Whitney U test; Fig. 4D and E).
To confirm these data, we then investigated viral replication in the
middle ear across a broader panel of IAV strains. HKx31, PR8-
Udorn HA, and Port Chalmers/73 (which induced middle ear
inflammation and pneumococcal outgrowth) replicated effi-
ciently in the middle ear, while PR8/34 did not (see Fig. S2 in the
supplemental material). Thus, these data would suggest that IAV-
induced middle ear inflammation in mice is associated with in-
creased viral replication in this organ.

The HA determines infection and inflammation in HMEECs.
To assess the relevance of these findings to human cells in vitro,
HMEECs were infected with Udorn/72, Udorn-PR8 HA, PR8/34,
and PR8-Udorn HA. The percentage of viral infection and the
production of IL-6 and IL-8 were then measured. These cytokines
were selected to reflect those upregulated in the murine middle ear
following IAV infection (IL-6) and those important in the subse-
quent recruitment of neutrophils into the middle ear (IL-8).
Udorn/72 and PR8-Udorn HA infected a significantly higher per-
centage of HMEECs than Udorn-PR8 HA and PR8/34, respec-
tively (P � 0.05; Mann-Whitney U test; Fig. 5A), and this resulted
in the production of significantly higher levels of IL-6 and IL-8
(P � 0.05; Mann-Whitney U test; Fig. 5B and C). We then used a
broader panel of human IAV strains to investigate whether or not
more recent H3N2 strains still displayed an increased infection
rate of HMEECs relative to H1N1 strains. While these more recent
virus strains were less efficient at infecting HMEECs (compared
to, for example, Udorn/72), a similar trend was observed: H3N2
strains had a higher rate of infection than H1N1 strains (Fig. 5D).

DISCUSSION

OM affects more than 80% of children under the age of 3 years.
Although typically a self-limiting disease, OM can lead to menin-
gitis, hearing loss, and learning difficulties. OM frequently arises
following coinfection with S. pneumoniae and IAV. However, the
role of IAV in the pathogenesis of pneumococcal-influenza virus
OM remains unclear.

Here, we provide the first evidence that the viral HA plays a role
in the development of secondary pneumococcal OM. Specifically,
we noted an increased incidence of pneumococcal OM in mice
following infection with H3N2 (rather than H1N1) IAV strains.
This strain-dependent difference in disease development is con-
gruent with previous studies in ferrets (26) as well as previous
studies on secondary pneumococcal pneumonia (4, 27). Such
studies have suggested that these differences reflect the differential
NA activities of these viruses (4). Although it was speculated that
the viral NA may also be important in the development of pneu-
mococcal OM (14, 26), our data would suggest that the viral fac-
tors important in secondary bacterial disease are specific for each

FIG 4 Induction of middle ear inflammation by IAV reflects increased viral
replication. (A) Representative image of middle ear sections stained with H&E
(magnification, �40). Samples were taken 4 days after administration of BPL-
inactivated Udorn/72 to the middle ear. MEC, middle ear cavity; Co, cochlea.
(B) Replication of Udorn/72 and Udorn-PR8 HA in the nasal cavity of mice
various days post-IAV infection. (C) Replication of Udorn/72 and Udorn-PR8

HA strains in the middle ears of mice various days post-IAV infection. Viral
titers are represented as the averages of titers derived from the left and right
ears of each mouse. (D) Genomic viral RNA (vRNA) detected by qPCR in the
middle ear 6 days post-IAV infection. Copy number (nr) is expressed per 3.5
�g of RNA. (E) Viral mRNA detected by qPCR in the middle ear 6 days
post-IAV infection. Copy number is expressed per 5 �g of RNA. Statistical
significance was determined using a Mann-Whitney U test and is denoted by
three asterisks (P � 0.001) or two asterisks (P � 0.01). Data are pooled from a
minimum of two independent experiments, and a dashed line indicates the
detection limit of the assay.
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disease phenotype. Interestingly, our data contrast those of
McCullers and colleagues (28), who showed that mice coinfected
with PR8/34 and S. pneumoniae develop bacterial OM. However,
the differences in the animal models used between studies may
preclude direct comparisons (28).

The viral HA was found to be important in controlling the
development of secondary pneumococcal OM in mice, as it
helped dictate the replication efficiency of IAV in the middle ear.
Our data suggested that, of the virus strains tested (Udorn/72,
PR8/34, HKx31, and PC/73 and recombinants thereof), those that
were able to replicate efficiently in the middle ear were able to
induce an inflammatory response in this organ and that it was this
inflammatory response that was important for pneumococcal
outgrowth. The role of inflammation in pneumococcal coloniza-
tion and pneumonia has previously been established (8–10, 29).
However, this report provides, to the best of our knowledge, the
first evidence that middle ear inflammation may mediate pneu-
mococcal OM. Previous studies have suggested that inflammation
facilitates bacterial disease by upregulating pneumococcal recep-

tors on epithelial cells (10). However, in this study, as well as
previously (15), we have demonstrated that pneumococci in the
middle ear localize to the lumen, rather than to the middle ear
epithelium. This would suggest that increased pneumococcal-ep-
ithelial cell adherence is unlikely to be relevant to bacterial OM.
Previous studies in the chinchilla suggest that pneumococci per-
sist in the middle ear by forming biofilms consisting of bacterial
components and host components derived from the influx of neu-
trophils (30). Given that in the present study (i) neutrophils were
the predominant cellular infiltrate in the middle ear and (ii) pneu-
mococci colocalized with the neutrophils in the middle ear, a sim-
ilar mechanism of disease may be occurring in our murine model.
This is supported by our observation that LPS injected into the
middle ear (instead of IAV) also induced both a neutrophillic
infiltrate and pneumococcal outgrowth. Our attempts to use an-
tibody treatment to deplete neutrophils in the middle ear have
thus far been unsuccessful. However, a clearer understanding of
the role of neutrophils in OM remains a key goal of future studies.
In this respect, it is important to note that we have used naïve mice
without immunological memory against IAV and S. pneumoniae.
This may partially explain why recruited neutrophils are unable to
clear the bacteria.

In the present study, we used a panel of different IAV strains of
which some (such as PR8/34) were mouse adapted while others
(such as Udorn/72) were largely unaltered from the available se-
quences of relevant human strain. However, the limitation of us-
ing the murine model of disease is that post-1975 H3N2 strains are
unable to replicate efficiently in mice without extensive adapta-
tion (due to the presence of additional glycosylation sites on the
head of the HA) (31); thus, their ability to induce pneumococcal
OM cannot be tested. Moreover, studies from a murine model of
disease cannot necessarily be extrapolated to human infections.
To determine the relevance of our findings to human cells in vitro,
and across a broader panel of IAV strains, we assessed viral infec-
tion in HMEECs. While we have found that these cells produce
limited infectious virus particles (data not shown), these cells are a
well-established model for examining the interactions between
IAV and human middle ear cells (32, 33). Consistent with what
was observed in our in vivo murine model, Udorn/72 and PR8-
Udorn HA mediated increased viral replication and inflammation
relative to Udorn-PR8 HA and PR8/34. Infection of HMEECs
with a broader panel of more recent human IAV strains supported
these findings. That is, there was a trend toward increased infec-
tion of HMEECs following infection with an H3N2, rather than
H1N1, IAV strain. These data are consistent with observations
that in human populations, bacterial OM is associated more with
H3N2 infections than with H1N1 infections (7). However, the
difference in the infection rates of HMEECs observed in this study
between NL/06 (H1N1) and NL/03(H3N2) was not substantial.
Thus, while H3N2 strains may have an increased tendency to rep-
licate in the middle ear and cause bacterial OM, the difference
between H3N2 and H1N1 strains in this regard is not unequivocal.
Our data emphasize the need for future clinical studies into the
association between infection with an H1 or H3 IAV strain and the
development of pneumococcal OM in children. Should our
mouse and in vitro models accurately mimic disease development
in the human population, our data would suggest that that limit-
ing viral replication and inflammation in the middle ear may be
key in preventing secondary pneumococcal OM.

FIG 5 The HA mediates infection and inflammation in HMEECs. (A) Per-
centages of HMEECs infected by different IAV strains 8 h postinfection at an
MOI of 1. (B) IL-6 levels in the cell supernatant of HMEECs 20 h postinfection
with IAV (MOI of 1) or post-mock infection. (C) IL-8 levels in the cell super-
natant of HMEECs 20 h postinfection with IAV (MOI of 1) or post-infection.
Statistical significance was determined using a Mann-Whitney U test, and
significance is denoted by one asterisk (P � 0.05). Data are pooled from three
independent experiments, and data represent the means � SEM. (D) Percent-
ages of HMEECs infected by recently circulating clinical IAV strains 8 h postin-
fection at an MOI of 1. Statistical significance was determined using a one-way
ANOVA and Dunnett’s posttest and was analyzed relative to mock-treated
cells. Data are pooled from three independent experiments, and data represent
the means � SEM.
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