Viral and Bacterial Polymicrobial Interactions with Streptococcus pneumoniae in Otitis Media

BY

Kyle Murrah
A Dissertation Submitted to the Graduate Faculty of
WAKE FOREST UNIVERSITY GRADUATE SCHOOL OF ARTS AND SCIENCES
In Partial Fulfillment of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY
Microbiology & Immunology
August 2014
Winston-Salem, North Carolina

Approved By
W. Edward Swords, Ph.D., Advisor
Nancy Kock, D.V.M., Ph.D., Chair
Rajendar Deora, Ph.D.
David Ornelles, Ph.D.
Sean Reid, Ph.D.

Acknowledgements
I owe thanks to many individuals who have helped me during my graduate career. Dr. Ed
Swords has been an excellent advisor, in both my academic and professional development. I
graciously thank him for challenging me to improve during my first year of graduate school,
while also providing vital encouragement that I could indeed do better. Dr. Swords welcomed me
to his laboratory at the end of my first year, where he gave me the freedom to pursue projects that
interested me, always trusting that I would be productive. Ed instills in all of his trainees the
necessity of rigorous scientific questioning, including the importance of the null hypothesis. Ed
also provided full support in my pursuit of professional development opportunities, most notably
the technology transfer internship which I have continued during the final two years of my
graduate work.
I would also like to thank my committee for their expert advice, which has kept my thesis
project focused. I especially thank Dr. David Ornelles, who truly has been a secondary advisor
for me. During my rotation in his laboratory, David instilled in me the importance of appropriate
scientific rigor, and how to ask the appropriate questions during our experiments. Even after the
conclusion of my rotation, David has always made time to provide thoughtful and meticulous
feedback for my work.
Dr. Roberta Turner, from the Ornelles laboratory, has been a thoughtful and gracious
collaborator, as well as a much appreciated friend.
My fellow colleagues in the Swords laboratory, both past and present, share in my
success. Dr. Bing Pang has selflessly given his time and expertise to assisting myself and others
in all aspects of our work. Gayle Foster provided much-needed technical guidance during our
time together in the lab. I also thank current and former lab members Dr. Antonia Perez, Jennifer
Reimche, Christie Young, Jack Wren, Dr. Chelsie Armbruster, Dr. Richard Juneau, Dr. Kristin
ii

Dew Weimer, Dr. Matthew Byrd, Dr. Lauren King, Dr. Melissa Oliver, Jessie Wozniak, Dr. Li
Tan, Dr. Stephen Richardson and Uma Gandhi. We have all helped one another during our time
together, notably during large-scale experiments. I owe every one of you a debt of gratitude for
your time and effort, as well as your friendship and support.
I would also like to acknowledge the chinchillas sacrificed in pursuit of this work.
Studies of pathogenesis necessitate the use of animal models. We should always remain mindful
of the animal lives taken in our endeavor towards better lives for mankind through science.
Finally, I thank my family for their constant love and support.

iii

Table of Contents

List of Illustrations and Tables…………………………………………………………………….v
List of Abbreviations……………………………………………………………………………...vi
Abstract…………………………………………………………………………………………...vii
Chapter 1: Introduction…………………………………………………………………………….1
Chapter 2: Nontypeable Streptococcus pneumoniae causes otitis media during single-species
infection and during polymicrobial infection with nontypeable Haemophilus influenzae…….....29
Chapter 3: Replication of type 5 Adenovirus promotes middle ear infection by Streptococcus
pneumoniae in the chinchilla model of Otitis media……………………………………………..53
Chapter 4: Conclusions…………………………………………………………………………...78
References………………………………………………………………………………………...89
Curriculum Vitae………………………………………………………………………………..122

iv

List of Illustrations and Tables
Figure 1: Risk factors for acute otitis media……………………………………………………….4
Figure 2: Comparison of Eustachian tubes of adult and child……………………………………..6
Figure 3: Mechanisms of viral-bacterial interactions…………………………………………….24
Figure 4: Nontypeable S. pneumoniae colonizes the chinchilla nasopharynx with minimal
ascension into the middle ear……………………………………………………………………..37
Figure 5: Nontypeable S. pneumoniae colonizes the chinchilla middle ear and induces otitis
media……………………………………………………………………………………………...40
Figure 6: Nontypeable S. pneumoniae persists through two weeks in the chinchilla middle
ear…………………………………………………………………………………………………42
Figure 7: Nontypeable S. pneumoniae and nontypeable H. influenzae persist together in the
chinchilla middle ear……………………………………………………………………………...45
Figure 8: Nontypeable H. influenzae protects nontypeable S. pneumoniae against beta-lactam
antibiotics in vitro………………………………………………………………………………...48
Figure 9: Type 5 adenovirus can be detected in the Eustachian tubes and middle ear bullae of
chinchillas following intranasal inoculation……………………………………………………...61
Figure 10: Type 5 adenoviral infection promotes colonization of Streptococcus pneumoniae in the
chinchilla middle ear with minimal impact on the bacterial load at bacteria-positive sites……...65
Table 1: Effect of adenoviral infection on outcome of middle ear infection by S. pneumoniae…67

v

Figure 11: Intranasal inoculation of a non-replicating type 5 adenovirus fails to promote bacterial
ascension to the chinchilla middle ear with no effect on bacterial loads detected in the
nasopharynx or Eustachian tube………………………………………………………………….69
Figure 12: The wild-type and E3-deleted type 5 adenoviruses promote comparable levels of
Streptococcus pneumoniae ascension into the chinchilla middle ear while the viral DNA
replication-deficient virus fails to promote ascension……………………………………………72

vi

List of Abbreviations
AOM

Acute otitis media

CAR

Coxsackie-adenovirus receptor

CFU

colony-forming units

IU

infectious units

OM

Otitis media

NET

Neutrophil Extracellular Trap

NTHi

Nontypeable Haemophilus influenzae

NTSp

Nontypeable Streptococcus pneumoniae

PBS

Phosphate-buffered saline

sBHI

Supplemented brain-heart infusion

vii

Abstract
The major pediatric disease otitis media is caused by a variety of bacterial and viral
etiological agents, which frequently act in combination to induce polymicrobial middle ear
disease. Streptococcus pneumoniae is one of the two most commonly isolated bacterial
pathogens of otitis media. This dissertation examines interactions of S. pneumoniae with
nontypeable Haemophilus influenzae, the other leading bacterial cause of otitis media, and with
adenovirus, a major cause of upper respiratory infections.
Adenoviral infection is a major risk factor for otitis media. We hypothesized that
adenovirus promotes bacterial ascension into the middle ear through the disruption of normal
function in the Eustachian tubes due to inflammation-induced changes. An intranasal infection
model of the chinchilla was used to test the ability of type 5 adenovirus to promote middle ear
infection by S. pneumoniae. The hyper-inflammatory adenovirus mutant dl327 and the nonreplicating adenovirus mutant H5wt300∆pTP were used to test the role of inflammation and viral
replication, respectively, in promotion of pneumococcal middle ear infection. Precedent infection
with adenovirus resulted in a significantly greater incidence of middle ear disease by S.
pneumoniae as compared to non-adenovirus infected animals. Infection with the adenovirus
mutant dl327 induced a comparable degree of bacterial ascension into the middle ear as did
infection with the wild-type virus. By contrast, infection with the non-replicating adenovirus
mutant H5wt300∆pTP resulted in less extensive middle ear infection compared to the wild-type
adenovirus. We conclude that viral replication is necessary for adenoviral-induced pneumococcal
middle ear disease.
Nontypeable S. pneumoniae which lack the capsular polysaccharide associated with
virulence have been isolated from both carriage and disease contexts. Since most cases of otitis
media involve more than one bacterial species, we aimed to determine the capacity of a
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nontypeable S. pneumoniae clinical isolate to induce disease in the context of a single-species
infection and as a polymicrobial infection with nontypeable H. influenzae. Using the chinchilla
model of otitis media, we found that nontypeable S. pneumoniae colonizes the nasopharynx
following intranasal inoculation, but does not readily ascend into the middle ear. However, when
we inoculated nontypeable S. pneumoniae directly into the middle ear, the pneumococcus
persisted for two weeks post-inoculation and induced otitis media. During coinfection with
nontypeable H. influenzae, both species persisted for one week and induced polymicrobial otitis
media. This has implications for antibiotic treatment, as we found that nontypeable H. influenzae
protected nontypeable S. pneumoniae from amoxicillin in vitro.
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Chapter 1: Introduction
Otitis media (OM) is an inflammatory disease of the middle ear. There are several
clinical manifestations of otitis media. Acute otitis media is a short-term inflammation of the
middle ear, diagnosed based on the presence of moderate to severe bulging of the tympanic
membrane, recent onset of ear pain, and presence of middle ear effusion (Lieberthal, Carroll et al.
2013). Acute otitis media can be recurrent, as defined by three or more episodes within six
months or four or more episodes within twelve months (Hendley 2002). Otitis media with
effusion refers to persistent fluid accumulation in the middle ear in the absence of signs of an
acute infection. Accumulation of fluid during otitis media with effusion is the most common
cause of acquired hearing loss in children (Boudewyns, Declau et al. 2011). Finally, chronic
suppurative otitis media refers to persistent inflammation along with perforation of the tympanic
membrane and accompanying otorrhea; chronic suppurative otitis media can result from acute
otitis media due to rupture of the tympanic membrane caused by over-accumulation of middle ear
fluid (Bluestone 1998). This dissertation focuses on infectious causes of otitis media, specifically
otitis media resulting from bacterial infection of the middle ear. Bacterial middle ear infections
occur when bacteria in the nasopharynx ascend through the Eustachian tubes and colonize the
middle ear.
Otitis media extols a heavy burden, both socially and economically. The disease is one
of the most common ailments of children; globally, acute otitis media afflicts an estimated 709
million individuals annually (Monasta, Ronfani et al. 2012). Eighty percent of children
experience an episode of acute otitis media by age three and more than forty percent will have
experienced more than six recurrent episodes by seven years of age (Teele, Klein et al. 1989).
Additionally, chronic suppurative otitis media has an annual incidence of approximately 31
million (Monasta, Ronfani et al. 2012). The impact on healthcare is substantial: the Centers for
Disease Control and Prevention estimate that otitis media accounts for twenty million physician
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visits per year in the U.S. (2012). In fact, otitis media is one of the most-commonly diagnosed
illnesses due to an infectious disease, second only to acute upper respiratory tract infections (Burt,
McCaig et al. 2007). The direct costs of otitis media, such as antibiotics and surgery, are
estimated to total approximately $3.5 billion per year (Gates 1996, Alsarraf, Jung et al. 1999). In
addition, there are significant indirect costs associated with treatment and management otitis
media, such as secondary pain relief medications, lost work time for caretakers of children with
otitis media, and therapy for communication or cognitive disorders resulting from otitis mediainduced hearing loss; these indirect costs raise the total economic burden of otitis media to
approximately $5 billion per year (Gates 1996, Alsarraf, Jung et al. 1999).
The use of antibiotics in treating illness has broadly contributed to the prevalence of
antibiotic-resistant bacteria (Dagan 2010). Otitis media in particular is the single greatest cause
of antibiotic prescription in the U.S. (Grijalva, Nuorti et al. 2009). While antibiotic prescription
rates due to otitis media have decreased along with the incidence of the disease from 1995-1996
to 2005-2006, the proportion of otitis media cases resulting in antibiotic prescription has
remained at 80% (Grijalva, Nuorti et al. 2009). Otitis media is also typically the most common
diagnosis for which antibiotics are prescribed in other developed countries, including Finland and
France (Rautakorpi, Huikko et al. 2006, Dommergues and Hentgen 2012). Amoxicillin is the
standard first line of treatment against acute otitis media, and can be administered in conjunction
with the beta-lactamase inhibitor clavulin (American Academy of Pediatrics Subcommittee on
Management of Acute Otitis 2004).
In the occurance of antibiotic failure, otitis media can be treated by inserting
tympanostomy tubes to relieve pressure ein the middle ear and allow drainage of fluid.
Tympanostomy tube placement is the most commonly performed pediatric surgical procedure in
both inpatient and ambulatory clinics, as well as the leading reason for administration of general
anesthesia in children (Owings and Kozak 1998, Vaile, Williamson et al. 2006, Cullen, Hall et al.
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2009). The fluid that accumulates due to otitis media can have significant lasting effects on
children, including hearing loss and learning disabilities. Permanent hearing impairment, as
defined by hearing loss greater than 25 decibels, occurs in approximately 0.03% of otitis media
cases, but disproportionately burdens lower income individuals and those in developing countries
(Monasta, Ronfani et al. 2012). A study that followed children from birth until age seven found
that greater time spent with middle ear effusion during the first three years of life was
significantly associated with lower scores on tests of speech, school, and cognitive ability at
seven years of age (Teele, Klein et al. 1990). Finally, it should be noted that death is yet another
sequelae of the disease: an estimated 21,000 people die each year due to complications of otitis
media (Monasta, Ronfani et al. 2012).
There are a number of identified risk factors for otitis media (Figure 1). Otitis media
predominantly affects children, in part due to the immature structure of the infant Eustachian tube
(Bluestone and Swarts 2010). The Eustachian tubes of young children are shorter and more
horizontally oriented than those of adults, making it easier for fluid and bacteria to pass into the
middle ear (Figure 2). Additionally, the muscles responsible for Eustachian tube function, the
muscle tensor veli palatini and muscle levator veli palatini, have not yet fully developed; these
muscles normally function to keep the tube passively closed (Bluestone, Hebda et al. 2005).
Additional risk factors for otitis media include environmental and socioeconomic elements. A
study of 2253 Pittsburgh-area infants found that low socioeconomic status, low birth weight,
urban (versus suburban) living, and higher exposure to other children in either the home or daycare setting increased the risk of otitis media (Paradise, Rockette et al. 1997). Other
epidemiological studies found that exposure to tobacco smoke and other indoor air pollutants
increased the risk of otitis media in children (Paradise, Rockette et al. 1997, Cook and Strachan
1999). A meta-analytic study identified family history of acute otitis media, daycare, parental
smoking, and pacifier use as risk factors for acute otitis media; breast-feeding for at least
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Figure 1. Risk factors for acute otitis media. A meta-analysis was performed of 22 published
studies of risk factors for acute otitis media. A risk ratio was calculated for each risk factor;
values greater than 1 indicate a positive risk for acute otitis media, while values less than 1
indicate a negative risk for acute otitis media. (Uhari, Mantysaari et al. 1996)
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Figure 2. Comparison of Eustachian tubes of adult and child. The Eustachian tube of the
human child is shorter, narrower, and more horizontal than that of the adult human. (Kaneshiro
2012)
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three months actually decreased the risk of acute otitis media (Uhari, Mantysaari et al. 1996). A
controlled trial found that decreased pacifier use was associated with reduced acute otitis media
(Niemela, Pihakari et al. 2000). Genetic factors may also play a role in risk for otitis media; a
study of monozygotic and dizygotic twins to assess the contribution of genetics versus shared
environmental factors found a greater correlation between development of otitis media in
monozygotic twins than in dizygotic twins (Rovers, Haggard et al. 2002). Finally, a preceding or
concurrent viral upper respiratory infection greatly increases the risk of developing otitis media,
as will be discussed further in a later section.
Etiological agents of otitis media include both bacterial and viral species. The two most
common bacterial pathogens of otitis media are Streptococcus pneumoniae and Haemophilus
influenzae, together accounting for between 50-90% of cases (del Castillo, Garcia-Perea et al.
1996, Gehanno, Panajotopoulos et al. 2001, Kilpi, Herva et al. 2001, Rosenblut, Santolaya et al.
2001, Block, Hedrick et al. 2004, Guevara, Soley et al. 2008, Vergison 2008). Other bacterial
species involved in otitis media include Moraxella catarrhalis, isolated in 3-20% of cases, and
Streptococcus pyogenes, isolated in less than 5% of cases (del Castillo, Garcia-Perea et al. 1996,
Gehanno, Panajotopoulos et al. 2001, Kilpi, Herva et al. 2001, Rosenblut, Santolaya et al. 2001,
Block, Hedrick et al. 2004, Guevara, Soley et al. 2008, Vergison 2008). Otitis media caused by
Streptococcus pyogenes, also known as Group A Streptococcus, has been associated with older
children and higher rate of tympanic membrane perforation and mastoiditis (Segal, Givon-Lavi et
al. 2005).
In addition to bacteria, there are a number of viruses associated with otitis media. Acute
upper respiratory infections are the most commonly diagnosed infectious illness (Burt, McCaig et
al. 2007). Viral upper respiratory tract infections are a major risk factor for developing otitis
media. In a longitudinal study, greater than 60% of children with viral upper respiratory
infections developed otitis media (Chonmaitree, Revai et al. 2008). Following infection with
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adenovirus, 47% of children developed acute otitis media and 27% developed otitis media with
effusion; similar rates of acute otitis media and otitis media with effusion were observed
following infection with respiratory syncytial virus and coronavirus (Chonmaitree, Revai et al.
2008). About 1/3 of rhinovirus, enterovirus, parainfluenza, and influenza upper respiratory
infection cases resulted in acute otitis media (Chonmaitree, Revai et al. 2008). Viruses may
induce otitis media alone, but most often they promote bacterial-positive otitis media: viruses
alone are detected in about 20% of otitis media cases, while co-infection with bacteria accounts
for 65% of cases (Segal, Leibovitz et al. 2005).
Although most cases of otitis media involve bacteria and/or viruses, it should be noted
that the disease can also occur due to non-infectious causes. Evidence suggests that allergies may
play a role in some cases of otitis media, especially otitis media with effusion (Skoner, Skoner et
al. 2009, Kreiner-Moller, Chawes et al. 2012).
Biofilms are widely recognized to play a major role in bacterial otitis media (Bakaletz
2007, Massa, Cripps et al. 2009). Biofilms are defined as surface-attached communities encased
in an extra-polymeric substance (Costerton, Lewandowski et al. 1995), and bacteria residing in
biofilms are characterized by slow rates of growth and increased antibiotic resistance (Slinger,
Chan et al. 2006, Post, Hiller et al. 2007). Biofilm-resident bacteria have been hypothesized to be
responsible for cases of otitis media that are culture-negative but persist despite antibiotic
therapy. A study by Rayner and colleagues addressed this possibility by using reversetranscriptase polymerase chain reaction to detect messenger RNA of bacteria in middle ear fluid
from children with culture-negative otitis media with effusion (Rayner, Zhang et al. 1998). The
presence of mRNA, which has a short lifespan, indicated that viable bacteria were present in
specimens that were culture-negative based on traditional culture techniques. Using fluorescent
in-situ hybridization and immunostaining for the three predominant bacterial pathogens of otitis
media, researchers have also directly visualized biofilms on middle ear mucosal tissue collected
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from children with otitis media with effusion and recurrent otitis media (Hall-Stoodley, Hu et al.
2006). Biofilms containing nontypeable H. influenzae, S. pneumoniae, M. catarrhalis, and S.
aureus, alone and in combination, have been visualized via fluorescent in-situ hybridization in
adenoid tissue collected from patients with recurrent acute otitis media (Hoa, Tomovic et al.
2009). Further studies by this group found that biofilm-resident bacteria formed threedimensional aggregate structures associated with epithelial cells, and were sometimes located
intracellularly (Nistico, Kreft et al. 2011).

Streptococcus pneumoniae
S. pneumoniae (also known as pneumococcus) is a non-motile, gram-positive
diplococcus. S. pneumoniae can be found in culture as both individual cocci and as chains, and is
alpha-hemolytic when grown on agar containing blood. S. pneumoniae is commonly found living
commensally in the human nasal passages (Regev-Yochay, Raz et al. 2004), and more than half
of children are colonized by S. pneumoniae by the age of one year (García-Rodríguez and
Fresnadillo Martínez 2002). Disease occurs when S. pneumoniae disseminates to normally sterile
sites; in addition to otitis media, S. pneumoniae can cause pneumonia, meningitis, sinusitis,
conjunctivitis, and sepsis (Kadioglu, Weiser et al. 2008).
A multitude of virulence factors have been described for S. pneumoniae. Pneumolysin
contributes to virulence of S. pneumoniae by driving the host inflammatory response and enabling
invasion into the blood (Marriott, Mitchell et al. 2008). Hydrogen peroxide, produced by the
pyruvate oxidase SpxB, contributes to adhesion of S. pneumoniae to host cells; a spxB mutant
demonstrated impaired virulence in mouse models of nasopharyngeal carriage, as well as
pneumonia and sepsis (Spellerberg, Cundell et al. 1996). The NanA neuraminidase contributes to
host colonization by cleaving sialic acid from host cells, exposing host receptors for binding by S.
pneumoniae (Tong, Liu et al. 2002). NanA also contributes to biofilm formation (Parker, Soong
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et al. 2009). S. pneumoniae phosphorylcholine permits binding to the receptor for plateletactivating factor, facilitating colonization (Cundell, Gerard et al. 1995).
Another factor associated with both commensal and virulent lifestyles for Streptococcus
pneumoniae is the ability to form biofilms (Allegrucci, Hu et al. 2006). Biofilms containing S.
pneumoniae have been detected in adenoid tissue of patients with otitis media (Hoa, Tomovic et
al. 2009), and in middle ear mucosae of patients undergoing tympanostomy tube placement (Hoa,
Tomovic et al. 2009). In a chinchilla model of experimental otitis media, S. pneumoniae formed
biofilm-like communities in the middle ear (Reid, Hong et al. 2009).
The pneumococcal capsular polysaccharide, encoded by multiple genes within the cps
locus, is arguably the most well-known virulence factor for S. pneumoniae. S. pneumoniae are
categorized into serotypes based on their capsule. This was traditionally done using the Quelling
reaction (German for “swelling”), in which serotype-specific antibodies agglutinate to the capsule
and can be visualized as a swelling of the cell. This process was first published by Fred Neufeld
in 1902 (Neufeld 1902). Current serotyping methods use polymerase chain reaction, (Pai, Gertz
et al. 2006). Over 91 distinct capsule serotypes of S. pneumoniae have been identified (Calix and
Nahm 2010). Serotypes can differ in their invasiveness and carriage rates (Hausdorff, Feikin et
al. 2005).
The capsular polysaccharide provides protection against opsonophagocytosis by blocking
complement deposition and interfering with access to opsonins deposited on the pneumococcal
cell wall (Brown, Hosea et al. 1982, Szu, Clarke et al. 1983, Abeyta, Hardy et al. 2003). The
pneumococcal capsule has also been shown to protect S. pneumoniae against neutrophil
extracellular traps (Wartha, Beiter et al. 2007), an alternate mechanism of bacterial killing by
neutrophils (Brinkmann, Reichard et al. 2004). Deletion of capsule expression results in
attenuated virulence; in a mouse model, a capsule deletion mutant showed decreased ability to
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colonize the nasopharynx, due to an inability to effectively transit through the mucus layer to
reach the epithelial surface (Nelson, Roche et al. 2007).
The contribution of the pneumococcal capsule to virulence has made it a popular
vaccination target. In 1977, the first pneumococcal polysaccharide vaccine was introduced, a 14valent vaccine containing antigens for serotypes associated with invasive pneumococcal disease
(Helms 1978, Hilleman, Carlson et al. 1981). Protection against a broader range of
pneumococcal serotypes was provided by the 23-valent pneumococcal polysaccharide vaccines
(PPV23) introduced in 1983 (Hilleman, Carlson et al. 1981, Robbins, Austrian et al. 1983,
Klastersky, Mommen et al. 1986). Both generations of pneumococcal polysaccharide vaccines
were recommended for use in elderly adults, but not children under the age of two, due to poor
immunogenicity (Grabenstein and Klugman 2012). The unsuitability of the pneumococcal
polysaccharide vaccines for children under the age of two was especially problematic due to the
increased risk for invasive pneumococcal disease in that demographic (Levine, Farley et al.
1999). To address this need, the first pneumococcal conjugate vaccine, a seven-valent
formulation (PCV7), was introduced in 2000. PCV7 incorporated the modified diptheria toxin
CRM197 as a conjugated carrier protein, and was found to generate an effective immune response
in children under the age of two (Choo, Zhang et al. 2000, Miernyk, Parkinson et al. 2000, Zielen,
Buhring et al. 2000). Following introduction of routine PCV7 vaccination, there was a ~42%
decrease in acute otitis media-related healthcare visits and prescriptions in 2004 as compared to
1997 (Zhou, Shefer et al. 2008). However, one study indicated that other factors may have
played a role in decreasing acute otitis media diagnoses during that time period, as evidenced by a
linear decrease in acute otitis media diagnoses beginning prior to PCV7 introduction in Canada
(Wals, Carbon et al. 2009). Further, PCV7 vaccination (boosted by 23-valent polysaccharide
vaccine) did not significantly decrease the number of acute otitis media episodes in children who
had previously experienced recurrent acute otitis media; these children saw a decrease in carriage
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of conjugate serotypes but an increase in non-vaccine serotypes (Veenhoven, Bogaert et al. 2003,
van Kempen, Vermeiren et al. 2006). This phenomenon is known as serotype replacement, in
which non-vaccine serotypes increase in prevalence due to selective pressure (Weinberger,
Malley et al. 2011). In addition to selection for non-vaccine serotypes, S. pneumoniae can
undergo capsular switching to evade host immunity (Wyres, Lambertsen et al. 2013). Capsule
switching occurs when a lineage of S. pneumoniae acquires genes encoding capsular
polysaccharide of another serotype. The lasting impact of the 2010 introduction of the 13-valent
pneumococcal conjugate vaccine, which targets the seven serotypes of PCV7 and six additional
serotypes, remains to be determined (Esposito, Tansey et al. 2010).
S. pneumoniae undergoes spontaneous phase variation with respect to capsule expression
(Weiser 1993, Saluja and Weiser 1995). Translucent phase variants express less capsular
polysaccharide but a greater amount of teichoic acid, while opaque phase variants exhibit greater
capsule expression and lower teichoic acid expression (Kim and Weiser 1998, Kim, RomeroSteiner et al. 1999). Opaque variants are more virulent in a mouse model of systemic disease
(Kim and Weiser 1998), but translucent phase variants more readily colonize the nasopharynx in
an infant rat model (Weiser, Austrian et al. 1994, Cundell, Weiser et al. 1995). In a study of S.
pneumoniae isolates from the nasopharynx and middle ears of children with otitis media, the
opaque phase was found more frequently in the middle ear, while the translucent phase was more
prevalent in the nasopharynx (Arai, Hotomi et al. 2011). Arai and colleagues hypothesized that
the difference was due to different selective pressures: protection from opsonophagocytosis is
critical in the middle ear, while adhesion is critical to colonization in the nasopharynx.
S. pneumoniae which do not express any capsular polysaccharide are classified as
nontypeable, due to the inability to type such strains using traditional quelling methods. The loss
of capsule expression by nontypeable S. pneumoniae can result from deletion or disruption of the
cps locus, and lineages of nontypeable S. pneumoniae have been categorized into two groups
13

based on the mechanism responsible: Group I nontypeable S. pneumoniae have a disrupted cps
locus, while Group II nontypeable S. pneumoniae lack the cps locus but contain aliB-like open
reading frames (Park, Kim et al. 2012). Due to the role of the capsule in pneumococcal
colonization of the host mucosal surface, it has been hypothesized that nontypeable S.
pneumoniae require a compensatory mechanism to overcome capsule deficiency (Keller, Jones et
al. 2013). Some nontypeable strains possess the novel protein pneumococcal surface protein K
(PspK), which enhanced nasal colonization in a mouse model (Park, Kim et al. 2012, Keller,
Jones et al. 2013).
Nontypeable S. pneumoniae has been widely implicated in bacterial conjunctivitis
(Carvalho, Steigerwalt et al. 2003, Martin, Turco et al. 2003, Berron, Fenoll et al. 2005), but is
increasingly recognized as a potential pathogen in invasive disease (Weatherholtz, Millar et al.
2010, Scott, Hinds et al. 2012), including otitis media (Xu, Kaur et al. 2011, Scott, Hinds et al.
2012).

Haemophilus influenzae
Haemophilus influenzae is a non-motile, gram-negative coccobacillus from the family
Pasteurellaceae. The species name influenzae was originally chosen due to its isolation by
Richard Pfeiffer in 1892 from the sputum of influenza patients, upon which H. influenzae was
mistakenly considered the causative agent (2012). H. influenzae has the important historical
distinction of being the first free-living organism to be fully-sequenced, in 1995 (Fleischmann,
Adams et al. 1995).
Most children are colonized by H. influenzae in the first year of life, and multiple strains
can colonize at the same time (Faden, Duffy et al. 1995). H. influenzae exist as both encapsulated
and non-encapsulated (nontypeable) strains. There are six encapsulated serotypes, a through f,
identified by Margaret Pittman in 1931 (Pittman 1931). Encapsulated H. influenzae type b (Hib)
14

was the leading cause of bacterial meningitis in young children prior to introduction of the Hib
conjugate vaccines in 1991 (Eskola, Peltola et al. 1987, Black, Shinefield et al. 1991). Following
introduction of the Hib conjugate vaccines, the incidence of Hib disease has decreased by more
than 95% (Peltola, Kilpi et al. 1992, Wenger 1998).
Nontypeable H. influenzae (NTHi) lack a capsular polysaccharide, and therefore the Hib
conjugate vaccine does not provide protection against colonization. NTHi is one of the two
leading bacterial causes of acute otitis media, along with S. pneumoniae (Vergison 2008). In a
study of pathogens of otitis media, NTHi was isolated more frequently than other otopathogens
from children with recurrent acute otitis media and acute otitis media with treatment failure, as
defined by persisting signs of otitis media after more than 48 hours of antibiotic treatment
(Pichichero, Casey et al. 2008). In addition to otitis media, NTHi causes other upper and lower
respiratory diseases including sinusitis, pneumonia, and exacerbations of chronic obstructive
pulmonary disease (Murphy 2003). NTHi is also a leading cause of bacterial conjunctivitis
(Friedlaender 1995).
A number of important factors for virulence and colonization have been identified.
Some isolates of NTHi express pili, which mediate adherence to nasopharyngeal and nasal tissue
as well as mucin (Farley, Stephens et al. 1990, Read, Wilson et al. 1991, Kubiet, Ramphal et al.
2000). Studies indicate that only approximately 15% of NTHi isolates express pili (Geluk, Eijk et
al. 1998, Krasan, Cutter et al. 1999). The majority of NTHi isolates express the high-molecularweight (HMW) proteins HMW1 and HMW2 (Barenkamp and Leininger 1992), which promote
adhesion to human epithelial cells (St Geme, Falkow et al. 1993, Vuong, Wang et al. 2013). An
estimated 75% of NTHi isolates express HMW1/HMW2; the majority of isolates that do not
express HMW1/HMW2 instead possess the adhesin Hia, which similarly mediates adherence to
respiratory epithelial cells (Barenkamp and St Geme 1996) (St Geme, Cutter et al. 1996, St
Geme, Kumar et al. 1998). Another adhesin commonly expressed by both NTHi and
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encapsulated H. influenzae is Hap, which promotes adhesion to epithelial surfaces and microcolony formation (St Geme, de la Morena et al. 1994, Hendrixson and St Geme 1998). The outer
membrane proteins P2 and P5 both facilitate adhesion to mucin (Reddy, Bernstein et al. 1996),
and P5 also interacts with human CEACAM1 cell adhesion molecules (Virji, Evans et al. 2000,
Hill, Toleman et al. 2001).
The outer membrane of H. influenzae includes lipooligosaccharide, which lacks the Oantigen found in the lipopolysaccharide of most gram-negative bacteria, and is composed of
variable combinations of glucose, galactose, phosphorylcholine, and sialic acid (Masoud, Moxon
et al. 1997, Risberg, Masoud et al. 1999). Decoration of lipooligosaccharide with
phosphorylcholine is subject to phase variation via the phase-variable lic1 locus (Weiser,
Shchepetov et al. 1997). The phosphorylcholine of lipooligosaccharide promotes adherence of
NTHi to human epithelial cells, and may play a role in invasion via interaction with the receptor
for platelet-activating factor (Swords, Buscher et al. 2000). Phosphorylcholine also promotes
maturation of stable biofilm communities and decreases early host inflammation, contributing to
bacterial persistence in a chinchilla model of otitis media (West-Barnette, Rockel et al. 2006,
Hong, Mason et al. 2007, Hong, Pang et al. 2007).
Biofilm formation by NTHi contributes to persistence during both nasopharyngeal
carriage and disease, including otitis media (Swords 2012). NTHi has been detected in biofilms
from the nasopharynx and middle ear mucosa of individuals with otitis media (Hoa, Tomovic et
al. 2009, Nistico, Kreft et al. 2011), and forms biofilms in the chinchilla middle ear during
experimental otitis media (Ehrlich, Veeh et al. 2002). In addition to phosphorylcholine, the NTHi
lipooligosaccharide is decorated with sialic acid, which also contributes to biofilm formation
(Swords, Moore et al. 2004, Jurcisek, Greiner et al. 2005). Deletion of sialyltransferase from
NTHi results in decreased virulence and biofilm formation (Swords, Moore et al. 2004, Jurcisek,
Greiner et al. 2005). Other bacterial factors, such as the previously mentioned adhesins HMW1,
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HMW2, and Hap, also play a role in the composition of the biofilm extracellular matrix (Webster,
Wu et al. 2006). Host components may also contribute to the biofilm structure, such as
neutrophil extracellular traps (NETs) (Brinkmann, Reichard et al. 2004, Hong, Juneau et al. 2009,
Juneau, Pang et al. 2011, Hamaguchi, Seki et al. 2012). NTHi is able to survive in NETs, and
studies have shown that this actually enhances persistence in the chinchilla middle ear (Juneau,
Pang et al. 2011).

Adenovirus

Adenovirus is an icosahedral, non-enveloped, double-stranded DNA virus. Adenovirus was
named based on its original isolation from adenoidal tissue in 1953 (Enders, Bell et al. 1956).The
taxonomic family Adenoviridae includes adenoviruses specific to a variety of host species,
including birds, reptiles, amphibians, and mammals. Human adenovirus includes 57 identified
types, classified into seven species, A through G. Although adenoviruses are generally specific to
a particular species, there are reports of inter-species transmission (Phan, Shimizu et al. 2006,
Luiz, Leite et al. 2010).
Infection with adenovirus can cause a variety of disease in humans, depending on the
type of adenovirus. Most commonly, adenoviruses cause mild upper respiratory tract infections,
but they can also cause conjunctivitis and gastroenteritis (Pacini, Collier et al. 1987, Hong, Lee et
al. 2001, Lynch, Fishbein et al. 2011, Ronchi, Doern et al. 2014). In rare instances, adenovirus
can induce acute respiratory disease and even result in death, especially in immunocompromised
individuals (Echavarria 2008). Most children are infected with adenovirus by the age of five, and
adenovirus is estimated to account for 5-15% of all upper respiratory tract infections (Makela,
Puhakka et al. 1998, Hong, Lee et al. 2001). Adenovirus groups B, C, and E show tropism for the
respiratory tract, and therefore account for the majority of adenovirus-related infections of the
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respiratory tract; groups A and F preferentially infect the gastrointestinal tract; and group D
causes keratoconjunctivitis (Tebruegge and Curtis 2010).
Following transmission to a host, the adenovirus lifecycle begins with attachment to the
host cell. In human adenovirus types other than type B, attachment occurs primarily via
interaction between the adenoviral fiber and the coxsackie-adenovirus receptor (CAR) on the host
cell (Bergelson, Cunningham et al. 1997, Tomko, Xu et al. 1997, Roelvink, Lizonova et al. 1998).
The penton base protein of the adenoviral capsid then interacts with αv integrins on the host cell
to induce endocytosis via clathrin-coated pits (Wang, Huang et al. 1998, Smith, Wiethoff et al.
2010, Wolfrum and Greber 2013). Adenovirus escapes the endosome by promoting lysis in a pHdependent manner (Blumenthal, Seth et al. 1986, Meier and Greber 2004). The viral genome
then enters the nucleus through the nuclear pore complex (Trotman, Mosberger et al. 2001). The
adenoviral genome consists of four early gene regions, E1 through E4, that direct viral gene
expression and genome replication, and five late gene regions, L1 through L5, which encode the
viral structural units. Host cellular machinery transcribes the early gene products, which in turn
deregulate the cell cycle, promote DNA synthesis, and promote further viral gene expression.
Gene products of the E2 region encode the viral DNA polymerase, as well as the precursor
terminal protein (pTP). The pTP directs viral genome replication by providing a 3’ hydroxyl to
the viral DNA (Angeletti and Engler 1998). E3 gene products counter the host immune response
via functions including down-regulation of MHC class I, inhibition of TNF-mediated apoptosis,
and down-regulation of TNF, Fas, and TRAIL receptors (Burgert, Ruzsics et al. 2002). Finally,
the gene products of the E4 region primarily promote nucleic acid metabolism. Late gene
expression provides the self-assembling structural units of the adenoviral capsid, into which the
viral newly replicated adenoviral genome is packaged (San Martin 2012). The adenovirus death
protein (ADP), encoded in the E3 region, induces cell lysis and allows for release of viral progeny
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(Tollefson, Scaria et al. 1996). The ADP contributes to the cytopathic effect characteristic of
adenovirus infection (Armstrong and Pereira 1960, Yun, Kim et al. 2005).
Adenovirus infection is a major risk factor for otitis media; children with adenovirus
infection are three to four times more likely to develop otitis media (Pettigrew, Gent et al. 2011).
Experimentally, type 1 adenovirus induced otitis media following transbullar inoculation into the
chinchilla middle ear (Bakaletz, Daniels et al. 1993). Intranasal inoculation of type 1 adenovirus
in chinchillas decreases ciliary function, reduces Eustachian tube transport time, and
compromises the integrity of the Eustachian tube epithelium (Bakaletz, Daniels et al. 1993).
Antecedent type 1 adenovirus infection promotes ascension of nontypeable H. influenzae in
chinchillas (Suzuki and Bakaletz 1994).
Bacterial-bacterial interactions
Normal flora can potentially be protective against otopathogens. Alpha-hemolytic
streptococci, which were found to make up an average of 48% of the normal flora in non-otitis
prone children, versus 23% in otitis-prone children (Bernstein, Sagahtaheri-Altaie et al. 1994),
inhibit the growth of S. pneumoniae, H. influenzae, and M. catarrhalis in vitro (Bernstein,
Sagahtaheri-Altaie et al. 1994, Tano, Olofsson et al. 1999). A trial using a nasal spray of αhemolytic streptococci as treatment for otitis media-prone children reported a decrease in
recurrent episodes of acute otitis media (Roos, Hakansson et al. 2001).
Streptococcus pneumoniae and H. influenzae, the two leading bacterial agents of otitis
media, demonstrate a complex relationship of both competitive and cooperative interactions.
From a competitive standpoint, some epidemiological studies of nasopharyngeal carriage in
children have reported a negative association between carriage of S. pneumoniae and H.
influenzae in children with upper respiratory tract infection (Pettigrew, Gent et al. 2008).
Interestingly, the same study reported that the presence of the third most prevalent otopathogen,
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Moraxella catarrhalis, shifted the association of S. pneumoniae and H. influenzae to a positive
association.
S. pneumoniae kills H. influenzae in vitro due to the production of hydrogen peroxide
(Pericone, Overweg et al. 2000). The same study found that hydrogen peroxide produced by S.
pneumoniae also killed M. catarrhalis and Neisseria meningitidis, two other common members of
the nasopharyngeal flora. Another study reported that hydrogen peroxide produced by S.
pneumoniae killed S. aureus (Regev-Yochay, Trzcinski et al. 2006). Interestingly, M.
catarrhalis, H. influenzae, N. meningitidis, and S. aureus are all catalase-positive, indicating that
S. pneumoniae produces more hydrogen peroxide than can be effectively catalyzed by other upper
respiratory inhabitants in vitro. However, hydrogen peroxide production by S. pneumoniae was
not found to significantly affect survival of S. aureus in a neonatal rat nasal colonization model,
and coinfection with a non-hydrogen peroxide producing mutant of S. pneumoniae did not change
bacterial loads of S. aureus (Margolis 2009), indicating that pneumococcal hydrogen peroxide
may not be as potent in a natural setting.
S. pneumoniae has also been reported to affect cell surface composition of other
inhabitants of the upper respiratory tract. The S. pneumoniae neuraminidase NanA is able to
desialylate the surface of H. influenzae (Shakhnovich, King et al. 2002); sialic acid on H.
influenzae is important for host colonization and protection against factor H.
Both S. pneumoniae and NTHi produce phosphorylcholine (Weiser, Shchepetov et al.
1997, Harnett and Harnett 1999). Phosphorylcholine is immunogenic and immunization provides
some protection against colonization by NTHi and S. pneumoniae (Goldenberg, McCool et al.
2004, Tanaka, Fukuyama et al. 2007). Phase variation of NTHi phosphorylcholine expression
may enable NTHi to prime the host immune response against phosphorylcholine and then persist
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in the off phase, while phosphorylcholine on S. pneumoniae is targeted (Bosch, Biesbroek et al.
2013).
In a mouse nasal colonization model, coinfection with H. influenzae resulted in rapid
clearance of S. pneumoniae from the nasopharynx (Lysenko, Ratner et al. 2005). This
competitive interaction was dependent on neutrophil and complement activity (Lysenko, Ratner
et al. 2005). Further studies revealed that antigenic components of both species synergized to
drive an innate immune response that benefitted survival of H. influenzae. Following exposure to
S. pneumoniae pneumolysin, the peptidoglycan of H. influenzae was able to enter the cytosol of
host cells through pores formed by the action of pneumolysin; intracellular peptidoglycan then
activated NFκB expression via Nod1 signalling, triggering a stronger neutrophilic response which
negatively impacted S. pneumoniae (Lysenko, Clarke et al. 2007, Ratner, Aguilar et al. 2007).
Experimental and epidemiological evidence also indicate that Streptococcus pneumoniae
and H. influenzae can co-exist or even cooperate. In a longitudinal study of nasal colonization,
there was a positive association between S. pneumoniae and H. influenzae in healthy aboriginal
and non-aboriginal children (Jacoby, Watson et al. 2007). In a neonatal rat model, H. influenzae
colonized at greater densities following intranasal inoculation into animals already colonized with
S. pneumoniae (Margolis, Yates et al. 2010). The authors also reported increased H. influenzae
growth in broth culture with S. pneumoniae. In the context of experimental otitis media, NTHi
promoted biofilm formation by S. pneumoniae in the chinchilla middle ear, and the two species
persisted together for up to 21 days post-infection (Weimer, Armbruster et al. 2010). The
increased pneumococcal biofilm formation corresponded with a decrease in invasive disease
caused by S. pneumoniae. NTHi also promoted biofilm formation by M. catarrhalis, resulting in
increased persistence in the chinchilla middle ear (Armbruster, Hong et al. 2010). The interaction
between NTHi and M. catarrhalis was mediated by the interspecies quorum sensing molecule AI2, which was produced by NTHi and taken up by M. catarrhalis; it remains to be determined
21

whether AI-2 production by NTHi plays a role in the interaction between NTHi and S.
pneumoniae, though it should be noted that S. pneumoniae produces its own AI-2, while M.
catarrhalis does not.
S. pneumoniae and NTHi can participate in passive antibiotic protection, the phenomenon
of one species indirectly conferring protection to another species against the actions of an
antibitotic that would kill the second species in the absence of the first. Weimer et al
demonstrated that NTHi provided protection to S. pneumoniae against amoxicillin, both in vitro
as static biofilm culture, and in vivo during experimental coinfection in the chinchilla middle ear
(Weimer, Juneau et al. 2011). Protection was largely mediated by the beta-lactamase produced
by NTHi; the Δbla mutant deleted of the beta-lactamase gene did not protect S. pneumoniae in
static biofilm culture, but did confer some level of protection, albeit diminished compared to
wild-type NTHi, in vivo in the chinchilla middle ear. The authors hypothesized that NTHi
therefore provided passive antibiotic protection via multiple mechanisms: beta-lactamase
production and biofilm formation. Studies of beta-lactam resistance in NTHi have reported that
as many as a third of isolates produce beta-lactamase (Doern, Jones et al. 1999, Beekmann,
Heilmann et al. 2005). However, other mechanisms of resistance exist, as evidenced by a study
in Japan that found 39% of isolates to be ampicillin resistant but beta-lactamase-negative
(Harimaya, Yokota et al. 2008).
Viral-bacterial interactions
Epidemiological data supports a strong association between viral upper respiratory
infection and otitis media. During a longitudinal study, 49% of new otitis media cases were
associated with an upper respiratory infection in the child (Winther, Doyle et al. 2006). Another
study reported that 65% of otitis media cases involve coinfection with virus and bacteria (Segal,
Leibovitz et al. 2005). In a thorough longitudinal study of 294 Texas children, greater than 60%
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of children with upper respiratory infection developed otitis media (Chonmaitree, Revai et al.
2008). This study by Chonmaitree et al further examined the epidemiological basis of different
viruses with respect to specific sequelae of otitis media. Following adenovirus infection, 47% of
children developed acute otitis media and 27% developed otitis media with effusion; a similar
pattern was observed in children infected with respiratory syncytial virus and coronavirus.
Approximately one-third of upper respiratory infections caused by rhinovirus, enterovirus,
parainfluenza, and influenza virus resulted in acute otitis media. In the study, adenovirus and
rhinovirus were the two most commonly detected viruses during upper respiratory infection.
Viral infection can influence concurrent or subsequent bacterial infection through a
number of mechanisms (Figure 3). Perhaps the most thoroughly described viral-bacterial
interactions are those of Influenza A virus and S. pneumoniae. Synergistic interactions between
Influenza A virus and S. pneumoniae are widely attributed to the severe morbidity of the 1918
Spanish Flu pandemic (Brundage 2006, McCullers 2014). In a mouse model that caused 15%
mortality following intranasal infection with S. pneumoniae alone, antecedent infection with
Influenza A followed by infection with S. pneumoniae caused 100% mortality (McCullers and
Rehg 2002). Another study that demonstrated a similar degree of lethal synergism between S.
pneumoniae and Influenza A reported increased IL-10 levels in the lungs of influenza-infected
animals, suggesting that changes to the host immune response due to viral infection may play a
role in promotion of bacterial otitis media (van der Sluijs, van Elden et al. 2004). Host immune
modulation may also act on the innate immune response. In a mouse model, influenza A
infection suppressed neutrophil activity, as characterized decreased phagocytic and oxidative
burst activity, resulting in greater susceptibility to secondary pneumococcal pneumonia
(McNamee and Harmsen 2006).
Viral respiratory infection may also promote bacterial infection by compromising normal
function of innate host defenses. In an ex vivo murine tracheal model, infection with influenza
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Figure 3: Mechanisms of viral-bacterial interaction. (A) Viral infection may predispose hosts
to bacterial infection at the respiratory epithelial surface. Viral infection can cause changes to the
epithelial surface by mechanisms including damaging ciliae, compromising the epithelial
integrity, decreasing expression of antimicrobial peptides, or revealing receptors for bacterial
adhesion. (B) Viral infection may also cause changes to the host immune response which
predispose the host to bacterial infection, through mechanisms such as impairing macrophage
activity, increasing anti-inflammatory cytokine expression, impairing toll-like receptor (TLR)
signaling, or impairing monocyte function. (Bosch, Biesbroek et al. 2013)
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decreased mucociliary velocity, resulting in decreased clearance of S. pneumoniae from the
epithelium (Pittet, Hall-Stoodley et al. 2010). Influenza virus can also affect the spread of
bacterial pathogens among hosts. In a ferret model, antecendent influenza infection enhanced
transmission of S. pneumoniae between hosts (McCullers, McAuley et al. 2010); the capacity of
influenza virus to modulate bacterial transmission varies among influenza types (Peltola, Boyd et
al. 2006)
Influenza A virus promotes bacterial otitis media. In a chinchilla model, when animals
were inoculated with a chinchilla-passaged influenza A virus two days after intranasal inoculation
with S. pneumoniae, there was an increased incidence of otitis media compared to animals
infected with S. pneumoniae alone (Giebink, Berzins et al. 1980). Reversal of the order of
inoculation, with influenzae virus infection preceding S. pneumoniae infection, also promoted
pneumococcal otitis media; S. pneumoniae counts in the nasopharynx and middle ear were
increased, and disease presentation and duration were increased (Tong, Fisher et al. 2000). The
results of the latter study support the hypothesis that viral coinfection promotes bacterial otitis
media by increasing carriage loads, as suggested by epidemiological studies that show an
association between bacterial carriage levels and incidence of otitis media (Faden, Duffy et al.
1997). Controlled trials evaluating the potential of influenza vaccination in reducing acute otitis
media reported some success, but did not substantially reduce disease burden (Heikkinen,
Ruuskanen et al. 1991, Marchisio, Cavagna et al. 2002, Hoberman, Greenberg et al. 2003).
Influenza A virus increased adherence of both S. pneumoniae and NTHi to human airway
epithelial cells in vitro (Avadhanula, Rodriguez et al. 2006). The influenza neuraminidase was
found to promote bacterial adherence to airway epithelial cells by stripping sialic acid from the
host cell surface, thereby exposing receptors for pneumococcal binding (McCullers and Bartmess
2003). Use of a neuraminidase inhibitor during coinfection improved survival of mice. Influenza
strains with stronger neuraminidase activity supported greater adherence of S. pneumoniae to
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epithelial cells in vitro and resulted in a higher degree of secondary pneumococcal pneumonia in
a mouse coinfection model (Peltola, Murti et al. 2005).
Respiratory syncytial virus also enhanced adhesion of S. pneumoniae and NTHi to
epithelial cells in vitro (Hament, Aerts et al. 2004, Avadhanula, Rodriguez et al. 2006).
Interestingly, respiratory syncytial virus enhanced adhesion of S. pneumoniae to epithelial cells
by directly binding to the bacteria, resulting in increased invasive disease in a mouse coinfection
model (Hament, Aerts et al. 2005). Respiratory syncytial virus also promoted bacterial otitis
media caused by M. catarrhalis, by enhancing bacterial ascension, resulting in acute otitis media
in a chinchilla model (Brockson, Novotny et al. 2012). Enhancement of bacterial adhesion was
reported during coinfection with rhinovirus and S. pneumoniae, in which rhinovirus infection
increased expression of the receptor for platelet activating factor in airway epithelial cells in vitro,
resulting in increased adherence of S. pneumoniae (Ishizuka, Yamaya et al. 2003). Adenovirus
promoted adhesion of S. pneumoniae to A549 human respiratory tract epithelial cells (Hakansson,
Kidd et al. 1994). Only adenoviral serotypes that cause respiratory infections increased
pneumococcal adhesion, including types 1, 2, 3, and 5. The effect of the virus on adhesion of S.
pneumoniae varied among pneumococcal serotypes as well; S. pneumoniae that adhered poorly to
epithelial cells were not enhanced. The effect of adenovirus was bacterial species-specific as
well; adenovirus did not enhance adhesion of H. influenzae.
Studies of the effect of adenovirus infection on bacterial otitis media have focused on
type 1 adenovirus, a Group C adenovirus that causes upper respiratory infections. In the
chinchilla model, type 1 adenovirus promotes ascension of NTHi into the middle ear during
experimental coinfection (Suzuki and Bakaletz 1994). The authors found that adenovirus
infection induced dysfunction of normal mucociliary clearance in the Eustachian tubes, resulting
in decreased ciliary beating velocity and loss of some cilia, resulting in enhanced ascension of
NTHi through the Eustachian tubes (Bakaletz, Daniels et al. 1993, Suzuki and Bakaletz 1994,
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Miyamoto and Bakaletz 1997). Type 1 adenovirus could also induce otitis media in the absence
of bacterial inoculation, when virus was inoculated directly into the middle ear (Bakaletz, Daniels
et al. 1993). Type 1 adenovirus did not promote ascension of M. catarrhalis (Bakaletz, Murwin
et al. 1995), in contrast to the previously mentioned capacity of respiratory syncytial virus to
promote ascension of M. catarrhalis (Brockson, Novotny et al. 2012), demonstrating that viralbacterial synergism can be species-specific with respect to the virus and bacteria. Additionally,
Tong et al reported that influenza A virus, but not type 1 adenovirus, promoted pneumococcal
otitis media (Tong, Fisher et al. 2000).

Statement of research purpose

The goal of this research project is to enhance our understanding of pneumococcal otitis
media in the context of polymicrobial infections. First, we sought to elucidate the contribution of
adenovirus infection to middle ear infection caused by S. pneumoniae. We found that preceding
infection by human type 5 adenovirus caused an increase in incidence of bacterial middle ear
infection during intranasal infection with S. pneumoniae. Second, we aimed to define the ability
of nontypeable S. pneumoniae to cause otitis media as either a single-species infection or in a
polymicrobial infection with NTHi. We found that nontypeable S. pneumoniae colonized the
nasopharynx and middle ear following intranasal and transbullar inoculation, respectively, but
failed to ascend the Eustachian tubes during intranasal infection. Nontypeable S. pneumoniae
persisted with NTHi in the chinchilla middle ear, a finding with possible implications for
antibiotic treatment of otitis media.
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Chapter 2: Nontypeable Streptococcus pneumoniae causes otitis media during single-species
infection and during polymicrobial infection with nontypeable Haemophilus influenzae
Kyle A Murrah, Bing Pang, Stephen Richardson, Antonia Perez, Jennifer Reimche, Lauren King,
John Wren, W. Edward Swords
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ABSTRACT
Nontypeable Streptococcus pneumoniae which lack the capsular polysaccharide associated with
virulence have been isolated from both carriage and disease contexts. Since most cases of otitis
media involve more than one bacterial species, we aimed to determine the capacity of a
nontypeable 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 nontypeable S. pneumoniae colonizes the
nasopharynx following intranasal inoculation, but does not readily ascend into the middle ear.
However, when we inoculated nontypeable S. pneumoniae directly into the middle ear, the
pneumococcus persisted for two weeks post-inoculation and induced otitis media. During
coinfection with nontypeable H. influenzae, both species persisted for one week and induced
polymicrobial otitis media. This has implications for antibiotic treatment, as we found that
nontypeable H. influenzae protected nontypeable S. pneumoniae from amoxicillin in vitro.
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INTRODUCTION
Streptococcus pneumoniae causes a broad spectrum of human disease when it
disseminates from its normal commensal lifestyle within the nasopharynx, including pneumonia,
sepsis, sinusitis, and otitis media (Kadioglu, Weiser et al. 2008). Otitis media, which occurs
when bacteria in the nasopharynx 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, Malone et al. 2001).
Streptococcus pneumoniae and nontypeable Haemophilus influenzae (NTHi) are the two
most commonly isolated bacterial species from individuals with otitis media (Laufer, Metlay et
al. 2011). Since the introduction of the 7-valent pneumococcal conjugate vaccine (PCV7), nonPCV7 pneumococcal serotypes have increased in prevalence, including unencapsulated strains
(Sa-Leao, Nunes et al. 2009). The majority of S. pneumoniae involved in otitis media are
encapsulated, but nontypeable S. pneumoniae strains have been isolated from both carriage and
disease contexts. Nontypeable S. pneumoniae is frequently detected living commensally in the
nasopharynx (Hanage, Kaijalainen et al. 2006), but has been implicated in invasive disease
(Weatherholtz, Millar et al. 2010, Scott, Hinds et al. 2012), including conjunctivitis (Carvalho,
Steigerwalt et al. 2003, Martin, Turco et al. 2003, Berron, Fenoll et al. 2005, Hanage, Kaijalainen
et al. 2006) and otitis media (Xu, Kaur et al. 2011). The pneumococcal capsule is a critical factor
for colonization in encapsulated S. pneumoniae (Magee and Yother 2001); pathogenic
nontypeable isolates have been reported to compensate for loss of capsule via expression of novel
surface proteins such PspK (Park, Kim et al. , Keller, Jones et al. 2013).
The majority of middle ear infections involve more than one species (Jacoby, Watson et
al. 2007, Laufer, Metlay et al. 2011). S. pneumoniae and NTHi have been detected within
polymicrobial biofilm communities in nasopharyngeal and middle ear clinical tissue samples
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(Hall-Stoodley, Hu et al. 2006, Hoa, Tomovic et al. 2009). Experimentally, NTHi and S.
pneumoniae have alternatively been shown to compete or co-exist. In a chinchilla model of otitis
media, NTHi and S. pneumoniae formed polymicrobial biofilms and persisted together for at least
three weeks (Weimer, Armbruster et al. 2010). Further, coinfection with NTHi promoted biofilm
formation by S. pneumoniae, resulting in decreased systemic pneumococcal infection (Weimer,
Armbruster et al. 2010). In contrast, in a mouse infection model NTHi promoted clearance of S.
pneumoniae during intranasal coinfection (Lysenko, Ratner et al. 2005).
Both S. pneumoniae and NTHi are capable of forming surface-attached communities
called biofilms (Murphy and Kirkham 2002, Domenech, Garcia et al. 2012). Biofilm formation
by S. pneumoniae occurs during both asymptomatic carriage (Munoz-Elias, Marcano et al. 2008,
Marks, Parameswaran et al. 2012) and disease (Reid, Hong et al. 2009), and S. pneumoniae forms
surface-attached communities in the chinchilla model of otitis media (Reid, Hong et al. 2009).
Interactions between multiple species in a biofilm can affect the efficacy of antibiotics. For
example, NTHi can provide passive antibiotic protection to other species in vitro as mixedspecies biofilm cultures and in vivo during polymicrobial otitis media (Armbruster, Hong et al.
2010, Weimer, Juneau et al. 2011).
In this study, we tested the capacity of a nontypeable S. pneumoniae clinical isolate to
induce disease in the chinchilla middle ear. We show that nontypeable S. pneumoniae can induce
otitis media in a chinchilla model, both as a single-species infection and as a mixed-species
infection with NTHi. We found that coinfection of nontypeable S. pneumoniae with NTHi has
implications 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.
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MATERIALS AND METHODS
Bacterial strains and growth conditions
Nontypeable Streptococcus pneumoniae strain MNZ1113 is a nasopharyngeal isolate
from a child with otitis media (Hiller, Ahmed et al. 2010). Bacteria were grown on trypticase soy
agar (BD) supplemented with 5% sheep’s blood (HemoStat Laboratories) and 4 µg/mL of
gentamicin (Sigma).
Nontypeable Haemophilus influenzae strain 86-028NP is a pediatric otitis media isolate
(Bakaletz, Tallan et al. 1989) that has been fully sequenced (Munson, Harrison et al. 2004,
Harrison, Dyer et al. 2005) and induces otitis media in the chinchilla model (Bakaletz, Leake et
al. 1997). Bacteria were grown on supplemented brain heart infusion (sBHI) agar (BD), which
has been supplemented with hemin (MP Biochemicals), nicotinamide adenine dinucleotide
(Sigma), and 3 µg/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, Mason et al. 2007, Hong, Pang et al. 2007). Briefly, NTHi grown overnight on
agar plates was resuspended in phosphate buffered saline with 0.04% gelatin (PBSG) to a
concentration of approximately 108 cfu/mL, and then diluted to the target inoculum. S.
pneumoniae was diluted from frozen stocks of known concentration into PBSG to the desired
concentration. Chinchillas were anesthetized via isoflurane inhalation and then inoculated
through one of two routes. For intranasal infection experiments, S. pneumoniae was delivered
into the nasal cavity by pipetting 100 µL of a 4x107 cfu/mL suspension into each nostril, for a
total inoculum of 8x106 cfu. Transbullar infections were performed by delivering 100 µL of
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bacterial suspension into each middle ear cavity by puncturing the bullae with a 25 gauge needle.
For single-species infections, chinchillas were inoculated with nontypeable S. pneumoniae at an
inoculum of 3x108 or 4x105 cfu for the one-week experiment, and 4x106 cfu for the two-week
experiment. For the mixed-species infection, chinchillas were inoculated via transbullar injection
with 103 cfu of NTHi and either 105 or 107 cfu of nontypeable S. pneumoniae strain MNZ1113.
Adult chinchillas were used for the first infection study we performed, the one-week transbullar
infection; two to three month old chinchillas were used for all subsequent experiments. The
switch to young chinchillas was done for the purposes of our intranasal infection study; we have
previously found that young chinchillas are slightly more prone to ascension by encapsulated S.
pneumoniae than are adult chinchillas (data not published).
Animals were monitored daily for signs of disease, including ataxia, head tilt, and
lethargy. Otoscopy was performed once every 48 hours 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 rupture (Hong, Mason et al. 2007).
Animals were euthanized at designated time points following 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 NTHi,
respectively. Nasopharyngeal, Eustachian tube, and middle ear bullae gross tissue were
aseptically excised and placed in phosphate buffered saline (15 mL, 1.5 mL, and 10 mL,
respectively), then homogenized using a Power Gen 1000 tissue homogenizer (Fisher Scientific).
Homogenized tissue suspensions were serially diluted and plated on blood agar and/or sBHI.
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All animal infection studies were approved by the Wake Forest Institutional Animal Care
and Use Committee.
Amoxicillin Protection Assay
Static biofilm cultures were established in 24-well culture plates by seeding nontypeable
S. pneumoniae and NTHi at 106 cfu each into 1 mL of sBHI broth media supplemented with 10%
horse serum and 300 µg/mL of catalase. Cultures were then incubated for 24 hours in a 5% CO2
incubator at 37°C. At the 24 hour mark, media was carefully removed and replaced with fresh
media containing 125 µg/mL amoxicillin. Cultures were incubated for an additional 24 hours.
Bacteria in biofilm culture were quantitated by carefully removing culture supernatant,
thoroughly scraping and resuspending surface-attached bacteria in phosphate-buffered saline, and
serially diluting and plating suspensions onto selective media.
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RESULTS
Nontypeable S. pneumoniae colonization in the chinchilla nasopharynx
Nontypeable S. pneumoniae strain MNZ1113 was isolated from the nasopharynx of a
child with acute otitis media (Hiller, Ahmed et al. 2010). We sought to determine the capacity of
nontypeable S. pneumoniae to colonize the healthy nasopharynx in a chinchilla model. Following
intranasal inoculation, nontypeable S. pneumoniae was detected in the nasal cavity of most
animals through seven days post-infection (Figure 4A). We also quantitated bacterial loads in the
Eustachian tubes and middle ears, to determine if nontypeable S. pneumoniae ascends into the
middle ear during the course of nasopharyngeal colonization. Nontypeable S. pneumoniae
bacterial counts predominantly fell below the limit of detection in the Eustachian tubes and
middle ear tissues (Figure 4B and 4C). 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 middle 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 otitis media during the course of the study. Based on these results, we conclude
that nontypeable strain MNZ1113 colonizes the nasopharynx but does not readily ascend through
the Eustachian tubes to induce otitis media in healthy chinchillas.
Nontypeable S. pneumoniae induces otitis media in the chinchilla infection model
Bacterial ascension through the Eustachian tubes often requires other factors, such as
viral upper respiratory infection, compromised immune function, or other causes of Eustachian
tube dysfunction (Bluestone, Hebda et al. 2005, Bakaletz 2010, Coticchia, Chen et al. 2013).
Therefore, in order to study the ability of nontypeable S. pneumoniae to induce disease in the
context of a middle ear infection, we used a transbullar inoculation model. Healthy adult
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Figure 4. Nontypeable S. pneumoniae colonizes the chinchilla nasopharynx with minimal
ascension into the middle ear. Chinchillas were inoculated intranasally with nontypeable S.
pneumoniae strain MNZ1113. Pneumococcal bacterial loads were quantitated at 1, 4, and 7 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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chinchillas were inoculated with one of two doses of strain MNZ1113 and pneumococcal
bacterial loads were quantitated at 3 and 7 days post-inoculation. Infection outcome was dosedependent: approximately half of animals inoculated with the low dose of S. pneumoniae strain
MNZ1113 cleared the infection within the first 3 days, while those inoculated with the high dose
were consistently colonized (Figure 5). S. pneumoniae was recovered from both homogenized
middle ear tissue (Figure 5A) and middle ear effusion and lavage fluid (Figure 5B). Middle ear
effusion fluid was present in about half of the chinchilla ears of either inoculum dose at 3 days
post-inoculation, but was found only in the ears of the high-dose group at 7 days post-inoculation
(data not shown). Similarly, while biofilms of varying sizes were observable in all ears at 3 days
post-inoculation, only the ears of the high-dose group had visible biofilms at 7 days postinoculation. In an extended time course experiment, we found that nontypeable S. pneumoniae
strain MNZ1113 continued to persist through two weeks post-inoculation (Figure 6). Beginning
at 7 days post-inoculation, pneumococcus was detected only in homogenized tissue and not from
middle ear fluid (Figure 6A and 6B). Otoscopic monitoring of the infected animals 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 (Figure 6C). During the
second week of infection, the otoscopy scores became more heterogenous 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.
Nontypeable S. pneumoniae and NTHi induce polymicrobial otitis media
The majority of cases of otitis media are polymicrobial in nature (Jacoby, Watson et al.
2007, Laufer, Metlay et al. 2011). NTHi and S. pneumoniae been detected together in the
nasopharynx (Jacoby, Watson et al. 2007, Casey, Adlowitz et al. 2010) and middle ear (Elliott,
Facklam et al. 1999, Hall-Stoodley, Hu et al. 2006) of individuals with otitis media. In a
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Figure 5. Nontypeable S. pneumoniae 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 3 and 7 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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Figure 6. Nontypeable S. pneumoniae persists through two weeks in the chinchilla middle
ear. Chinchilla middle ears were inoculated via transbullar injection of nontypeable S.
pneumoniae 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). Disease 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.
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chinchilla model, encapsulated S. pneumoniae and NTHi can form polymicrobial biofilms and
induce polymicrobial otitis media (Weimer, Armbruster 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 nontypeable 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 nontypeable S. pneumoniae strain MNZ1113, alone or in
combination with NTHi. At 4 and 7 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 (Figure 7A), but nontypeable S. pneumoniae was rarely
detected in the middle ear fluid of single species-infected or co-infected animals (Figure 7C).
The low dose of nontypeable S. pneumoniae was cleared from the ears of some animals in both
the single-infected and coinfected groups. In contrast, NTHi was not cleared from any ears, and
was consistently detected in the middle ear fluid (Figure 7D). Interestingly, NTHi bacterial loads
in homogenized middle ear tissue were significantly greater at both time points in the
experimental group coinfected with 107 cfu of nontypeable S. pneumoniae, as compared to
animals inoculated with NTHi alone (Figure 7B, p<0.05). There was not a significant difference
between the geometric 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, and
that the ears with NTHi counts between 107 and 108 cfu were ears in which S. pneumoniae was
still present. In contrast, ears in which S. pneumoniae was cleared had NTHi counts ranging from
104 to approximately 106 cfu. Otoscopy evaluations were scored as an indicator of disease
severity (Figure 7E). Statistical analysis was not performed on these data due the qualitative
nature of the scoring system (see materials and methods). The highest disease scores were
observed in coinfected animals.

44

Figure 7. Nontypeable S. pneumoniae and nontypeable H. influenzae persist together in the
chinchilla middle ear. Chinchillas were inoculated via transbullar injection with a high or low
dose of nontypeable S. pneumoniae (NTSp), alone or in combination with NTHi (see Methods).
At 4 and 7 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).
Middle ear disease was evaluated by otoscopic examination at 1, 4 and 6 days post-inoculation
(E); graph shows mean otoscopy scores, with error bars denoting the range of scores in each
group. *p-value <0.05; **p-value <0.01
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Nontypeable H. influenzae protects nontypeable S. pneumoniae against amoxicillin in vitro
Bacterial growth as multi-species communities can affect responses to antibiotic
treatment. In static biofilm culture, nontypeable 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 previously been shown that encapsulated S. pneumoniae can be protected
from killing by amoxicillin when co-cultured with NTHi, due to beta-lactamase production by
NTHi (Weimer, Juneau et al. 2011). We sought to determine if nontypeable S. pneumoniae
similarly benefitted from this interaction with NTHi. Briefly, nontypeable S. pneumoniae and
NTHi were seeded alone or in combination in 24-well plates to establish static biofilm cultures,
and then treated with amoxicillin (see Materials and Methods). Amoxicillin treatment completely
killed MNZ1113 in single-species culture, but did not affect viable counts when MNZ1113 was
co-cultured with NTHi (Figure 8A). Co-culture with the beta-lactamase deficient NTHi mutant
86-028NP∆bla did not provide any protection against amoxicillin treatment (Figure 8A),
indicating that protection was dependent on beta-lactamase production by NTHi.

47

Figure 8. Nontypeable H. influenzae protects nontypeable S. pneumoniae against betalactam antibiotics in vitro. Nontypeable S. pneumoniae (NTSp) and NTHi were grown as static
biofilm cultures, alone or in co-culture. At 24 hours, cultures were treated with 125 µg/mL of
amoxicillin and cultures were incubated for an additional 24 hours. Surface-attached bacteria
were removed and plated on selective media to quantitate nontypeable S. pneumoniae (A) and
NTHi (B). Graphs indicate mean bacterial cfu; error bars denote 95% confidence interval. The
dashed lines denote the bacterial limit of detection.
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DISCUSSION
In this study, we demonstrate that a nontypeable clinical isolate of S. pneumoniae is
capable of inducing otitis media in the chinchilla model, as both a single-species and
polymicrobial infection. Using the transbullar route of inoculation, we found that nontypeable S.
pneumoniae induced signs of inflammation during the first week of infection, but disease
presentation differed among animals beginning in the second week of infection, independent of
pneumococcal loads in the middle ear. The disparity in middle ear disease presentation may be a
result of using the chinchilla as a model for otitis media, since only outbred lineages are
available; this heterogeneity similarly reflects the range of differences in human disease.
Following intranasal inoculation, nontypeable S. pneumoniae strain MNZ1113 colonized
the chinchilla nasopharynx, the natural reservoir for bacterial otopathogens prior to ascension into
the middle ear. Despite persisting in the nasopharynx through the seven day time course,
nontypeable S. pneumoniae was rarely detected in the middle ear. A single animal experienced
bilateral middle ear colonization by nontypeable S. pneumoniae, but this resulted in no observable
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 experiments detailed in this study, a lower
dose of nontypeable S. pneumoniae was more likely to result in clearance from the middle 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
polysaccharide provides resistance to complement deposition (Melin, Jarva et al. 2009,
Sabharwal, Ram et al. 2009), so nontypeable S. pneumoniae may be more susceptible to
opsonophagocytosis in the middle ear than encapsulated strains. Another possible explanation for
the low incidence of middle ear infection by nontypeable S. pneumoniae is that the bacteria do
not successfully ascend through the Eustachian tubes. This possibility is supported by the low
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detection rate of nontypeable S. pneumoniae in the Eustachian tubes of chinchillas following
intranasal inoculation (Figure 4A). The Eustachian tubes normally prevent bacterial 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, nontypeable S. pneumoniae and NTHi persisted together
during the one-week experimental time course. NTHi bacterial loads were significantly increased
in animals coinfected with the high dose of nontypeable S. pneumoniae. A similar observation
was reported in a neonatal rat nasal colonization model, in which H. influenzae type b had higher
colonization levels in rats pre-colonized with S. pneumoniae (Margolis, Yates et al. 2010). In
contrast, nontypeable S. pneumoniae counts were slightly lower (not significant; p>0.05) in
coinfected animals compared to S. pneumoniae-alone infected animals at seven days postinoculation. Additionally, animals inoculated with the low dose of nontypeable S. pneumoniae
cleared the pneumococcal infection more frequently when coinfected with NTHi. Together, these
observations indicate that NTHi may out-compete nontypeable S. pneumoniae. H. influenzae was
reported to out-compete S. pneumoniae in a mouse intranasal infection model, by promoting
enhanced opsonophagocytic clearance of S. pneumoniae (Lysenko, Ratner et al. 2005). In
contrast, Weimer et al observed that NTHi and encapsulated S. pneumoniae were persisting
together in a biofilm community within the chinchilla middle ear for up to 3 weeks postinoculation (Weimer, Armbruster et al. 2010). To better address the extent of competition
between nontypeable S. pneumoniae and NTHi, an extended time course coinfection with the two
species would allow us to determine if nontypeable S. pneumoniae is ultimately cleared while
NTHi persists. Coinfection with NTHi could negatively impact the efficacy of antibiotic
treatment against nontypeable S. pneumoniae, as indicated by our in vitro observations of NTHimediated protection of nontypeable S. pneumoniae against beta-lactam antibiotics.
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Chapter 3: Replication of type 5 Adenovirus promotes middle ear infection by Streptococcus
pneumoniae in the chinchilla model of Otitis media
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ABSTRACT
Adenoviral infection is a major risk factor for otitis media. We hypothesized that adenovirus
promotes bacterial ascension into the middle ear through the disruption of normal function in the
Eustachian tubes due to inflammation-induced changes. An intranasal infection model of the
chinchilla was used to test the ability of type 5 adenovirus to promote middle ear infection by
Streptococcus pneumoniae. The hyper-inflammatory adenovirus mutant dl327 and the nonreplicating adenovirus mutant H5wt300∆pTP were used to test the role of inflammation and viral
replication, respectively, in promotion of pneumococcal middle ear infection. Precedent infection
with adenovirus resulted in a significantly greater incidence of middle ear disease by
Streptococcus pneumoniae as compared to non-adenovirus infected animals. Infection with the
adenovirus mutant dl327 induced a comparable degree of bacterial ascension into the middle ear
as did infection with the wild-type virus. By contrast, infection with the non-replicating
adenovirus mutant H5wt300∆pTP resulted in less extensive middle ear infection compared to the
wild-type adenovirus. We conclude that viral replication is necessary for adenoviral-induced
pneumococcal middle ear disease.
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INTRODUCTION
Otitis media is an inflammatory disease of the middle ear. The disease extols a high
socioeconomic burden as both the greatest cause of lost work time for parents of children with an
infectious disease and the most common reason for pediatric antibiotic prescription (Alsarraf,
Jung et al. 1999, Gonzales, Malone et al. 2001). Most children will encounter at least one incident
of otitis media by the age of seven, and many will experience recurrent otitis media (Klein 2000).
Otitis media can profoundly impact normal development by causing hearing impairment thus
contributing to learning disabilities (Teele, Klein et al. 1990). The prevalence of otitis media
among children is attributed to many factors, including immature Eustachian tube structure and
function, an immature immune system, and prevalence of viral upper respiratory tract infections
(for review (Bakaletz 2010)). The three bacterial species most commonly isolated from
individuals with otitis media, nontypeable Haemophilus influenzae, Streptococcus pneumoniae,
and Moraxella catarrhalis, frequently reside commensally in the host nasopharynx (GarcíaRodríguez and Fresnadillo Martínez 2002). The shift to a disease state in the middle ear requires
ascension of the bacteria through the Eustachian tubes.
Epidemiological studies indicate an association between viral upper respiratory infection
and development of otitis media. Respiratory syncytial virus, influenza A, and adenovirus are
major risk factors for developing otitis media and are frequently detected along with known
bacterial agents of otitis media (Laufer, Metlay et al. 2011). Children with adenovirus infection
are three to four times more likely to develop otitis media (Pettigrew, Gent et al. 2011).
Additionally, adenovirus has been detected in the middle ear fluid of children with otitis media
(Sarkkinen, Ruuskanen et al. 1985). Experimental evidence supports a causative role for viral
upper respiratory infection in promoting otitis media. Influenza A and respiratory syncytial virus
have been shown to promote development of bacterial otitis media in chinchilla and mouse
models (Giebink, Berzins et al. 1980, Short, Diavatopoulos et al. , Brockson, Novotny et al.
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2012). In a chinchilla model, type 1 adenovirus induces otitis media when inoculated directly into
the middle ear and promotes ascension of the otopathogen nontypeable Haemophilus influenzae
during intranasal infection (Bakaletz, Daniels et al. 1993, Suzuki and Bakaletz 1994, Miyamoto
and Bakaletz 1997). Another study found that type 1 adenoviral infection did not promote
ascension by S. pneumoniae in the chinchilla model (Tong, Fisher et al. 2000).
Type 5 adenovirus, along with type 1 adenovirus, belongs to species C adenoviruses,
which cause upper respiratory tract infections in humans. In this study, we examined the capacity
of type 5 adenovirus to promote ascension of Streptococcus pneumoniae into the middle ear in
the chinchilla model of otitis media. Streptococcus pneumoniae resides commensally within the
nasopharynx of healthy individuals but is capable of causing invasive disease, including sinusitis,
meningitis, bacteremia, pneumonia, and otitis media. Streptococcus pneumoniae is one of the
most commonly isolated bacterial species from patients with otitis media and has been positively
associated with adenovirus in children with recurrent otitis media (Wiertsema, Chidlow et al.).
Viral coinfection can alter the course of S. pneumoniae infection. Infection with influenza
A virus promotes pneumococcal pneumonia in mice (McCullers and Rehg 2002). In the
chinchilla model of otitis media, influenza A virus promotes ascension of S. pneumoniae into the
middle ear (Giebink, Berzins et al. 1980). In vitro, influenza A virus infection increases
adherence of S. pneumoniae to respiratory epithelial cells (Hakansson, Kidd et al. 1994).
We hypothesized that infection with type 5 adenovirus would promote ascension of
Streptococcus pneumoniae into the middle ear. To test the possible contribution of adenovirusinduced host inflammation in the development of otitis media, we used a mutant adenovirus that
has been deleted of early region three (E3) of the viral genome. The E3 region is non-essential for
viral replication in cell culture, but in vivo serves to modulate the host inflammatory response via
the actions of several encoded gene products (Burgert, Ruzsics et al. 2002). These gene products
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serve such functions as down-regulation of MHC class I antigen presentation, inhibition of TNFmediated apoptosis, and down-regulation of the TRAIL, TNF, and Fas receptors. Deletion of the
E3 region induces a more extensive inflammatory response in a cotton rat model of pneumonia
(Ginsberg, Lundholm-Beauchamp et al. 1989, Ginsberg and Prince 1994) and a BALB/c mouse
model of intradermal edema (Schaack, Bennett et al. 2004).
We also tested whether viral replication was necessary for promotion of middle ear
infection by S. pneumoniae by using the non-replicating adenovirus mutant H5wt300∆pTP. The
adenoviral precursor terminal protein (pTP) directs viral genome replication; deletion from
adenovirus results in an adenovirus capable of infecting host cells and expressing gene products
but unable to replicate (Schaack, Bennett et al. 2004).
Our results show that infection with wild-type adenovirus significantly increased the
incidence of pneumococcal middle ear infection. The hyper-inflammatory adenovirus mutant
induced bacterial ascension to the same extent as the wild-type virus, while the non-replicating
adenovirus mutant did not promote ascension. These findings suggest that factors other than the
initial host inflammatory response to adenovirus play a role in adenovirus-induced promotion of
pneumococcal otitis media.

MATERIALS AND METHODS
Cell lines. Cell culture media from Lonza (Hopkinton, MA) and sera from Invitrogen
(Gaithersburg, MD) were obtained through the Tissue Culture and Virus Vector Core Laboratory
of the Comprehensive Cancer Center of Wake Forest University. HEK 293 cells were maintained
in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% newborn calf serum
and were cultured at 37oC with 5% CO2 by passaging twice weekly at a 1:10 dilution.
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Injection-quality virus production. Of the three adenoviruses used, type 5 adenovirus wt300
served as the wild-type control. The virus dl327 bears a deletion in the immunomodulatory E3
region (Ginsberg, Lundholm-Beauchamp et al. 1989, Ginsberg and Prince 1994) and is otherwise
isogenic with wt300. The H5wt300ΔpTP virus bears a deletion in the terminal protein gene,
rendering it completely incapable of replicating (Schaack 2005). The H5wt300ΔpTP virus was
grown in 293 cells expressing the E2B gene. All other viruses were grown in 293 cells and
prepared in a form appropriate for use in animals by the following method. HEK 293 cells were
infected at an MOI of 3 and harvested at 4 dpi. After harvesting the cells by centrifugation, the
cell pellet was suspended in 10 mM Tris-HCl, pH 8.0 and subjected to three freeze-thaw cycles.
Virus was harvested after two rounds of centrifugation through step and equilibrium CsCl
gradients as described previously (Shepard and Ornelles 2004). The purified virus was dialyzed at
4oC against three changes of buffered saline with glycerol (10 mM Tris-HCl, pH 8.0; 135 mM
NaCl; 1 mM MgCl2; 50% v/v glycerol). The resulting injection-quality virus was then titered on
HEK 293 cells.
Bacterial strains and growth conditions. S. pneumoniae strain EF3030 is a well-characterized
serotype 19F clinical isolate from the nasopharynx of an adult with otitis media (Andersson,
Eriksson et al. 1981, Briles, Crain et al. 1992). For animal inoculations, S. pneumoniae bacterial
suspensions were prepared by diluting frozen stocks of known concentration in phosphatebuffered saline with 0.04% gelatin.
Adenovirus quantitation. Adenoviral loads in chinchilla tissue samples were quantitated by
limiting dilution assay in HEK 293 cells (Pacini, Dubovi et al. 1984). Harvested chinchilla
homogenates were freeze-thawed three times, centrifuged, and passed through a 0.2 μm Whatman
syringe-top filter (GE Healthcare). The filtered homogenate was serially diluted in serum-free
media, added to 96-well plates pre-seeded overnight with 2x103 cells per well, and allowed to
incubate with gentle agitation. An equal volume of media with 20% serum was added after one
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hour and the plates were maintained for two weeks. The culture media were regularly
supplemented with complete growth media during this time. The cultures were monitored for
appearance of the cytopathic effect, which is revealed by a sharp decrease in pH due to
replication and amplification of an infectious virus added to the well.
Chinchilla infection studies. The chinchilla is a well-established model for otitis media
(Bakaletz 2009). Two to three month old chinchillas were purchased from Rauscher’s Chinchilla
Ranch and allowed to acclimate for one week prior to infection. Animals were evaluated by
veterinary staff prior to experimental infection to ensure that they were in healthy condition.
Intranasal inoculations were performed by first anesthetizing the animals via isoflurane inhalation
and then administering bacterial or viral suspensions by dispensing 50 to 100 µL into each nostril
with a pipette. Chinchillas were monitored daily for signs of illness; otoscopy was performed
every 48 hours to assess changes to the tympanic membrane. Extent of middle ear disease was
assessed by monitoring the tympanic membrane via otoscopy; each ear was scored on a scale of 0
to 3 based on coloration of the tympanic membrane, presence of fluid behind the tympanic
membrane, protrusion of the tympanic membrane, and rupture of the tympanic membrane; scores
were assigned by two independent observers. Chinchillas were pair-housed in individuallyventilated cages, with no contact between experimental groups, to avoid viral or bacterial
transmission. At indicated times following infection, chinchillas were euthanized. Nasal tissue,
Eustachian tubes, and middle ear bullae and associated mucosal tissue were aseptically removed
and homogenized in phosphate-buffered saline using a PowerGen 1000 homogenizer. In some
cases, one Eustachian tube and one middle ear bulla were preserved from each animal for
histopathology processing.
To quantitate Streptococcus pneumoniae, homogenized tissue samples were serially
diluted and plated on trypticase soy agar (BD) supplemented with 5% sheep’s blood (HemoStat
Laboratories) and 4 µg/mL gentamicin (Sigma). The bacterial CFU limit of quantitation was
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calculated for each sample volume based on a colony count equal to 20 CFUs on the undiluted
spread plate; colony counts below 20 CFUs on a standard size agar plate have been considered to
be inaccurate (Sutton 2011). Values less than this limit of quantitation were not included in
analyses involving the geometric mean bacterial CFUs but were included as zero counts in nonparametric analyses. In addition to bacteria counts, chinchilla middle ears were categorized as
culture-positive or culture-negative using the bacterial CFU limit of quantitation as a cutoff.
Animal experiments described here were approved by the IACUC of Wake Forest and performed
in compliance with the USDA Animal Welfare Act and relevant policies on the humane care and
use of laboratory animals.
Histopathological staining. Animal tissue samples were fixed in 2% to 4% paraformaldehyde
overnight at 4°C, and then decalcified in Decalcifier II solution. Tissue samples were embedded
in Tissue-Tek O.C.T. compound (Sakura Finetek) and frozen at -80°C. A Microm HM 525
cryotome was used to cut sections at 5 µm thickness. Cryo-sections were allowed to adhere to
Superfrost Plus microscope slides (Fisher Scientific) and stored at -20°C. Hematoxylin and eosin
staining was performed on sections for histopathological analysis.

RESULTS
Adenovirus infection in the chinchilla model. Chinchillas were intranasally inoculated with
3x106, 3x107, or 6x108 IU of Ad5 wild-type strain wt300, as described in the Materials and
Methods. At seven and ten days post-inoculation, animals were euthanized and the extent of
adenoviral infection in the nasopharynx and Eustachian tubes was quantitated by limiting dilution
assay in HEK 293 cells. Adenovirus was detected in the Eustachian tubes of animals from each of
the three inocula groups at seven days post-inoculation (Figure 9B), but was only detected in a
single Eustachian tube from the 3x107 IU inocula group at ten days post-inoculation. Adenovirus
was detected in the nasopharynx of animals from the highest inocula group at 7 days post60

Figure 9. Type 5 adenovirus can be detected in the Eustachian tubes and middle ear bullae
of chinchillas following intranasal inoculation. Chinchillas were inoculated with type 5
adenovirus at an inoculum of 6x108, 3x107, or 3x106 infectious units. At seven and ten days postinoculation, animals were euthanized and adenovirus was quantitated in the nasopharynx (A),
Eustachian tubes (B), and middle ear (C). The solid lines indicate geometric mean viral infectious
units. The dashed line indicates the limit of detection. Each data point in 1B and 1C represents a
single Eustachian tube or single middle ear bulla, respectively.
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inoculation but not by 10 days post-inoculation; virus was not detected in the nasopharynx of
animals from the two lower dose groups at either time point (Figure 9A). Middle ear bullae of
animals from the high dose group mostly contained low levels of virus or no virus (Figure 9C).
During the course of the study, chinchillas did not display any acute signs of otitis media
including any changes evident in the tympanic membrane as determined by otoscopy. A single
animal from the 3x107 IU inocula group died nine days post-inoculation, but did not show
previous signs of illness. The cause of death was determined to be severe bronchopneumonia with
intralesional bacterial cocci, which corresponded to culture-positive beta-hemolytic Streptococcus
species.
Adenoviral infection promotes colonization of Streptococcus pneumoniae in the chinchilla
middle ear. We have previously observed that intranasal inoculation of chinchillas with
Streptococcus pneumoniae strain EF3030 results in ascension of bacteria into approximately 30%
of ears (data not shown). We hypothesized that adenoviral infection would increase the
propensity of Streptococcus pneumoniae to ascend into the middle ear, as suggested by the
epidemiological association between adenovirus and otitis media. We used a staggered
coinfection model, in which chinchillas were intranasally inoculated with 6x108 IU of wild-type
Ad5 wt300 or PBS, and seven days later intranasally inoculated with 107 CFUs of Streptococcus
pneumoniae strain EF3030. This time course was selected based on our detection of adenovirus in
the Eustachian tubes at 7 days post-inoculation. Additionally, Suzuki and associates previously
reported that coinfection with nontypeable Haemophilus influenzae and type 1 adenovirus
induced the greatest middle ear disease when adenovirus inoculation preceded H. influenzae
inoculation by seven days (Suzuki and Bakaletz 1994). Bacterial counts in the nasopharynx,
Eustachian tubes, and middle ear were determined at 1, 4, and 7 days post-bacterial inoculation.
S. pneumoniae counts in the nasopharynx were comparable for virus-infected and mock-infected
animals (p > 0.08, Kruskal-Wallis test), indicating no change in carriage levels of the bacteria
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(Figure 10A). Similarly, bacterial loads in the Eustachian tubes were indistinguishable among
virus-infected and mock-infected animals (p > 0.18, Figure 10B). Although the mean bacterial
CFUs recovered from the middle ears of animals inoculated with adenovirus also did not differ
significantly from that recovered from non-virally infected animals (Figure 10C), the virus
infection increased the likelihood of bacterial ascension into the middle ear. There was a
significant increase (p = 0.016, Fisher’s exact test) in the proportion of ears identified as culturepositive for S. pneumoniae in animals coinfected with wt300 Ad5 as compared to animals
infected with S. pneumoniae alone at days 4 and 7 post-bacterial inoculation (Table 1). Counts
obtained on both days were pooled for the analysis because of the similar proportion of culturepositive ears at 4 and 7 days post-bacterial inoculation. Acute signs of middle ear disease, as
determined by otoscopic examination of the tympanic membrane, were most severe at 2 days
post-inoculation with S. pneumoniae in the coinfected cohort (data not shown). These three
animals were subsequently euthanized due to development of severe ataxia and lethargic
behavior; blood cultures from these animals revealed bacteremia. By contrast, only one animal
from the cohort inoculated with S. pneumoniae alone developed symptoms severe enough to
warrant euthanasia; this animal was also determined to be bacteremic based on blood culture.
Preserved Eustachian tubes from randomly selected animals were sectioned and stained for
histopathological assessment (see Materials and Methods). However, the results were
inconclusive due to the small sample size and limited amount of tissue examined (data not
shown).
Deletion of Adenovirus Early Region 3 does not affect Pneumococcal ascension. Early region
three (E3) of the Ad5 adenoviral genome modulates the host immune response (Burgert, Ruzsics
et al. 2002). Viruses bearing deletion in the E3 region elicit a more vigorous host inflammatory
response in a cotton rat (Ginsberg, Lundholm-Beauchamp et al. 1989) and a BALB/c mouse
model (Schaack, Bennett et al. 2004) of infection. We therefore used dl327, an adenoviral mutant
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Figure 10. Type 5 adenoviral infection promotes colonization of Streptococcus pneumoniae
in the chinchilla middle ear with minimal impact on the bacterial load at bacteria-positive
sites. Chinchillas were inoculated with the wild-type adenovirus wt300, adenovirus mutant
dl327, or PBS. Seven days later, chinchillas were inoculated with S. pneumoniae (day 0). S.
pneumoniae colony forming units (CFUs) were quantitated in the nasopharynx (A), Eustachian
tubes (B), and middle ear bullae and associated tissue (C) at 1, 4, and 7 days post-bacterial
inoculation. The results of two experiments are represented here. Each data point in 2B and 2C
represents a single Eustachian tube or single middle ear bulla, respectively. The solid lines
indicate geometric mean bacterial CFUs for bacterial counts above the limit of quantitation for S.
pneumoniae-infected animals. The dashed line (LOQ) indicates the limit of quantitation as
described in the Materials and Methods.
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Table 1 Culture-positive earsa in adenovirus-infected animals.
Analyzeb
d1
d3
(Terminated)
d4
d7
a

Virus
∆pTP

None
3/10
(30)

wt300
2/10
(20)

dl327
nd

nd

nd

nd

2/2

(100)

2/2

(100)

4/4

(100)

2/2

(100)

5/14
3/14

(36)
(21)

15/22
6/8

(68)
(75)

9/12
5/10

(75)
(50)

6/18
nd

(33)
nd

Data are reported as culture-positive ears/total ears (percentage culture-positive). bAnimals were

harvested on the indicated day after bacterial inoculation. Individual ears were categorized as
either culture-positive or culture-negative using a cutoff value of 2x103 cfu Streptococcus
pneumoniae, corresponding with our limit of quantitation of 20 cfu on the undiluted sample plate.
Data includes results from three experiments. Note that all d3 animals were euthanized due to
distress and not as part of a scheduled endpoint. Combinations that were not performed are
indicated by nd.
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which has been deleted of the E3 region, to test the contribution of the inflammatory response to
ascension of S. pneumoniae. We expected that infection with dl327 would increase the rate of
bacterial ascension by inducing a more pronounced host inflammatory response. In contrast to our
expectation, infection with dl327 resulted in a similar outcome as infection with the wild-type
virus. S. pneumoniae colonized the nasopharynx at similar levels (p > 0.07, Kruskal-Wallis test)
in all infected animals (Figure 10A) and there was a comparable level of bacterial CFUs (p>0.18,
Kruskal-Wallis test) in the Eustachian tubes and middle ear bullae for mock, wt300 and dl327infected animals (Figure 10B-C). The incidence of middle ear infection was also similar for
animals infected with either virus, which was significantly higher (p=0.005, Fisher’s exact test)
than the occurrence of middle ear infection compared to non-virus infected animals (Table 1).
Otoscopic examination did not reveal any differences between wt300-infected animals and dl327infected animals with respect to the tympanic membrane (data not shown).

Infection with a non-replicating adenovirus does not promote bacterial ascension. We
sought to determine if the early events of infection by adenovirus was sufficient to promote
ascension of Streptococcus pneumoniae into the middle ear. We infected animals with the
adenovirus mutant H5wt300∆pTP (∆pTP), which expresses all of the early genes except for E2B
and therefore does not direct viral genome replication. After seven days, the virus-infected
animals were inoculated with S. pneumoniae. Bacterial loads were assessed at four days postbacterial inoculation; a day 7 time point was considered unnecessary for this experiment due to
our observation that incidence of bacterial middle ear infection was similar between days 4 and 7
post-bacterial inoculation in our previous experiments. Chinchillas inoculated with ∆pTP had
similar loads of S. pneumoniae in the nasopharynx and Eustachian tubes as animals inoculated
with the replicating wild-type virus (Figure 11A-B). While we did not observe a significant
difference in mean bacterial CFUs in the middle ears of animals (Figure 11C), there was a lower
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Figure 11. Intranasal inoculation of a non-replicating type 5 adenovirus fails to promote
bacterial ascension to the chinchilla middle ear with no effect on bacterial loads detected in
the nasopharynx or Eustachian tube. Chinchillas were inoculated with adenovirus strain wt300
or H5wt∆pTP (∆pTP) seven days prior to inoculation with S. pneumoniae. At four days postbacterial inoculation, S. pneumoniae loads were quantitated within the nasopharynx (A),
Eustachian tubes (B), and middle ear bullae (C). Solid lines indicate the geometric mean bacterial
CFUs for values above the dashed line, which indicates the limit of quantitation.
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incidence of middle ear infection by S. pneumoniae in the ∆pTP-inoculated animals than in
wt300-inoculated animals (Figure 12).
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Figure 12. The wild-type and E3-deleted type 5 adenoviruses promote comparable levels of
Streptococcus pneumoniae ascension into the chinchilla middle ear while the viral DNA
replication-deficient virus fails to promote ascension. Middle ear samples from chinchillas
euthanized at four (none, wt300, dl327, ∆pTP) and seven (none, wt300, dl327) days post-bacterial
inoculation (see Table 1) were categorized as culture-positive or culture-negative for S.
pneumoniae using the limit of quantitation as a cutoff value (2x103 cfu). The number of ears (n)
included in each group is indicated. The proportion of S. pneumoniae positive ears was
significantly affected by the preceding virus infection (p=0.0036, Fisher’s exact test). The basis
for the variation was identified by the Marascuilo post-hoc test for multiple proportions and is
indicated by the horizontal bars (* p<0.05, † p<0.075). Days 4 and 7 post-inoculation results were
combined for this analysis since there was no difference between middle ear incidence at these
time points.
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DISCUSSION
Epidemiological evidence indicates an association between adenovirus infection and
otitis media (Pettigrew, Gent et al. 2011). We therefore investigated the capacity of type 5
adenovirus to infect chinchillas and promote middle ear infection by Streptococcus pneumoniae
in a coinfection model. It has previously been reported that chinchillas are permissible to
infection with type 1 human adenovirus (Bakaletz, Daniels et al. 1993). The limited data on
adenovirus types associated with otitis media suggest that the relative frequency of the respiratory
adenoviruses linked to otitis media differs from that associated with severe respiratory infections.
For example, type 1 adenovirus was repeatedly identified in children with acute otitis media and
an upper respiratory infection (Kalu, Loeffelholz et al. 2010). By contrast, this virus was two to
three times less frequent than types 2 or 3 adenovirus in patients requiring hospitalization for
respiratory disease (Gray, McCarthy et al. 2007, Qurei, Seto et al. 2012). These observations
show that the respiratory adenoviruses differ in their association with otitis media and may
therefore differ in their ability to promote otitis media. In this report we show evidence indicating
that two to three month old chinchillas are permissive to infection with type 5 human adenovirus.
Type 5 human adenovirus was detected at seven days post-inoculation in the Eustachian tubes of
chinchillas inoculated with any of the three viral dosages. The comparable viral titers in the
Eustachian tubes of animals from the 6x108 IU and 3x107 IU infection groups may indicate a
saturation of infected cells at the 3x107 IU inoculum; it is possible that only a subset of the cells
in the Eustachian tubes are permissive for adenoviral infection. Interestingly, we initially
attempted to establish an adenovirus infection model in adult chinchillas, but were unable to
recover virus at any time point after inoculation (data not shown). This observed difference in
infection outcome based on age suggests that adult chinchillas may be resistant to adenoviral
infection; whether this is due to a more mature immune system, prior exposure to adenovirus, or
some other factor remains to be determined.
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When chinchillas were inoculated with Streptococcus pneumoniae seven days after
inoculation with adenovirus, there was a significantly increased incidence of pneumococcal
middle ear infection in adenovirus-infected animals. Streptococcus pneumoniae loads in the
nasopharynx were comparable for virus-infected and non-virus-infected animals. In children,
nasal carriage loads of Streptococcus pneumonia were associated with an increased risk of otitis
media (Smith-Vaughan, Byun et al. 2006), which has led to the hypothesis that viral upper
respiratory infections may promote bacterial ascension by increasing bacterial loads in the
nasopharynx. However, our experimental results do not support this as a mechanism by which
adenovirus promotes pneumococcal middle ear disease.
Deletion of the adenovirus E3 gene region, which encodes gene products that modulate
the host inflammatory response to adenovirus, did not significantly alter the outcome of middle
ear infection. Although the E3-deleted virus elicits a robust inflammatory response in the cotton
rat (Ginsberg, Lundholm-Beauchamp et al. 1989, Ginsberg and Prince 1994) and mouse
(Schaack, Bennett et al. 2004), it is not known if this virus elicits a similar host response in the
chinchilla. Nonetheless, infection with the non-replicating adenovirus mutant ∆pTP did not
promote an increase in bacterial middle ear infection.
In humans, most adenovirus serotypes enter respiratory epithelial cells by first binding to
the coxsackievirus and adenovirus receptor (CAR); the interaction of the HAdV type 5 fiber with
CAR induces inflammatory gene expression in human epithelial cells (Tamanini, Nicolis et al.
2006). In our experiment, infection with the ∆pTP mutant did not promote pneumococcal middle
ear infection, suggesting that the initial host response to the components of the viral capsid was
not sufficient to induce bacterial ascension. Of note, while the geometric mean bacterial CFUs in
the middle ears were comparable for wt300-coinfected and ∆pTP-coinfected animals in this
experiment (Figure 11C), the proportion of culture-positive ears in the ∆pTP-coinfected group
were more similar to that of S. pneumoniae-alone infected animals (Figure 12). The geometric
75

mean bacterial CFUs of the wt300-coinfected group in this experimental cohort was low
compared to previous cohorts (Figure 10), but the proportion of culture-positive ears was
consistent. These differences in observed geometric mean bacterial CFUs between experiments
illustrates the biological variability that is frequently observed among bacterial counts in culturepositive ears. In these experiments, the range of S. pneumoniae in culture-positive middle ears
varied over nearly eight orders of magnitude. We observed this spread of pneumococcal loads in
all S. pneumoniae-challenged experimental groups, including animals coinfected with the
adenovirus ∆pTP mutant, a group which experienced a low incidence of pneumococcal middle
ear infection. Indeed, a small number of control animals not challenged with S. pneumoniae were
scored as culture-positive for S. pneumoniae (Figure 10). The wide range of bacterial loads in the
middle ear may be attributable to the outbred chinchilla model or intrinsic limitations of this
animal model.
Type 1 adenovirus has been shown to promote ascension of nontypeable Haemophilus
influenzae in the chinchilla model of otitis media (Suzuki and Bakaletz 1994), but few published
studies to date have assessed the ability of adenovirus to promote ascension of S. pneumoniae.
Tong and associates reported that type 1 adenovirus did not promote ascension of S. pneumoniae
into the chinchilla middle ear (Tong, Fisher et al. 2000). The difference in outcome from our
experiment may be due to differences between type 1 and type 5 adenovirus; although both
belong to species C, significant differences map to the fiber and hexon capsid proteins as well as
the E3 immunomodulatory region (data not shown). The degree of association of different
adenoviral serotypes with otitis media and bacterial otopathogens has not been thoroughly
addressed in epidemiological studies, and interactions with bacterial otopathogens may differ
between adenoviral serotypes. Bacterial species within similar niches can also differ in their
interactions with the same adenovirus serotype. For example, type 1 adenovirus did not promote
culture-positive otitis media during coinfection with Moraxella catarrhalis in the chinchilla
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model (Bakaletz, Murwin et al. 1995). It is possible that the mechanism by which adenovirus
promotes pneumococcal ascension does not affect Moraxella catarrhalis.
Bacterial ascension into the middle ear is a critical step in the development of otitis
media. In this paper, we have shown that adenovirus promotes ascension of S. pneumoniae in a
chinchilla model. Understanding the means by which adenovirus infection contributes to the
burden of otitis media will help to determine appropriate treatment for the disease.
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Chapter 4: Conclusions

Epidemiological studies indicate that many infections of the upper respiratory tract
involve multiple etiological species (Jacoby, Watson et al. 2007, Bakaletz 2010, Laufer, Metlay et
al. 2011, Pettigrew, Gent et al. 2011). In this work, we have explored the relationship between
Streptococcus pneumoniae and two other pathogens of otitis media.
Nontypeable S. pneumoniae in polymicrobial otitis media
In our studies, we have shown that a nontypeable clincial isolate of S. pneumoniae which
lacks the capsular polysaccharide can cause otitis media both as a single-species infection and in
the context of a polymicrobial infection with nontypeable Haemophilus influenzae (NTHi). The
pneumococcal capsule is a major virulence factor, providing protection against
opsonophagocytosis and neutrophil extracellular trap killing (Brown, Hosea et al. 1982, Szu,
Clarke et al. 1983, Abeyta, Hardy et al. 2003, Wartha, Beiter et al. 2007) and contributing to
colonization (Magee and Yother 2001, Nelson, Roche et al. 2007). Historically, studies of the
necessity of the capsule to virulence by S. pneumoniae have involved encapsulated strains in
which capsule expression was artificially deleted. However, such artificially unencapsulated
strains may not be analogous to naturally unencapsulated strains, which have been isolated from
both carriage and disease contexts (Martin, Turco et al. 2003, Haas, Hesje et al. 2011, Xu, Kaur et
al. 2011, Ing, Mason et al. 2012, Scott, Hinds et al. 2012).
The nontypeable S. pneumoniae strain MNZ1113 was isolated from the nasopharynx of a
child with recurrent otitis media (Hiller, Ahmed et al. 2010). In the study by Hiller and
associates, the authors sequentially sampled the nasopharynx of a child with upper respiratory
infections and examined the genetic relatedness of isolates to determine the extent of genetic
transfer among lineages of S. pneumoniae. Interestingly, several nontypeable strains were
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isolated during the study. MNZ1113 was determined to be a descendent of a previously isolated
encapsulated serotype 14 strain which had lost its cps locus.
We reported that nontypeable S. pneumoniae strain MNZ1113 colonized the chinchilla
nasopharynx and middle ear, following intranasal and transbullar inoculation, respectively. Our
study complements those of other groups which have reported the ability of nontypeable S.
pneumoniae to cause experimental otitis media (Xu, Kaur et al. 2011). Although we found that
nontypeable S. pneumoniae caused otitis media following transbullar inoculation, we observed
minimal ascension of the bacteria into the middle ear when we used an intranasal route of
inoculation. Based on these results, we concluded that nontypeable S. pneumoniae may not
readily ascend through the Eustachian tubes in a healthy animal model. Future studies could test
the outcome of intranasal inoculation with nontypeable S. pneumoniae in the context of
coinfection with adenovirus, to determine if conditions promoting ascension would enhance
ascension of nontypeable S. pneumoniae. In our studies with adenovirus and the encapsulated S.
pneumoniae strain EF3030, a preceding infection with adenovirus increased the incidence of
pneumococcal ascension from about 30% to over 60%. We may predict that coinfection with
adenovirus would increase ascension of the nontypeable strain MNZ1113. However, in a study
of the effect of adenoviral infection on adherence of bacterial pathogens to respiratory epithelial
cells in vitro, it was reported that adenovirus increased the adherence of most strains of S.
pneumoniae, but did not significantly increase the adherence of strains that had a low baseline
level of adherence (Hakansson, Kidd et al. 1994). If viral modulation of bacterial adherence
plays a role in adenovirus infection-induced promotion of ascension, then nontypeable S.
pneumoniae may not demonstrate increased ascension during adenoviral coinfection. Further
understanding of nontypeable S. pneumoniae adherence will be necessary to fully address these
questions.
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A novel component of our study was the evaluation of nontypeable S. pneumoniae in the
context of a polymicrobial infection with NTHi. We have previously shown that encapsulated S.
pneumoniae form mixed-species biofilms with NTHi in vitro and cause polymicrobial otitis
media with NTHi in the chinchilla model (Weimer, Armbruster et al. 2010). It was observed that
coinfection with NTHi promoted selection for the transparent colony phenotype of S.
pneumoniae, which expresses a lower amount of capsule and is associated with colonization and
not invasive disease (Weimer, Armbruster et al. 2010). Since nontypeable S. pneumoniae lacks
capsular polysaccharide altogether, we predicted that it would readily co-exist with NTHi. In the
present study, we found that nontypeable S. pneumoniae was able to co-exist with NTHi both in
vitro and in vivo. Coinfection resulted in more severe otitis media than infection with either
species alone, although the effect on inflammation of the middle ear, as determined by otoscopy,
seemed additive and not necessarily synergistic.
In a chinchilla transbullar infection model, NTHi and nontypeable S. pneumoniae
persisted through one week post-inoculation. We used two inoculum doses of nontypeable S.
pneumoniae in order to assess whether competition occurred between species. In the high dose
inoculum groups, there was a statistically insignificant, albeit notable, decrease in loads of
nontypeable S. pneumoniae at seven days post-inoculation in coinfected animals but not in
animals inoculated with nontypeable S. pneumoniae alone. Additionally, for animals inoculated
with the low dose of nontypeable S. pneumoniae, there was a greater incidence of pneumococcal
clearance in coinfected animals than in animals inoculated with S. pneumoniae alone. Taken
together, these observations may indicate that nontypeable S. pneumoniae is at a competitive
disadvantage with respect to NTHi. The Weiser laboratory group has reported that H. influenzae
outcompetes encapsulated S. pneumoniae in a mouse intranasal infection model by inducing a
synergistic inflammatory response that disproportionately targets S. pneumoniae (Lysenko,
Ratner et al. 2005, Ratner, Lysenko et al. 2005, Lysenko, Clarke et al. 2007). Interestingly, our
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lab has previously reported that NTHi and encapsulated S. pneumoniae may persist together in
the chinchilla middle ear for at least three weeks (Weimer, Armbruster et al. 2010). The
difference in results between these studies may be due to any of a number of differences in the
experimental design, including the pneumococcal strains, the animal model, the site of infection,
and the use of NTHi by the Swords laboratory studies versus the use of an encapsulated type b H.
influenzae by the Weiser laboratory studies. Given the similar parameters of the present study
with those of the study by Weimer and associates, specifically the use of a clinically relevant
NTHi otitis media isolate, it seems more likely that we would observe co-existence and even
mutual persistence of NTHi and nontypeable S. pneumoniae. This question could be better
addressed in future studies by performing an extended time course infection with NTHi and
nontypeable S. pneumoniae.
We found that co-existence of nontypeable S. pneumoniae with NTHi affected efficacy of
beta-lactam antibiotics. S. pneumoniae is typically susceptible to beta-lactam antibiotics, but as
many as a third of isolates of NTHi possess beta-lactamase and are therefore resistant against
beta-lactam antibiotics (Doern, Jones et al. 1999, Beekmann, Heilmann et al. 2005). The betalactam antibiotic amoxicillin is the most commonly prescribed antibiotic for treatment of otitis
media (American Academy of Pediatrics Subcommittee on Management of Acute Otitis 2004).
Therefore, it is not surprising that NTHi is associated with cases of acute otitis media resulting in
treatment failure (Pichichero, Casey et al. 2008). Further, we have previously shown that
coinfection with NTHi provides protection for encapsulated S. pneumoniae against amoxicillin.
We found that nontypeable S. pneumoniae as well was protected from killing by amoxicillin
when grown together with NTHi.
Strain MNZ1113 is a clinically relevant isolate of nontypeable S. pneumoniae from a
child with recurrent otitis media. However, little is known about the diversity of nontypeable S.
pneumoniae in the overall population. We have been careful not to claim that our experimental
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findings are representative of all nontypeable S. pneumoniae. However, as previously discussed,
nontypeable S. pneumoniae has been isolated on multiple occasions in cases of disease, including
otitis media. The contribution of nontypeable strains to pneumococcal disease has not been
extensively studied, but the fact that nontypeable strains are not targeted by the current
pneumococcal vaccines provides an impetus for further studies. Selection for non-vaccine
serotypes of S. pneumoniae following the introduction of the seven-valent pneumococcal
conjugate vaccine is well-documented (Sa-Leao, Nunes et al. 2009, Weinberger, Malley et al.
2011). It is therefore important to understand the capacity of pneumococcal strains lacking
capsule to cause disease.
Adenovirus and S. pneumoniae in otitis media
We have shown that type 5 human adenovirus promotes middle ear infection by S.
pneumoniae. Prior to coinfection studies with S. pneumoniae, we established an adenovirus
infection model in the chinchilla. Following intranasal inoculation with adenovirus alone, we
recovered the virus at seven days post-inoculation but not at ten days post-inoculation; this was
observed for all three inoculum dosages tested. Based on these results, we concluded that
adenovirus infects the Eustachian tubes but is cleared by ten days post-inoculation. The kinetics
of adenoviral infection remain to be determined. Future studies could better define the kinetics of
infection by titering adenovirus at each day post-inoculation. Our study had limited time points
due to considerations for animal cohort sizes. We titered adenovirus loads in the Eustachian
tubes, a novel aspect of our study, but one which necessitated euthanasia of the animals prior to
processing. Since infection outcome was very similar within experimental groups, future studies
could utilize a smaller sample size of chinchillas per day, with a greater frequency of time points.
A more defined understanding of adenovirus infection in the chinchilla model would also inform
subsequent coinfection studies. A recurring question from colleagues has pertained to the
appropriateness of the staggered coinfection scheme we use. We infected with S. pneumoniae at
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seven days post-viral inoculation, based on the presence of detectable adenovirus in the
Eustachian tubes at that time point. However, if the adenovirus infection is resolving by this
point, then infection with S. pneumoniae may be more affected if it occurs earlier in the course of
adenovirus infection.
Adenovirus titers from the chinchilla Eustachian tubes were low relative to the inoculum
input. Further, adenovirus titers in the Eustachian tubes were comparable for the middle and high
dose inocula groups. We hypothesize that adenovirus may be infecting a subset of cells within
the chinchilla Eustachian tubes. The comparable titers in the middle and high dose inocula
groups may indicate that the virus has effectively saturated the subset of infection-permissible
cells in the middle dose inoculum group. In unpublished work, we immunostained Eustachian
tube tissue sections for adenoviral late and early gene products to visualize adenovirus-infected
cells. Results were inconclusive; signal was not detected beyond background levels. If infection
is occuring in a subset of cells, this may explain the difficulty in directly visualizing infected
cells.
A goal of this research project was to delineate the role of adenovirus infection in middle
ear infection by S. pneumoniae. We originally hypothesized that adenovirus promotes
pneumococcal ascension into the middle ear by inducing inflammation-mediated dysfunction of
the Eustachian tube. In a study from the Bakaletz laboratory group, it was shown that intranasal
inoculation with type 1 human adenovirus caused a decrease in mucociliary clearance in a
chinchilla model, by inducing decreased ciliary beating on epithelial cells and causing sloughing
of the epithelium; this correlated with mild to moderate neutrophil influx in the Eustachian tubes
(Bakaletz, Daniels et al. 1993). Interestingly, transbullar inoculation with type 1 adenovirus
induced a more severe inflammatory response in the middle ear of chinchillas. Subsequent
studies from the same group reported that type 1 adenovirus promoted ascension of NTHi into the
middle ear (Suzuki and Bakaletz 1994, Miyamoto and Bakaletz 1997).
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Our experimental studies using the hyper-inflammatory adenovirus mutant dl327 did not
definitively address the role of adenovirus-induced inflammation in promotion of pneumococcal
ascension into the middle ear. The incidence of pneumococcal middle ear infection was not
statistically different for animals coinfected with dl327 and animals inoculated with the wild-type
virus. Based on examination of the tympanic membrane via otoscopy, we observed minimal or
no inflammation of the middle ear following infection with either virus. In addition,
histopathological assessment of tissue sections from the Eustachian tubes was inconclusive, due
to a very small sample size. Due to these limitations, we cannot assume that dl327 induced a
greater inflammatory response than the wild-type virus in the chinchilla intranasal infection
model. In a mouse model and cotton rat model, deletion of part or all of E3 from the adenoviral
genome results in a robust inflammatory response (Ginsberg, Lundholm-Beauchamp et al. 1989,
Ginsberg and Prince 1994, Schaack, Bennett et al. 2004). It is possible that the E3 deleted mutant
does not promote the same extent of inflammation in the chinchilla as that reported for other
rodent models. Further studies should clarify the inflammatory response to adenoviral infection
in the chinchilla model.
The viral DNA replication-deficient adenovirus mutant which has been deleted of the
preterminal protein (ΔpTP) did not promote ascension of S. pneumoniae into the middle ear.
Adenovirus entry into host cells occurs via attachment to the coxsackie-adenovirus receptor
(CAR). Interaction with CAR induces activation of the p42/44 extracellular receptor kinases
(ERK), which activate intracellular signalling resulting in inflammation (Tamanini, Nicolis et al.
2006, Farmer, Morton et al. 2009). The ΔpTP mutant attaches to and enters cells, and therefore
would presumably induce inflammation comparable to that induced by the wild-type virus upon
initial attachment and entry. We therefore concluded that viral replication was necessary to
promote pneumococcal ascension, and that initial entry of adenovirus into host cells was not
sufficient to promote ascension.
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Future studies could further examine the role of adenovirus-induced inflammation in
promotion of pneumococcal ascension. Use of a pro-inflammatory molecule such as resiquimod
to simulate the innate immune response to adenovirus would address whether inflammation
promotes pneumococcal ascension. Alternatively, chinchillas could be inoculated with empty
adenovirus capsid prior to inoculation with S. pneumoniae, to assess whether inflammation
induced by exposure of host cells to the viral structural components alone affects disease
outcome.
Besides inflammation, there are other mechanisms by which adenovirus infection may
promote ascension of S. pneumoniae into the middle ear. Hakansson and colleagues reported that
adenovirus types 1, 2, 3, and 5 promoted adhesion of S. pneumoniae and H. influenzae to A549
human respiratory tract epithelial cells in vitro (Hakansson, Kidd et al. 1994). Other upper
respiratory viruses have also been reported to enhance adhesion of S. pneumoniae to epithelial
cells (Avadhanula, Rodriguez et al. 2006). A chinchilla respiratory epithelium-derived cell line
would be a useful tool for testing effect of adenovirus infection on adhesion of S. pneumoniae to
host cells. Additionally, future in vivo coinfection studies should preserve Eustachian tube tissues
for the purpose of staining for the presence of S. pneumoniae within the tube. Our experimental
results indicate that there was not a significant difference in pneumococcal loads within the
Eustachian tubes of adenovirus-infected and non-adenovirus-infected animals. However, there
may be a difference in the distribution of bacteria within the Eustachian tubes; for instance,
adenovirus-infected animals could possess a greater spread of bacteria throughout the length of
the tube, while S. pneumoniae may be limited to the end proximal to the nasopharyngeal opening
in non-virus-infected animals.
Defining the kinetics of pneumococcal ascension through the Eustachian tubes is
important in understanding the effect of adenovirus on middle ear infection by S. pneumoniae. In
our studies, we have used the term “ascension” to refer to the phenomenon of detectable bacterial
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presence in the middle ear following intranasal inoculation. Based on our adenovirus coinfection
studies, we concluded that adenovirus promotes ascension of S. pneumoniae into the chinchilla
middle ear. However, our experimental results do not completely elucidate the nature of
bacterial ascension. We recognize at least two broad possibilities for how S. pneumoniae
infection of the middle ear is affected by adenovirus infection. The first possibility is that
adenovirus promotes the passage of S. pneumoniae through the Eustachian tubes, and therefore
increases the likelihood of S. pneumoniae reaching the middle ear. The other possibility is that
the passage of S. pneumoniae through the Eustachian tubes is not affected by adenovirus
infection, but S. pneumoniae more readily establishes an infection in the middle ear upon arrival.
The statistically indistinguishable pneumococcal counts in the Eustachian tubes of adenovirusinfected and non-virus-infected animals provide support for the latter hypothesis. As previously
mentioned, future studies can address these hypotheses in part by visualizing the distribution of S.
pneumoniae within the Eustachian tubes to determine if adenovirus promotes greater
dissemination of the bacteria throughout the Eustachian tubes.
While there is a well-established association between adenovirus and otitis media
(Pettigrew, Gent et al. 2011), very little information exists about which adenovirus serotypes are
most associated with the disease. One study identified type 1 adenovirus repeatedly in children
with upper respiratory infection and acute otitis media, but the sample size was small (Kalu,
Loeffelholz et al. 2010). There may be significant differences in the ability of different
adenovirus serotypes to promote bacterial otitis media. Coinfection studies with influenza virus
and S. pneumoniae in a ferret model have shown that some subtypes of influenza virus, such as
H3N2, more readily promote pneumococcal otitis media and sinusitis than other subtypes
(Peltola, Boyd et al. 2006). Differences between viral subtypes may explain why we observed
that type 5 adenovirus promoted pneumococcal middle ear infection, while another group
reported that type 1 adenovirus did not promote pneumococcal middle ear infection (Tong, Fisher
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et al. 2000). Additionally, the Bakaletz group reported a more pronounced effect of type 1
adenovirus on the promotion of otitis media caused by NTHi, with nearly all coinfected animals
experiencing ascension (Suzuki and Bakaletz 1994, Miyamoto and Bakaletz 1997). However, we
cannot directly compare our study with those of the Bakaletz group, since adenovirus may not
interact in similar ways with different bacterial species. Indeed, another study from the Bakaletz
laboratory reported that type 1 adenovirus did not promote ascension of the otopathogen
Moraxella catarrhalis (Bakaletz, Murwin et al. 1995).
Differences among strains of S. pneumoniae may affect the impact of adenovirus
infection on pneumococcal ascension. In published and unpublished studies, we have observed
varying rates of ascension among pneumococcal strains. Following intranasal inoculation, strain
EF3030 ascends into about 30% of ears in the absence of adenoviral coinfection. In contrast,
strain BHN97 ascends into 100% of chinchilla ears (Rosch, Iverson et al. 2014), while the
nontypeable strain MNZ1113 ascends into less than 7% of ears. Future coinfection studies could
incorporate these and other strains of S. pneumoniae to define the extent to which adenovirus
enhances development of middle ear disease. This would allow us to assess both the contribution
of adenovirus to bacterial ascension and the effect of adenovirus on disease severity following
bacterial colonization of the middle ear. For example, we would not expect to observe a
difference in bacterial ascension of strain BHN97, which readily ascends into the middle ear in
the absence of adenovirus; but we may observe a greater severity of otitis media and/or an
increase in bacterial loads within the middle ear.
A greater understanding of the relationship between adenovirus and pneumococcal otitis
media will inform treatment of disease. There is evidence that vaccination against viral upper
respiratory infections may protect against otitis media (Clements, Langdon et al. 1995). As the
contribution of adenovirus and other upper respiratory viruses to otitis media is further explored,
we may develop better treatment strategies for decreasing the burden of otitis media.
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