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Abstract

Objective—The objective is to perform a comprehensive review of the literature from January
2007 through June 2011 on the virology, bacteriology, and immunology related to otitis media.

Data Sources—PubMed database of the National Library of Medicine.
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Review Methods—Three subpanels with co-chairs comprising experts in the virology,
bacteriology, and immunology of otitis media were formed. Each of the panels reviewed the
literature in their respective fields and wrote draft reviews. The reviews were shared with all panel
members, and a second draft was created. The entire panel met at the 10th International
Symposium on Recent Advances in Otitis Media in June 2011 and discussed the review and
refined the content further. A final draft was created, circulated, and approved by the panel.

Conclusion—Excellent progress has been made in the past 4 years in advancing an
understanding of the microbiology and immunology of otitis media. Advances include laboratory-
based basic studies, cell-based assays, work in animal models, and clinical studies.

Implications for Practice—The advances of the past 4 years formed the basis of a series of
short-term and long-term research goals in an effort to guide the field. Accomplishing these goals
will provide opportunities for the development of novel interventions, including new ways to
better treat and prevent otitis media.

Keywords

otitis media; virology; immunology; microbiology; bacteriology

Otitis media is caused by viral and/or bacterial infection of the middle ear space and the
resulting host response to infection. The microbiology and immunology of otitis media have
been the subject of tremendous research efforts over the past 4 years by a large number of
researchers throughout the world. This work has resulted in advances in understanding
mechanisms of microbial pathogenesis, molecular epidemiology, genomics, identification of
new viruses, polymicrobial interactions, and other areas. Work on the immunology of otitis
media has resulted in advances in understanding susceptibility to infection and also in
elucidating the role of host responses in the pathogenesis of otitis media.

The goal of this panel report is to provide a comprehensive review of research in the
virology, bacteriology, and immunology of otitis media over the past 4 years.

Methods

To review a broad and diverse discipline—actually, 3 disciplines (virology, bacteriology,
and immunology) related to otitis media—3 subpanels were created with co-chairs. The
members of each panel reviewed PubMed to identify relevant articles published between
January 2007 and June 2011. All types of articles were included (original research articles,
reviews, editorials) with the only restriction being English language.

Panel members reviewed assigned areas, wrote initial drafts summarizing the areas, and
shared the drafts with members of the subpanel. Members of subpanels worked together to
include additional relevant studies and minimize redundancy. A draft of the full document
was circulated to all panel members in advance of the 10th International Symposium on
Recent Advances in Otitis Media, where the panel met and reviewed the draft and discussed
the literature. Based on these discussions, additional pertinent articles were identified for
inclusion, and Research Goals for the next 4 years were developed. A revised draft of the
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report was circulated to the panel for further comment and approval following the meeting at
the symposium.

Discussion
Virology

Viral Pathogenesis—YViral upper respiratory tract infection (URI) usually precedes or
coincides with acute otitis media (AOM). Recent research has focused on the establishment
of the animal model to study viral pathogenesis related to OM, the role of new respiratory
viruses in AOM development, and genetic factors that lead to variation of immunologic
responses during viral URI and AOM.

Grieves et al! studied respiratory syncytial virus (RSV) pathogenesis in chinchillas to
investigate how viral URI leads to AOM. After nasal RSV challenge, viral replication was
seen from the site of inoculation to the pharyngeal orifice of the eustachian tube by 48 hours,
and the virus could be detected in the distal part of the eustachian tube after 5 days.
Although the virus was not detected in nasopharyngeal lavage fluids 14 days after infection,
occasional clusters of immunopositive cells were present, which might explain viral
persistence and polymerase chain reaction (PCR)—positive findings in asymptomatic
subjects.

There have been further studies to investigate the immunologic responses to viral URI,
specifically whether various cytokines or viruses have stronger impact on AOM
development following URI. In a study of 151 children with 326 URI episodes, adenovirus
and influenza virus infections induced higher interleukin (IL)-6 concentrations in
nasopharyngeal secretions (NPS) compared with other viruses.2 Concentrations of IL-1p
were associated with AOM development following URI. When cytokines were measured
from sera, high granulocyte colony-stimulating factor (G-CSF) concentration was associated
with RSV-induced AOM, and high IL-13 concentration predicted early clinical failure of
antibiotic treatment.3 In a study of children with AOM and spontaneously perforated
tympanic membrane, cytokine levels in migration inhibitory factor (MEF) were unrelated to
the presence or absence of virus; however, the sample size and the rate of detected viruses
were low in this study.*

There is increasing interest in genetic factors that lead to variation in immunologic responses
to viral infections, which in turn may explain the differences in susceptibility to URI and
AOM. Among 242 children followed for 1 year, children with 1L-6174 polymorphism had
increased susceptibility to viral URI.® In addition, tumor necrosis factor (TNF)—a 308
polymorphism was associated with increased risk for AOM complicating URI. In another
study, during RSV and rhinovirus infections, occurrence of a new otitis media (OM) episode
was more frequent in patients with 1L-10-1082. -819,-592 | addition, during URI caused by
rhinovirus, young age and 1L-6"174 and TNF-a.~3%8 polymorphisms predicted development of
AOM.®

The pivotal role of viral infection in the pathogenesis of AOM was again confirmed by
results from a recent randomized, double-blind controlled trial that assessed the efficacy of
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early oseltamivir treatment of influenza in children 1 to 3 years of age.” In children for
whom the antiviral treatment was started within 12 hours of the onset of symptoms, the
incidence of AOM development during the influenza illness was decreased by 85% in
children with any influenza and by 79% in children with influenza A.

Epidemiological and Clinical Aspects—Epidemiologic studies have shown a strong
relationship between viral URI and AOM. Since the last report, progress has been made on
studies of newly discovered viruses, viral transmission, and persistence.

Respiratory syncytial virus and adenoviruses are still among the most important viruses
associated with AOM. In a prospective, longitudinal study of children younger than 4 years
in the United States, 63% of 864 URI episodes were positive for respiratory viruses;
rhinovirus and adenovirus were most frequently detected.8 Of URI caused by a single virus,
the rate of AOM complicating URI was highest in the episodes caused by adenovirus,
coronavirus, and RSV. In a study from Japan, a respiratory virus was detected in 35% of
1092 children with AOM; the most common viruses were RSV, influenza virus, and
adenovirus.® A study from Iceland reports that infants who have RSV infection early in life
have increased risk for AOM during the following year compared with infants without RSV
infection.10 However, the rate of AOM following URI caused by various viruses may differ
based on the local epidemiology of respiratory viral infections. It might be possible that
different serotypes of the specific virus are associated with varying degrees of predisposition
to AOM. For example, in Taiwan during an adenovirus type 3 outbreak in 2004 to 2005, the
reported rate of AOM in children with adenovirus infection varied between 6.5% and
16.3%,11 which is much lower than the 47% rate of AOM following adenovirus URI in a 4-
year study performed in the United States.8

New respiratory viruses: Molecular technologies have made the detection of previously
unknown or undiscovered viruses possible and have advanced studies of the relationship
between these viruses and AOM.

Human metapneumoviruses (hMPVs) were discovered a decade ago, and they are now
recognized as an important pathogen causing lower respiratory tract infection and URI in
children. In a cohort of 1338 children with respiratory symptoms, hMPV was detected in
3.5% of the children, and 41% of infections were complicated by AOM.12 The incidence of
hMPV was highest in children younger than 2 years (7.6%); 61% of children <3 years of age
had hMPV infections complicated by AOM.

Human bocavirus (hBoV) was discovered in 2005; to date, the significance of hBoV in
causing symptomatic illness is still controversial. Human bocavirus occurs frequently in
conjunction with other viruses and seems to persist for a long time in the respiratory tract. In
asymptomatic children, hBoV has been detected from respiratory specimens at an
alarmingly high rate (43%-44%).13.14 In children with AOM, Beder et all> have reported an
hBoV detection rate of 6.3% from nasopharyngeal secretions and 2.7% of middle ear fluids.
The resolution time of AOM was longer and the rate of fever was higher in children with
hBoV. The virus has also been detected from 3% of the middle ear fluids from young
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children with otitis media with effusion.18 The role of this virus in AOM and OME requires
further investigation.

The new and old picornaviruses have also been studied in association with AOM. In young
children with AOM, a new rhinovirus, HRV-C, was detected in almost half of the
rhinovirus-positive NPS and MEF samples.1” Another new picornavirus, enterovirus 104,
was found in 8 children from different regions of Switzerland who had respiratory illnesses,
including AOM.18 Of 36 children who were seropositive for parechovirus 1, 50% had AOM,
and parechovirus 1 RNA was detected from MEF and/or NPS in 15% of children with otitis
media.1?

In a study of 495 children with AOM in Japan, Yano et al2 found 12 (2.4%) cases with
cytomegalovirus (CMV) infection; 5 of these cases (3—25 months of age) were primary
CMV infection or reactivation documented by IgM serology.2° Four of these 5 had CMV or
viral nucleic acids in the MEF; 2 of 5 had no bacteria cultured from the MEF. The
investigators suggested the role of CMV in AOM etiology. Similar findings have previously
been reported. Because CMV is a rare cause of viral URI in young children, it is likely that
the contribution of this virus to AOM is limited although possible.

Viral persistence and transmission: Although symptoms of viral URI usually last for
about 1 week, viral shedding from the nasopharynx may last up to 3 weeks or longer. The
introduction of more sensitive detection methods for viral nucleic acids has made the
interpretation of virus diagnostic results more difficult in terms of its relationship to the
disease. Therefore, studies of viral persistence in the nasopharynx, viral transmission, and
asymptomatic infections have become more important in understanding the pathogenesis of
URI and AOM.

In a longitudinal study of young children followed for 1 year each for occurrences of URI
and AOM, 76 children had >4 URI episodes in 6 months.21 Of 581 URI episodes in these
frequently infected children, 510 viruses were detected; 15% of the viruses, as detected by
PCR, were also detected in the previous URI episodes. Viruses associated with repeated
detection included adenovirus, rhinovirus, and enterovirus. By genetic sequencing of the
repeatedly positive adenoviruses, the investigators detected the same viral serotype and
strain continuously or intermittently for up to 203 days; they also detected different
serotypes or strains sequentially.?! Therefore, repeated virus-positive samples may represent
a new serotype or strain as a new infection or persistence of the viral nucleic acids of the
older infection. Martin et al!3 studied extended shedding of hBoV in nasal secretions taken 1
month apart in 3 large daycare centers; they observed viral shedding for up to 75 days. The
authors suspected that hBoV shedding may increase the duration of respiratory symptoms
caused by other pathogens.

Respiratory viruses also transmit between children very efficiently. In a study by Alper et
al, 22 2 siblings from 69 families were followed for 6 months; 27% of the URI episodes in 1
sibling occurred after respiratory infection onset in the other with a median interval of 3
days.22 Sixty-two percent of newly diagnosed OM episodes occurred during a respiratory
infection, and 27% of respiratory infections were complicated by OM. The same group also

Otolaryngol Head Neck Surg. Author manuscript; available in PMC 2014 May 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Murphy et al.

Page 6

showed that new OM was associated with the presence of virus in the nasopharynx
irrespective of the presence or absence of symptomatic URI.23 There was no significant
difference between various respiratory viruses.

Viral-Bacterial Interactions—Pathogenesis of AOM involves complex interactions
between viruses and bacteria; acute viral infection of the nasopharynx creates the
environment that promotes the growth of pathogenic bacteria, which already colonize the
nasopharynx and promote their adhesion to the epithelial cells and invasion into the middle
ear. New data that further elucidate the detailed mechanisms are described below.

Respiratory syncytial virus nasal inoculation in chinchillas reduced the expression of the
antimicrobial peptide, chinchilla B-defensin 1, and increased the load of Haemophilus
influenzae in the nasopharynx.24 Infection of the airway with a respiratory virus
downregulates the expression of B-defensin, which increases the nasopharyngeal
colonization with H influenzae and further promotes the development of AOM. In a mouse
model, Sendai virus coinfection with Sreptococcus pneumoniae and Moraxella catarrhalis
increased the incidence rate, duration of AOM, and bacterial load.2>

Viral-bacterial interactions have also been studied in humans. A community-based cohort
study was conducted in Australia to investigate the high rates of AOM and OME in the
Aboriginal population.28 Relatively high rates of respiratory viruses were found from
nasopharyngeal samples in asymptomatic children: 42% from Aboriginal and 32% from
non-Aboriginal children. Rhinovirus was most frequently detected, with a significantly
higher rate from Aboriginal children. The detection of rhinovirus or adenovirus in the
nasopharynx was positively associated with the presence of H influenzae (Aboriginal
children) and M catarrhalis (Aboriginal and non-Aboriginal children). However, adenovirus
was negatively associated with Spneumoniae in Aboriginal children. In a study from Japan,
31% of hospitalized children with RSV had AOM.27 The children with AOM more often
seemed to have had p-lactamase nonproducing ampicillin-resistant H influenzae in
nasopharyngeal culture compared with children without AOM, but the difference was not
significant.

Viral Diagnostics—Molecular detection methods and diagnosis of viral infections have
been rapidly evolving during the past decade. Discovery of new viral pathogens has also
increased the demand for new and accurate detection methods. In viral diagnostics,
important aspects are the tissue sample type, sample collection technique, detection method
used, and interpretation of results.28 Use of flocked swabs to obtain NPS sample seems to be
as sensitive as nasal aspirates but easier to perform.2? Also, a combined nose and throat
swab specimen is nearly as sensitive as nasopharyngeal aspirate samples and yet less
laborious.30

The use of nucleic acid amplification methods is continuously evolving; these methods
provide fast and sensitive testing for respiratory viruses. In-house or commercial multiplex
PCR techniques enable rapid testing for numerous viruses simultaneously. However, nucleic
acid tests have made the interpretation of the positive results demanding. As discussed
earlier, viral RNA/DNA can be detected from asymptomatic patients, over a prolonged
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period, or more viruses may be detected simultaneously.?8 One way to determine the
dominant virus in case of multiple virus detection or to associate the presence of the specific
virus with clinical symptoms is by virus quantification. In the future, studies to associate
viral load with URI outcome and development of AOM will be important. The role of
different viruses and viral loads in viral-bacterial interactions also will need to be addressed.

Bacteriology

Streptococcus pneumoniae—Areas of advancement since 2007 include genomics, the
role of biofilm formation in disease, mechanisms of pathogenesis, the development of novel
animal models, molecular epidemiology, and insight into polymicrobial interactions with
other co-colonizing species.

Genomics and population biology of S pneumoniae: Donati and colleagues3! compared
the genomes of 44 Spneumoniae and related commensals. These data confirm that S
pneumoniae strains evolve primarily by homologous recombination, with Streptococcus
mitis serving as the main genetic reservoir. With the exception of serotype 1, phylogeny was
not associated with serotype and did not correlate with tissue-specific disease or geography.
The S pneumoniae pan-genome, which is the total genome available to the species,
contained 3221 genes. Approximately 52% of Spneumoniae genes were categorized as core,
48% as dispensable, and 12% as strain specific. The authors evaluated the distribution of 47
genes encoding virulence-associated and surface-exposed proteins, including several vaccine
candidates. Core genes were often highly variable, and noncore genes were often acquired
and lost. These data have important implications for vaccine design; subunit vaccines based
on genetically variable or noncore genes might be subject to allelic replacement or discarded
under immune selective pressure.

The theme of genetic plasticity in pneumococci was reinforced by efforts to reconstruct the
natural history of the multidrug resistant Spain23¥-1 clonal lineage.32 Comparative whole-
genome sequencing of 240 PMENL1 isolates collected between 1984 and 2008 demonstrated
that 74% of the reference genome had undergone recombination in at least one isolate.
Recombination hotspots included capsule-encoding loci, antimicrobial resistance-encoding
determinants, and potential protein vaccine targets. Ten capsule switches were identified,
including a switch to PCV-7 vaccine-escape serotype 19A. Resistance to fluoroquinolones,
rifampicin, and macrolides arose on several independent occasions. Hanage and
colleagues33 compared 6 loci in 1930 distinct S pneumoniae genotypes and 94 mitis group
streptococci to identify instances of admixture between populations. They identified a subset
of highly mosaic S pneumoniae strains with a history of hyper-recombination. Strains from
this group were more likely to be resistant to several classes of antibiotics, perhaps because
of their enhanced ability to acquire foreign DNA.

Hiller and colleagues3* conducted whole-genome sequence analyses of S pneumoniae to
demonstrate in vivo horizontal gene transfer. Six S pneumoniae nasopharyngeal isolates
were collected during a 7-month period from a single child with chronic respiratory tract
infection and OM. Three of the isolates were sequentially derived through multiple
recombination events with a fourth donor strain. Recombination also occurred with an
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unidentified donor. The authors estimated that 23 chromosomal segments, covering 7.8% of
the genome, were exchanged. In vivo horizontal gene transfer may allow S pneumoniae to
evade the host immune response during chronic colonization and OM.

Comparative genome sequencing analyses were used to identify antimicrobial resistance
mutations and S pneumoniae bacteriophage. Novel modes of resistance to linezolid were
identified using in vivo selection of resistance followed by whole-genome sequencing of
isolates.3> Mutations were identified in ABC transporters and in an rRNA methyltransferase.
The majority of Spneumoniae clinical isolates contain bacteriophage, but their precise role
in pathogenesis is unknown. Bacteriophage genomes were sequenced from 10 different S
pneumoniae strains.36 The phage genomes were grouped into 3 main classes. Additional
findings included the identification of genes homologous to known phage-encoded virulence
genes from other bacteria species and the presence of a toxin-antitoxin system. A PCR-
based typing system was developed to identify and distinguish each of the 3 Spneumoniae
bacteriophage groups.3” The sequences of these pneumococcal phage genomes will facilitate
understanding of the role of Spneumoniae bacteriophage in OM pathogenesis.

These newer genomic studies of Spneumoniae demonstrate (1) a high degree of genomic
plasticity in Spneumoniae, which enhances their ability to adapt to clinical and public health
interventions on a global scale. (2) In vivo horizontal gene transfer occurs and likely allows
pneumococci to rapidly adapt to immune selection pressures encountered during
colonization and infection. (3) Comparative genome analyses will continue to reveal novel
modes of resistance to antibiotics and facilitate greater understanding of the biology of S
pneumoniae.

Mechanisms of pathogenesis: Biofilm formation: Biofilms play an important role in OM
pathogenesis. Sreptococcus pneumoniae formed biofilms in vivo in the experimental
chinchilla model of OM.38 Viable Spneumoniae were present 12 days after infection, host
cells were observed throughout the biofilm, and biofilm development was associated with
the formation of neutrophil extracellular traps.

Additional work by William Swords’s research group has provided valuable insight into the
role of coinfections in S pneumoniae biofilm formation.3® Compared with S pneumoniae
alone, Spneumoniae biofilms are larger and form at a higher frequency in the presence of H
influenzae. Intriguingly, chinchillas were more likely to develop invasive disease when S
pneumoniae was inoculated alone compared with H influenzae. Thus, coinfections may
actually alter the course of infection. Recently, members of this same research group
conducted coinfection studies with Spneumoniae and a B-lactamase—producing H influenzae
strain or its p-lactamase—deficient isogenic mutant. Susceptible Spneumoniae obtain
protection from antibiotics through the production of H influenzae B-lactamases and in
biofilms.40

Investigators are beginning to untangle the roles of neuraminidase and sialic acid in biofilm
formation. Neuraminidase cleaves sialic acid from glycoconjugates in the upper airways.
Neuraminidase A (NanA) is important for S pneumoniae biofilm formation.#! Small-
molecule inhibitors of NanA disrupt biofilm formation in vitro; the greatest effect has been
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observed using the lead compound XX1. Trappetti and colleagues*2 also demonstrated the
importance of sialic acid in S pneumoniae biofilm formation, suggesting that sialic acid
serves as a signaling molecule that stimulates increased S pneumoniae biofilm formation and
bacterial load, thereby facilitating the spread of Spneumoniae to other tissue sites.

Thus, significant advances in understanding biofilms of S pneumoniae include the
following: (1) Spneumoniae biofilms form in vivo and are accompanied by the formation of
neutrophil extracellular traps. (2) The presence of other bacterial pathogens (ie, H
influenzae) in S pneumoniae biofilms may alter the effectiveness of antimicrobials and the
outcome of infection. (3) Sialic acid and S pneumoniae encoded neuraminidases play a
critical role in colonization and biofilm formation. (4) Novel strategies to prevent
pneumococcal OM may arise through additional research on biofilms.

Mechanisms of pathogenesis: Tissue-specific virulence: Results from the first signature-
tagged mutagenesis (STM) screen for OM showed that of 5280 S pneumoniae STM mutants
inoculated directly into the middle ear, 248 were attenuated for OM in the chinchilla
model.#3 These mutations were mapped to 169 different genes. The OM-attenuated mutants
included pneumococcal surface protein A (PspA), choline binding protein A (CbpA), and
RIrA, which is a transcriptional activator for the pilus encoding the rirA pathogenicity islet,
and others mapped to genes encoding transport, cellular processing, and transcriptional
functions. However, the majority of mutations were identified in genes of unknown function
(n =66, 39%). Only 31% of the genes identified in the OM screen were critical for
colonization in a mouse colonization model.

Serotype 19A was a major cause of replacement disease following introduction of
PCV-7.44-46 Thomas et al*” studied the genetic diversity and virulence of strains of similar
genetic background (clonal complex 199) expressing 2 different serotypes (19A and 15B/C).
The CC199 phylogeny split into a predominantly carriage isolate clade and a disease isolate
clade. The ability to colonize and cause acute OM in chinchillas did not differ by serotype.
A screen of a large panel of clinical isolates resulted in the identification of 4 genetic regions
that were at higher prevalence in middle ear isolates, including SP0463 (rrgB), which is on
the rirA pathogenicity islet. Earlier observations from the same group indicated similar
fitness for OM in the chinchilla model when serotype 19A and 15B/C isolates were
inoculated together in competition.*8 Serotype 15B/C is not included in second-generation
conjugate vaccines.

Forbes et al*® studied 14 S pneumoniae strains in the chinchilla model through direct
inoculation into the tympanic bullae and demonstrated that strains of the same Spneumoniae
serotype differ in their ability to cause OM and invasive disease.

Taken as a whole, these data indicate the following: (1) although the polysaccharide capsule
is a critical virulence determinant, additional genetic loci influence tissue-specific virulence
potential in Spneumoniae. (2) Additional research is needed to define the role of the many
unknown and hypothetical proteins in S pneumoniae pathogenesis.
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Mechanisms of pathogenesis: Complement: The Spneumoniae serotype 6A isolates were
compared in their ability to bind complement C3.5° There were no significant differences
between high- and low-complement binding strains in the level of nasopharyngeal
colonization in the chinchilla model. In contrast, high-complement binding strains were less
capable of causing OM. Tong and colleagues®! inoculated 2 different pneumococcal
serotypes into the middle ears of a series of mice deficient in complement Clqa, factor B, or
factor B and C2. Both the classical and alternative pathways were critical for protecting the
host against pneumococcal OM. In vitro data support that the S pneumoniae capsule inhibits
complement deposition by both the classical and alternative pathway.52 The S pneumoniae
serotypes differ in their susceptibility to complement deposition and in their resistance to
killing by opsonophagocytosis.>3:54 Therefore, virulence factors, in addition to the
polysaccharide capsule, are important in limiting complement deposition.5954 Virulence
factors of importance include NanA, which was shown to work together with the -
galactosidase, BgaA, and an N-acetylglucosaminidase, StrH, to facilitate S pneumoniae
resistance to complement and killing by neutrophils.>®

Mechanisms of pathogenesis: Glycosidases: The importance of glycosidases in S
pneumoniae pathogenesis is multifactorial.>® A surface-associated O-glycosidase, encoded
by SP0368, cleaves sialylated core-1 O-linked glycans in the upper airways. Deletion
mutants exhibit reduced adherence to human epithelial cell lines and reduced colonization in
mice.>’ Mucins protect mucosal epithelial cells by trapping bacteria and viruses for
mucociliary clearance. NanA expression is upregulated in the presence of mucin.>® Mucins
can also provide a source of nutrients for S pneumoniae. Terra and colleagues®®
characterized a newly identified S pneumoniae galactosidase encoded by SPD_0065.
Expression was induced when glycoconjugates or mucin were provided in vitro. Deletion
mutants grew more slowly in mucin-containing media and were less capable of cleaving
galactose. Galactosidase activity was critical for colonization in a murine model but not for
bacteremia or pneumonia.>® The overproduction of mucin is associated with OM in children.
MUCSAC is a mucin-encoding gene that plays an important role in the pathogenesis of OM.
Sreptococcus pneumoniae and H influenzae were shown to synergistically induce
transcription of MUCS5AC in human epithelial cell lines.%0

Mechanisms of pathogenesis: Lysozyme: Lysozyme serves as a host innate immune
antimicrobial by degrading peptidoglycan in bacterial cell walls. PgdA and Adr modify the
structure of Spneumoniae peptidoglycan and have been implicated in resistance to the
antimicrobial properties of lysozyme. Davis et al®! studied wild-type S pneumoniae and
single or double mutants in pgdA and adr in competition in a nasal colonization model using
lysozyme-sufficient and lysozyme-deficient mice. These studies demonstrate that: (1) both
PgdA and Adr are required for S pneumoniae resistance to lysozyme, and (2) PgdA- and
Adr-mediated peptidoglycan modifications are associated with reduced fitness of S
pneumoniae. However, this reduced fitness is outweighed by the beneficial effect of
resistance to lysozyme in vivo. Members of David Lim’s group established the importance
of lysozyme for defense against pneumococcal OM.52 Lysozyme M—deficient mice were
more susceptible to pneumococcal OM and experienced more inflammation.
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Mechanisms of pathogenesis: S pneumoniae pilus: Since the discovery of the S
pneumoniae pilus, major advances in the understanding of its structure, function, and
antigenic diversity have been made. The Spneumoniae type 1 pilus is composed of 3
structural subunit proteins, RrgA, RrgB, and RrgC, which are encoded in the rlrA
pathogenicity islet. RrgA is required for pilus-mediated adherence.83:64 RrgA mutants, but
not RrgB or RrgC mutants, exhibit defects in biofilm formation.5® High variability in RrgB
makes this protein less attractive as a vaccine candidate in comparison to RrgA and RrgC.56
There are 2 clades of RrgA,; these variants have similar adhesive properties and elicit cross-
protection upon passive immunization in mice.%” Several research groups have elucidated
the critical role of sortases in pilus assembly.%8-71 Type 1 pili are regulated by complex 2-
component regulatory systems, and their expression is dependent on phase of growth.”273

The rlrA pathogenicity islet is present in approximately 30% of Spneumoniae isolates and
half of antibiotic-resistant strains.®6 A second pilus-encoding locus is present in
approximately 16% of isolates.83 The prevalence of Spneumoniae strains carrying both type
1 pilus and type 2 pilus has increased in recent years, corresponding with increases in the
prevalence of non-vaccine-covered serotypes.’# 7>

Mechanisms of pathogenesis: Additional papers of interest: Neutrophils are central to
defense against Spneumoniae.®® A new role in pathogenesis has been identified for the
cytolytic pore-forming toxin, pneumolysin (Ply).”® Upon autolysis, Ply activates NADPH
oxidase, thereby generating the release of reactive oxygen species into intracellular vesicular
compartments within neutrophils.

In summary, recent work on the pathogenesis of Spneumoniae indicates that (1) S
pneumoniae strains that limit complement deposition are more pathogenic for OM.
Additional research is needed to (a) clarify the respective roles of capsule and other
virulence determinants in complement binding and (b) define the respective roles of the
classical and alternative complement pathway. (2) Streptococcus pneumoniae express a
number of glycosidases that are important for colonization of the respiratory tract. (3)
Lysozyme is critical for host defense against pneumococci. (4) The Spneumoniae pilus is
present in a subset of strains and is being studied as a potential vaccine candidate. Genetic
variability among pilus subunits will likely present challenges for vaccine design.

Animal models of disease: Progress has been made in the development of animal models of
pneumococcal OM.”7=79 Experimental OM models often involve the direct inoculation of
pathogens into the middle ear. A noninvasive mouse model has been developed to study
pneumococcal OM.8 The model involves intranasal inoculation of mice with S pneumoniae
and a pressure cabin to facilitate the translocation of Spneumoniae from the nasopharynx
into the middle ear space. A similar noninvasive method has also been developed to study S
pneumoniae biofilm formation in rats.81

A ferret model has been developed to study Spneumoniae transmission.82 McCullers and
colleagues8? used sets of infected and uninfected ferrets to show that prior infection with
influenza increases the level of Spneumoniae colonization; the proportion infected; the
severity of diseases, including OM; and the transmission of Spneumoniae to other animals.
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This model also indicated that prior influenza infection increases susceptibility to acquiring
Spneumoniae.

The chinchilla model has been used to elucidate the impact of Spneumoniae-mediated inner
ear damage and hearing loss. Steven Juhn’s group demonstrated that S pneumoniae mutants
lacking pneumococcal surface protein A (PspA) and pneumococcal surface antigen A
(PsaA) could not pass through the round window membrane into the inner ear.83 The S
pneumoniae strains induced pathologic changes in the inner ears of chinchillas and hearing
loss 28 days after infection.84

In summary, (1) new noninvasive rodent models of pneumococcal OM have been
developed. (2) A novel model has been developed to study S pneumoniae transmission. (3)
Progress has been made in understanding hearing loss associated with S pneumoniae.

Molecular epidemiology of S pneumoniae: Otitis media is one of the most common
infections in infants and young children and is associated with excess antibiotic use.85-87
The incidence of OM decreased in the United States following introduction of the 7-valent
pneumococcal conjugate vaccine (PCV-7) in 2001.85-87 Further declines in OM incidence
may be achieved with PCV-13, which was introduced in 2010. However, concerns remain
regarding the lack of PCV coverage in many developing countries and the potential for
increases in OM due to nonvaccine serotypes and antimicrobial-resistant S

pneumoni ae,8°.86.88

Several new serotypes of Spneumoniae have been described since the last panel report.
Serotype 6C was identified in 2007 in a subset of S pneumoniae classified as 6A by the
Quelling reaction.8 The prevalence of serotype 6C isolates has increased in the United
States over recent years.90:91 Serotype 6C has been identified in middle ear fluid isolates.%2
An experimentally induced alteration in the capsule encoding the operon of 6B resulted in
the creation of related serotype 6D.%3 Naturally occurring carriage isolates of serotype 6D
were first identified in Fijian children.%4

Over the past decade, serotype 19A emerged as a major cause of acute OM, recurrent OM,
and severe mastoiditis.*4~46 The increase in 19A was often attributed to introduction of
PCV-7. However, Dagan and colleagues® described the emergence of serotype 19A as a
cause of OM prior to introduction of PCV-7 in Israel. Analysis of antibiotic administration
patterns suggests that antibiotic use may contribute to the emergence of certain lineages of S
pneumoniae. 96

In summary, molecular epidemiologic studies have indicated that (1) new S pneumoniae
serotypes continue to be discovered, and more are likely to evolve. (2) PCV-7 may not be
the sole reason for observed increases in serotype 19A. (3) Antibiotic pressure may
contribute to the emergence of multidrug-resistant strains. (4) Serotype replacement
continues to be a concern.

Polymicrobial interactions: Krishnamurthy and colleagues?® used a murine model of nasal
colonization and acute OM to study relationships among various combinations of bacterial
OM pathogens (S pneumoniae, H influenzae, and M catarrhalis) and Sendai virus, which is
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the murine equivalent of human parainfluenza virus. As expected, viral infection
significantly increased the incidence of acute OM. Coinfections with Spneumoniae and M
catarrhalis increased the incidence and duration of pneumococcal OM compared with S
pneumoniae alone and S pneumoniae and H influenzae together.

Pettigrew and colleagues®’ showed that the risk of Spneumoniae colonization in children
during upper respiratory tract infection differed based on whether H influenzae and M
catarrhalis also co-colonized. Colonization by Spneumoniae was negatively associated with
colonization by H influenzae when M catarrhalis was absent. However, when M catarrhalis
was present, S pneumoniae was positively associated with colonization by H influenzae.
Negative associations were also identified between S pneumoniae and Saphylococcus
aureus and between H influenzae and Saureus. High-throughput 454-based pyrosequencing
of 16S rRNA genes was used to compare microbial communities in the upper respiratory
tract of children experiencing upper respiratory tract infection with and without concurrent
OM.%8 Commensals such as Corynebacterium and Dolosigranulum were protective for both
Spneumoniae colonization and OM. Commensals of the genera Actinomyces, Rothia,
Neisseria, and Veillonella, which are not considered OM pathogens, were associated with an
increased risk of OM. These data support the contention that vaccination and treatment
strategies that target individual bacterial species could alter competitive interactions, the
nasopharyngeal flora, and disease outcome.

Selva and colleagues®® have elucidated the underlying mechanism, which involves a novel S
pneumoniae interspecies competition strategy that selectively kills lysogenic Saureus.
Sreptococcus pneumoniae release H,O,, which activates the Saureus SOS DNA repair
stress response. In turn, the SOS response triggers the lytic cycle of Saureus prophage,
thereby killing Saureus. Even though Spneumoniae also carry lysogenic prophage, their
SOS response and phage are not activated upon exposure to H,Oo.

Host competition may also affect the selection of virulence characteristics in S
pneumoniae. 1% A combination of theoretical models and in vivo nasopharyngeal
colonization experiments was used to demonstrate that competition with H influenzae may
select for more virulent strains of Spneumoniae.

Taken as a whole, these studies indicated that (1) the specific combination of colonizing
bacteria and respiratory viruses can alter the incidence and duration of OM. (2) Research is
needed to identify the combinations associated with the highest risk of disease. (3)
Pneumococci have several methods to compete with co-colonizing and coinfecting species.

Haemophilus influenzae—Significant progress has been made in our understanding of
the genomics and population biology of H influenzae strains, defining virulence factors and
their role(s) in carriage and disease, defining genetic regulatory networks important to
bacterial persistence and virulence, delineating bacterial determinants of resistance to
immune clearance, and understanding the genetics and biochemistry of bacterial surface
moieties.
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Genomics and population biology: Analysis of the genome of 12 strains shows a high
degree of genomic diversity among different nontypeable H influenzae strains.101 Juhas et
all%2 showed the presence of discrete genomic islands that are differentially distributed
among strains and some degree of clustering of sets of strains within the larger body of H
influenzae lineages.103 These data are consistent with Garth Ehrlich’s distributed genome
hypothesis, which holds that populations of opportunistic pathogens have a core set of genes
accompanied by a differentially distributed set of accessory genes that are horizontally
exchanged between individual strains.104

Murphy et all9 made the unexpected observation that some strains of H haemolyticus are
nonhemolytic. This observation has important implications because the sole characteristic
that is used in clinical microbiology laboratories throughout the world to distinguish H
influenzae and Haemophilus haemolyticus is hemolysis on blood plates. Analysis of 490
respiratory tract isolates identified as H influenzae by currently accepted methods
demonstrated that 40% of sputum isolates and 27% of nasopharyngeal isolates were in fact
H haemolyticus. This conclusion was based on 4 independent methods, including (1)
analysis of 16SrDNA sequences, (2) multilocus sequence analysis, (3) DNA-DNA
hybridization with genomic DNA, and (4) sequence analysis of the highly conserved P6
gene. This observation has been reproduced in simultaneous work in Dr Janet Gilsdorf’s
laboratory.196.107 Haemophilus influenzae causes otitis media, whereas H haemolyticus is an
upper respiratory tract commensal.10°

Thus, with regard to population genetics of H influenzae, the following themes are apparent:
(1) existing paradigms regarding the clonality of overt pathogens may not be applicable for
nontypeable H influenzae populations, which have a significant host commensal niche. (2)
Simultaneous infection with multiple strains/clones is probably more the rule than the
exception for this species, especially in the context of an opportunistic infection such as
otitis media. (3) Genetic exchange between subpopulations of H influenzae is likely to be
frequent and may be an important driver of dissemination and emergence of persistence
determinants. (4) Currently accepted methods used in clinical microbiology laboratories
throughout the world do not accurately distinguish between H influenzae and H
haemolyticus. This observation has important implications in the design of future studies and
in the interpretation of the literature.

Mechanisms of pathogenesis: Adherence: Like most mucosal pathogens, H influenzae has
multiple redundant mechanisms for adhering to host tissues,198 including a variety of
proteinaceous adhesins. There has been considerable recent progress in defining the
mechanisms for secretion and proteolytic processing of the autotransporter family of
adhesins, of which HMW-1 and HMW-2 proteins of H influenzae are the paradigmatic
example.109-113

Jurcisek and colleaguest14115 demonstrated that type IV pili promote H influenzae
adherence to epithelial cells, formation of biofilms, and persistence in the chinchilla model
of otitis media. Moreover, as will be discussed in the update on vaccines, antibodies against
these pili are protective.116 Haemophilus influenzae also use the P5 adhesin to bind to
ICAM-1 in the chinchilla model of otitis media.11’
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Mechanisms of pathogenesis: Intracellular entry, persistence, and growth: Although H
influenzae has been traditionally thought of as an extracellular pathogen, it has long been
recognized that one can observe H influenzae bacteria within a variety of host cells in patient
tissues. Persistence of bacteria within cells could provide a protected niche from antibiotics
and immune defenses. Morey and colleagues!18 showed that H influenzae bacteria enter
epithelial cells by a macropinocytic route that involves PI-3 kinase activation. It is notable
that a significant percentage of H influenzae bacteria observed in tissues from patients with
otitis media were found within host cells, particularly within adenoid tissues.11° Defining
the significance of the intracellular niche in nontypeable H influenzae disease remains an
important area for additional work.

From these studies, the following points become clear: (1) H influenzae have multiple means
for adhering to host epithelia and mucus, some of which may be upregulated during chronic
infection or coinfection with other species. (2) Although it is clear that H influenzae are
found often within various host cells, there is still a pressing need for definition of the role
of this process in the context of disease. Internalization may be a means for bacterial
clearance by host epithelial cells, or alternatively, this may be a niche for persistent
infection.

Mechanisms of pathogenesis: Biofilm formation: Like many pathogens residing on
mucosal surfaces, H influenzae forms multicellular biofilm communities. Although the
relevance of biofilms has been questioned by some,120 it is now clear that biofilms are a
significant contributing factor in chronic and recurrent H influenzae disease (particularly
otitis media). Biofilms are present in the middle ears of patients with recurrent acute OM
disease but less so in acute OM.121 Other work from this group shows that biofilms are
formed by H influenzae and other otopathogens on or within adenoid tissue,119122 which
may serve as a reservoir for recurrent infection.

The composition of the H influenzae biofilm includes extracellular DNA,14.123 pjlys
protein,115 and discrete subsets of the lipooligosaccharides on the bacterial surface.124.125
Shifts in lipooligosaccharide populations during biofilm formation and growth are
coordinated by autoinducer-2 quorum signals.126 Notably, these quorum signals can also
affect biofilm formation and persistence of other otopathogens.2”

There is also a growing appreciation that the H influenzae “biofilm” includes host cellular
components and in many ways fits the definition for an exudate or neutrophil extracellular
trap (NET).128 Haemophilus influenzae activate neutrophils to form NETSs via recognition of
bacterial components by host pattern recognition receptors.12® However, rather than being
killed, H influenzae survive in multicellular clusters within NETSs, and some of the surface
moieties that promote biofilms are important to resistance to bactericidal effects of the
NET128 and killing by additional incoming neutrophils.129

The following points are clear from recent work on H influenzae biofilms: (1) a
paradigmatic carbohydrate matrix for the H influenzae biofilm has yet to be discovered. For
some, this raises questions regarding whether this organism can be thought of as a biofilm
pathogen. However, it now appears clear that chronic and recurrent H influenzae infections,
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particularly in the context of otitis media disease, fit the well-established profiles for a
biofilm infection. (2) Quorum signaling contributes significantly to the formation and
maturation of H influenzae biofilms and to its coordinate formation of polymicrobial
biofilms with other otopathogens. (3) Extracellular DNA makes up a substantial part of the
H influenzae biofilm matrix, and thus study of so-called bacterial apoptosis may have merit.
(4) The H influenzae biofilms have a significant host component, mainly provided by
incoming neutrophils that die to form NETs. Small multicellular communities of H
influenzae bacteria that fit all of the defining characteristics of H influenzae biofilms survive
within these NETS.

Mechanisms of pathogenesis: Lipooligosaccharides: Haemophilus influenzae have on
their outer leaflet a diverse assortment of lipooligosaccharide (LOS) glycolipids. Many H
influenzae strains produce sialylated LOS forms, which promote both resistance to
complement-mediated killing and formation of biofilms. Sialic acid is taken up by a
tripartite, adenosine triphosphate (ATP)—dependent transporter that is localized to the
periplasmic space, and uptake is essential for both assimilation of sialic acid into the
lipooligosaccharide and its catabolism as a nutrient source,130-133

The presence of sialic acid serves as a metabolic cue that is an important determinant of
virulence.134 Notably, elegant biochemical work profiling lipooligosaccharide populations
from bacteria obtained directly from the chinchilla middle ear space revealed that the
glycoform pools change during the course of infection, with less sialylated forms
predominating later in infection.13°

There has been significant progress on the definition of the genetics and biochemistry of
LOS biosynthesis and assembly in the past 4 years. A number of studies have defined genes
involved in addition to a number of specific oligosaccharide moieties to the carbohydrate
portion of the LOS.135-139

The following points can be made regarding recent advances in understanding the H
influenzae LOS: (1) sialylation offers an important potential therapeutic target because of
the distinct biochemistry involved in biosynthesis and assembly of sialylated glycoforms. It
is also significant to note that the uptake of sialic acid has dramatic metabolic effects that are
important to persistence of the organism in vivo. (2) The biochemical methodology has now
advanced sufficiently to permit detailed characterization of LOS glycoforms from
populations in vivo. This is an important advance that can provide significant insight not
only into what variants persist but at what stage particular variants predominate.

Mechanisms of pathogenesis: Bacterial stress-response: Work from Harrison and
colleagues!*? delineated the OxyR regulon, which is an important regulatory network in
bacterial resistance to oxidant. Additional work from Wong et al141.142 has shown that the
ArcA/B regulon has parallel function in resistance to oxidant and other stresses, in addition
to conferring resistance to complement-mediated killing.
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Mechanisms of pathogenesis: Virulence: The sap locus, which is upregulated in the
chinchilla infection model, was shown by Mason et al'43 to be required for acquisition of
heme.

Using a deep sequencing approach to differentiate between inocula and persisting
populations of H influenzae transposon mutants, Gawronski and colleagues44 have
identified a number of genes required for virulence in a mouse pulmonary challenge model.

The H influenzae isolates from carriage within the upper airway were compared with
isolates from patients with pulmonary infections, including exacerbations of chronic
obstructive pulmonary disease in a recent study by Nakamura et al.14> The results showed a
significantly increased resistance of the disease isolates to complement-mediated killing,
which subsequent genetic studies correlated with vacJ and yrb, which function in other
species to modulate phospholipid content of the outer membrane and, as a consequence,
hydrophobicity of the bacterial surface.

With reference to otitis media disease, the role of sialylation in resistance of H influenzae to
complement-mediated clearance was clarified in a study in which an asialylated siaB mutant
strain was shown to survive in chinchillas in which complement was depleted by treatment
with cobra venom.146 Work by Steven Juhn’s group showed that chronic H influenzae otitis
media infections can cause pathology in the inner ear, with associated impact on auditory
function in the chinchilla.147

From evaluation of the recent work on the pathogenesis of H influenzae otitis media
infections, the following points are clear: (1) nutrient acquisition and resistance to
environmental stress are important determinants of H influenzae persistence. (2) Modulation
of complement efficacy is likely to be an important determinant of host susceptibility to H
influenzae. (3) On the basis of work in the chinchilla model, sequelae of otitis media may be
more wide-ranging than is typically appreciated and could include neurological deficits in
the inner ear. (4) Polymicrobial infection is common and may represent the majority of cases
of otitis media. There is a pressing need for additional insights into how combinations of
bacterial (and viral) agents affect the course and treatability of otitis media.

Moraxella catarrhalis—Progress has been made in characterizing the Moraxella
catarrhalis genome, elucidating mechanisms of pathogenesis, understanding interactions
with the human host, further defining the role of M catarrhalis as a pathogen in otitis media,
and characterizing the molecular epidemiology of M catarrhalis.

Genomic studies of M catarrhalis: For a long time, investigators have relied on the
unannotated, partial genome sequence of a single reference strain of M catarrhalis. An
important recent advance has been the first completely assembled and annotated genome
sequence of a bloodstream isolate of M catarrhalis.148 Shortly thereafter, the genome
sequences of 11 additional isolates, including 4 middle ear fluid isolates from children with
otitis media, were reported.14? Overall, the M catarrhalis genome shows similar
chromosome organization and modest genomic diversity among the 12 strains. The
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availability of genome sequences of clinical isolates of M catarrhalis represents a critical
advance that will facilitate research on the organism considerably.

Prior to the availability of the genome sequence of these 12 strains, the genome sequence of
ATCC strain 43617 was annotated and used to create a microarray of the predicted open
reading frames in the M catarrhalis genome.150 The microarray was used to perform
transcriptional profiling studies by Dr Eric Hansen’s group, and these approaches led to a
series of papers elucidating metabolic pathways of M catarrhalis,191-155

Ruckdeschel et al®6 also used the genome sequence of ATCC strain 43617 in a genome
mining approach to identify a set of novel vaccine antigens and proteins that are targets of
the human immune response.157:158 This is discussed in the report by the Vaccine Panel.

Mechanisms of pathogenesis: Adhesins: As an exclusively human pathogen, M catarrhalis
has a restricted ecological niche: the human respiratory tract. The expression of multiple
adhesins, each with its own binding specificity to host molecules in the human respiratory
tract, reveals the importance of adherence in survival of M catarrhalis. Over the past 4
years, 3 novel adhesins (Mch or Mha, McmA, and type 4 pili) and a putative adhesin (OlpA)
have been identified and characterized. In addition, elegant studies have further
characterized host interactions with previously identified adhesins (MID/Hag, UspA1l,

McaP, OMP CD). These new observations are summarized briefly in Table 1.

In a study that investigated the effect of temperature on pathogenesis, Spaniol et a9
showed that at 26°C, a temperature approximating that of the human nasopharynx, M
catarrhalis upregulates the expression of the UspA1 adhesin, which is accompanied by an
increase in binding of fibronectin and IgA. Thus, exposure to a physiologically relevant
temperature affects the host pathogen interaction and may contribute to pathogenesis.

Mechanisms of pathogenesis: Lipooligosaccharide: The LOS of M catarrhalis has 3
serotypes, A, B, and C, that are based on the composition and linkage of oligosaccharide
chains. Construction of LOS mutants and biochemical analysis of structures contributed new
data on the biosynthetic pathways of LOS, which are now characterized for all 3
serotypes.160-164 \/arious mutants were used to show that the oligosaccharide is important in
adherence to epithelial cells and in mediating serum resistance.165 In addition, human serum
antibodies are directed at both core and side chain structures of the LOS molecule.166

Mechanisms of pathogenesis: Biofilm formation: In a study that has implications in
understanding a potential role of biofilms in bacterial persistence in otitis-prone children,
Hoa et al'?! studied adenoids of otitis-prone children for the presence of bacterial biofilms.
All 6 adenoids studied had biofilms, and 3 of the 6 had M catarrhalis biofilms. This
observation, in combination with the study of Heiniger et al*6 showing that M catarrhalis
resides intracellularly in the adenoid, indicates that M catarrhalisis present in the adenoid
far more commonly than is indicated by surface cultures.

Wang et al>0 compared the transcriptional profile of M catarrhalis during planktonic
growth with that during growth as a biofilm. Growth as a biofilm results in increased
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expression of many gene products, especially those that can function in energy generation
and in resisting innate immune responses. Pearson and Hansen68 used random transposon
mutagenesis to show that the surface protein UspA2H plays a role in biofilm formation.

Mechanisms of pathogenesis: Outer membrane vesicles: Gram-negative bacteria shed
outer membrane vesicles during growth. In a series of innovative studies, Schaar and
colleagues®® characterized the proteome of outer membrane vesicles secreted by M
catarrhalis and showed that vesicles are complex structures that contain multiple outer
membrane components. They further demonstrated that vesicles are internalized by human
epithelial cells; induce inflammatory responses, including triggering TLR2 responses; and
activate B cells.269.170 Thus, vesicles represent a mechanism whereby M catarrhalis delivers
antigens to host cells and induces and modulates host inflammation. Moraxella catarrhalis
vesicles also inhibit complement-dependent killing of H influenzae, suggesting that
pathogens collaborate to evade innate immunity and survive in the respiratory tract.171

Mechanisms of pathogenesis: Host responses: Work in the past 4 years involving human
cell lines and primary cells has shed new light on host responses and signaling pathways
triggered by M catarrhalis.172-177 Additional studies included the observation that M
catarrhalis activates tonsillar B cells to secrete nonspecific IgM and the observation that the
UspAs neutralize al-antichymotrypsin.178.179 Moraxella catarrhalis is the only otitis media
pathogen to demonstrate an interaction with a1l-antichymotrypsin, suggesting a unique
virulence mechanism that requires additional exploration.

Most pathogenic isolates of M catarrhalis belong to a seroresistant lineage.18 New studies
have advanced our understanding of complement evasion strategies, a prominent feature of
M catarrhalis. UspAs block complement activation by binding C3, and new work has
furthered the understanding of the UspA2-vitronectin interaction in serum resistance.181:182
The complement resistance phenotype is mediated by multiple gene products.183

Mechanisms of pathogenesis: Other progress: Easton et al'84 identified a general porin in
M catarrhalis and demonstrated that it functions in nutrient uptake and is essential for nasal
colonization of mice. Attia et al18 identified the first bacteriocin and its immunity factor in
M catarrhalis and showed that strains with the bacteriocin inhibited growth of other strains.

Role of M catarrhalisin otitis media: The gold standard in determining the etiology of
bacterial otitis media is culture of middle ear fluid. Several studies that employed culture of
middle ear fluid recovered by tympanocentesis, drainage from tympanostomy tubes, or
spontaneous otorrhea have been reported in the past 4 years.#4.95.186-193 gych studies are
important to track changes in the distribution of pathogens that cause otitis media,
particularly with anticipated changes in patterns of vaccine use for otitis media pathogens.
Several themes are apparent from these studies: (1) M catarrhalis continues to be an
important cause of otitis media, being the third most common cause after S pneumoniae and
H influenzae in many centers. (2) Substantial geographic variability is observed in the
proportion of otitis media caused by M catarrhalis. For example, the rate of M catarrhalisin
Beer-Sheva, Israel, is low, whereas M catarrhalis is the most common bacterial cause of
recurrent otitis media in children with tympanostomy tubes in Turku, Finland.186:193 (3) As
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the distribution of pathogens changes with widespread use of pneumococcal conjugate
vaccines, the relative proportion of otitis media due to M catarrhalis is increasing in some
studies.188.189

Broides et al86 reviewed the clinical and epidemiological characteristics of 501 episodes of
otitis media in children whose middle ear fluid grew M catarrhalis. Compared with acute
otitis media caused by other pathogens, acute otitis media caused by M catarrhalis was
characterized by (a) a higher proportion of mixed infection, (b) younger age at diagnosis, (c)
lower proportion of spontaneous tympanic membrane perforation, and (d) absence of
mastoiditis.

Nasopharyngeal colonization and molecular epidemiology: A number of studies that
contributed to the body of knowledge on nasopharyngeal colonization patterns and the
molecular epidemiology of colonizing isolates have been performed over the past 4
years.194-201 Several themes regarding colonization by M catarrhalis are apparent from
these and previous studies: (1) M catarrhalis is a common colonizer of infants and children,
often being the most common colonizer among otitis media pathogens. (2) The rate of M
catarrhalis colonization decreases with age. (3) Geographic variability is seen in
colonization and infection rates by M catarrhalis. (4) Co-colonization with H influenzae was
observed in 1 study.201 (5) Colonizing strains of M catarrhalis show genotypic and
phenotypic diversity.201-205 (6) In an interesting set of experiments, Krishnamurthy et al?>
showed that polymicrobial nasal colonization with otitis media pathogens affected the
incidence rate, duration, and bacterial load in a mouse model.

Antimicrobial susceptibility: Surveillance studies of M catarrhalis indicate that most
clinical isolates produce p-lactamase and are thus resistant to penicillins, including
amoxicillin. The newly identified outer membrane porin M35 also mediates susceptibility to
penicillins.206:207 Moraxella catarrhalis is susceptible to most other classes of antibiotics
used for the treatment of otitis media, and resistance patterns appear stable over the past 4
years worldwide.208

Bell et al?%° developed zone diameter criteria for 19 antimicrobial agents using current
minimum inhibitory concentration (MIC) interpretive criteria and examined 318 strains of M
catarrhalis. Because no Clinical and Laboratory Standards Institute (CSLI) method exists
currently, the availability of this new method will facilitate antimicrobial susceptibility
testing of M catarrhalis enormously.

Immunology

General Immunology—Major advances have been made in understanding immune
mechanisms and the relationship between the microbe, host innate responses, and
development of acquired immunity. Our increased knowledge has served to reinforce the
complexity associated with the precise mechanisms of host defenses associated with OM
and the need for the pursuit of knowledge of the immune mechanism in the upper respiratory
tract.
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The airway epithelium is the first line of defense against respiratory viruses and bacteria. It
has a range of defenses that include mechanical (eg, mucociliary apparatus), innate (eg,
defensins, inflammatory mediators), and acquired/adaptive (eg, antigen specific and immune
memory). When respiratory viruses and bacteria interact with airway epithelial cells,
antimicrobial agents such as interferons (IFN), lactoferrin, p-defensins, and nitric oxide
(NO) and chemical signaling agents such as cytokines and chemokines are induced as part
of the innate immune response and influence the adaptive immune system.225:226 Although
these defense mechanisms are intended to facilitate rapid microbial clearance, bacteria and
viruses have developed elaborate strategies to evade a range of antimicrobial mechanisms,
as well as innate and adaptive immune responses.

Many of the functions of innate immunity in the mucosal surfaces are mediated by host-
specific microbial-pathogen recognition receptors (PRRS), which can recognize unique
pathogen-associated molecular patterns (PAMPS) that are integral to the structure of most
microorganisms. Recently, Ogra?26 reviewed the important elements of neonatal mucosal
adaptive immunity. Mucosal tissues contain lymphoid cells derived by the homing of
antigen-activated cells from the inductive sites, with mostly IgA-activated B cells (up to
80%) detected shortly after birth and IgA-producing plasma cells detected at approximately
7 to 10 days of age. Environmental antigenic stimulation, including the acquisition and
nature of mucosal microflora, is critical to the development of the immune system and
corresponds with the expansion of activated cells within the mucosal sites. Ogra reinforces
the evidence that mucosal immune responses may also be pathologic and foster the
induction of immunologically mediated disease states and autoimmunity. The early and
appropriate development of the mucosal immune system is essential for maintaining
mucosal homeostasis and prevention of disease.

Key lymphoid tissues in the upper respiratory tract mucosa include the adenoids, tonsils, and
nasopharynx-associated lymphoid tissue (NALT). The mechanism of NALT organogenesis
differs from that of other lymphoid tissues, and NALT is important for the generation of T
helper (Th) 1 and Th2 cells and IgA-committed B cells, and unlike other lymphoid organs,
NALT develops postnatally. Krege et al, 227 using a rodent model, identified at least 2
different pathways associated with NALT development.

Cellular Immunology—Children with adenoid hypertrophy and acute OM were found to
have lower CD4*Bcl-2*, CD8*Bcl-2*, and CD19*Bcl-2* lymphocytes (Bcl-2 is an
antiapoptotic protein) but higher percentages of CD4*, CD8*, and CD19* cells with the
CD95* antigen than children with adenoid hypertrophy unrelated to OM.228 According to
Zelazowska-Rutkowska and colleagues,?28 reduced proportions of T and B lymphocytes
with Bcl-2 expression but elevated percentages expressing CD95" may reflect local
immunity disorders. In another study, the populations of dendritic cells and lymphocyte
subpopulations of adenoid and peripheral blood in patients with adenoid hypertrophy and
otitis media with effusion (OME) found differences between patients with adenoid
hypertrophy with coexisting OME and children without OME in the adenoids but not in
blood.22? Local induction of inducible nitric oxide synthase (iNOS) in adenoids has also
been suggested to be of importance for preventing development of OME following evidence
that children with OME exhibited lower levels of iNOS than controls.239 Inducible nitric
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oxide synthase is one of the enzymes that regulates production of nitric oxide, a key
mediator in the local immune response of human airways.

The immune system must be tightly regulated to balance antimicrobial inflammatory
responses to prevent immune-mediated tissue destruction. Regulatory T cells (Treg) are
critical to this process. Tregs can be CD4* or CD8" and are distinguished by expression of
the transcription factor FoxP3. There are 2 functional types of Treg cells: naturally occurring
and induced. Tonsillar FoxP3*CD8" T cells are mostly CD25~, with some cells expressing
the proinflammatory cytokines TNF-a., IFN-y, or IL-17A, and suppress the proliferation of
CD4* T cells in co-cultures.23! Induced Tregs are generated from naive T cells in the
periphery after an encounter with antigen presented by dendritic cells (DCs) that have been
conditioned by epithelial cells in contact with microorganisms.232 Cytokines such as 1L-10
and TGF-B produced by Tregs are involved in suppression of T-cell responses.233

The recent discovery of Th17 cells as key inflammatory mediators of the mucosa is opening
new insights into mucosal immunity and its regulation. It now appears that Th17
inflammatory cells can differentiate into Tregs and back, depending on the cytokine
milieu.231.234.235 Termed plasticity, this ability means that the balance between effective
immunity, which results in clearance of bacteria, and the associated inflammatory tissue
damage can be quickly and efficiently managed. The switch of a T cell from an
inflammatory (Th1l, Th2, Th17) to suppressive (Treg) phenotype occurs in both mice and
humans and in CD4* as well as CD8" Tregs.231:235 Further evidence that all T cells are
transiently Treg during activation suggests that Treg plasticity may be an important
regulatory mechanism for the immune system in general 236

There is a growing realization that bacteria can control the mammalian immune system.237
Some bacterial species appear to promote survival by actively inducing Tregs via Toll-like
receptor (TLR) signaling in epithelial cells or mucosally conditioned DCs. To date, most
studies have been associated with gut and oral microbes showing functionally distinct
receptor-signaling pathways that direct the Th17/Treg balance. It is not known whether the
same applies in the upper airway, with opportunistic commensals such as S pneumoniae,
nontypable H influenzae (NTHi), and M catarrhalis. CD4* and CD8" Tregs are found in
nasal mucosa238 and tonsils,231:235 and although a role has been implicated in allergen-
specific immunotherapy, 239 a role in promoting bacterial survival in the nasopharynx has yet
to be demonstrated. Depletion of CD25* cells from palatine tonsils resulted in suppression
of the effector CD4* T-cell response restricted to the mucosa and was most marked in
children at greatest risk of meningococcal disease.240 These studies concluded that
proinflammatory, anti-meningococcal T-cell responses may limit invasive disease at the
mucosa but that Treg induction may restrict the effectiveness of the protective response. It is
possible that commensal bacteria within the nasopharynx induce a tolerance through
induction of Treg responses that suppress effector T-cell responses, contributing to immune-
failure in individuals who are susceptible to or suffer from chronic respiratory infections
such as OM. However, such a hypothesis has yet to be tested.

Innate Immunology: The Role of Innate Cell Receptors and Signaling—Toll-like
receptor signaling is involved in both the innate immune responses to infection and the
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development of acquired immune responses. Hirano et al?41 found that the mucosal immune
response in wild-type (WT) mice is superior to that in TLR4-mutant mice, indicating that
TLR4 may play an important role in enhancing mucosal and systemic immune responses.
They showed that immune responses against the outer membrane protein (OMP) from NTHi
were elicited in both TLR4-mutant and WT mice but that the mucosal IgA, systemic IgG,
and Th1 cell responses were superior in WT mice than in TLR4-mutant mice. This suggests
that TLR4 plays an important role in relation to Thl function for optimal development of
acquired immune responses. Activated TLRs can signal through either MyD88 to primarily
induce interleukin expression or TRIF for type | IFN expression. Leichtle et al242 reported
that expression of TRIF mRNA was only modestly enhanced during OM but that both type |
IFN signaling genes and type | IFN-inducible genes were significantly upregulated in WT
mice. In response to NTHi infection, TRIF-deficient mice had reduced but persistent
mucosal hyperplasia and less leukocyte infiltration into the middle ear than did WT animals.
Their results demonstrate that activation of TRIF/type | IFN response has a role in both the
response to and resolution of NTHi OM.

The role of TLR2 in defense against S pneumoniae middle ear infection was investigated
using WT (C57BL/6) and TLR2-deficient (TLR27~) mice, and the study found that the
TLR27~ mice had an approximately 50% mortality rate due to bacteremia within 3 days
after challenge compared with 12.5% in WT mice.243 The levels of proinflammatory
cytokines were significantly lower in the ears of TLR2™~ mice than in WT mice, which
correlated with poorer clearance of bacteria from the middle ear and increased sepsis,
demonstrating the importance of TLR2 to host responses to otitis media. Examination of the
rat mucosa for TLR2 and TLR4 expression in the tubotympanum, nasopharynx, and oral
cavity showed differences in the expression of these in different parts of the tubotympanum
and upper aerodigestive tract, suggesting that there may be region-specific functional
modulation of the innate immune system and pathophysiology of otitis media.244

Expression in middle ear effusion of TLR9, nucleotide-binding oligomerization domain
(Nod)-1, Nod-2, and retinoic acid—inducible gene (RI1G)-1 mRNA found that levels of
TLR-9, Nod-1, and RIG | mRNASs were significantly lower in the otitis-prone group than in
the non—otitis-prone group.24° In these same children, the concentrations of IgG, IgA, and
IgM in effusion fluid did not differ, nor did they correlate with the expression of PRRs,
suggesting that expression of these PRRs may have a role in susceptibility to OME. A role
for DNA sensing via TLR9 in OM pathogenesis and recovery has been identified using a
murine model of NTHi OM and TLR9™~ mice.246

Not only is local stimulation important, but there are possible mechanisms whereby systemic
immunomodulation by the microbiota at distant sites can operate through the PRR Nod-1 to
enhance bacterial killing. Local recognition of peptidoglycan from a gram-negative
bacterium, such as NTHi, induces signaling through the Nod-1 that enhanced the killing of
complement-opsonized S pneumoniae by neutrophils.24” Peptidoglycan from the gut
translocates to neutrophils in the bone marrow and influences neutrophil function.248 The
absence of Nod-1 in mice has made them more susceptible to early pneumococcal sepsis,
indicating that Nod-1 is involved in priming innate defenses, with these studies providing
strong evidence for the role of normal biota in this priming.
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The epithelial cells lining the human upper respiratory tract may also be influenced by
environmental agents, including cigarette smoke (CS). Examination of the effect of CS
condensate (CSC) or extract (CSE) on signal transduction and cytokine production in
primary and immortalized epithelial cells of human or murine origin in response to NTHi
and Saureus found that I1L-8 and IL-6, but not B-interferon (IFN-B), was significantly
inhibited in the presence of CS and by either CSC or CSE.24° Cigarette smoke extract also
affected cell signaling and decreased nuclear factor (NF)—xB activation and highlights a
possible contributing mechanism in children who are exposed to CS and have higher
incidences of OM.

Innate Immunology—Defense Molecules—Mason et al*43 showed that immune
evasion can supersede important iron acquisition functions. The Sap translocator function is
necessary for NTHi mediation of diseases of the human airway.143 The study also showed
that the antimicrobial peptides human B-defensins 2 and 3, human cathelicidin LL-37,
human neutrophil protein 1, and melittin could displace heme bound to SapA, demonstrating
a hierarchy wherein immune evasion was able to supersede important iron acquisition
functions.

Shimada et al52 aimed to assess the muramidase activity and the antimicrobial property of
lysozyme in the eustachian tube of lysozyme M~~ mice to evaluate the role of lysozyme in
OM pathogenesis. They showed that depletion of lysozyme results in delayed clearance of S
pneumoniae from the middle ear cavity.

Lee et al20 investigated NTHi-induced B-defensin expression in airway mucosa, including
the middle ear, and showed that the major NTHi-specific receptor in human middle ear
epithelial cells—1 was TLR2, which activated the Toll/IL-1 receptor-MyD88-IRAK1-
TRAF6-MKK3/6-p38 MAPK signal transduction pathway. This induced p-defensin 2,
which was highest in response to NTHi lysate, suggesting that the ligand stimulus may be
soluble macromolecules. They suggest that this provides an evolutionary advantage to the
cells in dealing with infections and initiating an innate immune response.

The antimicrobial host defense peptide SPLUNCL1 is believed to aid in maintaining airway
health through both bactericidal and nonbactericidal mechanisms. Knockdown of
cSPLUNC1 expression did not affect survival of NTHi in the chinchilla middle ear under
the conditions tested, whereas expression of cSPLUNCL1 was essential for maintenance of
middle ear pressure and efficient mucociliary clearance,2%! indicating that cSPLUNC1
functions to maintain homeostasis and is important for protection of the middle ear.

Human middle ear epithelial cells were used to investigate the relationship between the
inflammatory response and microRNA (miRNA,; short, noncoding RNA thought to regulate
gene expression through sequence-specific base pairing).252 The study found 15
differentially expressed genes: 5 miRNAs upregulated and 10 miRNAs downregulated in
response to lipopolysaccharide (LPS), suggesting that miRNA may play an important role in
the pathogenesis of OM.
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Role of Cytokines and Chemokines—Evaluation of lymphocytes from peripheral
blood and adenoids of children with recurrent otitis found these children had a significantly
lower proportion of CD8*-producing IFN7y cells in adenoids than children with <3 otitis per
year, suggesting that a reduced capability to produce INFy may contribute to the
susceptibility to the recurrent OM in this cohort.2%3 Patel and coworkers? investigated
systemic levels for 17 cytokines during AOM in the sera from 145 children and correlated
these with viral etiology and clinical outcome. Their results indicated that higher G-CSF
concentrations produced an 87.6% accuracy to predict RSV-induced AOM, and elevated
IL-13 concentrations produced an 84.2% accuracy to predict early clinical failure of
antibiotic treatment.

In addition to the ability to minimize phagocytosis, S pneumoniae undergoes autolysis in the
stationary phase through activation of the cell wall-bound amidase LytA. Clinical isolates of
S pneumoniae exhibited significantly reduced induction of TNF, IFN-y, and IL-12 in
peripheral blood mononuclear cells compared with other closely related Sreptococcus
species, but levels of IL-6, IL-8, and IL-10 production were similar.254 Martner et al2>*
demonstrated that components associated with the autolysed pneumococcus can affect the
inflammatory response of mononuclear cells and interfere with phagocyte-mediated
elimination of live pneumococci.

The role of allergy and the Th1/Th2 balance by expression of GATAS3, T-bet, IL-4, and IFN-
v MRNA in OME patients was investigated in fluid collected from 46 OME patients having
ventilating tubes inserted.25% The study showed that although levels of GATA3 and T-bet
mRNA in effusion fluid correlated positively with the levels of IL-4 and IFN-y mRNA,
respectively, there was no difference between the allergy and nonallergy groups, thus
questioning that OME with allergy is related to a Th2-driven immune response.

IL-22 is expressed at barrier surfaces, and it is suggested that it plays a critical role in the
maintenance of normal barrier homeostasis through signaling by IL-22 through the IL-22
receptor (IL-22R) to promote antimicrobial immunity, inflammation, and tissue repair at
barrier surfaces (reviewed in Sonnenberg et al256). Although this has not been the subject of
specific studies associated with OM, it has been investigated within the respiratory tract, and
a proinflammatory/pathological role has been identified for IL-22 in airway
inflammation.257 These studies also found that IL-17A regulated the expression and/or
proinflammatory properties of 1L-22. The presence or absence of IL-17A appeared to govern
the proinflammatory vs tissue-protective properties of 1L-22.

Adaptive Immunology—Individual antibody levels in otitis-prone individuals do not
appear to have an age-dependent rise. Lebon et al2>8 have reported that in the first year of
life, no association between maternal 1gG levels and colonization was seen, nor was there an
association between the 1gG and IgA levels in the child vs colonization status. It is believed
that the failure to develop a good antibody response to common bacterial antigens, such as
PspA and P6, may be associated with persistent or recurrent disease.2%® Another supporting
study reported that pneumococcal acute otitis media, when present with pneumonia, affects
pneumococcal serology, whereas nasopharyngeal carriage has little effect except if
associated with the acquisition of a new serotype.260 Further analysis of the relationship
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between antibody levels and the presence of bacteria in effusion fluid (detected by standard
bacterial culture and PCR) found there was no correlation between immunoglobulin
concentrations in effusion fluid and the presence of bacteria.281 In contrast, serum
immunoglobulin concentration was related to the presence of bacteria in the effusion, with
serum IgG, IgA, and IgM in patients with OME being lower than in control patients.

The work of Hyams et al2 of the role of complement in immune protection to
pneumococcal OM was discussed above.

Colonization in mice elicits cross-reactive antibodies to PSpA, putative proteinase
maturation protein A (PpmA), and pneumococcal surface adhesin A (PsaA), with PspA
being the major target of surface-bound cross-reactive 1gG in sera.262 However, human sera
differed, with PpmA seeming to be the main target of surface 1gG. This study demonstrated
that PspA, PpmA, and PsaA were not essential for cross-protection induced by carriage and
have suggested that a whole-organism approach may be needed to broadly diminish
carriage. Immune responses induced by mucosal vaccines composed of PspA and PspC as
recombinant proteins or delivered by Lactobacillus casei resulted in PspC vaccines not
protecting mice against an invasive challenge with pneumococcus, but protection was
observed for immunization with vaccines composed of PspA from clade 5 delivered
intranasally.253

Protection conferred against fatal pneumococcal infections during infancy by maternal
immunity was evaluated in mice immunized with PspA with, or without, cholera toxin B
(CTB) delivered intranasally prior to pregnancy.254 Anti-PspA-specific IgG antibody was
induced in sera and breast milk at birth and maintained for 14 days during nursing periods in
the PspA-immunized mother mice, and offspring delivered from PspA-immunized mothers
had levels of anti-PspA-specific 1gG antibody in sera similar to those in their mothers on the
day of birth. The induction of specific immune responses in the sera and colostrum of
mother mice was transferred to neonate mice by maternal intranasal immunization with
PspA and contributes to the ability of the neonate’s ability to fight infection.

The development of antibodies to PspA families 1 and 2 present in the serum and saliva of
children with a history of culture-proven pneumococcal colonization and/or acute otitis
media and in the serum and saliva of adults was investigated.>3 The majority of the children
had high serum and salivary anti-PspA concentrations to the PspA family they had
encountered and low concentrations to the other, whereas adults had high antibody
concentrations to both PspA families, both in serum and in saliva. The results suggest that a
PspA vaccine for children should contain members of both major PspA families.

Cao et al?% found that immunizing mice intranasally with a mixture of ClpP (the
caseinolytic protease) and CbpA (choline binding protein A) elicited better protection than
immunizing with either singly, with the combination providing an additive effect in
inhibiting adherence to A549 cells and increased complement-dependent killing by
neutrophils. Antisera to both antigens could also kill S pneumoniae by neutrophils in a
complement-dependent way. Depletion of CD4* T lymphocytes abrogated the induction of
the mucosally induced antibody, indicating a critical role for these cells in developing
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mucosal protein-based vaccines against invasive pneumococcal infection. Both these studies
are encouraging for mucosal vaccine development.

Major histocompatibility complex class 11— and DM-dependent retrograde transport from
lysosomes to the cell surface is required to present polysaccharides to CD4* T cells. The
zwitterionic capsular polysaccharide Spl of Spneumoniae caused an accumulation of Thl-
and Th17-polarized CD4* CD44(Migh) cpe2(Iow) CD25~ memory T cells in an experimental
mouse model of cellular immunity.266 The study showed that these polysaccharides can
induce clonal expansion of CD4* T cells and increase serum immunoglobulin.

The leucine zipper transcription factor Nrf2 is important for protection against oxidant-
induced injury. Nrf2~/~ mice were found to have increased lymphocytic airway
inflammation compared with WT mice following NTHi lung challenge but also generated
significantly enhanced and persistent levels of serum antibodies against P6,267 suggesting a
role for Nrf2 in regulating NTHi-induced airway inflammation.

OMP P2, the major outer membrane porin of NTHi, was evaluated as a recombinant protein
immunogen and found to induce both mucosal and systemic immune responses with
mucosal immunization inducing antibodies to epitopes on the bacterial surface of both
homologous and several heterologous strains.268 However, systemic immunization induced
antibodies to non-surface-exposed epitopes.

A recent study by Sabirov et al2%® comparing children with AOM and healthy children
according to feeding status found an association between breastfeeding and higher levels of
antibodies to NTHi and P6 and suggested that breastfeeding might modulate the serum
immune response to NTHi and P6. Nasal vaccination provides an ideal route for delivery for
vaccines aimed at preventing otitis media. Appropriate adjuvants and formulation remain an
important subject for investigation. The efficacy of fms-like tyrosine kinase receptor—3
ligand (FIt3L) as a mucosal adjuvant formulated with the NTHi P6 protein was
demonstrated.27% A surface-exposed portion of the NTHi Hia protein expressed as a
recombinant GEMEX-Hia was used to generate antisera that mediated opsonophagocytic
killing.271

Nontypable H influenzae also has mechanisms that involve attracting specific host
complement regulators directly to the bacterial surface, as well as LOS and several outer
membrane proteins that confer resistance against complement-mediated attacks.272:273

To better understand the human immune response to M catarrhalis infection in vivo, a
specific LOS-based enzyme-linked immunosorbent assay (ELISA) containing the 3 major M
catarrhalis serotypes and a complete series of truncated LOS mutants was used to detect the
development of new antibodies to specific regions of the oligosaccharide molecule.1%6 The
study found variability in the antibody response to LOS from serotype-specific antibodies,
antibodies to the LOS of each serotype, broadly cross-reactive antibodies, to no new
antibodies. Moraxella catarrhalis secretes outer membrane vesicles (OMVs) that interact
with host cells during infection. The composition of these OMVs was recently analyzed in
detail and found to contain 57 proteins that included known surface proteins such as
ubiquitous surface proteins (Usp) A1/A2 and Moraxella IgD-binding protein (MID).169
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Many of the proteins were adhesins/virulence factors, some of which are known to aid
bacteria to evade the host defense. TLR2 was found to be involved in internalization, with
the OMVs able to modulate epithelial proinflammatory responses and UspAl-bearing
OMVs specifically downregulating the reaction, indicating these OMVs may be highly
biologically active bacterial virulence factors. The Usp proteins are also known to be
involved in complement resistance, and recently, the ability of M catarrhalis to bind C3 was
found to correlate with UspA expression, and this contributed to serum resistance in a large
number of clinical isolates.181 The study determined that the binding of C3 to UspAs was an
efficient way to block the activation of complement and to inhibit C3a-mediated
inflammation.

Implications for Practice

Short-term Research Goals

The role of various inflammatory mediators and their mechanisms of action in the
pathogenesis of AOM following viral URI need to be further studied.

Studies should examine the impact of virus quantity (viral load) in the nasopharynx
on generation of local inflammatory mediators and cytokines, local leukocyte
migration and function, quantitative bacterial count, and risk for development of
AOM. Similarly, the impact of viral load in the middle ear on disease severity and
outcome needs to be studied.

The clinical relevance of positive findings and prolonged presence of viral nucleic
acids in the MEF and nasopharynx needs to be further elucidated to better assess
the significance of asymptomatic viral infections on the pathogenesis of OM.

The role of host genetics in URI susceptibility and AOM development following
URI needs to be further explored.

Further research should be performed to evaluate if specific viruses interact or
promote the colonization of specific bacteria and to elucidate mechanisms of viral-
bacterial interaction on the mucosal level.

Further studies on the prevention of AOM by means of prevention and/or early
treatment of viral URI should be performed.

Exploit the rapid advances in bacterial genomics to understand mechanisms of
pathogenesis, molecular epidemiology, and emerging antimicrobial resistance
patterns of otitis media pathogens.

Apply genomic technology to understand the dynamics of nasopharyngeal
colonization and interaction of pathogens and commensals.

Elucidate molecular mechanisms of pathogenesis by the 3 major bacterial
pathogens of otitis media, S pneumoniae, H influenzae, and M catarrhalis. Such
studies will provide opportunities for the development of novel interventions.

Study trafficking of immune cells to the nasopharynx and the middle ear.

Characterize how the middle ear interacts in the common mucosal immune system.
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Study how viral and bacterial pathogens alter pathways of innate immunity and the
role of these alterations in pathogenesis.
Study the role of cigarette smoke in infection by otitis media pathogens.

Continue to perform tympanocentesis as part of studies at specialized research
centers to accurately monitor the etiology of otitis media and changes in etiology as
new vaccine programs are implemented.

Long-term Research Goals

Standardize viral diagnostics.

Elucidate the significance of new vs persistent viral infections.
Elucidate the precise role of newly identified viruses in otitis media.
Understand mechanisms of virus-bacteria interactions.

Characterize the microbial ecology of the nasopharynx and middle ear to reveal the
role of these complex environments in otitis media.

Clarify the role of biofilms in otitis media by further studying their role in
pathogenesis and assessing therapeutic approaches.

Continue to exploit the expanding databases and knowledge related to bacterial
genomes of otitis media pathogens.

Perform research to understand how otitis media pathogens interact with one
another and with commensals in the nasopharynx and the middle ear.

Focus efforts on global approaches to understanding the fundamental immunology
of otitis media.

Characterize pathways of innate immunity as they relate to otitis media.

Create an overall integrated map of the cytokines, chemokines, mediators, and
signaling pathways relevant to the host response in otitis media.

Elucidate the role of Tregs and the T17 axis in the host response and in protection
from otitis media.

Study the role of allergy in otitis media.

Continue a global effort for better surveillance and monitoring of the etiology and
mechanisms of otitis media in the developing world.
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Table 1

Adhesins of Moraxella catarrhalis and New Observations over the Past 4 Years
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Adhesin Putative Function New Observation Reference
MID/Hag Adhesin, binds IgD, hemagglutinin . Distinct regions of MID/Hag mediate binding 210-212
to epithelial cells and collagen
. MID/Hag is an oligomeric autotransporter
. MID/Hag mediates adherence to ciliated
human bronchial epithelial cells
MchA1, Filamentous hemagglutinin-like adhesin . Identification of 2-partner secretion locus 213,214
MchA2 that encodes a newly identified adhesin
(MhaB1,
MhaB2)
McmA Metallopeptidase-like adhesin . Identification of new adhesin 215, 216
UspAl Adhesin . CEACAML1 binding region is a trimeric 159, 173, 217-220
coiled-coil
. UspAL facilitates invasion of epithelial cells
. UspAl of some strains shows variability in
selected binding domains
. UspAl induces apoptosis of pulmonary
epithelial cells
. Expression of UspALl is upregulated at 26°C
McaP Adhesin and phospholipase B . An N-terminal passenger domain mediates 216
adherence to host cells
OMP CD OMP A-like protein, binds mucin, adhesin . OMP CD has 2 distinct cell binding domains 221
OlpA Homologous with Neisseria Opa adhesins . Newly identified genes that belong to a 222
conserved family of adhesins (OlpA has not
yet been identified as an adhesin)
. Sequence is conserved among strains
Type IV pili Adhesin, transformation, biofilm formation . Mediate adherence to eukaryotic cells 223,224

Enhance biofilm formation

Contribute to nasopharyngeal colonization in
the chinchilla model
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