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Background. Infection with influenza A virus (IAV) increases susceptibility to respiratory bacterial infections,
resulting in increased bacterial carriage and complications such acute otitis media, pneumonia, bacteremia, and
meningitis. Recently, vaccination with live attenuated influenza virus (LAIV) was reported to enhance subclinical
bacterial colonization within the nasopharynx, similar to IAV. Although LAIV does not predispose to bacterial pneu-
monia, whether it may alter bacterial transmigration toward the middle ear, where it could have clinically relevant
implications, has not been investigated.

Methods. BALB/c mice received LAIV or phosphate-buffered saline 1 or 7 days before or during pneumococcal col-
onization with either of 2 clinical isolates, 19F or 7F. Middle ear bacterial titers were monitored daily via in vivo imaging.

Results. LAIV increased bacterial transmigration to and persistence within the middle ear. When colonization fol-
lowed LAIV inoculation, a minimum LAIV incubation period of 4 days was required before bacterial transmigration com-
menced.

Conclusions. While LAIV vaccination is safe and effective at reducing IAV and coinfection with influenza virus and
bacteria, LAIV may increase bacterial transmigration to the middle ear and could thus increase the risk of clinically rel-
evant acute otitis media. These data warrant further investigations into interactions between live attenuated viruses and
naturally colonizing bacterial pathogens.

Keywords. live attenuated influenza virus; middle ear bacterial colonization; bacterial transmigration; acute otitis
media; pneumococcus; coinfection.

Infection with influenza A virus (IAV) increases sus-
ceptibility to severe lower and upper respiratory tract
(URT) bacterial infections, resulting in complications
such as pneumonia, bacteremia, sinusitis, and bacterial
acute otitis media (AOM) [1]; the latter is a major con-
tributor to the global burden of pediatric disease and re-
mains one of the most common diagnoses leading to
the prescription of antimicrobial agents in the United
States [2]. While bacterial AOM often occurs in

isolation, increasing evidence suggests that primary or
concurrent viral respiratory infections of the URT
may play uniquely important roles in enhancing bacte-
rial acquisition, colonization, and, ultimately, progres-
sion from asymptomatic bacterial carriage to AOM
[3], notably from Streptococcus pneumoniae and Staph-
ylococcus aureus [1, 4].

Although the mechanisms underlying influenza
virus–mediated susceptibility to bacterial AOM are
not entirely defined, they likely include a combination
of IAV-mediated cytotoxic breakdown of mucosal and
epithelial barriers of the URT [5–8] and aberrant innate
immune responses to bacterial invaders in the immedi-
ate postinfluenza state, characterized by uncontrolled
proinflammatory and antiinflammatory cytokine pro-
duction, excessive leukocyte recruitment, and immuno-
pathology [1, 9–13]. When coupled with diminished
mucosal defenses, such an environment becomes in-
creasingly hospitable for bacterial pathogens to flourish
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and cause clinical disease in the days and weeks following influ-
enza virus infection.

Increasing evidence links the early innate immune response
triggered by vaccination to long-term vaccine efficacy [14].
Thus, a goal of vaccination is to elicit an immune response as
close to that elicited by the pathogen itself, without subsequent
disease. The intranasally administered live attenuated influenza
vaccine (LAIV) is composed of 1:1:6 reassortant viruses con-
taining the hemagglutinin (HA) and neuraminidase (NA) sur-
face proteins from wild-type viruses on a temperature-sensitive
and attenuated backbone designed to enable efficient viral rep-
lication in the cooler temperatures of the URT but not the
warmer temperatures of the lower respiratory tract (LRT) [15,
16]. Through selective replication in the URT, LAIV proteins
are exposed to the host immune system in their native confor-
mation, eliciting highly robust immunoglobulin A (IgA), serum
immunoglobulin G (IgG), and cellular immune responses mim-
icking those of the pathogenic virus itself [17], without subse-
quent virus-mediated disease in the LRT [18, 19].

Recently, we demonstrated that LAIV, while safely providing
long-term immunity against influenza and significantly reduc-
ing postinfluenza secondary bacterial infections [20], inadver-
tently enhances the duration and density of bacterial carriage
in the nasopharynx of mice [21], a finding that has since been
shown in humans [22]. Importantly, in contrast to wild-type
IAV infections, LAIV did not alter bacterial outgrowth in
the LRT and demonstrated no increases in the incidences of
bacterial pneumonia or bacteremia. What is not known is
whether LAIV virus replication in the URT may, like that of
the wild-type IAV, inadvertently catalyze bacterial migration
from the nasopharynx, where it is largely asymptomatic, into
the middle ear, where it can increase the risk of symptomatic
AOM [13, 23, 24]. Such an effect of the attenuated virus could
result from LAIV-mediated inflammation of the epithelial cells
of the pharyngotympanic tube [13] or from elevated bacterial
density within the nasopharynx [25].

MATERIALS AND METHODS

Vaccinations and Infectious Agents
LAIV viruses were developed from a parent H3N2 1:1:6 reassor-
tant virus developed as described previously [26]. The surface
glycoproteins HA and NA were from the A/Hong Kong/1/68
(HK68) and A/Sydney/5/97 (Syd97) isolates, respectively, and
the 6 internal protein gene segments were from A/Puerto
Rico/8/34 or PR8 (referred to hereafter as WT virus). LAIV con-
sisted of a temperature-sensitive (ts) attenuated variant of the
WT virus (HK/Sydts) that contains site-specific mutations in
the PB1 and PB2 RNA segments of the genome as described
previously [26, 27]. These mutations are found in the
attenuated A/Ann Arbor/6/60 master donor strain used to pro-
duce the commercial product known as FluMist (MedImmune,

Gaithersburg, Maryland) [16]. LAIV viruses were propagated in
10-day-old embryonated chicken eggs at 33°C and quantitated
in Madin–Darby canine kidney cells using the median tissue
culture infective dose (TCID50). In vitro and in vivo growth dy-
namics have been reported elsewhere [21]. The pneumococcal
carrier isolates ST425 (serotype 19F) and ST191 (serotype 7F)
have been previously described [3]. These strains were engi-
neered to express luciferase, as described elsewhere [3, 28].

Animal and Infection Models
Eight-week-old BALB/c mice (Jackson Laboratories, Bar
Harbor, Maine) were used in all experiments. All inoculations
were via the intranasal route. LAIV consisted of 2 × 106 TCID50

HK/Sydts virus in 40 µL of phosphate-buffered saline (PBS).
Pneumococcal infections with 19F and 7F Streptococcus pneu-
moniae were as described previously [3]. Briefly, bacterial cul-
tures were grown in Todd–Hewitt broth (Difco Laboratories,
Detroit, Michigan) containing 0.5% yeast (THY) until mid- to
late-log phase (OD, approximately 0.3,) and aliquots were
stored at −80°C in 10% glycerol and quantified via serial dilu-
tion on blood agar plates. Inoculations were prepared from
frozen aliquots and consisted of 1 × 106 and 1 × 105 colony-
forming units of serotype 19F and 7F pneumococci, respective-
ly, in 25 µL of PBS. Infections were initialized via careful
administration of 12.5 µL of bacteria to each naris under general
anesthesia with 2.5% inhaled isoflurane (Baxter Healthcare,
Deerfield, Illinois). All experiments were conducted in biosafety
level 2 facilities in a manner in accordance with the guidelines of
the Committee on the Care and Use of Laboratory Animals.

Bioluminescent Imaging
Mice were imaged using an IVIS CCD camera (Xenogen) as
described elsewhere [3]. Middle ear bacterial density was
measured as total photons sec−1 cm−2 in prespecified regions
covering the middle ear canal, and background (calculated for
each mouse on a region of equal area over the hind limb) was
subtracted. Positivity for bacteria within the middle ear was de-
fined as a value of >40 000 photons sec−1 cm−2. This threshold
has been previously described for this infection model, using
the same instruments and laboratory environment [29]. Quan-
titation was performed using Living Image software (v. 3.0;
Caliper Life Sciences) as described previously [3].

Although bioluminescent imaging of lux-expressing bacteria
has previously been shown to be an efficient and accurate meth-
od for measuring bacterial density in the nasopharynx and
lungs of mice and ferrets in vivo [3, 21, 29, 30], to ensure imag-
ing was also appropriate for measuring bacterial presence and
density within the middle ear, we compared values obtained
from imaging to bacterial titers obtained by traditional meth-
ods. In short, the middle ear was dissected and completely ho-
mogenized in 1 mL of PBS, and serial dilutions were plated on
5% blood agar plates for quantification. Bacterial counts
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obtained from serial dilution plating were plotted against values
obtained via IVIS just before dissection and showed strong lin-
ear correlation (R2 = 0.92; Supplementary Figure 1).

A single episode of bacterial middle ear colonization (MEC)
was defined as any continuous detection of bacteria that was not
interrupted by an interval of >2 days. This 2-day interval was
important to account for normal fluctuations in bacterial den-
sity, whereby densities can temporarily fall below the threshold
of detection (described above) without actually being cleared
and then return to high levels. Additionally, episodes were cat-
egorized as early or late onset. Early onset was defined as an ini-
tial episode of MEC in a given mouse that occurred within 5
days of bacterial inoculation. Late onset was defined as any ep-
isode that commenced at least 2.5 days after clearance of a pre-
vious episode or at least 5 days after pneumococcal infection.

Statistical Analyses
All statistical analyses were performed within the R statistical
computing environment (R, version 2.14; R Foundation for
Statistical Computing, R Development Core Team, Vienna,
Austria). Kaplan–Meier curves were constructed for freedom
from MEC for each mouse per group, and the log-rank test
was used to calculate statistically significant differences between
groups. The frequency of MEC was plotted using Loess smooth-
ing (span 0.2), and differences between daily frequencies in the
vaccinated groups and those in the PBS controls were calculated
using the Fisher exact test for differences in proportions. Differ-
ences in mean duration of MEC were calculated using 2-tailed
2-sample Students t tests. The false detection rate was used to
adjust for multiple comparisons where appropriate, and statis-
tical significance was considered when the calculated probabil-
ity had an α level of <0.05.

RESULTS

LAIV Increases the Incidence of MEC in Mice Colonized With
Pneumococci Before LAIV Receipt
Nasopharyngeal carriage of pneumococcus is believed to be a
prerequisite for MEC and subsequent pneumococcal AOM,
and elevated bacterial density has been associated with transi-
tion from asymptomatic carriage to middle ear infections
[25]. To determine whether LAIV vaccination of pneumococ-
ci-colonized mice may enhance bacterial transmigration to
the middle ear, groups of 12–14 mice were colonized with sero-
type 19F pneumococcus (a clinical isolate often found coloniz-
ing the nasopharynx of children and a well-established model
organism for colonization and AOM in mice [3]) 7 days before
LAIV or PBS inoculation. A delay of 7 days was used because
this was shown to be a sufficient interval over which bacteria
reached stable colonization, as assessed via IVIS imaging of
the nasopharynx and as previously reported [31]. Within 12
hours after LAIV inoculation, mice demonstrated an increased

incidence of MEC (Figure 1), as determined by in vivo imaging
of the middle ear (see “Materials and Methods” section). By day
4 after LAIV receipt, 85% of mice had at least 1 episode of MEC,
compared with only 25% of PBS controls. In the majority of
cases, initial onset of MEC in the LAIV group occurred within
the first 4 days following vaccination, and freedom from MEC
stabilized in both groups after day 5 (with the exception of a sin-
gle new case in the PBS group, which was detected on day 9). By
day 10 following LAIV or PBS inoculation, the incidence of
MEC in LAIV recipients remained significantly greater than
that in PBS controls (85% in LAIV recipients vs 50% in PBS
controls; P = .017).

Antecedent Receipt of LAIV Predisposes to Bacterial
Transmigration
To address whether antecedent inoculation with LAIV predis-
poses to MEC after bacterial infection, and to ensure that the
effect of LAIV on bacterial transmigration is not specific to se-
rotype 19F pneumococci, mice received a colonizing dose of
pneumococcal serotype 7F (a slightly more invasive clinical
strain and a well-described model organism for pneumococcal
AOM in mice [3]) at either 7 days or 1 day after LAIV receipt
(n = 26 for each group) or 1 day after PBS receipt (n = 20; Fig-
ure 2). Inoculation with LAIV 7 days before pneumococcal in-
fection led to immediate increases in the incidence of MEC,
with only 30% (8 mice) remaining free from bacterial MEC

Figure 1. Live attenuated influenza virus (LAIV) enhances the incidence
of bacterial middle ear colonization (MEC) in precolonized mice. Groups of
12–14 8-week-old BALB/c mice were colonized intranasally with serotype
19F pneumococcal bacteria engineered to express luciferase. Seven days
later, mice were inoculated with LAIV or phosphate-buffered saline (PBS)
vehicle as a control. MEC was measured via in vivo imaging of the middle
ear at 12-hour intervals for the first 2 days following LAIV or PBS receipt
and daily thereafter. Initial onset of bacterial MEC was recorded for each
mouse, and Kaplan–Meier survival curves were constructed. Data are
reported as freedom from MEC after LAIV or PBS inoculation, and the
log-rank test was used to determine statistically significant differences
between groups. *P < .05, compared with PBS controls.
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24 hours after infection; compared with 81% (21 mice) infected
1 day after LAIV receipt and 75% (15 mice) infected 1 day after
PBS receipt. Following initial enhancement of MEC in mice in-
fected 7 days after LAIV receipt, only 2 new cases (ie, cases in
mice previously free from MEC) were seen over the following 2
weeks, at days 5 and 8 after bacterial infection.

An increased incidence of MEC was also detected in the
group infected 1 day after LAIV receipt, but onset was distrib-
uted in this group, commencing between days 3 and 5 after
infection, which corresponded to days 4–6 after LAIV receipt,
a time previously demonstrated to maximize bacterial coloniza-
tion of the nasopharynx [21].

LAIV-Mediated Enhancement of Bacterial Transmigration Is
Delayed After Vaccination
To better understand the dynamics of bacterial transmigration
and MEC, we investigated the overall frequency per day of MEC
for each group (Figure 3), which differs from our Kaplan–Meier
analysis above in that the Kaplan–Meier analysis considers only
time of first onset in a given mouse, rather than overall propor-
tion with MEC at any particular time in our experimental
groups. Consistent with the Kaplan–Meier analysis, mice vacci-
nated 7 days before pneumococcal infection had significantly
increased frequencies of MEC for the first 24–48 hours after
infection, compared with PBS controls. The frequency peaked
in this group approximately 24 hours after infection, with
slightly >60% (16 mice) with MEC. In contrast, only 20–30%

of mice receiving LAIV or PBS 1 day before bacterial infection
had evidence of MEC, and these episodes were very short lived,
with almost no MEC in these groups by day 2. While the max-
imum frequency of MEC was reached 24 hours after infection in
the group infected 7 days after LAIV receipt, mice infected only
1 day following LAIV receipt had a second wave of MEC epi-
sodes that began 4 days after LAIV receipt (Figure 3). This sec-
ond wave of MEC, while lower in maximum frequency
(approximately 40%) than in the group infected 7 days after
LAIV receipt, had a broader and more sustained peak that lasted
from day 4 to day 8 after bacterial infection.

LAIV Increases the Persistence of MEC
The duration of MEC was measured for each episode per
mouse, as defined above, and mean durations were calculated
for each group. The duration was significantly increased across
all vaccinated groups, regardless of pneumococcal strain (ie,
serotype 19F or 7F) or whether LAIV was given before or
following pneumococcal infection. When LAIV or PBS was
administered to mice with preestablished serotype 19F col-
onization, bacteria persisted in the middle ears nearly 2-fold
longer than in PBS controls (2.3 vs 1.2 days; P < .05; Figure 4A).
Similarly, when mice received LAIV 7 days or 1 day before
bacterial infection, the mean durations of MEC episodes were
3-fold and 2-fold greater, respectively, than those for PBS con-
trols (P < .05 for each comparison; Figure 4B). Interestingly,
when episodes were classified into early and late onset (see “Ma-
terials and Methods” section for classification criteria), dura-
tions of early onset cases in the group infected 7 days after

Figure 2. Freedom from middle ear colonization (MEC) following bacte-
rial infection in recently vaccinated mice. Groups of 8-week-old BALB/c
mice received live attenuated influenza virus (LAIV) 7 days (n = 26), LAIV
1 day (n = 26), or phosphate-buffered saline (PBS) 1 day (n = 20) before in-
oculation with serotype 7F pneumococcal bacteria engineered to express
luciferase. In vivo imaging was used to detect bacterial MEC every 12–15
hours for the first 2 days following pneumococcal infection and at least
daily thereafter. Initial onset of pneumococcal MEC was recorded for
each mouse, and Kaplan–Meier survival curves were constructed to describe
freedom from pneumococcal MEC. *P < .05, by the log-rank test, compared
with PBS controls, corrected for multiple comparisons using the false-discov-
ery rate.

Figure 3. Frequency of middle ear colonization (MEC) following bacte-
rial infection in recently vaccinated mice. Mice were inoculated with live
attenuated influenza virus (LAIV) 7 days (n = 26), LAIV 1 day (n = 26), or
phosphate-buffered saline (PBS) 1 day (n = 20) before infection with sero-
type 7F pneumococcus engineered to express luciferase, and in vivo imag-
ing of the middle ear was performed to measure the presence of
pneumococcal MEC. The frequency of MEC is plotted for each group,
and differences in the daily frequency between groups were tested for stat-
istical significance using the Fisher exact test for differences in proportions.
*P < .05, compared with the PBS group.
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LAIV receipt were almost identical to durations of late-onset
cases in the group infected 1 day after LAIV receipt (approxi-
mately 3.75 days in each group) and, in each case, the duration
was >2-fold greater than that for their respective PBS controls
(approximately 1.5 days; P < .05; Figure 4C). Alternatively, the
duration of early onset episodes in the group infected 1 day
after LAIV receipt and the duration of late-onset episodes in
the group infected 7 days after LAIV receipt were no different
than for PBS controls. Taken together with the findings of

Kaplan–Meier analyses described above, these data demonstrate
a strong influence of time since LAIV inoculation, rather than
time since bacterial infection, with a minimum of 4 days after
vaccination required before enhanced bacterial transmigration
to and colonization of the middle ear is detected.

DISCUSSION

The potent and often lethal effects of a previous influenza virus
infection on secondary pneumococcal invasive disease and
pneumonia have been reported [1, 11, 32–34]. Viral replication
induced epithelial and mucosal degradation, and the ensuing
innate immune response yield diminished capacity to avert sec-
ondary bacterial infections. Recent clinical and experimental
data suggest that influenza viruses may exert their influence, be-
ginning in the URT, by enhancing susceptibility to bacterial col-
onization [3, 30, 35], increasing nasopharyngeal carriage density
[23], and enhancing the incidence of AOM [13].

Although LAIV, in the longer-term, thwarts influenza virus
and bacterial coinfections by inhibiting the viral infection [18,
31], LAIV vaccines have recently been found to enhance the
density and duration of bacterial colonization within the naso-
pharynx of mice, and evidence has also been put forth for hu-
mans [21, 22, 36]. Importantly, unlike WT IAV, LAIV did not
result in increased bacterial proliferation or disease in the LRT,
presumably because of the temperature-sensitive nature of
LAIV viruses, abrogating viral growth within the warmer tem-
peratures of the lungs. Although LAIV did not effect clinical
bacterial LRT infections, the effects of LAIV on transition
from colonization to bacterial disease within the URT, a region
where LAIV replicates efficiently, had not been studied.

Here, we found that vaccination with a mouse-adapted LAIV
significantly increased bacterial transmigration to the middle
ear and the duration of MEC, irrespective of bacterial serotype
or order of viral versus bacterial inoculation. Interestingly, a
minimum period of approximately 4 days was required before
enhancement in pneumococcal transmigration and MEC was
noted, when LAIV preceded pneumococcal infection.

The dynamics of increased MEC, with regard to time since
vaccination, closely match increased pneumococcal colonizing
dynamics of the nasopharynx following WT IAV or LAIV
virus [21, 31] and support the notion that nasopharyngeal col-
onizing density may be associated with progression to AOM.
Interestingly, the delay in increased onset of migration and
MEC in mice vaccinated only 1 day before bacterial inoculation
was approximately the same as the time to peak LAIV viral ti-
ters in the URT [21]. Thus, a majority of excess MEC occurs
during or soon after viral clearance from the URT. This finding
supports numerous reports [1, 10–12, 23] that point toward a
complex coupling of poorly coordinated antibacterial innate
immune defenses and epithelial damage following influenza

Figure 4. Live attenuated influenza virus (LAIV) enhances persistence of
middle ear colonization (MEC). A and B, Groups of mice were colonized
with serotype 19F pneumococcus 7 days before inoculation with LAIV
(n = 14) or phosphate-buffered saline (PBS; n = 12; A) or received LAIV 7
days (n = 26), LAIV 1 day (n = 26), or PBS 1 day (n = 20) before infection
with serotype 7F pneumococcus (B). The durations of MEC episodes
were measured, and mean durations reported for serotype 19F (A) and se-
rotype 7F (B) MEC, in which a single episode was defined as any contin-
uous detection in a given mouse that was not interrupted by >2 days. C,
Episodes of serotype 7F MEC were further classified as early onset (onset
within the first 5 days following infection) or late onset (>2 days following
termination of an early episode or >5 days after infection), and mean du-
rations reported for each group. Statistically significant differences (vs PBS
controls) were tested using 2-tailed 2-sample Student t tests with correc-
tion for multiple comparisons, using the false-discovery rate. Error bars rep-
resent 95% confidence intervals around the mean. *P < .05, **P < .001.
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virus infection, underlying the excess susceptibility to bacterial
disease after influenza virus infection.

On the other hand, the steady increase in onset of MEC mea-
sured immediately following LAIV vaccination in serotype 19F–
precolonized mice suggests that introduction of LAIV virus in
the presence of existing bacterial colonization yields enhanced
MEC that is concurrent with viral replication and precedes
viral-mediated enhanced nasopharyngeal colonization, which
tend to increase beginning on day 4 after LAIV inoculation.
This suggests that the mechanisms of virus-induced bacterial
AOM may differ according to order of inoculation. Indeed, it
may be that even low levels of viral replication in the URT,
while not immediately affecting overall bacterial carriage densi-
ty in the nasopharynx, may rapidly disrupt a delicate balance
that naturally exists to prevent asymptomatic carriage from
transitioning to bacterial AOM.

It must be clearly emphasized here that any animal study,
particularly mouse studies [37], must be viewed in light of the
many caveats that exist when extrapolating findings from
animal studies to humans. Although animal studies have been
integral to our understanding of infectious diseases (and many
other biological systems), the individual processes and dynam-
ics often differ between the animal model—mice, in this case—
and the human system, as has been shown [37].

While our data suggest that LAIV may enhance pneumococ-
cal transmigration into the middle ear, it is clear that the overall
effect of LAIV measured in humans has been that of significant
reductions in viral influenza infections and otitis media [38].
While our data suggest a potential effect of LAIV to increase
bacterial transmigration to the middle ear, a lack of detection
in numerous large clinical trials in humans suggests that any ef-
fect is largely subclinical. As well, LAIV-mediated protection
from primary influenza virus infections significantly reduces
the opportunity for worse secondary bacterial infections [20],
further reducing the incidence of LRT and URT bacterial dis-
ease, including bacterial AOM.

While we are confident that the overall effects of LAIVs are
beneficial to reduce all-cause AOM across populations, as has
been reported [39], our data here and previous reports [21] sug-
gest a need for future investigations to more closely evaluate the
effects of LAIV on bacterial respiratory pathogen dynamics, in-
cluding unintended beneficial effects [20]. Indeed, as medicine
becomes increasingly personalized [40], it may become possible
to tailor classes of vaccines and avenues of vaccine delivery to
the individual. In this particular example, considering the bene-
fits of LAIV over inactivated injectable influenza vaccines [41],
one could envision that the choice between a killed injectable vac-
cine and an intranasal LAIV might incorporate the risk of pneu-
mococcal carriage or acquisition (based on factors such as the
number of children in the household, the age of the vaccine re-
cipient, and proximity to immunocompromised individuals) as a
potential variable in the decision-making process.
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