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Real-time PCR and enzyme-linked immunosorbent assay were used to evaluate the ability of influenza A
virus and Streptococcus pneumoniae opacity variants, either alone or in combination, to induce cytokine and
chemokine genes in primary cultures of human middle ear epithelial (HMEE) cells. Following treatment with
influenza A virus, the induction of gene expression, which occurred in a dose- and time-dependent manner, was
strong for macrophage inflammatory protein 1« (MIP-1a) and MIP-1f3; moderate for tumor necrosis factor
alpha (TNF-«), interleukin-6 (IL-6), and IL-8; and weak for IL-13 and monocyte chemotactic peptide 1
(MCP-1). Except for TNF-q, all the gene products were detected in the cell culture supernatants. In contrast,
infection of HMEE cells with S. pneumoniae alone induced low levels of mRNA expression of MIP-1ac and
MIP-1$ and did not significantly induce the transcription of the other cytokines and chemokines examined.
However, both S. pneumoniae opacity variants increased mRNA expression of MIP-1a, MIP-1(3, IL-6, and
MCP-1 in HMEE cells activated by a prior influenza A virus infection compared to levels in cells treated with
either agent alone. Up-regulation of IL-6, IL-8, and MCP-1 mRNA expression and production by the virus in
combination with opaque S. pneumoniae was two- to threefold higher than that induced by the virus combined
with the transparent S. pneumoniae variant. These data indicate that the activation of HMEE cells by influenza
A virus enhances the induction of cytokine and chemokine gene transcripts by S. pneumoniae and that this effect

appears to be most pronounced when S. pneumoniae is in the opaque phase.

Streptococcus pneumoniae is the primary bacterial pathogen
associated with otitis media (OM), accounting for 30% of the
cases of this disease (5). The process whereby S. pneumoniae
becomes established in the human nasopharynx and effects the
transition from a colonized to a disease state in the middle ear
has been the focus of intense investigation for years. S. pneu-
moniae-induced OM is characterized by the presence of nu-
merous bacteria, inflammatory cells, middle ear effusion, and
middle ear epithelial cell injury. It is widely accepted that the
middle ear epithelium plays a crucial role, serving as a first line
of defense in the interaction with invasive pathogens during
OM (25). Innate proinflammatory responses induced in host
cells by S. pneumoniae infection that may contribute to the OM
pathology include the synthesis and release of cytokines, che-
mokines, and other inflammatory mediators. Extensive evi-
dence suggests that the middle ear epithelium not only is a
physical barrier but also has the potential to synthesize a va-
riety of cytokines, including interleukin-1 (IL-1), IL-6, IL-8,
and IL-10, which are recognized as being important local me-
diators in acute inflammation in various animal models of OM
(20, 28, 33). Activation of host epithelial and endothelial cells
by cytokines results in a shift in S. pneumoniae adherence to
new receptors, particularly the platelet-activating factor recep-
tor (10). Moreover, S. pneumoniae also undergoes a spontane-
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ous phase variation between a transparent and an opaque
colony phenotype (44). The transparent variant demonstrates
an increased ability to adhere to respiratory epithelial cells,
while the opaque phenotype is decidedly more virulent (24).
Our laboratory recently demonstrated that there is a relation-
ship between an antecedent influenza virus infection and the
ability of an §. pneumoniae strain with the opaque phenotype
to persist and to induce OM in the chinchilla model (41).

Considerable epidemiologic, clinical, and laboratory evi-
dence suggests that influenza A virus promotes S. pneumoniae-
induced OM (6, 16, 21). Several possible mechanisms have
been proposed to explain this phenomenon, including viral
compromise of eustachian tube mucosal integrity (resulting in
an impaired clearance function and the development of nega-
tive middle ear pressure) and viral suppression of polymorpho-
nuclear leukocyte function (1, 9, 17, 30, 31). Influenza A virus
neuraminidase may also play a potential role in enhancing
pneumococcal nasopharyngeal colonization in a murine model
(22). A recent report from our laboratory indicates that influ-
enza A virus infection enhances the exposure of asialocarbo-
hydrate moieties in the eustachian tube and may, therefore,
increase the accessibility of host cell receptors for S. pneu-
moniae (40). Despite these advances, much more remains to be
learned about the interactions between influenza A virus, S.
pneumoniae, and the host during the pathogenesis of OM at
the molecular level.

To date, reports of the effects of S. pneumoniae and influ-
enza A virus on the induction of cytokine gene expression in
human cells have all focused on bronchial epithelial cells, neu-
trophils, monocytes, and macrophages. These studies have
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shown that influenza A virus stimulated the release of IL-6,
IL-8, and RANTES from cultured primary human bronchial
epithelial cells (2). Influenza A virus-infected monocytes/mac-
rophages secrete macrophage inflammatory protein 1o (MIP-
la), MIP-18, RANTES, monocyte chemotactic peptide 1
(MCP-1), MCP-3, MIP-3q, and interferon-inducible protein 10
(IP-10), whereas the production of IL-8 appears to be limited
(7, 27, 36). S. pneumoniae stimulates tumor necrosis factor
alpha (TNF-a) and IL-10 production by human monocytes,
whereas S. pneumoniae is a less potent inducer of IL-8 and
MIP-1a production in human peripheral blood neutrophils
(19, 43). The direct effects of these two pathogens on cytokine
and chemokine gene expression and production by human
middle ear epithelial (HMEE) cells have never been reported.
Our laboratory has examined the relative abilities of nonviable
intact nontypeable Haemophilus influenzae (NTHI) parent
strain 2019 and its lipooligosaccharide-deficient mutants B29
(htrB gene disruption with alteration of both lipid A and oli-
gosaccharide) and DK-1 (rfaD gene disruption with truncated
oligosaccharide) to stimulate HMEE cell cytokine gene expres-
sion and protein production during in vitro culture (38). Host
cell receptors capable of transducing signals originated by
gram-positive bacteria, which are devoid of lipopolysaccharide,
have only recently started to be investigated (11, 35, 45), and
much less is known regarding the middle ear epithelial cell
activation mechanisms initiated by S. pneumoniae or influenza
A virus. The purpose of this investigation was to evaluate at the
transcriptional level the effect of influenza A virus and S.
pneumoniae opaque and transparent variants, either alone or
in combination, on the induction of various cytokine and che-
mokine genes by HMEE cells in vitro. Proinflammatory cyto-
kine and chemokine gene expression in HMEE cells was de-
termined by using a novel, highly accurate, and reproducible
real-time-PCR amplification technique. Once the impact of
these two pathogens on OM pathogenesis can be defined at a
molecular level, potential new targets for future protection and
intervention strategies can be identified.

MATERIALS AND METHODS

Virus. Influenza virus A/Alaskan (6/77) (H3N,) was propagated and its titers
were determined by a plaque assay as was previously described in detail and
previously used by our laboratory (9, 31, 39, 41). Our primary cultures of HMEE
cells were infected with influenza A virus at the multiplicities of infection (MOlIs)
of 0.01 and 0.1 in serum-free alpha minimal essential medium (MEMa) (Gibco
BRL, Gaithersburg, Md.) with 250 p.g of bovine serum albumin (BSA)/ml, 10 p.g
of streptomycin/ml, and 5 U of penicillin/ml. The MOI is defined as the number
of PFU of the virus per HMEE cell.

Bacteria. S. pneumoniae type 6A (EF 3114), kindly provided by B. Andersson,
Department of Clinical Immunology, University of Gréteborg, Groteborg, Swe-
den, has been described in detail previously (3). This strain has been used in
previous reports from our laboratory (39, 40). The isogenic opaque and trans-
parent variants of S. pneumoniae type 6A were also used in a previous report
from our laboratory (41) and originally isolated by Jeffery Weiser, Children’s
Hospital of Philadelphia. The opacity phenotype was confirmed prior to infection
according to the method established by Weiser et al. (44). S. pneumoniae type 6A
variants with the opaque and transparent phenotypes were cultured overnight on
Columbia agar plates. The bacteria were harvested by centrifugation at 6,700 X
g for 10 min, washed twice in phosphate-buffered saline (pH 7.2), and resus-
pended in serum-free MEMa containing 250 g of BSA/ml. The concentration
of S. pneumoniae was adjusted by densitometry to a concentration of 107 cells per
ml for each experiment and confirmed by serial dilution and quantitative culture.

Cell culture. The primary culture of HMEE cells had been established in our
laboratory and was reported previously (38). Cells were cultured in MEMa
(Gibco BRL) buffered with 155 mg of NaHCO; and 3.6 g of HEPES/liter
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supplemented with 5 mg of insulin/liter, 2 mg transferrin/liter, 500 wg of hydro-
cortisone/liter, 25 ng of epithelial growth factor/ml, 10 pg of streptomycin/ml, 5
U of penicillin/ml, 250 ng of amphotericin B/ml, and 10% fetal bovine serum at
37°C. All medium additives were from Collaborative Research (Boston, Mass.)
except low-level-endotoxin fetal bovine serum, which was from HyClone (South
Logan, Utah).

Stimulation of HMEE cells. HMEE cells were seeded at a concentration of 2.5
% 10° cells per 150-cm? tissue culture flask (Costar Corp., Cambridge, Mass.)
and grown to approximately 80% confluence. The cells were washed, and the
medium was replaced with the serum-free MEMa containing 250 pg of BSA/ml
and antibiotics and incubated for 24 h prior to infection with the virus. The cells
were infected with influenza virus A/Alaska (6/77) (H3N,) suspended in MEMa
with 250 pg of BSA/ml and antibiotics at MOIs of 0.01 and 0.1. Control cell
cultures were incubated with the medium alone. After a 1-h incubation period at
37°C, the virus was removed and the infected cells were washed with medium and
incubated in fresh serum-free medium containing 250 pg of BSA/ml and anti-
biotics for 4, 8, 12, and 24 h at 37°C. Culture media were collected, and the
infected cells were harvested at different times after virus infection. In the
experiments involving HMEE cells infected with the combination of both influ-
enza A virus and either the opaque or transparent S. pneumoniae variant, HMEE
cells were cultured in supplemented MEMa and infected with the influenza A
virus at an MOI of 0.01 or 0.1 as described above. At 24 h after virus infection,
HMEE cell monolayers were washed with culture medium and the cells were
incubated for 4 h at 37°C with a suspension of either opaque or transparent S.
pneumoniae at an MOI of 10 (10 CFU per HMEE cell) in fresh serum-free
culture media with 250 pg of BSA/ml. After a 4-h incubation, the supernatants
from the cell cultures were collected, the monolayers were washed three times
with phosphate-buffered saline (pH 7.2), and the cells were harvested for total
RNA extraction. Based on our preliminary studies, the selected range of MOIs
for the virus and S. pneumoniae did not significantly affect HMEE cell viability
based on trypan blue exclusion analysis. This experiment included a control
group (treated with culture medium only), an influenza A virus-only group, an S.
pneumoniae-only group, and a group treated with influenza A virus in combina-
tion with either the S. pneumoniae opaque or transparent variant.

Quantitation of HMEE cell cytokine transcripts by real-time PCR. Real-time
PCR is a novel method that allows for a rapid, accurate, and precise quantitation
of gene transcripts (15). Real-time-PCR assays were performed to specifically
quantitate human cytokine (TNF-a, IL-1B, and IL-6) and chemokine (IL-8,
MCP-1, MIP-1B, and MIP-1a) transcripts as we have described previously (38).
Briefly, total cellular RNA was extracted using an RNeasy Mini kit (QIAGEN,
Valencia, Calif.), and cDNAs were synthesized using the Superscript preampli-
fication system (Gibco BRL). Each cDNA sample was used as a template for a
real-time-PCR amplification mixture containing forward and reverse primers
and probes for the target cytokine and chemokine genes and for 185 rRNA
(internal control) and 2X TagMan Universal PCR Master Mix obtained from
Applied Biosystems (Foster City, Calif.). Real-time-PCR amplifications were
performed on an Applied Biosystems Prism 7700 sequence detector according to
the manufacturer’s instructions. Predicted cycle threshold values were exported
directly into Excel worksheets for analysis. Relative changes in gene expression
were determined by the 2742 method as described previously (26) and re-
ported as the difference (n-fold) relative to the value for a calibrator cDNA
(control, unstimulated HMEE cells) prepared in parallel with the experimental
cDNAs.

ELISAs. The cell culture supernatants were collected at each time point prior
to harvesting of the cells, centrifuged at 500 X g, and frozen at —70°C. Cytokines
and chemokines were measured with commercial enzyme-linked immunosorbent
assay (ELISA) kits (Quantikine; R&D Systems, Minneapolis, Minn.) according
to the manufacture’s instructions. The cytokine and chemokine concentrations
per milliliter of the culture supernatants were interpolated from standard curves
generated by using human recombinant cytokines and chemokines.

Statistical analysis. The arithmetic means =+ the standard errors of the means
(SEM) of increases (n-fold) in cytokine and chemokine mRNA expression over
the corresponding values from resting cells, based on results of three separate
experiments, were calculated at each sample time. Statistics were determined
using Student’s ¢ test, and a P of <0.05 was used as the level of significance for
all analyses.

RESULTS

Cytokine and chemokine gene expression in HMEE cells
induced by influenza A virus. To study influenza A virus-
induced cytokine and chemokine gene expression, confluent
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FIG. 1. Effect of influenza A virus on cytokine and chemokine gene
expression in HMEE cells. (A) Dose responses to MOIs of influenza A
virus versus gene expression by HMEE cells at 24 h after virus infec-
tion; (B) kinetics of cytokine and chemokine gene expression in
HMEE cells infected with influenza A virus at an MOI of 1.0. Results
are mean increases (n-fold) in gene transcript levels (= SEM) from
three separate experiments.

HMEE cells were infected with influenza A virus at MOIs of
0.001 to 5.0 in serum-free MEMa for 1 h at 37°C. The medium
was removed, and the cells were washed and incubated with
fresh culture medium for 24 h. Stimulation of HMEE cells with
influenza A virus resulted in the activation of all seven cytokine
and chemokine genes examined in this study. The induction of
these genes in HMEE cells by influenza A virus was dose
dependent (Fig. 1A). Influenza A virus did not induce cytokine
and chemokine gene expression at an MOI of 0.001. However,
at an MOI of 0.01, influenza A virus increased MIP-1a and
MIP-1B mRNA expression 100- and 70-fold, respectively, over
levels of expression in HMEE cells not infected with virus.
TNF-a gene expression increased only 10-fold. Overall, che-
mokines MIP-1a and MIP-1B were the most highly activated
proinflammatory gene products induced in HMEE cells by
influenza A virus. The virus induced maxima of 13,000- and
7,600-fold increases in the expression of MIP-1a and MIP-13
transcripts, respectively, at an MOI of 5.0. Influenza A virus
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also induced moderate increases in IL-6, IL-8, and TNF-a
mRNA expression. Levels of IL-18 and MCP-1 gene expres-
sion were lower and also dependent on the concentration of
the virus added to the cells.

Additional real-time-PCR experiments were performed to
determine the kinetics of cytokine and chemokine gene expres-
sion in HMEE cells induced by influenza A virus (Fig. 1B).
HMEE cells were collected at 4, 8, 12, and 24 h after virus
infection at an MOI of 1. Influenza A virus stimulated a rapid
and sustained increase in MIP-1a, MIP-1B3, and TNF-a mRNA
that was detected at 4 h and peaked at 12 or 24 h. Influenza A
virus also induced a moderate up-regulation of IL-6 and IL-8
gene expression at 8 h and of IL-1B and MCP-1 gene expres-
sion at 12 h. The increase of these cytokine and chemokine
transcripts plateaued by 24 h. Similar gene expression kinetics
data were obtained from cells induced by virus infection at an
MOI of 0.1 (data not shown).

Cytokine and chemokine secretion in influenza A virus-
infected HMEE cells. As described in the previous report from
our laboratory (38), HMEE cells maintained with culture me-
dium only (control group) constitutively produce low levels of
IL-6, IL-8, and MCP-1 but not IL-13, MIP-1p, and TNF-« in
their supernatants.

Exposure of HMEE cells to different MOIs of influenza A
virus for 24 h demonstrated that influenza A virus stimulated
secretion of cytokines and chemokines in a dose-dependent
manner (Fig. 2A). The three constitutively produced inflam-
matory mediators (IL-6, IL-8, and MCP-1) were secreted at
higher concentrations than those of MIP-1a and IL-13, which
were not constitutively produced by HMEE cells. The peak
response of MCP-1 (7,000 pg/ml) detected at an MOI of 5 was
117 times higher than that induced at an MOI of 0.01, whereas
the peak concentrations of IL-8 (7,000 pg/ml) and IL-6 (2,100
pg/ml) induced at an MOI of 1 were 93 and 43 times higher,
respectively, than those induced at an MOI of 0.01. The peak
secretions of MIP-1ac and MIP-18 at an MOI of 5 were 15 and
66 times higher than that induced by the virus at an MOI of
0.01. Following influenza A virus infection, IL-13 expression
occurred in a dose-dependent manner up to an MOI of 1, but
the concentration levels slightly decreased at MOIs of 2.5 and
5. In this study, TNF-a was not detectable in supernatants from
the virus-infected or control group.

To investigate the kinetics of cytokine and chemokine pro-
duction in HMEE cells exposed to influenza A virus at MOIs
of 0.1 and 1.0, the amounts of cytokines and chemokines that
were released at 4, 8, 12, and 24 h after the introduction of the
virus were measured by ELISA. Control HMEE cells consti-
tutively secreted IL-6 (3 to 10 pg/ml), IL-8 (20 to 35 pg/ml),
and MCP-1 (23 to 126 pg/ml) in the cell culture supernatants
over the 24-h experiment period. Figure 2B shows that HMEE
cells secreted IL-6, IL-8, MIP-1B, and MCP-1 in a time-depen-
dent manner following infection with the virus. As early as 4 h
after stimulation with the virus at an MOI of 1.0, significantly
elevated levels of IL-8 (68 pg/ml), MCP-1 (150 pg/ml), and
MIP-1B (34 pg/ml) were found in the supernatants. The secre-
tion of IL-6, IL-8, MCP-1, and MIP-1B peaked at 24 h follow-
ing virus infection. The concentrations of MIP-1a and IL-1B
peaked at 12 h (130 and 60 pg/ml, respectively) and then
slightly decreased at 24 h. Similar kinetics for cytokine and
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FIG. 2. Effects of influenza A virus MOIs on cytokine and chemo-
kine secretion in HMEE cells. (A) Dose responses to MOIs of influ-
enza A virus infection on cytokine and chemokine secretions 24 h after
virus infection; (B) kinetics of cytokine and chemokine secretion in
HMEE cells infected with influenza A virus at an MOI of 1.0. Results
are mean concentrations (= SEM) in cell supernatants from two du-
plicate wells from ELISAs of three separate experiments.

chemokine secretion patterns were obtained following induc-
tion by the virus at an MOI of 0.1 (data not shown).

The effect of an antecedent influenza A virus infection on
cytokine and chemokine gene expression in HMEE cells in-
duced by S. pneumoniae opacity variants. To further analyze
the molecular mechanisms of the synergistic effect of influenza
A virus and S. pneumoniae in the pathogenesis of OM, we
analyzed whether an antecedent influenza A virus infection
played a role in cytokine and chemokine gene expression in
HMEE cells induced by an S. pneumoniae type 6A opaque or
transparent variant. HMEE cells infected with influenza A
virus at MOIs of 0.01 and 0.1 were treated with the live S.
pneumoniae opacity variant at an MOI of 10 for 4 h, and
cytokine and chemokine gene expression was evaluated by
real-time PCR. During the 4-h incubation period, the concen-
tration of both the opaque and transparent S. pneumoniae
variants increased slightly and exhibited a <1-log-unit increase
by the end of the experiment. S. pneumoniae alone induced low
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levels of mRNA expression of MIP-1a and MIP-1 and did not
significantly induce other cytokine gene expression or secretion
by HMEE cells under these experimental conditions. Influenza
A virus alone at these low MOIs induced a limited up-regula-
tion of these gene transcripts. However, the combination of
influenza A virus and the S. pneumoniae opaque variant sig-
nificantly induced mRNA expression of IL-8, MCP-1, and IL-6
compared to that induced by S. preumoniae alone or virus
alone at both MOlIs, 0.01 and 0.1. The combination of the virus
and the S. pneumoniae transparent variant only significantly
induced IL-6 and MCP-1 mRNA expression compared to that
induced by S. pneumoniae alone or virus alone at an MOI of
0.1. Treatment of influenza A virus-infected HMEE cells with
either the S. pneumoniae opaque or transparent variant in-
duced up-regulation of MIP-18 and MIP-1a transcripts com-
pared to levels induced by S. pneumoniae alone or influenza A
virus alone at an MOI of 0.1 but had no effect on TNF-« (Fig.
3) or IL-1B (data not shown) mRNA synthesis compared with
levels in the cells infected with virus alone. Moreover, infection
with a combination of influenza A virus and the opaque variant
of S. pneumoniae resulted in a significant increase in the in-
duction (two- to threefold-higher up-regulation) of IL-6, IL-8,
and MCP-1 mRNA expression in HMEE cells compared to
levels induced by the virus and the S. pneumoniae variant with
the transparent phenotype. To validate the gene expression
data, the products of these three cytokine and chemokine
genes in the supernatants were determined by ELISA. The
concentrations of IL-6, IL-8, and MCP-1 released after a 4-h
incubation period were compared. The combination of influ-
enza A virus and either the S. pneumoniae opaque or trans-
parent variant significantly increased the levels of IL-6 and
MCP-1 in the culture supernatants compared to levels pro-
duced by the virus alone at an MOI of 0.1. However, the
concentrations of IL-6 and MCP-1 produced by the combina-
tion of the virus and the S. pneumoniae variant with the opaque
phenotype were two- to threefold higher than concentrations
produced by the transparent variant (Fig. 4). Moreover, influ-
enza A virus-infected HMEE cells treated with the S. pneu-
moniae variant with the opaque phenotype induced signifi-
cantly more IL-8 secretion than the virus-only group. In
contrast, there was no significant effect of the virus in combi-
nation with the transparent phenotype on the secretion of IL-8.
The products of the MIP-1a, MIP-1 B, IL-1B, and TNF-«
genes were not detectable in the supernatants from the cells
treated with both pathogens.

Preliminary data indicated that a 4-h incubation of HMEE
cells with live S. pneumoniae at an MOI of 10 was optimal.
Incubation with live bacteria beyond 4 h impacted cell viability;
therefore, in order to maintain HMEE cell viability for longer
incubation periods with S. pneumoniae, we stimulated HMEE
cells with a heat-killed S. pneumoniae opacity variant at an
MOIT of 100 for up to 24 h. Gene expression and the protein
products were evaluated. In contrast to what occurred with
killed NTHI as previously reported from our laboratory (38),
heat-killed S. pneumoniae opaque and transparent variants did
not induce significant, high-level gene expression by HMEE
cells. There was also no significant induction of gene expres-
sion in influenza A virus-infected HMEE cells treated with a
killed S. pneumoniae opacity variant compared to that induced
by either pathogen alone (data not shown).
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FIG. 3. Induction of cytokine and chemokine genes in HMEE cells by opaque S. pneumoniae alone (O), transparent S. pneumoniae alone (T),
influenza A virus (Influ A) at MOIs of 0.01 and 0.1 alone (I), or a combination of a previous infection with influenza A virus and opaque S.
pneumoniae (I1+0O) or transparent S. pneumoniae (I+T). Results are mean increases (n-fold) in the gene transcript levels (= SEM) from three
separate experiments. *, P < 0.05, compared to results of treatment with influenza A virus alone.

DISCUSSION

In this study, we have focused on the immediate, innate
immune response of HMEE cells during experimental infec-
tion with influenza A virus or the combination of the virus and
an S. pneumoniae opacity variant. HMEE cells retain many
features of respiratory epithelial cells and have been previously
shown to be susceptible to NTHI lipooligosaccharide (38). The
present study demonstrates that HMEE cells are also highly
susceptible to influenza A virus. The most strongly induced
chemokine genes are those for MIP-1a and MIP-1 B. The
rapid induction of expression of these two chemokines in

HMEE cells, which preceded or paralleled cytokine induction,
suggests that these chemokines were most likely induced di-
rectly by influenza A virus rather than indirectly by the virus
induction of TNF-a and IL-1. Secretion of the chemokine
proteins IL-8 and MCP-1 was also highly induced by the virus.
Our data corroborate results in a previous clinical report show-
ing that MIP-1a and -1, IL-8, and MCP-1 have been detected
in nasopharyngeal secretions of influenza A virus-infected in-
dividuals (13, 34). IL-8, which belongs to the CXC chemokine
subfamily, is chemotactic primarily for neutrophils (and for T
cells, NK cells, endothelial cells, basophils, and eosinophils)
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FIG. 4. Secretions of IL-6, IL-8, and MCP-1 by HMEE cells stim-
ulated with opaque S. pneumoniae alone (O), transparent S. pneu-
moniae alone (T), influenza A virus alone (I), or a combination of a
prior infection of influenza A virus (Influ A) at MOIs of 0.01 and 0.1
and opaque S. pneumoniae (1+0O) or transparent S. pneumoniae (1+T).
Results are mean concentrations (= SEM) in cell supernatants from
duplicate wells from ELISAs of three separate experiments. *, P <
0.05, compared to results of treatment with influenza A virus alone.

and stimulates neutrophil degranulation, adhesion, and micro-
bicidal activity (37). MIP-1a, MIP-1B, and MCP-1, which be-
long to the CC chemokine subfamily, are chemotactic primar-
ily for monocytes/macrophages and distinct populations of
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lymphocytes (29, 32). In addition, TNF-« is the most strongly
induced cytokine, followed by IL-6 and IL-1B. IL-6 has been
shown to be essentially protective in infection and is linked to
its capacity to induce the release of acute-phase proteins (8).
TNF-a contributes to the acute phase of the inflammatory
response, primes the immune system for rapid activity, and
promotes the release of other cytokines (12). These results are
consistent with a highly inflammatory response in influenza A
virus-induced OM, with extensive infiltration of neutrophils
and monocytes (9). Our results show for the first time that
HMEE cells participate in the network of chemokine and
cytokine response to influenza A virus infection and provide
evidence for a new aspect of innate, mucosal immunity.

Our data demonstrate that S. pneumoniae is a weak inducer
of cytokine and chemokine gene expression and production by
HMEE cells during the 4-h incubation period. A recent report
also shows that S. pneumoniae is a less potent inducer of IL-8
and MIP-la production in human peripheral blood neutro-
phils than Salmonella enterica serovar Typhimurium, which
suggests that signals in addition to phagocytosis are required
for the up-regulation of these two chemokine genes (19). Our
results are in line with earlier reports indicating that the pres-
ence of pneumococci in a tissue in and of itself is not sufficient
to cause an inflammatory response, even when the organism is
introduced into a sterile site such as the lung or the subarach-
noid space. In such healthy tissues, a challenge with approxi-
mately 100,000 bacteria per ml is required to trigger an inflam-
matory response. In contrast, the pneumococcus becomes
invasive with ensuing inflammation with as few as 20 bacteria
if there is an antecedent proinflammatory signal such as a
cytokine or a viral infection (18).

IL-6, IL-8, and MCP-1 were constitutively produced by
HMEE cells as previously reported by our laboratory (38).
MIP-1a, MIP-1B, and IL-1B proteins were not detected by
ELISA in cell culture supernatants of the control group (cells
incubated with MEMa only) but were detected in the cell
supernatants from HMEE cells stimulated with influenza A
virus. However, the secretion of MIP-1a, MIP-1B, and IL-1B
proteins in the culture medium was not detected in HMEE
cells infected with both influenza A virus and S. pneumoniae
variants with the opaque and transparent phenotypes. TNF-a
protein was not detectable in either the control or viral infec-
tion groups with the ELISA used in this study. We have re-
ported that the up-regulation of IL-1B, MIP-1B, and TNF-«
transcripts is evident in HMEE cells infected with nonviable
NTHI but that their products (protein) are not detectable in
the culture supernatants (38). The reason for this is not en-
tirely clear. The previous study from our laboratory reported
that TNF-a was detected by Western blotting in nuclear ex-
tracts of HMEE cells after infection with NTHI, which sug-
gests that HMEE cells may produce a nonsecreted form of
TNF-a during the early phase of infection in vitro (4, 38).
Anther possible explanation is that the secretory machinery
required for excretion may be affected by bacterial cell wall
components or cytotoxins. Data are available to suggest that
incubation of respiratory epithelial cells with pneumococci
causes a progressive change in the morphology of the cells,
resulting in cell separation and eventually complete destruc-
tion of the monolayer (14). Moreover, pneumococci are known
to induce apoptosis in host cells (46). Even though we did not
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observe any significant cell damage in HMEE cells during
infection, pneumococcal cytopathic and apoptotic effects on
the cells may affect intracellular processing of cytokine and
chemokine secretion.

The present data also demonstrate that HMEE cells which
were activated by influenza A virus prior to exposure to the S.
pneumoniae opaque variant express significantly higher levels
of mRNA and release higher levels of IL-6, IL-8, and MCP-1
than cells exposed to the virus and the transparent variant.
However, there was no statistical difference in the levels of
induction of MIP-1a, MIP-1B, IL-1B, and TNF-« transcripts in
HMEE cells infected with both the influenza A virus and the S.
pneumoniae variant with the opaque or transparent phenotype.
Previous reports demonstrate that opacity variants do not
change the physical characteristics of the peptidoglycan stem
peptides but that the opaque phenotype is associated with
enhanced production of capsular polysaccharide and pneumo-
coccal surface protein A (24), which inhibits complement ac-
tivation, thereby reducing the effectiveness of complement re-
ceptor-mediated pathways for clearance (42). Our present
results indicate that interactions between the influenza A virus-
activated HMEE cells and S. pneumoniae opacity variants are
complex and remain to be fully elucidated. Several explana-
tions are plausible. Influenza A virus may induce viral glyco-
proteins and other changes on the host cell membrane that
may cause the glycoproteins to function as the new receptor for
S. pneumoniae, or the bacteria may produce proteolytic en-
zymes, which may be involved in the cleavage of influenza A
virus hemagglutinin, rending the virus more pathogenic. Nev-
ertheless, the higher level of up-regulation of cytokine and
chemokine genes by influenza A virus and opaque S. pneu-
moniae in HMEE cells may account for the enhanced inflam-
matory response observed in the middle ear in the chinchilla
OM model (41).

Although our studies focused on the role of influenza A
virus and S. pneumoniae opacity variants in the induction of
seven chemokine and cytokine genes in HMEE cells, the mo-
lecular mechanisms of intracellular signaling pathways in-
volved in the gene regulations in HMEE cells have yet to be
described. Nuclear factor kB (NF-«kB), activating protein 1,
interferon regulatory factors, and signal transducers and acti-
vators of transcription are all involved in the induction of
chemokine and cytokine gene expression and have been shown
to be activated by influenza A virus infection (23). Future
studies of signaling intermediates and pathways may identify
important targets for therapeutic intervention in OM.

In conclusion, these data indicate that the activation of
HMEE cells by influenza A virus enhances the induction of
cytokine and chemokine gene transcripts by S. pneumoniae and
that this effect appears to be most pronounced when S. preu-
moniae is in the opaque phase.
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