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Abstract

This review summarizes a prospective, longitudinal 10-year study in Rochester NY with virtually
every clinically diagnosed acute otitis media (AOM) confirmed by bacterial culture of middle ear
fluid. Children experiencing 3 episodes within 6 months or 4 episodes in 12 months were
considered stringently-defined otitis prone (sOP). We found stringent diagnosis compared with
clinical diagnosis reduced the frequency of children meeting the OP definition from 27% to 6%
resulting in 14.8% and 2.4% receiving tympanostomy tubes, respectively. Significantly more often
RSV infection led to AOM in sOP than non-atitis prone (NOP) children that correlated with
diminished total RSV-specific serum IgG. sOP children produced low levels of antibody to
Streptococcus pneumoniae and Haemophilus influenzae candidate vaccine protein antigens and to
routine pediatric vaccines. SOP children generated significantly fewer memory B cells, functional
and memory T cells to otopathogens following NP colonization and AOM than NOP children and
they had defects in antigen presenting cells.
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Introduction

Acute otitis media (AOM) often recurs, and the impact of AOM on health costs is significant
due to direct medical costs including doctor visits, antibiotic prescriptions and referral to
otolaryngologists for surgery as well as indirect medical costs such as lost job productivity
for the parents and lost time at school or daycare for the children.! In the United States
alone, the economic burden of otitis media rose to $6 billion annually during1998-2008 in
medical treatment, surgical management, and loss of income for working parents.?

During the time frame 2006—-2016 our group in Rochester NY conducted investigations of
the otitis prone child. We applied a challenging and unprecedented study design wherein
every attempt was made to confirm each episode of clinically diagnosed AOM by
tympanocentesis. To distinguish our study population we proposed a new term for these
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children - “stringently-defined” otitis prone (SOP) when these children experienced 3 AOM
episodes in 6 months or 4 AOM episodes in 12 months.3

Study Design

Incidence

We prospectively enrolled and examined every child for nearly every illness and confirmed
nearly every clinical diagnosis of AOM by culture of middle ear fluid (MEF) using
tympanocentesis from 6 months to 36 months of age. In this manner we prospectively
identified children who became otitis prone (stringently-defined; sOP), who had infrequent
otitis, or who remained otitis free.

Subjects came from a middle class, suburban socio-demographic private pediatric practice
population. Children were seen for illness visits by one of two physician investigators, both
of whom are validated otoscopists.> Demographic data collected included family history of
AOM, day-care attendance, breastfeeding history, number and ages of siblings and tobacco
smoke exposure.# This review describes results from 760 of 840 primary care patients
evaluated at Legacy Pediatrics including >4,000 visits of which 970 were AOM episodes
where tympanocentesis was performed. The 80 excluded subjects were the result of no
samples collected after the enrollment visit due to parental refusal and subject withdrawal,
family relocation, lack of child cooperation or difficult blood draw at multiple visits. 14
episodes of possible AOM occurred that were diagnosed by physicians in Urgent Care or
Emergency Room settings and not examined and tapped the next day; these illnesses were
not included as AOM episodes. Tympanocentesis without obtaining fluid occurred in a
single ear during episodes when bilateral infection was suspected in 2% of cases but there
were no cases where a unilateral AOM vyielded a “dry tap” or where both tympanic
membranes were tapped and neither yielded middle ear pus. Subject samples from all types
of episodes were treated and analyzed the same. This study was approved by the National
Institute of Health, National Institute on Deafness and Other Communication Disorders
along with approval of Rochester General Hospital Institutional Review Board.

of Otitis Proneness and Effect of Tympanocentesis

In many prior studies the definition of OP was based exclusively on clinical diagnoses made
by primary care providers and about 30% of children in the US became classified as OP in
the first years of life>~7 We compared the frequency with which children met the definition
of OP based on clinical diagnoses made by community-based pediatricians (community
control group) with the frequency observed when the clinical diagnosis was made by
validated otoscopists but without tympanocentesis and the frequency where the sOP
definition was applied.3 In the community control group by age 2 years old the cumulative
frequency of meeting the OP definition was 27% compared to 14% of children diagnosed by
validated otoscopists in the Legacy group and 6% in the sOP (intervention) group diagnosed
by the same two validated otoscopists (Figure 1).3 We attribute the differences between the
intervention group that received tympanocentesis and that of the Legacy group that did not
receive tympanocentesis to 2 possible factors: (1) tympanocentesis helped remove pus,
bacteria and provided aeration of the middle ear space thereby removing tissue damaging
pro-inflammatory cytokine® and reducing the likelihood of biofilm formation®; and (2)
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modification of the therapy based on MEF cultures. These factors contributed to faster
recovery and health of the child and reduction in AOM treatment failure. The data provide a
reference for frequency of over-diagnosis of AOM by primary care pediatricians compared
to validated otoscopists and the benefits of tympanocentesis drainage of MEF. Figure 2
shows the percentage of children that received tympanostomy tube surgery: 14.8% of
community control children, 6.3% when diagnosed by validated otoscopists and 2.4% of
SOP children.® The data provide a reference for frequency of tympanostomy tube surgery
based on referrals to otolaryngologists by primary care pediatricians compared to validated
otoscopists and sOP children.

Differences in Pathogenesis During Viral URI Leading to AOM

A risk factor known to be associated with AOM is a preceding or concurrent viral upper
respiratory tract infection (URI).10 In our studies, at onset of AOM, 93% of the children had
clinical signs of a viral URI.11 We examined the differential impact of respiratory syncytial
virus (RSV) and parainfluenza virus (P1V) URIs on the frequency of AOM caused by Spn
and NT A/ in sOP and non-otitis prone (NOP) children as a potential mechanism to explain
increased susceptibility to AOM.12 A significant increase was found in frequency of AOM
events caused by Sprnnand NT HJ, with a concurrent RSV infection in sOP children but not
with PIV. These results correlated with diminished total RSV-specific serum IgG, higher
viral nasal burdens and lower serum 1gG neutralizing capacity. To investigate the interface of
a diminished neutralizing antibody response to virus and correlative heightened viral
replication in relation to neutrophil phagocytic function during AOM, an ex vivo phagocytic
assay was developed. We found neutrophils isolated from the blood of children infected with
RSV or PIV had a reduced capacity to ingest Spn in both groups of children with greater
significant interference caused by RSV. Hence, the lower innate and adaptive immune
responses to RSV in sOP children resulted in slower kinetics of viral clearance from the NP
and allowed for viral interference with innate antibacterial immune responses, thus
contributing to increased frequency of AOMs.

Immunological Features of Stringently Defined Otitis Prone Children

There are many factors that may contribute to children with recurrent AOM who we define
as SOP3 such as environmental, epigenetics, anatomical and inheritable genetics. The focus
of our work has been to study differences in pathogenesis and the immunological causes for
otitis proneness and point towards possible immunotherapeutic treatments for recurrent
AOM. The approach we have taken is to dissect the immune response elements of antibody
response, B and T cells and professional antigen presenting cells (APCs) is depicted in
Figure 3.

Serum Antibody Immune Responses to Otopathogens After

Nasopharyngeal Colonization and AOM

Nasopharyngeal (NP) colonization is a natural immunization event and most children have
been colonized once or multiple times with Spn, NT H7 or Mcat at some point during early
childhood. Therefore, we undertook studies to determine the serum antibody levels in sOP
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and NOP children to Spn proteins, PhtD, LytB, PcpA, PhtE and Ply, and to NT A/ proteins
D, P6 and OMP26. Specifically, we investigated antibody levels as children transitioned
from 6 to 30—36 months old, following colonization and AOM and during convalescence
from AOM. All the proteins selected were candidates for inclusion in multi-component
vaccines targeting the respective organisms.

Spn proteins

We evaluated the Spnantigen-specific serum IgG titers in SOP and NOP children associated
with NP colonization. Among the Spnantigens, IgG titers to PhtD, LytB, PhtE, and PlyD1
were significantly lower in sOP than in NOP children, whereas PcpA levels were not
significantly different between the groups as shown in Figure 4.11 At their acute AOM visit,
serum antibody titers to PhtD, LytB, PhtE and Ply in sOP children were significantly lower
compared to NOP children (p <0.05) and children with AOM treatment failure (AOMTF) (p
<0.05).13 Comparing acute to convalescent titers after AOM we found that SOP and NOP
children had no significant change in geometric mean IgG titers against the five proteins, but
detailed analysis showed that about one-third of the children in each cohort had a 2-fold rise
in antibody to the studied antigens.11 We concluded that SOP and AOMTF children mount
less of an 1gG serum antibody response than NOP children to Spn proteins following AOM
and NP colonization.

NTHi proteins

We compared the serum antibody responses to NT AHi proteins P6, protein D and OMP26 in
sOP and NOP children during NP colonization and AOM.1 The 1gG titers following NP
colonization against P6, protein and OMP26 in sOP children were significantly lower
compared to NOP children. Comparing acute to convalescent titers after AOM, sOP children
had no significant change in total 1gG against all three proteins, while NOP children had
significant increases to protein D.

Since bactericidal activity is one of the main host mechanisms in bacterial clearance, we
tested the functionality of the serum antibodies in a bactericidal assay. Antibodies to protein
D and P6 but not OMP26 were bactericidal to the homologous infecting AOM NT Hi
strain.15 Levels of protein D and P6 but not OMP26 antibodies were higher in bactericidal
sera compared with non-bactericidal sera. For five (24%) and 16 (76%) of 21 bactericidal
sera tested, removal of anti-protein D and P6 antibody, respectively, resulted in a two- to
fourfold drop in bactericidal antibody. As observed in the previous study, antibodies to
OMP26 did not make any contribution to the overall bactericidal activity in any serum
samples.

Mcat proteins

We selected 5 Mecat surface proteins to study as candidates for an AOM vaccine in children
6-30 months of age.16 Thus far, all 5 Mcat antigens evaluated showed a significant rise in
serum IgG levels over time in healthy children from 6-30 months of age (p<0.001), with a
rank order as follows: Msp22 = OppA > OMPCD = Hag = PilA2. We have recently
commenced study of these antigens in sSOP children.
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Antibody Responses Following Routine Vaccinations in otitis prone

children

Our results of differing antibody responses in sOP versus NOP children highlight an
important immunological dysfunction in sOP children. This phenomenon we describe as
neonatal-like because subsequent studies demonstrate immunologic immaturity as the
mechanism.1” A question arose as to whether sOP children would also elicit lower antibody
responses to pediatric vaccine immunizations. We analyzed sera collected from sOP children
for 1gG concentrations to diphtheria toxoid, tetanus toxoid, pertussis toxoid, filamentous
hemagglutinin, pertactin (DTaP), polio, hepatitis B, H. influenzae type b capsule
polyribosyl-ribitol-phosphate (PRP) and Spn capsular polysaccharide conjugate vaccine.

IgG protective titers to diphtheria toxoid, tetanus toxoid, pertussis toxoid, filamentous
hemagglutinin, pertactin, hepatitis B, polio 3 and Spn 23F but not polio 1,2, PRP or Spn 6B,
and 14 were decreased in SOP versus NOP children.1” A high percentage of SOP children
had non-protective antibody titers to current pediatric vaccines that persisted until 24 months
of age despite routine vaccination boosters. Vulnerable sOP children likely do not contract
vaccine-preventable infections because they are protected by herd immunity.

Adaptive Immune Cell Responses

Memory B Cells

Antigen specific memory B cells act as reservoirs for serum antibody maintenance that, on
antigen reencounter and with adequate help from CD4 T cells, can proliferate into plasma
cells and lead to an increase in the serum antibody levels. We determined the percentages of
memory B cells to the Sprantigens, PhtD, LytB, PcpA, PhtE, and Ply, in sOP and NOP
children at the time of AOM or NP colonization with Spn.18 We found significantly lower
percentages of memory B cells in SOP children to 3 Spn protein antigens (PhtD, PhtE, and
Ply) compared to NOP children Figure 5.16 The percentage of circulating PhtD-specific
memory B cells correlated with serum IgG levels to PhtD.

Knowing that a high percentage of sOP children also fail to elicit protective antibody levels
to standard pediatric vaccines!’, we studied memory B cell responses to DTaP vaccine
antigens diphtheria toxoid (DT), tetanus toxoid (TT) and pertussis toxoid (PT) of sOP and
NOP children.1® We found similar proportions of CD19* B cells in the lymphocyte
population in both groups of children but significantly lower percentages of memory CD19*
CD27* B cells in sOP children. The frequencies of DT, TT or PT-specific memory B cells in
sOP children were significantly lower compared to NOP children. We also found a
significant correlation between 1gG levels and memory B cell frequencies for DT, TT and
PT antigens in both SOP and NOP children. This is in agreement with earlier reports that
antigen-specific memory B cells persist years after vaccination and correlate with humoral
immunity.19

The overall results suggested that the antigen-specific B cell memory populations in SOP
children have a mechanistic dysfunction, interfering with proliferation or differentiation into
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plasma cells. The end result of this dysfunction is that SOP children have lower immune
responses to vaccine antigens administered parenterally.

Memory CD4 T Cells

We studied the generation of different subsets of memory CD4 T-helper cells (Th-1, Th-2,
and Th-17) to the Spnand NT Hi protein antigens discussed above.2% sOP and NOP children
were compared for pathogen-specific CD4 T-helper memory responses by stimulating
PBMCs with 6 Spnnor 3 NT H/protein antigens. Table 1 shows cytokine response level
comparison of sSOP versus NOP CD4 T-helper memory cells to the antigens. To determine
whether there was an intrinsic T-cell defect in SOP children, we stimulated the PBMCs with
Staphylococcal Enterotoxin B (SEB) and observed no difference in the percentage of
memory CD45RALOW CD4 T cells producing IFN-y, IL-4, IL-2 or IL-17a in SOP vs. NOP
children (see Figure, SDC 1).2! The results from this study showed that SOP children have
suboptimal circulating functional T-helper memory cells after colonization and after AOM
and this immune dysfunction contributes to susceptibility to recurrent AOM infections.

Innate Immune Responses

Professional Antigen Presenting Cells

Activation of antigen presenting cells (APCs), as part of the innate immunity response, plays
a significant role in the quantity and quality of the adaptive immune response. Single-
stranded viral RNAs are recognized by TLR7 and 8 in the endosomal membrane and
triggering of these leads to release of type 1 IFNs and cytokines that modulate immune
responses.?2 We found that APCs isolated from PBMCs of sOP children have lower
expression of TLR7 during RSV infections compared to NOP children.12 No difference was
observed in TLR8 expression from either population during RSV infections.

We investigated whether APCs of sOP infants elicited any defects that might account for the
dysfunction we detected in otopathogen-specific antibody, B-cell memory and T-cell
memory responses.23 APC phenotypic counts, MHC I expression and intracellular cytokine
levels were determined in response to TLR 7/8 (R848) stimulation.24 No significant
differences in APC activation or function were observed. Innate immune mRNA levels of
various TLRs, intracellular signaling molecules as well as downstream cytokines measured
from whole PBMCs were also not found to be significantly different between sOP and NOP
infants. However, statistically significant increases in the phenotypic counts of monocytes
and conventional DCs but not plasmacytoid DCs were observed in SOP compared to NOP
age-matched infants. Higher numbers of APCs in sOP infants suggest the possibility of a
persistent mucosal inflammatory status. Overall, the data suggests that among sOP infants,
their systemic innate responses are not different compared to NOP infants.

Future Directions

We have accumulated sufficient immunologic evidence to hypothesize that sOP children
might be divided into subgroups with different immunologic and non-immunologic
explanations of otitis proneness. We discovered that analysis of antibody responses to
routine vaccines was a useful tool to identify sub-groups. We would have preferred to apply
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antibody responses following NP colonization but the variability in age when colonization
occurred, frequency with which it occurred and silent colonization events missed by our
sampling intervals precluded that approach. Using differences in antibody levels to vaccines
administered by injection at standard times to all of the children in the study cohort we
identified about 30% of our sOP population that responded with very low quantities of
antibody. We propose that this cohort suffers from frequent AOM due to immunologic
deficiencies relating to delayed maturation of their immune response (prolonged neonatal-
like immunity). 50% of the sOP children have normal responses to vaccinations and we
propose that this cohort suffers from frequent AOM due to anatomic problems (e.g.
Eustachian tube dysfunction) and/or high prevalence of risk factors for AOM (e.g. day care
attendance and excessively frequent viral URI). About 10% of the sOP children have
remarkably high immune responses to vaccination and infection and we propose that this
cohort may experience more frequent AOM because of a hyper-inflammatory response that
damages the NP and/or middle ear sufficiently to allow recurrent infections to occur.

We have begun and plan to expand our studies of specific mechanistic defects in B cells, T
cells and professional APCs of sOP children. In preliminary work we have identified sub-
optimal B cell receptor activation and altered activation of intracellular pathways in both B
and T cells in the cohort of sOP children who display deficiencies in immune responses.
APCs of those same sOP children have variable and diminished expression of TLRs that
may play a role in downstream activation of both B and T cells. We plan to use results
gathered regarding mechanistic defects in the immune cells of sOP children to begin
experiments to improve immune responses.
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Figure 1. AOM-Free Rates
Kaplan—Meier estimates of proportion children with AOM as they age in the Intervention,

Legacy and Community groups.3
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Figure 2. PET-Free Rates

Kaplan—Meier estimates of proportion children receiving tympanostomy tubes as they age in
the Intervention, Legacy and Community groups.3
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Figure 3. B-cell, T-cell and APC Responses
Recognition of infecting agent by antigen presenting cells (APC) and subsequent interaction

with T-cells. Activation of B-cells result in antibody production and long-lived memory B-
cells. Activation of CD4* T-cells via MHCII pathway produces Th1, Th2 or Th17 depending
on the cytokine stimulation. Recognition of infecting agent via the MHCI pathway activates
cytotoxic CD8™ T-cells that directly attack the infecting cell.
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Antibody levels to Spn antigens in non-otitis prone (NOP) and otitis prone (sOP) children,

age 6—24 months. Significant difference for all five antigens except for LytB (p<0.07),

comparing relative rise in 1gG serum antibody between 6 to 24 months was found in NOP
children while the difference was not significant in sOP children. Therefore must confirm
potential effectiveness of candidate vaccine proteins in this immunologically different and

vulnerable population.11
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Figure5.
During nasopharyngeal colonization with Spn or Spn-caused AOM, infection prone (SOP)

children develop a lower percentage of memory B-cells to Sprantigens PhtD, LytB, PcpA,
PhtE and Ply than NOP children. *(p<0.05)16
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Relative Cytokine-specific CD4 Memory (CD69*) T-cell responses of sOP vs. NOP

Table 1

Stimulus INF-y IL-2 IL-4 IL-17a
Spr-PhtD U(p<0.02) L(p<0.05)  L(p<0.02) (p<0.05)
Spr-PcpA 1(p<0.02)  L(p<0.005) NS 1(p<0.05)
Spr-PhtE ND 1(p<0.05) NS 1(p<0.05)
Spn-PlyD1 ND J(p<0.005) NS NS
Spr-PspA (p<0.02) (p=0.02) NS NS
SprrLytB ND NS 1(p<0.02) NS

NT Hi-P6 ND J(p<0.05)  (p<0.05) NR
NTH/F-D ND ND NS NS
NTHi-Omp26  ND 1(p<0.05) NS 1(p<0.05)

ND = Not detected in SOP; NS = No significant difference; NR = No response in SOP and NOP
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