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Influenza A Virus Alters Pneumococcal Nasal Colonization and
Middle Ear Infection Independently of Phase Variation

John T. Wren, Lance K. Blevins, Bing Pang, Lauren B. King, Antonia C. Perez, Kyle A. Murrah, Jennifer L. Reimche,
Martha A. Alexander-Miller, W. Edward Swords

Department of Microbiology and Immunology, Wake Forest School of Medicine, Winston-Salem, North Carolina, USA

Streptococcus pneumoniae (pneumococcus) is both a widespread nasal colonizer and a leading cause of otitis media, one of the
most common diseases of childhood. Pneumococcal phase variation influences both colonization and disease and thus has been
linked to the bacteria’s transition from colonizer to otopathogen. Further contributing to this transition, coinfection with influ-
enza A virus has been strongly associated epidemiologically with the dissemination of pneumococci from the nasopharynx to the
middle ear. Using a mouse infection model, we demonstrated that coinfection with influenza virus and pneumococci enhanced
both colonization and inflammatory responses within the nasopharynx and middle ear chamber. Coinfection studies were also
performed using pneumococcal populations enriched for opaque or transparent phase variants. As shown previously, opaque
variants were less able to colonize the nasopharynx. In vitro, this phase also demonstrated diminished biofilm viability and epi-
thelial adherence. However, coinfection with influenza virus ameliorated this colonization defect in vivo. Further, viral coinfec-
tion ultimately induced a similar magnitude of middle ear infection by both phase variants. These data indicate that despite in-
herent differences in colonization, the influenza A virus exacerbation of experimental middle ear infection is independent of the
pneumococcal phase. These findings provide new insights into the synergistic link between pneumococcus and influenza virus in

the context of otitis media.

Otitis media (OM) is among the most common diseases of
childhood, affecting most children at least once before the
age of 3 years and accounting for billions of dollars in health care
expenditures annually in the United States alone (1, 2). Strepto-
coccus pneumoniae (pneumococcus) is the most commonly iso-
lated pathogen of OM even following the advent of widespread
vaccination with the pneumococcal conjugate vaccine (3). Pneu-
mococci can also asymptomatically colonize the nasopharynx (4—
7). There remains much to be learned regarding the factors con-
tributing to the transition from carriage to OM disease.

Epidemiologic evidence strongly indicates a role for upper res-
piratory tract viruses, particularly influenza A virus (IAV), in the
dissemination of S. pneumoniae from its nasopharyngeal niche to
the middle ear (7-11). Indeed, experimental IAV infection of hu-
man volunteers was shown to increase both nasal pneumococcal
burden and incidence of OM (12, 13). This synergistic interaction
has also been observed across different pneumococcal strains and
serotypes in ferrets (14) and, extensively, in chinchillas (15, 16).
The development of mouse models, though often requiring either
the use of artificial or invasive procedures (17, 18) or infant mice
(19-21), has further significantly contributed to and widened the
field. Largely stemming from these models, the viral factors which
predispose to OM are well-studied and include eustachian tube
dysfunction, ciliary dysmotility, mucosal inflammation, and neu-
trophil impairment (8, 11, 22-24). How this viral predisposition
affects specific pneumococcal subpopulations during middle ear
infection, however, is less well understood.

S. pneumoniae is a tremendously variable pathogen that is well
adapted to persist within the human nasopharyngeal microbiota.
In addition to including numerous capsular types, pneumococcal
populations also undergo intrastrain phase variation in which
bacteria spontaneously and reversibly shift between opaque and
transparent colony types (25). Present data indicate that pneumo-
cocci exist in humans as a heterogeneous combination of these
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phases during both colonization and disease (26). In prior studies,
the transparent phase was shown to be more efficient in nasopha-
ryngeal colonization in vivo (25), along with increased adherence
to activated lung epithelial cells in vitro (27) and an increase in
transparent-phase pneumococci within biofilm communities
(28). Biofilms are surface-attached bacterial communities that are
encased in an extracellular matrix and display an altered metabolic
phenotype (29). These structures in particular have previously
been linked both clinically and experimentally to nasal coloniza-
tion and OM (30-32). The opaque phase, in contrast, is associated
with invasive disease (25), with increased resistance to op-
sonophagocytosis and host clearance (33), likely mediated
through increased capsular expression (34).

We hypothesized that coinfection with IAV may alter pneumo-
coccal colonization and, possibly, alter the dynamics of middle ear
infection by the two phases, disrupting this traditional paradigm
regarding the transparent and opaque phases. Previous work in a
chinchilla model has indicated that, at later time points, opaque-
phase variants predominated in both the nasopharynx and middle
ear following IAV infection (35). As the opaque phase is not tra-
ditionally associated with colonization in animal models (25) or in
humans (26), this current study was designed to further investi-
gate the interaction of IAV and the two phases of S. pneumoniae in
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a distinct animal model and using a well-studied colonizing pneu-
mococcal strain.

To investigate our hypothesis, we first aimed to develop a read-
ily accessible adult mouse model of nasal colonization and middle
ear infection that mimicked the natural course of infection. There-
fore, we utilized an intranasal inoculation of a colonizing pneu-
mococcal strain (EF3030) that has been shown to colonize the
mouse nasopharynx in the absence of lethal, systemic disease (36,
37). We found that a preceding infection with IAV enhanced nasal
colonization by S. pneumoniae, and this was correlated with a
significant increase in middle ear infection. We then employed
this model to investigate whether viral coinfection altered the
pathogenesis of middle ear infection by the two pneumococcal
phases. Our results demonstrated inherent differences in bacterial
adherence to nasopharyngeal epithelial cells and biofilm viability
in vitro as well as nasal colonization in vivo between the two
phases. Despite this, IAV coinfection ultimately enabled both
phases to colonize the nasopharynx and infect the middle ear sim-
ilarly. This provided evidence that the pathogenesis of pneumo-
coccal colonization and middle ear infection during IAV coinfec-
tion was phase independent.

MATERIALS AND METHODS

Infectious agents and growth conditions. S. pneumoniae EF3030 (sero-
type 19F) is a nasopharyngeal isolate that has previously been shown to
colonize the mouse nasopharynx in the absence of lethal, systemic disease
(36, 37). Pneumococci were cultured on Trypticase soy agar (Becton,
Dickinson and Co.) with 5% sheep blood (Hemostat Laboratories) and 4
pg/ml gentamicin (Sigma). For freezer stocks, S. pneumoniae bacteria
were grown in brain heart infusion (BHI) broth (Becton, Dickinson and
Co.) supplemented with 10% heat-inactivated horse serum and 10% cat-
alase (2,500 U/ml; Worthington) until mid-late logarithmic phase (opti-
cal density at 600 nm [ODy,] of 0.6 to 0.85), diluted 1:1 in 50% glycerol,
and frozen at —80°C. Influenza A/PR/8/34-GFP (PR8/34-GFP, where
GFP is green fluorescent protein) (HIN1) used in this study was gener-
ously provided by Adolfo Garcia-Sastre (38). Viral stocks were prepared
in embryonated eggs, and titers were determined as the median tissue
culture infectious dose (TCIDs,) in Madin-Darby canine kidney cells.

Phase determination and variant isolation. Colony phenotype was
determined under oblique light, as described previously (25, 39). Phase
variants of the parent EF3030 strain were isolated prior to each experi-
ment and were confirmed to contain >90% of colonies in the same phase
of atleast 100 counted colonies. These variants retained the ability to shift
between the transparent and opaque phases. The percent opacity of each
inoculum was confirmed prior to each experiment.

Coinfection model. Female, 6-week-old BALB/c mice (Jackson Lab-
oratory) were housed in a biosafety level 2 (BSL-2) facility. All mouse
infection protocols were approved by the Wake Forest University Health
Sciences Institutional Animal Care and Use Committee. Mice were anes-
thetized with 2,2,2-tribromoethanol (Avertin; 20 mg/ml) (Acros Organ-
ics) intraperitoneally and infected intranasally with 3 X10° TCID,s of
IAV diluted in 20 pl of sterile phosphate-buffered saline (PBS) on ice or
with an equal volume of vehicle control. Four days later, mice were again
anesthetized and inoculated intranasally with 5 X 10° CFU of S. pneu-
moniaein 20 pl of BHI broth on ice or in vehicle control. Bacterial density
was confirmed by serial dilution and plate count. The phase composition
of each inoculum was also confirmed. Mice were weighed and assessed for
disease at least twice daily. While minimal and moderate signs of disease
were apparent in mice inoculated with EF3030 alone and IAV alone, re-
spectively, a small subset of coinfected mice (<10%) exhibited moribund
disease. These mice were euthanized on that day. At days 2 and 4 post-
bacterial infection, mice were euthanized, and the nasopharynx and bilat-
eral bullae were aseptically excised and homogenized (PowerGen 100;
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Fisher Scientific) in sterile PBS. Aliquots of these homogenates were seri-
ally diluted and plated for bacterial quantification and phase determina-
tion following 20 h of incubation at 37°C and 5% CO,.

qRT-PCR. Tissue homogenates were snap-frozen and stored at
—80°C. Aliquots were then subjected to three freeze-thaw cycles, and
RNA was isolated with TRIzol reagent (Ambion) and reverse transcribed
to cDNA using random primers (Invitrogen), deoxynucleoside triphos-
phates (Promega), and Superscript III reverse transcriptase (Invitrogen)
supplemented with RNasin (Promega) according to each manufacturer’s
specifications. Influenza virus RNA was then detected by real-time quan-
titative reverse transcription-PCR (qRT-PCR) using TagMan Universal
PCR master mix (Applied Biosystems) and IAV primers (40) with a 7500
Real-Time PCR System (Applied Biosystems), essentially as described
previously (41).

Histopathology. Excised nasopharynges and bullae from preselected
mice were fixed in 4% paraformaldehyde, decalcified, embedded in 22-
oxacalcitriol (O.C.T. solution; Sakura Finetek), and sequentially frozen by
being placed at room temperature for 3 h, at —20°C for 12 h, and at —80°C
for 24 h or until ready for use. Samples were cryosectioned into approxi-
mately 5-pm slices, stained with hematoxylin and eosin, mounted with
Permount (Electron Microscopy Sciences), and examined microscopi-
cally.

Adherence assay. The human nasopharyngeal carcinoma cell line
Detroit 562 (ATCC CCL-138) was maintained in Eagle’s minimal essen-
tial medium with r-glutamine, 10% heat-inactivated fetal bovine serum,
100 U/ml penicillin, and 100 pg/ml streptomycin (Gibco). Cells were
grown in T75 flasks (Corning) at 37°C and 5% CO,. Adherence assays
were performed essentially as described previously (28, 42). Approxi-
mately 2 X 10° cells/well were seeded onto 24-well flat-bottom, tissue
culture-treated plates (Costar) and allowed to grow to confluence (~4 X
10 cells/well). When cells were ready to infect, bacteria were grown in
BHI broth supplemented with 2,500 U/ml catalase to mid-logarithmic
phase (ODg,, 0f 0.45 to 0.65). Cell monolayers were washed three times in
warmed Dulbecco’s PBS (DPBS; Lonza) and overlaid with 1 ml/well se-
rum- and antibiotic-free medium containing 1 X 107 CFU of S. preu-
moniae opacity variants. The bacterial density and phase composition of
each inoculum were determined. To initiate bacterial-epithelial cell inter-
actions, the plates were centrifuged at 1,300 X g for 5 min and then incu-
bated at 37°C and 5% CO, for 1 h. Following incubation, the monolayer
was washed three times with DPBS to remove nonadherent bacteria.
Epithelial cells and adherent bacteria were then dissociated from the plate
by treatment with 0.25% trypsin-EDTA (Gibco) for 10 min. The number
of adherent bacteria was determined by serial dilution and plate count.
Pneumococcal adhesion was expressed as percent adherence relative to
the inoculum. The experiment contained three biological replicates per
opacity variant and included six variants of each phase.

Static biofilm assay. This assay was performed essentially as described
previously (43). Briefly, S. pneumoniae opacity variants were inoculated
into Todd-Hewitt broth (Becton-Dickinson) with 0.5% yeast extract
(Difco) and supplemented with 10% heat-inactivated horse serum and
2,500 U/ml catalase and were seeded onto 24-well flat-bottom plates (Co-
star) at 5 X 10° CFU/well. The bacterial density and phase composition of
each inoculum were confirmed prior to each experiment. After incuba-
tion at 37°C and 5% CO, for 4 or 24 h, the medium was removed, and the
adherent biofilms were resuspended in sterile PBS by scraping and vigor-
ous pipetting. The biofilm viability, defined as the total recovered num-
bers of surface-attached S. pneumoniae bacteria, and phase composition
were then determined via plate count and phase determination, respec-
tively. Each experiment contained three biological replicates and was re-
peated at least three times.

Statistical analysis. Pairwise comparisons of nasal colonization, mid-
dle ear infection, and phase composition were analyzed by a Mann-Whit-
ney U test. The percent adherence of pneumococcal phase variants to
epithelial cells and in vitro biofilm viability were analyzed by Student’s ¢
test. The correlation between nasal colonization density and middle ear
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TABLE 1 Presence of IAV RNA in the nasopharynx and middle ear
% tissue containing IAV RNA

(SE) at:*

Tissue type and inoculum Day 2 Day 4
Nasopharynx

1AV 100.0 (0.0) 88.9 (16.6)

IAV and S. pneumoniae 76.9 (28.4) 75.0 (33.4)
Middle ear

TIAV 27.8 (13.8) 0.0 (0.0)

TAV and S. pneumoniae 15.4 (10.0) 0.0 (0.0)

“ The percentage of tissues that contained detectable IAV RNA by qRT-PCR at the
indicated time point post-bacterial infection. Days 2 and 4 correspond to day 6 and day
8 post-viral infection, respectively. Data were pooled from two replicate experiments.
Data were evaluated via Fisher’s exact test, and no significant differences between IAV-
and coinfected tissues were present (P > 0.05).

bacterial burden was assessed by Spearman’s rank correlation test. Where
noted in the text, fold change was calculated using the geometric mean,
except for biofilm viability, which was calculated using the arithmetic
mean. Samples for which the bacterial counts were below the limit of
detection were considered uninfected. For statistical analysis and graph-
ing, these points were plotted at the limit of detection. A P value of <0.05
was considered to be significant. Statistical analyses were performed using
GraphPad Prism, version 5.01 (GraphPad Software).

RESULTS

Nasal colonization is increased by prior influenza virus infec-
tion. Mice were infected intranasally with IAV and 4 days later
infected with S. pneumoniae to investigate the effect of antecedent
viral infection on pneumococcal colonization. The mouse naso-
pharynx was permissive to IAV infection as influenza viral RNA
was still detectable in 75 to 89% of mice by day 8 post-viral
infection (Table 1). Further, all mice challenged with S. pneu-
moniae exhibited nasal colonization at both days 2 and 4 post-
bacterial infection (Fig. 1A). This colonization was observed to
persist for at least 20 days (data not shown). In mice coinfected
with AV and S. pneumoniae, the magnitude of pneumococcal
colonization was significantly increased by ~8-fold at both days 2
and 4 (P = 0.0003 and P = 0.0043, respectively) (Fig. 1A). Bacte-
rial coinfection, alternatively, did not have a significant effect on
the proportion of IAV-infected nasopharynges (P > 0.05, Fisher’s
exact test) (Table 1).

Influenza virus enhances pneumococcal middle ear infec-
tion. In children, the magnitude of nasal colonization is linked to
the incidence of OM (44). We next aimed to determine whether
the increase in nasal pneumococcal colonization following IAV
infection was similarly associated with middle ear infection. IAV
coinfection significantly increased the middle ear pneumococcal
burden by nearly 40-fold at both days 2 and 4 post-bacterial infec-
tion (P < 0.0001 and P = 0.025, respectively) (Fig. 1B). Prior viral
infection also altered the incidence of middle ear bacterial infec-
tion as 100% of coinfected mice possessed detectable numbers of
bacteria in the normally sterile middle ear space of at least one ear,
whereas detectable numbers of bacteria were present in 75% of
singly infected mice (P = 0.01; Fisher’s exact test). These coin-
fected mice were also more prone to develop bilateral middle ear
infection (88% versus 35%, respectively, for coinfection versus
single infection; P = 0.0004, Fisher’s exact test) (data not shown),
a frequently used clinical criterion for the initiation of antimicro-
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bial therapy (45). Further, the magnitude of middle ear infection
was found to be directly correlated to the density of nasal pneu-
mococcal colonization density but only during coinfection with
TAV (Fig. 1C), echoing clinical data (44).

Using the presence of IAV RNA in the middle ear as a surrogate
marker for viral infection at that site, coinfection with pneumo-
cocci had no effect on the proportion of ears infected with IAV
(P > 0.05, Fisher’s exact test) (Table 1). The middle ear pneumo-
coccal burden, however, was significantly elevated in coinfected
mice even in ears without detectable IAV RNA (P < 0.01) (Fig.
1D). Further, the pneumococcal burden in the middle ears that
did contain IAV RNA at the designated time points was signifi-
cantly greater than that both in ears from singly infected mice and
in ears from coinfected mice that did not contain viral RNA (P <
0.01) (Fig. 1D).

Influenza virus induces increased nasal epithelial inflamma-
tion. IAV-induced inflammation in the middle ear has previously
been shown to propagate pneumococcal OM (21). To determine
whether TAV induced a similar effect in the nasopharynx, nasal
sections from both singly infected and coinfected mice were com-
pared using histopathologic staining and microscopic analyses.
The nasal epithelium from mock-infected mice was intact and
contained a thick mucociliary border (Fig. 2, Mock). During col-
onization with S. pneumoniae, an inflammatory infiltrate was
present within the nasal meatuses consisting primarily of cells
morphologically resembling neutrophils (Fig. 2, S. pneumoniae),
as has been noted previously (46). Despite this infiltrate, the nasal
epithelium was largely unchanged from that of mock-infected
mice with the notable exceptions of isolated areas of ciliary denu-
dation and areas of increased mucus production (Fig. 2, S. pneu-
moniae). In contrast, IAV infection, both in the presence and ab-
sence of S. pneumoniae, was associated with substantial damage to
the nasal epithelium, including widespread ciliary denudation,
epithelial disruption, areas of microvascular hemorrhage, and ex-
posure of the lamina propria (Fig. 2, IAV and S. pneumoniae +
IAV). Epithelial changes appeared similar between IAV-only and
coinfected mice. A predominantly neutrophilic infiltrate was
again present within the lumen of the nasal meatuses of both IAV-
only (Fig. 2, IAV) and coinfected mice (Fig. 2, S. pneumoniae +
TAV). Unlike the infiltrate in mice colonized with pneumococci
alone, this infiltrate was also epithelium associated (Fig. 2, IAV
and S. pneumoniae + IAV). These data indicate that IAV alters the
nasopharyngeal epithelium, suggesting a potential mechanism by
which nasal colonization is enhanced following viral infection.

Middle ear inflammation is increased in coinfected mice. As
pneumococci were detected in the middle ears of both singly in-
fected and coinfected mice, middle ear sections were evaluated
histopathologically to determine whether the increased bacterial
burden was associated with increased inflammation or signs of
disease. No evidence of inflammation or infiltrate was observed in
mock-infected mice (Fig. 3, Mock). A minimal inflammatory in-
filtrate was occasionally present in mice infected with S. pneu-
moniae alone. Of note, one ear was observed to contain a large
inflammatory infiltrate within the lumen. In most cases, however,
the tissues appeared similar to those of mock-infected mice (Fig. 3,
S. pneumoniae), as has been described previously (20). The heter-
ogeneity of these findings is likely attributable to the high variabil-
ity of bacterial burden that we detected in the ears of singly in-
fected mice. While most values were clustered around ~107 to 10°
CFU/ml, the range extended to as high as ~10° CFU/ml (Fig. 1B).
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FIG 1 Influenza A virus exacerbates nasal colonization and middle ear infec-
tion by S. pneumoniae. Mice were infected intranasally with influenza A virus
(IAV) PR8/34-GFP and 4 days later infected with S. pneumoniae (Sp) EF3030.
Graphs show the magnitude of nasal colonization (A) and middle ear infection
(B) by S. pneumoniae in the tissue homogenates from days 2 and 4 post-
bacterial infection (corresponding to days 6 and 8 post-viral infection). Each
data point represents a single nasopharynx or ear, and the data are pooled from
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As middle ear inflammatory infiltrates have been shown to corre-
late with bacterial burden (47), it is likely that the disparate finding
that we observed in one ear was due to an abnormally high mag-
nitude of middle ear infection in that animal.

In mice infected with IAV alone, an inflammatory infiltrate
was also largely absent. However, there was evidence of mucosal
inflammation with increased edema, epithelial thickening, and
vasodilation (Fig. 3, IAV). These findings were more prominent in
coinfected mice (Fig. 3, S. pneumoniae + IAV). Further, an in-
flammatory infiltrate consisting primarily of neutrophils was
readily apparent in the middle ear lumens of coinfected mice (Fig.
3, S. pneumoniae + IAV). Taken together, these results indicate
that the increased magnitude of middle ear bacterial infection
following IAV was associated with increased evidence of both mu-
cosal inflammation and inflammatory infiltration. As these are
two histological findings linked to the clinical diagnosis of OM
(48), these data are suggestive that middle ear disease was likewise
increased during bacterial-viral coinfection in these mice.

During coinfection, the transparent phase is found more fre-
quently in the nasopharynx; the opaque phase is found more
frequently in the middle ear. Pneumococci exhibit phase varia-
tion between a transparent phase associated more with nasal col-
onization and an opaque phase associated more with disease (25).
To determine whether this association was also present during
bacterial-viral coinfection, the phase composition of colonies iso-
lated from mice inoculated with IAV and S. prneumoniae was as-
sessed. The pneumococcal strain used in this study, EF3030, was
comprised of a heterogeneous combination of both phases, as
occurs naturally in humans (26). This strain was confirmed to
contain approximately 73% opaque-phase colonies at the time of
inoculation. The propensity of the transparent and opaque phases
to be isolated from the nasopharynx and ear, respectively, per-
sisted in vivo during coinfection with IAV. By day 4, colonies iso-
lated from the nasopharynx were more transparent while those
from the middle ear were more opaque (P = 0.037) (Table 2),
reflecting a similar study in children with acute OM (26). Of note,
a similar comparison could not be made in singly infected mice as
insufficient bacterial counts to evaluate phase composition were
consistently isolated from the middle ears of these mice.

Transparent-phase pneumococci are more adherent to naso-
pharyngeal epithelial cells. Since transparent-phase pneumo-
cocci were isolated more frequently from the nasopharynges of

two replicate experiments. The short, solid horizontal lines denote the geomet-
ric mean, and the horizontal dotted line represents the limit of detection of the
assay. Statistical analysis was performed using a two-tailed Mann-Whitney U
test (*, P < 0.05; **, P < 0.01; ***, P < 0.001). (C) Correlation between nasal
colonization density of S. pneumoniae and the middle ear pneumococcal bur-
den in coinfected mice. Each ear is correlated to its respective nasopharynx.
The data contain both time points and are pooled from two replicate experi-
ments. Statistical analysis was performed using Spearman’s rank correlation
test and is denoted by Spearman’s rank correlation coefficient (1) and P value.
(D) Middle ear (ME) pneumococcal burden at day 2 post-bacterial infection in
mice infected with S. pneumoniae alone (black bar), coinfected with IAV and
possessing detectable viral RNA in the middle ear (white bar), or coinfected
with AV but containing no detectable viral RNA in the middle ear (hatched
bar) from a separate experiment. Each bar represents the geometric mean =
95% confidence intervals. The presence of IAV RNA was detected by qRT-
PCR, and no IAV RNA was detectable in the middle ear by day 4 post-bacterial
infection (day 8 post-viral infection). Data are pooled from two replicate ex-
periments. Statistical analysis was performed using a two-tailed Mann-Whit-
ney U test (**, P < 0.01; ***, P < 0.001). N/A, not applicable.
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S. pneumonlae

S. pneumoniae + IAV

nfiltrate

Lumen

FIG 2 Influenza virus induces nasal epithelial changes. Representative histological images of the lateral wall of the nasal cavity from mice (n = 4) infected
intranasally with influenza A virus (IAV) and 4 days later infected by S. pneumoniae from both days 2 and 4 post-bacterial infection (corresponding to days 6 and
8 post-viral infection). Representative images from mock-infected mice and mice infected with S. preumoniae alone or IAV alone are also shown. Tissues were
stained with hematoxylin and eosin and examined microscopically at a magnification of X40. Scale bar, 20 pwm. Areas in the insets were examined at a
magnification of X60 (scale bar, 10 wm). Relevant structures are labeled, including the mucociliary border (MCB). Filled arrowheads mark areas of ciliary

denudation; open arrowheads indicate areas of epithelial disruption.

both singly infected and coinfected mice, we hypothesized that
this may be mediated by increased epithelial adherence. To test
this, phase variants of EF3030 were generated and were confirmed
to contain >90% of colonies in the same phase. Transparent-
phase pneumococci of this strain demonstrated significantly in-
creased adherence to Detroit 562 cells, a human nasopharyngeal
carcinoma cell line, than their opaque counterparts (41.1% versus
25.4%, respectively; P = 0.002) (Fig. 4A). Of note, Cundell et al.
previously reported increased adherence by the transparent phase
to activated but not resting A549 immortalized alveolar epithelial
cells (27). As invasive blood isolates were employed in the prior
study, this discrepancy is likely attributable to differences in the
pneumococcal strains studied.

Biofilm viability is enhanced in transparent-phase pneumo-
cocci. To further explore potential mechanisms to explain why the
transparent phase was isolated more frequently from the naso-
pharynx in this model, we investigated biofilm viability in vitro.
Biofilms are critical for nasal colonization and persistence in both
animal models and children (31, 49). Further, bacterial adherence
is the essential first step in biofilm formation. As such, we hypoth-
esized that a transparent-phase variant of EF3030 would also ex-
hibit enhanced biofilm viability along with increased adherence.
In an in vitro biofilm model, we found that biofilm viability, de-
fined as the numbers of surface-attached pneumococci, was sig-
nificantly increased in the transparent variant by 3.5-fold at 4 h
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and 3-fold at 24 h (P = 0.0002 and P = 0.0002, respectively) (Fig.
4B). In the time frame studied, no significant phase shifting of the
phase variants during biofilm formation was observed (data not
shown). These results indicated not only that biofilm formation
selects for the transparent phase from a mixed-phase inoculum, as
has been noted previously (28), but also that transparent-phase
pneumococci themselves demonstrate increased in vitro biofilm
viability independent of phase shifting.

Coinfection with influenza virus ablates the nasal coloniza-
tion defect of opaque-phase pneumococci. The opaque phase is
noted for both its increased invasiveness and its impaired ability to
colonize the nasopharynx (25). This phenotype is likely linked, in
part, to the reduced adherence and biofilm viability in this phase
that we observed in vitro. Theoretically, this impairment in nasal
colonization ability could serve as a natural check by limiting the
number of the opaque phase bacteria in the nasopharynx, thereby
inhibiting pneumococci from too rapidly killing its host. As such,
we aimed to determine whether the IAV enhancement of pneu-
mococcal colonization indicated by the data Fig. 1A extended to
opaque-phase pneumococci, potentially disrupting a delicate bal-
ance. To investigate this, phase variants that were confirmed prior
to each experiment to contain >90% of colonies in the same phase
were inoculated into mice either alone or 4 days following IAV
infection. The variants used in this study are not “locked,” thereby
allowing us to assess whether the viral coinfection altered phase
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S. pneumoniae

x40

FIG 3 Middle ear inflammation and infiltrate are increased during coinfection. Representative histological images of the middle ear (n = 8) from mice infected
intranasally with influenza A virus (IAV) and 4 days later infected by S. pneumoniae from both days 2 and 4 post-bacterial infection (corresponding to days 6 and
8 post-viral infection). Representative images from mock-infected mice and mice infected with S. prneumoniae alone or IAV alone are also shown. Tissues were
stained with hematoxylin and eosin. The samples were examined microscopically at magnifications of X4 and X40, and the scale bars represent 100 pm and 20
wm, respectively. Areas in the insets were examined at a magnification of X60 (scale bar, 10 um). Relevant structures are labeled, including the middle ear cavity

(MEC), tympanic membrane (TM), external ear canal (EEC), and blood vessels (BV).

shifting in vivo. Confirming prior studies (25), the opaque-phase
variant when used alone for infection exhibited impaired coloni-
zation relative to the transparent variant although this was statis-
tically significant only at day 2 (P = 0.005) (Fig. 5A). Prior viral

TABLE 2 Percent opacity of colonies isolated from IAV- and coinfected
mice

S. pneumoniae strain
or variant and
infection program
(% opaque-phase
colonies in
inoculum)”

% opaque-phase colonies (SE)*

Day 2¢ Day 4

Nasopharynx Middle ear Nasopharynx Middle ear

Parent strain (73.0)

Single infection 69.5 (3.4) 64.8 (5.0)

TAV coinfection 64.1 (4.0) 72.2 (5.5) 62.0(5.8) 77.9 (4.5)*
Opaque variant (99.4)

Single infection 99.5 (0.2) 98.4 (0.6)

TAV coinfection 96.1 (1.4) 98.1(0.8)  99.8 (0.1)" 100.0 (0.0)
Transparent variant

(5.0)
Single infection 9.1 (2.0) 6.8 (2.3)
TAV coinfection 7.6 (1.2) 22.8 (4.5)** 9.6 (1.8) 26.4 (8.2)

“ Data represent the mean percentages of opaque-phase colonies isolated from either
the nasopharynx or middle ear of singly infected or coinfected mice at the indicated
time points from two pooled experiments. The percentage was calculated as follows:
(number of opaque-phase colonies/total number of colonies) X 100. Insufficient
numbers of CFUs were isolated from the middle ears of singly infected mice to assess
the percentage of opaque colonies. *, P < 0.05; **, P < 0.01 (compared to the respective
nasopharynx by a Mann-Whitney U test); T, P < 0.05 (compared to respective S.
pneumoniae-only inoculated mice by a Mann-Whitney U test).

b'S. pneumoniae strain EF3030 was used for single infections and for coinfection with
TAV.

¢ Days 2 and 4 are the days post-bacterial infection, corresponding to days 6 and 8 post-
viral infection, respectively.
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FIG 5 Coinfection with influenza virus alters nasal colonization and middle ear infection by both the opaque and transparent phases. Mice that had been either
mock infected or infected intranasally with influenza A virus (IAV) 4 days prior were infected with either the opaque- or transparent-phase variant of S.
pneumoniae EF3030. Graphs show the magnitude of nasal colonization (A) and middle ear infection (B) by S. pneumoniae in the tissue homogenates from days
2 and 4 post-bacterial infection (corresponding to days 6 and 8 post-viral infection). Each data point denotes a single nasopharynx or ear, and the data are pooled
from two replicate experiments. The short, solid horizontal lines indicate the geometric mean, and the dotted line represents the limit of detection of the assay.
Statistical analysis was performed using a two-tailed Mann-Whitney U test (¥, P < 0.05; ** P < 0.01; *** P < 0.001). (C and D) Correlations between nasal
colonization density of S. pneumoniae and the middle ear pneumococcal titers in mice coinfected with IAV and either the opaque variant (C) or the transparent
variant (D). Each ear is correlated to its respective nasopharynx. The data contain both time points and are pooled from two replicate experiments. Statistical
analysis was performed using Spearman’s rank correlation test and is denoted by Spearman’s rank correlation coefficient (r) and P value.

infection, however, increased the nasal colonization of the opaque
variant by 16-fold and that of the transparent variant by 11-fold.
As a result, IAV coinfection ultimately removed the colonization
defect of the opaque variant such that the nasal pneumococcal
burden between the variants was indistinguishable at both days
and 2 and 4 (P = 0.81 and P = 0.38, respectively) (Fig. 5A). Of
note, IAV coinfection did not alter the pneumococcal phase com-
position in the nasopharynx or middle ears relative to singly in-
fected mice, with the exception of a small but statistically signifi-
cant increase in the proportion of opaque colonies in the nares of
mice coinfected with IAV and the opaque variant at day 2 (P =
0.0129) (Table 2). Taken together, these results demonstrate that
TAV coinfection overcomes inherent colonization deficits of the
opaque phase, including reduced adherence and biofilm viability,
ultimately enabling the opaque variant to colonize the nasophar-
ynx at a level commensurate with its transparent counterpart.
Influenza virus exacerbates middle ear infection by both
pneumococcal phases. We next sought to determine whether the
increased nasal colonization by both phase variants following IAV
infection altered the magnitude of middle ear infection. As the
opaque phase has been shown to be isolated more frequently from
the ears of children with OM (26), we were initially surprised to
discover in singly infected mice that the numbers of pneumococci
in the middle ears were similar between both phase variants (Fig. 5B).
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This finding likely stems from the colonizing strain used in this
study, which has been shown to inherently disseminate poorly
from the nasopharynx in the absence of external stimuli (37).
During coinfection with IAV, middle ear infection by both the
opaque and transparent variants was significantly increased rela-
tive to levels in singly infected mice. Interestingly, however, bac-
terial titers were similar between the phase variants (Fig. 5B). This
similar magnitude of pneumococcal middle ear infection follow-
ing IAV infection was not explained solely by phase shifting in
vivo. Despite similar titers, colonies isolated from the ears of mice
infected with the opaque variant remained 98.1 to 100% opaque
while those from mice infected with the transparent variant were
22.8 to 26.4% opaque (Table 2).

Since we observed a correlation between nasal colonization
density and middle ear infection with the parent EF3030 strain
(Fig. 1C), we hypothesized that a similar mechanism would ac-
count for the equal magnitudes of middle ear infection by both
phase variants following coinfection. To investigate this, the cor-
relation between the nasopharyngeal bacterial density and the
middle ear pneumococcal burden in each mouse was again as-
sessed. In the absence of IAV, there was no significant correlation
by either phase variant (P > 0.05, Spearman’s rank correlation test
[data not shown]). Following IAV infection, there was indeed a
highly significant correlation between nasal colonization and the
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resultant magnitude of middle ear infection with the opaque
phase variant (P < 0.001, Spearman’s rank correlation test) (Fig.
5C). Interestingly, no such relationship was observed during IAV
coinfection with the transparent variant (Fig. 5D). This indicated
that the increase in the magnitude of middle ear infection by the
transparent variant was not due simply to greater nasal coloniza-
tion density following IAV coinfection and that multiple factors
are likely involved. Taken together, however, these findings estab-
lish that the influenza virus exacerbation of pneumococcal middle
ear infection was phase independent. Further work is needed to
investigate the mechanisms by which IAV enhances nasopharyn-
geal dissemination by both phases.

DISCUSSION

The importance of IAV in the induction of pneumococcal dissem-
ination from the nasopharynx has been well studied. However,
pneumococci are known to persist in the human nasopharynx as a
mixture of two phases that differ in amounts of capsular polysac-
charide and exposure of bacterial surface moieties (26, 33, 34).
How these specifically interact with influenza virus in the context
of middle ear infection is less appreciated.

In this study, we first established a murine model wherein a
preexisting influenza A virus infection enhanced the nasopharyn-
geal colonization by a pneumococcal strain that naturally contains
both phases. Prior work has shown that IAV can also enhance
nasal colonization when given after pneumococcal inoculation
(19). Together, these findings suggest that this synergism is likely
occurring quite frequently as these pathogens are serially acquired
and cleared. Indeed, children experience a median of seven car-
riage episodes before the age of 2 years and face an average of six
respiratory viral infections each year (9, 50). The increased nasal
colonization observed in our model following IAV infection cor-
related with an increased magnitude of middle ear pneumococcal
infection, mirroring clinical data from children (44, 51). Of note,
this finding regarding middle ear bacterial burden contradicted
the findings of Short et al., who noted that the H1 hemagglutinin
of IAV PR8/34 (H1N1) was unable to induce pneumococcal OM
in infant C57BL/6 mice (21). This disparity is likely attributable to
differences in both the ages and strains of the mice, particularly as
the content of sialic acid, the hemagglutinin ligand, varies among
mouse species (52). However, our findings in an adult murine
model indicate that pneumococcal middle ear infection can also
be exacerbated by HIN1 influenza virus, the most prevalent cir-
culating subtype in the United States (53).

Using this model, we discovered the presence of viral RNA in
the middle ears of a subset of both IAV- and coinfected mice. As
qRT-PCR is not a direct measure of viral infectivity, it is possible
that this simply represents contaminating viral RNA from the
nasopharynx. This is a difficult question as there are contrasting
opinions in the field regarding this subject (expertly reviewed in
reference 54). However, in both children and animal models, viral
infection of the middle ear has been linked to inflammation (21,
54). In this study, we detected IAV RNA and evidence of mucosal
inflammation as late as 6 days post-viral infection in mice infected
with TAV alone. Thus, it appears likely that in this model the pres-
ence of viral nucleic acid represents an infection. Supporting this
hypothesis, we found that pneumococcal middle ear burden was
greatest in JAV-infected ears. Clinically, this direct synergism in
IAV-infected ears may account for the increased rates of antibiotic

November 2014 Volume 82 Number 11

Influenza Virus and Phase Variation in Otitis Media

failure in OM cases where both bacteria and viruses are detected in
the ear (55).

The mechanisms underpinning this IAV-pneumococcal syn-
ergism remain to be fully elucidated. From our findings, it seems
apparent that the viral enhancement of bacterial colonization is a
critical component. As adherence is required for pneumococci to
form the surface-attached biofilms that are hallmarks of coloniza-
tion (31, 32), the nasal epithelial changes we observed following
TAV infection likely contribute to this process. In addition, IAV is
known to expose specific pneumococcal binding sites through its
neuraminidase activity (56) as well as potentially through the in-
duction of epithelial platelet-activating factor expression (27). Re-
cent work by Marks et al. suggests that in addition to increasing
nasal colonization, influenza A virus also induces pneumococcal
dissemination from the nasopharynx via changes to the host mi-
croenvironment, including hyperthermia and nutrient availabil-
ity (57). Once translocated from the nasopharynx, the virally in-
duced mucosal inflammation we observed in the middle ears of
TAV-infected mice (and exacerbated by bacterial coinfection) can
then itself contribute to the establishment of pneumococcal mid-
dle ear infection (21).

Inlight of these findings, an important question remains: is this
IAV predisposition to enhanced middle ear infection by S. pneu-
moniae a uniform process that universally enables increased out-
growth and dissemination? The work of McCullers et al. began to
answer this question and found that the IAV modulation of pneu-
mococcal disease was bacterial strain dependent (14). Tong et al.
further explored whether the intrastrain opaque and transparent
phases are differentially affected by preceding IAV infection in a
chinchilla model of OM (35). The authors’ conclusions in that
study complement our findings with one key distinction. Tong et
al. similarly observed an increase in both nasal colonization and
middle ear infection by both phase variants following IAV infec-
tion, ultimately to similar levels of bacterial burden at early time
points. In contrast to our findings, however, Tong et al. did not
observe a difference in inherent nasal colonization between the
phase variants in the absence of viral infection (35). Thus, our
findings further contribute the observation that IAV infection is
sufficient to alter the nasopharyngeal microenvironment such
that the opaque phase is capable of colonizing at a level similar to
that of its transparent counterpart. This has significant implica-
tions as an invasive serotype, such as serotype 1, which is almost
always found in invasive disease and rarely in nasal carriage, has
been shown to be significantly more associated with the opaque
phase (58). The discrepancy in the observed colonization by the
opaque phase between this study and that by Tong et al. is likely
accounted for by differences in the serotypes studied and in the
animal models employed. Indeed, the distinction in virulence be-
tween the two phases has previously been shown to differ between
animal species (25, 34).

The ablation of the colonizing defect of the opaque phase by
TAV occurred despite the impaired epithelial adherence and bio-
film viability that we observed in vitro. Previously, pneumococcal
adherence to lower respiratory tract epithelial cells has been
shown to increase following influenza A viral infection (59). Ad-
ditionally, both phase variants have been shown to adhere via the
receptor for platelet-activating factor, though to a greater extent
by the transparent phase (27). As this specific receptor has been
shown to be upregulated by rhinovirus infection (60), we hypoth-
esize that influenza viral infection may have a similar effect,
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thereby enabling nasal colonization to increase by both phases.
Further, the expression and activity of the pneumococcal neur-
aminidase, critical for carriage, are diminished in the opaque
phase (61, 62). As the IAV neuraminidase has been shown to syn-
ergistically interact with pneumococci (56), it is conceivable that
the viral neuraminidase could complement the opaque phase.
This area is in need of further study.

The opaque phase has been shown to more efficiently infect
and persist in invasive sites such as the lungs and bloodstream in
animal models (25, 63). While the middle ear is not generally
considered an invasive site, we observed that middle ear infections
were similar between the two phase variants following IAV coin-
fection. It is important to note, however, that studies characteriz-
ing the two phases were initially performed using more invasive
strains derived from blood isolates (25, 34). As such, the distinc-
tion between phases may be more subtle in a colonizing strain
such as EF3030 (25, 34, 36, 37). Reflecting this possibility, we did
not observe an increase in the incidence or magnitude of middle
ear infection by the opaque-phase variant in the absence of IAV.
While similar numbers of the opaque and transparent variants
were found in the middle ear during IAV coinfection, pneumo-
cocci within this site were still more frequently in the opaque
phase than in the nasopharynx. This study could not distinguish
whether this represented, in the case of the transparent variant,
preferential expansion of the small subpopulation of opaque-
phase bacteria in the inoculum or phase shifting in vivo. As pneu-
mococcal phases vary at frequencies ranging from 10> to 10~7
per generation, it is likely that both are occurring and contributing
to the similar magnitudes of middle ear infection by both phase
variants.

Despite a similar magnitude of infection, the IAV exacerbation
of pneumococcal middle ear infection by both phases appears to
occur, in part, via divergent mechanisms. In the opaque phase, the
enhanced middle ear infection is directly linked to the increased
nasal colonization density induced by viral coinfection. This was
reflected in our correlation data and is in agreement with the re-
cent findings by Marks et al. that opaque-phase pneumococci
disperse more readily from a biofilm state (57). In children, the
incidence of OM is linked to nasal colonization density. Our
findings thus further suggest that the opaque phase is primarily
responsible for this clinically observed phenotype (44). As this
correlation is absent during IAV coinfection with the transpar-
ent variant, additional factors beyond nasal colonization den-
sity are likely involved. Indeed, once the preceding viral infec-
tion enables transparent-phase pneumococci to ascend the
eustachian tube, the increased adherence and biofilm viability
that we observed in vitro can then enable this phase to increas-
ingly infect the middle ear. Supporting this hypothesis, trans-
parent-phase pneumococci have been shown to bind more
readily to specific N-acetylglucosamine residues in the eusta-
chian tube that are exposed by IAV (27, 64).

In summary, these results indicate that coinfection with influ-
enza A virus increases both nasal and middle ear epithelial inflam-
mation and that this is associated with significantly enhanced na-
sal colonization and middle ear infection by S. pneumoniae.
Further, despite inherent differences in in vitro biofilm viability
and adherence and in vivo colonization, this effect is independent
of the predominant pneumococcal phase.
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