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ABSTRACT 

 

Streptococcus pneumoniae (pneumococcus) is a tremendously variable 

pathogen.  Reflecting this, it is both a nearly ubiquitous nasopharyngeal colonizer 

and also a leading cause of otitis media, one of the most common diseases of 

childhood.  Despite this, the factors underlying its transition from colonizer to 

otopathogen are incompletely understood and are of great interest. 

Epidemiologically, coinfection with influenza A virus is strongly linked to the 

incidence of otitis media in children and experimental models have identified 

numerous mechanisms by which viral infection predisposes to increased 

pneumococcal infection.  Unclear, however, are the roles of specific 

pneumococcal factors in this coinfection process.  This study was undertaken to 

examine the largely unexplored importance of two such factors of S. pneumoniae 

in coinfection with influenza A virus, namely phase variation and the 

pneumococcal neuraminidase NanA, using a novel animal model of nasal 

colonization and middle ear infection.  

Following the widespread implementation of the pneumococcal conjugate 

vaccines, the incidence of invasive pneumococcal disease in children continues 

to decrease.  As a result, the burden of S. pneumoniae-influenza virus 

coinfection has begun to shift somewhat from lethal, invasive presentations to 

more common, less invasive disease processes such as otitis media.  As such, 

there is a need for readily accessible and relevant animal models.  In this study, 

we utilize a mouse model wherein mice are infected intranasally with influenza A 
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virus followed four days later by intranasal infection with a colonizing strain of S. 

pneumoniae that, when inoculated alone, does not disseminate to cause lethal, 

systemic disease in mice.  This model establishes nasal colonization to at least 

21 days in the absence of bacteremia.  Preceding viral infection, however, 

induces substantial inflammatory changes to the nasal epithelium resulting in a 9-

fold increase in the magnitude of pneumococcal colonization.  This increased 

colonization following influenza infection is correlated with a 37-fold increase in 

middle ear infection as well as histologic findings consistent with the disease 

process of acute otitis media. 

Using this model, we next investigated the effect of antecedent influenza 

virus infection on specific pneumococcal sub-populations inherent within strains 

of S. pneumoniae.  As a method of adaptation to different host environments, S. 

pneumoniae can phase-vary via a stochastic process between a transparent 

phase traditionally associated with nasal colonization and an opaque phase 

associated with invasive disease.  These phases have been proposed to 

contribute to the transition from colonization to disease; however, their interaction 

with influenza A virus coinfection is unclear.  Using pneumococcal phase variants 

enriched for either the opaque or transparent phases, we observed that the 

opaque phase exhibited impaired nasal colonization relative to the transparent in 

the absence of viral infection.  In vitro, the opaque phase also demonstrated 

diminished biofilm formation and adherence to epithelial cells.  However, 

coinfection with influenza virus ameliorated this colonization defect in vivo.  

Further, viral coinfection ultimately induced a similar magnitude of middle ear 
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infection by both phase variants.  These data indicate that despite inherent 

differences in colonization, the influenza A virus exacerbation of experimental 

middle ear infection is independent of the pneumococcal phase; providing new 

insights into the synergistic link between pneumococcus and influenza in the 

context of otitis media. 

S. pneumoniae expresses NanA, a neuraminidase that catalyzes the 

cleavage of terminal sialic acids from host glycoconjugates and is involved in 

nasal colonization and, potentially, pneumococcal disease.  Influenza A virus 

also expresses a neuraminidase which can synergistically enhance lethal 

pneumococcal pulmonary infection in mice.  The specific role of pneumococcal 

NanA in this interaction, however, is not known.  Using our mouse coinfection 

model, we demonstrate that NanA-deficient pneumococci exhibit both impaired 

nasal colonization and middle ear infection.  Coinfection with neuraminidase-

expressing influenza A virus potentiates both nasal colonization and middle ear 

infection but not to the same magnitude of wild-type, suggesting a potentially 

unexplored role of NanA in this process.  Using in vitro models, we show that 

while NanA contributes to epithelial adherence and biofilm viability, its effect on 

the latter is actually independent of its enzymatic sialidase activity, suggesting an 

additional function for this protein.  These data indicate that NanA contributes 

both enzymatically and non-enzymatically to pneumococcal pathogenesis and 

that it is not a redundant bystander during coinfection with influenza A virus.  

Rather, its expression is required for the full synergism between these two 

pathogens.  Based on these studies, we envision a model in which NanA is 
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involved in the pneumococcal-influenza A virus interaction both via its 

overlapping sialidase activity with the viral neuraminidase but also by a 

previously unappreciated, non-enzymatic role involving biofilm formation; the 

precise nature of which is in need of further study. 
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INTRODUCTION 

 

 The importance of bacterial-viral coinfections in life-threatening diseases 

has been recognized for two centuries (5) and their significant role in non-lethal 

illnesses is being rapidly appreciated by the scientific community.  The synergism 

of two such pathogens, Streptococcus pneumoniae (pneumococcus) and 

influenza A virus (IAV), represents a particularly great public health burden.  The 

significance of this coinfection is clearly illustrated by the 1918 Spanish Flu 

pandemic, where a majority of the 50-100 million deaths were in fact due to 

secondary bacterial infections (6), and also remains evident in the present day.  

Indeed, influenza and pneumonia remain the leading cause of infectious-related 

mortality in the United States (US) while a 2009 study estimated that invasive 

pneumococcal disease globally continues to account for up to 11% of all deaths 

in children under the age of five (7, 8). 

 Due to this prevalence, significant attention has successfully been paid to 

the interaction of IAV and S. pneumoniae in the context of severe disease.  This 

has led to it being one of the most well-studied aspects of any bacterial viral 

coinfection (5).  However, this attention on but one facet of this coinfection 

process has come at a cost: namely that much less is known regarding the 

interactions between these two pathogens that contribute to exceedingly 

common yet less invasive conditions such as nasopharyngeal colonization and 

otitis media (OM). 
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Nasopharyngeal Colonization 

 The initiation of nearly all respiratory tract infections and disease 

processes begins with nasal colonization (9), defined generally as the acquisition 

and resultant carriage of microbes in the nasopharynx.  This environment is 

populated by a diverse polymicrobial microbiota that is generally composed of 

numerous commensal species that play important roles in immune system 

stimulation and maturation, mucosal structure, and competition with other 

pathogenic genera (10-12).  Often included in this flora, however, are several 

potential, or opportunistic, pathogens including Haemophilus influenzae, 

Staphylococcus aureus, Moraxella catarrhalis, and S. pneumoniae (10, 13-21).  

Most instances of colonization by these opportunistic pathogens are 

asymptomatic and only a small subset will result in clinical disease (22-24).  

However, the sheer prevalence of their colonization rates, depicted in Table I 

and reviewed elsewhere (10, 24), ensures that these bacteria are among the 

leading causes of mucosal diseases such as otitis media, sinusitis, and 

pneumonia (1, 25-28).  In general, each episode of colonization can be classified 

into three inter-related categories: acquisition, carriage, and clearance. 

Acquisition 

 While not all exposures will result in nasal colonization, the acquisition of 

nasal colonizing commensals begins at birth and continues dynamically 

throughout life (10).  Colonization by opportunistic pathogens can similarly occur 

as early as the first hours of life and greater than 50% of children will be  
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Table I.  Reported nasopharyngeal carriage rates from a selection of 

studies published during the period of 2013-2015. 
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 Nasopharyngeal 
Carriage Rates %† 

References 

S. pneumoniae 27-63                    (29-35) 

H. influenzae‡ 25-36           (29, 32, 33, 36) 

M. catarrhalis 24-58                   (32, 36) 

S. aureus 13-56          (29, 33, 37-39) 
† Includes all age ranges and vaccination statuses.  ‡ Includes 
encapsulated and non-typeable strains. 
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colonized by these pathogens at least once by one year of age (17, 19, 40, 41).  

Numerous factors predispose to colonization and include environmental factors 

such as crowding, smoke exposure, low socio-economic status, and even 

pacifier use (17, 24, 42-44).  In addition, there is a peak in colonization by these 

opportunistic pathogens in the winter months, coinciding with a similar peak in 

viral upper respiratory tract infections (URTIs) (45, 46).  Specific host 

contributions similarly play an important role in predisposing to the acquisition of 

colonization.  Indeed, young age is a particularly strong risk factor for the rapid 

and frequent acquisition of potential colonizing bacteria (24, 41, 45, 47, 48).  This 

is in part attributable to environmental exposures such as day care but also to 

poorly developed and immature immunity to these pathogens (49-51).  Reflecting 

this, opportunistic pathogen-specific mucosal IgA antibodies, which are critical for 

preventing bacterial adherence to the respiratory mucosa (50, 52), are 

undetectable prior to initial colonization (53-55).  Beyond simple naivety, the 

immune response in young children also tends towards hypo-responsiveness 

and, particularly in infants, a TH2-skew; factors that impair bacterial clearance 

(56-60).  Entwined with this susceptibility to acquisition is the inability to mount a 

sufficient T cell-independent immune response to polysaccharide antigens, such 

as the capsules of H. influenzae and S. pneumoniae.  Based on these factors, 

despite exposure to opportunistic pathogens early in life, serum pathogen-

specific IgG and IgA do not begin to rise until approximately two years of age 

(53). 
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 As introduced above, an additional critical component in the acquisition of 

colonizing opportunistic pathogens are viral URTIs.  These are signficantly more 

common in children, who face an average of 5-6 such clinical infections each 

year (45, 61, 62).  The incidence, prevalence, and density of nasal colonization b 

opportunistic pathogens such as S. pneumoniae are increased during and/or 

following viral URTI (19, 63-65).  Further, the symptomology of acute viral URTI, 

notably rhinitis, is correlated strongly with the acquisition of opportunistic 

pathogens in children and has been shown in mice to increase transmission (33, 

66).  Specifically, positive associations have been observed either in vivo or in 

vitro between at least one of the opportunistic bacterial colonizers described 

above and viruses including influenza virus, parainfluenza virus, human 

rhinovirus, human metapneumovirus, respiratory syncitial virus (RSV), and 

coronavirus (67).  Interestingly, even the live-attenuated temperature-sensitive 

influenza vaccine was recently shown in mice to increase the colonization density 

of both S. pneumoniae and S. aureus (68), though whether a similar effect 

occurs in humans is not yet known. 

 Bacterial interactions in the nasopharynx, both antagonistic and 

synergistic, further contribute to the population of colonizing bacteria.  

Antagonistic competition between commensal viridans streptococci (non-

pneumococcal α-hemolytic streptococci) and S. pneumoniae, H. influenzae, M. 

catarrhalis, and even S. pyogenes has been observed in clinical isolates from 

children (69).  Similarly, commensal bacteria including Corynebacterium spp., 

Dolosigranulum spp., and Lactococcus spp. appear to be protective for 
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colonization by opportunistic pathogens (70, 71).  Indeed, a lack of diversity in 

the nasal microbiota, as has been observed following viral infections (64), 

increases the risk of opportunistic pathogen acquisition (71).  In addition, 

disruption of this flora by antibiotic treatment can predispose to acquisition of 

opportunistic pathogens such as S. pneumoniae (72).  These pathogens also 

interact with each other, as colonization by S. pneumoniae can inhibit acquisition 

of S. aureus, purportedly in a H2O2-dependent manner via the pneumococcal 

pyruvate oxidase SpxB (24, 29, 73).  Conversely, there is a generally positive 

correlation between colonization by S. pneumoniae and the acquisition of H. 

influenzae and M. catarrhalis (1, 65, 74). 

Carriage 

 Following acquisition, opportunistic pathogens such as S. pneumoniae 

generally colonize the nasopharynx for approximately 1-3 months in children and 

shorter durations in adults (10, 18, 40, 75). Colonization of S. pneumoniae tends 

to peak at around 2-3 years of age in developed countries before gradually 

declining in both incidence and bacterial density through adolescence and into 

adulthood (24, 63, 76, 77).  Interestingly, a recent study of children in India noted 

an earlier peak at 6-7 months, indicating that numerous factors including 

geography are contributing to this process (45).  Paradoxically, despite increased 

rates of disease and mortality from S. pneumoniae in the elderly, nasal 

colonization rates remain relatively low in this population (78-80). 
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 Simultaneous carriage of S. pneumoniae, H. influenzae, and M. catarrhalis 

can be quite common, particularly in children, during viral URTIs, or during 

episodes of acute OM (65, 81).  The formation of mixed-species biofilms as well 

as inter-species quorum sensing has been shown to contribute to this process 

(82-84).  The population of particular bacterial species colonizing the 

nasopharynx at any one time has previously been presumed to be comprised of 

specific clones of each species.  Recently, however, the co-colonization of 

multiple distinct genetic lineages of the same bacterial species has also begun to 

be appreciated.  This is most evident in S. pneumoniae where multiple serotypes 

can be isolated from the nasopharynx during asymptomatic carriage (85).  As 

with multi-species colonization, this is more common in children and is, 

intriguingly, associated with increased nasal bacterial density (86).  Further, co-

colonization enhances the diversity of carried serotypes by enabling even poorly 

colonizing serotypes to more readily persist in the nasopharynx (87). 

 Opportunistic pathogens colonizing the nasopharynx utilize multiple 

mechanisms to persist in this site.  Reaching and subsequently adhering to the 

mucosal epithelial surface is a key first step.  H. influenzae utilizes fimbriae and 

outer membrane proteins (OMP) P2 and P5 to adhere to glycoconjugates and 

mucins, respectively (88, 89).  Similarly, M. catarrhalis utilizes the OMP UspA1 to 

adhere to epithelial cells via several moieties including fibronectin (90).  Once 

attached to the epithelial surface, opportunistic pathogens such as S. 

pneumoniae and S. aureus can then invade airway mucosal cells as a means of 

persistence and immune evasion (91, 92).  Other immune evasion mechanisms 
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also involve epigenetic regulation mediating, for example, the variable decoration 

of lipooligosaccharide with phosphorylcholine in H. influenzae which inhibit the 

binding of antibodies (93).  Biofilms are also a critical component of carriage by 

these opportunistic pathogens and will be discussed in more detail in a later 

section. 

 

Clearance of Colonization 

 While colonization rates decrease with increasing age, the mechanisms 

mediating this observation and indeed the mechanisms affecting clearance in 

general are still not fully understood.  Extracellular pathogens such as S. 

pneumoniae are typically cleared most efficiently via antibody-mediated 

complement deposition and opsonophagocytosis (24, 94), though the importance 

of this mechanism in the nasopharynx is unclear.  As episodes of nasal 

colonization decrease as age, and thus pathogen exposure, increases, the 

development of pathogen-specific antibodies is likely intimately involved in 

pneumococcal clearance.  Nasal colonization typically results in both local IgA 

and systemic IgG production to various proteins of S. pneumoniae, H. influenzae, 

and M. catarrhalis (54, 95, 96).  Of these, IgA appears to be the most critical as 

increased amounts of IgA at the mucosal surface are associated with improved 

clearance of colonization (52, 54).  Despite a critical role in preventing invasive 

disease by S. pneumoniae, as will be discussed later, the importance of 

antibodies against pneumococcal capsular polysaccharide in the context of nasal 
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colonization is, somewhat surprisingly, a contested subject.  On one side, 

vaccination with pneumococcal capsular polysaccharide does indeed reduce 

colonization rates of that serotype.  Conversely, while some studies have 

documented increases in capsule-specific antibodies following colonization, 

others have not (96-99).  Further, these antibodies did not correlate with 

protection from colonization in a model of human experimental carriage (100).  

Finally, while epidemiological analyses have observed serotype-specific 

protection from colonization, implying a role for capsule-specific antibodies, this 

was only in a subset of serotypes.  These same studies also described 

epidemiologic evidence of serotype-independent protection (101, 102), indicating 

that capsular polysaccharide-independent mechanisms also contribute to 

clearance.    Taken together, these results suggest that antibodies to both protein 

and capsular antigens are involved in the clearance of colonization, though other 

factors likely contribute as well to serotype-independent clearance. 

 Illustrating that additional factors are involved, the clearance of H. 

influenzae requires both OMP-specific antibodies and innate signalling via TLR 

stimulation and NOD-1 (103, 104).  Further, clearance of S. pneumoniae from the 

nasopharynx has in fact been observed to be independent of antibody production 

in one study (60).  Rather, clearance relied on serotype-independent CD4+ TH1 

and TH17 cells, innate recognition of pneumolysin via TLR2 and TLR4, and 

phagocytosis by both macrophages and neutrophils (60, 105, 106).  Reflecting 

this, immunization of mice with pneumococcal proteins screened for their ability 

to stimulate TH17 cells significantly improved protection from colonization (107).  
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While reconciling differences in these studies can be difficult, when taken in sum, 

clearance of nasal colonization by opportunistic pathogens appears to be a 

complex and multi-factorial proces that relies on all arms of the immune system. 

 In most cases, nasal colonization is ultimately cleared without any 

evidence of clinical disease or symptoms.  However, colonization is also the 

necessary, although not sufficient, step in the initiation of numerous disease 

processes.  The precise mechanisms that mediate this transition are still not fully 

understood but appear to center on alterations to the nasopharyngeal 

microenvironment.  One of the most significant of these are viral URTIs that 

contribute to the preferential outgrowth of opportunistic pathogens in the 

nasopharyngeal flora (61, 67, 108), a process termed dysbiosis.  In this context, 

nasal colonization can result in protean disease presentations including otitis 

media, sinusitis, pneumonia, and meningitis, among others. 

 

Otitis Media 

 Otitis media is an exceptionally common disease that can affect as many 

as 80% of children at least once and has a global incidence rate of nearly 11% 

(109, 110).  It is also the leading cause of pediatric sick office visits and antibiotic 

prescriptions resulting in direct healthcare costs estimated at US $3 billion each 

year in the US alone (111-113).  While a majority of cases are acute in nature 

and self-limiting, they can persist and/or become recurrent; potentially leading to 

hearing loss and speech or learning delays (112, 114). 
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Rather than a singular diagnosis, OM is in fact a clinical spectrum of 

disease processes.  At its core, it is essentially inflammation of the middle ear 

space with resultant effusion, typically stemming from infection.  Acute otitis 

media (AOM) is the most readily identifiable presentation and classically involves 

an earache in a young child.  Despite the seeming simplicity of this diagnosis, 

indiscriminate antibiotic prescriptions over the past decades have led to more 

stringent diagnostic guidelines that now require otoscopic evidence of effusion 

and inflammation along with acute inflammatory symptoms (112).  Specifically, 

the most recent guidelines now require either severe bulging of the tympanic 

membrane (TM) with or without otorrhea or mild TM bulging with associated pain 

and/or inflammation for the diagnosis of AOM (115).  Distinguishing AOM from 

the separate but related disease process of otitis media with effusion (OME) can 

be quite difficult clinically.  OME is essentially a diagnosis of exclusion from AOM 

and is defined as the presence of middle ear effusion, indicating localized 

inflammation, but in the absence of acute inflammatory signs or symptoms such 

as an erythematous tympanic membrane or otalgia (116).  While OME may 

precede, follow, or occur independently of an episode of AOM, distinguishing 

between the two is important for appropriate treatment strategies (117), as will be 

discussed later. 

Given the widespread significance of this disease process, the causative 

agents of OM are of intense interest.  These otopathogens reach the middle ear 

space via ascension of the eustachian tube connecting the posterior 

nasopharynx to the middle ear.  As such, nasal colonizing opportunistic 
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pathogens including S. pneumoniae, H. influenzae, and M. catarrhalis are the 

most commonly isolated bacterial causes of OM (27), with specific rates varying 

depending on numerous factors including the pneumococcal conjugate vaccine 

(PCV), as depicted in Table II.  This vaccine, which will be discussed in more 

detail in an ensuing section, contains components of the capsular polysaccharide 

of 7-13 serotypes and was introduced in its first iteration as the PCV-7 in the US 

in 2000 for use in children.  In general, isolation of S. pneumoniae has mildly 

declined since that time while the detection of H. influenzae has resultantly 

increased (4), though these findings vary from study to study and are reflected in 

the wide range of acute OM rates depicted in Table II.  In addition to vaccines, 

the development of more sensitive diagnostic assays has further altered the 

microbiology of OM, or at least our appreciation of it.  Indeed, while OM was 

previously thought to be a predominantly bacterial disease, it is now estimated 

that as many as 66% of AOM cases contain both bacteria and viruses (1), as 

depicted in Figure 1.  As with nasal colonization, specific bacterial-viral 

interactions are associated with the development of AOM more than others 

(118).  In addition to viral-bacterial coinfections, more recent work also suggests 

that OM caused solely by viral infections may be more common than previously 

thought (81, 119). 

Several risk factors have been identified in the pathogenesis of OM 

including, unsurprisingly, concurrent viral URTI.  Illustrating this, one study 

observed that greater than 60% of symptomatic viral URTIs, particularly RSV and 

influenza virus, were associated with the development of OM, often within the  
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Table II.  Reported etiology of AOM in children aged 5 months to 12 years 

old from 3 published studies in the United States from 1995-2006.  Table 

adapted from Coker et al.  (4, 120-122)  
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 Culture-Positive Prevalence of AOM (%) 

                 Pre-PCV7                   Post-PCV7 

S. pneumoniae                     44-54                            31-44 

H. influenzae                     18-43                            24-57 
M. catarrhalis                        4-9                              1-11 
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Figure 1.  Etiology of otopathogens in middle ear effusions of AOM 

detected by molecular analysis.  Graph adapted from Ruohola et al. (1) 
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first five days (61).  Viral infection predisposes to OM via several mechanisms 

including mucosal inflammation, hypercytokinemia, neutrophil impairment, and 

increased bacterial adherence (123-126).  In particular, the viral impairment of 

normal eustachian tube (ET) function appears critical in this process.  

Physiologically, the ET ventilates the middle ear space and enables pressure 

equilibration.  Viral-induced disruption of ET ciliary function, sloughing of cellular 

debris, and edema can induce ET obstruction (127, 128).  This obstruction can 

then lead to the development of negative middle ear pressure which facilitates 

effusion.  Indeed, experimental IAV infection of adult volunteers was shown to 

induce negative middle ear pressure in nearly 60% of participants (129). 

In addition to viral URTI, age is also a key component in the pathogenesis 

of OM.  Prevalence tends to peak between 6-36 months of age, coinciding with 

peak nasal colonization of otopathogens, and declines thereafter, particularly at 6 

years old (61, 130).  This association with young age is partly mediated by an 

immature immune system, as described above for nasal colonization, but also by 

anatomy.  The eustachian tube in children is both more horizontal and shorter, 

allowing easier access for nasopharyngeal secretions to reach the middle ear.  

Similarly, the tensor veli palatini muscle is underdeveloped in young children, 

revealing a more patent ET orifice.  Unsurprisingly, being colonized with potential 

otopathogens such as S. pneumoniae is also associated with an increased 

incidence of OM (118).  Other risk factors are also involved and include male 

sex, socioeconomic status, allergies, immunodeficiencies such as asplenia, and 
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environmental exposures including tobacco smoke, crowding, and daycare (117, 

131). 

As in the nasopharynx, the precise mechanisms mediating the clearance 

of OM by the immune system are still not fully understood.  Both protection from 

and clearance of OM are mediated, at least in part, by the adaptive immune 

response and pathogen-specific antibodies.  Indeed, antibodies in the middle ear 

effusion are positively correlated with clearance (132).  As such, it is unsurprising 

that the antibody response and the pathogen-specific memory B cell population 

following OM has been shown to be reduced in otitis prone children (133, 134).  

The antibodies themselves are likely spilling over from the neighboring adenoids, 

nasal-associated lymphoid tissue, and the bloodstream (135) as T cells, 

specifically CD4+ TH cells, and not plasma cells, are the dominant lymphocyte 

present in middle ear effusions (136).  In general, however, immune cells are not 

present at high levels in healthy middle ear tissue and instead migrate in 

following stimulation (137). 

The innate immune response during OM also plays a critical role in initially 

controlling the infection and bridging to the adaptive immune response.  Epithelial 

cells of the middle ear mucosa express numerous pattern-recognition receptors 

(PRRs) and TLRs and produce pro-inflammatory cytokines including IL-1β and 

anti-microbial peptides such as β-defensins following pathogen stimulation (138).  

The infiltration of macrophages into the middle ear during OM further contributes 

to pathogen clearance, though this effect may be species- and, for S. 

pneumoniae, serotype-dependent (139).  Though most innate and adaptive 
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immune cells migrate to the middle ear, even the healthy mucosa contains 

Langerhans cells that have been hypothesized to play a key role in ultimately 

mediating the resolution of OM by linking the innate and adaptive immune 

responses (140, 141).  Somewhat paradoxically, however, certain components of 

this immune response have actually been shown to promote OM.  Illustrating 

this, though neutrophils are a major component of the immune response to OM 

and purulent effusions, both S. pneumoniae and H. influenzae have been shown 

to survive and even proliferate within neutrophil extracellular traps (NETs) (142, 

143). 

Via a combination of the mechanisms described above, a majority of OM 

episodes resolve spontaneously.  Despite this, antibiotics are still prescribed in 

as many as 80% of cases (144).  However, with complications arising from OM 

continuing to decrease in developed countries (112), newer treatment guidelines 

have attempted to limit antibiotic usage as much as is feasible.  As such, 

“watchful waiting” with adjunctive analgesic therapy is now recommended in all 

cases of non-severe AOM in children older than 24 months (117).  If antibiotics 

are warranted, β-lactams antibiotics including high-dose amoxicillin with or 

without clavulanate and cefdinir are generally first-line therapeutics (115).  

Recurrent or recalcitrant OM can occur in upwards of 25% of children  and often 

requires the placement of tympanostomy tubes to address ET dysfunction (145). 
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Streptococcus pneumoniae 

 S. pneumoniae is a Gram-positive, α-hemolytic encapsulated diplococcus 

that is a widespread colonizer of the human nasopharynx, generally in the 

absence of clinical disease.  However, when the nasopharyngeal 

microenvironment is altered such as by concomitant viral URTI, pneumococci 

can readily disseminate to cause disease.  Indeed, S. pneumoniae remains one 

of the leading bacterial causes of diseases ranging from otitis media and sinusitis 

to pneumonia, meningitis, and even a newly-appreciated role in the initiation of 

cardiac micro-lesions (7, 146, 147).  The anti-phagocytic polysaccharide capsule 

encasing S. pneumoniae is a primary virulence determinant contributing to these 

disease processes and is used as a means of typing this pathogen.  Currently, 

over 90 pneumococcal serotypes have been identified by Quellung reaction, 

though more likely exist (148).  Interestingly, epidemiological studies suggest that 

serotype can predict disease presentation.  Reflecting this, the invasiveness of a 

specific serotype is generally inversely correlated with its colonization prevalence 

(149).  For example, serotypes 1, 5, and 7 cause a high proportion of invasive 

pneumococcal disease in unvaccinated populations but are infrequently carried; 

the inverse is the case for serotypes such as 6B, 19F, and 23F (24, 149, 150). 

 Taking advantage of this clustering of a relatively small number of 

serotypes causing a disproportionate amount of disease in children, the seven-

valent PCV was introduced containing capsular components from the seven most 

invasive serotypes in the Western hemisphere conjugated to a protein 

immunogen (151).  This conjugation allows children less than two years of age to 
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mount a T cell-dependent immune response to the carbohydrate capsular 

antigen.  At the time of its introduction, serotypes covered by PCV-7 accounted 

for greater than 80% of invasive pneumococcal disease and over 85% of 

antibiotic resistant strains (152, 153).  Since its implementation in 2000 and the 

introduction of the 13-valent PCV in 2010, these vaccines have had a profound 

impact in preventing vaccine-type invasive pneumococcal disease (154, 155).  

Their effects on nasal colonization and otitis media, however, have been much 

more muted.  Indeed, while carriage of vaccine-type serotypes has decreased, 

the overall prevalence of S. pneumoniae colonization is largely unchanged due to 

the phenomenon of serotype replacement (102).  The effect of vaccination on 

pneumococcal OM is even less clear with some studies reporting a mild to 

moderate effect and others reporting near elimination of vaccine-type OM and 

replacement by H. influenzae (156-158).  These differences may be attributable 

to the time at which each study was performed following implementation of the 

vaccine, as pneumococcal OM rates appear to decrease immediately following 

vaccine introduction before rebounding in 3-5 years (159).  In general, the all-

cause reduction in OM since PCV introduction is approximately 6-9% (160).  

While PCV implementation has had only modest effects on rates of 

pneumococcal colonization and OM, it has succeeded in significantly decreasing 

antibiotic resistance as well as complications including recurrent OM, 

tympanostomy tube placement, and mastoiditis (117, 154, 161).  In sum, a shift 

in developed countries is occurring towards serotypes and strains associated 

more with nasal colonization and uncomplicated mucosal diseases such as OM.  
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The interaction of these less virulent pneumococcal strains in the context of OM 

with common coinfecting viruses such as influenza A virus is in significant need 

of further study and is addressed in this project. 

 The human nasopharynx is the primary ecological niche of S. pneumoniae 

and as such it is well-adapted to establish colonization at this site.  To reach the 

epithelial surface, the negatively charged capsule helps to prevent ensnarement 

and aggregation of S. pneumoniae in the similarly-charged host mucins 

distributed throughout the nasopharynx (162).  Once at the mucosal surface, at 

least three exoglycosidases, NanA, BgaA, and StrH, are involved in sequentially 

cleaving terminal carbohydrate moieties such as sialic acid from host-associated 

glycoconjugates to expose potential adherence sites (163).  The products 

released via this enzymatic activity can also be used as a carbon source by the 

bacteria via the SatABC sialic acid transport and metabolism locus (164).  In 

addition to cryptic receptors revealed by enzymatic activity, pneumococci can 

also adhere to numerous sites throughout the upper airway epithelial surface via 

a plethora of cell-surface adhesins.  These include CbpA/PspC binding to the 

laminin receptor and the pIgR (165, 166), PsaA binding to E-cadherin (167), and 

the phosphorylcholine residues of teichoic and lipoteichoic acid on the 

pneumococcal surface binding to the receptor for platelet activating factor (PAF) 

(168).  Adherence of S. pneumoniae to pIgR and the PAF receptor has further 

been shown to mediate translocation of the bacteria across the cellular surface 

(169, 170).  A subset of adhesins including PavA and Eno can then bind to 

extracellular matrix components beneath the epithelial barrier (171, 172). 
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 Once adherent to the mucosal surface, S. pneumoniae can then begin to 

form biofilms.  Biofilms are generally defined as adherent, highly-organized 

multicellular microbial communities encased in an extracellular matrix (173).  In 

pneumococci, this matrix is comprised in vivo of extracellular DNA from both the 

bacteria and the host, proteins, and polysaccharides (174, 175), although the 

specific composition is still unclear.  While the precise definition of biofilms 

continues to be debated, increasing evidence indicates that these microbial 

communities are the “preferred state of bacterial growth in nature” (176).  As 

such, they have been observed clinically in the adenoids of children as well as in 

the nasopharynges of mice (177, 178).  Further, there are several distinct 

differences when bacteria are in a biofilm versus a planktonic state.  Biofilm-

associated bacteria possess a distinct transcriptome with reduced capsular 

expression and metabolic activity and increased natural competence for genetic 

exchange (87, 175, 179, 180).  Biofilms additionally provide physical protection 

from clearance by host immune mediators (181, 182).  Interestingly, 

pneumococci in the biofilm state are also generally less invasive than their 

planktonic counterparts (183).  This is mediated in part as they are both more 

adherent via up-regulation of factors such as CbpA and also elicit a dampened 

inflammatory response from macrophages via by down-regulation of virulence 

factors such as pneumolysin (184).  A multitude of other pneumococcal virulence 

factors are involved in the formation of biofilms including SpxB, CbpA, and LytA 

(179, 183-186).  Of note, the pneumococcal neuraminidase NanA in particular is 

up-regulated during biofilm growth and has been implicated in the formation of 
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biofilms in vitro during co-culture with epithelial cells (184, 187).  The specific role 

of NanA in pneumococcal biofilms, however, and whether this interaction with 

epithelial cells is even required, is in need of further study and is addressed in 

the project discussed herein. 

 In addition to contributing to nasal colonization, biofilms have similarly 

been implicated in pneumococcal disease processes including OM.  Indeed, 

these structures have been observed in the middle ears of experimentally-

infected chinchillas and in the middle ear mucosa of children with recurrent OM 

(82, 174).  Biofilm bacteria, for multiple reasons including reduced metabolic 

activity, are significantly more resistant to antibiotics than their planktonic 

counterparts (84, 179, 188).  The high rates of antibiotic failure and recurrent OM 

in children have been attributed in part to these microbial biofilms in the middle 

ear. 

 While biofilms enable S. pneumoniae to persist in both the nasopharynx 

and middle ear, the factors enabling this pathogen to transition from biofilms in 

the former site to the latter are of great interest.  Recent work has identified one 

such factor, influenza virus, contributing to this transition.  Indeed, infection with 

IAV, both in vitro and in vivo, was shown to induce dissemination of pneumococci 

from the biofilm state (189).  Specifically, the viral induction of febrile temperature 

as well as increased concentrations of extracellular ATP, norepinephrine, and 

glucose was observed to mediate this transition (189). 
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Somewhat paradoxically, transmission of S. pneumoniae from host to host 

occurs almost exclusively during nasal colonization and not during disease (190).  

As such, its propensity to induce disease stands in stark contrast to the clear 

selective pressure for colonization.  As a result, it has been hypothesized that the 

same factors that enable pneumococci to colonize the nasopharynx can also 

enable it to cause disease when this colonization is either disrupted or the host 

environment is altered (23).  Illustrating this, pneumococci that were induced to 

disseminate from the biofilm state by viral infection were associated with 

increased expression above that of both biofilm and planktonic bacteria of key 

virulence factors including pneumolysin, PspA, CbpA, and NanA (180).  These 

factors, which contribute to persistence during colonization, also have important 

roles in immune evasion and induction of inflammation, particularly once 

pneumococci have disseminated from the nasopharynx.  Pneumolysin is a 

cytolysin with additional protean functions including inhibition of ciliary activity, 

inhibition of respiratory burst in phagocytes, and stimulation of CD4+ T cell 

activation and inflammatory cytokine secretion (191).  Interestingly, pneumolysin 

is also required in the initiation of an appropriate anti-pneumococcal immune 

response (192).  PspA possesses several immune evasion properties including 

inhibition of C3b complement deposition and lactoferrin bactericidal activity (193).  

Reflecting its critical role in virulence, antibodies to this protein are protective for 

colonization (100).  CbpA similarly inhibits complement deposition but via a 

separate mechanism involving the recruitment of Factor H (194).  Finally, the 
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neuraminidase NanA also contributes to immune evasion by desialylating 

immune factors including lactoferrin, IgA2, and secretory component (195). 

S. pneumoniae also adapts between nasal colonization and disease via 

phase variation.  This is a method of bacterial adaptation and immune evasion 

that involves a stochastic shift in phenotypic profiles that is reversible, heritable, 

and occurs at rates more frequently than from mutation alone (196).  S. 

pneumoniae phase-varies between a transparent phase typically associated in 

animal models with nasal colonization and an opaque phase typically associated 

with disease (197).  The two phases are identified by their colony morphology 

when viewed on a translucent agar surface under oblique transmitted light.  

Although shifts in colony appearance were noted earlier, the phases were first 

isolated and characterized in 1994 by Weiser et al. (197).  Since then, these 

phases have been shown to be relevant clinically as well.  Indeed, studies have 

identified that the transparent phase is found more frequently in the nasal 

washes of children while the opaque is more predominant in the bloodstream and 

in middle ear effusions (198, 199). 

Several features of the transparent phase make it ideally suited for nasal 

colonization and are summarized in Table III.  Capsular polysaccharide is down-

regulated which serves to enhance epithelial adherence, as a thick capsule can 

mask many of the pneumococcal cell-surface adhesins and its negative charge  
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Table III.  Features of the transparent and opaque phases in S. pneumoniae. 
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 Phase  
 Transparent Opaque Reference 

Nasal colonization ↑ ↓ (197) 
Virulence in intra-
peritoneal infection 

↓ ↑ (200) 

Site of isolation Nasal wash 
Bloodstream 
Middle ear 

(198, 199, 
201) 

Transformability ↑ ↓ (202) 

Capsule amount ↓ ↑ 
(199, 200, 

203) 
Complement deposition ↑ ↓ (204) 
Susceptibility to 
opsonophagocytosis 

↑ ↓ (203) 

Phosphorylcholine ↑ ↓ (200) 
Pneumolysin ↔ ↔ (200) 
NanA ↑ ↓ (195) 
CbpA ↑ ↓ (205) 
PspA ↓ ↑ (200, 205) 

 

  



30 

 

can repel from the similarly-charged epithelial surface (200, 205).  In addition, 

phosphorylcholine residues on pneumococcal cell wall-associated teichoic and 

lipoteichoic acid are more abundant in this phase and contribute to adherence via 

the PAF receptor (168).  Conversely, the increased expression of 

phosphorylcholine and reduced expression of capsule render the transparent 

phase more susceptible to host clearance mechanisms, particularly in sites more 

immunologically priveleged than the nasopharynx.  Specifically, C3b deposition, 

complement-mediated killing, and susceptibility to opsonophagocytosis are all 

greater in the transparent phase, mediated by increased activation of the 

alternative pathway of complement (203, 204).  Further, expression of the 

neuraminidase NanA, which contributes in multiple manners to nasal colonization 

(206), is significantly increased in the transparent phase relative to the opaque 

(195).  Finally, recent work has also demonstrated that biofilm formation, a 

hallmark of colonization, appears to select for the transparent phase, although 

more work is needed as this finding has not been universal (184, 207). 

The opaque phase of S. pneumoniae is identified more frequently during 

disease states rather than from nasal washes in both clinical studies and animal 

models (197, 198, 201, 205, 208, 209).  Much of the increased virulence of this 

phase has been attributed to its increased expression of capsule (205).  Indeed, 

one study identified that this specifically mediated the enhanced resistance of the 

opaque phase to opsonophagocytosis (203).  Beyond capsule, this phase also 

exhibits increased expression of PspA which, as described previously, has roles 

in immune evasion and virulence (193, 200, 210).  Somewhat surprisingly, 
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however, the pro-inflammatory virulence factor pneumolysin was shown to be 

expressed similarly between the two phases (200).  Microarray analysis of the 

opaque phase has also identified significantly reduced expression of genes 

involved in bacteriocin production/immunity and carbohydrate uptake and 

metabolism (195).  Interestingly, virulent pneumococci dispersed from the biofilm 

state by influenza virus were recently shown to actually have the opposite 

expression profile with increased expression of genes associated with sugar 

metabolism and bacteriocins (180).  These dispersed populations have 

previously been shown to be predominantly in the opaque phase (189), 

illustrating the still not fully understood balance between these two phases in S. 

pneumoniae.  Given these intriguing prior findings, the project presented herein 

was designed to determine whether factors such as IAV coinfection alter the 

traditional paradigm regarding the opaque and transparent phases.  Specifically, 

the potential ability of IAV coinfection to differentially affect nasal colonization and 

middle ear infection by both pneumococcal phases was investigated. 

Phase variation is widespread among many upper respiratory tract 

pathogens in addition to S. pneumoniae including H. influenzae, Neisseria spp., 

and non-pneumococcal streptococci.  In nearly all cases, its mechanism is 

largely understood and is often mediated by either slipped-strand DNA mispairing 

or epigenetic effects such as DNA methylation (196).  These switches occur 

randomly at the molecular and cellular level but are ultimately preferentially 

selected for based on environment conditions.  Despite over two decades of 

study, the genetic mechanism underpinning phase variation in S. pneumoniae, 
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however, has been difficult to elucidate.  Early work suggested that the box A 

and C regulatory element may mediate this shift between phases (211).  Located 

downstream of these elements was a sequence which is involved in phase 

switch frequency in certain but not all serotypes.  This region, however, was 

ultimately not required for phase variation (211).  In addition, the specific features 

of S. pneumoniae that ultimately contribute to visible colony opacity are similarly 

unknown.  This has, in group A streptococci, been traced to chain length; 

however, this was not observed in the pneumococcal phases (197).  Electron 

micrographs have indicated evidence of increased autolysis by the transparent 

phase.  While the autolysin LytA is similarly up-regulated in this phase, a ΔLytA 

mutant still exhibited phase variation (205).  In addition, as capsule production 

appears to be a key difference between the two phases, it has been 

hypothesized that the amount of capsular polysaccharide may impact colony 

opacity.  As acapsular pneumococci similarly exhibit two colony morphologies 

(168), however, this mechanism is not likely.  Taken together, these results 

suggest that phase variation in S. pneumoniae is a complex process involving 

differential regulation and expression of numerous genes rather than a single 

virulence factor. 

 

Influenza A Virus 

 Influenza viruses are single-stranded, negative sense RNA viruses 

belonging to the family Orthomyxoviridae.  The influenza viral genome contains 
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eight segments encoding as many as 12 polypeptides.  Based on differences in 

the encoded proteins, influenza viruses are classified into three types.  Of these, 

influenza A and B viruses cause the vast majority of disease in humans and are 

responsible for annual epidemics.  IAV is further subdivided into subtypes based 

on antigenic differences in the surface hemagglutinin (HA) and neuraminidase 

(NA) glycoproteins, as will be discussed in more detail later.  Currently, H1N1 

and H3N2 subtypes of IAV are circulating in the population.  While the primary 

reservoir of influenza viruses is avian, it is a major human pathogen responsible 

for a staggering 3-5 million severe infections each year (212).  Indeed, influenza 

viral infections are estimated to occur in 10-20% of the world’s population (213).  

Approximating the societal impact of this infection, a 2007 report estimated that 

influenza each year in the US alone was responsible for 3.1 million hospitalized 

days and US $10.4 billion in direct medical costs (214). 

 As with S. pneumoniae, the pathogenesis of influenza viral infection 

begins at the mucosal surface.  The three surface expressed viral glycoproteins, 

NA, HA, and M2, play critical roles at this stage and in the influenza viral 

replication cycle.  The neuraminidase (NA) cleaves sialic acid residues from host 

mucins, enabling the virus particle to reach the epithelial surface without 

becoming entrapped and cleared (215).  Once at the epithelium, the viral 

hemagglutinin (HA) binds to α2,3- and α2,6-linked sialic acid on the cell surface 

and mediates fusion with the host cellular membrane and endocytosis into the 

cell (216).  As the endosome acidifies, the matrix protein ion channel M2 enables 

acidification of the virion core, which then releases the viral nucleic acid and 
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allows it to reach the nucleus for viral replication (217).  Newly synthesized viral 

RNA and proteins then reassemble at the host cell surface before budding as a 

new virion.  The NA is then involved in its primary role of cleaving sialic acid at 

the host cell surface, thereby preventing the HA from inducing aggregation of 

budding virions and inhibiting dissemination (218).  This somewhat antagonistic 

interplay between the functions of the HA and NA is critical in the pathogenesis 

of influenza virus and has implications for the management of infection (216), as 

will be discussed later. 

 Much of the pathology resulting from influenza viruses stem from the pro-

inflammatory environment present during and following infection.  Indeed, an 

important component of the 1918 influenza pandemic that claimed over 50 million 

lives has been traced to a unique variant of the viral accessory protein PB1-F2 

that was shown to be hyper-inflammatory (6, 219, 220).  Influenza infections 

induce this inflammatory environment by two main mechanisms.  The first is 

direct via the cytolytic destruction of host cells during viral replication.  This is 

mediated both non-specifically by virion budding and specifically by the pro-

apoptotic activity of viral proteins such as PB1-F2 and the inhibition of anti-

apoptotic activity by the M2 protein (221, 222).  The second mechanism of 

inflammation is inter-related and is driven by the immune response itself 

attempting to clear the viral infection.  Necrosis and apoptosis of respiratory 

mucosal cells triggers an inflammatory cascade with the secretion of pro-

inflammatory cytokines including IL-1, IL-6, and tumor necrosis factor- α (TNF-α) 

and chemokines including monocyte chemoattract protein-1 (MCP-1) and IL-8 
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(125, 223).  These result in the influx of neutrophils, macrophages, and T cells 

which can then themselves secrete additional cytokines (223); ultimately 

contributing to tissue damage and resulting in hypercytokinemia in some cases 

(224).  Further, the induction of type I interferons (IFN-α and IFN-β), while critical 

for viral clearance, have also been implicated in host epithelial cell damage 

(225).  Thus, controlling the extent of this pro-inflammatory environment via 

modulatory cytokines such as IL-10 is also important in the response to influenza 

infection.  Reflecting this, IL-10 was shown to be required for viral clearance and 

prevention of mortality in animal models (226).  While the immunopathology of 

influenza infection undoubtedly contributes to human disease, disrupting this 

cascade with potential therapeutics is difficult as these same inflammatory 

mediators are required for the control of viral infection (227). 

 Regarding the course and clearance of influenza infection, viral load will 

generally peak in the first 2-4 days, followed quickly by a peak in the 

inflammatory cytokines and IFNs described above via PRRs including TLRs and 

RIG-1 inducing NFκB transcriptional activity (228).  The Type I IFN response 

specifically is critical in controlling early viral infection by inducing transcription of 

interferon-stimulated genes and induction of an antiviral state (228, 229).  

Reflecting this significance, influenza virus has multiple mechanisms encoded in 

its limited genome devoted to disrupting this response (230, 231).  Additionally, 

type I IFNs and other cytokines secreted from epithelial cells and macrophages 

also serve a key role in activating dendritic cells and bridging to the adaptive 

immune response (125).  Ultimately, influenza viral infections are generally 
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cleared by a combination of innate effector cells including natural kills (NK) cells, 

macrophages, and neutrophils.  Later in the course of infection, virus-specific 

CD4+ and CD8+ T cells further contribute to viral clearance via production of IFN-

γ and cytolytic effector function, respectively (229).  Virus-specific antibodies 

directed against the viral HA and NA can then be detected in serum and mediate 

future protection (232). 

 This protection from future influenza infections, however, is generally 

short-lived.  Due to the immense selective pressure of HA- and NA-specific 

antibodies, these viral proteins are highly antigenically variable.  This is mediated 

by the lack of proof-reading activity and the error-prone nature of the influenza 

RNA polymerase generating a constant pool of potentially beneficial mutations in 

these proteins (233, 234).  When combined with the selective host environment, 

this results in antigenic drift of influenza A viruses and can lead to annual 

epidemics if neutralizing immunity is lost.  In addition, as the viral genome is 

segmented, genetic reassortment can occur whereby influenza A viruses acquire 

a novel HA or NA to which widespread immunity is not present.  These antigenic 

shifts may lead to pandemics, as has occurred in 1918, 1957, 1968, 1977, and 

2009 (235). 

 To attempt to account for this extensive antigenic variation and the 

resultant short-lived immunity, influenza vaccines in both an inactivated form 

administered intramuscularly and a live-attenuated form administered intranasally 

are formulated each year.  These vaccines contain a representative H1N1, 

H3N2, and influenza B virus that are predicted by the WHO to be circulating in a 
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given region that year.  While each vaccine exhibits seasonal variability in 

effectiveness, particularly the 2014-2015 northern hemisphere formulation (236), 

they have been remarkably effective at preventing influenza morbidity and 

mortality, particularly in the elderly and in children (237, 238).  With regards to 

their effectiveness at preventing influenza complications such as OM, however, 

the results are more mixed.  Indeed, while two studies have reported significant 

reductions in all-cause OM (239, 240), two others either observed reductions in 

only OME (241) or reported no preventative effect at all (242). 

 As influenza vaccine prophylaxis provides incomplete protection, antiviral 

therapeutics represent the second line of defense against infection.  Of the only 

two classes of antivirals currently licensed for use, resistance against the viral M2 

protein inhibitors (e.g. Amantadine and Rimantadine) has made these 

medications nearly unusable in the US, with greater than a 90% resistance rate 

(243, 244).  The second class of antivirals, the inhibitors of the viral 

neuraminidase (e.g. Oseltamivir and Zanamivir), act by impairing the release of 

progeny virions from host cells thereby decreasing viral infectivity (245).  These 

medications, if given in the first 48 hours, are currently first-line therapeutics for 

prophylaxis and are recommended in patients with confirmed or suspected 

influenza infection with comorbidities or requiring hospitalization (246).  

Resistance against this class is significantly lower as the inhibitors act at the 

highly-conserved active site of the viral NA.  Indeed, resistance rates have been 

reported at 0.3% in adults and 4% in children (247).  These medications have 

proven effective at ameliorating influenza infection (248), and have also shown 
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promising, albeit limited, efficacy at reducing influenza-associated complications 

in a limited number of trials (249, 250). 

 While influenza infections themselves are significant, much of the 

associated morbidity and mortality is attributable to these downstream 

complications, notably from bacterial coinfections.  Viral infection alone is 

generally not associated with severe mortality, with the current exception of 

H5N1 avian influenza circulating in southeast China (251).  In combination with 

bacterial coinfection, however, influenza is the 8th leading cause of death in the 

US and is estimated to account for 250,000-500,000 deaths annually worldwide 

(8, 212).  S. pneumoniae is a leading co-pathogen of influenza infections; 

however, at least for children in the developed and vaccinated world, the trends 

of pneumococcal disease have shifted dramatically in the past 15 years.  As 

described previously, the incidence of invasive pneumococcal disease has 

declined significantly since the introduction of the PCVs in 2000 (152, 252, 253).  

Despite this, the synergistic interaction between S. pneumoniae and influenza 

virus has not gone away.  Rather, it appears that the context has shifted 

somewhat away from lethal disease and more towards localized diseases such 

as OM.  Indeed, even in the vaccine era, as many as 33% to 66% of influenza 

viral infections in young children are still associated with an ensuing case of 

AOM, often caused by a bacterial coinfection (61).  Thus, a greater 

understanding of how IAV ultimately contributes to the development of OM by 

colonizing strains of S. pneumoniae in the vaccine era is needed and is a major 

aim of the project presented herein. 
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Interactions between S. pneumoniae and Influenza A virus 

 Many virulence features of both S. pneumoniae and IAV have additional 

and/or synergistic roles when in coinfection.  For both pathogens, the mucosal 

surface is a key area of interaction.  As such, the traditional paradigm, put forth 

nearly 100 years prior, holds that preceding IAV infection pathologically damages 

the epithelial surface, enabling bacterial attachment and outgrowth (254).  As 

discussed above, many influenza infections are indeed cytotoxic to respiratory 

epithelial cells and expose the underlying basement membrane in the process, to 

which S. pneumoniae can strongly adhere via components such as fibronectin 

(255, 256).  IAV infection has also been shown to decrease mucociliary velocity 

ex vivo, thereby contributing to increased pneumococcal adherence (257).  

Interestingly, however, coinfection with influenza viruses that induce little to no 

pathologic damage can also promote pneumococcal pulmonary infection (5, 

258), suggesting that factors beyond indiscriminate mucosal damage and 

dysfunction are involved. 

 The viral alteration of specific host receptors represents another 

mechanism by which pneumococcal mucosal infection is enhanced.  This is 

mediated, in large part, by the proinflammatory cytokine environment induced by 

IAV infection.  Specifically, cytokines such as IL-1β up-regulate expression of the 

PAF receptor on epithelial cells to which S. pneumoniae can adhere via its 

surface-associated phosphorylcholine (168).  Illustrating this, PAF receptor-

deficient mice coinfected with IAV have been shown to be more resistant to post-

influenza pneumococcal pulmonary infection than their receptor-expressing 
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counterparts (259).  This observation has been challenged elsewhere (260), 

however, suggesting that this relationship may be more intricate than currently 

appreciated.  In addition, mucin production is regulated in part by NFκB and as 

such is similarly increased by a pro-inflammatory milieu similar to that observed 

during IAV infection (261).  Recently, pneumococci have been shown to utilize 

this increased mucin as both a carbon source and for adherence (262).    As an 

additional specific mechanism, the IAV NA can activate transforming growth 

factor- β (TGF-β) from its latent form and this activation correlates with the 

enzymatic activity of the viral NA (263).  This increase in TGF-β has been shown 

to mediate deposition of fibronectin, integrins, and collagen to which pathogens 

such as S. pneumoniae and S. pyogenes can adhere (255, 264).  Finally, the 

enzymatic activity of the IAV NA can also contribute directly by revealing cryptic 

receptors for pneumococcal adherence, as will be discussed more in an ensuing 

section. 

 Another key component influencing pneumococcal-IAV interactions is the 

alteration of the immune response to these pathogens.  While neutrophils are a 

predominant component of the inflammatory response to both S. pneumoniae 

and IAV, prior influenza infection impairs neutrophil activity and coinfection 

enhances neutrophil apoptosis (124, 265).  This is mediated, at least in part, by 

the excess of type I IFNs induced by IAV infection impairing the appropriate 

production of neutrophil chemokines in response to S. pneumoniae (266).  Type I 

IFNs also suppress the production of IL-17 by γδ T cells which is important for 

pneumococcal clearance (267).  Similarly, though somewhat paradoxically, the 
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overwhelming increases in IFN-γ observed in experimental models of IAV 

infection can also impair the macrophage response to S. pneumoniae via both 

the down-regulation of the scavenger receptor MARCO and by depleting this cell 

population in the airway (268, 269).  In addition, as IAV begins to be cleared, an 

anti-inflammatory state mediated in large part by IL-10 begins to arise that 

ultimately impairs the capability of immune cells to respond adequately to an 

ensuing pneumococcal challenge (270, 271).  Finally, though less well-explored, 

the interaction between these two pathogens is mutually synergistic and S. 

pneumoniae coinfection also contributes to IAV infection.  Reflecting this, IAV 

titers have generally been observed to increase in animal coinfection models 

following bacterial inoculation (272, 273).  The mechanisms driving this 

interaction are yet unclear but likely reflect alterations in the anti-viral adaptive 

immune response induced by S. pneumoniae infection (274). 

Pneumococcal Phase Variation 

 Despite the confirmed presence of distinct phases of S. pneumoniae in the 

nasopharynges of children (198), the interaction of these phases during 

polymicrobial infections has been largely unexplored.  Coinfection of S. 

pneumoniae with non-typeable H. influenzae has been shown to select for the 

transparent phase (275), though whether this is a unique interaction or indirectly 

from the increased biofilm formation observed when these two pathogens are co-

cultured is not known.  Additionally, an interaction with influenza A virus has been 

observed where IAV infection specifically induces dissemination of opaque phase 

pneumococci from the biofilm state (189).  Further work is needed to investigate 
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the relationship between the pneumococcal phases and IAV, particularly in the in 

vivo environment.  As such, this project aimed to first investigate how these 

phases may differentially contribute to nasal colonization and next to elucidate 

whether the synergistic pneumococcal-influenzal interaction extends to both the 

opaque and transparent phases.  Ultimately, this project was designed to assess 

whether IAV coinfection disrupted the traditional dichotomous paradigm of 

colonization versus disease between the pneumococcal phases, as has been 

observed in a prior clinical study (201). 

Neuraminidases 

 A particularly interesting area of potential interaction between influenza A 

virus and S. pneumoniae involves the neuraminidases that are expressed by 

both pathogens.  Neuraminidases are exoglycosidases containing a sialidase 

catalytic domain that removes terminal sialic acid residues from host 

glycoconjugates.  Specifically, the influenza neuraminidase NA is a tetramer 

surface glycoprotein which, in the presence of Ca2+, catalyzes the cleavage of 

α2,3- and α2,6-linked sialic acids, the latter of which are most significant for 

human infection (276).  As discussed previously, the enzymatic activity of NA 

plays important roles in facilitating both virion release from host cells and 

preventing viral aggregation in host mucins at the mucosal surface (215, 276).  

Interestingly, despite viral replication and infectivity in vitro relying on these 

functions of NA (277), IAV clinical isolates in the past 10 years have been 

identified with minimal to no neuraminidase activity (278, 279), indicating a clear 

potential mechanism of resistance to viral neuraminidase inhibitors.  Efforts to 
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account for this partial dispensability of IAV NA activity have focused on the 

antagonistic yet functional balance between HA binding to and NA cleaving sialic 

acid (216).  Indeed, in influenza strains with impaired NA function, mutations 

have been observed near the sialic acid binding pocket of HA, decreasing its 

binding affinity and thus decreasing its reliance on NA activity (280).  A second 

potential hypothesis, however, which has received considerably less attention, 

involves the contributions of the polymicrobial in vivo environment.  Two 

predominant members of the oropharyngeal flora that, like S. pneumoniae, also 

express a neuraminidase, Streptococcus oralis and Streptococcus mitis, were 

just recently shown to be capable of rescuing influenza virus replication from 

inhibition by the viral NA inhibitor zanamivir in vitro (281).  A similar effect has 

been observed in vitro with S. pneumoniae as well (282), suggesting a similar 

activity of the bacterial and viral proteins. 

 Neuraminidases from both S. pneumoniae and influenza virus are very 

distinct based on DNA sequence (~15% homology); however, they share a 

similar catalytic domain topology as well as conserved key catalytic residues (3, 

283, 284).  Bacterial neuraminidases appear to diverge from influenza NA in the 

addition of several non-catalytic repeating segments and, in the case of bacteria 

such as Vibrio cholerae, the addition of lectin-like carbohydrate binding motifs 

(285).  These domains have been shown to significantly increase the catalytic 

efficiency of bacterial neuraminidases (286). 

 S. pneumoniae expresses at least three neuraminidases, NanA, -B, and –

C.  All three contain an N-terminal signal sequence for export, though NanA also 
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has a C-terminal surface-anchoring motif (3, 287).  Similarly, they all possess, by 

sequence homology, an N-terminal lectin-like carbohydrate binding domain in 

addition to the C-terminal catalytic domain (3), as depicted in Figure 2.  Of the 

three, NanA is the most highly conserved and is expressed in all strains, while 

NanB and NanC are expressed in 96% and 51% of studied strains, respectively 

(288).  NanA is transcribed approximately 10-fold greater and its activity is 

roughly 100-fold higher than NanB at relevant physiologic pH (289, 290).  As 

discussed previously, NanA is canonically involved in vivo in bacterial adherence 

via desialylation of host cell-associated glycoconjugates.  More recently, NanA 

has also been shown to be involved in immune evasion, biofilm formation with 

epithelial cells, and metabolism via utilization of sialic acid as a carbon source 

(195, 291-293).  The precise roles of NanB and NanC in vivo are less clear, 

though various studies have suggested a role in pulmonary infection (290) and 

invasion of the cerebrospinal fluid (288), respectively. 

 Due to the apparent similarities in the enzymatic activity of the influenza 

and pneumococcal neuraminidases, this particular interaction has been theorized 

to contribute to viral-bacterial synergism.  There are several pieces of evidence 

to support this hypothesis.  First, in a mouse model of pulmonary coinfection, the 

IAV NA specifically was observed to exacerbate pneumococcal infection and 

mortality (294).  Recapitulating this result in vitro, pneumococcal adherence was 

increased to IAV-infected epithelial cells and this effect could be reversed by 

treatment with a viral neuraminidase inhibitor in a time frame where its effects on  
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Figure 2.  Representative domain map of S. pneumoniae NanA.  Adapted 

from Uchiyama et al and Xu et al (2, 3).  
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viral replication can be excluded (294, 295).  Providing further evidence of this 

synergistic interaction, maximal pneumococcal adherence to IAV-infected 

epithelial cells in vitro and pulmonary infection in vivo correlated with the 

neuraminidase activity of a panel of recombinant influenza A viruses (296).  The 

mechanisms underlying these observations have traditionally centered on the 

synergistic exposure of pneumococcal binding sites.  Indeed, lectin labelling of 

chinchilla eustachian tube epithelial cells has been shown to be maximally 

altered during coinfection with both pathogens (208).  Newer studies have further 

contributed that IAV may also enhance pneumococcal adherence by directly 

activating TGF-β tissue remodeling and that the sialic acid released by the viral 

NA can independently promote pneumococcal proliferation (5, 262, 297). 

 These studies have led to the hypothesis that influenza virus 

neuraminidase inhibitors may have the additional effect of preventing sequelae 

such as coinfection with S. pneumoniae.  This effect would, theoretically, be 

present even if the medications were given outside of the first 48 hours following 

influenza infection, greatly increasing their clinical utility.  One study in coinfected 

mice did indeed observe that oseltamivir treatment, even when delayed, reduced 

pneumococcal pulmonary infection independently of its effect on viral replication 

(294).  Clinically, efficacy trials of viral neuraminidase inhibitors have generally 

not been designed to assess complications such as bacterial coinfections.  

However, a recent meta-analysis estimated that acute OM was approximately 

half as likely to develop in patients with confirmed influenza virus infection treated 

with neuraminidase inhibitors (298), though more randomized clinical trials are 
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sorely needed.  Conversely, infection by a clinical IAV variant possessing 

reduced neuraminidase activity was not observed to alter colonization by S. 

pneumoniae in humans (299).  In addition, the ability of viral neuraminidase 

inhibitors to interact with pneumococcal neuraminidases in vivo is not clear.  

Though both oseltamivir and zanamivir have been shown to bind pneumococcal 

NanA, their inhibitory effect relative to the influenza NA is only moderate for the 

former and nearly undetectable for the latter (300, 301).  Complicating our 

understanding of this interaction further, the contributions of pneumococcal NanA 

during IAV coinfection, though likely important, have been almost entirely 

unexplored.    Taken together, the contributions of the influenza virus NA to S. 

pneumoniae infection are well-documented, yet further work is needed regarding 

its pneumococcal counterpart NanA.  Thus, this project aimed to investigate the 

specific role of NanA in pneumococcal-influenzal synergism in vivo. 

 

Statement of Research Purpose 

The research presented herein is centered on the interactions between 

influenza A virus and S. pneumoniae in a mouse model.  First, we investigated 

the ability of a preceding viral infection to induce a prototypical colonizing, less 

virulent pneumococcal strain to colonize the nasopharynx and infect the middle 

ear, as occurs most frequently in children.  Next we investigated whether this 

influenza viral synergism extended to the intra-strain phenotypic alterations 

between the opaque and transparent phases inherent within pneumococci.  
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Finally, we investigated the specific role of the major pneumococcal 

neuraminidase NanA in the IAV-induced exacerbation of nasal colonization and 

middle ear infection as well as a potential, extra-enzymatic role for this protein 

with signficant implications for future therapeutic usage and targeting. 
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INTRODUCTION 

 Otitis media (OM) is among the most common diseases of childhood, 

affecting most children at least once before the age of three and accounting for 

billions of dollars  in healthcare expenditures annually in the US alone (111, 302).  

Streptococcus pneumoniae (pneumococcus) is the most commonly isolated 

pathogen of OM even following the advent of widespread vaccination with the 

pneumococcal conjugate vaccine (303).  Pneumococci can also 

asymptomatically colonize the nasopharynx (22, 50, 304, 305).  There remains 

much to be learned regarding the factors contributing to the transition from 

carriage to OM disease. 

 Epidemiologic evidence strongly indicates a role for upper respiratory tract 

viruses, particularly influenza A virus (IAV), in the dissemination of S. 

pneumoniae from its nasopharyngeal niche to the middle ear (61, 81, 126, 305, 

306).  Indeed, experimental IAV infection of human volunteers was shown to 

increase both nasal pneumococcal burden and incidence of OM (307, 308).  This 

synergistic interaction has also been observed across different pneumococcal 

strains and serotypes in ferrets (309) and, extensively, in chinchillas (310, 311). 

The development of mouse models, though often requiring either the use of 

artificial or invasive procedures (312, 313) or infant mice (66, 314, 315), has 

further significantly contributed to and widened the field.  Largely stemming from 

these models, the viral factors which predispose to OM are well-studied and 

include eustachian tube dysfunction, ciliary dysmotility, mucosal inflammation, 

and neutrophil impairment (81, 126, 128, 223, 316).  How this viral predisposition 
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affects specific pneumococcal subpopulations during middle ear infection, 

however, is less well understood. 

 S. pneumoniae is a tremendously variable pathogen that is well adapted 

to persist within the human nasopharyngeal microbiota.  In addition to including 

numerous capsular types, pneumococcal populations also undergo intra-strain 

phase variation in which bacteria spontaneously and reversibly shift between an 

opaque and transparent colony types (197).  Present data indicate that 

pneumococci exist in humans as a heterogeneous combination of these phases 

during both colonization and disease (198).  In prior studies, the transparent 

phase was shown to be more efficient in nasopharyngeal colonization in vivo 

(197) along with increased adherence to activated lung epithelial cells in vitro 

(317) and an increase in transparent phase pneumococci within biofilm 

communities (184).  Biofilms are surface-attached bacterial communities that are 

encased in an extracellular matrix and display an altered metabolic phenotype 

(173).  These structures in particular have previously been linked both clinically 

and experimentally to nasal colonization and OM (174, 178, 185).  The opaque 

phase, in contrast, is associated with invasive disease (197), with increased 

resistance to opsonophagocytosis and host clearance (203), likely mediated 

through increased capsular expression (200). 

We hypothesized that coinfection with IAV may alter pneumococcal 

colonization and, possibly, alter the dynamics of middle ear infection by the two 

phases, disrupting this traditional paradigm regarding the transparent and 

opaque phases.  Previous work in a chinchilla model has indicated that, at later 
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time points, opaque phase variants predominated in both the nasopharynx and 

middle ear following IAV infection (318).  As the opaque phase is not traditionally 

associated with colonization in animal models (197) or in humans (198), this 

current study was designed to further investigate the interaction of IAV and the 

two phases of S. pneumoniae in a distinct animal model and using a well-studied 

colonizing pneumococcal strain. 

To investigate our hypothesis, we first aimed to develop a readily 

accessible adult mouse model of nasal colonization and middle ear infection that 

mimicked the natural course of infection.  As such, we utilized an intranasal 

inoculation of a colonizing pneumococcal strain (EF3030) that has been shown to 

colonize the mouse nasopharynx in the absence of lethal, systemic disease (319, 

320).  We found that preceding IAV infection enhanced nasal colonization by S. 

pneumoniae and this was correlated with a significant increase in middle ear 

infection.  We then employed this model to investigate whether viral coinfection 

altered the pathogenesis of middle ear infection by the two pneumococcal 

phases.  Our results demonstrated inherent differences in bacterial adherence to 

nasopharyngeal epithelial cells and biofilm viability in vitro as well as nasal 

colonization in vivo between the two phases.  Despite this, IAV coinfection 

ultimately enabled both phases to colonize the nasopharynx and infect the 

middle ear similarly.  This provided evidence that the pathogenesis of 

pneumococcal colonization and middle ear infection during IAV coinfection was 

phase-independent. 
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MATERIALS AND METHODS 

Infectious agents and growth conditions.  S. pneumoniae EF3030 (serotype 

19F) is a nasopharyngeal isolate that has previously been shown to colonize the 

mouse nasopharynx in the absence of lethal, systemic disease (319, 320).  

Pneumococci were cultured on trypticase soy agar (Beckton-Dickinson) with 5% 

sheep blood (Hemostat) and 4 µg/ml gentamicin (Sigma).  For freezer stocks, S. 

pneumoniae were grown in brain-heart infusion (BHI) broth (Beckton-Dickinson) 

supplemented with 10% heat-inactivated horse serum and 10% catalase (2,500 

U/ml, Worthington) until mid-late logarithmic phase (OD600 nm 0.6-0.85), diluted 

1:1 in 50% glycerol, and frozen at -80°C.  Influenza A/PR/8/34-GFP (H1N1) used 

in this study was generously provided by Adolfo García-Sastre (321).  Viral 

stocks were prepared in embryonated eggs and titered via determination of the 

median tissue culture infectious dose (TCID50) in Madin-Darby canine kidney 

cells. 

Phase determination and variant isolation.  Colony phenotype was 

determined under oblique light, as described previously (91, 197).  Phase 

variants of the parent EF3030 strain were isolated prior to each experiment and 

were confirmed to contain >90% of colonies in the same phase of at least 100 

counted colonies.  These variants retained the ability to shift between the 

transparent and opaque phases.  The percent opacity of each inoculum was 

confirmed prior to each experiment. 
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Coinfection model.  Female, 6 week old BALB/c mice (Jackson Laboratory) 

were housed in a BSL-2 facility.  All mouse infection protocols were approved by 

the Wake Forest University Health Sciences Institutional Animal Care and Use 

Committee.  Mice were anesthetized with Avertin (20 mg/ml 2,2,2-

Tribromoethanol, Acros Organics) intraperitoneally and infected intranasally with 

3x103 TCID50 IAV diluted in 20 µl sterile phosphate-buffered saline (PBS) on ice 

or an equal volume of vehicle control.  Four days later, mice were again 

anesthetized and inoculated intranasally with 5x106 CFU S. pneumoniae in 20 µl 

BHI on ice or vehicle control.  Bacterial density was confirmed by serial dilution 

and plate count.  The phase composition of each inoculum was also confirmed.  

Mice were weighed and assessed for disease at least twice daily.  While minimal 

and moderate signs of disease were apparent in mice inoculated with EF3030 

alone and IAV alone, respectively, a small subset of coinfected mice (<10%) 

exhibited moribund disease.  These mice were euthanized on that day.  At days 

2 and 4 post-bacterial infection, mice were euthanized and the nasopharynx and 

bilateral bullae were aseptically excised and homogenized (PowerGen 100, 

Fisher Scientific) in sterile PBS.  Aliquots of these homogenates were serially 

diluted and plated for bacterial quantification and phase determination following 

20 hour incubation at 37°C and 5% CO2. 

qRT-PCR.  Tissue homogenates were snap frozen and stored at -80°C.  Aliquots 

were then freeze-thawed three times and RNA was isolated with TRIzol reagent 

(Ambion) and reverse transcribed to cDNA using random primers (Invitrogen), 

deoxynucleoside triphosphates (Promega), and Superscript III reverse 
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transcriptase (Invitrogen) supplemented with RNasin (Promega) following each 

manufacturer’s specifications.  Influenza RNA was then detected by real-time 

quantitative PCR using TaqMan Universal PCR Master Mix (Applied Biosystems) 

and IAV primers (322) with a 7500 Real Time PCR System (Applied Biosystems), 

essentially as described previously (323). 

Histopathology.  Excised nasopharynges and bullae from pre-selected mice 

were fixed in 4% paraformaldehyde, decalcified, embedded in O.C.T. Solution 

(Sakura Finetek), and sequentially frozen by placing at room temperature for 3 

hours, -20°C for 12 hours, and -80°C for 24 hours or until ready for use.  

Samples were cryosectioned into approximately 5 µm slices, stained with 

hematoxylin and eosin, mounted with Permount (Electron Microscopy Sciences), 

and examined microscopically. 

Adherence Assay.  The human nasopharyngeal carcinoma cell line Detroit 562 

(ATCC CCL-138) was maintained in Eagle’s Minimal Essential Media with L-

glutamine, 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin, and 100 

µg/ml streptomycin (Gibco).  Cells were grown in T75 flasks (Corning) at 37°C 

and 5% CO2.  Adherence assays were performed essentially as described 

previously (184, 324).  Approximately 2x105 cells/well were seeded onto 24-well 

flat-bottom, tissue culture-treated plates (Costar) and allowed to grow to 

confluence (~4x105 cells/well).  When cells were ready to infect, bacteria were 

grown in BHI broth supplemented with 2,500 U/mL catalase to mid-logarithmic 

phase (OD600 nm = 0.45-0.65).  Cell monolayers were washed three times in 

warmed Dulbecco’s PBS (DPBS, Lonza) and overlaid with 1 ml/well serum- and 
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antibiotic-free media containing 1x107 CFU of S. pneumoniae opacity variants.  

The bacterial density and phase composition of each inoculum was determined.  

To initiate bacterial-epithelial cell interactions, the plates were centrifuged at 

1300 x g for 5 minutes and then incubated at 37°C and 5% CO2 for 1 hour.  

Following incubation, the monolayer was washed three times with DPBS to 

remove non-adherent bacteria.  Epithelial cells and adherent bacteria were then 

dissociated from the plate by treatment with 0.25% Trypsin-EDTA (Gibco) for 10 

minutes.  The number of adherent bacteria was determined by serial dilution and 

plate count.  Pneumococcal adhesion was expressed as percent adherence 

relative to the inoculum.  The experiment contained 3 biological replicates per 

opacity variant and included 6 variants of each phase. 

Static Biofilm Assay.  This assay was performed essentially as described 

previously (84).  Briefly, S. pneumoniae opacity variants were inoculated into 

Todd-Hewitt broth (Beckton-Dickinson) with 0.5% yeast extract (Difco) and 

supplemented with 10% heat-inactivated horse serum and 2,500 U/ml catalase 

and were seeded onto 24-well flat-bottom plates (Costar) at 5x105 CFU/well.  The 

bacterial density and phase composition of each inoculum was confirmed prior to 

each experiment.  After incubation at 37°C and 5% CO2 for 4 or 24 hours, the 

media was removed and the adherent biofilms were resuspended in sterile PBS 

by scraping and vigorous pipetting.  The biofilm viability, defined as the total 

recovered numbers of surface-attached S. pneumoniae, and phase composition 

were then determined via plate count and phase determination, respectively.  
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Each experiment contained 3 biological replicates and was repeated at least 

three times. 

Statistical analysis.  Pairwise comparisons of nasal colonization, middle ear 

infection, and phase composition were analyzed by Mann-Whitney U test.  The 

percent adherence of pneumococcal phase variants to epithelial cells and in vitro 

biofilm viability was analyzed by Student’s t test.  Correlation between nasal 

colonization density and middle ear bacterial burden was assessed by 

Spearman’s rank correlation test.  Where noted in the text, fold-change was 

calculated using the geometric mean, except for biofilm viability which was 

calculated using the arithmetic mean.  Bacterial counts below the limit of 

detection were considered uninfected.  For statistical analysis and graphing, 

these points were plotted at the limit of detection.  A p-value <0.05 was 

considered to be significant.  Statistical analyses were performed using 

GraphPad Prism, version 5.01 (GraphPad Software). 
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RESULTS 

     Nasal colonization is increased by prior influenza virus infection.  Mice 

were infected intranasally with IAV followed four days later by S. pneumoniae to 

investigate the effect of antecedent viral infection on pneumococcal colonization.  

The mouse nasopharynx was permissive to IAV infection as influenza viral RNA 

was still detectable in 75-89% of mice by day 8 post-viral infection (Table IV).  

Further, all mice challenged with S. pneumoniae exhibited nasal colonization at 

both days 2 and 4 post-bacterial infection (Figure 3A).   This colonization was 

observed to persist for at least 20 days (not shown).  In mice coinfected with both 

IAV and S. pneumoniae, the magnitude of pneumococcal colonization was 

significantly increased by ~8-fold at both days 2 and 4 (p = 0.0003 and p = 

0.0043, respectively; Figure 3A).  Bacterial coinfection, alternatively, did not 

have a significant effect on the proportion of IAV-infected nasopharynges (p 

>0.05, Fisher’s exact test; Table IV). 

     Influenza virus enhances pneumococcal middle ear infection.  In 

children, the magnitude of nasal colonization is linked to the incidence of OM 

(325).  We next aimed to determine whether the increase in nasal pneumococcal 

colonization following IAV infection was similarly associated with middle ear 

infection.  IAV coinfection significantly increased the middle ear pneumococcal 

burden by nearly 40-fold at both days 2 and 4 post-bacterial infection (p <0.0001 

and p = 0.025, respectively; Figure 3B).  Prior viral infection also altered the 

incidence of middle ear bacterial infection as 100% of coinfected mice possessed 

detectable numbers of bacteria in the normally sterile middle ear space of at least  
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Table IV.  Presence of IAV RNA in the nasopharynx and middle ear.  The 

percentage of tissues that contained detectable IAV RNA by qRT-PCR at the 

indicated time points is shown.  Data are pooled from two replicate experiments. 
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Tissue Type and 

Inoculum 

% Tissue Containing 

IAV RNA (Standard 

Error) 

Day 2a Day 4 

Nasopharynx   

     IAV 100.0 

(0.0)b 

88.9 

(16.6) 

     IAV + S. 

pneumoniae 

76.9 (28.4) 75.0 

(33.4) 

Middle Ear   

     IAV 27.8 (13.8) 0.0 (0.0) 

     IAV + S. 

pneumoniae 

15.4 (10.0) 0.0 (0.0) 

a Days post-bacterial infection, 

corresponding to day 6 and day 8 post-viral 

infection, respectively. 
b Data was evaluated via Fisher’s exact test 

and no significant differences between IAV- 

and co-infected tissue were present (p > 

0.05). 
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Figure 3.  Influenza A virus exacerbates nasal colonization and middle ear 

infection by S. pneumoniae.  Mice were infected intranasally with influenza A 

virus (IAV) PR8-GFP followed four days later with S. pneumoniae (Sp) EF3030.  

A, Magnitude of nasal colonization and B, middle ear infection by S. pneumoniae 

in the tissue homogenates from days 2 and 4 post-bacterial infection 

(corresponding to days 6 and 8 post-viral infection).  Each data point represents 

a single nasopharynx or ear and the data are pooled from two replicate 

experiments.  The short, solid lines denote the geometric mean and the dotted 

line represents the limit of detection of the assay.  Statistical analysis was 

performed using two-tailed Mann-Whitney U test and is denoted by * p <0.05, ** 

p <0.01, or *** p <0.001.  C, Correlation between nasal colonization density of S. 

pneumoniae and the middle ear pneumococcal burden in coinfected mice.  Each 

ear is correlated to its respective nasopharynx.  The data contain both time 

points and are pooled from two replicate experiments.  Statistical analysis was 

performed using Spearman’s rank correlation test and is denoted by Spearman’s 

rank correlation coefficient (r) and p-value (p).  D, Middle ear (ME) pneumococcal 

burden at day 2 post-bacterial infection recovered from mice infected with S. 

pneumoniae alone (black bar), coinfected with IAV and possessing detectable 

viral RNA in the ME (white bar), or coinfected with IAV but containing no 

detectable viral RNA in the ME (hatched bar) from a separate experiment.  Each 

bar represents the geometric mean +/- 95% confidence intervals.  The presence 

of IAV RNA was detected by qRT-PCR and no IAV RNA was detectable in the 

ME by day 4 post-bacterial infection (day 8 post-viral infection).  Data are pooled 

from two replicate experiments.  Statistical analysis was performed using two-

tailed Mann-Whitney U test and is denoted by ** p <0.01 or *** p <0.001. 
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one ear as compared to 75% of singly-infected mice (p = 0.01; Fisher’s exact 

test).  These coinfected mice were also more prone to develop bilateral middle 

ear infection (88% vs 35%, p = 0.0004; Fisher’s exact test, Supplemental Figure 

3), a frequently-used clinical criterion for the initiation of antimicrobial therapy 

(326).  Further, the magnitude of middle ear infection was found to be directly 

correlated to the density of nasal pneumococcal colonization but only during 

coinfection with IAV (Figure 3C), echoing clinical data (325).  

Using the presence of IAV RNA in the middle ear as a surrogate marker 

for viral infection at that site, coinfection with pneumococci had no effect on the 

proportion of ears infected with IAV (p >0.05, Fisher’s exact test; Table IV).  The 

middle ear pneumococcal burden, however, was significantly elevated in 

coinfected mice even in those ears without detectable IAV RNA (p<0.01; Figure 

3D).  Further, the pneumococcal burden in the middle ears that did contain IAV 

RNA at the designated time points was significantly greater than ears from both 

singly-infected mice and ears from coinfected mice that did not contain viral RNA 

(p<0.01, Figure 3D). 

     Influenza virus induces increased nasal epithelial inflammation.  IAV-

induced inflammation in the middle ear has previously been shown to propagate 

pneumococcal OM (315).  To determine whether IAV induced a similar effect in 

the nasopharynx, nasal sections from both singly- and coinfected mice were 

compared using histopathologic staining and microscopic analyses.  The nasal 

epithelium from mock infected mice was intact and contained a thick mucociliary 

border (Figure 4, column 1).  During colonization with S. pneumoniae, an  
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Figure 4.  Influenza virus induces nasal epithelial changes.  Representative 

histological images of the lateral wall of the nasal cavity from mice (n ≥ 4) 

infected intranasally with influenza A virus (IAV) followed four days later by S. 

pneumoniae from both days 2 and 4 post-bacterial infection (corresponding to 

days 6 and 8 post-viral infection). Representative images from mock-, S. 

pneumoniae alone-, and IAV alone-infected mice are also shown.  Tissues were 

stained with hematoxylin and eosin and examined microscopically at 

magnification x40.  The scale bar denotes 20 µm.  Insets were examined at 

magnification x60 and the respective scale bars denote 10 µm.  Relevant 

structures are labelled including the mucociliary border (MCB).  Filled 

arrowheads mark areas of ciliary denudation, open arrowheads denote areas of 

epithelial disruption. 
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inflammatory infiltrate was present within the nasal meatuses consisting primarily 

of cells morphologically resembling neutrophils (Figure 4, column 2), as has 

been noted previously (23).  Despite this infiltrate, the nasal epithelium was 

largely unchanged from mock- infected mice with the notable exceptions of 

isolated areas of ciliary denudation and areas of increased mucus production 

(Figure 4, column 2).  In contrast, IAV infection, both in the presence and 

absence of S. pneumoniae, was associated with substantial damage to the nasal 

epithelium including widespread ciliary denudation, epithelial disruption, areas of 

microvascular hemorrhage and exposure of the lamina propria (Figure 4, 

columns 3-4).  Epithelial changes appeared similar between IAV-only and 

coinfected mice.  A predominantly neutrophilic infiltrate was again present within 

the lumen of the nasal meatuses of both IAV-only (Figure 4, column 3) and 

coinfected mice (Figure 4, column 4).  Unlike mice colonized with pneumococci 

alone, this infiltrate was also epithelial-associated (Figure 4, columns 3-4).  

These data indicate that IAV alters the nasopharyngeal epithelium, suggesting a 

potential mechanism by which nasal colonization is enhanced following viral 

infection.     

 Middle ear inflammation is increased in coinfected mice.  As 

pneumococci were detected in the middle ears of both singly- and coinfected 

mice, middle ear sections were evaluated histopathologically to determine 

whether the increased bacterial burden was associated with increased 

inflammation or signs of disease.  No evidence of inflammation or infiltrate was 

observed in mock-infected mice (Figure 5, column 1).  A minimal inflammatory  
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Figure 5.  Middle ear inflammation and infiltrate is increased during 

coinfection.  Representative histological images of the middle ear (n ≥ 8) from 

mice infected intranasally with influenza A virus (IAV) followed four days later by 

S. pneumoniae from both days 2 and 4 post-bacterial infection (corresponding to 

days 6 and 8 post-viral infection). Representative images from mock-, S. 

pneumoniae alone-, and IAV alone-infected mice are also shown.  Tissues were 

stained with hematoxylin and eosin.  The samples were examined 

microscopically at magnification x4 and x40 and the scale bars denote 100 µm 

and 20 µm, respectively.  Insets were examined at magnification x60 and the 

respective scale bars denote 10 µm.  Relevant structures are labelled including 

the middle ear cavity (MEC), tympanic membrane (TM), external ear canal 

(EEC), and blood vessels (BV). 
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infiltrate was occasionally present in mice infected with S. pneumoniae alone.  Of 

note, one ear was observed to contain a large inflammatory infiltrate within the 

lumen.  In most cases, however, the tissues appeared similar to mock-infected 

mice (Figure 5, column 2), as has been described previously (314).  The 

heterogeneity of these findings is likely attributable to the high variability of 

bacterial burden that we detected in the ears of singly-infected mice.  While most 

values were clustered around ~102-103 CFU/ml, the range extended to as high 

as ~106 CFU/ml (Fig. 1B).  As middle ear inflammatory infiltrates have been 

shown to correlate with bacterial burden (327), it is likely that the disparate 

finding that we observed in one ear was due to an abnormally high magnitude of 

middle ear infection in that animal. 

In mice infected with IAV alone, an inflammatory infiltrate was also largely 

absent.  However, there was evidence of mucosal inflammation with increased 

edema, epithelial thickening, and vasodilation (Figure 5, column 3).  These 

findings were more prominent in coinfected mice (Figure 5, column 4).  Further, 

an inflammatory infiltrate consisting primarily of neutrophils was readily apparent 

in the middle ear lumens of coinfected mice (Figure 5, column 4).  Taken 

together, these results indicate that the increased magnitude of middle ear 

bacterial infection following IAV was associated with increased evidence of both 

mucosal inflammation and inflammatory infiltration.  As these are two histological 

findings linked to the clinical diagnosis of OM (328), these data are suggestive 

that middle ear disease was likewise increased during bacterial-viral coinfection 

in these mice. 
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     During coinfection, the transparent phase is found more frequently in 

the nasopharynx, the opaque in the middle ear.  Pneumococci exhibit phase 

variation between a transparent phase associated more with nasal colonization 

and an opaque phase associated more with disease (197).  To determine 

whether this association was also present during bacterial-viral coinfection, the 

phase composition of colonies isolated from mice inoculated with IAV and S. 

pneumoniae was assessed.  The pneumococcal strain used in this study, 

EF3030, was comprised of a heterogeneous combination of both phases, as 

occurs naturally in humans (198).  This strain was confirmed to contain 

approximately 73% opaque phase colonies at the time of inoculation.  The 

propensity of the transparent and opaque phases to be isolated from the 

nasopharynx and ear, respectively, persisted in vivo during coinfection with IAV.  

By day 4, colonies isolated from the nasopharynx were more transparent while 

those from the middle ear were more opaque (p = 0.037; Table V), reflecting a 

similar study in children with acute OM (198).  Of note, a similar comparison 

could not be made in singly-infected mice as insufficient bacterial counts to 

evaluate phase composition were consistently isolated from the middle ears of 

these mice. 

     Transparent phase pneumococci are more adherent to nasopharyngeal 

epithelial cells.  Since transparent phase pneumococci were isolated more 

frequently from the nasopharynges of both singly- and coinfected mice, we 

hypothesized that this may be mediated by increased epithelial adherence.  To 

test this, phase variants of EF3030 were generated and were confirmed to  
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Table V.  Percent opacity of colonies isolated from IAV- and co-infected 

mice.  The mean percentage of opaque phase colonies isolated from either the 

nasopharynx or middle ear of singly- or co-infected mice at the indicated time 

points from two pooled experiments. 
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Inoculum (% opaque 

phase colonies in 

inoculum) 

% Opaque Phase Colonies (Standard Error)a 

Day 2b Day 4 

Nasopharynx Middle Ear Nasopharynx Middle Ear 

EF3030 (73.0) 
    

     S. pneumoniae-only 69.5 (3.4) -c 64.8 (5.0) - 

     IAV + S. pneumoniae 64.1 (4.0) 72.2 (5.5) 62.0 (5.8) 77.9 (4.5)* 

Opaque Variant (99.4)     

     S. pneumoniae-only 99.5 (0.2) - 98.4 (0.6)  

     IAV + S. pneumoniae 96.1 (1.4) 98.1 (0.8) 99.8 (0.1)† 100.0 (0.0) 

Transparent Variant 

(5.0) 

    

     S. pneumoniae-only 9.1 (2.0) - 6.8 (2.3) - 

     IAV + S. pneumoniae 7.6 (1.2) 22.8 (4.5)** 9.6 (1.8) 26.4 (8.2) 

a Calculated as: (Number of opaque phase colonies) / (Total number of colonies) x 100.  
b Days post-bacterial infection, corresponding to day 6 and day 8 post-viral infection, respectively. 
c Insufficient CFUs were isolated from the middle ears of singly-infected mice to assess the percentage of 

opaque colonies. 

* p < .05, ** p < 0.01 compared to the respective nasopharynx by the Mann-Whitney U-test.  † p < .05 

compared to respective S. pneumoniae-only inoculated mice by the Mann-Whitney U-test. 
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contain >90% of colonies in the same phase.  Transparent phase pneumococci 

of this strain demonstrated significantly increased adherence to Detroit 562 cells, 

a human nasopharyngeal carcinoma cell line, than their opaque counterparts 

(41.1% vs 25.4%, respectively; p = 0.002; Figure 6A).  Of note, Cundell et al. 

previously reported increased adherence by the transparent phase to activated 

but not resting A549 immortalized alveolar epithelial cells (317).  As invasive 

blood isolates were employed in the prior study, this discrepancy is likely 

attributable to differences in the pneumococcal strains studied. 

     Biofilm viability is enhanced in transparent phase pneumococci.  To 

further explore potential mechanisms to explain why the transparent phase was 

isolated more frequently from the nasopharynx in this model, we investigated 

biofilm viability in vitro.  Biofilms are critical for nasal colonization and persistence 

in both animal models and children (178, 329).  Further, bacterial adherence is 

the essential first step in biofilm formation.  As such, we hypothesized that a 

transparent phase variant of EF3030 would also exhibit enhanced biofilm viability 

along with increased adherence.  In an in vitro biofilm model, we found that 

biofilm viability, defined as the numbers of surface-attached pneumococci, was 

significantly increased in the transparent variant by 3.5-fold at 4 hours and 3-fold 

at 24 hours (p = 0.0002 and p = 0.0002, respectively; Figure 6B).  In the time 

frame studied, no significant phase shifting of the phase variants during biofilm 

formation was observed (not shown).  These results indicated that biofilm 

formation not only selects for the transparent phase from a mixed-phase 

inoculum, as has been noted previously (184), but that transparent phase  
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Figure 6.  The transparent phase displays enhanced epithelial adherence 

and biofilm viability in vitro.  A, Adherence of S. pneumoniae opacity variants 

to Detroit 562 nasopharyngeal epithelial cells after 60 minutes, expressed as the 

percentage of adherent bacteria relative to the inoculum.  Bars represent the 

mean ± SEM.  The experiment contained 3 biological replicates per opacity 

variant and 6 variants of each phase.  Statistical analysis was performed using 

two-tailed Student’s t test and denoted by ** p <0.01.  B, Viability of 

pneumococcal opacity variants from 4- and 24 hour static biofilms.  Bars 

represent the mean ± SEM of 3 replicate experiments.  Statistical analysis was 

performed using two-tailed Student’s t test and denoted by ** p <0.01 and *** p 

<0.001. 

  



76 

 

 



77 

 

pneumococci themselves demonstrate increased in vitro biofilm viability 

independent of phase shifting. 

     Coinfection with influenza virus ablates the nasal colonization defect of 

opaque phase pneumococci.  The opaque phase is noted for both its increased 

invasiveness but also its impaired ability to colonize the nasopharynx (197).  This 

phenotype is likely linked, in part, to the reduced adherence and biofilm viability 

in this phase that we observed in vitro.  Theoretically, this impairment in nasal 

colonization ability could serve as a natural check by limiting the number of the 

opaque phase in the nasopharynx, thereby inhibiting pneumococci from too 

rapidly killing its host.  As such, we aimed to determine whether the IAV 

enhancement of pneumococcal colonization in Figure 3A extended to opaque 

phase pneumococci, potentially disrupting a delicate balance.  To investigate 

this, phase variants that were confirmed prior to each experiment to contain 

>90% of colonies in the same phase were inoculated to mice either alone or four 

days following IAV infection.  The variants used in this study are not “locked” 

thereby allowing us to assess whether the viral coinfection altered phase shifting 

in vivo.  Confirming prior studies (197), the opaque phase variant when infected 

alone exhibited impaired colonization relative to the transparent variant, although 

this was only statistically significant at day 2 (p = 0.005; Figure 7A).  Prior viral 

infection, however, increased the nasal colonization of the opaque variant by 16-

fold and the transparent variant by 11-fold.  As a result, IAV coinfection ultimately 

removed the colonization defect of the opaque variant such that the nasal 

pneumococcal burden between the variants was indistinguishable at both days  
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Figure 7.  Coinfection with influenza virus alters nasal colonization and 

middle ear infection by both the opaque and transparent phases.  Mice that 

had been either mock-infected or infected intranasally with influenza A virus (IAV) 

four days prior were infected with either the opaque or transparent phase variant 

of S. pneumoniae EF3030.  A, Magnitude of nasal colonization and B, middle ear 

infection by S. pneumoniae in the tissue homogenates from days 2 and 4 post-

bacterial infection (corresponding to days 6 and 8 post-viral infection).  Each data 

point denotes a single nasopharynx or ear and the data are pooled from two 

replicate experiments.  The short, solid lines indicate the geometric mean and the 

dotted line represents the limit of detection of the assay.  Statistical analysis was 

performed using two-tailed Mann-Whitney U test and denoted by * p <0.05, ** p 

<0.01, and *** p <0.001.  C and D, Correlations between nasal colonization 

density of S. pneumoniae and the middle ear pneumococcal titers in mice 

coinfected with IAV and either the opaque variant (C) or the transparent variant 

(D).  Each ear is correlated to its respective nasopharynx.  The data contain both 

time points and are pooled from two replicate experiments.  Statistical analysis 

was performed using Spearman’s rank correlation test and is denoted by 

Spearman’s rank correlation coefficient (r) and p-value (p). 
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and 2 and 4 (p = 0.81 and p = 0.38, respectively; Figure 7A).  Of note, IAV 

coinfection did not alter the pneumococcal phase composition in the 

nasopharynx or middle ears relative to singly-infected mice with the exception of 

a small but statistically significant increase in the proportion of opaque colonies in 

the nares of mice coinfected with IAV and the opaque variant at day 2 (p = 

0.0129; Table V).  Taken together, these results demonstrate that IAV 

coinfection overcomes inherent colonization deficits of the opaque phase 

including reduced adherence and biofilm viability, ultimately enabling it to 

colonize the nasopharynx commensurate with its transparent counterpart. 

     Influenza virus exacerbates middle ear infection by both pneumococcal 

phases.  We next sought to determine whether the increased nasal colonization 

by both phase variants following IAV infection altered the magnitude of middle 

ear infection.  As the opaque phase has been shown to be isolated more 

frequently from the ears of children with OM (198), we were initially surprised to 

discover in singly-infected mice that the number of pneumococci in the middle 

ears was similar between both phase variants (Figure 7B).  This finding likely 

stems from the colonizing strain used in this study which has been shown to 

inherently disseminate poorly from the nasopharynx in the absence of external 

stimuli (320).  During coinfection with IAV, middle ear infection by both the 

opaque and transparent variants was significantly increased relative to singly-

infected mice.  Interestingly, however, bacterial titers were similar between the 

phase variants (Figure 7B).  This similar magnitude of pneumococcal middle ear 

infection following IAV was not solely explained by phase shifting in vivo.  
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Despite similar titers, colonies isolated from the ears of mice infected with the 

opaque variant remained 98.1-100% opaque while those from mice infected with 

the transparent variant were 22.8-26.4% opaque (Table V). 

 Since we observed a correlation between nasal colonization density and 

middle ear infection in the parent EF3030 strain (Figure 3C), we hypothesized 

that a similar mechanism would account for the equal magnitudes of middle ear 

infection by both phase variants following coinfection.  To investigate this, the 

correlation between the nasopharyngeal bacterial density and the middle ear 

pneumococcal burden in each mouse was again assessed.  In the absence of 

IAV, there was no significant correlation by either phase variant (p >0.05; 

Spearman’s rank correlation test; not shown).  Following IAV infection, there was 

indeed a highly significant correlation between nasal colonization and the 

resultant magnitude of middle ear infection with the opaque phase variant (p 

<0.001; Spearman’s rank correlation test; Figure 7C).  Interestingly, no such 

relationship was observed during IAV coinfection with the transparent variant 

(Figure 7D).  This indicated that the increase in the magnitude of middle ear 

infection by the transparent variant was not simply due to greater nasal 

colonization density following IAV coinfection and that multiple factors are likely 

involved.  Taken together, however, these findings establish that the influenza 

exacerbation of pneumococcal middle ear infection was phase-independent.  

Further work is needed to investigate the mechanisms by which IAV enhances 

nasopharyngeal dissemination by both phases. 
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DISCUSSION 

 The importance of IAV in the induction of pneumococcal dissemination 

from the nasopharynx has been well-studied.  However, pneumococci are known 

to persist in the human nasopharynx as a mixture of two phases that differ in 

amounts of capsular polysaccharide and exposure of bacterial surface moieties 

(198, 200, 203).  How these specifically interact with influenza virus in the context 

of middle ear infection is less appreciated. 

 In this study, we first established a murine model wherein a pre-existing 

influenza A virus infection enhanced the nasopharyngeal colonization by a 

pneumococcal strain that naturally contains both phases.  Prior work has shown 

that IAV can also enhance nasal colonization when given after pneumococcal 

inoculation (66).  Together, these findings suggest that this synergism is likely 

occuring quite frequently as these pathogens are serially acquired and cleared.   

Indeed, children experience a median of 7 carriage episodes before the age of 2 

and face an average of 6 respiratory viral infections each year (61, 330).  The 

increased nasal colonization observed in our model following IAV infection 

correlated with an increased magnitude of middle ear pneumococcal infection, 

mirroring clinical data from children (15, 325).  Of note, this finding regarding 

middle ear bacterial burden contradicted those of Short et al. who noted that the 

H1 hemagglutinin of IAV-PR8/34 (H1N1) was unable to induce pneumococcal 

OM in infant C57BL/6 mice (315).  This disparity is likely attributable to 

differences in both the age and strain of mice, particularly as the content of sialic 

acid, the hemagglutinin ligand, varies among mouse species (331).  However, 
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our findings indicate that pneumococcal middle ear infection can also be 

exacerbated in an adult murine model by H1N1 influenza, the most prevalent 

circulating sub-type in the US (332). 

 Using this model, we discovered the presence of viral RNA in the middle 

ears of a subset of both IAV and coinfected mice.  As qRT-PCR is not a direct 

measure of viral infectivity, it is possible that this simply represents contaminating 

viral RNA from the nasopharynx.  This is a difficult question as there are 

contrasting opinions in the field regarding this subject (expertly reviewed 

elsewhere (333)).  However, in both children and animal models, viral infection of 

the middle ear has been linked to inflammation (315, 333).  In this study, we 

detected IAV RNA and evidence of mucosal inflammation as late as six days 

post-viral infection in mice infected with IAV alone.  Thus, it appears likely that in 

this model the presence of viral nucleic acid represents an infection.  Supporting 

this hypothesis, we found that pneumococcal middle ear burden was greatest in 

IAV-infected ears.  Clinically, this direct synergism in IAV-infected ears may 

account for the increased rates of antibiotic failure in OM cases where both 

bacteria and viruses are detected in the ear (334). 

 The mechanisms underpinning this IAV-pneumococcal synergism remain 

to be fully elucidated.  From our findings, it seems apparent that the viral 

enhancement of bacterial colonization is a critical component.  As adherence is 

required for pneumococci to form the surface-attached biofilms that are hallmarks 

of colonization (174, 178), the nasal epithelial changes we observed following 

IAV infection likely contribute to this process.  In addition, IAV is known to expose 
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specific pneumococcal binding sites through its neuraminidase activity (294) as 

well as the induction of epithelial platelet activating factor expression (317).  

Recent work by Marks et al. suggests that in addition to increasing nasal 

colonization, influenza A virus also induces pneumococcal dissemination from 

the nasopharynx via changes to the host microenvironment including 

hyperthermia and nutrient availability (189).  Once translocated from the 

nasopharynx, the virally-induced mucosal inflammation we observed in the 

middle ears of IAV-infected mice (and exacerbated by bacterial coinfection) can 

then itself contribute to the establishment of pneumococcal middle ear infection 

(315). 

In light of these findings, an important question remains: is this IAV 

predisposition to enhanced middle ear infection by S. pneumoniae a uniform 

process that universally enables increased outgrowth and dissemination?  The 

work of McCullers et al. began to answer this question and found that the IAV 

modulation of pneumococcal disease was bacterial strain-dependent (309).  

Tong et al. further explored whether the intra-strain opaque and transparent 

phases are differentially affected by preceding IAV infection in a chinchilla model 

of OM (318).  The authors’ conclusions in that study complement our findings 

with one key distinction.  Tong et al. similarly observed an increase in both nasal 

colonization and middle ear infection by both phase variants following IAV 

infection, ultimately to similar levels of bacterial burden at early time points.  In 

contrast to our findings, however, Tong et al. did not observe a difference in 

inherent nasal colonization between the phase variants in the absence of viral 
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infection (318).  Thus, our findings further contribute that IAV infection is 

sufficient to alter the nasopharyngeal microenvironment such that the opaque 

phase is capable of colonizing similar to its transparent counterpart.  This has 

significant implications as an invasive serotype, such as serotype 1, which is 

almost always found in invasive disease and rarely in nasal carriage, has been 

shown to be significantly more associated with the opaque phase (201).  The 

discrepancy in the observed colonization by the opaque phase between this 

study and that by Tong et al. is likely accounted for by differences in the 

serotypes studied and in the animal models employed.  Indeed, the distinction in 

virulence between the two phases has previously been shown to differ between 

animal species (197, 200). 

The ablation of the colonizing defect of the opaque phase by IAV occurred 

despite the impaired epithelial adherence and biofilm viability that we observed in 

vitro.  Previously, pneumococcal adherence to lower respiratory tract epithelial 

cells has been shown to increase following influenza A viral infection (295).  

Additionally, both phase variants have been shown to adhere via the receptor for 

platelet activating factor, though to a greater extent by the transparent (317).   As 

this specific receptor has been shown to be up-regulated by rhinovirus infection 

(335), we hypothesize that influenza viral infection may have a similar effect, 

thereby enabling nasal colonization to increase by both phases.  Further, the 

expression and activity of the pneumococcal neuraminidase, critical for carriage, 

is diminished in the opaque phase (195, 206). As the IAV neuraminidase has 

been shown to synergistically interact with pneumococci (294), it is conceivable 
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that the viral neuraminidase could complement the opaque phase.  This area is 

in need of further study. 

The opaque phase has been shown to more efficiently infect and persist in 

invasive sites such as the lungs and bloodstream in animal models (197, 205).  

While not generally considered an invasive site, we observed that middle ear 

infection was similar between the two phase variants following IAV coinfection.  It 

is important to note, however, that studies characterizing the two phases were 

initially performed using more invasive strains derived from blood isolates (197, 

200).  As such, the distinction between phases may be more subtle in a 

colonizing strain such as EF3030 (197, 200, 319, 320).  Reflecting this possibility, 

we did not observe an increase in the incidence or magnitude of middle ear 

infection by the opaque phase variant in the absence of IAV.  While similar 

numbers of the opaque and transparent variants were found in the middle ear 

during IAV coinfection, pneumococci within this site were still more frequently in 

the opaque phase relative to the nasopharynx.  This study could not distinguish 

whether this represented, in the case of the transparent variant, preferential 

expansion of the small subpopulation of opaque phase bacteria in the inoculum 

or phase shifting in vivo.  As pneumococci phase vary at frequencies ranging 

from 10-3 to 10-7 per generation, it is likely that both are occurring and 

contributing to the similar magnitude of middle ear infection by both phase 

variants. 

Despite a similar magnitude of infection, the IAV exacerbation of 

pneumococcal middle ear infection by both phases appears to occur, in part, via 
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divergent mechanisms.  In the opaque phase, the enhanced middle ear infection 

is directly linked to the increased nasal colonization density induced by viral 

coinfection.  This was reflected in our correlation data and is in agreement with 

the recent findings by Marks et al. that opaque phase pneumococci disperse 

more readily from a biofilm state (189).  In children, the incidence of OM is linked 

to nasal colonization density.  Our findings thus further suggest that the opaque 

phase is primarily responsible for this clinically-observed phenotype (325).  As 

this correlation is absent during IAV coinfection with the transparent variant, 

additional factors beyond nasal colonization density are likely involved.  Indeed, 

once the preceding viral infection enables transparent phase pneumococci to 

ascend the Eustachian tube, the increased adherence and biofilm viability that 

we observed in vitro can then enable this phase to increasingly infect the middle 

ear.  Supporting this hypothesis, transparent phase pneumococci have been 

shown to bind more readily to specific N-acetylglucosamine residues in the 

Eustachian tube revealed by IAV (208).   

In summary, these results indicate that coinfection with influenza A virus 

increases both nasal and middle ear epithelial inflammation and that this is 

associated with significantly enhanced nasal colonization and middle ear 

infection by S. pneumoniae.  Further, despite inherent differences in in vitro 

biofilm viability and adherence and in vivo colonization, this effect is independent 

of the predominant pneumococcal phase. 
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INTRODUCTION 

 Streptococcus pneumoniae (pneumococcus) is a widespread colonizer of 

the human nasopharynx, found in as many as 85% of children under the age of 

four (304).  While this colonization is typically asymptomatic and self-limiting, it is 

also the requisite precursor for most if not all pneumococcal diseases (24, 336).  

Otitis media (OM) specifically is frequently caused by S. pneumoniae and is one 

of the most significant public health burdens with as many as 700 million cases 

worldwide each year, disproportionately affecting preschool-aged children (109, 

159).  Coinfection with respiratory tract viruses, particularly influenza A virus 

(IAV), is epidemiologically and experimentally linked to the transition of S. 

pneumoniae from asymptomatic colonizer to otopathogen (61, 66, 81, 274, 308, 

309, 315, 337).   The role of specific virulence factors in this viral-bacterial 

interaction, however, remains to be fully explored. 

 Neuraminidases are widely expressed as virulence factors by a number of 

bacteria and viruses, including both S. pneumoniae and IAV.  These proteins 

possess sialidase activity to catalyze the cleavage of terminal sialic acid residues 

from glycoconjugates.  The influenza neuraminidase has a well-established role 

in the pathogenesis of IAV infection and inhibitors to this target are currently first-

line therapeutics in the United States (338).  In addition, IAV neuraminidase 

activity has been shown to interact synergistically with S. pneumoniae.   Indeed, 

pneumococcal adherence in vitro and pulmonary infection in vivo is increased 

during coinfection with IAV (262, 294, 339).  This effect is, at least in part, reliant 

on the activity of the viral neuraminidase as IAV neuraminidase inhibitors have 
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shown protection against pneumococcal pneumonia in mice independent of their 

effect on viral replication (294).  Providing an intriguing clinical correlation, the 

IAV N2 neuraminidase has been shown to have increased enzymatic activity 

relative to the N1; potentially contributing to the increased incidence of secondary 

pneumococcal pneumonia in H3N2 as compared to H1N1 epidemics (296, 340). 

S. pneumoniae expresses as many as three neuraminidases, of which 

NanA is the most highly conserved, expressed, and active at physiologic pH 

(195, 289, 290, 341, 342).  The modification of host glycoconjugates by NanA 

plays a multifactorial role in pneumococcal pathogenesis.  Most well-known, the 

sialidase activity of NanA exposes desialylated residues on host glycans and 

mucins to which S. pneumoniae can adhere (293, 343).  In addition, NanA 

desialylates host immune factors thereby potentially promoting persistence (195, 

344).  Further, the sialic acid released by neuraminidase activity can act as a 

carbon source as well as a diffusible signal for enhanced pneumococcal 

proliferation both in vivo and in vitro (291, 297).  Interestingly, recent evidence 

has also indicated that neuraminidase activity may impact biofilm formation.  

Indeed, reductions in biofilm biomass in vitro have been observed in 

neuraminidase-deficient and neuraminidase inhibitor-treated S. pneumoniae as 

well as in Pseudomonas aeruginosa and Tannerella forsythia (187, 345-347).  

These findings are generally supported by animal models where NanA-deficient 

pneumococci are impaired in nasal colonization, otitis media, pneumonia, and 

bacteremia (206, 290).  There are, however, conflicting studies (195, 348), 
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suggesting a complex role for NanA in pneumococcal pathogenesis that is still 

being appreciated. 

Taken together, it is evident that IAV neuraminidase activity significantly 

contributes to pneumococcal colonization and disease.  Left unclear, however, is 

the role of the pneumococcal neuraminidase NanA in this synergistic interaction, 

particularly as it relates to nasal colonization and middle ear infection.  To assess 

this, we utilized a mutant strain of S. pneumoniae that does not express NanA in 

our previously-established mouse model of IAV coinfection (337).   Our studies 

identified that prior IAV infection potentiates but cannot completely restore nasal 

colonization and middle ear infection by NanA-deficient pneumococci, suggesting 

that the activity of the viral neuraminidase was insufficient to fully complement 

the absent expression of NanA.  Additionally, we demonstrated in vitro that 

pneumococcal adherence but, interestingly, not biofilm viability can be reduced 

by a neuraminidase inhibitor.   Taken together, these results imply a potential 

intrinsic role for NanA distinct from its enzymatic activity in pneumococcal 

pathogenesis. 
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MATERIALS AND METHODS 

Infectious agents, growth conditions, and materials.  S. pneumoniae 

EF3030, a serotype 19F nasopharyngeal isolate was used in all studies.  This 

strain has been shown to colonize the mouse nasopharynx in the absence of 

lethal systemic, disease (319, 320).  Phase variants of the parent EF3030 strain 

containing >90% of colonies in the same phase were isolated as described 

previously (337).  ΔNanA EF3030 used in this study was generously provided by 

David E. Briles and is described elsewhere (349).  The IAV strain used in this 

study, Influenza A/PR/8/34-GFP (H1N1), was provided by Adolfo García-Sastre 

(321).  Bacterial and viral strains were propagated and maintained as described 

previously (337).  Except where otherwise indicated, all materials were obtained 

from Sigma-Aldrich. 

Coinfection model.  All animal experiments were approved by the Wake Forest 

University Health Science Institutional Animal Care and Use Committee.  

Coinfection experiments were performed as described previously (337).  Briefly, 

female, 6-8 week old Balb/c mice (Jackson Laboratory) were inoculated 

intranasally with 3x103 TCID50 of IAV or vehicle control; followed four days later 

by intranasal inoculation of 5x106 CFU S. pneumoniae or vehicle control.  Nasal 

and middle ear bacterial burdens were enumerated by tissue homogenization, 

serial dilution, and plating at days 2 and 4 post-bacterial infection. 

Neuraminidase Activity.  Neuraminidase activity was assessed using the 

fluorogenic substrate 2’-(4-methylumbelliferyl)-α-D-N-acetylneuraminic acid 
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(MUAN), essentially as described previously (195, 290).  MUAN (0.35% wt./vol.) 

was resuspended in 0.25M sodium acetate buffer (pH 7), aliquoted, and stored at 

-20°C.  For the assay, S. pneumoniae was grown in brain heart infusion broth 

(Beckton-Dickinson) supplemented with 10% heat-inactivated horse serum and 

10% catalase (2,500 U/mL, Worthington) until mid-logarithmic phase.  S. 

pneumoniae was then centrifuged at 3600 x g at 4°C, resuspended in 0.1 M Tris-

HCl (pH 8), freeze-thawed three times in liquid nitrogen, and lysates were stored 

at -80°C.  To measure neuraminidase activity, 10 µL of lysate was mixed with 10 

µL MUAN and incubated for 2 hours at 37°C.  The reaction was stopped by the 

addition of 50mM sodium carbonate (pH 9.6).  Fluorescence was detected using 

a POLARstar Omega plate reader (BMG Labtech) with an excitation wavelength 

of 355 nm and emission wavelength of 460 nm.  The background mean 

fluorescence intensity of Tris-HCl vehicle incubated with MUAN was subtracted 

from each sample reading.  Each reaction was measured in triplicate and the 

experiment was repeated twice. Where indicated in the text, the competitive 

neuraminidase inhibitor N-acetyl-2,3-dehydro-2-deoxyneuraminic acid (DANA), a 

sialic acid transition state analog, was added to the bacterial lysates at varying 

concentrations and incubated at 37°C for 15 minutes prior to incubation with 

MUAN. 

Adherence Assay.  The adherence of EF3030 and its ΔNanA derivative to 

Detroit 562 cells (ATCC CCL-138), a human nasopharyngeal epithelial 

carcinoma cell line, was assessed after 60 minutes of adherence, as described 

previously (337).  Where indicated, vehicle control or the neuraminidase inhibitor 
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DANA was added at 300 µg/ml prior to incubation of the bacteria with epithelial 

cells.  Each experiment contained at least three biological replicates and was 

repeated six times. 

Biofilm Assay.  The biofilm assay was performed in Todd-Hewitt broth 

supplemented with 0.5% yeast extract, 10% heat-inactivated horse serum, and 

2,500 U/ml catalase (THY+), essentially as described previously (337).  Where 

indicated, pneumococci were mixed with 300 µg/ml DANA prior to inoculation into 

the biofilm wells.  Biofilm assays were also performed using sialic acid-free 

media (YSK) (297).  Each experiment contained at least three biological 

replicates and was repeated a minimum of two times. 

Sialic Acid Assay.  Sialic acid content was determined by a modified 

thiobarbituric acid assay (350-352).  In this assay, 200 µl of sample was oxidized 

by incubation with 100 µl 0.2M sodium periodate/9M H2SO4 for 30 minutes at 

37°C.  Oxidation was stopped by addition of 1 ml sodium arsenite (10% wt./vol.) 

in 0.5M sodium sulfate/0.05M H2SO4.  The chromophore was then developed by 

addition of 3 ml 2-thiobarbituric acid (0.6% wt./vol.) in 0.5M sodium sulfate and 

boiling for 15 minutes.  The solution was cooled, mixed 1:1 in acid butanol (5% 

vol./vol.), and the OD549 and OD532 of the butanol fraction were determined.  The 

sialic acid content (µmoles), corrected for the presence of 2-deoxyribose, was 

calculated by the equation: [(0.021 x OD549 – 0.0078 x OD532) x Total Reaction 

Volume] (352).  Each sample was measured in triplicate and the experiment was 

repeated three times. 
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Statistical Analysis.  Nasal colonization and middle ear bacterial infection were 

compared pairwise by a Mann-Whitney U test.  Samples with bacterial counts 

below the limit of detection were considered uninfected.  These samples were 

plotted at the limit of detection for graphing and statistical analysis.  The percent 

adherence of pneumococci to epithelial cells relative to the inoculum was 

compared using a one-way analysis of variance with a Bonferroni posttest.  

Biofilm viability was analyzed by Student’s t test, with the exception of DANA-

treated biofilms, which were normalized to untreated wells and analyzed by a 

one-way analysis of variance with Dunnett posttest.    Where indicated in the text, 

fold-change refers to the geometric mean.    P < 0.05 was considered to be 

significant.  Statistical analyses were performed using GraphPad Prism, version 

5.01 (GraphPad Software). 
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RESULTS 

     Nasal colonization is impaired in NanA-deficient pneumococci and is 

partially restored by influenza coinfection.  To assess the role of the 

pneumococcal neuraminidase NanA in nasal colonization during coinfection with 

influenza virus, mice were infected intranasally with IAV followed four days later 

by wild-type or NanA-deficient S. pneumoniae.  The ΔNanA mutant was 

confirmed to grow similarly to wild-type in planktonic culture, to possess minimal 

neuraminidase enzymatic activity, and was confirmed to not express NanA when 

assessed by Western blot (data not shown).  As predicted from prior studies 

(206, 290), the magnitude of nasal colonization by the ΔNanA mutant was 

significantly reduced at both days 2 and 4 post-bacterial infection relative to wild-

type (P < 0.0001).  Coinfection with IAV significantly increased the nasal 

colonization density of both wild-type and ΔNanA pneumococci (P < 0.0001) 

(Figure 8A).  This, however, was not sufficient to enable the ΔNanA mutant to 

colonize the nasopharynx to the same magnitude as the wild-type during 

coinfection with IAV.  Indeed, during viral coinfection, the nasal pneumococcal 

burden of the ΔNanA mutant was approximately 5-fold lower than the wild-type at 

both time points studied (Figure 8A).  Taken together, these findings suggest 

that expression of both the viral and pneumococcal neuraminidase is required for 

complete synergistic activity between the two pathogens in the nasopharynx. 

     Influenza A virus potentiates middle ear infection by NanA-deficient 

pneumococci but not to wild-type levels.  Preceding IAV infection has  



98 

 

 

 

 

 

 

Figure 8.  NanA is involved in nasal colonization and middle ear infection 

by S. pneumoniae in the presence and absence of influenza A virus 

coinfection.  Mice were infected intranasally with influenza A virus (IAV) PR8-

GFP followed four days later by intranasal inoculation with either S. pneumoniae 

EF3030 wild-type or EF3030ΔNanA.  Data represent the total pneumococcal 

burden in tissue homogenates from the nasopharynx (A) and middle ear (B) from 

days 2 and 4 post-bacterial infection, corresponding to days 6 and 8 post-viral 

infection.  Each data point denotes a single nasopharynx or middle ear.  The 

solid horizontal bars indicate the geometric mean and the dotted line denotes the 

limit of detection of the assay.  Data are pooled from two replicate experiments.  

Statistical analysis was determined using a two-tailed Mann-Whitney U test (**, P 

<0.01; ***, P <0.001).  
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previously been shown to increase the magnitude of middle ear infection by S. 

pneumoniae EF3030 (315, 337).  To determine whether pneumococcal NanA 

was required in this interaction or if its absence could be fully complemented by 

coinfection with neuraminidase-expressing IAV, the middle ear bacterial burden 

in singly- and co-infected mice was enumerated.  Middle ear infection by ΔNanA 

pneumococci was significantly reduced relative to wild- type at day 4 (P < 

0.0001) (Figure 8B), illustrating an important role for NanA in this process even 

in the absence of influenza virus.  Coinfection with IAV significantly increased 

middle ear infection by both wild-type and NanA-deficient pneumococci at days 2 

and 4 post-bacterial infection (P = 0.0031 and P < 0.0001 for wild-type and P = 

0.0012 and P < 0.0001 for ΔNanA, respectively) (Figure 8B).  Despite this, 

middle ear infection by the ΔNanA mutant was still significantly less than wild-

type following coinfection with IAV (P < 0.0001).  Taken together, these data 

indicate that NanA has an intrinsic role in pneumococcal middle ear infection 

which cannot be fully complemented by coinfection with neuraminidase-

expressing IAV. 

     NanA enzymatic activity is important for pneumococcal adherence to 

epithelial cells.  As IAV coinfection could not fully restore colonization and 

middle ear infection by NanA-deficient pneumococci in vivo, we postulated that 

NanA may be involved independent of its enzymatic activity.  This would account 

for the inability of IAV coinfection to fully complement the absence of NanA 

expression.  To begin investigating this, we assessed pneumococcal adherence 

in vitro.  NanA expression is up-regulated by exposure to epithelial cells and 
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adherence to these cells is a critical and requisite step in pneumococcal 

colonization (191, 353, 354).  We isolated the role of NanA sialidase activity in 

this process using N-acetyl-2,3-dehydro-2-deoxyneuraminic acid (DANA), a 

competitive transition-state analog of sialic acid that acts as a potent 

neuraminidase inhibitor.  Utilizing the fluorogenic sialic acid analog 2’-(4-

methylumbelliferyl)-α-D-N-acetylneuraminic acid (MUAN) as an indicator of 

neuraminidase activity, we determined that maximal inhibition occurred at 

approximately 300 µg/ml DANA (Figure 9A), comparable with prior findings 

(187).  Of note, DANA also inhibited the residual neuraminidase activity of the 

ΔNanA mutant, likely attributable to inhibition of NanB as well (3).  Epithelial 

adherence to Detroit 562 cells, a human nasopharyngeal carcinoma cell line, was 

significantly impaired in the ΔNanA mutant.   A similar magnitude of impairment 

could be induced in the wild-type strain treated with 300 µg/ml DANA (Figure 

9B).  These data indicate that NanA, specifically its enzymatic activity, is 

important in pneumococcal adherence.  As both IAV and S. pneumoniae express 

neuraminidases with seemingly overlapping activity (282, 294), these findings 

suggest a potential mechanism whereby IAV coinfection contributes to enhance 

nasal colonization by NanA-deficient pneumococci. 

     NanA is involved in pneumococcal biofilm formation independent of its 

enzymatic activity.  To continue investigating how NanA specifically may be 

impacting pneumococcal pathogenesis, we next assessed its effect on biofilm 

formation in vitro.  Biofilms are surface-attached microbial communities encased 

in an extracellular matrix that possess well-described roles in both nasal  
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Figure 9.  The sialidase activity of NanA is inhibited by DANA and 

contributes to epithelial adherence in vitro.  (A) Inhibition of NanA sialidase 

activity in lysates of wild-type and ΔNanA S. pneumoniae following 15 minute 

incubation with N-acetyl-2,3-dehydro-2-deoxyneuraminic acid (DANA) at varying 

concentrations.  The assay was performed using the fluorogenic sialic acid 

analog 2’-(4-methylumbelliferyl)-α-D-N-acetylneuraminic acid.  Each data point 

represents the mean +/- SEM.  Each sample was measured in triplicate and the 

experiment was performed twice.  (B)  Adherence of wild-type and ΔNanA 

pneumococci incubated with DANA (300 μg/mL) or vehicle control after 60 

minutes, expressed as the percent adherence relative to the inoculum.  Each 

experiment contained at least three biological replicates and was repeated six 

times.  Statistical analysis was determined by a one-way analysis of variance 

with a Bonferroni posttest (*, P <0.05; ***, P <0.0001). 
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colonization and middle ear infection (174, 178).  NanA has previously been 

shown to be involved in pneumococcal biofilm formation in association with 

human epithelial cells (187).  We hypothesized that NanA may also be involved 

in pneumococcal biofilms independent of its sialidase function on host epithelial 

cells, as has been observed in biofilms of Pseudomonas aeruginosa where the 

neuraminidase contributes to inter-bacterial aggregation (346). 

Utilizing a previously established model of in vitro biofilm viability on an 

abiotic polystyrene surface (84, 337), we found that biofilm viability by NanA-

deficient pneumococci was significantly reduced by 3.25-fold relative to wild-type 

(P < 0.0001) (Figure 10A).  While epithelial cells and their sialylated 

glycoconjugates were not present in this model, the growth media itself (THY+) 

was found by thiobarbituric acid assay to contain numerous sialylated residues 

(Figure 10B).  To determine whether this biofilm defect persisted in the absence 

of both epithelial cells and sialylated moieties, we performed a similar experiment 

in growth media (YSK) confirmed to be sialic acid-free (Figure 10B) (297).  

Interestingly, even in the absence of detectable sialic acid, NanA-deficient 

pneumococci similarly exhibited a significant 3.25-fold reduction in biofilm viability 

(P = 0.0003) (Figure 10C).  Further, a biofilm defect could not be induced in wild-

type pneumococci grown in sialic acid-replete media and treated with a 

neuraminidase inhibitor at concentrations sufficient to inhibit enzymatic activity 

(Figure 10D), mirroring a recent study of S. pneumoniae clinical isolates (300). 
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Figure 10.  NanA contributes to in vitro biofilm viability independently of its 

sialidase activity.  (A)  Viability of S. pneumoniae wild-type and ΔNanA from 4-

hour static biofilms grown in THY+ media.  (B) Sialic acid content of THY+ media 

and YSK media as measured by a modified thiobarbituric acid assay, as 

described in Methods and Materials.  Bars represent the mean +/- SEM.  Each 

measurement was made in triplicate and the experiment was repeated three 

times.  (C) Viability of wild-type and ΔNanA pneumococci from 4-hour static 

biofilms grown in sialic acid-free YSK media.  (D) Static biofilm viability of wild-

type and ΔNanA pneumococci in the presence of increasing concentrations of 

DANA.  Biofilm viability was normalized to and expressed as a percentage 

relative to the untreated control.  Statistical analysis was performed using a one-

way analysis of variance with Dunnet posttest (*, P <0.05).  Each experiment 

contained at least three biological replicates and was repeated at least twice.  (E) 

Viability of S. pneumoniae opaque and transparent phase variants (confirmed to 

contain >90% of colonies in the same phase) from 4-hour static biofilms grown in 

sialic acid-replete THY+ media.  For all biofilm assays, bars denote the mean +/- 

SEM of pooled experiments.  Statistical analysis was performed using two-tailed 

Student’s t test (**, P <0.01; ***, P <0.001).  



106 

 

  



107 

 

To further confirm these findings, we also examined the biofilm viability of 

transparent and opaque phase variants of S. pneumoniae; sub-populations 

typically associated with nasal colonization and disease, respectively (197).   

Specifically, the transparent phase has previously been shown to exhibit 

increased biofilm viability (337).   Independently, NanA expression and activity 

have also been shown to be significantly up-regulated in the transparent phase 

(195).  To determine if the enzymatic activity of NanA contributed to the observed 

difference in biofilm viability between the two phases, biofilms of phase variants 

of EF3030 confirmed to contain >90% of colonies in the same phase were 

assessed in sialic acid-free media (YSK).  In this model, biofilm viability by the 

transparent variant remained significantly increased relative to the opaque 

variant even in the absence of sialic acid (Figure 10E).  Taken together, these 

findings suggest that the role of NanA in pneumococcal biofilm formation by 

EF3030 is independent of its enzymatic sialidase activity.  Further work is 

needed to determine the specific non-enzymatic contributions of NanA to this 

process and whether this finding contributes to the incomplete ability of IAV 

coinfection to fully restore nasal colonization and middle ear infection by NanA-

deficient pneumococci to wild-type levels. 

 

 

 

  



108 

 

DISCUSSION 

 Coinfection of S. pneumoniae and IAV is linked both experimentally and 

epidemiologically with the development of OM (61, 81, 355).  The activity of the 

viral neuraminidase altering the respiratory and eustachian tube epithelium has 

long been proposed as a mechanism by which preceding IAV infection 

potentiates pneumococci in the initiation of this disease (208, 356).  The 

contributions of the bacterial neuraminidase to this process, however, are less 

well appreciated.  In this study, we examined the role of and potential 

mechanisms whereby the primary pneumococcal neuraminidase, NanA, interacts 

with IAV during the exacerbation of nasal colonization and middle ear infection. 

 Extensive prior data illustrates that S. pneumoniae utilizes the sialidase 

activity of NanA to strip away sialic acid moieties, thereby enhancing adherence 

to host cells (293, 343).  Reflecting this, we observed in this study that a S. 

pneumoniae strain deficient in the expression of NanA was impaired in nasal 

colonization and middle ear infection in vivo, as has been similarly observed in 

outbred mice and chinchillas (206, 290), respectively.   Of note, however, these 

findings are not universal in all animal models (163, 195, 357) and may reflect 

differences in pneumococcal serotypes or model species.  Indeed, sialic acid 

content can vary extensively between animal models (331).  More generally, this 

discordance in the literature reflects increasing appreciation for the numerous 

roles of NanA in pneumococcal pathogenesis.  As such, the significant reduction 

in middle ear infection by the ΔNanA mutant even during single infection is likely 

indicative of the roles of the mutliple important roles of this virulence factor.  Of 
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particular import in this model, NanA-deficient pneumococci are impaired in both 

modifying the receptor complement of the eustachian tube as well as in 

desialylating and thereby altering the function of host immune factors (195, 358).  

Illustrating this clinically, neuraminidase activity is frequently detected in the 

middle ear effusions of children with pneumococcal OM (359). 

In addition to its canonical role in enhancing pneumococcal adherence 

during coinfection, the contributions of the IAV neuraminidase has recently been 

expanded to include the released sialic acid acting as a signalling molecule to 

induce pneumococcal outgrowth both in vitro and in vivo (262, 297).  In the study 

presented here, we further contribute that the pneumococcal neuraminidase 

NanA itself is not a redundant bystander in this process, but rather is required for 

the full synergistic interaction between these two pathogens.  Indeed, we show 

that while coinfection with IAV increases both nasal colonization and middle ear 

infection by NanA-deficient pneumococci, it is not to wild-type levels.  

Interestingly, this contrasts somewhat with the findings of King et al. who 

observed that NanA was not involved in the outgrowth of pneumococci in the 

lungs during IAV coinfection (357).  This difference is likely tissue niche-specific, 

particularly as NanA has been shown to be expressed between 15- and 22-fold 

higher in the nasopharynx than in the lungs (353). 

The relative inability of IAV coinfection to fully restore the nasal 

colonization and middle ear infection of the ΔNanA mutant may stem from one or 

both of two potentialities.  First, this may result from an incomplete ability of IAV 

neuraminidase activity to fully complement the absent enzymatic activity of 



110 

 

NanA.  Reflecting this possibility, the desialylation of airway epithelial cells 

appears to be maximal during coinfection (262, 358).  Conversely, however, IAV 

preinfection of A549 epithelial cells was previously shown to be sufficient to 

restore wild-type adherence in a ΔNanA mutant (356).  A similar result was 

achieved by pre-treatment of epithelial cells with exogenous neuraminidase  

(163).  As an alternative hypothesis, NanA may be involved in pneumococcal 

pathogenesis in a manner that would not be supplemented by the activity of the 

IAV neuraminidase.  Supporting this hypothesis, Uchiyama et al. reported a 

critical, non-enzymatic role for NanA in brain endothelial cell invasion.  The 

researchers identified, in addition to the C-terminal catalytic domain, an N-

terminal lectin-like adhesion domain that was required for the full virulence of the 

bacteria (2).  Interestingly, another pneumococcal exoglycosidase, the β-

galactosidase BgaA, has also been shown to participate in cellular adherence 

independent of its enzymatic activity (360). 

Adherence to epithelial cells represents a critical first step in 

pneumococcal pathogenesis (354).  The sialidase activity of NanA has been 

shown to extensively modify the carbohydrate moieties of chinchilla tracheal and 

eustachian tube epithelial cells and most, though not all, studies have reported 

reduced adherence by NanA-deficient pneumococci (163, 195, 208, 293, 345, 

358).  Utilizing a neuraminidase inhibitor, we demonstrated that the sialidase 

activity of NanA was required for wild-type adherence.  As the IAV 

neuraminidase exhibits a similar enzymatic function (282), these findings 

correlate well with prior data in which an IAV neuraminidase inhibitor was 
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observed to reduce pneumococcal adherence to IAV-infected airway epithelial 

cells (294). 

While we confirmed that the role of NanA in the in vitro epithelial 

adherence of S. pneumoniae EF3030 was dependent on its enzymatic activity, 

whether a similar role exists during biofilm formation, a downstream step in 

pneumococcal colonization and disease, remained unclear.  Parker et al. have 

reported the inhibition of pneumococcal biofilm formation in vitro during coculture 

with epithelial cells following treatment with several neuraminidase inhibitors 

(187).  As the sialic acid released from host cellular glycoconjugates can also 

independently stimulate biofilm growth (297), the specific role of NanA in this 

process is still difficult to identify.  Neuraminidases of both P. aeruginosa and 

Porphyromonas gingivalis have been implicated in biofilm formation 

independently of epithelial cells (346, 361).  In the present study, we similarly 

identified a role for the NanA neuraminidase in pneumococcal biofilms.  

Interestingly, however, this could not be inhibited by treatment with a 

neuraminidase inhibitor or by growth in sialic acid-free media, indicating a non-

enzymatic role for NanA in this process.  Lending support to this this hypothesis, 

Brittan et al. recently noted that biofilm formation by Lactococcus lactis was 

enhanced by in situ complementation with pneumococcal NanA and that this 

effect that was not reversible by treatment with neuraminidase inhibitors (345). 

Based on these findings, we propose a revised model of S. pneumoniae-

influenza A virus coinfection wherein the pneumococcal neuraminidase NanA is 

potentially both complemented by the viral neuraminidase and also 
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independently involved in contributing to nasal colonization and middle ear 

infection.  Thus, we hypothesize that the synergistic activity of the IAV NA 

contributes to bacterial adherence in vivo, as suggested previously (294).  

Ultimately, however, we hypothesize that NanA-deficient pneumococci are less 

able to colonize the nasopharynx and infect the middle ear in vivo even during 

coinfection with neuraminidase-expressing IAV due to the non-enzymatic 

contributions of NanA to biofilm formation.  In sum, these findings establish an 

important role for the pneumococcal NanA during coinfection with IAV and further 

illustrate the complex interactions occuring between even analogous virulence 

factors of these two pathogens in the context of nasal colonization and middle 

ear infection.  
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CONCLUSIONS 

 

 Remarkably, the significance of the polymicrobial interactions between 

Streptococcus pneumoniae and influenza virus was identified as early as 1803 

(5).  This relationship was first noted due to the increased mortality from bacterial 

pneumonia during influenza epidemics.  It was observations such as these that 

led the French physician Luis Cruveilhier to remark in 1919, “If la grippe [the flu] 

condemns, the superinfection executes” (362).  Much has changed, though, in 

the past century.  Indeed, following the widespread implementation of both 

seasonal influenza vaccines and the pneumococcal conjugate vaccines, the 

incidence of invasive pneumococcal disease has declined significantly, 

particularly in children (152, 252, 253).  We would argue, however, that the 

synergistic interaction between these two pathogens has not receded into 

history.  Rather, that the context of this interaction has shifted somewhat in the 

developed world, from invasive to localized disease processes such as otitis 

media.  Indeed, as many as 60% of IAV infections in young children are still 

associated with a resultant OM diagnosis (61).  As such, the goal of this research 

was to investigate the interaction of IAV and a weakly virulent, colonizing 

pneumococcal strain in the context of nasal colonization and middle ear infection.  

Specifically, the roles of phase variation in S. pneumoniae and the pneumococcal 

neuraminidase NanA during IAV coinfection were examined. 
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Coinfection Model 

 S. pneumoniae strain EF3030 readily colonizes the murine nasopharynx 

with only minimal to moderate ascension to the middle ear (Figure 3).  Despite 

this, preceding IAV infection significantly increases the magnitude of 

pneumococcal nasal colonization and this correlates directly with a signficant 

increase in the magnitude of middle ear infection (Figure 3).  Additionally, we 

observed that transparent phase pneumococci were consistently isolated more 

frequently from the nasopharynx while the opaque phase was isolated more 

frequently from the middle ear (Table V).  In short, the transparent phase has 

been shown to express less capsule and to be more susceptible to host 

clearance while the opaque phase expresses more capsule and is more resistant 

(61, 197, 199, 203).  This could thus begin to explain how this colonizing strain of 

S. pneumoniae is able to more readily persist in the middle ear during IAV 

coinfection, as the pneumococcal population at this site gradually shifts more to 

the opaque phase. 

 There are several factors that are hypothesized to contribute to the 

increase in nasal colonization density when S. pneumoniae is inoculated during 

an ongoing IAV infection.  Most evident initially are the inflammatory changes 

observed throughout the nasopharyngeal epithelium in coinfected mice (Figure 

4), likely contributing to bacterial adherence.  In addition, these epithelial 

alterations were also associated with a predominantly neutrophilic infiltrate.  In 
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addition to their traditional role as phagocytes, neutrophils have been identified in 

the past decade to also mediate pathogen clearance via the formation of NETs.  

These are made via the extrusion of neutrophil extracellular DNA that is studded 

with antimicrobial components including neutrophil elastase and histones to trap 

and kill bacteria (363).  Pneumococci, however, are resistant to NET-mediated 

killing in part as they produce both an elastase inhibitor and an endonuclease to 

degrade extracellular DNA (364, 365).  Further, S. pneumoniae was recently 

shown to not only persist within middle ear NETs during coinfection with IAV, but 

these NETs were actually required for maximal infection (143).  Supporting this 

finding, we similarly observed a large neutrophilic infiltrate in the middle ears of 

coinfected mice (Figure 5).  Interestingly, we also observed structures 

resembling NETs in the nasopharynges of coinfected mice by hematoxylin & 

eosin (H&E) staining (Supplemental Figure 1).  While this needs to be 

confirmed by fluorescent microscopy, as is the gold-standard, this observation 

offers an additional potential mechanism by which nasal colonization is increased 

following IAV infection.  It remains unclear why these NET-like structures were 

only observed in the nasopharynx when S. pneumoniae is coinfected with IAV.  

Intriguingly though, in the middle ear, IAV was recently shown to independently 

induce NET formation via a nonspecific antibody-mediated process (143). 
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Implications of Coinfection Model 

 As the burden of disease caused by S. pneumoniae has shifted in children 

over the past two decades from invasive to more common, localized infections 

such as OM (366), there is a need for relevant animal models.  The studies 

presented herein provide a novel, translational, and accessible model to 

investigate the interactions between influenza virus and colonizing strains of S. 

pneumoniae in the context of middle ear infection.  Of particular import beyond 

the pathogens studied, this model was designed to mimic as closely as possible 

the natural disease course observed in children.  Thus, it utilizes young adult 

rather than immunocompromized infant mice and also a simple intranasal route 

of infection rather than invasive or artificial mechanisms to induce bacterial 

ascension to the middle ear (312, 313, 315). 

 The results from this coinfection model exhibit several interesting parallels 

to components of the disease process of otitis media in children.  While simply 

being colonized with potential otopathogens is a risk factor for OM (118), the 

density of nasal colonization is further correlated with the development of OM for 

S. pneumoniae, H. influenzae, and M. catarrhalis (325).  We similarly observed a 

correlation with S. pneumoniae, however, only during coinfection with IAV 

(Figure 4).  This indicated that IAV contributes to middle ear infection by both 

increasing nasal pneumococcal density and by predisposing to enhanced 

bacterial ascension.  As an additional risk factor, a recent clinical study observed 

that nasal colonization of non-pneumococcal α-hemolytic streptococci was 

decreased in children with viral URTI and acute OM (367).  These bacteria are 
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also detected at lower levels in otitis-prone children but can inhibit the growth of 

S. pneumoniae in vitro (368, 369).  Thus, an intriguing possibility is that influenza 

viral coinfection may both increase pneumococcal outgrowth in the nasopharynx 

while simultaneously decreasing the numbers of inhibitory microorganisms.  The 

animal model presented in this study is well-positioned to assess this potentiality 

in vivo.  Of note, the use of nasal sprays containing non-pneumococcal α-

hemolytic streptococci as OM prophylaxis in clinical studies have provided 

promising, albeit mixed, results (370, 371). 

 An additional clinical link observed in this coinfection model was the 

increased incidence of bilateral middle ear infection in coinfected mice 

(Supplemental Figure 2).  As clinicians continue to grapple with the difficulty of 

antibiotic stewardship, the presence of bilateral OM has been suggested as an 

indicator for initiating antimicrobial therapy.  Specifically, current guidelines call 

for antibiotics in children between 6 and 24 months of age with bilateral OM even 

with mild symptoms (115).  There are currently no similar recommendations for 

antiviral therapy.  Interestingly though, vaccination of children with recurrent OM 

with a virosomal influenza vaccine significantly decreased the number of days 

with bilateral middle ear effusion in this cohort (372).  As our data suggest that 

bilateral middle ear infection is associated with viral coinfection, influenza virus 

vaccination in children with recurrent bilateral OM may be especially beneficial, in 

addition to traditional antibacterial therapy. 

 Otitis media is, by its definition, a disease of inflammation.  Reflecting this, 

histologic hallmarks of this disease process in its acute form include infiltration of 
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inflammatory cells into the middle ear lumen, mucosal edema, vasodilation, and 

fibrin deposition (328).  Middle ear sections from coinfected mice in this study 

contained these histologic findings (Figure 5), confirming that a disease process 

resembling acute OM was in fact occuring in these mice.  Interestingly, though 

quantifiable pneumococci were detected in the middle ears of a majority of 

singly-infected mice (Figure 4), evidence of inflammation was not (Figure 6).  As 

non-proteinaceous fluid is generally not visible on an H&E stain, the presence of 

a middle ear effusion could not be ruled out in these mice; however, it is clear 

that acute OM was not present histologically.  These observations alluded to a 

critical question currently being debated clinically: namely, whether bacteria in 

the middle ear represent an infection and, relatedly, whether the middle ear is in 

fact a sterile site.  The sterility of this site in healthy patients has been held as 

dogma for decades and was further supported by a recent study that detected no 

bacteria by culture or PCR in healthy patients undergoing cochlear implantation 

(373).  Remarkably, however, another recent study observed, by electron 

microscopy, bacteria and even bacterial biofilms in over 65% of healthy patients 

undergoing a similar procedure (374).  S. pneumoniae is typically found in the 

middle ear in a biofilm state and biofilm-derived bacteria are less inflammatory 

(174, 183).  Further, as middle ear inflammatory cytokines in children are 

correlated with bacterial load (375), it is plausible that a low number of 

pneumococci in the biofilm state may be present in the middle ear without 

inducing an acute inflammatory disease process, as was observed in singly-

infected mice in this study.  Finally, these findings also warn of the pitfalls of 
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assuming in animal models that the simple presence of bacteria in a presumably 

sterile site is indicative of a disease process occurring. 

 

Pneumococcal Phases During Coinfection 

 Utilizing phase variants of S. pneumoniae, which are essentially enriched 

sub-populations containing nearly all bacteria in the opaque or transparent 

phases, we confirmed in single infection that the opaque phase exhibited a 

colonization defect in vivo (Figure 7 and Supplemental Figure 3).  We 

hypothesized that this likely stemmed from a decrease in both epithelial 

adherence and biofilm viability by the opaque phase relative to the transparent, 

as we observed in vitro (Figure 6).  Further, this difference in biofilm viability 

persisted and was in fact even more apparent when the assay was performed at 

34°C rather than 37°C (Supplemental Figure 4), approximating the ambient 

temperature of the posterior nasopharynx (376). 

 Prior IAV infection, however, ultimately overcame these inherent 

differences in adherence and biofilm formation and enabled both phases to 

colonize the nasopharynx and infect the middle ear to a similar extent (Figure 7).  

We hypothesized that phase shifting in vivo may contribute to these findings, 

enabling the classically less invasive transparent phase to persist in the 

immunologically privileged site of the middle ear.  Supporting this hypothesis, in 

mice inoculated with the transparent variant, there was a significant increase in 

the proportion of opaque colonies in the middle ear relative to the nasopharynx 
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(Table V).  However, the proportion of opaque phase colonies in the middle ears 

of these mice was still only ~25-30%, indicating that other mechanisms must be 

involved.  Uncovering these additional mechanisms is an active area of research.  

As discussed in the conclusions of Chapter I, we propose that this may be 

mediated by many of the same features that enable the transparent phase to 

readily colonize the nasopharynx.  One such feature specifically is biofilm 

formation, as these are routinely detected in the middle ear during pneumococcal 

OM (174, 275).  This hypothesis is congruent with our correlation data indicating 

that the transparent phase during IAV coinfection could infect and persist in the 

middle ear irrespective of the density of nasal colonization (Figure 7).  This 

suggested that a smaller number of transparent phase bacteria disseminating 

from the nasopharynx to the middle ear could ultimately induce a similar 

magnitude of middle ear infection as the opaque phase.  Further work is needed 

to determine whether it is the initiation of middle ear infection or resistance to 

clearance or both that is most altered by IAV coinfection and enables a similar 

magnitude of middle ear infection by both phases. 

 

Implications of the Pneumococcal Phases During Coinfection 

 Rather than a simple bacteriologic phenomenon, phase variation within 

pneumococci is also relevant clinically and has been observed in essentially all 

studied lab strains as well as in clinical isolates from both children and adults 

(195, 198, 201).  Thus, the results presented herein have important implications 
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regarding the pathogenesis, prevention, and treatment of pneumococcal 

diseases such as OM. 

 Current pneumococcal vaccines (PCVs) in children engender protection 

against type-specific capsular polysaccharide.  However, with >90 pneumococcal 

serotypes, incomplete vaccine protection against non-vaccine serotypes 

illustrates the significant need for vaccines directed against pneumococcal 

proteins (377, 378).  While these are largely conserved between serotypes, the 

expression of many, by their nature as surface-exposed proteins, have been 

shown to phase vary (205).  Specifically, a popular vaccine target has been the 

choline-binding protein PspA (379, 380).  As an added benefit, PspA is the rare 

pneumococcal choline-binding protein whose expression is significantly 

increased in the more virulent opaque phase and down-regulated in the 

transparent phase (200).  However, our finding that IAV coinfection enables the 

transparent phase, with its reduced PspA expression, to infect the middle ear 

similar to the opaque suggests there may be an added benefit to targeting a non-

phase variable protein such as pneumolysin. 

 Antibiotic failure rates in OM can be quite high, though they are 

decreasing in the PCV era (381).  As such, interest in prophylactic alternatives is 

high.  Antibiotic prophylaxis has been attempted previously using low-dose 

therapy over a long period of time (382).  The moderate effectiveness of this 

approach ultimately did not outweigh the negative sequelae of allergic reactions, 

gastrointestinal disturbance, and further contributing to antibiotic resistance and, 

as such, this approach is no longer recommended (115).  The observed 
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effectiveness of this regimen was attributed to disrupting the positive relationship 

between nasal colonization density of otopathogens such as S. pneumoniae and 

the risk of OM (325).  We observed a similar correlation in our model but only 

when the opaque phase variant was coinfected with IAV (Figure 7).  If these 

results recapitulate what is occurring in children, it suggests that targeted 

prophylactic antibiotics to debulk nasal pneumococcal density during influenza 

season may be beneficial.  Prior findings may actually enable this strategy to be 

further refined.  Indeed, the predominant phase of pneumococcal isolates has 

been shown, in some cases, to be independently associated with serotype (201).  

Specifically, serotypes 1, 4, and 23F were shown to be associated with the 

opaque phase regardless of the site of isolation (201).  Thus, a particularly 

intriguing prophylactic approach could involve specifically targeting children with 

recurrent OM harboring one of these serotypes in their nasopharynx above a set 

culture or PCR detection threshold during the winter months.  While more work is 

needed to determine if similar correlations are present when pneumococcal 

colonization precedes IAV infection, the potential to reduce even a fraction of OM 

cases could have a significant impact. 

 The traditional paradigm regarding the pneumococcal phases in vivo has 

typically held that S. pneumoniae entering the nasopharynx at acquisition are 

comprised of a mixture of both phases which then shift towards the transparent 

phase for colonization or to the opaque if the host microenvironment has been 

altered in some way (197, 199, 202, 203, 205, 209).  Our findings, and those of 

others, however, posit that these two phases are more nuanced than would first 
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appear.  Indeed, our findings suggest that coinfection with a respiratory virus as 

common as IAV renders the predominant phase of pneumococci at acquisition to 

be essentially irrelevant in the resultant development of middle ear infection.  

Providing further complexity to this paradigm, some serotypes of S. pneumoniae 

isolated from invasive sites have been shown to be more associated with the 

transparent phase (201).  When taken together with the results of Briles et al. 

who identified contributions of both phases to nasal colonization (91), it becomes 

apparent that the role of these pneumococcal phases is not nearly as 

dichotomous as previously thought. 

 Finally beginning to unravel these complex interactions, the molecular 

mechanism underlying phase variation in S. pneumoniae was just recently 

discovered, over two decades after its first characterization (197).  The 

mechanism itself is mediated by a previously uncharacterized Type I restriction 

modification system that preferentially methylates the lagging strand of 

pneumococcal DNA throughout the genome, causing epigenetic effects (383).  

Random genetic rearrangements of the hsdS gene, the specificity sub-unit of the 

methylation apparatus, alter its recognition sequence and thus induce different 

methylation patterns throughout the S. pneumoniae genome.  The 

rearrangements were ultimately found to generate six specific gene expression 

profiles, correlating with six distinct epigenetic phases in strain D39: SpnIIIA 

through SpnIIIF (383).  The possibility exists that the methylation patterns of 

other strains may vary between or even within serotypes.  These six epigenetic 

phases contributed to the previously described phenotypic opacity phases 
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(opaque and transparent), although incompletely (383).  Indeed, most of the 

newly identified epigenetic phases contained a mixture of opaque and 

transparent phase colonies.  A similar Type III restriction modification system 

mediating phase variation has been described previously in Gram-negative 

pathogens including Neisseria spp. and Haemophilus spp. (384). 

 While more work is needed regarding this exciting new discovery, it is 

interesting to note that two of the newly discovered epigenetic phases, SpnIIIA 

and SpnIIIB, are strikingly similar to the opaque and transparent colony 

morphology phases, respectively.  Specifically, the SpnIIIA phase possesses 

increased capsule, increased persistence in the bloodstream, and reduced nasal 

colonization in a mouse model while the SpnIIIB phase was the inverse (383).  

This correlated with the opaque and transparent phases being predominant in 

SpnIIIA and SpnIIIB, respectively, though this was not absolute (383).  While 

related, the opacity phases appear to be somewhat distinct from the newly-

discovered genetic phases.  Indeed, the SpnIIIE phase was comprised of an 

identical proportion of opaque phase colonies as SpnIIIA but the two exhibited 

vastly different phenotypes in vivo (383).  These findings, while novel, also 

confirmed a hypothesis we had posited that even within the opaque and 

transparent phases, pneumococci could further adapt to persist in different host 

environments.  Illustrating this, the opaque phase up-regulated capsule even 

further when it is exposed to an anaerobic environment (199).  Taken together, 

these new observations provide additional means to explain how both the 
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opaque and transparent phases could ultimately infect the middle ear similarly 

during IAV coinfection. 

 

Pneumococcal Neuraminidase A During IAV Coinfection 

 In these studies, we demonstrate, using a NanA-deficient mutant, that the 

primary pneumococcal neuraminidase NanA is involved both in vitro in epithelial 

adherence (Figure 9) and biofilm viability (Figure 10) and also in vivo during 

single infection in nasal colonization and middle ear infection (Figure 8).  

Contrary to our original hypothesis as well as unpublished work by Jonathan 

McCullers using a highly virulent pneumococcal strain (356), coinfection with IAV 

increased but did not fully restore nasal colonization and middle ear infection by 

the ΔNanA mutant to wild-type levels (Figure 8).  This indicated that the similar 

enzymatic activity of the IAV NA was not sufficient to fully replace the absent 

expression of NanA in S. pneumoniae. 

 Based on these findings, we hypothesized that NanA was potentially 

involved intrinsically in pneumococcal pathogenesis independent of its enzymatic 

activity and thus not fully complemented by viral coinfection.  This hypothesis 

was based on the knowledge that the neuraminidases of other bacteria such as 

Vibrio cholerae have been shown to contain a second, non-catalytic, lectin-like 

carbohydrate-binding domain (285).  A putative lectin-like domain in the NanA of 

S. pneumoniae was recently identified by Uchiyama et al. and implicated in brain 

endothelial cell invasion, independent of the enzymatic activity of NanA.  Indeed, 
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the carbohydrate-binding domain was absolutely required for cellular invasion 

and this could not be inhibited by treatment with neuraminidase active site 

inhibitors (2).  We identified that a similar domain is also present in strain EF3030 

(data not shown), as determined by nucleotide sequence homology to strain D39 

(2).  In testing our hypothesis in vitro, we observed that bacterial adherence to 

epithelial cells did require the sialidase activity of NanA while, interestingly, 

biofilm viability did not (Figures 9 and 10).  Based on these findings, we 

proposed a model wherein pneumococcal NanA participates in biofilm formation 

independently of its enzymatic activity, potentially via its N-terminal lectin-like 

domain.  Thus, the IAV NA during coinfection could supplement the enzymatic 

role of NanA in regards to adherence, as has been observed previously in vitro 

(5).  Impairments in biofilm formation, however, would ultimately prevent NanA-

deficient pneumococci from colonizing the nasopharynx and infecting the middle 

ear at wild-type levels, even during IAV coinfection. 

 

Implications of Pneumococcal NanA During IAV Coinfection 

 Elucidating the mechanistic underpinnings of the synergistic interactions 

between S. pneumoniae and influenza A virus are critical in the identification of 

potential therapeutics.  Indeed, the influenza virus neuraminidase inhibitors, 

which are now so widespread, represent one of the great victories of rational 

drug design.  More significantly, these therapeutics have effectively contributed 

to reduce severe influenza virus infections (385).  A growing number of studies 
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have also indicated that these medications may also decrease the incidence of 

secondary complications such as bacterial coinfections and OM (298, 386).  In 

the case of pneumococcal coinfections, this effect appears to be mediated by a 

reduced ability of the viral neuraminidase to alter the host microenvironment to 

the benefit of the bacteria (262, 294).  In addition, as some viral neuraminidase 

inhibitors exhibit moderate in vitro activity against NanA as well, therapeutics 

such as these have also been proposed to directly inhibit pneumococcal growth 

and infection (187).  Our findings suggest that current neuraminidase inhibitors 

that target the catalytic domain, even experimental therapeutics targeted against 

the pneumococcal neuraminidase such as XX1 (187), would only partially inhibit 

the functions of NanA in pneumococcal pathogenesis, potentially altering 

therapeutic efficacy. 

Relatedly, the studies presented herein further identify NanA specifically 

as a virulence factor that directly contributes to and is required for full synergism 

between pneumococci and IAV; highlighting an attractive therapeutic target to 

disrupt this interaction.  Our findings, along with those of other recent studies (2, 

387), further suggest that the design of future drugs targeting this protein should 

potentially be expanded beyond inhibitors of the catalytic domain.  Supporting 

this hypothesis, sequence analysis of the non-catalytic domain demonstrates that 

these sites have long been targets of the host immune response in clearing 

pneumococcal infection (342); though the resultant variability of these domains 

could be a confounding factor. An intriguing approach would be to test the ability 

of a monoclonal antibody against the N-terminal lectin-like domain of NanA to 
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inhibit biofilm formation.  Of potential note, a novel neuraminidase inhibitor was 

recently identified to inhibit pneumococcal biofilm formation in vitro via its 

interaction with NanA at a site that, while currently unknown, is distinct from that 

of the active site (300).  Small molecule screening of potential therapeutics 

targeting this lectin-like domain would also be beneficial. 

While largely studied as a virulence factor (2, 290, 294, 387), the NanA 

genetic locus is also involved in pneumococcal carbohydrate metabolism and it 

and its associated operon are specifically up-regulated in the presence of sialic 

acid and its derivative N-acetylmannosamine (388).  Conversely, this locus is 

down-regulated in the presence of simple sugars such as glucose (388).  Marks 

et al. recently demonstrated that extracellular glucose is increased following IAV 

infection and that it serves as a signal for pneumococcal dissemination from the 

nasopharynx via a yet to be discovered mechanism (189).  An interesting 

possibility from these data then is that NanA expression may be down-regulated 

during IAV coinfection, while pneumococci, in essence, co-opt the enzymatic 

activity of the IAV neuraminidase.  This potentiality could have ramifications 

regarding the use of NanA as a protein-based pneumococcal vaccine target, 

which has shown promise in animal models (389, 390).  Our findings however, 

suggest that NanA continues to be expressed even in the glucose-rich host 

environment previously associated with acute viral infection (189) as its 

expression is required for the full virulence of S. pneumoniae even during IAV 

coinfection. 
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Future Directions 

 The findings presented herein provide novel insights into the interactions 

occurring between S. pneumoniae and influenza A virus during nasal 

colonization and middle ear infection.  Specifically that when IAV precedes 

pneumococcal acquisition, both pneumococcal phases are equally capable of 

causing middle ear infection and that the bacterial neuraminidase NanA 

contributes significantly to this coinfection process, potentially via a currently 

unappreciated mechanism.  Much more work is needed, however, to further 

understand the intricacies of this complex yet widespread coinfection process.  

As such, we propose that there are three important questions to address in future 

work: (1) What is the effect of the order of pathogen introduction in this 

coinfection process?  (2) What specific features of both phases of S. pneumoniae 

enable it to colonize the nasopharynx and infect the middle ear during IAV 

coinfection?  (3) What is the non-enzymatic contribution of NanA to 

pneumococcal pathogenesis? 

 Episodes of pneumococcal colonization cycle frequently in children, with a 

median duration of carriage of 30-90 days for infants (330).  As such, there is 

signficant clinical relevance in investigating the effects of coinfection when 

pneumococci are acquired in the context of a pre-existing viral infection, as was 

modeled in this study.  However, an equally relevant clinical scenario is when a 

child asymptomatically colonized with a carriage strain of S. pneumoniae is then 

coinfected with a respiratory virus such as IAV.  As such, reversing the order of 

pathogen introduction in our coinfection model may yield interesting and even 
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contradictory results.  In the field as a whole, few studies have investigated this 

order of pathogen acquisition specifically; of those that have, the results have 

been disparate.  Indeed, one study identified synergistic exacerbation of 

pneumococcal infection in infant mice (315) while another study in adult mice 

observed protection (391).  In general, however, experimental evidence appears 

to suggest that pneumococcal colonization prior to acquisition of IAV provides 

some protection from lethal pulmonary infection (100, 392), though, interestingly, 

at the expense of long-term antibody-mediated antiviral immunity (393).  The 

effect of this order of pathogen introduction in a non-lethal disease process such 

as OM, however, is largely unexplored and in need of further study. 

 A second direction of investigation, which is already ongoing, is 

investigating the epigenetic phases present in S. pneumoniae strain EF3030 

which could be the same or different from the six identified previously in the more 

virulent D39 strain (383).  Using an RT-PCR approach, we anticipate being able 

to estimate the relative proportion of each epigenetic phase in pneumococci 

isolated from both the nasopharynx and middle ear in our in vivo coinfection 

model.  This data can be used to assess whether epigenetic phase shifts occur 

within the opacity phases (i.e., two transparent phase colonies in distinct 

epigenetic phases).  Next, we will continue our work to, for the first time, 

generate phase-locked mutants of each of the six newly-discovered genetic 

phases in strain EF3030.  These locked phase variants represent an 

exceptionally powerful tool to study how pneumococci adapt to the host 

environments of the nasopharynx and, following IAV coinfection, the middle ear.  
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The first step in this investigation will involve characterizing the phenotypes of 

these phases by qRT-PCR and Western blot to assess for relative expression of 

virulence factors such as capsule, NanA, PspA, CbpA, LytA, and pneumolysin.  

These investigations will also need to be extended to the opaque and transparent 

phases (if present) of each of the epigenetic phases.  Following this, functional 

assays involving in vitro assessments of epithelial adherence, biofilm formation, 

resistance to opsonophagocytosis, and neuraminidase activity will further 

delineate the relative roles of these epigenetic phases.  Employing these variants 

in our in vivo coinfection model would then enable an identification of which 

phases contribute to the synergistic coinfection with IAV.  Ultimately, the results 

obtained from the above described in vitro and in vivo experiments will be used 

to delete key virulence factors such as NanA in these phase-locked 

pneumococcal strains.  This will contribute to reveal which specific components 

of each phase are indeed responsible for their distinct phenotypes and which are 

required for the synergistic interaction with IAV, thereby identifying potential 

therapeutic targets. 

Studies such as these will begin to reveal precisely how antecedent IAV 

infection enabled similar nasal colonization and middle ear infection by the 

colonial morphology opaque and transparent phase variants in this study.  

Finally, an additional interesting avenue of study will be determining how exactly 

the opacity phases are related with the newly-discovered epigenetic phases. 

 The next step in investigating the full role of NanA in this coinfection 

process necessitates isolating the specific non-enzymatic contribution that we 
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observed affecting biofilm viability in vitro.  As such, we are actively using inverse 

PCR for site-directed mutagenesis to generate mutants of EF3030 that express 

modified NanA proteins that lack either the C-terminal catalytic domain or the 

putative N-terminal lectin-like carbohydrate-binding domain.  Utilizing these 

mutants in this coinfection model will determine whether NanA possesses a 

previously unappreciated role in pneumococcal colonization and middle ear 

infection that works in conjunction with its previously described synergistic 

sialidase activity with the IAV neuraminidase.  Further, we will also determine the 

specific contribution of IAV neuraminidase activity to pneumococcal infection in 

this coinfection model.  This will be investigated via the treatment of mice intra-

nasally with either exogenous neuraminidase or an inflammatory TLR agonist 

instead of IAV prior to inoculation of either wild-type or NanA-deficient S. 

pneumoniae. 

 In sum, these future directions will contribute to further advance our 

understanding of this complex yet critically important bacterial-viral coinfection. 
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Supplemental Figure 1.  Representative H&E-stained images of the 

nasopharynx of coinfected mice displaying NET-like structures.  The 

nasopharynges of coinfected mice were aseptically excised, fixed overnight in 

4% paraformaldehyde, decalcified, embedded in OCT, frozen at -80°C, cryo-

sectioned into 5 μm slices, stained with H&E, and mounted with Permount.  

Slides were viewed and photographed at x40 magnification.  Cellular infiltrate in 

the nasal lumen are comprised of cells morphologically resembling neutrophils. 
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Supplemental Figure 2.  Percent mice with bilateral middle ear infection are 

increased during coinfection.  Mice were infected as described in the text.  

Data represent both days 2 and 4 post-bacterial infection and represent the 

mean +/- SEM.  Statistical significance determined by Fisher’s exact test, * 

indicates P < 0.05.  
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Supplemental Figure 3.  Nasal colonization and clearance of opaque and 

transparent phase variants of S. pneumoniae EF3030.  Mice were inoculated 

intranasally with 5x106 CFU of either the opaque or transparent phase variants.  

These variants were isolated by serial passage and were confirmed prior to each 

experiment to contain >90% of colonies in the same phase.  At various times 

post-infection, the mice were euthanized and the nasal colonization density was 

enumerated.  Data represent the geometric mean +/- 95% confidence intervals.  

The dashed line represents the limit of detection of the assay. 

  



139 

 

 

  



140 

 

 

 

 

 

 

 

 

Supplemental Figure 4.  In vitro biofilm viability is increased in the 

transparent phase variant at 34°C.  1x107 CFU of the opaque or transparent 

phase variant in 1 mL Todd-Hewitt both with 0.5% yeast extract and 

supplemented with 10% heat-inactivated horse serum and 2,500 U/mL catalase 

was inoculated into a 24-well plate.  The phase composition of each variant was 

confirmed prior to each experiment.  At 4- and 24-hours, the media was removed 

and adherent bacteria were lifted from the surface of the well by scraping and 

vigorous pipetting and plated.  Each bar represents the mean +/- SEM.  

Significance was determined by Student’s t test.  *** indicates P < 0.001. 



141 

 

  



142 

 

REFERENCES 

 

1. Ruohola A, Meurman O, Nikkari S, Skottman T, Salmi A, Waris M, Osterback 
R, Eerola E, Allander T, Niesters H, Heikkinen T, Ruuskanen O. 2006. 
Microbiology of acute otitis media in children with tympanostomy tubes: 
prevalences of bacteria and viruses. Clinical infectious diseases : an official 
publication of the Infectious Diseases Society of America 43:1417-1422. 

2. Uchiyama S, Carlin AF, Khosravi A, Weiman S, Banerjee A, Quach D, 
Hightower G, Mitchell TJ, Doran KS, Nizet V. 2009. The surface-anchored 
NanA protein promotes pneumococcal brain endothelial cell invasion. The 
Journal of experimental medicine 206:1845-1852. 

3. Xu G, Potter JA, Russell RJ, Oggioni MR, Andrew PW, Taylor GL. 2008. 
Crystal structure of the NanB sialidase from Streptococcus pneumoniae. Journal 
of molecular biology 384:436-449. 

4. Coker TR, Chan LS, Newberry SJ, Limbos MA, Suttorp MJ, Shekelle PG, 
Takata GS. 2010. Diagnosis, microbial epidemiology, and antibiotic treatment of 
acute otitis media in children: a systematic review. Jama 304:2161-2169. 

5. McCullers JA. 2006. Insights into the interaction between influenza virus and 
pneumococcus. Clinical microbiology reviews 19:571-582. 

6. Morens DM, Taubenberger JK, Fauci AS. 2008. Predominant role of bacterial 
pneumonia as a cause of death in pandemic influenza: implications for pandemic 
influenza preparedness. The Journal of infectious diseases 198:962-970. 

7. O'Brien KL, Wolfson LJ, Watt JP, Henkle E, Deloria-Knoll M, McCall N, Lee 
E, Mulholland K, Levine OS, Cherian T, Hib, Pneumococcal Global Burden 
of Disease Study T. 2009. Burden of disease caused by Streptococcus 
pneumoniae in children younger than 5 years: global estimates. Lancet 374:893-
902. 

8. Kochanek KD, Murphy SL, Xu J, Arias E. 2014. Mortality in the United States, 
2013. NCHS data brief:1-8. 

9. Simell B, Auranen K, Kayhty H, Goldblatt D, Dagan R, O'Brien KL, 
Pneumococcal Carriage G. 2012. The fundamental link between pneumococcal 
carriage and disease. Expert review of vaccines 11:841-855. 

10. Garcia-Rodriguez JA, Fresnadillo Martinez MJ. 2002. Dynamics of 
nasopharyngeal colonization by potential respiratory pathogens. The Journal of 
antimicrobial chemotherapy 50 Suppl S2:59-73. 

11. Blaser MJ, Falkow S. 2009. What are the consequences of the disappearing 
human microbiota? Nature reviews. Microbiology 7:887-894. 

12. Bogaert D, Keijser B, Huse S, Rossen J, Veenhoven R, van Gils E, Bruin J, 
Montijn R, Bonten M, Sanders E. 2011. Variability and diversity of 



143 

 

nasopharyngeal microbiota in children: a metagenomic analysis. PloS one 
6:e17035. 

13. Shiri T, Nunes MC, Adrian PV, Van Niekerk N, Klugman KP, Madhi SA. 2013. 
Interrelationship of Streptococcus pneumoniae, Haemophilus influenzae and 
Staphylococcus aureus colonization within and between pneumococcal-vaccine 
naive mother-child dyads. BMC infectious diseases 13:483. 

14. Dunne EM, Manning J, Russell FM, Robins-Browne RM, Mulholland EK, 
Satzke C. 2012. Effect of pneumococcal vaccination on nasopharyngeal carriage 
of Streptococcus pneumoniae, Haemophilus influenzae, Moraxella catarrhalis, 
and Staphylococcus aureus in Fijian children. Journal of clinical microbiology 
50:1034-1038. 

15. Bernstein JM, Faden HF, Dryja DM, Wactawski-Wende J. 1993. Micro-ecology 
of the nasopharyngeal bacterial flora in otitis-prone and non-otitis-prone children. 
Acta oto-laryngologica 113:88-92. 

16. Vives M, Garcia ME, Saenz P, Mora MA, Mata L, Sabharwal H, Svanborg C. 
1997. Nasopharyngeal colonization in Costa Rican children during the first year 
of life. The Pediatric infectious disease journal 16:852-858. 

17. Leach AJ, Boswell JB, Asche V, Nienhuys TG, Mathews JD. 1994. Bacterial 
colonization of the nasopharynx predicts very early onset and persistence of otitis 
media in Australian aboriginal infants. The Pediatric infectious disease journal 
13:983-989. 

18. Raymond J, Le Thomas I, Moulin F, Commeau A, Gendrel D, Berche P. 
2000. Sequential colonization by Streptococcus pneumoniae of healthy children 
living in an orphanage. The Journal of infectious diseases 181:1983-1988. 

19. Faden H, Duffy L, Wasielewski R, Wolf J, Krystofik D, Tung Y. 1997. 
Relationship between nasopharyngeal colonization and the development of otitis 
media in children. Tonawanda/Williamsville Pediatrics. The Journal of infectious 
diseases 175:1440-1445. 

20. Cohen R, Levy C, Bingen E, Koskas M, Nave I, Varon E. 2012. Impact of 13-
valent pneumococcal conjugate vaccine on pneumococcal nasopharyngeal 
carriage in children with acute otitis media. The Pediatric infectious disease 
journal 31:297-301. 

21. Cohen R, Bingen E, Levy C, Thollot F, Boucherat M, Derkx V, Varon E. 2012. 
Nasopharyngeal flora in children with acute otitis media before and after 
implementation of 7 valent pneumococcal conjugate vaccine in France. BMC 
infectious diseases 12:52. 

22. Gray BM, Converse GM, 3rd, Dillon HC, Jr. 1980. Epidemiologic studies of 
Streptococcus pneumoniae in infants: acquisition, carriage, and infection during 
the first 24 months of life. The Journal of infectious diseases 142:923-933. 

23. Weiser JN. 2010. The pneumococcus: why a commensal misbehaves. Journal 
of molecular medicine 88:97-102. 



144 

 

24. Bogaert D, De Groot R, Hermans PW. 2004. Streptococcus pneumoniae 
colonisation: the key to pneumococcal disease. The Lancet. Infectious diseases 
4:144-154. 

25. Johansson N, Kalin M, Tiveljung-Lindell A, Giske CG, Hedlund J. 2010. 
Etiology of community-acquired pneumonia: increased microbiological yield with 
new diagnostic methods. Clinical infectious diseases : an official publication of 
the Infectious Diseases Society of America 50:202-209. 

26. Brook I. 2011. Microbiology of sinusitis. Proceedings of the American Thoracic 
Society 8:90-100. 

27. Vergison A. 2008. Microbiology of otitis media: a moving target. Vaccine 26 
Suppl 7:G5-10. 

28. Marchisio P, Bianchini S, Baggi E, Fattizzo M, Galeone C, Torretta S, 
Principi N, Esposito S. 2013. A retrospective evaluation of microbiology of 
acute otitis media complicated by spontaneous otorrhea in children living in 
Milan, Italy. Infection 41:629-635. 

29. Chien YW, Vidal JE, Grijalva CG, Bozio C, Edwards KM, Williams JV, Griffin 
MR, Verastegui H, Hartinger SM, Gil AI, Lanata CF, Klugman KP. 2013. 
Density interactions among Streptococcus pneumoniae, Haemophilus influenzae 
and Staphylococcus aureus in the nasopharynx of young Peruvian children. The 
Pediatric infectious disease journal 32:72-77. 

30. Gudnason T, Hrafnkelsson B, Laxdal B, Kristinsson KG. 2014. Risk factors 
for nasopharyngeal carriage of Streptococcus pneumoniae and effects of a 
hygiene intervention: repeated cross-sectional cohort study at day care centres. 
Scandinavian journal of infectious diseases 46:493-501. 

31. McElligott M, Vickers I, Cafferkey M, Cunney R, Humphreys H. 2014. Non-
invasive pneumococcal serotypes and antimicrobial susceptibilities in a 
paediatric hospital in the era of conjugate vaccines. Vaccine 32:3495-3500. 

32. Rawlings BA, Higgins TS, Han JK. 2013. Bacterial pathogens in the 
nasopharynx, nasal cavity, and osteomeatal complex during wellness and viral 
infection. American journal of rhinology & allergy 27:39-42. 

33. Rodrigues F, Foster D, Nicoli E, Trotter C, Vipond B, Muir P, Goncalves G, 
Januario L, Finn A. 2013. Relationships between rhinitis symptoms, respiratory 
viral infections and nasopharyngeal colonization with Streptococcus pneumoniae, 
Haemophilus influenzae and Staphylococcus aureus in children attending 
daycare. The Pediatric infectious disease journal 32:227-232. 

34. Usuf E, Bottomley C, Adegbola RA, Hall A. 2014. Pneumococcal carriage in 
sub-Saharan Africa--a systematic review. PloS one 9:e85001. 

35. van Hoek AJ, Sheppard CL, Andrews NJ, Waight PA, Slack MP, Harrison 
TG, Ladhani SN, Miller E. 2014. Pneumococcal carriage in children and adults 
two years after introduction of the thirteen valent pneumococcal conjugate 
vaccine in England. Vaccine 32:4349-4355. 



145 

 

36. Oikawa J, Ishiwada N, Takahashi Y, Hishiki H, Nagasawa K, Takahashi S, 
Watanabe M, Chang B, Kohno Y. 2014. Changes in nasopharyngeal carriage of 
Streptococcus pneumoniae, Haemophilus influenzae and Moraxella catarrhalis 
among healthy children attending a day-care centre before and after official 
financial support for the 7-valent pneumococcal conjugate vaccine and H. 
influenzae type b vaccine in Japan. Journal of infection and chemotherapy : 
official journal of the Japan Society of Chemotherapy 20:146-149. 

37. Bharathi M, Lakshmi N, Kalyani CS, Padmaja IJ. 2014. Nasal carriage of 
multidrug-resistant MSSA and MRSA in children of municipality schools. Indian 
journal of medical microbiology 32:200. 

38. Fall C, Richard V, Dufougeray A, Biron A, Seck A, Laurent F, Breurec S. 
2014. Staphylococcus aureus nasal and pharyngeal carriage in Senegal. Clinical 
microbiology and infection : the official publication of the European Society of 
Clinical Microbiology and Infectious Diseases 20:O239-241. 

39. Rohde RE, Patterson T, Covington B, Vasquez BE, Redwine G, Carranco E. 
2014. Staphylococcus, not MRSA? A final report of carriage and conversion rates 
in nursing students. Clinical laboratory science : journal of the American Society 
for Medical Technology 27:21-31. 

40. Hill PC, Cheung YB, Akisanya A, Sankareh K, Lahai G, Greenwood BM, 
Adegbola RA. 2008. Nasopharyngeal carriage of Streptococcus pneumoniae in 
Gambian infants: a longitudinal study. Clinical infectious diseases : an official 
publication of the Infectious Diseases Society of America 46:807-814. 

41. Adegbola RA, DeAntonio R, Hill PC, Roca A, Usuf E, Hoet B, Greenwood 
BM. 2014. Carriage of Streptococcus pneumoniae and other respiratory bacterial 
pathogens in low and lower-middle income countries: a systematic review and 
meta-analysis. PloS one 9:e103293. 

42. St Sauver J, Marrs CF, Foxman B, Somsel P, Madera R, Gilsdorf JR. 2000. 
Risk factors for otitis media and carriage of multiple strains of Haemophilus 
influenzae and Streptococcus pneumoniae. Emerging infectious diseases 6:622-
630. 

43. Soltani B, Taghavi Ardakani A, Moravveji A, Erami M, Haji Rezaei M, Moniri 
R, Namazi M. 2014. Risk Factors for Methicillin Resistant Staphylococcus aureus 
Nasal Colonization of Healthy Children. Jundishapur journal of microbiology 
7:e20025. 

44. Jourdain S, Smeesters PR, Denis O, Dramaix M, Sputael V, Malaviolle X, 
Van Melderen L, Vergison A. 2011. Differences in nasopharyngeal bacterial 
carriage in preschool children from different socio-economic origins. Clinical 
microbiology and infection : the official publication of the European Society of 
Clinical Microbiology and Infectious Diseases 17:907-914. 

45. Rupa V, Isaac R, Manoharan A, Jalagandeeswaran R, Thenmozhi M. 2012. 
Risk factors for upper respiratory infection in the first year of life in a birth cohort. 
International journal of pediatric otorhinolaryngology 76:1835-1839. 



146 

 

46. Sekhar S, Chakraborti A, Kumar R. 2009. Haemophilus influenzae colonization 
and its risk factors in children aged <2 years in northern India. Epidemiology and 
infection 137:156-160. 

47. Bae S, Yu JY, Lee K, Lee S, Park B, Kang Y. 2012. Nasal colonization by four 
potential respiratory bacteria in healthy children attending kindergarten or 
elementary school in Seoul, Korea. Journal of medical microbiology 61:678-685. 

48. Halablab MA, Hijazi SM, Fawzi MA, Araj GF. 2010. Staphylococcus aureus 
nasal carriage rate and associated risk factors in individuals in the community. 
Epidemiology and infection 138:702-706. 

49. Bogaert D, Engelen MN, Timmers-Reker AJ, Elzenaar KP, Peerbooms PG, 
Coutinho RA, de Groot R, Hermans PW. 2001. Pneumococcal carriage in 
children in The Netherlands: a molecular epidemiological study. Journal of 
clinical microbiology 39:3316-3320. 

50. Ghaffar F, Friedland IR, McCracken GH, Jr. 1999. Dynamics of 
nasopharyngeal colonization by Streptococcus pneumoniae. The Pediatric 
infectious disease journal 18:638-646. 

51. Principi N, Marchisio P, Schito GC, Mannelli S. 1999. Risk factors for carriage 
of respiratory pathogens in the nasopharynx of healthy children. Ascanius Project 
Collaborative Group. The Pediatric infectious disease journal 18:517-523. 

52. Kurono Y, Shimamura K, Shigemi H, Mogi G. 1991. Inhibition of bacterial 
adherence by nasopharyngeal secretions. The Annals of otology, rhinology, and 
laryngology 100:455-458. 

53. Samukawa T, Yamanaka N, Hollingshead S, Klingman K, Faden H. 2000. 
Immune responses to specific antigens of Streptococcus pneumoniae and 
Moraxella catarrhalis in the respiratory tract. Infection and immunity 68:1569-
1573. 

54. Harabuchi Y, Faden H, Yamanaka N, Duffy L, Wolf J, Krystofik D. 1994. 
Nasopharyngeal colonization with nontypeable Haemophilus influenzae and 
recurrent otitis media. Tonawanda/Williamsville Pediatrics. The Journal of 
infectious diseases 170:862-866. 

55. Lindberg K, Freijd A, Rynnel-Dagoo B, Hammarstrom L. 1993. Anti 
pneumococcal antibody activity in nasopharyngeal secretions in healthy adults 
and children. Acta oto-laryngologica 113:673-678. 

56. Cummins AG, Thompson FM. 1997. Postnatal changes in mucosal immune 
response: a physiological perspective of breast feeding and weaning. 
Immunology and cell biology 75:419-429. 

57. Tregoning JS, Schwarze J. 2010. Respiratory viral infections in infants: causes, 
clinical symptoms, virology, and immunology. Clinical microbiology reviews 
23:74-98. 

58. Adkins B, Leclerc C, Marshall-Clarke S. 2004. Neonatal adaptive immunity 
comes of age. Nature reviews. Immunology 4:553-564. 



147 

 

59. Holley MM, Kielian T. 2012. Th1 and Th17 cells regulate innate immune 
responses and bacterial clearance during central nervous system infection. 
Journal of immunology 188:1360-1370. 

60. van Rossum AM, Lysenko ES, Weiser JN. 2005. Host and bacterial factors 
contributing to the clearance of colonization by Streptococcus pneumoniae in a 
murine model. Infection and immunity 73:7718-7726. 

61. Chonmaitree T, Revai K, Grady JJ, Clos A, Patel JA, Nair S, Fan J, 
Henrickson KJ. 2008. Viral upper respiratory tract infection and otitis media 
complication in young children. Clinical infectious diseases : an official 
publication of the Infectious Diseases Society of America 46:815-823. 

62. Monto AS, Ullman BM. 1974. Acute respiratory illness in an American 
community. The Tecumseh study. Jama 227:164-169. 

63. Syrjanen RK, Kilpi TM, Kaijalainen TH, Herva EE, Takala AK. 2001. 
Nasopharyngeal carriage of Streptococcus pneumoniae in Finnish children 
younger than 2 years old. The Journal of infectious diseases 184:451-459. 

64. Harrison LM, Morris JA, Telford DR, Brown SM, Jones K. 1999. The 
nasopharyngeal bacterial flora in infancy: effects of age, gender, season, viral 
upper respiratory tract infection and sleeping position. FEMS immunology and 
medical microbiology 25:19-28. 

65. Pettigrew MM, Gent JF, Revai K, Patel JA, Chonmaitree T. 2008. Microbial 
interactions during upper respiratory tract infections. Emerging infectious 
diseases 14:1584-1591. 

66. Diavatopoulos DA, Short KR, Price JT, Wilksch JJ, Brown LE, Briles DE, 
Strugnell RA, Wijburg OL. 2010. Influenza A virus facilitates Streptococcus 
pneumoniae transmission and disease. FASEB journal : official publication of the 
Federation of American Societies for Experimental Biology 24:1789-1798. 

67. Bosch AA, Biesbroek G, Trzcinski K, Sanders EA, Bogaert D. 2013. Viral and 
bacterial interactions in the upper respiratory tract. PLoS pathogens 9:e1003057. 

68. Mina MJ, McCullers JA, Klugman KP. 2014. Live attenuated influenza vaccine 
enhances colonization of Streptococcus pneumoniae and Staphylococcus aureus 
in mice. mBio 5. 

69. Tano K, Grahn-Hakansson E, Holm SE, Hellstrom S. 2000. Inhibition of OM 
pathogens by alpha-hemolytic streptococci from healthy children, children with 
SOM and children with rAOM. International journal of pediatric 
otorhinolaryngology 56:185-190. 

70. Laufer AS, Metlay JP, Gent JF, Fennie KP, Kong Y, Pettigrew MM. 2011. 
Microbial communities of the upper respiratory tract and otitis media in children. 
mBio 2:e00245-00210. 

71. Pettigrew MM, Laufer AS, Gent JF, Kong Y, Fennie KP, Metlay JP. 2012. 
Upper respiratory tract microbial communities, acute otitis media pathogens, and 



148 

 

antibiotic use in healthy and sick children. Applied and environmental 
microbiology 78:6262-6270. 

72. Brook I, Gober AE. 2005. Long-term effects on the nasopharyngeal flora of 
children following antimicrobial therapy of acute otitis media with cefdinir or 
amoxycillin-clavulanate. Journal of medical microbiology 54:553-556. 

73. Regev-Yochay G, Trzcinski K, Thompson CM, Malley R, Lipsitch M. 2006. 
Interference between Streptococcus pneumoniae and Staphylococcus aureus: In 
vitro hydrogen peroxide-mediated killing by Streptococcus pneumoniae. Journal 
of bacteriology 188:4996-5001. 

74. Dunne EM, Smith-Vaughan HC, Robins-Browne RM, Mulholland EK, Satzke 
C. 2013. Nasopharyngeal microbial interactions in the era of pneumococcal 
conjugate vaccination. Vaccine 31:2333-2342. 

75. Jebaraj R, Cherian T, Raghupathy P, Brahmadathan KN, Lalitha MK, 
Thomas K, Steinhoff MC. 1999. Nasopharyngeal colonization of infants in 
southern India with Streptococcus pneumoniae. Epidemiology and infection 
123:383-388. 

76. Roca A, Bottomley C, Hill PC, Bojang A, Egere U, Antonio M, Darboe O, 
Greenwood BM, Adegbola RA. 2012. Effect of age and vaccination with a 
pneumococcal conjugate vaccine on the density of pneumococcal 
nasopharyngeal carriage. Clinical infectious diseases : an official publication of 
the Infectious Diseases Society of America 55:816-824. 

77. Hussain M, Melegaro A, Pebody RG, George R, Edmunds WJ, Talukdar R, 
Martin SA, Efstratiou A, Miller E. 2005. A longitudinal household study of 
Streptococcus pneumoniae nasopharyngeal carriage in a UK setting. 
Epidemiology and infection 133:891-898. 

78. Chong CP, Street PR. 2008. Pneumonia in the elderly: a review of the 
epidemiology, pathogenesis, microbiology, and clinical features. Southern 
medical journal 101:1141-1145; quiz 1132, 1179. 

79. Palmu AA, Kaijalainen T, Saukkoriipi A, Leinonen M, Kilpi TM. 2012. 
Nasopharyngeal carriage of Streptococcus pneumoniae and pneumococcal urine 
antigen test in healthy elderly subjects. Scandinavian journal of infectious 
diseases 44:433-438. 

80. Ridda I, Macintyre CR, Lindley R, McIntyre PB, Brown M, Oftadeh S, 
Sullivan J, Gilbert GL. 2010. Lack of pneumococcal carriage in the hospitalised 
elderly. Vaccine 28:3902-3904. 

81. Ruohola A, Pettigrew MM, Lindholm L, Jalava J, Raisanen KS, Vainionpaa 
R, Waris M, Tahtinen PA, Laine MK, Lahti E, Ruuskanen O, Huovinen P. 
2013. Bacterial and viral interactions within the nasopharynx contribute to the risk 
of acute otitis media. The Journal of infection 66:247-254. 

82. Hall-Stoodley L, Hu FZ, Gieseke A, Nistico L, Nguyen D, Hayes J, Forbes M, 
Greenberg DP, Dice B, Burrows A, Wackym PA, Stoodley P, Post JC, 



149 

 

Ehrlich GD, Kerschner JE. 2006. Direct detection of bacterial biofilms on the 
middle-ear mucosa of children with chronic otitis media. Jama 296:202-211. 

83. Armbruster CE, Hong W, Pang B, Weimer KE, Juneau RA, Turner J, Swords 
WE. 2010. Indirect pathogenicity of Haemophilus influenzae and Moraxella 
catarrhalis in polymicrobial otitis media occurs via interspecies quorum signaling. 
mBio 1. 

84. Perez AC, Pang B, King LB, Tan L, Murrah KA, Reimche JL, Wren JT, 
Richardson SH, Ghandi U, Swords WE. 2014. Residence of Streptococcus 
pneumoniae and Moraxella catarrhalis within polymicrobial biofilm promotes 
antibiotic resistance and bacterial persistence in vivo. Pathogens and disease 
70:280-288. 

85. Saha S, Modak JK, Naziat H, Al-Emran HM, Chowdury M, Islam M, Hossain 
B, Darmstadt GL, Whitney CG, Saha SK. 2015. Detection of co-colonization 
with Streptococcus pneumoniae by algorithmic use of conventional and 
molecular methods. Vaccine 33:713-718. 

86. Brugger SD, Frey P, Aebi S, Hinds J, Muhlemann K. 2010. Multiple 
colonization with S. pneumoniae before and after introduction of the seven-valent 
conjugated pneumococcal polysaccharide vaccine. PloS one 5:e11638. 

87. Marks LR, Reddinger RM, Hakansson AP. 2012. High levels of genetic 
recombination during nasopharyngeal carriage and biofilm formation in 
Streptococcus pneumoniae. mBio 3. 

88. St Geme JW, 3rd. 2002. Molecular and cellular determinants of non-typeable 
Haemophilus influenzae adherence and invasion. Cellular microbiology 4:191-
200. 

89. Reddy MS, Bernstein JM, Murphy TF, Faden HS. 1996. Binding between outer 
membrane proteins of nontypeable Haemophilus influenzae and human 
nasopharyngeal mucin. Infection and immunity 64:1477-1479. 

90. McMichael JC, Fiske MJ, Fredenburg RA, Chakravarti DN, VanDerMeid KR, 
Barniak V, Caplan J, Bortell E, Baker S, Arumugham R, Chen D. 1998. 
Isolation and characterization of two proteins from Moraxella catarrhalis that bear 
a common epitope. Infection and immunity 66:4374-4381. 

91. Briles DE, Novak L, Hotomi M, van Ginkel FW, King J. 2005. Nasal 
colonization with Streptococcus pneumoniae includes subpopulations of surface 
and invasive pneumococci. Infection and immunity 73:6945-6951. 

92. Sinha B, Francois PP, Nusse O, Foti M, Hartford OM, Vaudaux P, Foster TJ, 
Lew DP, Herrmann M, Krause KH. 1999. Fibronectin-binding protein acts as 
Staphylococcus aureus invasin via fibronectin bridging to integrin alpha5beta1. 
Cellular microbiology 1:101-117. 

93. Clark SE, Snow J, Li J, Zola TA, Weiser JN. 2012. Phosphorylcholine allows 
for evasion of bactericidal antibody by Haemophilus influenzae. PLoS pathogens 
8:e1002521. 



150 

 

94. Paton JC, Andrew PW, Boulnois GJ, Mitchell TJ. 1993. Molecular analysis of 
the pathogenicity of Streptococcus pneumoniae: the role of pneumococcal 
proteins. Annual review of microbiology 47:89-115. 

95. Rapola S, Jantti V, Haikala R, Syrjanen R, Carlone GM, Sampson JS, Briles 
DE, Paton JC, Takala AK, Kilpi TM, Kayhty H. 2000. Natural development of 
antibodies to pneumococcal surface protein A, pneumococcal surface adhesin A, 
and pneumolysin in relation to pneumococcal carriage and acute otitis media. 
The Journal of infectious diseases 182:1146-1152. 

96. Goldblatt D, Hussain M, Andrews N, Ashton L, Virta C, Melegaro A, Pebody 
R, George R, Soininen A, Edmunds J, Gay N, Kayhty H, Miller E. 2005. 
Antibody responses to nasopharyngeal carriage of Streptococcus pneumoniae in 
adults: a longitudinal household study. The Journal of infectious diseases 
192:387-393. 

97. Wilson R, Cohen JM, Jose RJ, de Vogel C, Baxendale H, Brown JS. 2014. 
Protection against Streptococcus pneumoniae lung infection after 
nasopharyngeal colonization requires both humoral and cellular immune 
responses. Mucosal immunology. 

98. Wright AK, Ferreira DM, Gritzfeld JF, Wright AD, Armitage K, Jambo KC, 
Bate E, El Batrawy S, Collins A, Gordon SB. 2012. Human nasal challenge 
with Streptococcus pneumoniae is immunising in the absence of carriage. PLoS 
pathogens 8:e1002622. 

99. Simell B, Kilpi TM, Kayhty H. 2002. Pneumococcal carriage and otitis media 
induce salivary antibodies to pneumococcal capsular polysaccharides in children. 
The Journal of infectious diseases 186:1106-1114. 

100. McCool TL, Cate TR, Moy G, Weiser JN. 2002. The immune response to 
pneumococcal proteins during experimental human carriage. The Journal of 
experimental medicine 195:359-365. 

101. Granat SM, Ollgren J, Herva E, Mia Z, Auranen K, Makela PH. 2009. 
Epidemiological evidence for serotype-independent acquired immunity to 
pneumococcal carriage. The Journal of infectious diseases 200:99-106. 

102. Weinberger DM, Dagan R, Givon-Lavi N, Regev-Yochay G, Malley R, 
Lipsitch M. 2008. Epidemiologic evidence for serotype-specific acquired 
immunity to pneumococcal carriage. The Journal of infectious diseases 
197:1511-1518. 

103. Kyd JM, Cripps AW, Novotny LA, Bakaletz LO. 2003. Efficacy of the 26-
kilodalton outer membrane protein and two P5 fimbrin-derived immunogens to 
induce clearance of nontypeable Haemophilus influenzae from the rat middle ear 
and lungs as well as from the chinchilla middle ear and nasopharynx. Infection 
and immunity 71:4691-4699. 

104. Zola TA, Lysenko ES, Weiser JN. 2008. Mucosal clearance of capsule-
expressing bacteria requires both TLR and nucleotide-binding oligomerization 
domain 1 signaling. Journal of immunology 181:7909-7916. 



151 

 

105. Zhang Z, Clarke TB, Weiser JN. 2009. Cellular effectors mediating Th17-
dependent clearance of pneumococcal colonization in mice. The Journal of 
clinical investigation 119:1899-1909. 

106. Lu YJ, Gross J, Bogaert D, Finn A, Bagrade L, Zhang Q, Kolls JK, 
Srivastava A, Lundgren A, Forte S, Thompson CM, Harney KF, Anderson 
PW, Lipsitch M, Malley R. 2008. Interleukin-17A mediates acquired immunity to 
pneumococcal colonization. PLoS pathogens 4:e1000159. 

107. Moffitt KL, Gierahn TM, Lu YJ, Gouveia P, Alderson M, Flechtner JB, 
Higgins DE, Malley R. 2011. T(H)17-based vaccine design for prevention of 
Streptococcus pneumoniae colonization. Cell host & microbe 9:158-165. 

108. Krone CL, Biesbroek G, Trzcinski K, Sanders EA, Bogaert D. 2014. 
Respiratory microbiota dynamics following Streptococcus pneumoniae 
acquisition in young and elderly mice. Infection and immunity 82:1725-1731. 

109. Monasta L, Ronfani L, Marchetti F, Montico M, Vecchi Brumatti L, Bavcar A, 
Grasso D, Barbiero C, Tamburlini G. 2012. Burden of disease caused by otitis 
media: systematic review and global estimates. PloS one 7:e36226. 

110. Teele DW, Klein JO, Rosner B. 1989. Epidemiology of otitis media during the 
first seven years of life in children in greater Boston: a prospective, cohort study. 
The Journal of infectious diseases 160:83-94. 

111. Ahmed S, Shapiro NL, Bhattacharyya N. 2014. Incremental health care 
utilization and costs for acute otitis media in children. The Laryngoscope 
124:301-305. 

112. Vergison A, Dagan R, Arguedas A, Bonhoeffer J, Cohen R, Dhooge I, 
Hoberman A, Liese J, Marchisio P, Palmu AA, Ray GT, Sanders EA, Simoes 
EA, Uhari M, van Eldere J, Pelton SI. 2010. Otitis media and its consequences: 
beyond the earache. The Lancet. Infectious diseases 10:195-203. 

113. Cripps AW, Otczyk DC, Kyd JM. 2005. Bacterial otitis media: a vaccine 
preventable disease? Vaccine 23:2304-2310. 

114. Paradise JL, Dollaghan CA, Campbell TF, Feldman HM, Bernard BS, 
Colborn DK, Rockette HE, Janosky JE, Pitcairn DL, Sabo DL, Kurs-Lasky M, 
Smith CG. 2000. Language, speech sound production, and cognition in three-
year-old children in relation to otitis media in their first three years of life. 
Pediatrics 105:1119-1130. 

115. Lieberthal AS, Carroll AE, Chonmaitree T, Ganiats TG, Hoberman A, 
Jackson MA, Joffe MD, Miller DT, Rosenfeld RM, Sevilla XD, Schwartz RH, 
Thomas PA, Tunkel DE. 2013. The diagnosis and management of acute otitis 
media. Pediatrics 131:e964-999. 

116. American Academy of Family P, American Academy of O-H, Neck S, 
American Academy of Pediatrics Subcommittee on Otitis Media With E. 
2004. Otitis media with effusion. Pediatrics 113:1412-1429. 



152 

 

117. Harmes KM, Blackwood RA, Burrows HL, Cooke JM, Harrison RV, 
Passamani PP. 2013. Otitis media: diagnosis and treatment. American family 
physician 88:435-440. 

118. Pettigrew MM, Gent JF, Pyles RB, Miller AL, Nokso-Koivisto J, Chonmaitree 
T. 2011. Viral-bacterial interactions and risk of acute otitis media complicating 
upper respiratory tract infection. Journal of clinical microbiology 49:3750-3755. 

119. Nokso-Koivisto J, Marom T, Chonmaitree T. 2015. Importance of viruses in 
acute otitis media. Current opinion in pediatrics 27:110-115. 

120. Block SL, Hedrick J, Harrison CJ, Tyler R, Smith A, Findlay R, Keegan E. 
2004. Community-wide vaccination with the heptavalent pneumococcal 
conjugate significantly alters the microbiology of acute otitis media. The Pediatric 
infectious disease journal 23:829-833. 

121. Brook I, Gober AE. 2009. Bacteriology of spontaneously draining acute otitis 
media in children before and after the introduction of pneumococcal vaccination. 
The Pediatric infectious disease journal 28:640-642. 

122. Casey JR, Pichichero ME. 2004. Changes in frequency and pathogens causing 
acute otitis media in 1995-2003. The Pediatric infectious disease journal 23:824-
828. 

123. Hirano T, Kurono Y, Ichimiya I, Suzuki M, Mogi G. 1999. Effects of influenza A 
virus on lectin-binding patterns in murine nasopharyngeal mucosa and on 
bacterial colonization. Otolaryngology--head and neck surgery : official journal of 
American Academy of Otolaryngology-Head and Neck Surgery 121:616-621. 

124. Abramson JS, Giebink GS, Quie PG. 1982. Influenza A virus-induced 
polymorphonuclear leukocyte dysfunction in the pathogenesis of experimental 
pneumococcal otitis media. Infection and immunity 36:289-296. 

125. Julkunen I, Sareneva T, Pirhonen J, Ronni T, Melen K, Matikainen S. 2001. 
Molecular pathogenesis of influenza A virus infection and virus-induced 
regulation of cytokine gene expression. Cytokine & growth factor reviews 12:171-
180. 

126. Chonmaitree T. 2000. Viral and bacterial interaction in acute otitis media. The 
Pediatric infectious disease journal 19:S24-30. 

127. Bakaletz LO. 2010. Immunopathogenesis of polymicrobial otitis media. Journal 
of leukocyte biology 87:213-222. 

128. Park K, Bakaletz LO, Coticchia JM, Lim DJ. 1993. Effect of influenza A virus 
on ciliary activity and dye transport function in the chinchilla eustachian tube. The 
Annals of otology, rhinology, and laryngology 102:551-558. 

129. Buchman CA, Doyle WJ, Skoner DP, Post JC, Alper CM, Seroky JT, 
Anderson K, Preston RA, Hayden FG, Fireman P, et al. 1995. Influenza A 
virus--induced acute otitis media. The Journal of infectious diseases 172:1348-
1351. 



153 

 

130. Macintyre EA, Karr CJ, Koehoorn M, Demers P, Tamburic L, Lencar C, 
Brauer M. 2010. Otitis media incidence and risk factors in a population-based 
birth cohort. Paediatrics & child health 15:437-442. 

131. Paradise JL, Rockette HE, Colborn DK, Bernard BS, Smith CG, Kurs-Lasky 
M, Janosky JE. 1997. Otitis media in 2253 Pittsburgh-area infants: prevalence 
and risk factors during the first two years of life. Pediatrics 99:318-333. 

132. Sloyer JL, Jr., Howie VM, Ploussard JH, Schiffman G, Johnston RB, Jr. 
1976. Immune response to acute otitis media: association between middle ear 
fluid antibody and the clearing of clinical infection. Journal of clinical microbiology 
4:306-308. 

133. Sharma SK, Casey JR, Pichichero ME. 2012. Reduced serum IgG responses 
to pneumococcal antigens in otitis-prone children may be due to poor memory B-
cell generation. The Journal of infectious diseases 205:1225-1229. 

134. Kaur R, Casey JR, Pichichero ME. 2011. Serum antibody response to five 
Streptococcus pneumoniae proteins during acute otitis media in otitis-prone and 
non-otitis-prone children. The Pediatric infectious disease journal 30:645-650. 

135. Kaur R, Kim T, Casey JR, Pichichero ME. 2012. Antibody in middle ear fluid of 
children originates predominantly from sera and nasopharyngeal secretions. 
Clinical and vaccine immunology : CVI 19:1593-1596. 

136. Skotnicka B, Stasiak-Barmuta A, Hassmann-Poznanska E, Kasprzycka E. 
2005. Lymphocyte subpopulations in middle ear effusions: flow cytometry 
analysis. Otology & neurotology : official publication of the American Otological 
Society, American Neurotology Society [and] European Academy of Otology and 
Neurotology 26:567-571. 

137. Ichimiya I, Kawauchi H, Mogi G. 1990. Analysis of immunocompetent cells in 
the middle ear mucosa. Archives of otolaryngology--head & neck surgery 
116:324-330. 

138. Lee HY, Takeshita T, Shimada J, Akopyan A, Woo JI, Pan H, Moon SK, 
Andalibi A, Park RK, Kang SH, Kang SS, Gellibolian R, Lim DJ. 2008. 
Induction of beta defensin 2 by NTHi requires TLR2 mediated MyD88 and IRAK-
TRAF6-p38MAPK signaling pathway in human middle ear epithelial cells. BMC 
infectious diseases 8:87. 

139. Bakaletz LO, DeMaria TF, Lim DJ. 1987. Phagocytosis and killing of bacteria by 
middle ear macrophages. Archives of otolaryngology--head & neck surgery 
113:138-144. 

140. Mittal R, Kodiyan J, Gerring R, Mathee K, Li JD, Grati M, Liu XZ. 2014. Role 
of innate immunity in the pathogenesis of otitis media. International journal of 
infectious diseases : IJID : official publication of the International Society for 
Infectious Diseases 29:259-267. 

141. Jacob TM, Indrasingh I, Yadav BK, Rupa V. 2013. Langerhans cells in the 
human tympanic membrane in health and disease: a morphometric analysis. 
Otology & neurotology : official publication of the American Otological Society, 



154 

 

American Neurotology Society [and] European Academy of Otology and 
Neurotology 34:325-330. 

142. Hong W, Juneau RA, Pang B, Swords WE. 2009. Survival of bacterial biofilms 
within neutrophil extracellular traps promotes nontypeable Haemophilus 
influenzae persistence in the chinchilla model for otitis media. Journal of innate 
immunity 1:215-224. 

143. Short KR, von Kockritz-Blickwede M, Langereis JD, Chew KY, Job ER, 
Armitage CW, Hatcher B, Fujihashi K, Reading PC, Hermans PW, Wijburg 
OL, Diavatopoulos DA. 2014. Antibodies mediate formation of neutrophil 
extracellular traps in the middle ear and facilitate secondary pneumococcal otitis 
media. Infection and immunity 82:364-370. 

144. Grijalva CG, Nuorti JP, Griffin MR. 2009. Antibiotic prescription rates for acute 
respiratory tract infections in US ambulatory settings. Jama 302:758-766. 

145. Brennan-Jones CG, Whitehouse AJ, Park J, Hegarty M, Jacques A, 
Eikelboom RH, Swanepoel DW, White JD, Jamieson SE. 2014. Prevalence 
and risk factors for parent-reported recurrent otitis media during early childhood 
in the Western Australian Pregnancy Cohort (Raine) Study. Journal of paediatrics 
and child health. 

146. Song JY, Choi JY, Lee JS, Bae IG, Kim YK, Sohn JW, Jo YM, Choi WS, Lee 
J, Park KH, Kim WJ, Cheong HJ. 2013. Clinical and economic burden of 
invasive pneumococcal disease in adults: a multicenter hospital-based study. 
BMC infectious diseases 13:202. 

147. Brown AO, Mann B, Gao G, Hankins JS, Humann J, Giardina J, Faverio P, 
Restrepo MI, Halade GV, Mortensen EM, Lindsey ML, Hanes M, Happel KI, 
Nelson S, Bagby GJ, Lorent JA, Cardinal P, Granados R, Esteban A, 
LeSaux CJ, Tuomanen EI, Orihuela CJ. 2014. Streptococcus pneumoniae 
translocates into the myocardium and forms unique microlesions that disrupt 
cardiac function. PLoS pathogens 10:e1004383. 

148. Oliver MB, van der Linden MP, Kuntzel SA, Saad JS, Nahm MH. 2013. 
Discovery of Streptococcus pneumoniae serotype 6 variants with 
glycosyltransferases synthesizing two differing repeating units. The Journal of 
biological chemistry 288:25976-25985. 

149. Brueggemann AB, Peto TE, Crook DW, Butler JC, Kristinsson KG, Spratt 
BG. 2004. Temporal and geographic stability of the serogroup-specific invasive 
disease potential of Streptococcus pneumoniae in children. The Journal of 
infectious diseases 190:1203-1211. 

150. Feikin DR, Davis M, Nwanyanwu OC, Kazembe PN, Barat LM, Wasas A, 
Bloland PB, Ziba C, Capper T, Huebner RE, Schwartz B, Klugman KP, 
Dowell SF. 2003. Antibiotic resistance and serotype distribution of Streptococcus 
pneumoniae colonizing rural Malawian children. The Pediatric infectious disease 
journal 22:564-567. 

151. Robinson KA, Baughman W, Rothrock G, Barrett NL, Pass M, Lexau C, 
Damaske B, Stefonek K, Barnes B, Patterson J, Zell ER, Schuchat A, 



155 

 

Whitney CG, Active Bacterial Core Surveillance /Emerging Infections 
Program N. 2001. Epidemiology of invasive Streptococcus pneumoniae 
infections in the United States, 1995-1998: Opportunities for prevention in the 
conjugate vaccine era. Jama 285:1729-1735. 

152. Black S, Shinefield H, Fireman B, Lewis E, Ray P, Hansen JR, Elvin L, Ensor 
KM, Hackell J, Siber G, Malinoski F, Madore D, Chang I, Kohberger R, 
Watson W, Austrian R, Edwards K. 2000. Efficacy, safety and immunogenicity 
of heptavalent pneumococcal conjugate vaccine in children. Northern California 
Kaiser Permanente Vaccine Study Center Group. The Pediatric infectious 
disease journal 19:187-195. 

153. Hausdorff WP, Bryant J, Paradiso PR, Siber GR. 2000. Which pneumococcal 
serogroups cause the most invasive disease: implications for conjugate vaccine 
formulation and use, part I. Clinical infectious diseases : an official publication of 
the Infectious Diseases Society of America 30:100-121. 

154. Weil-Olivier C, van der Linden M, de Schutter I, Dagan R, Mantovani L. 2012. 
Prevention of pneumococcal diseases in the post-seven valent vaccine era: a 
European perspective. BMC infectious diseases 12:207. 

155. Isaacman DJ, McIntosh ED, Reinert RR. 2010. Burden of invasive 
pneumococcal disease and serotype distribution among Streptococcus 
pneumoniae isolates in young children in Europe: impact of the 7-valent 
pneumococcal conjugate vaccine and considerations for future conjugate 
vaccines. International journal of infectious diseases : IJID : official publication of 
the International Society for Infectious Diseases 14:e197-209. 

156. Revai K, McCormick DP, Patel J, Grady JJ, Saeed K, Chonmaitree T. 2006. 
Effect of pneumococcal conjugate vaccine on nasopharyngeal bacterial 
colonization during acute otitis media. Pediatrics 117:1823-1829. 

157. Ben-Shimol S, Givon-Lavi N, Leibovitz E, Raiz S, Greenberg D, Dagan R. 
2014. Near-elimination of otitis media caused by 13-valent pneumococcal 
conjugate vaccine (PCV) serotypes in southern Israel shortly after sequential 
introduction of 7-valent/13-valent PCV. Clinical infectious diseases : an official 
publication of the Infectious Diseases Society of America 59:1724-1732. 

158. Holder RC, Kirse DJ, Evans AK, Peters TR, Poehling KA, Swords WE, Reid 
SD. 2012. One third of middle ear effusions from children undergoing 
tympanostomy tube placement had multiple bacterial pathogens. BMC pediatrics 
12:87. 

159. Casey JR, Adlowitz DG, Pichichero ME. 2010. New patterns in the 
otopathogens causing acute otitis media six to eight years after introduction of 
pneumococcal conjugate vaccine. The Pediatric infectious disease journal 
29:304-309. 

160. Jansen AG, Hak E, Veenhoven RH, Damoiseaux RA, Schilder AG, Sanders 
EA. 2009. Pneumococcal conjugate vaccines for preventing otitis media. The 
Cochrane database of systematic reviews:CD001480. 



156 

 

161. Fireman B, Black SB, Shinefield HR, Lee J, Lewis E, Ray P. 2003. Impact of 
the pneumococcal conjugate vaccine on otitis media. The Pediatric infectious 
disease journal 22:10-16. 

162. Nelson AL, Roche AM, Gould JM, Chim K, Ratner AJ, Weiser JN. 2007. 
Capsule enhances pneumococcal colonization by limiting mucus-mediated 
clearance. Infection and immunity 75:83-90. 

163. King SJ, Hippe KR, Weiser JN. 2006. Deglycosylation of human 
glycoconjugates by the sequential activities of exoglycosidases expressed by 
Streptococcus pneumoniae. Molecular microbiology 59:961-974. 

164. Marion C, Burnaugh AM, Woodiga SA, King SJ. 2011. Sialic acid transport 
contributes to pneumococcal colonization. Infection and immunity 79:1262-1269. 

165. Lu L, Lamm ME, Li H, Corthesy B, Zhang JR. 2003. The human polymeric 
immunoglobulin receptor binds to Streptococcus pneumoniae via domains 3 and 
4. The Journal of biological chemistry 278:48178-48187. 

166. Orihuela CJ, Mahdavi J, Thornton J, Mann B, Wooldridge KG, Abouseada 
N, Oldfield NJ, Self T, Ala'Aldeen DA, Tuomanen EI. 2009. Laminin receptor 
initiates bacterial contact with the blood brain barrier in experimental meningitis 
models. The Journal of clinical investigation 119:1638-1646. 

167. Anderton JM, Rajam G, Romero-Steiner S, Summer S, Kowalczyk AP, 
Carlone GM, Sampson JS, Ades EW. 2007. E-cadherin is a receptor for the 
common protein pneumococcal surface adhesin A (PsaA) of Streptococcus 
pneumoniae. Microbial pathogenesis 42:225-236. 

168. Cundell DR, Gerard NP, Gerard C, Idanpaan-Heikkila I, Tuomanen EI. 1995. 
Streptococcus pneumoniae anchor to activated human cells by the receptor for 
platelet-activating factor. Nature 377:435-438. 

169. Zhang JR, Mostov KE, Lamm ME, Nanno M, Shimida S, Ohwaki M, 
Tuomanen E. 2000. The polymeric immunoglobulin receptor translocates 
pneumococci across human nasopharyngeal epithelial cells. Cell 102:827-837. 

170. Ring A, Weiser JN, Tuomanen EI. 1998. Pneumococcal trafficking across the 
blood-brain barrier. Molecular analysis of a novel bidirectional pathway. The 
Journal of clinical investigation 102:347-360. 

171. Holmes AR, McNab R, Millsap KW, Rohde M, Hammerschmidt S, Mawdsley 
JL, Jenkinson HF. 2001. The pavA gene of Streptococcus pneumoniae encodes 
a fibronectin-binding protein that is essential for virulence. Molecular 
microbiology 41:1395-1408. 

172. Bergmann S, Rohde M, Chhatwal GS, Hammerschmidt S. 2001. alpha-
Enolase of Streptococcus pneumoniae is a plasmin(ogen)-binding protein 
displayed on the bacterial cell surface. Molecular microbiology 40:1273-1287. 

173. Donlan RM. 2002. Biofilms: microbial life on surfaces. Emerging infectious 
diseases 8:881-890. 



157 

 

174. Reid SD, Hong W, Dew KE, Winn DR, Pang B, Watt J, Glover DT, 
Hollingshead SK, Swords WE. 2009. Streptococcus pneumoniae forms 
surface-attached communities in the middle ear of experimentally infected 
chinchillas. The Journal of infectious diseases 199:786-794. 

175. Domenech M, Garcia E, Moscoso M. 2012. Biofilm formation in Streptococcus 
pneumoniae. Microbial biotechnology 5:455-465. 

176. Murphy TF, Bakaletz LO, Smeesters PR. 2009. Microbial interactions in the 
respiratory tract. The Pediatric infectious disease journal 28:S121-126. 

177. Kania RE, Lamers GE, Vonk MJ, Dorpmans E, Struik J, Tran Ba Huy P, 
Hiemstra P, Bloemberg GV, Grote JJ. 2008. Characterization of mucosal 
biofilms on human adenoid tissues. The Laryngoscope 118:128-134. 

178. Marks LR, Parameswaran GI, Hakansson AP. 2012. Pneumococcal 
interactions with epithelial cells are crucial for optimal biofilm formation and 
colonization in vitro and in vivo. Infection and immunity 80:2744-2760. 

179. Hall-Stoodley L, Nistico L, Sambanthamoorthy K, Dice B, Nguyen D, 
Mershon WJ, Johnson C, Hu FZ, Stoodley P, Ehrlich GD, Post JC. 2008. 
Characterization of biofilm matrix, degradation by DNase treatment and evidence 
of capsule downregulation in Streptococcus pneumoniae clinical isolates. BMC 
microbiology 8:173. 

180. Pettigrew MM, Marks LR, Kong Y, Gent JF, Roche-Hakansson H, 
Hakansson AP. 2014. Dynamic changes in the Streptococcus pneumoniae 
transcriptome during transition from biofilm formation to invasive disease upon 
influenza A virus infection. Infection and immunity 82:4607-4619. 

181. Otto M. 2006. Bacterial evasion of antimicrobial peptides by biofilm formation. 
Current topics in microbiology and immunology 306:251-258. 

182. Costerton JW, Stewart PS, Greenberg EP. 1999. Bacterial biofilms: a common 
cause of persistent infections. Science 284:1318-1322. 

183. Blanchette-Cain K, Hinojosa CA, Akula Suresh Babu R, Lizcano A, 
Gonzalez-Juarbe N, Munoz-Almagro C, Sanchez CJ, Bergman MA, Orihuela 
CJ. 2013. Streptococcus pneumoniae biofilm formation is strain dependent, 
multifactorial, and associated with reduced invasiveness and immunoreactivity 
during colonization. mBio 4:e00745-00713. 

184. Sanchez CJ, Kumar N, Lizcano A, Shivshankar P, Dunning Hotopp JC, 
Jorgensen JH, Tettelin H, Orihuela CJ. 2011. Streptococcus pneumoniae in 
biofilms are unable to cause invasive disease due to altered virulence 
determinant production. PloS one 6:e28738. 

185. Munoz-Elias EJ, Marcano J, Camilli A. 2008. Isolation of Streptococcus 
pneumoniae biofilm mutants and their characterization during nasopharyngeal 
colonization. Infection and immunity 76:5049-5061. 

186. Sanchez CJ, Shivshankar P, Stol K, Trakhtenbroit S, Sullam PM, Sauer K, 
Hermans PW, Orihuela CJ. 2010. The pneumococcal serine-rich repeat protein 



158 

 

is an intra-species bacterial adhesin that promotes bacterial aggregation in vivo 
and in biofilms. PLoS pathogens 6:e1001044. 

187. Parker D, Soong G, Planet P, Brower J, Ratner AJ, Prince A. 2009. The NanA 
neuraminidase of Streptococcus pneumoniae is involved in biofilm formation. 
Infection and immunity 77:3722-3730. 

188. Garcia-Castillo M, Morosini MI, Valverde A, Almaraz F, Baquero F, Canton 
R, del Campo R. 2007. Differences in biofilm development and antibiotic 
susceptibility among Streptococcus pneumoniae isolates from cystic fibrosis 
samples and blood cultures. The Journal of antimicrobial chemotherapy 59:301-
304. 

189. Marks LR, Davidson BA, Knight PR, Hakansson AP. 2013. Interkingdom 
signaling induces Streptococcus pneumoniae biofilm dispersion and transition 
from asymptomatic colonization to disease. mBio 4. 

190. Musher DM. 2003. How contagious are common respiratory tract infections? The 
New England journal of medicine 348:1256-1266. 

191. Kadioglu A, Weiser JN, Paton JC, Andrew PW. 2008. The role of 
Streptococcus pneumoniae virulence factors in host respiratory colonization and 
disease. Nature reviews. Microbiology 6:288-301. 

192. Gray C, Ahmed MS, Mubarak A, Kasbekar AV, Derbyshire S, McCormick 
MS, Mughal MK, McNamara PS, Mitchell T, Zhang Q. 2014. Activation of 
memory Th17 cells by domain 4 pneumolysin in human nasopharynx-associated 
lymphoid tissue and its association with pneumococcal carriage. Mucosal 
immunology 7:705-717. 

193. Jedrzejas MJ. 2006. Unveiling molecular mechanisms of pneumococcal surface 
protein A interactions with antibodies and lactoferrin. Clinica chimica acta; 
international journal of clinical chemistry 367:1-10. 

194. Lu L, Ma Y, Zhang JR. 2006. Streptococcus pneumoniae recruits complement 
factor H through the amino terminus of CbpA. The Journal of biological chemistry 
281:15464-15474. 

195. King SJ, Hippe KR, Gould JM, Bae D, Peterson S, Cline RT, Fasching C, 
Janoff EN, Weiser JN. 2004. Phase variable desialylation of host proteins that 
bind to Streptococcus pneumoniae in vivo and protect the airway. Molecular 
microbiology 54:159-171. 

196. van der Woude MW, Baumler AJ. 2004. Phase and antigenic variation in 
bacteria. Clinical microbiology reviews 17:581-611, table of contents. 

197. Weiser JN, Austrian R, Sreenivasan PK, Masure HR. 1994. Phase variation in 
pneumococcal opacity: relationship between colonial morphology and 
nasopharyngeal colonization. Infection and immunity 62:2582-2589. 

198. Arai J, Hotomi M, Hollingshead SK, Ueno Y, Briles DE, Yamanaka N. 2011. 
Streptococcus pneumoniae isolates from middle ear fluid and nasopharynx of 



159 

 

children with acute otitis media exhibit phase variation. Journal of clinical 
microbiology 49:1646-1649. 

199. Weiser JN, Bae D, Epino H, Gordon SB, Kapoor M, Zenewicz LA, 
Shchepetov M. 2001. Changes in availability of oxygen accentuate differences 
in capsular polysaccharide expression by phenotypic variants and clinical 
isolates of Streptococcus pneumoniae. Infection and immunity 69:5430-5439. 

200. Kim JO, Weiser JN. 1998. Association of intrastrain phase variation in quantity 
of capsular polysaccharide and teichoic acid with the virulence of Streptococcus 
pneumoniae. The Journal of infectious diseases 177:368-377. 

201. Serrano I, Melo-Cristino J, Ramirez M. 2006. Heterogeneity of pneumococcal 
phase variants in invasive human infections. BMC microbiology 6:67. 

202. Weiser JN, Kapoor M. 1999. Effect of intrastrain variation in the amount of 
capsular polysaccharide on genetic transformation of Streptococcus 
pneumoniae: implications for virulence studies of encapsulated strains. Infection 
and immunity 67:3690-3692. 

203. Kim JO, Romero-Steiner S, Sorensen UB, Blom J, Carvalho M, Barnard S, 
Carlone G, Weiser JN. 1999. Relationship between cell surface carbohydrates 
and intrastrain variation on opsonophagocytosis of Streptococcus pneumoniae. 
Infection and immunity 67:2327-2333. 

204. Li Q, Li YX, Douthitt K, Stahl GL, Thurman JM, Tong HH. 2012. Role of the 
alternative and classical complement activation pathway in complement 
mediated killing against Streptococcus pneumoniae colony opacity variants 
during acute pneumococcal otitis media in mice. Microbes and infection / Institut 
Pasteur 14:1308-1318. 

205. Weiser JN. 1998. Phase variation in colony opacity by Streptococcus 
pneumoniae. Microbial drug resistance 4:129-135. 

206. Tong HH, Blue LE, James MA, DeMaria TF. 2000. Evaluation of the virulence 
of a Streptococcus pneumoniae neuraminidase-deficient mutant in 
nasopharyngeal colonization and development of otitis media in the chinchilla 
model. Infection and immunity 68:921-924. 

207. Trappetti C, Ogunniyi AD, Oggioni MR, Paton JC. 2011. Extracellular matrix 
formation enhances the ability of Streptococcus pneumoniae to cause invasive 
disease. PloS one 6:e19844. 

208. Tong HH, Grants I, Liu X, DeMaria TF. 2002. Comparison of alteration of cell 
surface carbohydrates of the chinchilla tubotympanum and colonial opacity 
phenotype of Streptococcus pneumoniae during experimental pneumococcal 
otitis media with or without an antecedent influenza A virus infection. Infect 
Immun 70:4292-4301. 

209. Weiser JN, Markiewicz Z, Tuomanen EI, Wani JH. 1996. Relationship between 
phase variation in colony morphology, intrastrain variation in cell wall physiology, 
and nasopharyngeal colonization by Streptococcus pneumoniae. Infection and 
immunity 64:2240-2245. 



160 

 

210. Schachern PA, Tsuprun V, Goetz S, Cureoglu S, Juhn SK, Briles DE, 
Paparella MM, Ferrieri P. 2013. Viability and virulence of pneumolysin, 
pneumococcal surface protein A, and pneumolysin/pneumococcal surface 
protein A mutants in the ear. JAMA otolaryngology-- head & neck surgery 
139:937-943. 

211. Saluja SK, Weiser JN. 1995. The genetic basis of colony opacity in 
Streptococcus pneumoniae: evidence for the effect of box elements on the 
frequency of phenotypic variation. Molecular microbiology 16:215-227. 

212. Stohr K. 2002. Influenza--WHO cares. The Lancet. Infectious diseases 2:517. 

213. Peasah SK, Azziz-Baumgartner E, Breese J, Meltzer MI, Widdowson MA. 
2013. Influenza cost and cost-effectiveness studies globally--a review. Vaccine 
31:5339-5348. 

214. Molinari NA, Ortega-Sanchez IR, Messonnier ML, Thompson WW, Wortley 
PM, Weintraub E, Bridges CB. 2007. The annual impact of seasonal influenza 
in the US: measuring disease burden and costs. Vaccine 25:5086-5096. 

215. Cohen M, Zhang XQ, Senaati HP, Chen HW, Varki NM, Schooley RT, 
Gagneux P. 2013. Influenza A penetrates host mucus by cleaving sialic acids 
with neuraminidase. Virology journal 10:321. 

216. Wagner R, Matrosovich M, Klenk HD. 2002. Functional balance between 
haemagglutinin and neuraminidase in influenza virus infections. Reviews in 
medical virology 12:159-166. 

217. Helenius A. 1992. Unpacking the incoming influenza virus. Cell 69:577-578. 

218. Hughes MT, Matrosovich M, Rodgers ME, McGregor M, Kawaoka Y. 2000. 
Influenza A viruses lacking sialidase activity can undergo multiple cycles of 
replication in cell culture, eggs, or mice. Journal of virology 74:5206-5212. 

219. McAuley JL, Hornung F, Boyd KL, Smith AM, McKeon R, Bennink J, 
Yewdell JW, McCullers JA. 2007. Expression of the 1918 influenza A virus 
PB1-F2 enhances the pathogenesis of viral and secondary bacterial pneumonia. 
Cell host & microbe 2:240-249. 

220. Kash JC, Tumpey TM, Proll SC, Carter V, Perwitasari O, Thomas MJ, Basler 
CF, Palese P, Taubenberger JK, Garcia-Sastre A, Swayne DE, Katze MG. 
2006. Genomic analysis of increased host immune and cell death responses 
induced by 1918 influenza virus. Nature 443:578-581. 

221. Chen W, Calvo PA, Malide D, Gibbs J, Schubert U, Bacik I, Basta S, O'Neill 
R, Schickli J, Palese P, Henklein P, Bennink JR, Yewdell JW. 2001. A novel 
influenza A virus mitochondrial protein that induces cell death. Nature medicine 
7:1306-1312. 

222. Gannage M, Dormann D, Albrecht R, Dengjel J, Torossi T, Ramer PC, Lee 
M, Strowig T, Arrey F, Conenello G, Pypaert M, Andersen J, Garcia-Sastre 
A, Munz C. 2009. Matrix protein 2 of influenza A virus blocks autophagosome 
fusion with lysosomes. Cell host & microbe 6:367-380. 



161 

 

223. Julkunen I, Melen K, Nyqvist M, Pirhonen J, Sareneva T, Matikainen S. 2000. 
Inflammatory responses in influenza A virus infection. Vaccine 19 Suppl 1:S32-
37. 

224. de Jong MD, Simmons CP, Thanh TT, Hien VM, Smith GJ, Chau TN, Hoang 
DM, Chau NV, Khanh TH, Dong VC, Qui PT, Cam BV, Ha do Q, Guan Y, 
Peiris JS, Chinh NT, Hien TT, Farrar J. 2006. Fatal outcome of human 
influenza A (H5N1) is associated with high viral load and hypercytokinemia. 
Nature medicine 12:1203-1207. 

225. Herold S, Steinmueller M, von Wulffen W, Cakarova L, Pinto R, Pleschka S, 
Mack M, Kuziel WA, Corazza N, Brunner T, Seeger W, Lohmeyer J. 2008. 
Lung epithelial apoptosis in influenza virus pneumonia: the role of macrophage-
expressed TNF-related apoptosis-inducing ligand. The Journal of experimental 
medicine 205:3065-3077. 

226. Sun J, Madan R, Karp CL, Braciale TJ. 2009. Effector T cells control lung 
inflammation during acute influenza virus infection by producing IL-10. Nature 
medicine 15:277-284. 

227. La Gruta NL, Kedzierska K, Stambas J, Doherty PC. 2007. A question of self-
preservation: immunopathology in influenza virus infection. Immunology and cell 
biology 85:85-92. 

228. Schwarze J, Mackenzie KJ. 2013. Novel insights into immune and inflammatory 
responses to respiratory viruses. Thorax 68:108-110. 

229. Kreijtz JH, Fouchier RA, Rimmelzwaan GF. 2011. Immune responses to 
influenza virus infection. Virus research 162:19-30. 

230. Tisoncik JR, Billharz R, Burmakina S, Belisle SE, Proll SC, Korth MJ, 
Garcia-Sastre A, Katze MG. 2011. The NS1 protein of influenza A virus 
suppresses interferon-regulated activation of antigen-presentation and immune-
proteasome pathways. The Journal of general virology 92:2093-2104. 

231. Liedmann S, Hrincius ER, Guy C, Anhlan D, Dierkes R, Carter R, Wu G, 
Staeheli P, Green DR, Wolff T, McCullers JA, Ludwig S, Ehrhardt C. 2014. 
Viral suppressors of the RIG-I-mediated interferon response are pre-packaged in 
influenza virions. Nature communications 5:5645. 

232. Gerhard W. 2001. The role of the antibody response in influenza virus infection. 
Current topics in microbiology and immunology 260:171-190. 

233. Boivin S, Cusack S, Ruigrok RW, Hart DJ. 2010. Influenza A virus polymerase: 
structural insights into replication and host adaptation mechanisms. The Journal 
of biological chemistry 285:28411-28417. 

234. Drake JW. 1993. Rates of spontaneous mutation among RNA viruses. 
Proceedings of the National Academy of Sciences of the United States of 
America 90:4171-4175. 



162 

 

235. Wikramaratna PS, Sandeman M, Recker M, Gupta S. 2013. The antigenic 
evolution of influenza: drift or thrift? Philosophical transactions of the Royal 
Society of London. Series B, Biological sciences 368:20120200. 

236. Flannery B, Clippard J, Zimmerman RK, Nowalk MP, Jackson ML, Jackson 
LA, Monto AS, Petrie JG, McLean HQ, Belongia EA, Gaglani M, Berman L, 
Foust A, Sessions W, Thaker SN, Spencer S, Fry AM. 2015. Early estimates 
of seasonal influenza vaccine effectiveness - United States, january 2015. 
MMWR. Morbidity and mortality weekly report 64:10-15. 

237. Ferdinands JM, Olsho LE, Agan AA, Bhat N, Sullivan RM, Hall M, Mourani 
PM, Thompson M, Randolph AG, Pediatric Acute Lung I, Sepsis 
Investigators N. 2014. Effectiveness of influenza vaccine against life-threatening 
RT-PCR-confirmed influenza illness in US children, 2010-2012. The Journal of 
infectious diseases 210:674-683. 

238. Simpson CR, Lone N, Kavanagh K, Ritchie LD, Robertson C, Sheikh A, 
McMenamin J. 2013. Seasonal Influenza Vaccine Effectiveness (SIVE): an 
observational retrospective cohort study - exploitation of a unique community-
based national-linked database to determine the effectiveness of the seasonal 
trivalent influenza vaccine, Southampton (UK). 

239. Ozgur SK, Beyazova U, Kemaloglu YK, Maral I, Sahin F, Camurdan AD, Kizil 
Y, Dinc E, Tuzun H. 2006. Effectiveness of inactivated influenza vaccine for 
prevention of otitis media in children. The Pediatric infectious disease journal 
25:401-404. 

240. Heikkinen T, Block SL, Toback SL, Wu X, Ambrose CS. 2013. Effectiveness 
of intranasal live attenuated influenza vaccine against all-cause acute otitis 
media in children. The Pediatric infectious disease journal 32:669-674. 

241. Cuhaci Cakir B, Beyazova U, Kemaloglu YK, Ozkan S, Gunduz B, Ozdek A. 
2012. Effectiveness of pandemic influenza A/H1N1 vaccine for prevention of 
otitis media in children. European journal of pediatrics 171:1667-1671. 

242. Hoberman A, Greenberg DP, Paradise JL, Rockette HE, Lave JR, Kearney 
DH, Colborn DK, Kurs-Lasky M, Haralam MA, Byers CJ, Zoffel LM, Fabian 
IA, Bernard BS, Kerr JD. 2003. Effectiveness of inactivated influenza vaccine in 
preventing acute otitis media in young children: a randomized controlled trial. 
Jama 290:1608-1616. 

243. Bright RA, Shay DK, Shu B, Cox NJ, Klimov AI. 2006. Adamantane resistance 
among influenza A viruses isolated early during the 2005-2006 influenza season 
in the United States. Jama 295:891-894. 

244. Simonsen L, Viboud C, Grenfell BT, Dushoff J, Jennings L, Smit M, Macken 
C, Hata M, Gog J, Miller MA, Holmes EC. 2007. The genesis and spread of 
reassortment human influenza A/H3N2 viruses conferring adamantane 
resistance. Molecular biology and evolution 24:1811-1820. 

245. McKimm-Breschkin JL, Rootes C, Mohr PG, Barrett S, Streltsov VA. 2012. In 
vitro passaging of a pandemic H1N1/09 virus selects for viruses with 
neuraminidase mutations conferring high-level resistance to oseltamivir and 



163 

 

peramivir, but not to zanamivir. The Journal of antimicrobial chemotherapy 
67:1874-1883. 

246. Fiore AE, Fry A, Shay D, Gubareva L, Bresee JS, Uyeki TM, Centers for 
Disease C, Prevention. 2011. Antiviral agents for the treatment and 
chemoprophylaxis of influenza --- recommendations of the Advisory Committee 
on Immunization Practices (ACIP). MMWR. Recommendations and reports : 
Morbidity and mortality weekly report. Recommendations and reports / Centers 
for Disease Control 60:1-24. 

247. Aoki FY, Boivin G, Roberts N. 2007. Influenza virus susceptibility and 
resistance to oseltamivir. Antiviral therapy 12:603-616. 

248. Heinonen S, Silvennoinen H, Lehtinen P, Vainionpaa R, Vahlberg T, Ziegler 
T, Ikonen N, Puhakka T, Heikkinen T. 2010. Early oseltamivir treatment of 
influenza in children 1-3 years of age: a randomized controlled trial. Clinical 
infectious diseases : an official publication of the Infectious Diseases Society of 
America 51:887-894. 

249. McGeer A, Green KA, Plevneshi A, Shigayeva A, Siddiqi N, Raboud J, Low 
DE, Toronto Invasive Bacterial Diseases N. 2007. Antiviral therapy and 
outcomes of influenza requiring hospitalization in Ontario, Canada. Clinical 
infectious diseases : an official publication of the Infectious Diseases Society of 
America 45:1568-1575. 

250. Kaiser L, Wat C, Mills T, Mahoney P, Ward P, Hayden F. 2003. Impact of 
oseltamivir treatment on influenza-related lower respiratory tract complications 
and hospitalizations. Archives of internal medicine 163:1667-1672. 

251. Beigel JH, Farrar J, Han AM, Hayden FG, Hyer R, de Jong MD, Lochindarat 
S, Nguyen TK, Nguyen TH, Tran TH, Nicoll A, Touch S, Yuen KY, Writing 
Committee of the World Health Organization Consultation on Human 
Influenza AH. 2005. Avian influenza A (H5N1) infection in humans. The New 
England journal of medicine 353:1374-1385. 

252. Kyaw MH, Lynfield R, Schaffner W, Craig AS, Hadler J, Reingold A, Thomas 
AR, Harrison LH, Bennett NM, Farley MM, Facklam RR, Jorgensen JH, 
Besser J, Zell ER, Schuchat A, Whitney CG, Active Bacterial Core 
Surveillance of the Emerging Infections Program N. 2006. Effect of 
introduction of the pneumococcal conjugate vaccine on drug-resistant 
Streptococcus pneumoniae. The New England journal of medicine 354:1455-
1463. 

253. Whitney CG, Farley MM, Hadler J, Harrison LH, Bennett NM, Lynfield R, 
Reingold A, Cieslak PR, Pilishvili T, Jackson D, Facklam RR, Jorgensen JH, 
Schuchat A, Active Bacterial Core Surveillance of the Emerging Infections 
Program N. 2003. Decline in invasive pneumococcal disease after the 
introduction of protein-polysaccharide conjugate vaccine. The New England 
journal of medicine 348:1737-1746. 

254. Muir R, Wilson GH. 1919. Observations ON INFLUENZA AND ITS 
COMPLICATIONS. British medical journal 1:3-5. 



164 

 

255. van der Flier M, Chhun N, Wizemann TM, Min J, McCarthy JB, Tuomanen EI. 
1995. Adherence of Streptococcus pneumoniae to immobilized fibronectin. 
Infection and immunity 63:4317-4322. 

256. Plotkowski MC, Puchelle E, Beck G, Jacquot J, Hannoun C. 1986. Adherence 
of type I Streptococcus pneumoniae to tracheal epithelium of mice infected with 
influenza A/PR8 virus. The American review of respiratory disease 134:1040-
1044. 

257. Pittet LA, Hall-Stoodley L, Rutkowski MR, Harmsen AG. 2010. Influenza virus 
infection decreases tracheal mucociliary velocity and clearance of Streptococcus 
pneumoniae. American journal of respiratory cell and molecular biology 42:450-
460. 

258. Guarner J, Falcon-Escobedo R. 2009. Comparison of the pathology caused by 
H1N1, H5N1, and H3N2 influenza viruses. Archives of medical research 40:655-
661. 

259. van der Sluijs KF, van Elden LJ, Nijhuis M, Schuurman R, Florquin S, 
Shimizu T, Ishii S, Jansen HM, Lutter R, van der Poll T. 2006. Involvement of 
the platelet-activating factor receptor in host defense against Streptococcus 
pneumoniae during postinfluenza pneumonia. American journal of physiology. 
Lung cellular and molecular physiology 290:L194-199. 

260. McCullers JA, Iverson AR, McKeon R, Murray PJ. 2008. The platelet 
activating factor receptor is not required for exacerbation of bacterial pneumonia 
following influenza. Scandinavian journal of infectious diseases 40:11-17. 

261. Song JS, Cho KS, Yoon HK, Moon HS, Park SH. 2005. Neutrophil elastase 
causes MUC5AC mucin synthesis via EGF receptor, ERK and NF-kB pathways 
in A549 cells. The Korean journal of internal medicine 20:275-283. 

262. Siegel SJ, Roche AM, Weiser JN. 2014. Influenza promotes pneumococcal 
growth during coinfection by providing host sialylated substrates as a nutrient 
source. Cell host & microbe 16:55-67. 

263. Schultz-Cherry S, Hinshaw VS. 1996. Influenza virus neuraminidase activates 
latent transforming growth factor beta. Journal of virology 70:8624-8629. 

264. Li N, Ren A, Wang X, Fan X, Zhao Y, Gao GF, Cleary P, Wang B. 2015. 
Influenza viral neuraminidase primes bacterial coinfection through TGF-beta-
mediated expression of host cell receptors. Proceedings of the National 
Academy of Sciences of the United States of America 112:238-243. 

265. Engelich G, White M, Hartshorn KL. 2001. Neutrophil survival is markedly 
reduced by incubation with influenza virus and Streptococcus pneumoniae: role 
of respiratory burst. Journal of leukocyte biology 69:50-56. 

266. Shahangian A, Chow EK, Tian X, Kang JR, Ghaffari A, Liu SY, Belperio JA, 
Cheng G, Deng JC. 2009. Type I IFNs mediate development of postinfluenza 
bacterial pneumonia in mice. The Journal of clinical investigation 119:1910-1920. 



165 

 

267. Li W, Moltedo B, Moran TM. 2012. Type I interferon induction during influenza 
virus infection increases susceptibility to secondary Streptococcus pneumoniae 
infection by negative regulation of gammadelta T cells. Journal of virology 
86:12304-12312. 

268. Ghoneim HE, Thomas PG, McCullers JA. 2013. Depletion of alveolar 
macrophages during influenza infection facilitates bacterial superinfections. 
Journal of immunology 191:1250-1259. 

269. Sun K, Metzger DW. 2008. Inhibition of pulmonary antibacterial defense by 
interferon-gamma during recovery from influenza infection. Nature medicine 
14:558-564. 

270. van der Sluijs KF, van Elden LJ, Nijhuis M, Schuurman R, Pater JM, 
Florquin S, Goldman M, Jansen HM, Lutter R, van der Poll T. 2004. IL-10 is 
an important mediator of the enhanced susceptibility to pneumococcal 
pneumonia after influenza infection. Journal of immunology 172:7603-7609. 

271. Metzger DW, Sun K. 2013. Immune dysfunction and bacterial coinfections 
following influenza. Journal of immunology 191:2047-2052. 

272. Smith AM, Adler FR, Ribeiro RM, Gutenkunst RN, McAuley JL, McCullers 
JA, Perelson AS. 2013. Kinetics of coinfection with influenza A virus and 
Streptococcus pneumoniae. PLoS pathogens 9:e1003238. 

273. McCullers JA. 2014. The co-pathogenesis of influenza viruses with bacteria in 
the lung. Nature reviews. Microbiology 12:252-262. 

274. Blevins LK, Wren JT, Holbrook BC, Hayward SL, Swords WE, Parks GD, 
Alexander-Miller MA. 2014. Coinfection with Streptococcus pneumoniae 
negatively modulates the size and composition of the ongoing influenza-specific 
CD8(+) T cell response. Journal of immunology 193:5076-5087. 

275. Weimer KE, Armbruster CE, Juneau RA, Hong W, Pang B, Swords WE. 
2010. Coinfection with Haemophilus influenzae promotes pneumococcal biofilm 
formation during experimental otitis media and impedes the progression of 
pneumococcal disease. The Journal of infectious diseases 202:1068-1075. 

276. Air GM. 2012. Influenza neuraminidase. Influenza and other respiratory viruses 
6:245-256. 

277. Palese P, Compans RW. 1976. Inhibition of influenza virus replication in tissue 
culture by 2-deoxy-2,3-dehydro-N-trifluoroacetylneuraminic acid (FANA): 
mechanism of action. The Journal of general virology 33:159-163. 

278. Gulati S, Smith DF, Air GM. 2009. Deletions of neuraminidase and resistance to 
oseltamivir may be a consequence of restricted receptor specificity in recent 
H3N2 influenza viruses. Virology journal 6:22. 

279. Moules V, Ferraris O, Terrier O, Giudice E, Yver M, Rolland JP, 
Bouscambert-Duchamp M, Bergeron C, Ottmann M, Fournier E, Traversier 
A, Boule C, Rivoire A, Lin Y, Hay A, Valette M, Marquet R, Rosa-Calatrava 
M, Naffakh N, Schoehn G, Thomas D, Lina B. 2010. In vitro characterization of 



166 

 

naturally occurring influenza H3NA- viruses lacking the NA gene segment: 
toward a new mechanism of viral resistance? Virology 404:215-224. 

280. Mitnaul LJ, Matrosovich MN, Castrucci MR, Tuzikov AB, Bovin NV, Kobasa 
D, Kawaoka Y. 2000. Balanced hemagglutinin and neuraminidase activities are 
critical for efficient replication of influenza A virus. Journal of virology 74:6015-
6020. 

281. Kamio N, Imai K, Shimizu K, Cueno ME, Tamura M, Saito Y, Ochiai K. 2015. 
Neuraminidase-producing oral mitis group streptococci potentially contribute to 
influenza viral infection and reduction in antiviral efficacy of zanamivir. Cellular 
and molecular life sciences : CMLS 72:357-366. 

282. Nishikawa T, Shimizu K, Tanaka T, Kuroda K, Takayama T, Yamamoto T, 
Hanada N, Hamada Y. 2012. Bacterial neuraminidase rescues influenza virus 
replication from inhibition by a neuraminidase inhibitor. PloS one 7:e45371. 

283. Taylor G. 1996. Sialidases: structures, biological significance and therapeutic 
potential. Current opinion in structural biology 6:830-837. 

284. Varghese JN, Laver WG, Colman PM. 1983. Structure of the influenza virus 
glycoprotein antigen neuraminidase at 2.9 A resolution. Nature 303:35-40. 

285. Moustafa I, Connaris H, Taylor M, Zaitsev V, Wilson JC, Kiefel MJ, von 
Itzstein M, Taylor G. 2004. Sialic acid recognition by Vibrio cholerae 
neuraminidase. The Journal of biological chemistry 279:40819-40826. 

286. Thobhani S, Ember B, Siriwardena A, Boons GJ. 2003. Multivalency and the 
mode of action of bacterial sialidases. Journal of the American Chemical Society 
125:7154-7155. 

287. Camara M, Boulnois GJ, Andrew PW, Mitchell TJ. 1994. A neuraminidase 
from Streptococcus pneumoniae has the features of a surface protein. Infection 
and immunity 62:3688-3695. 

288. Pettigrew MM, Fennie KP, York MP, Daniels J, Ghaffar F. 2006. Variation in 
the presence of neuraminidase genes among Streptococcus pneumoniae 
isolates with identical sequence types. Infection and immunity 74:3360-3365. 

289. Berry AM, Lock RA, Paton JC. 1996. Cloning and characterization of nanB, a 
second Streptococcus pneumoniae neuraminidase gene, and purification of the 
NanB enzyme from recombinant Escherichia coli. Journal of bacteriology 
178:4854-4860. 

290. Manco S, Hernon F, Yesilkaya H, Paton JC, Andrew PW, Kadioglu A. 2006. 
Pneumococcal neuraminidases A and B both have essential roles during 
infection of the respiratory tract and sepsis. Infection and immunity 74:4014-
4020. 

291. Burnaugh AM, Frantz LJ, King SJ. 2008. Growth of Streptococcus pneumoniae 
on human glycoconjugates is dependent upon the sequential activity of bacterial 
exoglycosidases. Journal of bacteriology 190:221-230. 



167 

 

292. Linder TE, Daniels RL, Lim DJ, DeMaria TF. 1994. Effect of intranasal 
inoculation of Streptococcus pneumoniae on the structure of the surface 
carbohydrates of the chinchilla eustachian tube and middle ear mucosa. 
Microbial pathogenesis 16:435-441. 

293. Tong HH, Liu X, Chen Y, James M, Demaria T. 2002. Effect of neuraminidase 
on receptor-mediated adherence of Streptococcus pneumoniae to chinchilla 
tracheal epithelium. Acta oto-laryngologica 122:413-419. 

294. McCullers JA, Bartmess KC. 2003. Role of neuraminidase in lethal synergism 
between influenza virus and Streptococcus pneumoniae. The Journal of 
infectious diseases 187:1000-1009. 

295. Avadhanula V, Rodriguez CA, Devincenzo JP, Wang Y, Webby RJ, Ulett GC, 
Adderson EE. 2006. Respiratory viruses augment the adhesion of bacterial 
pathogens to respiratory epithelium in a viral species- and cell type-dependent 
manner. Journal of virology 80:1629-1636. 

296. Peltola VT, Murti KG, McCullers JA. 2005. Influenza virus neuraminidase 
contributes to secondary bacterial pneumonia. The Journal of infectious diseases 
192:249-257. 

297. Trappetti C, Kadioglu A, Carter M, Hayre J, Iannelli F, Pozzi G, Andrew PW, 
Oggioni MR. 2009. Sialic acid: a preventable signal for pneumococcal biofilm 
formation, colonization, and invasion of the host. The Journal of infectious 
diseases 199:1497-1505. 

298. Falagas ME, Koletsi PK, Vouloumanou EK, Rafailidis PI, Kapaskelis AM, 
Rello J. 2010. Effectiveness and safety of neuraminidase inhibitors in reducing 
influenza complications: a meta-analysis of randomized controlled trials. The 
Journal of antimicrobial chemotherapy 65:1330-1346. 

299. Eshaghi A, Blair J, Burton L, Lombos E, Choi K, De Lima C, Drews SJ. 2009. 
A paucity of co-infecting respiratory viral pathogens in nasopharyngeal 
specimens from patients infected with H274Y-positive influenza A (H1N1) strains. 
International journal of infectious diseases : IJID : official publication of the 
International Society for Infectious Diseases 13:e319-320. 

300. Walther E, Richter M, Xu Z, Kramer C, von Grafenstein S, Kirchmair J, 
Grienke U, Rollinger JM, Liedl KR, Slevogt H, Sauerbrei A, Saluz HP, Pfister 
W, Schmidtke M. 2014. Antipneumococcal activity of neuraminidase inhibiting 
artocarpin. International journal of medical microbiology : IJMM. 

301. Gut H, Xu G, Taylor GL, Walsh MA. 2011. Structural basis for Streptococcus 
pneumoniae NanA inhibition by influenza antivirals zanamivir and oseltamivir 
carboxylate. Journal of molecular biology 409:496-503. 

302. Rovers MM, Schilder AG, Zielhuis GA, Rosenfeld RM. 2004. Otitis media. 
Lancet 363:465-473. 

303. Casey JR, Kaur R, Friedel VC, Pichichero ME. 2013. Acute otitis media 
otopathogens during 2008 to 2010 in Rochester, New York. Pediatr Infect Dis J 
32:805-809. 



168 

 

304. Adegbola RA, Obaro SK, Biney E, Greenwood BM. 2001. Evaluation of Binax 
now Streptococcus pneumoniae urinary antigen test in children in a community 
with a high carriage rate of pneumococcus. Pediatr Infect Dis J 20:718-719. 

305. Heikkinen T, Chonmaitree T. 2003. Importance of respiratory viruses in acute 
otitis media. Clin Microbiol Rev 16:230-241. 

306. Heikkinen T. 2000. The role of respiratory viruses in otitis media. Vaccine 19 
Suppl 1:S51-55. 

307. Buchman CA, Doyle WJ, Skoner DP, Post JC, Alper CM, Seroky JT, 
Anderson K, Preston RA, Hayden FG, Fireman P, Ehrlich GD. 1995. 
Influenza A virus--induced acute otitis media. J Infect Dis 172:1348-1351. 

308. Wadowsky RM, Mietzner SM, Skoner DP, Doyle WJ, Fireman P. 1995. Effect 
of experimental influenza A virus infection on isolation of Streptococcus 
pneumoniae and other aerobic bacteria from the oropharynges of allergic and 
nonallergic adult subjects. Infect Immun 63:1153-1157. 

309. McCullers JA, McAuley JL, Browall S, Iverson AR, Boyd KL, Henriques 
Normark B. 2010. Influenza enhances susceptibility to natural acquisition of and 
disease due to Streptococcus pneumoniae in ferrets. The Journal of infectious 
diseases 202:1287-1295. 

310. Giebink GS. 1989. Studies of Streptococcus pneumoniae and influenza virus 
vaccines in the chinchilla otitis media model. Pediatr Infect Dis J 8:S42-44. 

311. Giebink GS, Wright PF. 1983. Different virulence of influenza A virus strains and 
susceptibility to pneumococcal otitis media in chinchillas. Infect Immun 41:913-
920. 

312. Stol K, van Selm S, van den Berg S, Bootsma HJ, Blokx WA, Graamans K, 
Tonnaer EL, Hermans PW. 2009. Development of a non-invasive murine 
infection model for acute otitis media. Microbiology 155:4135-4144. 

313. MacArthur CJ, Hefeneider SH, Kempton JB, Parrish SK, McCoy SL, Trune 
DR. 2006. Evaluation of the mouse model for acute otitis media. Hearing 
research 219:12-23. 

314. Short KR, Diavatopoulos DA, Thornton R, Pedersen J, Strugnell RA, Wise 
AK, Reading PC, Wijburg OL. 2011. Influenza virus induces bacterial and 
nonbacterial otitis media. J Infect Dis 204:1857-1865. 

315. Short KR, Reading PC, Brown LE, Pedersen J, Gilbertson B, Job ER, 
Edenborough KM, Habets MN, Zomer A, Hermans PW, Diavatopoulos DA, 
Wijburg OL. 2013. Influenza-induced inflammation drives pneumococcal otitis 
media. Infection and immunity 81:645-652. 

316. Abramson JS, Lyles DS, Heller KA, Bass DA. 1982. Influenza A virus-induced 
polymorphonuclear leukocyte dysfunction. Infect Immun 37:794-799. 



169 

 

317. Cundell DR, Weiser JN, Shen J, Young A, Tuomanen EI. 1995. Relationship 
between colonial morphology and adherence of Streptococcus pneumoniae. 
Infect Immun 63:757-761. 

318. Tong HH, Weiser JN, James MA, DeMaria TF. 2001. Effect of influenza A virus 
infection on nasopharyngeal colonization and otitis media induced by transparent 
or opaque phenotype variants of Streptococcus pneumoniae in the chinchilla 
model. Infect Immun 69:602-606. 

319. Andersson B, Dahmen J, Frejd T, Leffler H, Magnusson G, Noori G, Eden 
CS. 1983. Identification of an active disaccharide unit of a glycoconjugate 
receptor for pneumococci attaching to human pharyngeal epithelial cells. The 
Journal of experimental medicine 158:559-570. 

320. Briles DE, Crain MJ, Gray BM, Forman C, Yother J. 1992. Strong association 
between capsular type and virulence for mice among human isolates of 
Streptococcus pneumoniae. Infect Immun 60:111-116. 

321. Manicassamy B, Manicassamy S, Belicha-Villanueva A, Pisanelli G, 
Pulendran B, Garcia-Sastre A. 2010. Analysis of in vivo dynamics of influenza 
virus infection in mice using a GFP reporter virus. Proceedings of the National 
Academy of Sciences of the United States of America 107:11531-11536. 

322. CDC. 2008. 510(k) Summary for Centers for Disease Control and Prevention 
human influenza virus real-time RT-PCR detection and characterization panel. 
CDC, Atlanta, GA. 

323. van Elden LJ, Nijhuis M, Schipper P, Schuurman R, van Loon AM. 2001. 
Simultaneous detection of influenza viruses A and B using real-time quantitative 
PCR. J Clin Microbiol 39:196-200. 

324. Gould JM, Weiser JN. 2002. The inhibitory effect of C-reactive protein on 
bacterial phosphorylcholine platelet-activating factor receptor-mediated 
adherence is blocked by surfactant. J Infect Dis 186:361-371. 

325. Smith-Vaughan H, Byun R, Nadkarni M, Jacques NA, Hunter N, Halpin S, 
Morris PS, Leach AJ. 2006. Measuring nasal bacterial load and its association 
with otitis media. BMC ear, nose, and throat disorders 6:10. 

326. Rovers MM, Glasziou P, Appelman CL, Burke P, McCormick DP, 
Damoiseaux RA, Gaboury I, Little P, Hoes AW. 2006. Antibiotics for acute 
otitis media: a meta-analysis with individual patient data. Lancet 368:1429-1435. 

327. Sato K, Liebeler CL, Quartey MK, Le CT, Giebink GS. 1999. Middle ear fluid 
cytokine and inflammatory cell kinetics in the chinchilla otitis media model. Infect 
Immun 67:1943-1946. 

328. Salvinelli F, Greco F, Trivelli M, Linthicum FH, Jr. 1999. Acute otitis media. 
Histopathological changes: a post mortem study on temporal bones. European 
review for medical and pharmacological sciences 3:75-79. 



170 

 

329. Sekhar S, Kumar R, Chakraborti A. 2009. Role of biofilm formation in the 
persistent colonization of Haemophilus influenzae in children from northern India. 
Journal of medical microbiology 58:1428-1432. 

330. Turner P, Turner C, Jankhot A, Helen N, Lee SJ, Day NP, White NJ, Nosten 
F, Goldblatt D. 2012. A longitudinal study of Streptococcus pneumoniae carriage 
in a cohort of infants and their mothers on the Thailand-Myanmar border. PloS 
one 7:e38271. 

331. Kato K, Takegawa Y, Ralston KS, Gilchrist CA, Hamano S, Petri WA, Jr., 
Shinohara Y. 2013. Sialic acid-dependent attachment of mucins from three 
mouse strains to Entamoeba histolytica. Biochemical and biophysical research 
communications 436:252-258. 

332. CDC. 2014. 2013-2014 Influenza season Week 24 ending June 14, 2014. CDC. 

333. Chonmaitree T, Ruohola A, Hendley JO. 2012. Presence of viral nucleic acids 
in the middle ear: acute otitis media pathogen or bystander? Pediatr Infect Dis J 
31:325-330. 

334. Chonmaitree T, Owen MJ, Patel JA, Hedgpeth D, Horlick D, Howie VM. 1992. 
Effect of viral respiratory tract infection on outcome of acute otitis media. The 
Journal of pediatrics 120:856-862. 

335. Ishizuka S, Yamaya M, Suzuki T, Takahashi H, Ida S, Sasaki T, Inoue D, 
Sekizawa K, Nishimura H, Sasaki H. 2003. Effects of rhinovirus infection on the 
adherence of Streptococcus pneumoniae to cultured human airway epithelial 
cells. J Infect Dis 188:1928-1939. 

336. Abdullahi O, Karani A, Tigoi CC, Mugo D, Kungu S, Wanjiru E, Jomo J, 
Musyimi R, Lipsitch M, Scott JA. 2012. Rates of acquisition and clearance of 
pneumococcal serotypes in the nasopharynges of children in Kilifi District, Kenya. 
The Journal of infectious diseases 206:1020-1029. 

337. Wren JT, Blevins LK, Pang B, King LB, Perez AC, Murrah KA, Reimche JL, 
Alexander-Miller MA, Swords WE. 2014. Influenza A virus alters pneumococcal 
nasal colonization and middle ear infection independently of phase variation. 
Infection and immunity 82:4802-4812. 

338. Kamali A, Holodniy M. 2013. Influenza treatment and prophylaxis with 
neuraminidase inhibitors: a review. Infection and drug resistance 6:187-198. 

339. Nita-Lazar M, Banerjee A, Feng C, Amin MN, Frieman MB, Chen WH, Cross 
AS, Wang LX, Vasta GR. 2015. Desialylation of airway epithelial cells during 
influenza virus infection enhances pneumococcal adhesion via galectin binding. 
Molecular immunology 65:1-16. 

340. Zhou H, Haber M, Ray S, Farley MM, Panozzo CA, Klugman KP. 2012. 
Invasive pneumococcal pneumonia and respiratory virus co-infections. Emerging 
infectious diseases 18:294-297. 

341. Kelly RT, Farmer S, Greiff D. 1967. Neuraminidase activities of clinical isolates 
of Diplococcus pneumoniae. Journal of bacteriology 94:272-273. 



171 

 

342. King SJ, Whatmore AM, Dowson CG. 2005. NanA, a neuraminidase from 
Streptococcus pneumoniae, shows high levels of sequence diversity, at least in 
part through recombination with Streptococcus oralis. Journal of bacteriology 
187:5376-5386. 

343. Jedrzejas MJ. 2001. Pneumococcal virulence factors: structure and function. 
Microbiology and molecular biology reviews : MMBR 65:187-207 ; first page, 
table of contents. 

344. Dalia AB, Standish AJ, Weiser JN. 2010. Three surface exoglycosidases from 
Streptococcus pneumoniae, NanA, BgaA, and StrH, promote resistance to 
opsonophagocytic killing by human neutrophils. Infection and immunity 78:2108-
2116. 

345. Brittan JL, Buckeridge TJ, Finn A, Kadioglu A, Jenkinson HF. 2012. 
Pneumococcal neuraminidase A: an essential upper airway colonization factor 
for Streptococcus pneumoniae. Molecular oral microbiology 27:270-283. 

346. Soong G, Muir A, Gomez MI, Waks J, Reddy B, Planet P, Singh PK, Kaneko 
Y, Wolfgang MC, Hsiao YS, Tong L, Prince A. 2006. Bacterial neuraminidase 
facilitates mucosal infection by participating in biofilm production. The Journal of 
clinical investigation 116:2297-2305. 

347. Roy S, Honma K, Douglas CW, Sharma A, Stafford GP. 2011. Role of 
sialidase in glycoprotein utilization by Tannerella forsythia. Microbiology 
157:3195-3202. 

348. Berry AM, Paton JC. 2000. Additive attenuation of virulence of Streptococcus 
pneumoniae by mutation of the genes encoding pneumolysin and other putative 
pneumococcal virulence proteins. Infection and immunity 68:133-140. 

349. Coats MT, Murphy T, Paton JC, Gray B, Briles DE. 2011. Exposure of 
Thomsen-Friedenreich antigen in Streptococcus pneumoniae infection is 
dependent on pneumococcal neuraminidase A. Microbial pathogenesis 50:343-
349. 

350. Aminoff D. 1961. Methods for the quantitative estimation of N-acetylneuraminic 
acid and their application to hydrolysates of sialomucoids. The Biochemical 
journal 81:384-392. 

351. Skoza L, Mohos S. 1976. Stable thiobarbituric acid chromophore with dimethyl 
sulphoxide. Application to sialic acid assay in analytical de-O-acetylation. The 
Biochemical journal 159:457-462. 

352. Warren L. 1959. The thiobarbituric acid assay of sialic acids. The Journal of 
biological chemistry 234:1971-1975. 

353. LeMessurier KS, Ogunniyi AD, Paton JC. 2006. Differential expression of key 
pneumococcal virulence genes in vivo. Microbiology 152:305-311. 

354. Oggioni MR, Trappetti C, Kadioglu A, Cassone M, Iannelli F, Ricci S, 
Andrew PW, Pozzi G. 2006. Switch from planktonic to sessile life: a major event 
in pneumococcal pathogenesis. Molecular microbiology 61:1196-1210. 



172 

 

355. Marom T, Nokso-Koivisto J, Chonmaitree T. 2012. Viral-bacterial interactions 
in acute otitis media. Current allergy and asthma reports 12:551-558. 

356. Peltola VT, McCullers JA. 2004. Respiratory viruses predisposing to bacterial 
infections: role of neuraminidase. The Pediatric infectious disease journal 
23:S87-97. 

357. King QO, Lei B, Harmsen AG. 2009. Pneumococcal surface protein A 
contributes to secondary Streptococcus pneumoniae infection after influenza 
virus infection. The Journal of infectious diseases 200:537-545. 

358. Tong HH, James M, Grants I, Liu X, Shi G, DeMaria TF. 2001. Comparison of 
structural changes of cell surface carbohydrates in the eustachian tube 
epithelium of chinchillas infected with a Streptococcus pneumoniae 
neuraminidase-deficient mutant or its isogenic parent strain. Microbial 
pathogenesis 31:309-317. 

359. LaMarco KL, Diven WF, Glew RH, Doyle WJ, Cantekin EI. 1984. 
Neuraminidase activity in middle ear effusions. The Annals of otology, rhinology, 
and laryngology 93:76-84. 

360. Limoli DH, Sladek JA, Fuller LA, Singh AK, King SJ. 2011. BgaA acts as an 
adhesin to mediate attachment of some pneumococcal strains to human 
epithelial cells. Microbiology 157:2369-2381. 

361. Li C, Kurniyati, Hu B, Bian J, Sun J, Zhang W, Liu J, Pan Y, Li C. 2012. 
Abrogation of neuraminidase reduces biofilm formation, capsule biosynthesis, 
and virulence of Porphyromonas gingivalis. Infection and immunity 80:3-13. 

362. Cruveilhier L. 1919. La grippe à Paris en 1919. Le Journal Médical Français 
448. 

363. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, 
Weinrauch Y, Zychlinsky A. 2004. Neutrophil extracellular traps kill bacteria. 
Science 303:1532-1535. 

364. Vered M, Schutzbank T, Janoff A. 1984. Inhibitors of human neutrophil 
elastase in extracts of Streptococcus pneumoniae. The American review of 
respiratory disease 130:1118-1124. 

365. Beiter K, Wartha F, Albiger B, Normark S, Zychlinsky A, Henriques-Normark 
B. 2006. An endonuclease allows Streptococcus pneumoniae to escape from 
neutrophil extracellular traps. Current biology : CB 16:401-407. 

366. Taylor S, Marchisio P, Vergison A, Harriague J, Hausdorff WP, Haggard M. 
2012. Impact of pneumococcal conjugate vaccination on otitis media: a 
systematic review. Clinical infectious diseases : an official publication of the 
Infectious Diseases Society of America 54:1765-1773. 

367. Friedel V, Chang A, Wills J, Vargas R, Xu Q, Pichichero ME. 2013. Impact of 
respiratory viral infections on alpha-hemolytic streptococci and otopathogens in 
the nasopharynx of young children. The Pediatric infectious disease journal 
32:27-31. 



173 

 

368. Bernstein JM, Sagahtaheri-Altaie S, Dryja DM, Wactawski-Wende J. 1994. 
Bacterial interference in nasopharyngeal bacterial flora of otitis-prone and non-
otitis-prone children. Acta oto-rhino-laryngologica Belgica 48:1-9. 

369. Tano K, Olofsson C, Grahn-Hakansson E, Holm SE. 1999. In vitro inhibition of 
S. pneumoniae, nontypable H. influenzae and M. catharralis by alpha-hemolytic 
streptococci from healthy children. International journal of pediatric 
otorhinolaryngology 47:49-56. 

370. Roos K, Hakansson EG, Holm S. 2001. Effect of recolonisation with 
"interfering" alpha streptococci on recurrences of acute and secretory otitis media 
in children: randomised placebo controlled trial. Bmj 322:210-212. 

371. Tano K, Grahn Hakansson E, Holm SE, Hellstrom S. 2002. A nasal spray with 
alpha-haemolytic streptococci as long term prophylaxis against recurrent otitis 
media. International journal of pediatric otorhinolaryngology 62:17-23. 

372. Marchisio P, Esposito S, Bianchini S, Dusi E, Fusi M, Nazzari E, Picchi R, 
Galeone C, Principi N. 2009. Efficacy of injectable trivalent virosomal-
adjuvanted inactivated influenza vaccine in preventing acute otitis media in 
children with recurrent complicated or noncomplicated acute otitis media. The 
Pediatric infectious disease journal 28:855-859. 

373. Westerberg BD, Kozak FK, Thomas EE, Blondel-Hill E, Brunstein JD, 
Patrick DM. 2009. Is the healthy middle ear a normally sterile site? Otology & 
neurotology : official publication of the American Otological Society, American 
Neurotology Society [and] European Academy of Otology and Neurotology 
30:174-177. 

374. Tonnaer EL, Mylanus EA, Mulder JJ, Curfs JH. 2009. Detection of bacteria in 
healthy middle ears during cochlear implantation. Archives of otolaryngology--
head & neck surgery 135:232-237. 

375. Stol K, Diavatopoulos DA, Graamans K, Engel JA, Melchers WJ, Savelkoul 
HF, Hays JP, Warris A, Hermans PW. 2012. Inflammation in the middle ear of 
children with recurrent or chronic otitis media is associated with bacterial load. 
The Pediatric infectious disease journal 31:1128-1134. 

376. Keck T, Leiacker R, Riechelmann H, Rettinger G. 2000. Temperature profile in 
the nasal cavity. The Laryngoscope 110:651-654. 

377. Eskola J, Kilpi T, Palmu A, Jokinen J, Haapakoski J, Herva E, Takala A, 
Kayhty H, Karma P, Kohberger R, Siber G, Makela PH, Finnish Otitis Media 
Study G. 2001. Efficacy of a pneumococcal conjugate vaccine against acute 
otitis media. The New England journal of medicine 344:403-409. 

378. Balachandran P, Brooks-Walter A, Virolainen-Julkunen A, Hollingshead SK, 
Briles DE. 2002. Role of pneumococcal surface protein C in nasopharyngeal 
carriage and pneumonia and its ability to elicit protection against carriage of 
Streptococcus pneumoniae. Infection and immunity 70:2526-2534. 

379. Briles DE, Hollingshead SK, King J, Swift A, Braun PA, Park MK, Ferguson 
LM, Nahm MH, Nabors GS. 2000. Immunization of humans with recombinant 



174 

 

pneumococcal surface protein A (rPspA) elicits antibodies that passively protect 
mice from fatal infection with Streptococcus pneumoniae bearing heterologous 
PspA. The Journal of infectious diseases 182:1694-1701. 

380. Kong IG, Sato A, Yuki Y, Nochi T, Takahashi H, Sawada S, Mejima M, 
Kurokawa S, Okada K, Sato S, Briles DE, Kunisawa J, Inoue Y, Yamamoto 
M, Akiyoshi K, Kiyono H. 2013. Nanogel-based PspA intranasal vaccine 
prevents invasive disease and nasal colonization by Streptococcus pneumoniae. 
Infection and immunity 81:1625-1634. 

381. Sox CM, Finkelstein JA, Yin R, Kleinman K, Lieu TA. 2008. Trends in otitis 
media treatment failure and relapse. Pediatrics 121:674-679. 

382. Rosenfeld RM, Culpepper L, Yawn B, Mahoney MC, Aap 
AAAOHNSSoOMwE. 2004. Otitis media with effusion clinical practice guideline. 
American family physician 69:2776, 2778-2779. 

383. Manso AS, Chai MH, Atack JM, Furi L, De Ste Croix M, Haigh R, Trappetti C, 
Ogunniyi AD, Shewell LK, Boitano M, Clark TA, Korlach J, Blades M, Mirkes 
E, Gorban AN, Paton JC, Jennings MP, Oggioni MR. 2014. A random six-
phase switch regulates pneumococcal virulence via global epigenetic changes. 
Nature communications 5:5055. 

384. Srikhanta YN, Fox KL, Jennings MP. 2010. The phasevarion: phase variation 
of type III DNA methyltransferases controls coordinated switching in multiple 
genes. Nature reviews. Microbiology 8:196-206. 

385. Treanor JJ, Hayden FG, Vrooman PS, Barbarash R, Bettis R, Riff D, Singh 
S, Kinnersley N, Ward P, Mills RG. 2000. Efficacy and safety of the oral 
neuraminidase inhibitor oseltamivir in treating acute influenza: a randomized 
controlled trial. US Oral Neuraminidase Study Group. Jama 283:1016-1024. 

386. Wang D, Sleeman K, Huang W, Nguyen HT, Levine M, Cheng Y, Li X, Tan M, 
Xing X, Xu X, Klimov AI, Gubareva LV, Shu Y. 2013. Neuraminidase inhibitor 
susceptibility testing of influenza type B viruses in China during 2010 and 2011 
identifies viruses with reduced susceptibility to oseltamivir and zanamivir. 
Antiviral research 97:240-244. 

387. Banerjee A, Van Sorge NM, Sheen TR, Uchiyama S, Mitchell TJ, Doran KS. 
2010. Activation of brain endothelium by pneumococcal neuraminidase NanA 
promotes bacterial internalization. Cellular microbiology 12:1576-1588. 

388. Gualdi L, Hayre JK, Gerlini A, Bidossi A, Colomba L, Trappetti C, Pozzi G, Docquier JD, 

Andrew P, Ricci S, Oggioni MR. 2012. Regulation of neuraminidase expression in 

Streptococcus pneumoniae. BMC microbiology 12:200. 

389. Tong HH, Li D, Chen S, Long JP, DeMaria TF. 2005. Immunization with recombinant 

Streptococcus pneumoniae neuraminidase NanA protects chinchillas against 

nasopharyngeal colonization. Infection and immunity 73:7775-7778. 

390. Long JP, Tong HH, DeMaria TF. 2004. Immunization with native or recombinant 

Streptococcus pneumoniae neuraminidase affords protection in the chinchilla otitis 

media model. Infection and immunity 72:4309-4313. 



175 

 

391. McCullers JA, Rehg JE. 2002. Lethal synergism between influenza virus and 

Streptococcus pneumoniae: characterization of a mouse model and the role of platelet-

activating factor receptor. The Journal of infectious diseases 186:341-350. 

392. Wolf AI, Strauman MC, Mozdzanowska K, Williams KL, Osborne LC, Shen H, Liu Q, 

Garlick D, Artis D, Hensley SE, Caton AJ, Weiser JN, Erikson J. 2014. Pneumolysin 

expression by streptococcus pneumoniae protects colonized mice from influenza virus-

induced disease. Virology 462-463:254-265. 

393. Wolf AI, Strauman MC, Mozdzanowska K, Whittle JR, Williams KL, Sharpe AH, Weiser 

JN, Caton AJ, Hensley SE, Erikson J. 2014. Coinfection with Streptococcus pneumoniae 

modulates the B cell response to influenza virus. Journal of virology 88:11995-12005. 

  



176 

 

CURRICULUM VITAE 

NAME:     John (Jack) T. Wren, Jr. 

ADDRESS:     Department of Microbiology and  

Immunology 

      Wake Forest School of Medicine 

      Biotech Place; 575 N. Patterson Avenue 

      Winston-Salem, North Carolina, 27101 

      (336) 716-1697 

      jwren@wakehealth.edu 

EDUCATION: 

 2010-Present   Wake Forest School of Medicine 

      Winston-Salem, NC 

     M.D/Ph.D. Program (Microbiology &  

     Immunology) 

      GPA 3.76, Rank: 2 / 118 

      “Interactions between Influenza A virus  

and Streptococcus pneumoniae in nasal  

colonization and middle ear infection” 

W. Edward Swords, Ph.D., Advisor  

 2006-2010    Washington & Lee University 

      Lexington, VA 

      B.S. in Biology & Religion (Honors) 

      Summa cum laude, Phi Beta Kappa  

(junior election) 

HONORS AND AWARDS: 

2010-Present Louis Argenta Physician Scientist Scholarship 

    Full support for tuition, stipend, and fees 

Provides independent support for graduate school 

2014 Outstanding Student Poster Award; 114th ASM General 

Meeting; Boston, MA 

2014 Presentation abstract featured in Press Room; 114th ASM 

General Meeting; Boston, MA 

2014 Travel Award to 114th ASM General Meeting; Boston, MA 



177 

 

2014 Gene Heise Graduate Student Award to present at 9th 

International Symposium on Pneumococci and 

Pneumococcal Diseases; Hyderabad, India 

2014 Travel Award to 1st ASM Conference on Polymicrobial 

Infections; Washington, D.C. 

2011 2nd Place, Medical Student Research Day; Winston-Salem, 

NC 

2006-2010 George Washington Honor Scholarship 

  Tuition, room, board, and fees 

2010 Biology Departmental Research Award 

2009 Phi Beta Kappa (junior election) 

2009 Religion Departmental Award 

2008 Christian A. Johnson Research Scholarship 

2007-2008 R.E. Lee Summer Research Scholar 

2006-2010 Dean’s List 

2006-2010 Honor Roll 

 

ORAL PRESENTATIONS: 

 

January, 2015: “Influenza A virus alters pneumococcal nasal colonization 

and middle ear infection independently of phase variation.”  

Mid-Atlantic Microbial Pathogenesis Meeting; Wintergreen, 

VA. 

October, 2014: “Interactions between influenza and pneumococcus in nasal 

colonization and middle ear infection.”  Departmental 

Seminar; Winston-Salem, NC. 

October, 2014: “Is it otitis or is it otitis?”  Departmental Fall Symposium; 

Winston-Salem, NC. 

May, 2014: “Influenza A virus alters pneumococcal colonization and 

middle ear infection by S. pneumoniae.”  University of 

Alabama at Birmingham Microbial Pathogenesis Meeting; 

Birmingham, AL. 

February, 2014: “Influenza A virus alters colonization and middle ear infection 

by Streptococcus pneumoniae.”  Departmental Seminar; 

Winston-Salem, NC. 



178 

 

October, 2013: “The interaction of influenza A virus and pneumococcal 

phase variation in acute otitis media.”  Departmental Fall 

Symposium, Winston-Salem, NC. 

POSTER PRESENTATIONS: 

 

May, 2014: “The interaction of influenza A virus and pneumococcal 

phase variation in otitis media.”  114th American Society for 

Microbiology General Meeting; Boston, MA 

March, 2014: “Coinfection with influenza A virus exacerbates 

pneumococcal acute otitis meda.”  9th International 

Symposium on Pneumococci and Pneumococcal Diseases; 

Hyderabad, India. 

February, 2013: “Influenza A virus modulates pneumococcal otitis meda.”  

Mid-Atlantic Microbial Pathogenesis Meeting; Wintergreen, 

VA. 

October, 2011: “Streptococcus pneumoniae nasal colonization and otitis 

media is altered by SV5 in a murine model.”  2011 Wake 

Forest Medical Student Research Day. 

PROFESSIONAL MEMBERSHIPS: 

      American Society for Microbiology 

      American Medical Association 

PUBLICATIONS 

 

Wren JT, Blevins LK, Pang B, King LB, Perez AC, Murrah KA, Reimche JL, 

Alexander-Miller MA, Swords WE.  2014.  Influenza A virus alters 

pneumococcal nasal colonization and middle ear infection independently 

of phase variation.  Infect Immun 2014; 82(11): 4802-4812. 

Blevins LK, Wren JT, Beth Holbrook, John Johnson, Bing Pang, Edward Swords, 

Griffith Parks, Martha Alexander-Miller.  Coinfection with Streptococcus 

pneumoniae negatively modulates the size and composition of the 

influenza-specific CD8+ T cell response.  J Immunol 2014; 193(10): 5076-

5087. 

Perez AC, Pang B, King LB, Tan L, Murrah KA, Reimche JL, Wren JT, 

Richardson SH, Ghandi U, Swords WE.  2014.  Residence of 

Streptococcus pneumoniae and Moraxella catarrhalis within polymicrobial 



179 

 

biofilm promotes antibiotic resistance and bacterial persistence in vivo.  

Pathog Dis 2014; 70(3): 280-8. 

Murrah KA, Turner RL, Pang B, Perez AC, Reimche JL, King LB, Wren JT, 

Gandhi U, Swords WE, Ornelles DA.  Replication of type 5 adenovirus 

promotes middle ear infection by Streptococcus pneumoniae in the 

chinchilla model of otitis media.  Pathog Dis 2014; doi:10.1111/2049-

632X.12216. 

Murrah KA, Pang B, Richardson SH, Perez AC, Reimche JL, King LB, Wren JT, 

Swords WE.  Nontypeable Streptococcus pneumoniae causes otitis media 

during single-species infection and during polymicrobial infection with 

nontypeable Haemophilus influenzae.  Pathog Dis, In Press. 

Wren JT, Blevins LK, Pang B, Wozniak JE, Oliver MB, Reimche JL, Alexander-

Miller MA, Swords WE.  Pneumococcal neuraminidase A (NanA) is 

involved in biofilm formation and synergistic interaction with influenza A 

virus in nasal colonization and middle ear infection.  Manuscript in 

preparation. 

 

 


