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One sentence summary: Pneumococcal variants lacking capsular polysaccharide are increasingly common in carriage and in some disease states; in
this study we show that one such clone can persist and cause chronic otitis media.
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ABSTRACT

Streptococcus pneumoniae strains lacking capsular polysaccharide have been increasingly reported in carriage and disease
contexts. Since most cases of otitis media involve more than one bacterial species, we aimed to determine the capacity of a
nonencapsulated S. pneumoniae clinical isolate to induce disease in the context of a single-species infection and as a
polymicrobial infection with nontypeable Haemophilus influenzae. Using the chinchilla model of otitis media, we found that
nonencapsulated S. pneumoniae colonizes the nasopharynx following intranasal inoculation, but does not readily ascend
into the middle ear. However, when we inoculated nonencapsulated S. pneumoniae directly into the middle ear, the bacteria
persisted for two weeks post-inoculation and induced symptoms consistent with chronic otitis media. During coinfection
with nontypeable H. influenzae, both species persisted for one week and induced polymicrobial otitis media. We also
observed that nontypeable H. influenzae conferred passive protection from killing by amoxicillin upon S. pneumoniae from
within polymicrobial biofilms in vitro. Therefore, based on these results, we conclude that nonencapsulated pneumococci
are a potential causative agent of chronic/recurrent otitis media, and can also cause mutualistic infection with other
opportunists, which could complicate treatment outcomes.

Keywords: coinfection; nonencapsulated; Haemophilus; pneumococcus

INTRODUCTION et al. 2008). OM, which occurs when bacteria in the nasophar-
ynx ascend through the Eustachian tubes to colonize the middle
ear, affects most children by the age of seven and is the leading
cause of pediatric antibiotic prescription (Klein 2000; Gonzales
et al. 2001).

Streptococcus pneumoniae causes a broad spectrum of human dis-
ease when it disseminates from the nasopharynx, including
pneumonia, sepsis, sinusitis and otitis media (OM) (Kadioglu
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S. pneumoniae and nontypeable Haemophilus influenzae (NTHi)
are the two most commonly isolated bacterial species from
individuals with OM (Laufer et al. 2011). Since the introduc-
tion of the 7-valent pneumococcal conjugate vaccine (PCV7),
non-PCV7 pneumococcal serotypes have increased in preva-
lence, including nonencapsulated strains (Sa-Leao et al. 2009).
The majority of S. pneumoniae involved in OM are encapsulated,
but nonencapsulated S. pneumoniae strains have been isolated
from both carriage and disease contexts (Carvalho et al. 2003;
Martin et al. 2003; Berron et al. 2005; Hanage et al. 2006; Weath-
erholtz et al. 2010; Xu et al. 2011; Scott et al. 2012). Nonencapsu-
lated S. pneumoniae is frequently detected living commensally in
the nasopharynx (Hanage et al. 2006), but has been implicated
in invasive disease (Weatherholtz et al. 2010; Scott et al. 2012), as
well as in localized infections that include conjunctivitis (Car-
valho et al. 2003; Martin et al. 2003; Berron et al. 2005; Hanage
et al. 2006) and OM (Xu et al. 2011). The pneumococcal capsule
is a critical factor for colonization in encapsulated S. pneumoniae
(Magee and Yother 2001; Nelson et al. 2007); pathogenic nonen-
capsulated isolates have been reported to compensate for loss
of capsule via expression of novel surface proteins such as PspK
(Park et al. 2012; Keller et al. 2013).

The majority of middle ear infections involve more than one
species (Jacoby et al. 2007; Laufer et al. 2011). S. pneumoniae and
NTHi have been detected within polymicrobial biofilm commu-
nities in nasopharyngeal and middle ear clinical tissue samples
(Hall-Stoodley et al. 2006; Hoa et al. 2009). Experimentally, NTHi
and S. pneumoniae have alternatively been shown to compete or
coexist. In a chinchilla model of OM, NTHi and S. pneumoniae
formed polymicrobial biofilms and persisted together for at least
three weeks (Weimer et al. 2010). Further, coinfection with NTHi
promoted biofilm formation by S. pneumoniae, resulting in de-
creased systemic pneumococcal infection (Weimer et al. 2010). In
contrast, in a mouse infection model, NTHi promoted clearance
of S. pneumoniae during intranasal coinfection (Lysenko et al.
2005).

Both S. pneumoniae and NTHi are capable of forming surface-
attached communities called biofilms (Murphy and Kirkham
2002; Domenech, Garcia and Moscoso 2012). Biofilm formation
by S. pneumoniae occurs during both asymptomatic carriage
(Munoz-Elias, Marcano and Camilli 2008; Marks, Parameswaran
and Hakansson 2012) and disease (Reid et al. 2009), and S.
pneumoniae forms surface-attached communities in the chin-
chilla model of OM (Reid et al. 2009). Interactions between
multiple species in a biofilm can affect the efficacy of antibi-
otics. For example, NTHi can provide passive antibiotic protec-
tion to other species in vitro as mixed-species biofilm cultures
and in vivo during polymicrobial OM (Armbruster et al. 2010;
Weimer et al. 2011).

In this study, we tested the capacity of a nonencapsulated
S. pneumoniae clinical isolate to induce disease in the chinchilla
middle ear. We show that nontypeable S. pneumoniae (NTSp) can
induce OM in a chinchilla model, both as a single-species infec-
tion and as a mixed-species infection with NTHi. We found that
coinfection of nonencapsulated S. pneumoniae with NTHi has im-
plications for both species, as coinfection promoted increased
growth of NTHi in the middle ear, and NTHi provided protection
against antibiotic treatment to S. pneumoniae in vitro.

MATERIALS AND METHODS

Bacterial strains and growth conditions

Nonencapsulated S. pneumoniae strain MNZ1113 is a nasopha-
ryngeal isolate from a child with OM (Hiller et al. 2010). Bacteria

were grown on trypticase soy agar (BD) supplemented with 5%
sheep’s blood (Hemostat Laboratories) and 4 ug ml-! of gentam-
icin (Sigma).

NTHi strain 86-028NP is a pediatric OM isolate (Bakaletz et al.
1989) that has been fully sequenced (Munson et al. 2004; Harrison
et al. 2005) and induces OM in the chinchilla model (Bakaletz et al.
1997). Bacteria were grown on supplemented brain heart infu-
sion (sBHI) agar (BD), which has been supplemented with hemin
(MP Biochemicals), nicotinamide adenine dinucleotide (Sigma)
and 3 ug ml~! vancomycin (Sigma).

Chinchilla infection studies

Chinchillas were purchased from Rauscher’s Chinchilla Ranch
and allowed to acclimate in the facility for at least one week
prior to infection. Chinchillas were evaluated by veterinary staff
and found to have no overt illnesses. Infection studies were
performed as previously described (Hong et al. 2007a,b). Briefly,
NTHi grown overnight on agar plates was resuspended in phos-
phate buffered saline with 0.04% gelatin (PBSG) to a concentra-
tion of ~108 cfu ml~?, and then diluted to the target inoculum.
S. pneumoniae was diluted from frozen stocks of known con-
centration into PBSG to the desired concentration. Chinchillas
were anesthetized via isoflurane inhalation and then inocu-
lated through one of two routes. For intranasal infection ex-
periments, S. pneumoniae was delivered into the nasal cavity by
pipetting 100 ul of a 4 x 107 cfu ml~? suspension into each
nostril, for a total inoculum of 8 x 10° cfu. Transbullar infec-
tions were performed by delivering 100 ul of bacterial suspen-
sion into each middle ear cavity by puncturing the bullae with a
25 gauge needle. For single-species infections, chinchillas were
inoculated with nonencapsulated S. pneumoniae at an inoculum
of 3 x 108 or 4 x 10° cfu for the one-week experiment, and
4 % 10° cfu for the two-week experiment. For the mixed-species
infection, chinchillas were inoculated via transbullar injection
with 103 cfu of NTHi and either 10° or 107 cfu of nonencapsulated
S. pneumoniae strain MNZ1113. Adult chinchillas (~800 g body
weight) were used for the first infection study we performed,
the one-week transbullar infection; two to three month old chin-
chillas were used for all subsequent experiments. The switch to
young chinchillas was done for the purposes of our intranasal in-
fection study; we have previously found that young chinchillas
are slightly more prone to ascension by encapsulated S. pneumo-
niae than are adult chinchillas (data not published).

Animals were monitored daily for signs of disease, includ-
ing ataxia, head tilt and lethargy. Otoscopy was performed once
every 48h to evaluate the extent of ear disease. Each ear was
scored on a 0 to 3 scale, using a rubric system accounting for
erythema, tympanic membrane discoloration and opacity, fluid
behind the tympanic membrane and tympanic membrane rup-
ture (Hong et al. 2007a,b).

Animals were euthanized at designated time points follow-
ing inoculation, and bacterial loads were quantitated. Fluid in
the middle ear cavity was aspirated using a 21 gauge needle
and the middle ear cavity was lavaged with 1 ml of PBS; these
fluids were combined, serially diluted and plated on blood agar
and/or sBHI for quantitation of S. pneumoniae and NTH], respec-
tively. Nasopharyngeal, Eustachian tube and middle ear bullae
gross tissue were aseptically excised and placed in phosphate
buffered saline (15, 1.5 and 10 ml, respectively), and then homog-
enized using a Power Gen 1000 tissue homogenizer (Fisher Sci-
entific). Homogenized tissue suspensions were serially diluted
and plated on blood agar and/or sBHI.

All animal infection studies were approved by the Wake For-
est Institutional Animal Care and Use Committee.
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Figure 1. NTSp colonizes the chinchilla nasopharynx with minimal ascension into the middle ear. Chinchillas were inoculated intranasally with NTSp strain MNZ1113.
Pneumococcal bacterial loads were quantitated at one, four and seven days post-inoculation in the nasopharynx (A), Eustachian tubes (B) and middle ear bullae (C).
Dotted line indicates limit of detection.
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Figure 2. NTSp colonizes the chinchilla middle ear and induces otitis media. Chinchillas were inoculated via transbullar injection with a high- or low-dose S. pneumoniae
strain MNZ1113. At three and seven days post-inoculation, pneumococcal bacterial loads were quantitated in homogenized middle ear bullae (A) and middle ear fluid
(B). The dashed line indicates the bacterial limit of detection.
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Amoxicillin protection assay

Static biofilm cultures were established in 24-well culture plates
by seeding nonencapsulated S. pneumoniae and NTHi at 10° cfu
each into 1 ml of sBHI broth media supplemented with 10%
horse serum and 300 pg ml~! of catalase. Cultures were then
incubated for 24h in a 5% CO, incubator at 37°C. At the 24h
mark, media was carefully removed and replaced with fresh me-
dia containing 125 ng ml~! amoxicillin. Cultures were incubated
for an additional 24 h. Bacteria in biofilm culture were quan-
titated by carefully removing culture supernatant, thoroughly
scraping and resuspending surface-attached bacteria in phos-
phate buffered saline, and serially diluting and plating suspen-
sions onto selective media.

RESULTS

Nonencapsulated S. pneumoniae colonization in the
chinchilla nasopharynx

Nonencapsulated S. pneumoniae strain MNZ1113 was isolated
from the nasopharynx of a child with acute OM (Hiller et al.
2010). We sought to determine the capacity of NTSp to colo-
nize the healthy nasopharynx in a chinchilla model. Follow-
ing intranasal inoculation, pneumococci were detected in the
nasal cavity of most animals through seven days post-infection
(Fig. 1A). We also quantified bacterial loads in the Eustachian
tubes and middle ears, to determine if nonencapsulated
S. pneumoniae ascends into the middle ear during the course
of nasopharyngeal colonization. Pneumococcal counts predom-
inantly fell below the limit of detection in the Eustachian tubes
and middle ear tissues (Fig. 1B and C). Only two animals had
detectable pneumococcal loads in their Eustachian tubes at any
given time point, both unilaterally and at day 1 post-inoculation;
neither of these animals had pneumococcal loads in their mid-
dle ears. A single animal was culture-positive for S. pneumoniae in
the middle ear (bilateral) at seven days post-infection. However,
no animals from the study, including the middle ear culture-
positive animal, displayed clinical signs of OM during the course
of the study. Based on these results, we conclude that nonen-
capsulated strain MNZ1113 colonizes the nasopharynx but does
not readily ascend through the Eustachian tubes to induce OM
in healthy chinchillas.

Nonencapsulated S. pneumoniae induces OM in the
chinchilla infection model

Bacterial ascension through the Eustachian tubes often requires
other factors, such as viral upper respiratory infection, compro-
mised immune function or other causes of Eustachian tube dys-
function (Bluestone et al. 2005; Bakaletz 2010; Coticchia et al.
2013). Therefore, in order to study the ability of nonencapsu-
lated S. pneumoniae to induce disease in the context of a middle
ear infection, we used a transbullar inoculation model. Healthy
adult chinchillas were inoculated with one of two doses of strain
MNZ1113 and pneumococcal bacterial loads were quantitated at
three and seven days post-inoculation. Infection outcome was
dose-dependent: approximately half of animals inoculated with
the low dose of S. pneumoniae strain MNZ1113 cleared the infec-
tion within the first three days, while those inoculated with the
high dose were consistently colonized (Fig. 2). S. pneumoniae was
recovered from both homogenized middle ear tissue (Fig. 2A)
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Figure 3. NTSp persists through two weeks in the chinchilla middle ear. Chin-
chilla middle ears were inoculated via transbullar injection of NTSp strain
MNZ1113. Total pneumococcal cfu were quantitated at 1, 7 and 14 days post-
inoculation in homogenized middle ear bullae (A) and middle ear fluid (B). Dis-
ease was assessed by via otoscopic examination (C). The solid horizontal lines
indicate geometric mean (A) or mean (C). The dashed lines indicate the bacterial
limit of detection.

and middle ear effusion and lavage fluid (Fig. 2B). Middle ear
effusion fluid was present in about half of the chinchilla ears
of either inoculum dose at three days post-inoculation, but was
found only in the ears of the high-dose group at seven days post-
inoculation (data not shown). Similarly, while biofilms of varying
sizes were observable in all ears at three days post-inoculation,
only the ears of the high-dose group had visible biofilms at seven
days post-inoculation. In an extended time course experiment,
we found that nonencapsulated S. pneumoniae strain MNZ1113
continued to persist through two weeks post-inoculation (Fig. 3).
Beginning at seven days post-inoculation, pneumococci were
detected only in homogenized tissue and not from middle ear
fluid (Fig. 3A and B). Otoscopic monitoring of the infected ani-
mals indicated the presence of moderate inflammation around
the tympanic membrane, along with fluid in the middle ear
space in most animals during the first week of infection (Fig. 3C).
During the second week of infection, the otoscopy scores be-
came more heterogeneous as visible inflammation subsided in
some ears but persisted in others. Interestingly, all animals had
similar loads of S. pneumoniae within the middle ear at two weeks
post-inoculation, independent of the disease severity.
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Figure 4. NTSp and NTHi persist together in the chinchilla middle ear. Chinchillas were inoculated via transbullar injection with a high or low dose of NTSp, alone or in
combination with NTHi (see the section ‘Materials and Methods’). At four and seven days post-inoculation, animals were euthanized and bacterial loads were assessed
for S. pneumoniae (A and C) and NTHi (B and D) in homogenized middle ear tissue (A and B) and middle ear fluid (C and D). The geometric mean (solid horizontal line)
was calculated for each group and did not include values below the bacterial limit of detection (dashed horizontal lines). Inflammation was evaluated by otoscopic
examination at one, four and six days post-inoculation (E); graph shows mean otoscopy scores, with error bars denoting the range of scores in each group. *P < 0.05;

**P < 0.01.

Nonencapsulated S. pneumoniae and NTHi induce
polymicrobial OM

The majority of cases of OM are polymicrobial in nature
(Jacoby et al. 2007; Laufer et al. 2011). NTHi and S. pneumoniae have
been detected together in the nasopharynx (Jacoby et al. 2007;
Casey, Adlowitz and Pichichero 2010) and middle ear (Elliott et al.
1999; Hall-Stoodley et al. 2006) of individuals with OM. In a chin-
chilla model, encapsulated S. pneumoniae and NTHi can form
polymicrobial biofilms and induce polymicrobial OM (Weimer
et al. 2010). It is unknown whether loss of the pneumococcal
capsule affects the nature of the relationship with NTHi. We
therefore sought to determine the capacity of nonencapsulated
S. pneumoniae to live within a polymicrobial community with
NTHi and how this affected disease. Chinchillas were inoculated
via transbullar injection with one of two doses of nonencap-
sulated S. pneumoniae strain MNZ1113, alone or in combination
with NTHi. At four and seven days post-inoculation, bacteria

were quantitated in middle ear fluid and homogenized bullae.
The quantity of S. pneumoniae in the middle ear homogenate was
not affected by the presence of NTHi (Fig. 4A), but pneumococci
were rarely detected in the middle ear fluid of single-species-
infected or coinfected animals (Fig. 4C). The low dose of nonen-
capsulated S. pneumoniae was cleared from the ears of some ani-
mals in both the single-species-infected and coinfected groups.
In contrast, NTHi was not cleared from any ears, and was con-
sistently detected in the middle ear fluid (Fig. 4D). Interestingly,
NTHi bacterial loads in homogenized middle ear tissue were sig-
nificantly greater at both time points in the experimental group
coinfected with 107 cfu of nonencapsulated S. pneumoniae, as
compared to animals inoculated with NTHi alone (Fig. 4B, P <
0.05). There was not a significant difference between the geo-
metric mean cfu of NTHi in animals coinfected with the low dose
of S. pneumoniae and animals infected with NTHi alone. However,
it should be noted that there was a bimodal distribution of NTHi
bacterial counts in these coinfected animals at both time points,



6 | FEMS Pathogens and Disease, 2015, Vol. 73, No. 5

A) 40
1074
1064
105_
104_

S. pneumoniae total cfu

3 Mock
+ Amoxicillin

(B) 100

NTHi total cfu

NTSp
+ NTHiAbla

3 Mock
=+ Amoxicillin

T e T e
NTHi NTHiAbla

)
NTSp
+ NTHi

) =
NTSp +
NTHiAbla

Figure 5. NTHi protects NTSp against beta-lactam antibiotics in vitro. NTSp and NTHi were grown as static biofilm cultures, alone or in co-culture. At 24 h, cultures
were treated with 125 ug ml~! of amoxicillin and cultures were incubated for an additional 24 h. Surface-attached bacteria were removed and plated on selective
media to quantitate NTSp (A) and NTHi (B). Graphs indicate mean bacterial cfu; error bars denote 95% confidence interval. The dashed lines denote the bacterial limit

of detection.

and that the ears with NTHi counts between 107 and 10® cfu were
ears in which S. pneumoniae was still present. In contrast, ears in
which S. pneumoniae was cleared had NTHi counts ranging from
10* to ~10° cfu. Otoscopy evaluations were scored as an indica-
tor of disease severity (Fig. 4E). Statistical analysis was not per-
formed on these data due the qualitative nature of the scoring
system (see the section ‘Materials and Methods’). The highest
disease scores were observed in coinfected animals.

NTHi protects nonencapsulated S. pneumoniae against
amoxicillin in vitro

Bacterial growth as multi-species communities can affect re-
sponses to antibiotic treatment. In static biofilm culture, nonen-
capsulated S. pneumoniae strain MNZ1113 and NTHi grew
as polymicrobial surface-attached cultures (data not shown),
reflecting their ability to survive together in vivo. It has previ-
ously been shown that encapsulated S. pneumoniae can be pro-
tected from killing by amoxicillin when co-cultured with NTHi,
due to beta-lactamase production by NTHi (Weimer et al. 2011).
We sought to determine if nonencapsulated S. pneumoniae simi-
larly benefitted from this interaction with NTHi. Briefly, nonen-
capsulated S. pneumoniae and NTHi were seeded alone or in
combination with 24-well plates to establish static biofilm cul-
tures, and then treated with amoxicillin (see the section ‘Ma-
terials and Methods’). Amoxicillin treatment completely killed
MNZ1113 in single-species culture, but did not affect viable

counts when MNZ1113 was co-cultured with NTHi (Fig. SA).
Co-culture with the beta-lactamase-deficient NTHi mutant
86-028NPAbla did not provide any protection against amoxicillin
treatment (Fig. 5A), indicating that protection was dependent on
beta-lactamase production by NTHi.

DISCUSSION

In this study, we demonstrate that a nonencapsulated clinical
isolate of S. pneumoniae is capable of inducing OM in the chin-
chilla model, as both a single-species and polymicrobial infec-
tion. Using the transbullar route of inoculation, we found that
nonencapsulated S. pneumoniae induced signs of inflammation
during the first week of infection, but disease presentation dif-
fered among animals beginning in the second week of infection,
independent of pneumococcal loads in the middle ear. The dis-
parity in middle ear disease presentation may be a result of us-
ing the chinchilla as a model for OM, since only outbred lineages
are available; this heterogeneity similarly reflects the range of
differences in human disease. Notably, these results are simi-
lar to those in a recent report from Keller et al. who showed that
nonencapsulated pneumococci can establish a persistent OM in-
fection in the chinchilla model that is influenced by the PspK
surface protein (Keller et al. 2014).

Following intranasal inoculation, nonencapsulated S. pneu-
moniae strain MNZ1113 colonized the chinchilla nasophar-
ynx, the natural reservoir for bacterial otopathogens prior to



ascension into the middle ear. Despite persisting in the na-
sopharynx through the seven-day time course, nonencapsu-
lated S. pneumoniae was rarely detected in the middle ear. A
single animal experienced bilateral middle ear colonization by
nonencapsulated S. pneumoniae, but this resulted in no observ-
able disease. There are several possibilities for the low incidence
of middle ear infection following intranasal inoculation. First,
the bacteria may ascend into the middle ear but fail to establish
a viable infection. As seen in the transbullar inoculation experi-
ments detailed in this study, a lower dose of nonencapsulated S.
pneumoniae was more likely to result in clearance from the mid-
dle ear; therefore, if a limited number of bacteria ascend into the
middle ear following intranasal inoculation, they may be easily
cleared by host defenses. The pneumococcal capsular polysac-
charide provides resistance to complement deposition (Melin
et al. 2009; Sabharwal et al. 2009), so nonencapsulated S. pneumo-
niae may be more susceptible to opsonophagocytosis in the mid-
dle ear than encapsulated strains. Another possible explanation
for the low incidence of middle ear infection by nonencapsu-
lated S. pneumoniae is that the bacteria do not successfully as-
cend through the Eustachian tubes. This possibility is supported
by the low detection rate of nonencapsulated S. pneumoniae in
the Eustachian tubes of chinchillas following intranasal inocu-
lation (Fig. 1A). The Eustachian tubes normally prevent bacte-
rial ascension into the middle ear via mucociliary clearance, but
dysfunction can occur following inflammatory events such as
allergy or viral upper respiratory tract infection (Bakaletz 2010).

During coinfection with NTHi, nonencapsulated S. pneu-
moniae and NTHi persisted together during the one-week ex-
perimental time course. NTHi bacterial loads were signifi-
cantly increased in animals coinfected with the high dose of
pneumococci. A similar observation was reported in a neona-
tal rat nasal colonization model, in which Haemophilus in-
fluenzae type b had higher colonization levels in rats pre-
colonized with S. pneumoniae (Margolis, Yates and Levin
2010). In contrast, nonencapsulated S. pneumoniae counts were
slightly lower (not significant; P> 0.05) in coinfected animals
compared to S. pneumoniae-alone infected animals at seven days
post-inoculation. Additionally, animals inoculated with the low
dose of nonencapsulated S. pneumoniae cleared the pneumo-
coccal infection more frequently when coinfected with NTHi.
Together, these observations indicate that NTHi may outcom-
pete pneumococci. H. influenzae was reported to outcompete
S. pneumoniae in a mouse intranasal infection model, by pro-
moting enhanced opsonophagocytic clearance of S. pneumoniae
(Lysenko et al. 2005). In contrast, Weimer et al. (2010) observed
that NTHi and encapsulated S. pneumoniae were persisting to-
gether in a biofilm community within the chinchilla middle
ear for up to three weeks post-inoculation. To better address
the extent of competition between nonencapsulated S. pneumo-
niae and NTHi, an extended time course coinfection with the
two species would allow us to determine if nonencapsulated
S. pneumoniae is ultimately cleared while NTHi persists. Coinfec-
tion with NTHi could negatively impact the efficacy of antibi-
otic treatment against nonencapsulated S. pneumoniae, as indi-
cated by our in vitro observations of NTHi-mediated protection of
nonencapsulated S. pneumoniae against beta-lactam antibiotics.
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