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Editorial on the Research Topic

Otitis Media Genomics and the Middle Ear Microbiome

OTITIS MEDIA AS A CLINICAL DISEASE AND A PUBLIC HEALTH
ISSUE

Otitis media (OM), defined as inflammation of the middle ear (ME), usually occurs after ME infection and
may cause hearing loss (HL) at any age, but most frequently in early childhood when development of
speech and cognition occurs (Davis and Hind, 1999; Chonmaitree et al., 2016; Singer et al., 2018). Globally
in 2019, 64% of children 1-5 years have HL due to OM (GBD, 2021). Antibiotics are prescribed for
67-98% of children with OM (Hersh et al., 2016; Frost et al., 2020), which contributes to antibiotic
resistance and drug-specific adverse effects, even if administered appropriately (Fleming-Dutra et al., 2016;
DeMuri et al., 2017; Islam et al., 2020). 4-10% of children require surgery due to recurrent acute (RA) OM
or chronic OM with effusion (COME) (Beyea et al,, 1999; Bhattacharyya and Shay, 2020). RAOM is
diagnosed in children with >3 OM episodes in 6 months or >4 in 12 months, and COME if ME effusion
behind the intact eardrum persists for >2 months (Rosenfeld et al., 2016). Combined, these OM types and
surgery are associated with 4-11x risk of permanent HL (Rach et al., 1988; Beyea et al., 1999). RAOM/
COME cause defects in language ability, auditory perception, sound localization and auditory processing in
5-11% of school-age children, which impedes academic progress (Morrongiello, 1989; Zargi and Boltezar,
1992; Moore, 2007; Hind et al., 2011; Skarzynski et al., 2015; Graydon et al., 2017; Cordeiro et al., 2018;
Leach et al,, 2020). In 10-24% of chronic OM cases a highly destructive, cyst-like ME lesion, cholesteatoma,
can later grow and erode functionally critical bony and neural structures (Schmidt Rosito et al,, 2017).
Complications of OM/cholesteatoma besides HL include balance disorders, facial nerve paralysis, soft
tissue abscess, or intracranial infection (O’Connor et al., 2009). Cholesteatoma is treated surgically, but
often recurs (Kuo et al.,, 2012; Nardone et al., 2012). Novel strategies for prevention and early treatment of
OM are needed to decrease the health burden worldwide due to OM and HL. Unfortunately, OM and its
comorbidities remain severely understudied compared to other common diseases.

OM phenotypes (acute OM, RAOM, COME, chronic OM, cholesteatoma) are not distinct entities
but fall within a spectrum. However, the mechanisms by which common acute OM progresses in
severity despite treatment are poorly understood. Elucidation of molecular mechanisms of genetic
susceptibility in humans, and of host-microbiota interactions are key to understanding OM
progression and improving current protocols for prevention, diagnosis and treatment (Marsh
et al., 2020; Santos-Cortez et al., 2020; Thornton et al., 2020).
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WHAT THIS RESEARCH TOPIC
CONTRIBUTES TO SCIENTIFIC
KNOWLEDGE ON OTITIS MEDIA

Three reviews in this research topic (Mittal et al.; Geng et al;
Giese et al.) provide comprehensive overviews of the current
knowledge on the genomics of host-microbial interactions within
the context of OM. They enumerate the genes that have been
identified in humans and animal models as predisposing to OM,
as well as their effects on the nasopharyngeal and ME
microbiotas. Additionally, Lappan et al. summarized what is
known about two bacterial species Alloiococcus otitidis and
Turicella otitidis that are identified by sequencing in the ME
and/or external ear. They suggested studies to delineate the role of
these two bacteria in the ME, including microbiota,
transcriptomic and animal model studies to aid understanding
metabolic functions, strain heterogeneity, inflammatory effects
and changes in OM severity due to A. otitidis or T. otitidis alone,
or in concert with other otopathogens.

The Otitis Media-Related Microbiotas of the
Pediatric Middle Ear and Nasopharynx (NP)

Three microbiota studies were performed using ME and NP
samples from children with OM. Brugger et al. showed that the
NP microbiota increased in richness but decreased in evenness
with age, suggesting a personalized microbiota becoming more
similar to adults with time; e.g., increased relative abundance of
Staphylococcus and Corynebacterium. Xu et al. determined that
microbiota from nasal washes or ME fluid at onset of acute OM
were similar, but lower in biodiversity than the healthy state in the
same children 3 weeks prior. These findings highlight the
importance of temporal specificity when collecting paired NP
and ME samples for OM studies. On a different note, Kolbe et al.
found that in children with COME, the ME had less microbial
biodiversity if the child had lower respiratory tract (LRT) disease
i.e., asthma, bronchiolitis. Children with both COME and LRT
disease also had greater relative abundances for Haemophilus,
Staphylococcus and Moraxella but less Turicella or Alloiococcus in
ME fluid. Altogether these ME and NP microbiota findings will
be useful as guide in the design and interpretation of future
microbial profiling and metagenomic studies.

The Middle Ear Transcriptome in Health and
Otitis Media

Among five studies on ME gene expression, two were performed
on human samples while three studies included rodent ME
tissues. Microarray profiling of leukocytes from ME fluid of
children with COME revealed enriched hypoxia signaling
pathways and increased VEGF (compared to blood or plasma)
that decreased with age (Bhutta et al.). This was concurrent with
upregulation of inflammatory networks and increased myeloid
cell signature and neutrophil counts in mucoid ME effusions; in
contrast, lymphocytes and eosinophils were higher in serous ME
fluid. Baschal et al. performed bulk mRNA-sequencing on human
cholesteatoma and ME mucosal tissues from chronic OM
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patients, compared to published datasets from sinus and LRT.
Their main findings include 1,806 differentially expressed genes
(DEGs) and 68 enriched pathways in cholesteatoma compared to
ME mucosa, as well as DEGs (including novel genes CRI and
SAAI) and pathways that overlap among the ME, upper and
lower airways.

Ryan et al. performed the first single-cell RNA-sequencing
study of ME tissue, using wildtype, non-infected mice. They
extensively described transcriptomic profiles across 22 ME cell
types, including genes involved in innate immunity and basic
cellular pathways related to infection responses. Zhao et al.
studied the endoplasmic reticulum (ER) stress pathway,
characterizing histologic, hearing, multi-gene expression and
oxidative stress responses in inflamed mouse MEs with or
without an ER stress inhibitor. The ME inflammatory
responses were reduced by administration of ER stress
inhibitor, suggesting ER stress pathways as a potential target
for treatment of OM. Similarly, Yadav et al. demonstrated in rat
ME that Asian sand dust, in concert with pneumococcal
infection, promoted bacterial colonization, biofilm growth, cell
apoptosis, ROS production, pro-inflammatory responses, and
differential expression of host genes in multiple pathways such
as immune defence, cell differentiation and neurogenesis.
Expression of microbial genes involved with competence,
biofilm and toxin production was also increased. These
transcriptome studies serve as seminal references for future
identification of novel genes, pathways and responses to
various agents contributing to OM.

Genetic or Environmental Mouse Models
and the Otitis Media Phenotype

Three mouse models were reported within this topic. Double-
mutant Id1-Id3 mice had hearing loss, and ME fluid depending
on genotype (Zheng et al.). Histologic analysis confirmed ME
polymorphonuclear cell infiltration, fibrosis and mucosal
thickening, likely due to immune effects of Id gene knockout
(KO). In a study of Fbxol11 variants, the Jeff mouse which has an
Fbxo1I missense variant developed chronic OM and HL while the
KO-mouse only had a milder craniofacial defect and ME mucosal
thickening but no ME fluid or auditory phenotype (Kubinyecz
et al.). Profile differences in cytokine levels and cell populations
for innate or adaptive immunity were also stronger in the Jeff
mouse than the KO (Vikhe et al.). These disparate phenotypes
suggest a gain-of-function effect of the Jeff missense mutation. In
summary, these mouse models demonstrate downstream effects
of changes in the immune and TGF-beta pathways that aid
understanding of the OM phenotype.

FUTURE PERSPECTIVES

Overall, the findings in the articles included in this topic suggest
that: (A) dysbiosis in the ME and NP microbiotas according to
age, temporality with OM onset, and occurrence of LRT disease
contribute to OM susceptibility; (B) although transcriptome
studies identified novel genes and pathways that are involved

Frontiers in Genetics | www.frontiersin.org

October 2021 | Volume 12 | Article 763688


https://doi.org/10.3389/fgene.2019.01230
https://doi.org/10.3389/fgene.2019.01395
https://doi.org/10.3389/fgene.2020.00313
https://doi.org/10.3389/fcimb.2020.00051
https://doi.org/10.3389/fgene.2019.00555
https://doi.org/10.3389/fgene.2019.01176
https://doi.org/10.3389/fcimb.2019.00339
https://doi.org/10.3389/fgene.2019.01327
https://doi.org/10.3389/fgene.2019.01352
https://doi.org/10.3389/fgene.2020.00358
https://doi.org/10.3389/fgene.2020.00495
https://doi.org/10.3389/fgene.2020.00323
https://doi.org/10.3389/fgene.2021.508750
https://doi.org/10.3389/fgene.2020.00498
https://doi.org/10.3389/fgene.2020.00498
https://doi.org/10.3389/fgene.2020.00050
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Santos-Cortez et al.

in OM susceptibility, many more genes and pathways that are
potential targets for novel therapies need to be validated or
identified; and (C) animal models remain useful in elucidating
mechanisms for OM susceptibility. Future meta-omic analyses
will help in further understanding the metabolic functions and
strain heterogeneity of bacteria in the ME and NP, and will
enable detection of microbial factors (e.g,, microbial genetic variants,
serotypes) that favor resistance to antibiotics or antivirals, biofilm
formation, immune evasion, metabolic efficiency, and virulence
(Pettigrew et al., 2002; Ecevit et al., 2004; Ehrlich et al., 2005; Shen
et al,, 2005; Pettigrew et al,, 2006; Buchinsky et al., 2007; Hiller et al.,
2011; Pettigrew et al., 2011; Thomas et al.,, 2011; Pettigrew et al., 2012;
Lewnard et al., 2016; Hu et al,, 2019; Hammond et al., 2020; Harrison
et al,, 2020). Virulence factors of otopathogens may also identify
candidate antigens for novel vaccines (Mottram et al., 2019). The
continued study of the confluence of clinical, environmental, genetic,
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microbiota and immune profiles of patients and animal models with
OM will also help identify OM sub-phenotypes that can be useful in
personalizing OM treatments.
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Acute bacterial otitis media is usually caused by otopathogens ascending to the
middle ear from the nasopharynx (NP). However, it is unknown if the nasopharyngeal
microbiota of children with acute otitis media (AOM) can serve as an age-dependent
or independent proxy for the microbial communities of the middle ear fluid (MEF) as
there is a lack of 16S rRNA amplicon sequencing studies simultaneously analyzing
the microbial communities of the two sites. Within this study, we performed 16S rRNA
next generation sequencing on a total of 286 nasopharyngeal swabs (NPSs) collected
between 2004 and 2013 within a Swiss national AOM surveillance program from
children (0-6 years) with AOM. In addition, 42/286 children had spontaneous tympanic
membrane perforation and, therefore, those MEF could also be analyzed. We found
that alpha [Richness, Shannon diversity index (SDI) and Evenness] and beta diversity
measurements of the nasopharyngeal bacterial microbiota showed a clear dependency
of the increasing age of the children. In more detail, bacterial richness and personalized
profiles (measured by beta dispersion) were higher and more frequent in older children,
respectively. Dissimilarity values based on the binary distance matrix of the microbiota
patterns of the NP and the MEF also correlated with increasing age. In general, positive
(PPV) and negative predictive values (NPV) of the most abundant operational taxonomic
units (OTUs) in the NP were moderately and well predictive for their presence in the
MEF, respectively. This data is crucial to better understand polymicrobial infections and
therefore AOM pathogenesis.

Keywords: nasopharyngeal microbiota, bacterial families, toddlers, acute otitis media, middle ear fluid, age

Abbreviations: CI, confidence interval; MEF, middle ear fluid; MID, multiplex identifier; nMDS, non-metric
multidimensional scaling; NP, nasopharynx; NPS, nasopharyngeal swab; OTU, operational taxonomic unit; PCV,
pneumococcal conjugate vaccine; rRNA, ribosomal RNA; SD, standard deviation; SDI, shannon diversity index.
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INTRODUCTION

Acute otitis media (AOM) is one of the most frequent pediatric
diseases with a peak incidence at 6-12 months of age and
is still responsible for high rates of antibiotic prescription
(Lieberthal et al., 2013). Conventionally, bacterial or viral
culturing of the MEF has been used as the gold standard for
establishing microbial etiology of AOM (Yatsyshina et al,
2016). Traditionally, Streptococcus pneumoniae, non-typeable
Haemophilus influenzae and Moraxella catarrhalis have been
reported as the most common bacterial causes of AOM
(Post et al., 1995; Kilpi et al.,, 2001; van Dongen et al., 2013;
Kaur et al., 2014, 2017). However, the incidences of the
pathogens causing AOM seem to be age-dependent, e.g.,
it has been reported that the incidence of pneumococcal
AOM peaks around 12 months of age, whereas the
incidence of M. catarrhalis AOM first peaks at 6 months
and H. influenzae AOM at 20 months (Kilpi et al, 2001;
Kaur et al., 2014).

A clinically important question to address, is whether
sampling the NP provides an accurate estimate of the presence
of the various microorganisms involved in otitis media as
access to the NP is much less invasive than that to the
middle ear (tympanocentesis) (van Dongen et al, 2013).
Furthermore, it is hypothesized that bacterial AOM is caused
by otopathogens residing in the nasal passages by ascension
through the Eustachian tube under disturbance of the normal
homeostasis (Coticchia et al, 2013). It has been described
that nasopharyngeal colonization with the bacterial species
most known to cause AOM is associated with middle ear
disease with odds ratios (ORs) of approximately 2 (Faden
et al., 1997; Revai et al., 2008). However, all of these studies
are culture based or used specific PCR protocols targeting
distinct species (Yatsyshina et al., 2016). There is a lack of
16S rRNA next generation sequencing studies characterizing
the whole bacterial microbiota, rather than single species,
with paired samples of NPSs and MEF of patients with
AOM as well as of studies investigating the nasopharyngeal
microbiota in toddlers and prepubertal children. Some very
recent studies by us and others analyzing either the middle
ear (Sillanpaa et al, 2017) and/or the NP (Hilty et al,
2012; Chonmaitree et al., 2017; Lappan et al, 2018) have
already shown that a broader, sequencing-based survey of the
bacterial microbiota provides additional important information
which cannot be derived by bacterial cultures. Therefore,
the overarching aim of this study was to characterize the
bacterial, nasopharyngeal microbiota in Swiss children with
AOM and to simultaneously characterize the bacterial microbiota
of MEF and NPS in patients with AOM who also had a
perforated tympanic membrane, at different ages. In more
detail we aimed at (a) characterizing the nasopharyngeal
microbiota of children with AOM aged <7 years and at (b)
simultaneously characterizing the microbiota of NP and MEF of
42 children with spontaneous tympanic membrane perforation
in different age groups in order to predict if and to what
extend the microbiota of NPS may serve as proxy for the
microbiota of MEF.

MATERIALS AND METHODS

Study Design

This study included outpatients with AOM between 2004
and 2013. All children aged less than 7 years were included.
Children were observed within a Swiss nationwide prospective
surveillance system for various diseases, which is ongoing
since 1998 and has been explained previously (Muhlemann
et al, 2003; Allemann et al, 2017). The diagnosis of AOM
episodes was done according to Centers for Disease Control
and Prevention definitions which included two or more
of the following symptoms: fever (>38°C), inflamed or
painful or retracted tympanic membrane, reduced mobility
of the tympanic membrane or fluid behind the tympanic
membrane on otoscopy. Patients were eligible to be signed
up repeatedly for each new episode of AOM (Muhlemann
et al, 2003; Allemann et al, 2017). Participating physicians
seeing AOM patients sampled the NP and provided a
sample of the MEF in case of spontaneous rupture of
the tympanic membrane. In total, 42/286 of participants
provided both, MEF and a NPS. Tympanocentesis for routine
surveillance was not intended in the surveillance system
and was fully up to the decision of the treating physician.
Participating physicians were only asked to swab MEF of
spontaneously ruptured tympanic membranes. Nasopharyngeal
samples analysis included the data from a previous study for
children age 0-1 years (Hilty et al., 2012). NPS samples from
the other age groups (>1 year but <7 years) and MEF samples
are presented for the first time in this study. The overall
AOM surveillance program is part of the governmental public
health surveillance and is therefore exempted from approval
by Institutional Review Boards. Informed consent was received
from the parents.

Sample Collection

Nasopharyngeal swabs were obtained through the nose reaching
the NP using twisted wire rayon tipped applicators (Copan
Ventury Transystem; Copan, Italy), and MEF were gained
using the identical or cotton tip swabs (Allemann et al,
2017). Concerning the latter, the amount of time between
spontaneous perforation and collection of samples was
not recorded. With each sample, practitioners submitted a
standardized questionnaire comprising the following patient
data: age, gender, vaccination status, preceding antibiotic
therapy, day care attendance, AOM history (number of
otitis media episodes within the last 12 months) and
place of residence. Culture and subsequent serotyping for
S. pneumoniae was done for all NPS and MEF as described
(Allemann et al., 2017).

PCR Amplification and Amplicon
Sequencing of 16S rRNA Genes
Amplification by PCR and amplicon sequencing has been
described elsewhere (Hilty et al., 2012). In brief, DNA was
extracted using 200 pl of transport medium, followed by
amplification of bacterial 16S rRNA variable regions V3-V5
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by MID tagged primer pair 341F/907R (Escherichia coli
numbering). The final primer sequences including MID and
adaptor sequences were A-341F 5'-cgtatcgcctecctegegecateag-
[NNNNNNNNNN]J-ACTCCTACGGGAGGCAGCAG-3' and
B-926R, 5'-ctatgcgecttgecagecegetcag-[NNNNNNNNNN]-
CCGTCAATTCMTTTGAGTTT-3'. PCR reactions were
eluted by 40 pl double distilled water and the eluate was
measured by Agilent 2100 Bioanalyzer (Agilent Technologies,
Basel, Switzerland). PCR products with a concentration
<1.0 ng/pl were excluded from the study. This corresponds
to <1 pg/pnl bacterial DNA as evaluated by quantitative PCR
of pneumococcal DNA at different dilutions (Mika et al,
2015). A minimum of 1 pg/ul of bacterial DNA has been
suggested as the cut-off when dealing with low density sample
material (Biesbroek et al., 2012). Resulting PCR products were
evenly pooled (40 ng), whereas every MID was used once,
resulting in eight amplicon pools (Hilty et al., 2012). The
amplicon pools were sequenced using the 454 sequencing
platform. The resulting reads were submitted to the National
Center for Biotechnology Information Sequence Read Archive

(accession numbers SRR077426, SRR086165, SRR086166,

and PRJEB23228).

Analysis of Sequence Reads

Several quality control steps were performed for the “raw” 454
sequence reads to circumvent artificial inflation of diversity
estimates (Kunin et al., 2010). First, forward reads were trimmed
to 230 base pairs (bp) with shorter reads being rejected. The
length of 230 bp was selected because the quality scores generally
dropped for bases after this cut off as we have already previously
shown (Hilty et al., 2012). After the additional trimming of
MID and primer sequences, the actual sequences subjected
to microbial diversity analysis were 200 bp long. It has been
previously hypothesized that the 200 bp long forward reads
are appropriate for accurate microbial community analysis (Liu
et al., 2007). Second, reads having any unresolved bases (“N”s)
or homopolymers longer than 8 bp were excluded, as well as
singleton reads (reads, which appear only once in all samples
and are therefore likely to be the product of polymerase errors).
Finally, trimmed reads were filtered with a modified version of

TABLE 1 | Overview of study population/samples.

Age of patients with episodes of AOM

0-1 years 1-2 years 2-3 years 3-4 years 4-5 years 5-6 years 6-7 years
Total number of NPS 65 108 8 36 33 21 15
Year
2004-2006 30 27 2 iR 14 ihl 9
2007-2009 30 76 3 20 16 5
2010-2012 5 5 3 5 3 2 1
Day care visits
Yes 24 40 3 18 11 4 1
No 40 59 5 18 21 16 13
NA
Region
East 25 41 1 18 23 9 7
West 39 67 7 18 8 12 8
NA
Gender
Female 35 51 4 17 10 10 6
Male 30 56 4 19 23 iRl 9
NA 0 1 0 0 0
Vaccination status
PCV7/PCV13 yes 31 68 14 4 1 0
no 30 35 21 29 20 14
NA 4 5 1 0 0 1
Antibiotics during the last 8 weeks
No 42 74 5 34 31 21 15
Yes 15 26 3 2 1 0 0
NA 8 8 0 0 1 0 0
AOM history
No 36 49 0 20 23 16 9
>1 previous episode 26 50 7 14 7 1 2
NA 3 7 1 2 3 4 4

AOM, acute otitis media; NPS, nasopharyngeal swabs; PCV, pneumococcal conjugate vaccine.
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the quality filtering script in Pyrotagger (Kunin and Hugenholtz,
2010). The script removes first reads containing sequence error(s)
in its MID and/or primer, and then discards reads in which over
15% of bases show a quality score lower than 20.

Taxonomic Assignments and Calculation
of Relative Bacterial Abundances of
Operational Taxonomic Units (OTUs) and
Bacterial Families

Pyrotagger was also used for the definition of OTUs, estimation

of chimeras, and taxonomy assignments as previously described
(Hilty et al., 2012). In brief, reads were clustered at a 97%

sequence identity threshold using the Pyroclust algorithm.
Putative chimera clusters flagged by Pyrotagger were discarded.
The most abundant unique sequence was then chosen as a
cluster representative and classified by comparison to Phylodb,
which contains reference sequences exported from Greengene
and SILVA databases (Kunin and Hugenholtz, 2010). An in house
perl script was additionally used to collate family level taxonomic
abundance for each sample by summing the number of reads
belonging to a given family.

Within this study, the five most abundant families were
analyzed separately, whereas all the remaining families were
grouped as “others.” These analyses included the calculations
of mean values and SEM (standard error of the mean) of the
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FIGURE 2 | Within-community diversity [Richness (S), Shannon Diversity Index (SDI) and Evenness] analysis in different age groups. Values of S (A), SDI (C), and
Evenness (E) were obtained at different ages (0-6 years of age). However, the residuals of the models for S and SDI were not normally distributed and, therefore,
were log transformed (A-D). To correct for the dependency nature of the study, linear mixed models including fixed effects were also done and fitted values of S (B),
SDI (D), and evenness (F) were plotted throughout time. Richness and Evenness values reveal an increase and decrease in older children, respectively. Fitted values
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relative abundances per age group (0-1, 1-2, 2-3, 3-4, 4-5, 5-6,
and 6-7 years).

Alpha Diversity Calculations of NPS

Alpha diversity [Richness (S), SDI, and Evenness], referred to as
within-community diversity (Lemon et al., 2012), was assessed
for OTUs based on 97% sequencing identity.

Richness is defined by the total number of OTUs while
evenness refers to the similarity in OTU relative abundance
in a bacterial community. Shannon’s index accounts for both
abundance and evenness of the species present. Values were
calculated in R', using the respective function of the vegan
package. SDI and Richness values were log-transformed to
achieve normally distributed residuals. Values of log-transformed
Richness (S), log-transformed SDI, and Evenness were grouped
according to the age of the study participant and regression
analysis was performed. Shannon or Shannon-Weaver (or
Shannon-Wiener) index is defined as H = —sum p_i log(b) p_i,
where p_i is the proportional abundance of species i and b is the
base of the logarithm.

Evenness index is defined as J' = H'/H'pa.x, where H’
is the number derived from the SDI and H'. is the
maximum possible value of H'. To correct for the dependency
nature of the study, a linear mixed model including fixed
effects [different age groups, the year of sampling, previous
antibiotic treatment of the patient (yes or no), region of
origin (West or East of Switzerland) and day care attendance

Uhttp://www.R-project.org

(yes or no)] was done using the package lme4 in R (Im
command). SDI and Richness values were log-transformed
to achieve normally distributed residuals and outcomes were
visualized according to the different age groups [e.g., for SDI:
model.sdilog < —lm(df.SDI$SDIlog~df.SDI$age + df.SDI$year
+ df.SDI$antibiotic + df.SDI$Region + df.SDI$day_care,
na.action = na.exclude)].

Beta Diversity Analyses of NPS

Beta-diversity (between-sample diversity) was measured by the
weighted Ruzicka index (abundance-based) and the unweighted
Jaccard index (presence/absence-based) of dissimilarity.
Jaccard index is computed as 2B/(1+B), where B is Bray-
Curtis  (d[jk] = (sum abs(x[ij]-x[ik])/(sum (x[ij]+x[ik])))
dissimilarity using the binary = TRUE flag. Ruzicka index is
calculated identical to the Jaccard index but binary = FALSE.
Pairwise distances between samples were received by the
vegdist function and the resulting matrices were included
to create NMDS plots (metaMDS function). Significant
groupings between samples were assessed by a permutational
multivariate analysis of variance using 1000 Monte Carlo
permutation tests (PERMANOVA; adonis function). The
multivariate dispersion of each sample group was determined by
calculating the average distance (based on Jaccard and Ruzicka
indices) to the sample type’s centroid using the betadisper
function, and significant differences were assessed with Tukey’s
Honest Significant Difference Test (TukeyHSD function).
Boxplots and NMDS plots were generated in R utilizing the
ggplot2 package.
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Analyses of Paired Samples (NPS
and MEF)

Heat maps of the most abundant OTUs were plotted
using the ComplexHeatmap function in R. Dissimilarity
values between paired NP and MEF samples were derived
by the weighted Ruzicka (abundance-based) and the
unweighted Jaccard (presence/absence-based) distance matrices.
Sensitivity/specificity and PPV/NPV including 95% ClIs
for the most abundant OTUs and pneumococcal serotypes
were calculated. Linear correlation of weighted (Ruzitka) or
unweighted (Jaccard) paired dissimilarity values and age (in
months) of the patients with AOM were calculated using
Graph pad prism.

RESULTS

Study Population and Sample Processing

A total of 286 NPS from children (<7 years) with AOM
were collected from 2004-2013. Samples were roughly equally
distributed for sex and region of origin (i.e., west as compared

to east). Very young children (0-3 years of age) were more
likely to attend a day care and were more likely to be vaccinated
with either PCV7 or PCV13. Detailed information on the study
population, including previous antibiotic exposure and previous
otitis media episodes, is listed in Table 1. In addition, 42/286
children were reported having tympanic membrane perforation
and, therefore, provided both, MEF and a NPS. The microbiota
of all samples was analyzed. After exclusion of low-quality
reads, this resulted in 299’966 (mean, 1048.8; SD), +940) and
39726 (mean, 945.9; SD, £580.9) high quality sequence reads
for the NPS and MEF samples, respectively. Comparing the
values for extrapolated true richness and extrapolated estimated
richness indices revealed a coverage of 66.8 and 65.4% for
the NPS (Supplementary Figure 1) and MEF (Supplementary
Figure 2), respectively.

Dynamics of Bacterial Families
Within NPS

We analyzed the dynamics of the five most abundant bacterial
families (Moraxellaceae, Streptococcaceae, Corynebacteriaceae,
Pasteurellaceae, and Staphylococcaceae) and all remaining
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families (“others”). Moraxellaceae was the most abundant
bacterial family with a maximum relative abundance within
the first year of life (mean 54.7%) (Figure 1A). However,
a clear decrease of Moraxellaceae from the 3rd to the 6th
year of life was noted. In contrast, we observed an increase
of Staphylococcaceae and Corynebacteriaceae with increasing
age (Figures 1B,C). No clear monotonic changes were noted
for Streptococcaceae, Pasteurellaceae and others (Figures 1D-F)
though the relative abundance of Staphylococcaceae and
Corynebacteriacecae decreased at age 2-3 and increased between
3-4 years, and, the relative abundance of Streptococcaceae
slightly decreased between 3-4 years. Due to the low number
of NP samples at age 2-3 (n = 8), the observed non-monotonic
changes might be coincidental.

Bacterial Richness of the
Nasopharyngeal Microbiota Increases
With Age in Children With AOM

We next determined the values for the alpha diversity indices
of richness (S), SDI, and evenness based on 97% OTUs
(Figures 2A-F). The residuals of the models for S and SDI were
not normally distributed and, therefore, were log transformed
(Figures 2A-D). To correct for the dependency nature of the

study, linear mixed models including fixed effects were done
(Figures 2B,D,F). Results showed that the bacterial richness
(S) based on OTUs with 97% sequence identity, increased
with age and was highest in children with 6 years of age
(Figures 2A,B). Increase was significant using a linear mixed
effect (LM) model with fixed effects age, year of sample collection,
previous antibiotic usage, day care attendance and geographical
origin (Figure 2B) (P < 0.001). In contrast, there was no
such trend for SDI (Figures 2C,D), whereas for evenness, we
observed a significant decrease between younger and older
age groups (P < 0.001) and values were lowest at 6 years
of age (Figures 2E,F).

Beta Diversity Analyses Revealed

Clustering of NPS According to Age

We then used weighted (Figures 3A,B) and unweighted
distance matrices (Figures 3C,D) to create ordination method
based NMDS (Figures 3A,C) and multivariate dispersion plots
(Figures 3B,D) for the analysis of Beta diversity. The ordination
method based NMDS plots (Figures 3A,C) showed a distinct
clustering of the microbiota of the NP of children with AOM
according to age (PERMANOVA, unweighted: F-value: 6.6,
P < 0.01, weighted: F-value: 6.3, P < 0.01). This indicates a
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FIGURE 5 | Correlation of the microbiota of NP and MEF according to age.
Shown are the abundance (A) and presence/absence (B) based dissimilarity
values (for NP and MEF) for the children with AOM at different ages. Linear
regression lines are indicated. P-value is significant for the presence/absence
based dissimilarities (P = 0.04).

very strong effect of age on the human bacterial microbiota of
the NP. Interestingly, children at a very young age seemed to
display a significantly lower dispersion as compared to older
children (unweighted distances from the centroid; Tukey’s HSD
test; P < 0.001; Figure 3D), indicating that an increase in age
leads to a more heterogeneous microbial community structure. In
contrast, all comparisons of weighted distances from the centroid
were non-significant (Figure 3B), suggesting a stronger effect of
community structure compared to community composition on
multivariate dispersion across groups.

Microbiota of NP and MEF Show Highest
Similarity When S. pyogenes,
H. influenzae or S. pneumoniae Are the

Predominant OTUs

We then compared the NPS microbiota profiles with the
corresponding MEF profiles from 42 children. The 11 most

abundant OTUs are illustrated (Figure 4) while all others
were grouped (“others”). High dissimilarity values between the
microbiota profiles of the NPS and the MEF were received if
Staphylococcus spp. and “others” were the predominate OTUs
within the MEF. Increased similarity was seen if the predominate
OTUs within the MEF were S. pyogenes, Streptococcus mitis group
(includes S. pneumoniae) and H. influenzae.

Calculation of the correlation between dissimilarity values
and age of the children with AOM (Figures 5A,B) revealed a
significant positive correlation for the presence/absence-based
dissimilarity values (Figure 5B), which was not the case for the
abundance-based values (Figure 5A).

Finally, we determined the sensitivity/specificity of
individual OTUs and the pneumococcal serotypes for the
prediction of corresponding MEF results (Table 2). Highest
sensitivity/specificity values were achieved for S. pyogenes
and the pneumococcal serotypes. For one patient, the
serotyping results were discordant which might be due to
multiple colonization of different S. pneumoniae (Brugger
et al., 2009, 2010). Concerning the other OTUs, some were
more often found in the MEF (especially Turicella spp.)
while the opposite was true for e.g., Corynebacterium spp.,
Moraxella spp. and H. influenzae. In general, positive predictive
values (PPV) revealed a considerable, pathogen-dependent
variability while the negative predictive values (NPV)
were found to be consistently high for most of the
OTUs (Table 2).

DISCUSSION

This study analyzed the bacterial microbiota profiles from
286 children with AOM (286 NPS and 42 MEF). In the
NP, we noted an increase in bacterial richness and beta
dispersion with age and a decrease in evenness (Figures 2, 3).
This indicates the development of a more distinct bacterial
microbiota profile toward the end of the sixth year of
life. In addition, we found high similarity of the bacterial
microbiota of NPS with MEF if the predominant OTU within
the MEF was S. pyogenes, H. influenzae, or S. pneumoniae.
The opposite was true for Staphylococcus spp. and others
(Figure 4 and Table 2).

We performed 454 sequencing in our study, a technique
which has been replaced by more high-throughput platforms,
e.g., llumina. However, the nasal microbiota has a rather simple,
low-diversity profile (Escapa et al, 2018) and in order to
achieve an approximate OTU coverage of 70% (which is mainly
recommended) there is no need for a large amount of sequencing
reads (Hilty et al., 2012). In addition, 454 sequencing produced
longer reads (as compared to Illumina) which increased the
resolution for OTUs. Most importantly, our protocols have been
systematically investigated as we have previously done validation
work on mock communities using a similar design (Brugger
et al, 2012). This included using different primers [i.e., 8F
(for V1-V5) versus 341 F (for V3-V5)] and investigating the
detection limit of bacteria (i.e., mock communities) which are
very well known to be present in the NP of children. Using the
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TABLE 2 | Sensitivity and specificity MEF/NP based on pneumococcal culture and presence and absence of the eight most frequent OTUs in the NPS and

ears, respectively.

NP+MEF+ NP—-MEF- NP-MEF+ NP+MEF- Sensitivity Specificity PPV, % NPV, %
(95% CI) (95% CI) (95% ClI) (95% CI)
Pneumococcal culture 10* 18 2 12 83 (52 — 98) 60 (41 =77) 45 (33 — 58) 90 (71 —97)
OTU name
SMG 23 3 2 14 92 (74 — 99) 18 (4 —43) 62 (56 — 68) 60 (22 — 89)
Moraxella spp. 10 9 1 22 91 (59 — 100) 29.0 (14 — 48) 31 (25 -38) 90 (56 — 98)
H. influenzae 8 18 3 13 73 (40 — 94) 58.1 (39 — 75) 38 (26 — 52) 86 (69 — 94)
Staphylococcus spp. 10 13 14 5 42 (22 — 63) 72.2 (47 — 90) 67 (45 — 83) 48 (37 — 59)
S. pyogenes 6 33 2 1 75 (35 —97) 97 (85 — 100) 86 (46 — 98) 94 (83 — 98)
Corynebacterium spp. 2 28 1 11 67 (9 —99) 72 (55 —85) 15 (7 —32) 97 (85 —99)
Acinetobacter spp. 1 36 1 4 50 (1 —99) 90 (76 — 97) 20 (6 —57) 97 (90 — 99)
Turicella otitidis 0 31 10 1 0(0—31) 97 (84 — 100) 0 76 (74 —77)

*Serotyping revealed that in 9 of 10 isolates, the serotype was identical in the middle ear fluid (MEF) as compared to the nasopharynx (NP). SMG, Streptococcus mitis
group,; OTU, operational taxonomic unit; PPV, positive predictive value; NPV, negative predictive value; Cl, confidence interval.

primer 8, the detection limit was about 30 genome copies p1~!
with the exception of H. influenzae and M. catarrhalis (100
copies pl~1). As for the observed difference of the detection
limit, this is probably due to a SNP present in the conserved
region of the forward primer 8F and therefore suboptimal
PCR efficiency. There are no SNPs in the primer regions of
341F and 907R for the bacteria mentioned above and we
therefore concluded this primer pair being appropriate for the
study of the bacterial microbiota of the NP. Using Illumina
MiSeq, the same primer design cannot be used as the reads are
not long enough.

There is a lack of studies like ours describing the
nasopharyngeal bacterial microbiota in children with AOM
up to 7 years of age. However, data exists for infants at a younger
age describing a distinct profile for the first 3 months of life
with increased relative abundances of Staphylococcaceae and
Corynebacteriaceae (Laufer et al., 2011; Biesbroek et al., 2014a,b;
Mika et al., 2015; Teo et al., 2015; Bomar et al., 2017; Salter et al,,
2017). In our study we found an increase of Staphylococcaceae
and Corynebacteriaceae in children older than 3 years. This may
indicate the transition toward a more “adult’-like composition
of the microbiota as these two families are very often identified
within the adult microbiome (Frank et al., 2010; Camarinha-
Silva et al., 2014; Bomar et al., 2017). This transition may take
place due to a more mature immune response resulting in less
episodes of AOM in older children. In addition, common to
our and other studies using molecular or conventional culture
methods are the high (relative) abundances of Moraxellaceae and
Streptococcaceae within the first 2 years of life (Faden et al., 1994,
1997; Bogaert et al., 2004, 2011; Hilty et al.,, 2012). However,
in our study, we show that the abundance of Moraxellaceae
drastically decreases in children aged more than 2 years.

A further major finding of our study was the discovery
of a significant increasing correlation of age and dissimilarly
of the microbiota of NP as compared to the MEF. Based on
bacterial cultures, a recent study has observed that S. pneumoniae
and non-typeable Haemophilus influenzae nasopharyngeal
colonization increases significantly between 6 and 30-36 months
of age, but as children get older the relationship between

potential otopathogen in the NP with detection in MEF is
weakened (Kaur etal., 2014). Similarly, a high prevalence of
nasopharyngeal colonization but low frequency of S. pneumoniae
as an etiology of AOM with age, especially after children became
>18 months of age has been reported (Syrjanen et al., 2005).
Our bacterial microbiota-based analyses showed similar findings
as compared to culture-based studies. However, NP microbiota
patterns from children below 2 years of age are still not very good
surrogates of MEF cultures in children as dissimilarity values
were quite high.

A recent systematic review of the literature reported the
concordance between culture test results of the NP and MEF
samples for the most prevalent microorganisms in children with
otitis media (van Dongen et al, 2013). Culture-based AOM
studies revealed higher PPVs (for H. influenzae and S. aureus)
and lower PPVs (for M. catarrhalis) as compared to our study,
respectively (van Dongen et al., 2013). As for S. aureus, this might
be in part due to the fact that all MEF in this study were derived
from cases with spontaneous tympanic membrane perforation
which have been reported to contain a higher proportion of
S. aureus (Brook and Gober, 2009).

However, with the exception of S. aureus, we received much
higher NPVs as compared to culture-based studies. Our NPVs
were also higher if compared to a study which was using a series of
polymerase chain reactions in order to detect bacteria (Yatsyshina
et al,, 2016). This means that high-throughput sequencing of the
bacterial microbiota of the NP results in decent NPV for finding
the pathogens within the MEF while this is not the case for the
PPVs (with the exception of S. pyogenes).

Recently, Man et al. (2018) compared the microbiota of NP
and MEF in almost 100 Dutch children under 5 years of age with
AOM in children with tympanostomy tubes and also reported a
high overall NPV (on OTU level) suggesting that the NP might
be the main source of MEF bacteria in otitis media. The overall
PPV was 0.4 (95%CI 0.39 - 0.42) which is in line with our results.
However, significant quantitative correlations between NP and
tympanostomy tube otorrhea (TTO) samples for Haemophilus
influenzae, S. aureus, and P. aeruginosa abundance were reported
(Man et al., 2018). In agreement with our results, T. otitis was
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associated with MEF supporting its role as an otopathogen
(Man et al., 2018).

This study has some major strengths. First, we have included
a large number of NPS (n = 286) from children with AOM at
different ages (up to <7 years of age). Patients were recruited
from different outpatient settings from a well-defined sentinel
network and medical diagnosis was done based on CDC case
definition. In addition, we have included 42 paired samples of
NPS and MEF allowing the investigation of the appropriateness
of the NP as a proxy for the microbiota of the MEF. Apart
from 16S rRNA sequencing, we also performed culturing for
S. pneumoniae and subsequent serotyping for all positive samples.

This study has also some major limitations. Within our
study, we did not investigate homogeneity of nasopharyngeal
microbiota at the different locations of the nose of children
with AOM. However, results from a recent study suggest
that the microbiota at the different locations of the nose of
children with AOM is almost homogeneous, irrespective of
the clinical signs (Kaieda et al., 2005). We also only analyzed
the bacterial microbiota and did not include virus detection
in this study (e.g., by shotgun metagenomics sequencing). In
addition, MEF collection was biased toward aggressive forms
of AOM as only material of spontaneous perforations was
collected which resulted in only 48 NP/MEF paired analyses.
Also, based on the design of the surveillance program the
information about the exact duration of the AOM episode as
well as the time of tympanic membrane perforation was not
recorded. Furthermore, sample acquisition was not standardized
(i.e., no tympanocentesis samples) which could have resulted
in contamination with skin flora. Thus, we cannot rule out
that otitis externa might have been diagnosed as AOM in some
cases (this could be reflected by the higher relative abundance
of Staphylococcaceae in MEF compared to NPS, however,
the pneumococcal isolation from NPS highly matched with
pneumococcal isolation in MEF).

Further studies investigating the development of the bacterial
microbiome including AOM should follow a prospective design
(using a power calculation based on our results) to reduce the risk
of unmeasured confounders.

CONCLUSION

In conclusion, this study revealed varying nasopharyngeal
bacterial microbiota patterns according to age and moderate to
high NPVs for the prediction of MEF OTUs based on analyses
from the NP in a subset of children with spontaneous tympanic
membrane rupture where we simultaneously characterized
the bacterial microbiota of NPS and MEF. The NP of
children with AOM serves as a moderate and insufficient
proxy for the bacterial communities of the MEF at a
very young and more advanced age, respectively. Given
these results as well as previous culture (or species-specific
PCR) based studies, the nasopharyngeal bacterial microbiota
does not necessarily reflect the one of the middle ear in
AOM and should only be used with caution for clinical
decision decision-making. This might be in part due to the

complex disease pathology in AOM, which also involves
viruses and biofilms.
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Chronic otitis media with effusion (COME) is a common childhood disease characterized
by an accumulation of fluid behind the eardrum. COME often requires surgical
intervention and can also lead to significant hearing loss and subsequent learning
disabilities. Recent characterization of the middle ear fluid (MEF) microbiome in pediatric
patients has led to an improved understanding of the microbiota present in the middle ear
during COME. However, it is not currently known how the MEF microbiome might vary
due to other conditions, particularly respiratory disorders. Here, we apply an amplicon
sequence variant (ASV) pipeline to MEF 16S rRNA high-throughput sequencing data
from 50 children with COME (ages 3—-176 months) undergoing tube placement. We
achieve a more detailed taxonomic resolution than previously reported, including species
and genus level resolution. Additionally, we provide the first report of the functional
roles of the MEF microbiome and demonstrate that despite high taxonomic diversity,
the functional capacity of the MEF microbiome remains uniform between patients.
Furthermore, we analyze microbiome differences between children with COME with
and without a history of lower airway disease (i.e., asthma or bronchiolitis). The MEF
microbiome was less diverse in participants with lower airway disease than in patients
without, and phylogenetic B-diversity (weighted UniFrac) was significantly different
based on lower airway disease status. Differential abundance between patients with
lower airway disease and those without was observed for the genera Haemophilus,
Moraxella, Staphylococcus, Alloiococcus, and Turicella. These findings support previous
suggestions of a link between COME and respiratory illnesses and emphasize the need
for future study of the middle ear and respiratory tract microbiomes in diseases such as
asthma and bronchiolitis.
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INTRODUCTION

Chronic otitis media with effusion (COME) is characterized by
an accumulation of fluid behind the eardrum which persists for 3
months or more, typically without signs of inflammation (Minovi
and Dazert, 2014). COME is a leading cause of hearing loss
in children, especially in developing countries (Monasta et al.,
2012), and can result in learning disabilities and educational
problems (Williams and Jacobs, 2009). Approximately 80% of
children worldwide will have experienced an episode of COME
by age 10 (Minovi and Dazert, 2014).

More than half of COME cases are preceded by acute
otitis media (AOM), which are most commonly caused by
bacterial infection with Streptococcus pneumoniae, Moraxella
catarrhalis, and Haemophilus influenzae (Minovi and Dazert,
2014; Qureishi et al., 2014). However, the role of these pathogens
or other components of the middle ear microbiome in COME
is less well-understood. All three of these pathogens have been
identified in middle ear fluid (MEF), as well as Alloiococcus
otitis, Turicella otitidis, and Staphylococcus sp. (Harimaya et al.,
2006; Guvenc et al., 2010; Jervis-Bardy et al., 2015; Chan et al.,
2016; Lappan et al., 2018). Interestingly, several of these same
species have been linked to the development of asthma and the
asthma microbiome, particularly M. catarrhalis and H. influenzae
(Bisgaard et al., 2007; Castro-Nallar et al., 2015; Pérez-Losada
et al., 2015). However, the relationship between asthma and the
middle ear microbiome, particularly in the context of COME, is
not known.

Several studies have observed a relationship between otitis
media (OM) and respiratory illnesses such as asthma and
bronchiolitis. Bronchiolitis is a lung infection that most
commonly affects young children at the same age as typical
AOM incidence and is associated with airway inflammation
and congestion. Asthma is a chronic condition characterized by
airway inflammation and increased mucus production, and can
result in shortness of breath, coughing, and wheezing, typically
at an older age. Bacterial AOM is a common complication
associated with bronchiolitis (Andrade et al., 1998; Gomaa et al.,
2012). Similarly, large-scale studies in Germany and Mexico
have observed that AOM episodes in infancy increases the risk
of asthma development later in life (Eldeirawi et al., 2010;
MacIntyre et al., 2010). Similar relationships have been observed
between COME and asthma. A retrospective study of tube
placement patients with COME found a significantly higher rate
of asthma diagnosis at follow-up compared to children of the
same age, as well as different clinical presentations of COME
including mucoid effusion and a higher rate of multiple tube
placements (Gamble et al., 1992). Interestingly, COME has also
been associated with other atopic diseases such as allergic rhinitis
(Alles et al., 2001; Luong and Roland, 2008; Kreiner-Moller
et al.,, 2012). Although the directionality of this relationship is
unclear, some have hypothesized that chronic inflammation due
to asthma or other atopic diseases can reduce eustachian tube
opening and impair mucociliary function (Alles et al., 2001;
MaclIntyre and Heinrich, 2012). Gamble et al. (1992) suggested

Abbreviations: AOM, acute otitis media; ASV, amplicon sequence variant; COME,
chronic otitis media with effusion; OM, otitis media.

that COME in asthmatics is not an isolated disease, but rather
the result of atopic disease affecting the mucociliary system of the
entire respiratory tract. While the link between bronchiolitis and
COME has not been explored as extensively, it is possible that
inflammation due to bronchiolitis could have a similar effect. At
present, however, the nature of the relationship between COME
and respiratory illnesses is poorly understood.

Microbiome dysbiosis has been well-characterized in the
respiratory tract associated with asthma and bronchiolitis (Hilty
et al.,, 2010; Huang et al., 2011; Marri et al., 2013; Castro-Nallar
et al., 2015; Pérez-Losada et al., 2015; Hasegawa et al., 2016;
Mansbach et al., 2016; Kozik and Huang, 2018), but it is not
currently known whether this dysbiosis extends to the middle
ear, particularly when associated with COME. In this study,
we sought to characterize the MEF microbiome associated with
COME in patients with and without asthma or bronchiolitis.
To accomplish this goal, we re-analyzed the 16S rRNA high-
throughput sequencing data previously published by Krueger
etal. (2017), incorporating new metadata relating to lower airway
disease diagnosis as well as analyzing the metabolic function
of the microbial communities. Furthermore, we built upon
the previous study by utilizing an amplicon sequence variant
(ASV) approach which enhances taxonomic classification and
reproducibility (Callahan et al., 2017). This study provides new
insight into the MEF microbiome in COME, as well as MEF
microbiome changes associated with asthma or bronchiolitis.

MATERIALS AND METHODS

Sample collection and DNA sequencing methodology for
this study were previously described (Krueger et al., 2017).
Briefly, middle ear effusion samples were collected from 50
children with chronic otitis media undergoing myringotomy
with tympanostomy tube placement at Children’s National
Health System in Washington, D.C. The cohort ranged from
3 to 176 months of age, with 34 boys and 16 girls. Out of
the 50 children, nearly three-fourths suffered from significant
hearing loss (36/50). None of these children were treated with
antibiotics for 2 weeks prior to sampling. Other (non-antibiotic)
medication use was not recorded for this study. Thirteen of
the children were diagnosed with lower airway disease such as
asthma or bronchiolitis. To fit the categorization of being positive
for these, the children needed to meet any of the following
criteria: (1) history of pulmonary physician-diagnosed asthma;
(2) documented chronic wheezing being treated with a daily
respiratory inhaler; or (3) PCR (+) for rhinovirus bronchiolitis
diagnosis. Although asthma and bronchiolitis are considered
different respiratory illnesses, there often is a spectrum of disease
over time and they cannot be reliably distinguished in young
children. Therefore, we evaluated them together as lower airway
disease in this study.

DNA purification from MEF was performed using the
QiaAmp mini kit (Qiagen) and extracted following the MiSeq
SOP protocol described in Kozich et al. (2013). The V4 region of
the 16S rRNA gene was amplified and libraries were sequenced
using the Illumina MiSeq at University of Michigan. Negative
controls did not amplify, indicating that bacterial DNA was not
present in the reagents, and therefore were not sequenced.
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Raw fastq files from Krueger et al. (2017) were re-processed
using dada2 version 1.12 (Callahan et al., 2016). This pipeline
offers improved taxonomic resolution and reproducibility
compared to OTU-based methods (Callahan et al., 2017). Reads
were filtered using standard parameters, with no uncalled bases,
maximum of two expected errors, and truncating reads at a
quality score of two or less. Forward and reverse reads were
truncated after 240 and 225 bases, respectively. The standard
dada2 pipeline was then applied to perform amplicon sequence
variant (ASV) inference, merge paired reads, and identify
chimeras. Singleton ASVs are discarded in the dada2 pipeline
(Callahan et al., 2017). Taxonomic assignment was performed
against the Silva v132 database (Quast et al., 2013) using the
dada2-formatted training files for taxonomy and species-level
assignment (Callahan, 2018). ASV sequences were aligned using
MAFFT (Katoh and Standley, 2013) and used to build a tree
with FastTree (Price et al., 2010). The resulting ASV tables and
phylogenetic tree were imported into phyloseq (McMurdie and
Holmes, 2013) for further analysis.

Functional analysis of microbial communities was performed
with PICRUSt2 (Douglas et al., 2019), following the standard
pipeline. First, ASVs were aligned to reference sequences
using HHMER (Howard Hughes Medical Institute, 2018) and
placed into a reference tree with EPA-NG (Barbera et al,
2019) and GAPPA (Czech and Stamatakis, 2019). Hidden-state
prediction was performed using castor (Louca and Doebeli,
2018), and along with the ASV abundance table generated by
dada2, used to generate metagenome predictions. Finally, KEGG
pathway level predictions were performed with MinPath (Ye and
Doak, 2009). Exploratory analysis of functional abundances was
performed in STAMP (Parks et al., 2014), and visualized with
BURRITO (McNally et al., 2018). For visualization purposes,
ASVs with <0.1% relative abundance were removed. To test for
significant associations between functional profiles and clinical
variables, general linear models implemented using MaAsLin,
with significance considered at g < 0.25 as recommended by the
authors (Morgan et al., 2012).

Alpha diversity indices (ASV richness and Shannon diversity)
were calculated on raw counts using the estimate_richness()
function in phyloseq and plotted with ggplot2 (Wickham,
2016). Significant differences based on asthma/bronchiolitis
status were identified using linear models with clinical metadata
(Muc5B +/—, Muc5AC +/—, significant hearing loss +/—,
gender, over/under 24 months of age, mucoid/serous fluid) from
Krueger et al. (2017) as covariables.

Prior to calculating beta diversity, read counts were
normalized for with DESeq2 (Love et al,, 2014), using the
modified geometric mean (“poscounts”) as implemented
in the function estimateSizeFactors(). Beta diversity was
calculated using the weighted and unweighted UniFrac
distances implemented in the phyloseq package. Significance
was determined by PERMANOVA using the R package vegan
(Oksanen et al., 2019) with clinical metadata as covariables.

Differential abundance testing was performed with DESeq2
(Love et al, 2014) on normalized data as described before
(McMurdie and Holmes, 2013). Using the negative binomial
model implemented in DESeq2 accounts for library size
differences and biological variability more appropriately than
rarefying or using simple proportions (McMurdie and Holmes,
2013). The same variables and covariables listed above were used
in the model formula. Significance was determined at o < 0.05.
All analyses were performed in R version 3.6 (R Core Team,
2019).

RESULTS

Taxonomic Composition of the Ear

Microbiome During Chronic Infection

On average, 98% of sequences were assigned at the genus level
(Figure 1), compared to ~84% in Krueger et al. (2017). These
included two previously unidentified genera, Achromobacter
and Pseudoflavitalea. Furthermore, species level resolution was
achieved for some ASVs. These included Turicella otitidis (6.9
=+ 2.2%), Alloiococcus otitis (6.0 &= 1.7%), and Stenotrophomonas
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maltophilia (4.6 = 1.4%), as well as several low abundance (<1%)
ASVs (Supplementary Table 1).

The taxonomic composition of the middle ear effusion is
quite diverse, with no core microbiome. Although Haemophilus,
Moraxella, and Turicella were the largest genera by mean
relative abundance, these genera were only present in
approximately half of the studied samples (27/50, 26/50,
and 26/50, respectively). Achromobacter and Pseudomonas were
the most prevalent genera, present in 39/50 and 38/50 samples,
respectively (Supplementary Table 2).

Metabolic Function of the Ear Microbiome

During Chronic Infection
The functional roles of the middle ear microbiome were
primarily classified into four groups: cellular processes (4.7 %

0.2%), environmental information processing (20.4 £ 0.3%),
genetic information processing (24.8 & 0.5%), and metabolism
(33.8 £ 0.3%). Approximately 16% were unclassified. The sub-
pathways with the largest relative abundance were Membrane
Transport (19.4 + 0.3%), Translation (13.4 + 0.4%), Amino
acid metabolism (7.6 £+ 0.2%), and Carbohydrate Metabolism
(6.3 = 0.1%). Functional profiles were similar across all patients
(Figure 2). No significant associations were identified between
the functional profiles and clinical variables using MaAsLin or
principal component analysis.

Variation of Ear Microbiome Composition

and Function During Chronic Infection
The a-diversity of the middle ear microbiome estimated by
ASV richness and Shannon diversity indices was significantly
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lower in patients with asthma or bronchiolitis than in
patients without (Figure3; p < 0.05). Mean ASV richness
in patients with asthma/bronchiolitis was 16.4 compared to
31.1 in patients without; similarly, mean Shannon diversity
in patients with asthma/bronchiolitis was 0.96 compared to
1.72 in patients without. a-diversity did not vary significantly
between other clinical variables, including age, gender, significant
hearing loss, mucoid/serous effusion, and presence of Muc5B
and/or Muc5AC.

In contrast, principle coordinate analysis with weighted
UniFrac distances and analysis with PERMANOVA indicated
significant  differences in p-diversity between patients
with/without significant hearing loss and asthma/bronchiolitis
status (Figure 4A). These variables were not significant
in principle coordinate analysis with unweighted UniFrac
distances (Figure 4B).

Differential abundance testing with DESeq2 identified
several ASVs that varied significantly in the relative mean
proportions with respect to asthma/bronchiolitis status, after
accounting for variation in other clinical and demographic
variables. Haemophilus, Staphylococcus, and Moraxella were
significantly higher in children with asthma or bronchiolitis,

DISCUSSION

Chronic otitis media with effusion (COME) is the leading
cause of hearing loss among children and affects as many as
80% of children by age 10 (Minovi and Dazert, 2014). Here,
we present novel insights from the 16S data presented in
Krueger et al. (2017), using amplicon sequence variants (ASVs)
instead of OTUs, as well as evaluating links to diagnosed lower
airway disease.

Using exact sequence variants instead of OTUs allows for
greater precision and reproducibility in taxonomic assignment
(Callahan et al., 2017, 2019; Edgar, 2018; Knight et al., 2018;
Xue et al, 2018). Previous OTU-based approaches typically
functioned by clustering sequences based on a 97% similarity
threshold, and then assigning these clusters to reference tree-
based OTUs. These approaches did not incorporate sequence
quality information or statistical information about the reads
into taxonomic assignments, and were therefore losing valuable
information (Callahan et al, 2017). Using exact sequence
variants improves estimations of diversity and taxonomic
predictions, especially for communities which have not been
studied extensively (Callahan et al., 2017; Caruso et al., 2019).

whereas  Turicella and  Alloiococcus were  significantly With the approach implemented in dada2 (Callahan et al,
lower (Figure 5). 2016), we were able to achieve species level classifications
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for multiple ASVs, three of which were present at a mean
relative abundance >1%. Of these, Alloiococcus otitis and
Turicella otiditis have been previously identified as typical
components of the OM microbiome (Tano et al., 2008;
von Graevenitz and Funke, 2014; Lappan et al, 2018). In
contrast, Stenotrophomonas maltophilia has not been described
in many middle ear microbiomes, despite being identified as
the source of numerous human diseases including respiratory
infections (Brooke, 2012). However, recent work by Kalcioglu
et al. (2018) identified S. maltophilia in tympanosclerotic
plaques isolated from an individual undergoing surgery due to
COME. Therefore, S. maltophilia may be found in a subset
of COME patients, particularly those who have developed
tympanosclerosis. Interestingly, S. maltophilia was not found
in cholesteatomas in the same study, indicating it may serve a
specialized role (Kalcioglu et al., 2018).

Furthermore, OTUs that had been previously classified at the
family level only were able to be defined at the genus level now
using dada2. These were Achromobacter (relative abundance:
6.6%, family: Alcaligenaceae) and Pseudoflavitalea (relative
abundance: 5.3%, family: Chitinophagaceae). Pseudoflavitalea is a
newly described genus that currently has only been isolated from
soil samples (Kim et al., 2016); its potential role in human disease
is unknown. On the other hand, Achromobacter xylosoxidans
was initially isolated from ear discharge from OM patients
(Yabuuchi and Ohyama, 1971) and was recently identified in
cholesteatomas of multiple individuals with COME (Kalcioglu
et al., 2018). Members of the Achromobacter genus, specifically
Achromobacter xylosidans, have been shown to be opportunistic
respiratory pathogens, particularly in patients with cystic fibrosis
or immune deficiencies (Swenson and Sadikot, 2015). Given
that Achromobacter was the most prevalent genus identified
(present in 39/50 samples), with a mean relative abundance of
6.6%, further work on the role of Achromobacter in COME
is warranted.

The high inter-patient variation and lack of core microbiome
indicates that there is no typical middle ear microbiome
associated with COME (Figure1). In contrast to previous
reports that found the middle ear microbiome to be dominated
by a single genus, typically from Alloicoccus, Moraxella, or
Haemophilus (Guvenc et al., 2010; Jervis-Bardy et al., 2015),
the middle ear microbiome in this study was highly variable,
generally compromising at least two high-abundance genera.
This difference may be due to the finer resolution of the ASV
pipeline implemented in dada2, and the larger quantity of data
retained by not rarefying the counts. Furthermore, even the
“typical” agents associated with AOM—namely, Haemophilus,
Moraxella, and Streptococcus—were absent in ~50% of the
samples from our COME patients. These results highlight the
complexity of the middle ear microbiome associated with COME,
which is perhaps expected given that a multitude of risk factors
and potential etiologies have been identified for COME.

To our knowledge, we present here the first characterization
of microbiome function in the middle ear. Although taxonomic
composition varied dramatically between patients, microbiome
function was remarkably similar across all patients (Figure 2).
This supports the idea that microbial community functions often

converge despite different taxonomic compositions (Human
Microbiome Project, 2012; Louca et al, 2018). These will
include core functions that are essential for microbial life,
such as translation (Human Microbiome Project, 2012), which
was highly abundant in our analysis. Interestingly, one of the
top functions of the middle ear microbial community was
“Membrane Transport,” which includes a wide range of genes
such as transporters, the phosphotransferase system, and the
bacterial secretion system. In our case, the majority of genes
were subcategorized in the general category “Transporters.”
In previous human microbiome studies, membrane transport
has been identified as an abundant component of the healthy
laryngeal microbiome (Jette et al., 2016) and associated with
gut microbiome dysbiosis in irritable bowel disease and obesity
(Greenblum et al., 2012). Further work is necessary to understand
if these functions represent unique roles of the microbial
community during COME, or if overlapping functions are
present in AOM and healthy MEF microbiome.

Microbial diversity varied significantly between COME
patients with and without asthma/bronchiolitis (Figures 3-5).
Measures of a-diversity indicated that both richness and evenness
were lower in COME patients with asthma or bronchiolitis.
Although a-diversity of the lower respiratory tract has been
shown to be higher (Huang et al., 2011; Marri et al., 2013) or
unchanged (Goleva et al., 2013) in asthma patients, Castro-Nallar
et al. (2015) showed decreased a-diversity in the nasal cavities
of asthma patients compared to healthy patients. Decreased
a-diversity has also been observed in microbiome profiles
associated with increased risk of bronchiolitis (Hasegawa et al.,
2017). Therefore, it is possible that the upper and lower
respiratory tracts exhibit distinct trends in asthma patients, with
decreased a-diversity in the upper respiratory tract extending to
the middle ear and increased a-diversity in the lower respiratory
tract. This would lend credence to the theory of a unified
airway, which suggests that upper and lower airway disease
share a pathophysiologic origin, being induced by a commonality
in allergic or non-allergic reproducible mechanisms (Giavina-
Bianchi et al., 2016). To this point, it is noteworthy that in
patients with an allergic asthmatic etiology, a parallel type
of allergic inflammatory response is noted in the middle ear
(Nguyen et al., 2004). Moreover, patients with asthma are well-
known to present with comorbid conditions which contribute
to respiratory symptoms, including allergic rhinitis and chronic
rhinosinusitis. Epidemiological and pathophysiological links
have been described between these conditions (Massoth et al.,
2019). This study’s microbiome data builds on this point,
suggesting an association between asthma and otitis media.
However, due to potential bias between different methodologies,
further work using paired samples would be necessary to confirm
this hypothesis.

Using the weighted UniFrac distance method, we observed
significant differences in PB-diversity based on two clinical
variables: significant hearing loss and asthma/bronchiolitis
diagnosis (Figure4). The association with significant hearing
loss was previously observed in Krueger et al. (2017) and
was also confirmed here with the present methods; however,
the relationship with lower airway disease status was not
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previously tested. In contrast to other P-diversity methods,
UniFrac distances take into account the phylogenetic distance
between ASVs. The weighted UniFrac distance additionally
considers the abundance of ASVs, whereas the unweighted
UniFrac only considers presence/absence (Lozupone et al,
2007). Interestingly, the unweighted UniFrac distance was not
significant for any of these three variables. This indicates that
similar patterns of presence/absence were evident but ASV
abundance varied between patients with asthma/bronchiolitis
and significant hearing loss.

Differential abundance analysis with DESeq2 (Love et al,
2014) indicated that four of the five most abundant genera,
Haemophilus, Turicella, Alloiococcus, and Moraxella, were
differentially abundant between patients with and without

asthma/bronchiolitis  (Figure 5).  Staphylococcus was  also

Phylum
Alloiococcus otitis ‘ Y
. Actinobacteria
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Turicella oitidis | o @ Froteobacteria
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Haemophilus A .
g z > 3 3
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FIGURE 5 | Differentially abundant genera/species (p-adjusted < 0.05) in MEF
of patients with lower airway disease diagnosis. Positive logs-fold change
indicates increased abundance in patients with asthma or bronchiolitis;
negative log,-fold change indicates decreased abundance. Each dot
represents one ASV.

significantly higher in patients with lower airway disease.
These results highlight a potentially significant difference in the
microbiome of COME patients with asthma or bronchiolitis.
Both Haemophilus and Moraxella have been studied extensively
in the asthma and bronchiolitis-related microbiome (Hilty et al.,
2010; Vissing et al., 2013; Castro-Nallar et al., 2015; Pérez-Losada
et al,, 2015, 2017, 2018; Hasegawa et al., 2016; Mansbach et al.,
2016); therefore, it is particularly interesting that these genera
were found in greater abundance in asthma patients with COME.
Early airway colonization with Haemophilus and Moraxella has
been associated with asthma or bronchiolitis development later
in childhood (Bisgaard et al., 2007; Vissing et al., 2013), and both
have been found in higher abundance in patients with asthma or
bronchiolitis (Hilty et al., 2010; Vissing et al., 2013; Castro-Nallar
et al, 2015). Staphylococcus-dominated airway microbiomes
has also been associated with an increased risk of bronchiolitis
(Hasegawa et al., 2017). In contrast, Turicella otiditis and
Alloiococcus otitis have been isolated almost exclusively from the
human ear and have frequently been attributed to OM (Tano
et al., 2008; von Graevenitz and Funke, 2014; Boers et al., 2018).
The absence of these species from other parts of the upper
respiratory tract has led to a debate about whether they are
OM pathogens or part of commensal microbiota. However, it is
striking that pathogens associated with asthma and bronchiolitis
are increased in COME with lower airway disease, whereas
pathogens typically associated with OM are decreased. These
results suggest a potential link between the microbiome of the
respiratory tract in children with lower airway disease and the
microbiome associated with COME. Alternatively, the different
microbial communities in patients with comorbid respiratory
illnesses could be reflective of disease severity and increased
pathogen load in the middle ear. In this study, significant
hearing loss served as a proxy for symptom severity and was
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included in models for differential abundance in DESeq2. It is
also possible that medications commonly prescribed for patients
with lower airway disease such as corticosteroids could influence
the microbiota present in both the lower and upper airways.
Denner et al. (2016) showed that corticoid steroid use affects
microbiome composition in the lower airways; however, it is
not currently known whether this effect would extend to the
upper airways. Future work should consider additional metrics
of disease severity as well as medication use when evaluating this
potential link between the middle ear and respiratory illnesses.

A large body of work suggests a link between atopic disease
and OM, and particularly COME. These associated atopic
diseases include allergic rhinitis (Alles et al., 2001; Kreiner-
Moller et al,, 2012; Roditi et al., 2016), eczema (Maclntyre
et al., 2010), and asthma (Gamble et al., 1992; Eldeirawi et al.,
2010; MacIntyre et al., 2010; Bjur et al, 2012), but the same
associations are not always reproduced between studies, leading
to significant debate about the nature of these associations
(Zernotti et al, 2017). Gamble et al. (1992) hypothesized
that COME in asthmatics is not an isolated disease, but
instead represents an atopic disease affecting the mucociliary
system of entire respiratory tract. Similarly, inflammation from
bronchiolitis could result in impaired mucociliary clearance
and make the middle ear more susceptible to pathogens.
The interesting decrease in specific ear-trophic OM pathogens
(Alloiococcus and Turicella) accompanied by an increase in
asthma- and bronchiolitis-associated pathogens (Haemophilus,
Moraxella, Staphylococcus) in asthma and bronchiolitis patients
supports the theory that respiratory disease-associated COME
may have a distinct etiology than COME in children without
respiratory illnesses (Gamble et al., 1992; Zernotti et al., 2017).
Although the directionality of this relationship is unknown, our
findings show that COME in children with lower airway disease
is characterized by a distinct microbiome, which may also explain
the higher frequency of COME complications such as mucoid
effusion and COME recurrence observed in asthma patients
(Gamble et al., 1992). The relationship between these diseases
and their respective microbiomes should be further investigated
in future work.

CONCLUSIONS

In this study, we performed a detailed characterization of the
composition and function of the middle ear microbiome in
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Acute otitis media (AOM) is the most common pediatric infection for which antibiotics are
prescribed in the United States. The role of the respiratory tract microbiome in pathogenesis
and immune modulation of AOM remains unexplored. We sought to compare the
nasopharyngeal (NP) microbiome of children 1 to 3 weeks prior to onset of AOM vs. at
onset of AOM, and the NP microbiome with the microbiome in middle ear (ME). Six children
age 6 to 24 months old were studied. Nasal washes (NW) were collected at healthy
visits 1 to 3 weeks prior to AOM and at onset of AOM. The middle ear fluids (MEF) were
collected by tympanocentesis at onset of AOM. Samples were stored in Trizol reagents or
phosphate-buffered saline (PBS) at —80°C until use. The microbiome was characterized by
16S rRNA gene sequencing. Taxonomic designations and relative abundance of bacteria
were determined using the RDP classifier tool through QIME. Cumulative sum scaling
normalization was applied before determining bacterial diversity and abundance. Shannon
diversity index was calculated in Microsoft excel. The relative abundance of each bacteria
species was compared via Mann-Whitney U test. We found that the NW microbiome of
children during healthy state or at baseline was more diverse than microbiome during AOM.
At AOM, no significant difference in microbiome diversity was found between NW and MEF,
although some bacteria species appear to differ in MEF than in NW. The microbiome of
samples stored in PBS had significant greater diversity than samples stored in Trizol reagent.

Keywords: nasopharyngeal microbiome, middle ear microbiome, acute otitis media, 16S rRNA, Shannon Diversity,
sample storage

INTRODUCTION

Acute otitis media (AOM) is one of the most common bacterial infections in children for which
antibiotics are prescribed in the United States of America (Vergison et al., 2010; Monasta et al.,
2012). The three major bacterial pathogens Streptococcus pneumoniae, Haemophilus influenzae, and
Moraxella catarrhalis are among hundreds species of commensal microbiomes in the respiratory
tract. Current prevention and treatment options are being continuously eroded by emergence of
new otopathogen strains (Pettigrew et al., 2012). It is estimated that each year, more than 5 million
AOM cases occur in the US (Monasta et al., 2012; Suaya et al., 2018). The annual total cost is
about $6 billion in the US for health care of OM including $3 billion to 4 billion in direct costs
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for treatment of OM, and the most frequent surgery in children
(after circumcision) involving insertion of tympanostomy tubes
(Nsouli 2019).

Nasopharyngeal (NP) colonization by potential bacterial
respiratory pathogens is a frequent event in early childhood, and
initial, necessary step in pathogenesis of respiratory bacterial
infectious diseases such as AOM, conjunctivitis, sinusitis,
chronic obstructive pulmonary disease, and pneumonia in
children (Bogaert et al., 2004; Libson et al., 2005; Syrjanen et al.,
2005; Revai et al., 2008; Littman and Pamer 2011; Chonmaitree
et al.,, 2017). Previous studies have shown that the microbiome
plays an important role in modulating immune homeostasis and
disease susceptibility (Duan et al., 2003; Kuss et al., 2011; Littman
and Pamer 2011). A large portion of this research has focused
on the gut microbiome and susceptibility to enteric pathogens
(Sekirov et al., 2008; Kuss et al., 2011). The role of the respiratory
tract microbiome in pathogenesis and immune modulation of
AOM remain unexplored. Middle ear (ME) microbiome has
been reported in chronic otitis media (Santos-Cortez et al.,
2016; Krueger et al., 2017; Boers et al., 2018; Johnston et al,,
2019), and NP microbiome is associated with pathogenesis
of upper respiratory traction infection and AOM (Lappan
et al., 2018). None of these studies investigate changes in NP
microbiota during onset of AOM. Here we sought to compare the
microbiome in nasal wash (NW) of children 2 to 3 weeks prior
to their onset of AOM (but otherwise healthy) versus those same
children at onset of AOM, and compare their NW microbiome
with ME microbiome during AOM.

MATERIALS AND METHODS

Study Cohorts and Samples

The NW and middle ear fluid (MEF) samples were previously
collected under a US National Institutes of Health-funded study
of AOM. The study design and sample collections have been
described in previous publications (Xu et al., 2012; Pichichero
2016). Briefly, healthy infants without previous episodes of
AOM were enrolled at 6 months of age and NW samples were
prospectively collected at 6, 9, 12, 15, 18, 24, and 30 to 36 months
of age. Whenever the children were diagnosed with AOM,
tympanocentesis was performed on the same day. MEF samples
were handled aseptically and kept on ice during transport to
the lab, where it was processed immediately to confirm the
diagnosis with microbiologic culture for otopathogens. The study
was approved by the Institutional Review Board of Rochester
General Hospital, and written informed consent was obtained
from parents or guardians of all children. Samples were either
directly stored in 1 ml phosphate-buffered saline (PBS) at —80°C,
or centrifuged at 3,000 rpm for 10 min at 4°C, after which the
pellets were stored in 1 ml of Trizol reagents (Sigma) at —80°C
until use for microbiome analyses.

16S rRNA Gene Sequencing Analysis

Bacteria DNA Extraction: Bacterial ribonucleotides from NP
and MEF were extracted by FastPrep bead beating lysis in TRI
Reagent (Ambion) and purified on a Zymo-Spin™ IC column

(Zymo). Integrity of the purified nucleotides was assessed on an
Agilent BioAnalyzer. The V1-V3 region of bacterial 16S rRNA
genes were amplified using dual-indexed coded primers (Fadrosh
et al, 2014) and Phusion High-Fidelity Polymerase (Thermo
Fisher). V1-V3 amplicons were purified and normalized using
SequalPrep™ Normalization plates (Life Technologies), pooled,
and validated on an Agilent BioAnalyzer. The final library was
paired-end sequenced (2 x 300 bp) on an Illumina MiSeq. The
individual amplicons were pooled for sequencing. This approach
routinely yields high quality sequence data, with ~40 K reads
per sample and assembly of 550 bp overlapping amplicons from
the paired-end reads for each sample. This depth of sequencing
coverage results in a high likelihood of identifying rare taxa.

To minimize the variations from sample processing, both
DNA extraction and 16S rRNA gene sequencing analysis were
simultaneously performed for all the samples.

Processing of 16S rRNA Sequence Reads: Raw data in the form
of BCL files were processed into 2x300 FASTQ format paired
end read files using Illumina's bcl2fastq version 1.8.4 without
demultiplexing and with the EAMMS algorithm disabled. After
preprocessing, the open source software package, Quantitative
Insights Into Microbial Ecology (QIIME) (Caporaso et al., 2010),
was used to remove low quality sequences and chimeras and to
perform bacterial community quantification, description, and
analyses. Specifically, assembled 16S rRNA reads were truncated
at the beginning of the first 30 base window with a mean Phred
quality score of less than 20 or at the first ambiguous base,
whichever came first. Sequences were aligned and then processed
by complete linkage clustering using a maximum cluster distance
cutoff of 3% (97% identity) to define operational taxonomic
units (OTUs). These OTUs were used to calculate Shannon and
evenness diversity indices (Lozupone et al., 2007; Lozupone and
Knight 2008).

Taxonomic Description of the Respiratory Microbiome:
Taxonomic designations of our sequences was done using the
RDP classifier tool, which uses a naive Bayesian method for
taxonomic assignment and can be accessed through QIIME
(Wang et al., 2007; Caporaso et al., 2010). The taxonomic OTU
proportion was used to describe the NP and ME microbiomes
within our population. Rank abundance plots were made listing
the most frequent taxonomic OTU's within NP and ME samples.
We note OTUs that are present in a given stratum but absent or
at low levels in other strata. The differences in the abundance of
individual taxa of interest between samples grouped by outcomes
were analyzed by Mann-Whitney U test.

Statistical Analysis

Shannon diversity index was calculated in Microsoft excel based
on the equation H = —pri ln(pi) . which p; is the portion of
species i among the total population of n species in a sample.
To minimize the discrepancy in data collection, only data from
samples processed in Trizol were included in the comparison
between healthy and AOM patients, in which three samples
with the lowest DNA reads were excluded. Paired one-tailed
t test was performed to measure the statistical significance
between Shannon indexes using the GraphPad Prism software.
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The relative abundance of taxa was compared between samples
by Mann-Whitney U test.

RESULTS

Comparison of NP Microbiome at Onset of
AOM and During Health Prior to AOM

From our sample inventory, we identified six cases of children
with a diagnosed AOM who happened to have a prospective
healthy visit without any symptoms of URI or AOM at 1 to 3
weeks prior to AOM. This enabled us to perform a self-case-
control analysis of NP microbiome during health vs. at onset of
AOM. The results are summarized in the Table 1 and Figures 1
and 2. We found that the NP microbiome had significantly
greater diversity during health than at onset of AOM (Figure 1).
The genus whose abundance was >1% were 6 + 3 (mean *
SE) in the NW during health, 3 + 1 in the NW during AOM,
and 3 + 2 in the MEF during AOM (Figure 2A and Table 1).
The most abundant microbiome at genus level were Moraxella
(36.89%), Streptococcus (21.65%), Haemophilus (14.16%),
Corynebacterium (11.31%), Veillonella (2.97%), and Alloiococcus
(2.12%) in NW of healthy children; Haemophilus (51.01%),
Moraxella (20.69%), Streptococcus (16.75%), Corynebacterium
(7.43%), and Alloiococcus (2.24%) in NW of AOM children; and
Haemophilus (74.05%), Streptococcus (18.43%), Corynebacterium
(3.02%), and Alloiococcus (2.91%) in MEF of AOM children
(Table 1). Mann-Whitney test was performed to identify the
OTUs that differ statistically significantly between the NWs
during health and the NWs during AOM. They were found to
be Rothia mucilaginosa, Streptococcus sp., Veillonella dispar, and
Prevotella melaninogenica (Figure 2B and Table 2). On the other
hand, more OTUs differed significantly between NWs during
health and MEFs during AOM. They included Haemophilus sp.,
R. mucilaginosa, Streptococcus sp., V. dispar, P. melaninogenica,
Porphyromonas sp., Granulicatella sp., and Alloiococcus sp.
(Figure 2B and Table 2).

Comparison of NP and Middle Ear
Microbiome at Onset of AOM

We also compared NP microbiome and MEF microbiome in
children at onset of AOM. There was no significant differences in
microbiome diversity between NP and MEF samples (p = 0.31)

(Figure 1). However, there appeared to be some difference at the
level of individual OTUs. Specifically, Veillonella was reduced
in the MEFs relative to NPs whereas Alloiococcus otitidis was
increased (Figure 2B and Table 2).

Comparison of Differences in Microbiome
Diversities of the Samples Processed With
Different Methods

We have six children whose MEF samples were stored in
Trizol reagents before microbiome analysis and five children
whose MEF samples were stored in PBS before microbiome
analysis. We found that samples stored in PBS had significant
greater diversities than those stored in Trizol (Shannon index,
Supplementary Figure 1).

DISCUSSION

The pathogenesis, development, severity, and clinical outcomes
of AOM are largely dependent on the resident composition of
the NP microbiome and immune defense and few studies have
provided an understanding of how the NP microbiome and
molecular immune responses might be manipulated to favor
the child host (Melendi et al., 2007; Alper et al., 2009; Wine
and Alper 2012). The NP is the main ecological niche of AOM
pathogens and is the site of transmission for otopathogens to
others (contagion). Imbalance of the NP microbiome diversity
(number and abundance) occurs during symptomatic infections
(Pettigrew et al., 2012; Santee et al., 2016; Chonmaitree et al.,
2017). Composition of the microbiome including the number of
different species present (diversity), and the relative proportion
of these species (evenness or abundance) are influenced by
multiple factors (Lozupone and Knight 2008; Dominguez-
Bello et al., 2010; Teo et al., 2015; Chonmaitree et al., 2017).
In a study of 65 children with AOM and 74 children without
AOM, Chonmaitree et al. (2017) have recently shown that
viral URI frequency is positively associated with an increase in
otopathogen colonization, and AOM frequency is associated
with lower Micrococcus NP colonization. They also found
during viral URI and AOM, increases in abundance in the NP of
otopathogen genera when Pseudomonas, Myroides, Yersinia, and
Sphingomonas are decreased. Finally, infant children with AOM
in the first year were shown to have significant lower abundance

TABLE 1 | OTUs with > 1% abundance in NW or MEF microbiome during health prior to an AOM (<3 weeks) and at onset of AOM.

NW during health prior to AOM

MEF at onset of AOM

Moraxella;s_ 36.89% Haemophilus;s_influenzae
Haemophilus;s_influenzae 14.16% Moraxella;s_
Streptococcus;s_ 11.85% Streptococcus;Other
Corynebacterium;s_ 11.31% Corynebacterium;s_
Streptococcus;Other 9,80% Haemophilus;Other
Moraxellaceae;g_;s_ 2.88% Alloiococcus;s_
Alloiococcus;s_ 2.12%

Veillonella;s_dispar 1.96%

Granulicatella;s_ 1.36%

Veillonella;s_ 1.01%

MEF at onset of AOM
47.80% Haemophilus;s_influenzae 67.79%
20.69% Streptococcus;Other 18.43%
16.75% Haemophilus;Other 6.26%
7.43% Corynebacterium;s_ 3.02%
3.21% Alloiococcus;s_otitis 2.91%
2.24%

Frontiers in Genetics | www.frontiersin.org

November 2019 | Volume 10 | Article 1176


https://www.frontiersin.org/journals/genetics
http://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Xu et al.

Nasopharynx and Middle Ear Microbiome

*p=0.03
”s [ -p=004 |
: o healthy(NWV)
« 201 "et ns. O AOMNW)
5 A AOM(MEF)
£ 154 n=6 n=7
b3 o A
2 aion A%
£ 4
©
-
0 054 o T
A“A
0.0

healthy(NW)  AOM(NW)
The nasal wash (NW) and MEF samples

was calculated and compared between
METHODS) by one-tailed t test.

AOM(MEF)

FIGURE 1 | Diversity of NP and ME microbiome during health and AOM.

were collected at onset of AOM

and during heath prior to the AOM with 3 weeks' time interval. The samples
were analyzed by 16S rRNA gene sequencing. Shannon diversity index

samples (see MATERIALS AND
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is indeed the case has not been reported and may serve as new
research directions in the microbiome field of AOM.
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TABLE 2 | Difference in OTUs Abundance % between Groups.

NwW MEF Mann-Whitney Test
health AOM AOM heath vs AOM health vs AOM AOM (NW) vs
(Nw) (MEF) AOM (MEF)
Haemophilus;s_influenzae 14.16 47.80 67.79 not sig p =0.027 not sig
Haemophilus;Other 0.42 3.21 6.26 not sig p =0.033 not sig
Corynebacterium;s_ 11.31 7.43 3.02 not sig not sig not sig
Streptococcus;Other 9.80 16.75 18.43 not sig not sig not sig
Rothia;s_mucilaginosa 0.88 0.08 0.00 p=0.015 p =0.0026 not sig
Streptococcus;s_ 11.85 0.22 0.03 p=0.015 p=0.015 not sig
Veillonella;s_ 1.01 0.10 0.00 not sig p = 0.0066 p =0.025
Veillonella;s_dispar 1.96 0.02 0.01 p =0.033 p =0.0042 not sig
Prevotella;s_melaninogenica 0.72 0.02 0.00 p=0.015 p =0.0042 not sig
Porphyromonas;s_ 0.36 0.03 0.00 not sig p =0.023 not sig
Granulicatella;s_ 1.36 0.11 0.02 not sig p=0.01 not sig
Haemophilus;s_parainfluenzae 0.42 0.07 0.00 not sig p =0.039 not sig
Moraxella;s_ 36.89 20.69 0.53 not sig not sig not sig
Kocuria;s_palustris 0.00 0.00 0.34 not sig not sig not sig
Staphylococcus;Other 0.55 0.03 0.15 not sig not sig not sig
Streptophyta;f_;g_;s_ 0.38 0.01 0.00 not sig not sig not sig
Lactobacillus;s_delbrueckii 0.69 0.00 0.00 not sig not sig not sig
Bifidobacterium;s_breve 0.30 0.00 0.00 not sig not sig not sig
Alloiococcus;s_otitis 0.00 0.00 2.91 not sig p =0.01 p =0.025
Alloiococcus;s_ 212 2.24 0.00 not sig p =0.033 not sig
Chlorophyta;f_;g_;s_ 0.00 0.18 0.00 not sig not sig not sig
Moraxellaceae;g_;s_ 2.88 0.00 0.00 not sig not sig not sig

Relative to the difference between NWs of healthy children and
children at onset of AOM, more OT'Us diverged in their abundance
between the MEFs of AOM children and NWs of healthy children.
This increment in disparity suggests that after establishing in the
NP, the invasion of otopathogens into ME and later growth in ME
is associated with reduced abundance of commensal bacteria. This
may be subtle and/or vary significantly among individuals, since
very few OTUs differed significantly between the NWs and MEFs
in children during AOM (Figure 2 and Table 2).

The ME microbiome has been investigated recently in children
with otitis media with effusion (OME), chronic otitis media, or
recurrent AOM (Liu et al,, 2011; Jervis-Bardy et al., 2015; Chan
et al., 2016; Minami et al., 2017; Lappan et al., 2018). Several
reports showed that the most abundant microbiome in ME of
children with OME were A. otitidis followed by Haemophilus,
Moraxella, and Streptococcus (Jervis-Bardy et al,, 2015; Chan et al.,
2016). We also observed a significant enrichment of A. ofitidis in
MEFs of AOM children, compared with NWs in AOM children
or healthy children. It is unclear if A. ofitidis is an otopathogen, a
co-pathogen that facilitates biofilm formation, or a contaminant
for the external ear canal skin flora. A prior study children with
recurrent AOM found Alloiococcus, Staphylococcus sp. and
Turicella were most abundant in the ME (Lappan et al.,, 2018),
whereas adenoids microbiome was dominated by H. influenzae,
M. catarrhalis, S. pneumoniae, P. aeruginosa, and S. aureus (Dirain
et al,, 2017). On the other hand, in chronic otitis media, Krueger
et al. reported that the Haemophilus and Moraxella were the most
abundant microbiota in the ME of children (Krueger et al., 2017),
whereas Liu et al. reported that Pseudomonadaceae dominated in
the ME, Streptococcaceae in the tonsil, and Pseudomonadaceae,
Streptococcaceae, Fusobacteriaceae, and Pasteurellaceae dominated
in the adenoid (Liu et al., 2011). In spite of the differences, our study

and others suggest a resident microbiota in the ME that differs from
NP after an initial ME infection has occurred.

Sample processing approaches and preservation methods may
impact microbiome analysis results (Choo et al., 2015; Penington
et al., 2018; Chen et al, 2019). In this study, we found that
MEF samples stored in PBS had significant greater diversity of
microbiome than MEF samples stored in the Trizol reagent after
going through centrifugations.

Our study has limitations. Contamination during samples
collection is always a concern for microbiome analysis. Contact
with the external auditory canal during MEF samples collection
may influence the accuracy in microbiome abundance of
skin colonizers such as Staphylococcus, Pseudomonas, and
Alloiococcus. (Johnston et al., 2019). The MEF samples were
collected by tympanocentesis. Although we tired our best to
avert contamination we cannot exclude the possibility contact
of the external auditory canal by the tympanocentesis needle.
Our participant cohort was small and sample size is a concern to
interpret microbiome analysis results (Johnston et al., 2019). The
16S reads did not allow differentiation at the species level for most
organisms identified; whole genome sequencing likely would
have allowed better species level results. We expected to identify
Dolosigranulum pigrum in some NP samples (Lappan et al,
2018). A recent report suggests D. pigrum may be mis-identified
as Alloiococcus species during data analyses (Lappan et al., 2018).

In summary, in this study we found that the NP microbiome
during health prior to AOM had greater diversity and are enriched
in certain commensal bacteria, compared with the NP microbiome
during AOM. The most abundant microbiota in the NP were known
potential otopathogens (Haemophilus, Moraxella,and Streptococcus)
along with nasal commensals such as Corynebacterium. At onset of
AOM, no significant difference was found in microbiome diversity
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between NP and MEE MEF may have a different microbiome
profile than the NP suggesting a resident microbiota in the ME
after a first ME infection. Sample processing and storage methods
influence microbiome analysis results.
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A comprehensive understanding about the pathogenesis of otitis media (OM), one
of the most common pediatric diseases, has the potential to alleviate a substantial
disease burden across the globe. Advancements in genetic and bioinformatic detection
methods, as well as a growing interest in the microbiome, has enhanced the capability of
researchers to investigate the interplay between host genes, host microbiome, invading
bacteria, and resulting OM susceptibility. Early studies deciphering the role of genetics
in OM susceptibility assessed the heritability of the phenotype in twin and triplet studies,
followed by linkage studies, candidate gene approaches, and genome-wide association
studies that have helped in the identification of specific loci. With the advancements in
techniques, various chromosomal regions and genes such as FBXO11, TGIF1, FUT2,
FNDC1, and others have been implicated in predisposition to OM, yet questions still
remain as to whether these implicated genes truly play a causative role in OM and to what
extent. Meanwhile, 16S ribosomal RNA (rRNA) sequencing, microbial quantitative trait loci
(mbQTL), and microbial genome-wide association studies (MGWAS) have mapped the
microbiome of upper airways sites and therefore helped in enabling a more detailed study
of interactions between host polymorphisms and host microbiome composition. Variants
of specific genes conferring increased OM susceptibility, such as A2ML1, have also been
shown to influence the microbial composition of the outer and middle ear in patients with
OM, suggesting their role as mediators of disease. These interactions appear to impact the
colonization of known otopathogens (Streptococcus pneumoniae, Haemophilus influenzae,
and Moraxella catarrhalis), as well as Neisseria, Gemella, Porphyromonas, Alloprevotella,
and Fusobacterium populations that have also been implicated in OM pathogenesis.
Meanwhile, studies demonstrating an increased abundance of Dolosigranulum and
Corynebacterium in healthy patients compared to those with OM suggest a protective
role for these bacteria, thereby introducing potential avenues for future probiotic treatment.
Incorporating insights from these genetic, microbiome, and host-pathogen studies will
allow for a more robust, comprehensive understanding of OM pathogenesis that can
ultimately facilitate in the development of exciting new treatment modalities.

Keywords: otitis media, genetics, microbiome, gene-microbe interactions, twin studies, mouse models

Frontiers in Genetics | www.frontiersin.org

38 November 2019 | Volume 10 | Article 1230


https://creativecommons.org/licenses/by/4.0/
mailto:xliu@med.miami.edu
https://doi.org/10.3389/fgene.2019.01230
https://www.frontiersin.org/article/10.3389/fgene.2019.01230/full
https://www.frontiersin.org/article/10.3389/fgene.2019.01230/full
https://www.frontiersin.org/article/10.3389/fgene.2019.01230/full
https://loop.frontiersin.org/people/324723
https://loop.frontiersin.org/people/743699
https://loop.frontiersin.org/people/324720
https://loop.frontiersin.org/people/778303
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/journals/genetics
http://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2019.01230
https://www.frontiersin.org/journals/genetics#editorial-board
http://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2019.01230&domain=pdf&date_stamp=2019-11-26

Mittal et al.

Gene-Microbe Interactions and Otitis Media

INTRODUCTION

Otitis media (OM) is one of the most common childhood
diseases. With prevalence reaching as high as 5,000,000 annually
in the United States, OM is a leading cause for pediatrician
office visits and antibiotic prescriptions each year (Kaur et al.,
2017). The associated medical expenditures account for as
high as $4.1 billion, contributing to a significant healthcare
utilization burden for both the healthcare system and patients
(Gates, 1996; Bondy et al., 2000; Coticchia et al., 2013; Ahmed
et al.,, 2014; Kaur et al., 2017). OM primarily affects children
between the ages of 6 and 24 months, with 80-90% infants likely
to experience OM disease at least once before reaching school
age despite the introduction of the heptavalent pneumococcal
conjugate vaccine in 2000 and its tri-decavalent counterpart
in 2010 (Pichichero et al., 2008; Harmes et al., 2013; Kaur
et al., 2016; Kaur et al., 2017). With resistance to standard
antibiotic treatment continuing to increase steadily, the need
for a more comprehensive understanding of OM pathogenesis
and potential treatment modalities has become an immediate
priority for pediatric and otolaryngology clinicians.

The specific diagnostic classification of OM varies according
to its clinical presentation, which is characterized by specific
signs and symptoms, disease progression, and the effectiveness
of treatment. OM can be classified as acute otitis media (AOM)
or otitis media with effusion (OME) when findings include an
accumulation of fluid (middle ear effusion) behind the tympanic
membrane (Harmes et al., 2013; Schilder et al., 2016). According
to the latest guidelines, a diagnosis of AOM requires a moderate to
severe bulging of the tympanic membrane, otorrhea, and ear pain
with erythema; in contrast, these symptoms are often absent in
OME (Lieberthal et al., 2013; Siddiq and Grainger, 2015). When
AOM/OME persists despite treatment with antibiotics and/or
surgical methods, chronic otitis media (COM), chronic otitis
media with effusion (COME), or chronic suppurative otitis media
(CSOM) may be indicated. COM is defined as recurrent infection
of the middle ear with dry tympanic membrane perforation.
COME shares a similar clinical presentation but with the addition
of continuous serous drainage, while CSOM features purulent
drainage leaking from a perforated tympanic membrane or
ventilation tube (Mittal et al., 2015; Schilder et al., 2016). Chronic
OM etiologies tend to be more serious for patients, as frequent
and/or persistent dysfunction of the Eustachian tube may lead to
significant hearing loss, thereby negatively impacting language
acquisition and behavioral development in children (Cripps and
Kyd, 2003; Santos-Cortez et al., 2016; Walker et al., 2019).

In many clinical cases, the manifestations of OM may
overlap and co-occur. Therefore, the diagnostic distinctions
between the many OM etiologies are important as they help
in determining the adequate course of treatment and expected
duration of disease. Some physicians utilize watchful waiting
even with diagnosed OM cases to allow for the activation and
response of the patient’s immune response that may help in
the clearance of infection. Symptomatic therapy is indicated
in the vast majority of OM cases, with antibiotic treatment
regimens only appropriate when cases are persistent. Surgical
methods such as tympanostomy tube or grommet insertion

are implemented when case recurrence is especially severe
(Pichichero et al., 2001; Kozyrskyj et al., 2010). Beyond guiding
treatment, however, diagnostic classifications have also been
linked to particular offending pathogenic microorganisms
despite the fact that obtaining a culture-confirmed diagnosis
is not routine in the clinical setting. Streptococcus pneumoniae,
non-typeable Haemophilus influenzae (NTHi), and Moraxella
catarrhalis are the three main otopathogens known to cause
AOM worldwide (Casey et al., 2010; Casey et al., 2013; Kaur
et al., 2017; Lappan et al,, 2018). International epidemiological
studies of Latin American and Caribbean populations have also
confirmed S. pneumoniae and NTHi as the most frequent AOM
bacterial pathogens (Bardach et al., 2011). In addition to these
known and culturable otopathogens, a growing body of research
has helped highlight how other bacterial, fungal, and/or viral
species differentially contribute to the pathogenesis of various
OM subtypes (Chonmaitree et al., 2008; Pettigrew et al., 2011;
Chonmaitree et al., 2016). For example, clinical and animal
studies both demonstrate how inflammation and microbiome
disruption of an initial viral and/or bacterial infection of the
upper respiratory tract often contributes to the pathogenesis of
AOM (Coticchia et al., 2013; Schilder et al., 2016; Dewan et al.,
2019). Progression of AOM to COM is largely believed to be due
to the complex interactions between bacterial, environmental,
and host factors. Pseudomonas aeruginosa and Staphylococcus
aureus (Mittal et al., 2015; Mittal et al.,, 2019) are the most
common pathogens associated with CSOM. However, our
current knowledge about COM, especially CSOM, is still very
limited and further studies are warranted to understand the
pathogenesis of disease.

Early studies attempted to identify the microbiological causes
of OM that were limited to culturable bacteria. However, the
expansion of 16S ribosomal RNA (rRNA) sequencing and other
culture-independent methods have allowed for the identification
of microorganisms within the nasopharynx (NP) and middle ear
(ME) that play an important role in both resident microbiota
and intruding pathogenic populations (Broides et al, 2009;
Pichichero, 2009; Kaur et al., 2010). The advancement of these
bioinformatic and genomic detection methods have allowed
researchers to incorporate insights from the host genome and
microbiome that have both deepened and complicated our
knowledge of OM pathogenesis. Decades of research have helped
uncover links between host genes and OM susceptibility, but our
expanding repository of microbiome literature across many fields
has introduced new questions regarding the host microbiota’s role
in pathogenesis, progression, and persistence of many disease
etiologies. For instance, recent studies exploring the interplay
between individual genes and microbiome composition in the
gastrointestinal system, such as the gene-microbe interaction
found to drive the development of Crohn’s disease-like colitis in
mice, suggesting the potential of this interdisciplinary approach
for future OM research (Caruso et al., 2019). The goal is that
these insights will lead to the development of novel treatment
modalities such as probiotic therapies, thereby addressing
concerns of growing antibiotic resistance amidst continuously
high OM disease burden (Lappan et al., 2018; Mittal et al.,
2018). In this article, we describe the recent developments in
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OM research that elucidate the interactions between host genes,
microbiome composition, and OM pathogenesis, and we identify
relevant gaps in understanding that should we believe should be
prioritized in future research.

Genetics of Otitis Media
Twin Studies
The first studies to assess the role of genetics in acquiring
recurrent OM were mainly twin studies (Table 1). One of these
initial studies was a retrospective study comprising of 2,750 pairs
of Norwegian twins born between 1967 and 1974 (Kvaerner
et al., 1997). A series of eight structural equation models were
constructed to estimate genetic effects, individual environmental
effects, common familial environment effects in males, and
dominance effects in females on the predisposition to develop
OM (Kvaerner et al., 1997). After selecting a model that best fit the
data, it was found that heritability of OM was estimated at 45 and
75% in males and females, respectively (Kvaerner et al., 1997). It is
important to note that, despite common misinterpretation, these
heritability values do not suggest that OM is 45 or 75% caused by
genetics. Instead, the heritability values suggest that 45 and 75%
of the variability in developing OM can be attributed to genetic
differences in the populations studied. Twin studies are vital in
guiding further scientific research to study the role of genetics in
OM. A few other important twin studies are described below.
Another study, a prospective twin and triplet study,
investigated the genetic component of recurrent ME effusion and
AOM (Casselbrant et al., 1999) (Table 1). From 1982 to 1995,
168 same-sex twin pairs and 7 same-sex triplet sets younger
than 2 months old were recruited for the study mainly from
Magee-Women’s Hospital in Pittsburgh, PA (Casselbrant et al.,
1999). Only same-sex twin and triplet sets were included in
the study due to differences in incidence of OM between males
and females. From the 168 twin and triplet sets first recruited,
126 were followed for 2 years and any episodes of ME effusion
or AOM were documented. From these 126 twin and triplet
sets, the estimated degrees of discordance for three or more
episodes of ME effusion were 0.04 and 0.37 for monozygotic
and dizygotic twins, respectively. For an episode of AOM, the
estimates of discordance were 0.04 in monozygotic twins and
0.49 in dizygotic twins. These discordance values imply that
monozygotic twins shared similar presence of illness compared
to dizygotic twins, who did not become ill in conjunction with

each other as often. These results suggest genetics play some role
in susceptibility of the illness since monozygotic twins showed
more concordance with disease than dizygotic twins. Lastly, the
heritability of recurrent ME effusion was estimated at 0.73 after
2 years, which suggests genetics plays a significant role in the
individual variation of OM cases. In 1987, researchers altered the
protocol to extend the follow-up period to 5 years (Casselbrant
et al,, 2004). Eighty-three sets of twins or triplets were followed
for 5 years, and the heritability of recurrent ME effusion within
5 years of life was estimated at 0.72, further suggesting genetics
may play a large role in susceptibility to OM (Casselbrant et al.,
2004).

To further understand the extent of genetic predisposition
for OM, the Twin Early Development Study, a longitudinal
study of same-sex twins born in England and Wales in 1994, was
conducted (Rovers etal., 2002). Unlike previous studies, this study
set out to estimate the heritability of different manifestations and
symptoms of OM compared to those of chronic airway blockage,
which frequently accompanies persistent effusion (Rovers,
2002). The researchers followed 1,373 twin pairs for 2, 3, and
4 years, assessing the occurrence of OM symptoms (earache,
ears leaking pus or mucus, pulling or scratching ears, and red
or sore ears) and chronic airway blockage symptoms (breathing
through the mouth and snoring or snorting in sleep). When the
OM and the chronic airway blockage symptoms were combined,
the heritability was estimated at 0.49, 0.66, and 0.71 for ages 2,
3, and 4, respectively. When tested separately, the heritability of
OM symptoms averaged over all years was estimated to be 0.57,
and the effect of twin shared environment was 0.18. The chronic
airway blockage symptoms when tested alone showed higher
heritability (0.72) and a lower effect of twin shared environment
(0.10) compared to those of OM. This investigation elucidates
the importance of separating the symptoms of OM from those
of chronic airway blockage instead of considering the two as
undifferentiated OM.

As briefly mentioned before, these twin studies, although a
good starting point for investigating the role of genetics in OM,
provide minimal evidence compared to other studies of genetic
causation or predisposition to developing OM. The main
reason for the poor level of evidence is that a twin study only
provides information about the role of genetics in the variation
of the disease in a population. Heritability values cannot be
used at the individual level to declare that a specific disease
is caused by genetic factors some percentage of the time. The

TABLE 1 | Significant heritability values from various twin and triplet studies.

Heritability Ages affected Case definition Reference

Males: 0.45 0-7 Individuals with recurrent ear infections before 7 years old Kvaerner et al., 1997

Females: 0.75

0.73 0-2 AOM: presence of effusion, at least one symptom (fever, otalgia, or irritability), and one sign of Casselbrant et al., 1999
inflammation (erythema, bulging/fullness, or otorrhea) OME: presence of middle ear effusion without
symptoms of AOM

0.72 0-5 AOM: presence of effusion, at least one symptom (fever, otalgia, or irritability), and one sign of Casselbrant et al., 2004
inflammation (erythema, bulging/fullness, or otorrhea) OME: presence of middle ear effusion without
symptoms of AOM

0.57 0-4 OM: earache, ears leaking pus/mucus, pulling or scratching ears, and red or sore ears Rovers et al., 2002
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other issue with twin studies is that they provide no insight as
to the specific genetic loci that may be implicated in OM, only
a general sense of genetic heritability. It is important to note
that the heritability measures are applicable/specific only to the
cohort in which they are estimated.

Linkage Studies

Besides twin investigations, there has been interest in investigating
genetic determinants of chronic and recurrent OM across the
entire genome using linkage studies (Daly et al., 2004) (Table 2).
In a linkage analysis, researchers assess the statistical linkage of
segments of the genome with the phenotype of interest among a
series of families. One study recruited individuals who received
tympanostomy tube surgery to treat chronic or recurrent OM
and their families (Daly et al., 2004). From 133 families, they
acquired 591 DNA samples, 238 of which were affected by chronic
or recurrent OM, for genetic screening. The DNA samples were
then screened for 404 fluorescent microsatellite markers and
analyzed by single- and multipoint nonparametric linkage (NPL).
The single-point NPL analyses suggested significant evidence of
linkage on chromosome 10q26.3 at marker D10S212 (LOD 3.78)
and suggestive evidence of linkage on chromosome 19q13.43
at marker D195254 (LOD 2.61). The multipoint NPL analyses
suggested strong evidence of linkage on chromosome 19q near
marker D195254 (LOD 2.53). Interestingly, the multipoint NPL
analyses showed decreased linkage on chromosome 10q near
marker DI10S212 (LOD 1.64). Conditional analyses were then
performed on samples that supported linkage on 10q and 19q
in order to potentially increase other significant regions of the
genome (Daly et al, 2004). The conditional analyses revealed
linkage for chronic or recurrent OM on a region of chromosome
3p [conditional (10q) LOD 2.43; conditional (19q) LOD 1.84;
unconditional LOD 0.60]. These analyses suggest that there exists
an interaction between several regions of the genome that plays a
role in the risk of chronic or recurrent OM.

Another study also attempted a linkage analysis to further
identify possible genes that increase the risk of OM (Casselbrant
et al., 2009). The researchers recruited families with two or
more full siblings who received tympanostomy tube insertions
due to a history of OM. Four hundred and three Caucasian

families (1,431 individuals) and 26 African American families
(75 individuals) were genotyped. The researchers carried out
an NPL analysis using 8,802 single-nucleotide polymorphisms
(SNPs) on the larger Caucasian data set, at first by itself and
then in conjunction with the African American data set. When
analyzed by itself, the Caucasian data set suggested strong
linkage on chromosome 17q12 (LOD 2.83) and 6p25.1 (LOD
2.25). There were also three other suggestive linkages on
10922.3, 7933, and 4p15.2, but these were not as significant as
the linkage on 17q12. When the data sets were combined, the
peaks on chromosomes 17, 6, and 4 became less significant,
but the linkage on chromosome 10q22.3 became more
significant. The authors also suggest that these linkage signals
are near previously implicated genes SFTPA2, IFNG, and TNF
(Casselbrant et al., 2009).

To further localize significant linkage signals, another study
set out to fine map chromosome 19, the chromosome previously
implicated in Daly et al. (2004) (Chen et al, 2011). The
researchers recruited individuals who received tympanostomy
tube surgery to treat chronic or recurrent OM and their families.
The participants included all subjects from the initial study and
an additional six new families (a total of 607 individuals from
139 families). The researchers performed an NPL analysis of
1,091 SNPs, the majority of them were from chromosome 19.
The NPL analysis suggested significant linkage on chromosome
19 at position 63.4 mb (LOD 3.75) with LOD-1 support interval
between 61.6 and 63.8 mb. This region of the genome contains
over 90 known genes and includes several genes implicated in
inflammatory and immune processes (Chen et al., 2011).

These linkage analysis studies were large leaps forward in
illustrating the potential genetics of OM because they isolated
specific genomic sequences that statistically linked with cases of
OM. Despite these promising findings, though, linkage analysis
has its limitations. In linkage analysis, there can be a significant
increase in the rate of false positives and a reduction of statistical
power (Ferreira, 2004). Therefore the results of linkage studies
should be evaluated with caution. In an attempt to overcome the
drawbacks of linkage analysis studies, researchers focused their
efforts in candidate gene approach studies to test the statistical
association between specific genes and/or markers implicated in
OM from previous studies and cases of OM in a population.

TABLE 2 | List of chromosomes implicated in otitis media based on various nonparametric linkage analyses.

Chromosome LOD score Marker Case definition Reference
10026.3" 3.78 D10S212 At least two data sources indicated positive results for ear Daly et al., 2004
19q13.43" 2.61 D195254 examination, tympanogram, self-reported history, and/

19q 2.53 Near D19S254 or medical record OR 1 data source indicated positive

10q 1.64 Near D10S212 results for above findings and current middle-ear findings

3p? 2.43 NA presumptive of COME/ROM history

3p* 1.84 NA

3p° 0.6 NA

17q12 2.83 NA Insertion of tympanostomy tube at least once for recurrent/ Casselbrant et al., 2009
6p25.1 2.25 NA persistent OM

19 3.75 63.4 mb Tympanostomy tube insertion for COME/ROM, presence of Chen et al., 2011

OM sequelae, and/or abnormal middle ear mechanics

*Single-point nonparametric linkage (NPL) analyses; all other linkages found from multipoint NPL analyses. @Conditional analysis with 10q. "Conditional analysis with

19q. °Unconditional analysis (not significant). NA, not analyzed.
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Otitis Media in Mouse Models

The mouse model is a useful tool to study and identify the
genes relevant to OM. There are genes that are essential for the
maintenance of the ME epithelial cell integrity and health and
mutations/deletion in these genes can determine predisposition
to OM: 1) Tgifl—it functions as a negative regulator of the
transforming growth factor beta (TGFp) signaling pathway. Tgif1
mutant mice have significantly raised auditory thresholds due to
a conductive deafness arising from OM (Tateossian et al., 2013).
2) Phex—the mutation in the Phex gene primarily upregulates
the expression level of the Fgf23 gene in the MEs and is linked
to predisposition to OM in mice (Han et al., 2012). Fgf23 mutant
mice have also been shown to have mixed hearing loss and
ME malformation (Lysaght et al., 2014). 3) Oxgrl—the Oxgrl
gene encodes oxoglutarate receptor 1. The ligand for OXGRI is
believed to be involved in the regulation of vascular endothelial
growth factor, an important inducer of angiogenesis and vascular
permeability. Kerschner et al. (2013) showed presence of
inflammatory cells, changes in the mucosal epithelium, and ME
fluid in Oxgrl deficient mice. 4) Mcphl—the Mcphl-deficient
mice had mild to moderate hearingloss (around 70% penetrance).
Other defects of Mcphl-deficient mice included small skull sizes,
increased micronuclei in red blood cells, increased B cells, and
ocular abnormalities (Chen et al, 2013). 5) Lmna—Lmna mutant
mice have profound early-onset hearing deficits and abnormal
positioning of the Eustachian tube accompanied by OM (Zhang
etal., 2012).

There is also evidence of the involvement of signaling pathways
and inflammatory factors involved in OM. Pai-1 knockout mice
showed significant pathological changes of tympanosclerosis
(Shin et al., 2014); mice deficient in the C5a gene have been
shown to have reduced levels of IL-6, mKC, and MCP-1, in
association with decrease in inflammatory cell recruitment,
mucosal inflammation, and bacterial clearance (Tong et al.,
2014); mice lacking the IL-17A gene, encoding interleukin 17A
(IL-17A), a neutrophil inducing factor, were associated with
abnormal recruitment and apoptosis of neutrophils (Wang et al.,
2014).

Mouse-To-Man Candidate Gene Study

All cohorts for OM reported thus far have low power to detect
common genetic risk factors for disease and have low resolution.
The specific genetic susceptibility loci for OM can be identified,
however, through genome-wide or candidate gene association
studies. Candidate gene studies can theoretically overcome
these issues of low power and resolution by focusing directly
on the association between disease and genetic variants with
strong support for their involvement in the biology. Through
candidate gene association studies, efforts have been made to
test the association of chronic OM with specific genetic loci
that have been identified as potential risk loci of OM in mouse
models. In candidate gene studies, the frequencies of a genetic
marker are compared between affected study subjects and
control subjects. The control subjects can be unrelated healthy
controls (case-control study) or healthy siblings or other family
members (family study). But with the candidate gene approach,

ascertaining relevant loci for testing can be difficult and thus are
likely to miss many causal regions. Increasingly, genetically altered
mouse models, such as those discussed earlier, have been used to
study OM because of the technology available to genetically alter
this species and translate the analysis of suspected genes to the
human model.

Bhutta et al. (2017) performed a genetic association study on a
large cohort of children with COME, and tested SNPs at candidate
loci derived from four genetically altered mouse models that
have identified Fbxoll, Evil, Tgifl, and Nisch as potential risk
loci for chronic OM. Of the 1,296 families analyzed, evidence of
association was found at rs881835 and rs1962914 at the TGIFI
locus, with odds ratios of 1.4-1.6. There was a weaker association
with rs10490302 and rs2537742, two SNPs within FBXO11, with
odds ratios of around 1.2. All these SNPs are located in intronic
regions. However, no evidence of association with the loci EVII
or NISCH was detected. Both the TGIF1 and FBXOI1 loci are
thought to be involved in TGF-P signaling, which implies that
this pathway may be critical in the transition from acute to
chronic ME inflammation. However, Bhutta et al. (2017) reported
that these results failed to replicate in a case-control cohort in
Finland of 402 children with chronic OM with effusion and 777
control participants.

In previous studies, Rye et al. (2011), in an analysis of
434 families predominantly suffering from recurrent AOM
(p = 0.009) from Western Australia, showed an association with
the major A allele at SNP rs330787 at FBXO11, with replication of
this finding in an independent cohort (p = 6.9x10-6, OR =1.55).
Segade etal. (2006) also reported nominal evidence of association
to the SNP rs2134056 (p = 0.017) at FBXOI1 in their cohort of
142 families from the US (with a mixed OM phenotype). The
TGIF1I locus, found to be associated with risk of COME, has not
been evaluated in any previous genetic association study. EVII
and NISCH were not associated with OM (Sale et al., 2011).

The data therefore indicate that regulation of the TGF-p
pathway may be critical for the development of persistent
inflammation in the ME. TGF-f has already been reported as a
key regulator of inflammatory response, through its effects on
chemotaxis, activation, and survival of lymphocytes, natural killer
cells, dendritic cells, macrophages, mast cells, and granulocytes
(Yoshimura et al., 2010).

Other studies have attempted to isolate particular genetic
loci associated with susceptibility to OM using a candidate
gene association approach. What follows is a brief description
of various other studies and their findings. A candidate gene
study on 15 genes with single-nucleotide polymorphisms (SNPs)
in 142 families with 618 subjects was conducted by Sale et al.
(2011). Nominal genetic association was found for MUC5AC
[rs2735733, P = .002, odds ratio (OR) = 0.646; rs7396030, P =
.049, OR = 1.565; 152075859, P = .041, OR = 0.744]. A trend
toward association was also found in three other SNPs at three
genes: SCN1B (rs810008, P =.013), SFTPD (rs1051246, P = .039),
and TLR4 (rs2770146, P = .038). Rye et al. (2013) have shown
functional evidence for a role for SLCI1IAI in susceptibility
to OM and have studied the candidate gene in 660 affected
children from 531 families in a case/pseudo-control study. The
best SNP association was detected at the rs2776631 (P = .025).
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Furthermore, haplotype analysis revealed the 3_C_C_G
haplotype (rs34448891_rs2276631_rs3731865_rs2695343) to be
more common in the affected individuals (P =.0008). MacArthur
et al. (2014), in a candidate gene study of 192 SNPs from eight
genes on 100 cases and 79 controls, reported that 8 SNPs on four
genes (TLR4, MUC5B, SMAD2, SMAD4) showed a potential
trend toward association (P unadjusted = 0.007, rs10116253 on
TLR4). It is important to note, though, that these eight SNPs did
not show significant association after correcting for multiple
statistical testing (P adjusted = 0.625, rs10116253 on TLR4).
Also, an increased risk for OM proneness was found associated
with the CX3CRI gene (Thr280Met, OR = 6.23, P = .038) in a
study of 21 SNPs as risk factors for upper respiratory tract
infections, OM, and OM proneness in 653 children (Nokso-
Koivisto et al., 2014). Ilia et al. (2014) conducted studies in a
Greek cohort of 96 children on eight SNPs of five cytokine genes,
that have demonstrated that IL-10 (-592, —819, and —1082)
and TGFP (codon 10C > T) were associated with an increased
number of acute OM episodes (P < .001, P < .001, P < .001, and
P =.002, respectively); IL-10 (-1082) and TGFp (codon 10C >
T) were also associated with a later onset of AOM (P =.007 and
P =.0039, respectively). Gessner et al. (2013) reported in 1,032
study subjects from Alaska that individuals homozygous for the
arctic variant of CPT1A (c.1436C > T) demonstrated a trend
to more likely have OM (OR = 3.6, 95% confidence interval:
1.4-8.9). Hafren et al. (2015)performed a candidate gene study
with 53 SNPs on 624 study subjects with recurrent acute OM
and/or chronic OM with effusion and 778 control subjects. The
positive result for TLR4 (rs5030717, OR = 1.33, P = .003) was
further investigated by a tagging SNP analysis and has resulted
in the identification of two additional SNPs (rs1329060 and
rs1329057). There was an increased association among patients
with a more severe phenotype: those with OM starting before
the age of 6 months (OR = 2.42, P = .0005, for rs1329060) and
those with repeated insertions of tympanostomy tubes (OR =
1.65, P = .00004 for rs1329060). The finding was replicated in
a Finnish OM cohort of 205 children (s1329060, OR = 1.32, P =
.002; rs1329057, OR = 1.30, P = .003; rs5030717, OR = 1.34, P =
.002). However, in three other cohorts (two in the United States
and one in the United Kingdom), the three SNPs failed to show
an association with the risk for OM. Finally, a variant, Asp299Gly
(rs4986790) in TLR4, was found to be related to the colonization
of M. catarrhalis in the upper respiratory tract of children (43%)
in comparison with the TLR4 wild type (9%) (RR = 491, P =
.0001) (Hafren et al., 2015).

Lastly, another large-scale candidate gene study investigated
the role of FUT2, a gene whose protein product regulates the
expression of red blood cell Lewis and ABO antigens and that
had previously been associated with increased risk of recurrent
urinary tract infections, in familial OM (Santos-Cortez et al.,
2018). For this study, families with children affected by OM were
recruited. The participants were recruited from various ethnic
backgrounds, including 137 individuals of indigenous Filipino
descent (Santos-Cortez et al.,, 2015), 257 trios of mother,
father, and child from Texas, 76 individuals from Colorado,
140 families from a previous family cohort from the University
of Minnesota (Sale et al., 2011), 105 families from Helsinki

University Hospital (Hafren et al., 2012), and 19 families from
the southern Punjab province of Pakistan (Santos-Cortez et al.,
2018). This study suggests an association of the c.412C > T
variant of FUT2 with chronic or recurrent OM in European-
American children and family trios in the United States.
Additionally, an association between the c.461G > A variant
and transmission in family trios in the United States as well as
shifts in the microbiota composition in the ME were observed.
Lastly, they reported an association of the ¢.604C > T variant
with OM in the Filipino data set, though 17 individuals did not
show shifts in ME microbiota composition due to this variant.
The authors proposed that FUT2 variants confer higher risk for
OM by modification of the microbiome in the ME. The authors
also tested the expression and localization of Fut2 and found
that there is a transient increase in expression in the ME of
mice inoculated with H. influenzae (Santos-Cortez et al., 2018).
This study’s extensive array of results seems to suggest that
different genetic variants and environmental factors influence
susceptibility to OM (Santos-Cortez et al., 2018).

These candidate gene association studies have moved
the field forward by suggesting an association between
OM susceptibility and these various genetic variants, but
unfortunately the statistical power of these studies remains
quite low. Up to now, most existing association studies in
OM have been poorly phenotyped and used small sample
sizes (Bhutta, 2013), which significantly reduces the statistical
power, decreasing thus the probability of replication. The latter
can also be due to variation in study design, particularly if
phenotypes are poorly matched. For example, there is some
evidence suggesting that chronic OM should be evaluated
and analyzed as distinct from acute OM. Yet, many studies on
genetic risk of chronic OM have used candidate loci involved
in innate or acute inflammatory pathways and included
cases of both recurrent acute and chronic OM. Furthermore,
epidemiological studies have demonstrated that AOM is a risk
factor for ME effusion, although many children with COME
have no preceding history of AOM (Bhutta, 2014). Also, mouse
transcript studies have shown that genes upregulated in the
initial phase of inflammation are different to those found as
inflammation resolves, suggesting that there is a molecular
transition from acute to chronic inflammation (Hernandez
etal, 2015). Other reasons for failure of replication may be that
the genetic structure might be disparate (Lao et al, 2008), or that
different pathogenic mechanisms exist in different populations.

Genome-Wide Association Studies

Since very few genes that contribute to the development of
OM had been identified, genome-wide association studies
(GWAS) have been used to decipher the genetic etiology
of the disease by assessing whether any genetic variants
throughout the entire genome associate with cases of OM
(Table 3). A study recruited 416 cases (at least 3 episodes of
AOM by the age of 3) and 1,075 controls from the Western
Australian Pregnancy Cohort (Raine) Study, a longitudinal
cohort study in Western Australia of 2,868 children whose
mothers were recruited in early pregnancy from 1989 to
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TABLE 3 | List of genes implicated in otitis media from genomic association studies.

Gene Allele or variant Chromosome Odds ratio, LOD Case definition Reference
score, or p-value
FBXO11 A allele at rs10490302 2p16.3 OR1.17 COME: symptomatic effusion for at least 3 months Bhutta et al., 2017
G allele at rs2537742 OR 1.16 and effusion at operation
TGIF1 T allele at rs881835 18p11.31 OR 1.39
G allele at rs1962914 OR 1.58
FUT2 c.412C > T at rs1800022 19913.33 p=0.01* Study assessed multiple different cohorts—case Santos-Cortez et al., 2018
c.461G > A at rs601338 p=0.01" definition slightly different for each cohort
¢.604C > T at rs1800028 LOD 4.0
CAPN14 rs6755194 2p23.1 OR 1.90 Clinical exam within 3 years of life indicated Rye et al., 2012
GALNT14 rs1862981 OR 1.60 presence of inflamed/retracted/scarred tympanic
membrane, middle ear effusion, or tympanostomy
tube OR parents reported 3 or more episodes of
AOM within first 3 years of life
KIF7 rs1110060 15026.1 p=91x1072p = Insertion of tympanostomy tube at least once for Allen et al., 2013
0.072° recurrent/persistent OM
CDCA?7 and SP34 rs10497394 2931.1 p=29x10°%p =47
x 10-5°
FNDC1 rs2932989 6025.3 p=4.36x10%3p = CHOP cohort: AOM defined using ICD-9 codes Van Ingen et al., 2016

2.15x10°9¢

Generation R Study cohort: survey data on OM,
otorrhea, fever with earache, and/or use of ear
drops per subscription

*Transmission disequilibrium test. @lnitial data. ®Replication data. °Combined meta-analysis of initial and replication data. “These genes border the corresponding marker,

rs10497394.

1991 (Rye et al,, 2012). Despite a predominantly Caucasian
cohort, it was reported that principle component analysis
showed evidence for population stratification, or differences
in allelic frequencies between subpopulations. The data set
was corrected to account for this population substructure
by adjusting for two principal components. Genome-wide
association analysis of the corrected data set identified various
SNPs showing association, the strongest of which were at
CAPNI14 and GALNTI4 on chromosome 2p23.1. When the
data set was tested without accounting for the population
stratification, analysis did not reveal one significant genetic
variant. Replication of the results was also attempted in a
cohort of 793 affected individuals (55% with recurrent AOM
and 45% with COM with effusion) from the Western Australian
Family Study of OM. Twenty SNPs within seven candidate
genes, including CAPNI4 and GALNTI14, were genotyped,
but no significant variants were identified. It was proposed
that the lack of replication might be due to phenotypic and
sample size differences in the populations (Rye et al., 2012).
Another study attempted to replicate the results from the
Western Australian Pregnancy Cohort (Raine) Study. Twenty-
six autosomal SNPs from the Raine Study were analyzed for
association in the sample of families with children affected by
chronic OM with effusion and recurrent OM from the Daly
et al. (2004), study discussed previously (Allen et al., 2014).
No significant association was found with any of the 26 SNPs
tested; the p-values ranged from 0.03 to 0.93, never crossing
the significance threshold of p = 0.001 (Allen et al., 2014).

A second GWAS study attempted to elucidate potential genes
by genotyping 229 controls and 373 children who received
tympanostomy tube surgery to treat COM with effusion or
recurrent OM (Allen et al,, 2013). Analysis of 324,748 SNPs

revealed various SNPs on a number of chromosomes that
showed suggestive or strong association with OM. The strongest
of these variants was rs1110060 on chromosome 15 (p = 9.1
X 1077). Replication of the findings from this genome-wide
association analysis was attempted in a cohort of 652 controls
and 932 affected children who also received tympanostomy
tube insertion for chronic or recurrent OM (Allen et al., 2013).
Of the 53 tested for replication genotyping, 4 significant SNPs
(p < 0.10) were identified. One of these 4 SNPs was rs1110060
on chromosome 15 (p = 0.072), the most significant result from
the initial study, but rs10497394 on chromosome 2 was the most
significant replication (initial study: p = 2.9 X 1075 replication
study: p = 4.7 X 10°) (Allen et al., 2013). The significant SNP
variants identified in this study have been added to the list of
candidate genes, such as KIF7 (in rs1110060) and CDCA7
and SP3 (which both border rs10497394), that require further
research (Allen et al., 2013).

Another study performed a meta-analysis of two cohorts
consisting of 825 cases/7,936 controls and 1,219 cases/1,067
controls from the Children’s Hospital of Philadelphia (CHOP)
and the Generation R Study (GenR) at Erasmus University
Medical Center, the Netherlands, respectively (Van Ingen et al.,
2016). The cases were defined as individuals with AOM prior
to 3 years old. The GWAS suggested a significant association
between the variant rs2932989 on chromosome 6q25.3 and
AOM (p = 2.15 X 107°). These findings were then replicated in
an independent cohort of 293 cases of AOM and 1,719 controls
recruited from the Children’s Hospital of Philadelphia. This SNP
lies in an intergenic region near the FNDCI locus, so expression
and methylation tests were performed to determine whether this
gene could be associated with these findings. FNDCI expression
was found in multiple tissue types in mice and humans, in
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addition to mice ME (Van Ingen et al., 2016). The expression of
Fndcl was also upregulated in mouse ME after treatment with
lipopolysaccharide, which induces an inflammatory response
and stimulates TGF-beta, TNF-alpha, and IL-1 signaling (Van
Ingen etal., 2016). Lastly, the increase in FndcI expression may be
explained by experiments that show lower levels of methylation
of human FNDCI in the SNP of interest (Van Ingen et al., 2016).
Although these GWAS present promising results of
associations between specific genetic markers and OM, GWAS
also struggles with the dichotomy of high false positive rates
and lower than desired power. Commonly in GWAS, the false
positive rate is maintained at 5%. As a result, though, the study
loses power because the p-value threshold becomes very small
in order to be considered significant (Tam et al., 2019). Since
the p-value is so low, there can be a number of SNPs that have
associations with the trait that do not get detected because their
p-value does not cross the very strict threshold. Even though
there are replicable associations between some genetic variants
and OM, there still remains the issue of causality. A GWAS on
its own cannot explain the role of the genetic variants on the
pathophysiology of OM, so studies must be carried out to further
elaborate the potential mechanistic involvement of these genes.

Genetics and the Microbiome

The composition and diversity of the microbiome, as well as the
exogenous and endogenous factors that affect it, is notoriously
difficult to study. However, high-throughput sequencing
analysis techniques such as 16S rRNA and metagenomics
(MGS) have contributed significantly to the field, allowing
a more detailed study of microbiome composition, specific
genetic loci, and disease progression (Turnbaugh et al., 2009;
Yatsunenko et al., 2012; Kurilshikov et al., 2017; Awany et al,,
2019). A more comprehensive study is valuable in light of the
growing understanding of how the microbiome can either
prevent or foster infectious, metabolic, inflammatory, atopic,
and neurological disease through predominantly immuno-
modulatory processes (Tremlett et al., 2017; Aydin et al., 2018;
Imhann et al., 2018; Lee et al., 2018; Liang et al., 2018). Of note,
these advancements have been facilitated by the development
of microbial genome-wide association studies (mGWAS)
techniques to probe the genome for loci directly influencing
bacterial populations. mGWAS studies have already identified
hundreds of microbial quantitative trait loci (mbQTLs)
associated with alpha-diversity, beta-diversity, and abundance
of particular taxonomic groups and have mapped them to
polymorphisms related to mucosal immunity and metabolic
processes (Goodrich et al., 2014; Bonder et al., 2016; Turpin
et al., 2016; Wang et al., 2016; Hall et al., 2017; Kurilshikov
etal., 2017). For example, innate immune factors such as C-type
lectins, toll-like receptor (TLR) regulators including Irak2, and
NOD-like receptors (NOD1/NOD2) have all been shown to
affect microbial environment, while genes such as FUT2, LCT,
CARD9 have linked the host and microbiota metabolism, all of
which carry implications for disease susceptibility, progression,
and treatment (Blekhman et al., 2015; Lamas et al., 2016;
Kurilshikov et al., 2017).

In an attempt to extricate the environmental impact from
that of a host’s genome, a study reviewed mGWAS studies and
methodologies and reports that mGWAS’s earliest use helped
identify 83 microbiome-loci associations, with follow-up studies
especially supporting the discovered link between the LCT lactase
gene and Bifidobacterium (Blekhman et al., 2015; Weissbrod
etal., 2018). Meanwhile, other studies demonstrated that 10.43%
of microbiome variability (beta-diversity) between individuals
can be attributed to 42 genetic loci, and that microbial diversity
is particularly affected by the VDR (vitamin D receptor) gene
(Wang et al., 2016; Hall et al., 2017). However, the majority of
these existing mGWAS studies analyze gut microbiota, thereby
limiting the direct application to the OM field. One of the only
mGWAS studies exploring the composition of the nasal vestibule
and NP microbiome was performed using 16S rRNA methods to
compare a small, 144-person cohort with the alpha diversity, beta
diversity, and relative abundance of bacterial taxa (Igartua et al,,
2017). The study identified 37 significant associations (mbQTLs)
out of 148,653 genetic variants (q < 0.05), the most significant of
which linked Dermacoccus and the variant rs117042385 located
upstream of terminal differentiation induced non-coding RNA,
a non-coding RNA binding to the mRNA of PGLYRP3 encoding
a known antimicrobial protein important for epidermal
differentiation (Igartua et al., 2017). Importantly, the study also
found a significant association between shared genetics and
similar microbiome composition even after controlling for a
shared household environment. Igartua et al. therefore was able
to establish an association between genes, microbial populations
in the upper airways, and innate mucosal immunity, thereby
encouraging the further use of this new technology to the study
of OM and other upper respiratory tract infections.

It is important to note some limitations of these new
contributions. The conflicting results from analyses of the same
data sets have been reported, though this has been ascribed
to differences in statistical methods and significance cutofts.
Also, much like the limitations introduced by GWAS studies,
associations identified by mGWAS are often weak at best, spread
out across the genome, and therefore impose a comparatively
insignificant effect. Finally, the ever-changing nature of the
microbiome—a bacterial population susceptible to both short-
and long-term changes influenced by diet, transient infections,
and a slew of other behavioral variations of the host—complicates
reproducibility of data. Therefore, carefully designed studies are
needed in both the OM and the gastrointestinal fields in order
to clarify links between a fixed, heritable genome to a variable as
dynamic as the microbiome.

Otitis Media and the Microbiome

The microbiome has been implicated in the pathogenesis of
OM, primarily in its role as an immunomodulator and as a
competitor against invading bacteria seeking both nutrients
and space. A number of studies have determined alteration
in microbiome profile in OM prone individuals (Table 4). As
mentioned before, the microbiome may carefully modulate host
inflammatory processes through intricate cross talk between
immune cells and the resident microbiota (Sokolowska et al.,
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TABLE 4 | A summary of studies determining microbiome of upper respiratory tract in individuals susceptible to otitis media.

Sample type

Age of subjects

Sample size

Results References

MEF, NP swab, adenoid

swab
Nasal aspirates
MEF, adenoid swab

ME and mastoid swab

MEF and external auditory

3-10 years

2-12 months
1-12 years

6 months-87 years
1-14 years

11 indigenous children with OME

234 infants

23 children with COME, 10 children

without COME with respiratory
surgery

46 children/adults with COM
18 children with OME

canal lavage

MEF 5 months-2.5 years 79 children with AOM

NP swab <12 months 65 children with AOM,; 74 children
without AOM

MEF 3 months-14.6 years 55 children with COME

MEF and NP swab <12 years 9 children with gastroesophageal
reflux-associated OM; 21 children
with OM only

MEF and ME aspirates, ear 0-60 months 93 children with rAOM and 103

canal swab, nasal swab healthy controls

MEF (otorrhea) and NP swab <5 years 94 children with AOM+ grommets

NP adenoid swabs, palatine 15-65 years 14 adults with tonsil/adenoid

tonsillar swabs hyperplasia; 14 adults with
secretory OM

ME, adenoid, and tonsil swab 2-10 years 10 children with OME

Jervis-Bardy et al.,
2015

Teo et al., 2015
Chan et al., 2016

- Alloiococcus, Haemophilus, Streptococcus, Moraxella

- Moraxella, Streptococcus, Haemophilus

- Alloiococcus inversely related to Haemophilus -
Abundance of Alloiococcus otitidis and Staphylococcus

in MEF

- Haemophilus, Staphylococcus, Alloiococcus

- Predominance of A. oftitidis and Haemophilus in MEF -
Abundance of A. ofitidis and Staphylococcus in ear canal
- Predominance of S. pneumoniae, Haemophilus influenza,
and Moraxella catarrhalis - A. otitidis, Turicella otitidlis, and
Staphylococcus auricularis

- Staphylococcus and Sphingobium associated with
decreased risk of AOM development - Infants having AOM
showed reduction in numbers of Corynebacterium

- Haemophilus, Moraxella, Turicella

- Alloiococcus and Turicella in MEF - Haemophilus and
Streptococcus detected in MEF if also present in NP -No
difference between reflux and non-reflux microbiota

- Haemophilus, Turicella, Alloiococcus, Staphylococcus

Neeff et al., 2016

Chan et al., 2017

Sillanpaa et al., 2017

Chonmaitree et al.,
2017

Krueger et al., 2017
Boers et al., 2018

Lappan et al., 2018
- MEF had less microbial diversity than nasopharynx Man et al, 2019a
- There was an abundance of Corynebacterium and
Dolosigranulum

- S. pneumoniae, H. influenzae, and M. catarrhalis
exclusively in adenoids

Fago-Olsen et al.,
2019

- Fusobacterium, Haemophilus, Neisseria, Porphyromonas Johnston et al., 2019

2018). Effective communication between host commensals and
host immune cells is essential for both dampening inflammatory
cascades when not required and promoting immune responses
against invading pathogens threaten stability. The composition
and integrity of the microbiome is therefore a key factor in OM
pathogenesis, and next-generation sequencing technologies
have allowed us to better study gene-environment interactions
at this microscopic level. Herein we explore the association
between both the NP and ME microbiota and their relationship
with invasive, OM-causing pathogens.

Microbiome of the Nasopharynx

Microbiome ecosystems are highly specific to their immediate
environment, and their composition can vary widely depending
on their anatomic location within the host. For this reason,
studies have repeatedly uncovered distinct resident microbiota
compositions in the gut, upper respiratory tract, NP, and both the
middle as well as the inner ear (Cho and Blaser, 2012). However,
AOM research often cites the first step of pathogenesis as bacterial
colonization and/or viral disturbance of the NP, from which the
disease eventually progresses through the Eustachian tube to the
ear. Animal studies have also demonstrated this time course,
with initial inoculation of bacteria in the NP followed by eventual
migration to the ME, where they may persist for days, weeks,
and even months (Cripps and Kyd, 2003; Coticchia et al., 2013;
Schilder etal., 2016; Dewan et al., 2019). Thus, analysis of both the
ME and NP microbiota is essential for obtaining a comprehensive

understanding of the host-pathogen interactions leading to OM
development. However, obtaining nasopharyngeal swab samples
is often easier, cheaper, and less invasive than samples from the
ME. Therefore, the nasopharyngeal microbiome has been more
extensively studied than the ME microbiome.

The various morphologies and presentations of OM disease
[AOM, recurrent AOM (rAOM), CSOM, OME, and/or COM]
is about as varied and dynamic as the bacterial, viral, and
fungal microorganisms that contribute to OM pathogenesis.
However, the research has well-established the link between
rAOM and the major otopathogens S. pneumoniae, non-
typeable Haemophilus influenza (NTHi), and M. catarrhalis,
and these species are consistently found at higher levels of the
NP in studies comparing the microbiota of rAOM and COME
cases versus healthy controls (Lappan et al., 2018; Walker et al.,
2019). Yet the presence of these same organisms, albeit at lower
levels, in the controls suggest their potential role as endogenous
pathobionts even in the absence of disease. NTHi was found
to be the most abundant of three otopathogens in the ME with
18.5% of ME reads attributable to this species, though NTHi
was still more abundant in the NP than the ME of rAOM cases.
A study sequencing ME fluids/rinses, ear canal swabs, and
NP using 16S rRNA observed that Neisseria (10.9% RA) was
associated with cases of AOM specifically, while Gemella (3.2%
RA), Porphyromonas (3.6% RA), Alloprevotella (2.4% RA), and
Fusobacterium (2.7% RA) were also present in cases but absent
(<0.3% RA) in the NP of healthy controls (Lappan et al., 2018).
Taken together, the unique presence of these bacteria in rAOM
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cases has demonstrated an increased level of microbiota diversity
in cases compared to healthy controls.

This finding is somewhat controversial, as many other studies
have instead shown increased diversity in healthy controls
compared to OM cases, suggesting increased bacterial diversity
as a protective factor against invading pathogenic bacteria. For
example, one recent study compared the NP microbiota of 3
to 4-year-old patients undergoing tympanostomy for COME
and found overall microbiota diversity to be decreased in cases
compared to controls, as measured by both a lower Shannon
diversity index as well as cluster analyses showing an increased
number of profiles dominated by one spp. in the case compared
to the control group (Walker et al., 2019). However, the group’s
analysis still found greater levels of standard otopathogens in
cases, as well as a greater level of expected commensal species
such as a-hemolytic Streptococci and Lactococci in controls
(Walker et al., 2019). The discrepancy in microbial diversity
results may be attributable to the differences in disease processes
between acute COM (aCOM) and COME, as the pathogenesis
of COME distinctly occurs when bacteria in the biofilm state
trigger and maintain a mucoid or serous inflammatory effusion.

Nevertheless, diversity analyses warrant future study, as only
about half of all existing studies comparing microbiome diversity
between AOM cases versus control samples have also found
diversity to be higher in healthy controls. Currently, alterations
in microbiome diversity are generally attributed to antibiotic
use. Studies have explored how microbiota populations are near-
permanently altered following the administration and completion
of antibiotic regimens, with single opportunistic pathogens
initially dominating but new pathogens establishing with time
(Kaur et al., 2013). Of note, all current data in the literature are
acquired from cross-sectional cohort studies involving diseased
and healthy populations; therefore, the temporality of the
association cannot be empirically established. Other than chronic
antibiotic use, alternative hypotheses to explain the link between
increased microbial diversity and increased incidence of disease
include the role of synergism in polymicrobial etiologies of OM.
Animal-model studies utilizing bacterial and viral co-infections
have been shown to significantly increase the incidence of bacterial
OM. For example, recent studies demonstrate that the presence
of different bacteria not only affects the rates and burden of
nasopharyngeal colonization but can also enhance the incidence
and severity of OM (Krishnamurthy et al., 2009). Other studies
have also noted that M. catarrhalis is more likely to be observed
within mixed bacterial observations than isolated alone, and that
this polymicrobial environment can affect the incidence of S.
pneumoniae OM (Krishnamurthy et al., 2009; Pichichero, 2009).

As OM disease more commonly affects pediatric populations,
studies aiming to discern the distinct microbiome of children have
helped uncover differences in the microbiota of healthy children
versus those suffering from respiratory disease. For example, a
prospective birth cohort study featuring 1,616 samples from
healthy children and 1,423 samples from children with respiratory
disease highlighted microbiome profile groups dominated
by Haemophilus, Streptococcus, Moraxella, Staphylococcus,
Corynebacterium, and Alloiococcus in 91% of samples (Lang
et al., 2019). Importantly, the study noted increased abundances

of Haemophilus (OR 3.9, p58.4x10-16), Streptococcus (OR 3.8,
p58.9x10-18), and Moraxella (OR 2.1, p53.4x10—12) within the
context of disease, while Staphylococcus, Corynebacterium, and
Alloiococcus profiles were inversely correlated with disease (OR
0.22/p = 52.5x10—4, OR 0.49/p = 53.8x10-9, and OR 0.25/p =
53.7x10-17, respectively). Meanwhile, an elegant case-control
study performed in the Netherlands found similar microbiome
compositions within the lower respiratory tract and the NP
of children, while also demonstrating that microbial profiles
dominated by H. influenzae/haemolyticus and S. pneumoniae
were associated with disease (Man et al., 2019b). The study also
identified the importance of a combined classification model
(bacterial microbiome, viral microbiome, and external factors
such as antibiotic use and breastfeeding) in reliably predicting
clinical disease, thereby stressing the multifactorial nature of
disease (Man et al., 2019D).

Dolosigranulum and Corynebacterium: The
Discovery and Role of Protective Bacteria
While the comparison of NP microbiota generally highlights the
unique presence of bacterial species in AOM cases rather than
controls, two species of bacteria have instead emerged in increased
abundance within the NP microbiome of healthy volunteers.
The increased relative abundance of Dolosigranulum (16.34%
case RA/1.86% control RA) and Corynebacterium (13.34% case
RA/1.63% control RA) suggests the potential protective role of
these bacteria against competing pathological bacteria seeking
space and nutrients within the respiratory tract ecosystem
(Lappan et al., 2018). The two species were found to correlate
together, thereby suggesting a symbiotic relationship potentially
mediated by Dolosigranulum’s production of lactic acid into the
environment. These findings are supported by previous reports
of Dolosigranulum and Corynebacterium predominating the
NP of both healthy adults and children, their association with
a decreased risk of OM/AOM diagnosis or pneumococcal
colonization, and a shorter duration of otorrhea (Laufer et al.,
2011; Pettigrew et al., 2012; Bomar et al., 2016; Chonmaitree et al.,
2017; Man et al., 2019a). Interestingly, other studies have linked
increased Dolosigranulum and Corynebacterium levels with both
breastfeeding and vaginal (compared to Cesarean) deliveries,
thereby suggesting a mechanism to explain the reported link
between breastfeeding and OM resistance (Biesbroek et al., 2014;
Biesbroek et al., 2014b).

As described previously, however, the diminished presence
of these species in rAOM case cohorts may instead be
attributed to rAOM patients’ heightened exposure to long-term
antibiotics, and studies have indeed found Dolosigranulum and
Corynebacterium relatively depleted in patients with recent
history of children using antibiotics (Pettigrew et al., 2012).
Antibiotic treatments not only disrupt the host microbiome
by temporarily reducing certain bacterial populations, but are
also capable of inducing long-term dysbiosis, leaving hosts
susceptible to infection as well as atopic and inflammatory
diseases (Francino, 2015). Despite this, some experiments have
attempted to identify a causal link between the abundance of
these two species and the health of the NP. One study uncovered a
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mechanism in which Corynebacterium species Corynebacterium
accolens was able to utilize triacylglycerols found on the
human skin to assemble free fatty acids that inhibited growth
of S. pneumoniae (Bomar et al., 2016). Another report found
Corynebacteria to eradicate S. aureus in healthy nasopharynges
of adults, and yet another demonstrated how the introduction
of Corynebacteria helped mice resist both respiratory syncytial
virus and secondary pneumococcal infection, presumably
through host immune modulation (Uehara et al., 2000; Kanmani
et al., 2017). Preliminary in vitro experiments show multiple
strains of Corynebacteria inhibiting growth of M. catarrhalis,
and though the mechanism is still unclear, it appears more
a result of resource competition than particular bactericidal
activity (Lappan, 2019). The potential of these two species as
protection against OM-causing bacteria certainly warrants
further exploration, especially in light of the potential to develop
novel probiotic therapies that would reduce antibiotic use.
Other species demonstrating a potential clinical benefit, such
as Haemophilus haemolyticus and Streptococcus salivarius, also
present the opportunity for further therapeutic development
(Marchisio et al., 2015; Pickering et al., 2016). Future research
should incorporate in vivo models to incorporate relevant host
immune factors, address the impact of environmental factors
that modulate host-pathogen interaction (pH, lactic acid, etc.),
as well as clinical studies that control for past antibiotic exposure.

Middle Ear Microbiome

The use of nasopharyngeal washes and/or swabs as a less invasive
methodical approach for the analysis of host microbiota has
produced an abundance of NP microbiome analyses. Meanwhile,
studies involving the extraction of ME samples are rare. One
study attempting to address this discrepancy by obtaining ME
saline washes and ME fluids of children undergoing grommet
insertion for rAOM (Lappan et al., 2018). Using 16S rRNA
sequencing methods, researchers identified Alloiococcus otitidis,
Turicella otitidis, and Staphylococcus spp. as uniquely present in
the ME of patients undergoing grommet insertion for severe
rAOM diagnoses. The absence of these species in nasopharyngeal
swab samples also obtained from the same patients suggests
these species’ role as normal auricle flora and/or as standard ME
pathogens in cases of OM (Lappan et al., 2018). The standard
otopathogens S. pneumoniae, NTHi, and M. catarrhalis were
found to be present in the ME of rAOM cases, albeit at lower
levels than in the NP, and also in lower levels than the standard
ME pathogens previously described. However, their presence
in the ME suggests bacterial migratory patterns originating in
the oropharynx and extending through the Eustachian tube and
into the ME, which is consistent with known OM pathogenesis.
Finally, ME diversity was found to be lower than NP diversity
in case samples, further establishing the NP’s role as a robust
reservoir for microorganisms in both the presence and absence
of disease (Lappan et al., 2018).

Genetics, The Microbiome, and Otitis Media
As previously described, a healthy microbiome is dependent
on effective communication between host commensals and

host immune systems, with microbiome composition and
diversity in part determined by the host genome. Therefore,
genetic defects affecting key biomolecular messengers/signals
within this network of crosstalk can have profound effects on
the integrity of this balance and therefore the microbiome itself.
Within the specific context of OM pathogenesis, researchers
have discovered a candidate gene that seems to shape micro-
environments favoring particular groups of OM pathobionts. A
rare duplication variant of A2MLI1 (a2-macroglobulin-like 1), a
gene encoding a middle-ear specific protease inhibitor, has been
identified to confer an increased susceptibility to OM (Santos-
Cortez et al,, 2015). The study incorporated samples from a
250-member intermarried indigenous Filipino community with a
49.6% prevalence of OM, which ultimately identified the A2ML1
duplication  ¢.2478_2485dupGGCTAAAT  (p.Ser829Trpfs*9)
as co-segregating with OM with a logarithm of odds (LOD)
of 7.5. The study also compared these findings with 123 otitis-
prone and 118 non-otitis prone children from the University
of Texas Medical Branch (UTMB). Within the Texas cohort, 3
of the 123 otitis-prone children were found to have the same
A2ML1 variant, all of whom reported early-onset severe OM that
ultimately required tympanostomy tube insertion surgeries.

While this initial study identified the candidate gene and
therefore suggested the genetic link to OM susceptibility,
follow-up studies uncovered the host microbiome composition
as an essential mediator of the association. Using 16S rRNA gene
sequencing for microbiome analysis of outer and ME, samples
from carriers of the A2ML]I variant were found to have higher
levels of Fusobacterium, Porphyromonas, Peptostreptococcus,
Parvimonas, and Bacteroides compared to wild-type COM cases,
and variant carriers also demonstrated an increased alpha-
diversity via mean Shannon diversity index (Santos-Cortez et al.,
2016). Meanwhile, microbiota from wild-type cases were more
likely to feature well-known otopathogens such as Alloiococcus,
Staphylococcus, Proteus, and Haemophilus. It is important to note
that study limitations were characterized by issues of statistical
significance due to small sample sizes, as the study cohort
included only 16 indigenous Filipino patients, 11 of whom carry
the A2ML]1 variant. However, these studies are the first of their
kind in that they specifically apply the genome-microbiome
interaction to OM disease susceptibility, offering exciting new
avenues for further exploration in our field especially.

CONCLUSION AND FUTURE DIRECTIONS

Genetic predisposition to OM has been elucidated through
twin studies, linkage association studies, candidate gene
approaches, and genome-wide association studies, but further
research is necessary to precisely understand the genetic
etiology and determine which genes are at play. Through these
studies, a number of genes and SNPs have been implicated,
including FBXO11, TGIF1, FUT2, CAPN14, GALNTI14, KIF7,
CDCA?7, SP3, and FNDCI, yet replication of these results has
been unsuccessful. One major issue with replication of genetic
findings is that it is incredibly difficult to find cohorts with the
exact same clinical phenotype for OM. Further, some cohorts
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focus on healthy versus AOM, others focus on acute OM vs.
recurrent OM/COME. In addition to these studies, a growing
body of research incorporating bioinformatical analysis of
host microbiota is beginning to identify how these particular
genes influence OM susceptibility through mediation of the
host microbiota, such as the A2MLI variant’s association with
Fusobacterium and Bacteroides anaerobic bacteria within the
NP of chronic AOM patients. Meanwhile, studies are comparing
resident host microbiota of healthy controls versus COM cases
within both the NP and the ME/ear canal. While data from these
studies reinforce conclusions regarding S. pneumoniae, NTHI,
and M. catarrhalis as primary otopathogens, they also found
these three species at higher levels in the NP than the ME, which
was instead predominantly colonized with Staphylococcus spp.,
A. otitidis, and T. otitidis. However, these studies demonstrate the
highest level of bacterial diversity in the NP of OM cases when
compared to NP and ME bacterial populations within both case
and control patients. These findings challenge a series of studies
that have found higher bacterial diversity to be associated with
healthy microbiota compared to COME microbiota, though
the controversy reinforces the need to establish temporality in
future studies due to antibiotic use as a potential confounding
variable. These studies also have identified higher levels of
Dolosigranulum and Corynebacterium in healthy control NP
microbiota, thereby suggesting a potential protective effect that
may be harnessed in the form of novel probiotic therapies. This
hypothesis must be tested within the context of longitudinal
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Previous genetic studies on susceptibility to otitis media and airway infections have
focused on immune pathways acting within the local mucosal epithelium, and outside of
allergic rhinitis and asthma, limited studies exist on the overlaps at the gene, pathway or
network level between the upper and lower airways. In this report, we compared [1]
pathways identified from network analysis using genes derived from published genome-
wide family-based and association studies for otitis media, sinusitis, and lung phenotypes,
to [2] pathways identified using differentially expressed genes from RNA-sequence data
from lower airway, sinus, and middle ear tissues, in particular cholesteatoma tissue
compared to middle ear mucosa. For otitis media, a large number of genes (n = 1,806)
were identified as differentially expressed between cholesteatoma and middle ear
mucosa, which in turn led to the identification of 68 pathways that are enriched in
cholesteatoma. Two differentially expressed genes CR7 and SAAT overlap in middle ear,
sinus, and lower airway samples and are potentially novel genes for otitis media
susceptibility. In addition, 56 genes were differentially expressed in both tissues from
the middle ear and either sinus or lower airways. Pathways that are common in upper and
lower airway diseases, whether from published DNA studies or from our RNA-sequencing
analyses, include chromatin organization/remodeling, endocytosis, immune system
process, protein folding, and viral process. Taken together, our findings from genetic
susceptibility and differential tissue expression studies support the hypothesis that the
unified airway theory wherein the upper and lower respiratory tracts act as an integrated
unit also applies to infectious and nonallergic airway epithelial disease. Our results may be
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used as reference for identification of genes or pathways that are relevant to upper and
lower airways, whether common across sites, or unique to each disease.

Keywords: cholesteatoma, immune pathways, lower airway, mucosa, networks, otitis media, RNA-

sequencing, sinusitis

INTRODUCTION

The unified airway theory proposes that the respiratory tract acts
as an integrated unit, from the middle ear through the distant
bronchioles (Krouse, 2008). Structurally, the mucosae of the
middle ear, nose/sinuses, and lower respiratory tract are highly
similar, lined by mostly ciliated epithelium, which is involved in
the transport of mucosa and particulate matter. Additionally,
bacterial communities in healthy lungs are highly similar to those
in the upper respiratory tract (Charlson et al.,, 2011; Segata et al.,
2012; Hanshew et al., 2017). The unified airway model has
typically been applied to allergic rhinitis and asthma, with the
observations that allergic rhinitis is present in at least 80% of
asthma patients, and that asthma is found in up to 40% of
patients with allergic rhinitis (Feng et al., 2012; Giavina-Bianchi
et al,, 2016). In addition, treatment of allergic rhinitis symptoms
has been found to improve asthma symptoms and pulmonary
function. This is believed to be due to a shared inflammation
model, with local inflammatory processes producing systemic
mediators that affect disease in other areas of the respiratory tract
(Krouse, 2008). Specifically, it has been found that if one area of
the airway mucosa is stimulated with antigen, within hours
system-wide inflammatory changes are observed. Additionally,
atopic patients undergoing surgery for otitis media (OM) with
effusion have similar cellular and cytokine profiles in both the
middle ear effusion and nasopharynx (Nguyen et al., 2004). It is
hypothesized that the middle ear is capable of participating in a
T2 inflammatory response and that the inflammation in OM
with effusion is not limited to the middle ear (Nguyen
et al., 2004).

Limited nonallergic observations of the unified airway have
been described in the literature. At least 40% and up to 88% of
chronic obstructive pulmonary disease (COPD) patients have
sinonasal symptoms, which are increased during COPD
exacerbations (Hens et al., 2008; Burgel, 2015). In addition, a
study of sinus CT in bronchiectasis patients found that the
severity of sinus disease was worse in bronchiectasis patients
than in allergic rhinitis patients (Ramakrishnan et al., 2013). In
our study, we wanted to further apply the unified airway theory
to infectious and nonallergic airway epithelial disease in the
middle ear, sinus, and lung. We predicted that the host genetic
background contributes to susceptibility to upper and lower
airway epithelial diseases, with the hypothesis that genes and

Abbreviations: BAL, bronchoalveolar lavage; COPD, chronic obstructive
pulmonary disease; CRS, chronic rhinosinusitis; DEG, differentially expressed
gene; eQTL, expression quantitative trait locus; GEO, gene expression omnibus;
GO, gene ontology; GTEx, Genotype-Tissue Expression Project; GWAS, genome-
wide association study; NP, nasal polyp; NTM, nontuberculous mycobacterial
infection; OM, otitis media; PTB, pulmonary tuberculosis; RNA-Seq,
RNA-sequencing.

enriched pathways identified from either DNA or RNA studies
will be shared between upper and lower airway diseases.

METHODS

The study is divided into three parts (Supplementary Methods;
Supplementary Figure 1): Part 1 consists of network analyses
and pathway identification using published genes based on
genome-wide significant variants from DNA studies and
eGenes derived from expression quantitative trait loci (eQTL);
Part 2 includes analyses of RNA-sequence data from middle ear,
sinus, and lung tissue, and identification of common genes and
pathways from network analyses across different sites; and Part 3
involves the comparison of network analysis results from DNA
literature and RNA-sequence data in order to find common
genes and pathways across the upper and lower airways.

Network Analyses for Published Genes
and eGenes (Part 1)

Generation of Gene Lists From the Literature and

UK Biobank

A literature search on DNA studies was performed for upper and
lower airway phenotypes, including OM, chronic rhinosinusitis
(CRS) and/or nasal polyps (NP), chronic bronchitis,
bronchiolitis, acute bronchitis, pneumonia, pulmonary
nontuberculous mycobacterial (NTM) infection, pulmonary
tuberculosis (PTB), and bronchiectasis. Specific terms used for
the search and the exclusion criteria are listed in the
Supplementary Methods. Only studies with genome-wide
significant results were included. Genome-wide significance
criteria were as follows: [1] variant or gene identified using
linkage analyses in family-based studies (LOD=3.3); [2] variant
or gene identified by population-based genome-wide association
study (GWAS; p < 5.0x10°® if using single-variant analyses, p <
2.5x10°° if using gene-based tests). The variants and genes
meeting these criteria are included in Supplementary Table 1
that lists the design, sample size and ancestry of each cited study
cohort from which the power of each study may be assessed.
Aside from published literature, genome-wide significant
variants (p < 5.0x10®) were extracted from publicly available
GWAS results on selected phenotypes from the UK Biobank
[Supplementary Table 2, (Neale, 2018)]. Variants classified as
“low confidence” in the UK Biobank data set were removed from
further analyses.

From variants identified by single-variant GWAS either in
literature or the UK Biobank, only the most significant variant in
each peak was selected for further analyses and annotated using
the hgl9 version of the UCSC Variant Annotation Integrator
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(Kent et al., 2002; Hinrichs et al., 2016). Furthermore, variants
were annotated as eQTLs using the GTEx v7 portal (GTEx
Portal, 2017). In this study, we identified the significant eGenes
for the variants identified from the literature or UK Biobank in
26 selected tissues (Supplementary Table 3) and annotated the
results using Ensembl BioMart (Zerbino et al., 2018). Note that
GTEx has eQTL data for lung but not for middle ear or sinonasal
tissues, thus we were limited to identification of eQTLs based on
other mucosal, respiratory or lymphoid tissues in GTEx
(Supplementary Table 3). Multiple significant eGenes were
typically identified for each variant, but intergenic variants that
were not identified as eQTLs for the 26 tissues selected in GTEx
were not considered further.

Gene lists were compiled for each phenotype
(Supplementary Table 4), which includes the following: [1]
Genes were significant by gene-based GWAS or linkage
analyses from the literature. [2] From the literature and UK
Biobank, for variants identified by single-variant GWAS, genes
were only included if the variant was located in a gene (coding,
intronic, or UTR), not if it was upstream or downstream. [3] For
all types of variants from single-variant GWAS whether from
literature or the UK Biobank, eGenes were identified from single-
tissue eQTL analysis in GTEx. Duplicate genes were removed
within each list. Additionally, the genes identified for the lower
airway phenotypes were combined into a single list (“Lower”).

Network Analysis for Lists of Published Genes

and eGenes

NetworkAnalyst was used to generate networks (Xia et al., 2014;
Xia et al,, 2015; Zhou et al,, 2019). The input used were the gene
lists identified from the literature and UK Biobank for Part 1
(Supplementary Table 4), with separate networks created for OM,
CRS, and Lower (Supplementary Methods). Networks were
created using the Generic PPI, with the IMEx Interactome
database from InnateDB (Breuer et al., 2013). The default
network creation method was used for the module and
PANTHER Biological Process (BP) analyses, which adds in the
first neighbors (interacting genes) for the seed genes (genes on the
input list). Module analysis was performed on each subnetwork, to
break the larger subnetworks into smaller, more densely connected
clusters or modules (Xia et al., 2014), using the Walktrap
algorithm (Pons and Latapy, 2005). Nodes representing genes
within a module are likely to work collectively to perform a
biological function. When phenotypes were combined, a
combined network was created in NetworkAnalyst and
visualized using Cytoscape software, in order to delineate
overlaps and differences between phenotypes (Shannon et al.,
2003; Assenov et al., 2008; Doncheva et al., 2012).

PANTHER BP enrichment analysis was completed for each
significant module within the larger subnetworks (Mi et al., 2019).
Each node (gene) is annotated with PANTHER BP Gene Ontology
(GO) Terms or pathways. PANTHER uses a subset of GO Terms
to simplify and condense results. The output of the PANTHER BP
enrichment analysis are the pathways that are enriched in the
nodes in the module or subnetwork. Significant pathways [false-
discovery rate (FDR)-adjusted p < 0.05] were compiled into a final

list for each phenotype (Supplementary Table 5). The Multiple
List Comparator (http://www.molbiotools.com/listcompare.html)
was used to make comparisons and generate Venn diagrams for
either gene or pathway lists.

Network Analyses Using RNA-Sequence
Data for Upper and Lower Airway
Phenotypes (Part 2)

RNA-Sequencing for Middle Ear Tissues From
Individuals With OM

Prior to start of the study, recruitment of patients undergoing
OM surgery was approved by the Colorado Multiple Institutional
Review Board. All study participants provided written informed
consent. Three cholesteatoma samples (considered “case” tissue)
and four middle ear mucosa samples (“control” tissue) were
collected from patients undergoing OM surgery at the University
of Colorado Hospital or Children's Hospital Colorado, and these
samples were submitted for RNA-sequencing (RNA-Seq). For
cholesteatoma samples, the median RIN was 5.8 and median
DV% was 89.2, while for mucosa samples median RIN was 1.5
and median DV% was 52.8. Tissue samples were processed as
described in the Supplementary Methods. Libraries were
constructed using the NuGEN Trio RNA-Seq kit (Tecan,
Redwood City, CA, USA), which includes an rRNA depletion
step. Sequencing was completed on the Illumina NovaSeq, with
paired-end 2x151bp reads. An average of 11.3 million read pairs
were obtained per sample (range 4.5 to 23.2 million read pairs).
One sample (3086) was removed from further analyses due to an
insufficient mapping rate to the human genome (5%) and not
clustering with the other OM samples in the principal
components analysis (Supplementary Figure 2).

RNA-Seq Data for CRS, NTM, and COPD

Previously, uncinate mucosa tissue from three patients with
CRS and four control individuals underwent RNA-Seq
(Ramakrishnan et al., 2017). For lung phenotypes, a search of
the NCBI Gene Expression Omnibus (GEO) database (http://
www.ncbinlm.nih.gov/geo/) did not identify transcriptome data
on lower airway tissue biopsies. However two RNA-Seq data sets
were available on bronchoalveolar lavage (BAL) fluid samples for
NTM cases and controls [GSE103852, unpublished, three cases
and three controls] and large airway brushings for COPD cases
and controls [GSE124180, (Morrow et al., 2019), three COPD
cases and four controls, all without emphysema]. Raw RNA-Seq
results were not available for the COPD data set, and therefore
we used the nonnormalized count data that was available. On the
other hand, the CRS and NTM data sets had the raw read data
available for analysis.

Processing of RNA-Seq Data and Differential
Expression Analysis

Reads were trimmed with either Trimmomatic for the CRS and
NTM data sets or BBDuk software for OM (Bolger et al., 2014;
Bushnell et al., 2017). Transcripts were quantified using Salmon,
run in mapping-based mode, which includes indexing and
quantification (Patro et al., 2017). The tximport package was
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used to extract counts from the salmon quantification output
(Soneson et al., 2015). The DESeq2 workflow was followed for
the tximport steps and DESeq2 analyses [http://bioconductor.
org/packages/devel/bioc/vignettes/DESeq2/inst/doc/DESeq2.
html, (Love et al., 2014)].

For OM, CRS, and NTM, the nonnormalized counts from
tximport were used for the DESeq2 analyses. For COPD, the
nonnormalized counts were available in the GEO database and
were used as the input. Counts were filtered to have an average of
more than three reads in either the cases or controls. The plotPCA
function in DESeq2 was used to generate principal components
(PC) plots for each data set. DESeq2 was run with default
parameters, and included read count normalization followed by
differential expression analysis. DESeq2 analysis was performed
for each of the four phenotypes individually (OM, CRS, NTM,
COPD). Multiple testing correction was performed using
adjustment for FDR, with significance threshold for differentially
expressed genes (DEGs) at adj-p < 0.05.

Network Analysis for Differentially Expressed Genes
For Part 2, network analysis using the same workflow as in
section 2.1.2 was performed using NetworkAnalyst with the
DEGs and fold-change as input. A “Lower” list was created
that combined the DEGs for NTM and for COPD, while OM and
CRS were analyzed separately. Chord and Venn diagrams were
created to compare the DEGs across OM, CRS, and Lower
phenotypes. Significant pathways were compiled into a final
list for each phenotype group (Supplementary Table 5). Venn
diagrams were also made to quantify pathway overlaps
among phenotypes.

Literature Review for Transcriptome Studies

A literature search on RNA studies was performed for upper and
lower airway phenotypes, using the same workflow as in section
2.1.1. Specific terms used for the search are included in the
Supplementary Methods. Studies were excluded if RNA was
not extracted from the disease tissue of interest. Genome-wide
significance was not required for transcriptome studies. Articles
meeting the criteria were summarized (Supplementary Table 6).

Comparisons Between Published and
RNA-Seq Data (Part 3)

In order to detect concordance between genome-wide significant
genes and eGenes (Part 1) and DEGs from RNA-Seq data (Part
2), the gene lists from each part were compared by phenotype
(OM, CRS, Lower) and Venn diagrams were created. Likewise,
comparisons were made between Parts 1 and 2 for lists of
pathways by phenotype.

RESULTS

Genes and Pathways Identified in the
Literature and UK Biobank GWAS (Part 1)
Upon review of the literature, 46 genome-wide significant
variants and 64 genes were identified from GWAS and family-

based studies (Supplementary Table 1). No variants overlap
between phenotypes, but there is some overlap at the gene level,
namely, HLA-DRBI in both OM and pneumonia and MUC6 in
both bronchiolitis and pneumonia. In addition, 40 significant
variants and 21 genes from the Neale UK Biobank single-variant
GWAS were identified (Supplementary Table 2). Two variants
(rs338598 and rs34210653 in CRS/NP) and three genes
(ALOX15, CYP2S1, and FOXPI in CRS/NP) were identified in
both the literature and UK Biobank data. The literature source
for the CRS/NP data was a paper that performed a GWAS in
both deCODE and UK Biobank, so the results would be expected
to overlap (Kristjansson et al., 2019). When only the most
significant variant in each peak was selected from single-
variant GWAS, 84 genome-wide significant variants remained
and were queried in the GTEx portal for association with gene
expression levels (eQTLs). In total, 122 eGenes were identified
from 84 variants (Supplementary Table 3). Eighteen variants
were excluded because the variant was not located in a gene and
was not a significant eQTL in the selected GTEx tissues. Table 1
lists the final gene counts for each phenotype, including OM and
CRS. The lower airway phenotypes (bronchiolitis, chronic
bronchitis, pneumonia, and acute bronchitis, and NTM and
PTB) were included in a single “Lower” list for further
analyses. Fifteen genes (8%) overlap between upper and lower
airway phenotypes (Table 1; Supplementary Table 4). The
majority of these genes are immune-related (Supplementary
Table 4).

TABLE 1 | Counts of published genes and eGenes by phenotype (Part 1)

Phenotype Published eGenes® Total References
genes? genes

oM 19 49 68 (Allen et al., 2013; Santos-Cortez
et al., 2015; Einarsdottir et al.,
2016; van Ingen et al., 2016;
Tian et al., 2017; Santos-Cortez
etal, 2018)

CRS 16 25 41 (Kristjansson et al., 2019)

Bronchiolitis 17 30 47  (Salas et al., 2017)

Chronic 4 1 5 (Lee et al., 2014; Cho et al.,

Bronchitis 2015; Dijkstra et al., 2015)

Pneumonia 18 21 39  (Kenyan Bacteraemia Study

and Acute Group et al., 2016; Hayden

Bronchitis et al., 2017; Tian et al., 2017;
Salas et al., 2018)

NTM and 9 12 21 (Curtis et al., 2015;

PTB Sveinbjornsson et al., 2016;
Chen et al., 2017; Zheng et al.,
2018)

All 81 99 180 -

phenotypes

combined

Overlap 1 14 15 -

between (8%)

upper and

lower

airways

"Genes are listed in Supplementary Table 4.

2Published genes include genes that harbor genome-wide significant variants.
SeGenes were identified in eQTL analyses using published genome-wide significant
variants that control expression in 26 selected tissues in the GTEx database.
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In the network created from the combined gene list for OM,
CRS, and Lower (Supplementary Figure 3), there is minimal
overlap between the upper and lower airways at a gene level. The
different phenotypes are interconnected in the network, but the
phenotypic associations are not necessarily with the same genes.

In order to generate lists of significant pathways for each
phenotype, we also analyzed the networks per phenotype. The
network input was the gene list for each phenotype (OM, CRS,
and Lower), and the network was created based on known
protein-protein interactions. For OM, four subnetworks were
generated, composed of 20 modules, all of which were significant.
For CRS, four subnetworks were generated, composed of 10
modules, all of which were significant. For Lower, two
subnetworks were generated, composed of 22 modules, 21 of
which were significant. PANTHER BP enrichment analysis was
completed on each module individually. Significantly enriched
GO Terms/pathways were identified and compiled into a single
list for each phenotype (Supplementary Table 5). Significant
pathways were identified for OM (n = 36), CRS (n = 13), and
Lower (n = 37; Supplementary Figure 4). Overall, based on
published genes and eGenes, 22 pathways (41%) overlap between
the upper and lower airways, and seven pathways were common
to all three phenotypes (OM, CRS, and Lower, Supplementary
Figure 4). These seven pathways include antigen processing and
presentation, endocytosis, immune system process and response,
protein folding, and viral process (Supplementary Figure 4).

Genes and Pathways Identified by
RNA-Seq (Part 2)

Differential expression analysis was completed separately for
each phenotype (OM, CRS, Lower). For OM, a large number
of genes (n = 1,806) were identified as differentially expressed
between cholesteatoma and middle ear mucosa (Supplementary
Table 7). Overall, 19 genes (0.9%) overlap between upper and

lower airway phenotypes (Figure 1). The two DEGs that are
present in all three phenotypes are CRI and SAAI
(Supplementary Table 7). Three DEGs were shared between
CRS and Lower, namely, RDHI10, SAA2, and SLC7AII
(Supplementary Table 7). Of the 14 DEGs that were identified
in OM and Lower data sets, half of the genes are known to
perform various enzymatic functions, while four genes are
involved in gene regulation (Supplementary Table 7).

From networks identified in OM RNA-Seq data, four
subnetworks were generated, composed of 96 modules, 16 of
which were significant. For CRS, six subnetworks were
generated, composed of 64 modules, 56 of which were
significant. For Lower, three subnetworks were generated,
composed of 29 modules, 26 of which were significant. Using
the same PANTHER BP enrichment analysis workflow in Part 1
and the DEGs as input, significant pathways were identified for
OM (n = 68), CRS (n = 56), and Lower (n = 34; Supplementary
Figure 5; Supplementary Table 5). Overall, based on DEGs, 32
pathways (38%) overlap between the upper and lower airways,
and 27 pathways were common to all three phenotypes (OM,
CRS, and Lower; Supplementary Figure 5; Supplementary
Table 5). Notably about half of these 27 pathways that were
common in OM, CRS, and Lower also overlap with DEGs
identified in previous microarray and RNA-Seq studies (Liu
et al., 2004; Kwon et al., 2006; Lee et al., 2006; Payne et al,
2008; Raju et al,, 2008; Stankovic et al, 2008; Rostkowska-
Nadolska et al., 2011; Klenke et al., 2012; Macias et al., 2013;
Wang et al., 2016; Ramakrishnan et al., 2017; Wang et al., 2017;
Gao et al,, 2018a; Gao et al,, 2018b; Kato et al., 2018; Langelier
et al., 2018; Ninomiya et al., 2018; Okada et al., 2018; Jovanovic
et al.,, 2019; Walter et al., 2019; Yao et al., 2019). The common
pathways from Part 2 RNA-Seq data that were identified in the
transcriptome literature are apoptosis, cell adhesion, cell cycle,
cell proliferation, chromatin organization/remodeling,

Lower

lower airway phenotypes.

OM (Part 2)
n=1806

CRS (Part 2)
n=202

Lower (Part 2)
n=66

FIGURE 1 | Overlap between lists of differentially expressed genes from RNA-Seq data (Part 2). (A) The chord diagram presents the overlap between the
differentially expressed genes (DEGs) for each phenotype (otitis media [OM], chronic rhinosinusitis [CRS], Lower including nontuberculous mycobacterial [NTM and
chronic obstructive pulmonary disease [COPD]). The connecting lines within the chord diagram show the overlap, at a gene level, between phenotypes. (B) Venn
diagram showing the overlap in the Part 2 gene lists between OM, CRS, and Lower (Supplementary Table 6). Nineteen genes (0.9%) overlap between upper and
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endocytosis, glycogen metabolic process, immune system
process, muscle contraction, protein phosphorylation,
proteolysis, RNA metabolic process, and transcription
(Supplementary Table 6).

Comparison of Genes and Pathways From
the Literature or UK Biobank GWAS vs.

RNA-Seq Data (Part 3)

For each phenotype (OM, CRS, and Lower), we compared the
genes and pathways identified from review of literature on DNA
studies vs. RNA-Seq results in order to determine if
commonalities in genetic background in the susceptibility to
upper and lower airway diseases are supported by both types of
studies (Figure 2). For OM, five genes (ABO, CDHR3, HLA-
DQB2, IER3, SURFI, 0.3%) were identified in both the DNA
literature (Part 1) and RNA-Seq (Part 2). For CRS, only the
NGEF gene (0.4%) was identified in both Parts 1 and 2. For the
lower airway, the HCP5 gene (0.6%) was identified in both Parts
1 and 2. Of note, there are a large number of genes that do not
overlap between Parts 1 and 2 for all three phenotypes. In
addition, all genes common between Parts 1 and 2 were
unique to each phenotype.

The same comparisons were made at the pathway level
(Supplementary Table 5; Figure 2). For OM, 21 pathways

A B

OM (Part 1)
n=68

OM (Part 2)
n=1806

CRS (Part 1)
n=41

o ’ ’ ’

(25%) were identified in the literature (Part 1) and RNA-Seq
(Part 2). For CRS, 11 pathways (19%), and for the lower airway,
21 pathways (42%) were identified in both Parts 1 and 2. We also
looked at the pathways that were common between Parts 1 and 2
individually for each phenotype, then compared them across the
phenotypes. The common pathways among the three
phenotypes (OM, CRS, and Lower) are chromatin
organization/remodeling, endocytosis, immune system process,
protein folding, and viral process (Figure 2). The additional
pathways that are common between the upper and lower airway
phenotypes are apoptotic process, cell cycle, DNA repair,
glycogen metabolic process, transcription, and translation. In
total, 12 (35%) pathways overlap between upper and lower
airway phenotypes (Supplementary Table 5; Figure 2).

DISCUSSION

Here, we report the results of an investigation of the unified
airway theory in infectious and nonallergic airway epithelial
conditions, both for genetic susceptibility (Part 1) and
differentially expressed genes (Part 2). Five pathways namely
chromatin organization/remodeling, endocytosis, immune
system process, protein folding, and viral process were shown

C

Lower (Part 1) Lower (Part 2)
n=94 n=66

CRS (Part 2)
h=202

ABO, CDHR3, HLA- NGEF HCP5
DQB2, IER3, SURF1
D E F
OM (Part 1) OM (Part 2) CRS (Part 1) CRS(Part2) Lower (Part1) Lower (Part2)
n=36 n=68 n=56 n=37 n=34

o . . .

Common pathways (OM, CRS, Lower): chromatin organization/remodeling, endocytosis,
immune system process, protein folding, viral process
Additional common pathways between upper and lower: apoptotic process, cell cycle,
DNA repair, glycogen metabolic process, transcription, translation

FIGURE 2 | Comparisons between gene and pathway lists (Part 3). (A-C) Significant genes were compared between Part 1 (published genes and eGenes) and Part
2 (RNA-Seq) for each phenotype (otitis media [OM], chronic rhinosinusitis [CRS], and Lower). Genes are listed in Supplementary Tables 4 and 6. (D-F) The lists of
significant PANTHER Biological Process Gene Ontology (GO) Terms/pathways were compared between Parts 1 and 2 for each phenotype (Supplementary
Figures 3 and 5; Supplementary Table 5). Twelve (35%) pathways were present in both the upper and lower airway phenotypes (Supplementary Table 5).
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to overlap among OM, CRS, and Lower airway phenotypes in
both Part 1 and Part 2 (Figure 2), indicating that our approach is
a viable route for finding overlaps among significant pathways
for diseases across the upper and lower airways. Three of these
pathways (chromatin organization/remodeling, endocytosis, and
immune system process) were also identified in previously
published transcriptome studies (Supplementary Table 6).
These three pathways have the strongest evidence for
involvement in both the upper and lower airway infectious and
nonallergic disease processes. While this study was focused on
the unified airway theory and therefore the pathways that are
common between OM, CRS, and the Lower airway, the pathways
that are unique to each disease site are also of interest,
particularly those that overlap between DNA and RNA studies
(Supplementary Table 5). These pathways may also provide
insight into disease-specific susceptibility and pathogenesis.

In each Part of this study, we identified more overlap
between upper and lower airway at the pathway level than at
the gene level (Figure 1; Supplementary Figures 4 and 5;
Supplementary Table 5). This finding may indicate that the
genes responsible differ between the diseases, but that those
genes impact the same pathways and cause disease or disease
susceptibility in a similar manner. While Part 1 measures
changes that occur at the DNA level and relate to genetic
susceptibility for a disease, Part 2 measures changes that
occur at the RNA level. The latter may be related to the
genetic susceptibility and downstream processes that are
affected, or they may be related to the changes that occur as a
result of the disease process itself. While we saw overlap in the
results from Part 1 and Part 2, especially at the pathway level, it
is reasonable to see that the results did not overlap completely.
On the other hand, genes and pathways that overlap in both
DNA and RNA studies for the same or similar phenotype(s)
provide strong evidence for their involvement in disease.

Cholesteatoma is a middle ear lesion of keratinized
epithelium surrounding squamous debris that usually occurs as
part of chronic OM, and is characterized by uncontrolled growth
and proliferation. This is the first report using RNA-Seq in OM
patients with middle ear cholesteatoma compared to middle ear
mucosal tissue as a control. Previous studies have used either
skin or granulation tissue as control tissue in cholesteatoma
studies (Kwon et al., 2006; Klenke et al., 2012; Macias et al., 2013;
Gao et al,, 2018a; Jovanovic et al., 2019). In our study, 1,806 genes
were differentially expressed between cholesteatoma and mucosa
samples (Supplementary Table 7; Figure 1). This large number
of DEGs may be explained by the growth characteristics of the
cholesteatoma tissue. In addition, 68 pathways were enriched in
cholesteatoma tissue (Supplementary Table 5). These RNA-Seq
findings may provide insight into the disease mechanism for
cholesteatoma, which is still poorly understood. Both the DEGs
and pathways identified here provide a resource for future
studies, e.g., for prioritizing candidate genes from sequencing
studies whether by DEGs or expression levels in middle ear and
sinonasal tissues.

For example, of the five OM genes that overlap between Parts
1 and 2, CDHR3, HLA-DQB?2, and IER3 are annotated with viral

process, apoptotic process, and DNA repair, which are some of
the PANTHER BP terms that were found as overlapping
pathways in Parts 1 and 2. HLA-DQB2 (MIM 615161) is a
well-known immune gene, while IER3 (MIM 602996) regulates
genes involved in apoptosis. CDHR3 (MIM 615610) encodes a
transmembrane epithelial protein and was previously identified
in GWAS for childhood ear infections (Pickrell et al., 2016) and
also for asthma exacerbations in children primarily due to viral
respiratory infections (Beonnelykke et al., 2014; Everman et al,,
2019). While the GWAS finding of CDHR3 variant rs114947103
as a protective factor against OM has not been replicated
(Pickrell et al., 2016), the downregulation of CDHR3 in
cholesteatoma compared to mucosal middle ear tissue (adj-p =
0.004) in our RNA-Seq study strongly supports a role for CDHR3
in OM.

However because CDHR3 was identified in a GWAS for
asthma, this gene was not included in overlaps between OM
and Lower airway. Of the 14 DEGs that overlap between OM and
Lower, all the genes except MUCLI are in overlapping pathways
in OM and Lower (Supplementary Table 5). On the other hand,
there are 42 DEGs that overlap between OM and CRS in the
RNA-Seq data, and are not shared with the Lower airway
phenotype (Figure 1). This suggests that at the gene level there
are more genes that overlap between OM and CRS (n = 42)
compared to OM and Lower airway (n = 14) or between the
upper and lower airway overall (n = 19). The shared number of
DEGs between OM and CRS at the RNA-Seq level may help
explain why, in addition to the physical proximity and
connectedness of the middle ear to the sinonasal complex, OM
and CRS are more similar to each other than either is to the
Lower airway phenotypes.

By comparing the RNA-Seq results from middle ear, sinus,
and lung, we identified two potentially novel genes for OM, i.e.
CRI and SAAI, that are involved in susceptibility to both upper
and lower airway disease. CR1 (MIM 120620), which encodes the
complement C3b/C4b receptor 1 (Knops blood group), was a
significant DEG in OM, CRS, and Lower (-3.6, +1.8, and -1.5
log2 fold change, respectively). The GO BP pathway annotations
for CRI include immune system process, viral process, and
negative regulation of complement activation. CRI is
important for the host response to bacteria, and mediates
immune adherence and phagocytosis (Smith et al., 2002; Li
et al., 2010). In CRS, CR1 was reported to have denser
localization in the mucosa of CRS patients than in normal
mucosa (Miyaguchi et al., 1988), and higher levels of CR1 were
found in granulocytes from the circulation and sinus pus
in patients with purulent sinusitis (Berg et al., 1989). In
pneumonia, CR1 had significantly higher levels on neutrophils
in patients with bacterial pneumonia compared to those with
viral pneumonia (Hohenthal et al., 2006). The CRI gene
was reported to be important for host defense against
pneumococcal infection in mice (Ren et al., 2004). In addition,
deficiency of CR1 was reported in a patient with OM, sinusitis,
and pneumonia (Sadallah et al,, 1999). In our study, CRI was
found to be downregulated in OM cholesteatoma and NTM
BAL, but upregulated in CRS. This could be consistent with a
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potential deficiency of CR1 resulting in susceptibility to
infections in the OM and N'TM patients.

SAAI (MIM 104750), encoding serum amyloid Al, was
significantly differentially expressed in OM, CRS, and Lower
(-2.5, +2.9, —4.6 log2 fold change, respectively). The SAAI GO
BP annotations include positive regulation of cytokine secretion,
receptor-mediated endocytosis, and positive regulation of cell
adhesion. Elevated plasma levels of SAA1 is a well-documented
clinical indicator for inflammatory conditions, and is suggested
to have a role in host defense against bacterial infection. SAA1
has been reported to be upregulated in lung parenchyma and
bronchi of patients with COPD compared with smoking controls
(Lopez-Campos et al., 2013). During TB treatment, SAAI
expression is reduced, and the reduction is greater for patients
who culture-converted at later time points (Sigal et al., 2017;
Kedia et al., 2018). In our study, this gene was found to be
downregulated in OM cholesteatoma and COPD large airway
brushings, but upregulated in CRS. Interestingly for both CRI
and SAAI the direction of regulation of expression is opposite in
OM vs. CRS but the same in OM vs. Lower. This may be
primarily due to the differences in types of tissues used;
alternatively it may also be due to disease-specific processes in
each site.

One limitation of the OM RNA-Seq study is that we were
unable to collect paired cholesteatoma and mucosa samples
from the same patients due to technical reasons. This prevents
us from comparing the expression levels of genes in the same
patients, which could provide additional valuable information
about the disease process. Other limitations are [1] the small
amount of middle ear tissues available resulting in lower RIN
values, and [2] the small sample size for RNA-Seq studies. On
the other hand, the rRNA depletion protocol used for RNA-Seq
allowed us to have analyzable data for comparison and genetic
results were replicated in other data sets, indicating that our
main findings are not false-positive results. Nevertheless
following up these findings in a well-powered cohort
particularly for OM will help validate the identified DEGs,
enable identification of additional novel DEGs, and also allow
for inclusion of covariates such as patient age, sex and ethnicity.
Based on our OM RNA-Seq data set with ~15,000 genes for
testing, ~1,800 DEGs, minimum fold change>2, and average
read counts of ~900, we will have sufficient power 280% with an
expanded data set of 28 middle ear tissues, preferably with
paired samples.

In summary, we have confirmed support for the unified
airway theory for infectious and nonallergic airway epithelial
disease, using both genetic susceptibility and differential tissue
expression studies. We also identified two potentially novel genes
for OM susceptibility, CRI and SAAI, in addition to 56 OM
DEGs that are also DEGs for CRS or lower airways. Moreover we
identified a total of 1,806 DEGs and 68 pathways that are
enriched in cholesteatoma compared to middle ear mucosa. In
the process we have created a data set that can be used as
reference for finding genes or pathways that are relevant to upper
and lower airways, whether common across sites, or unique to
each disease.
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The pathogenesis of otitis media (OM), an inflammatory disease of the middle ear (ME),
involves interplay between many different factors, including the pathogenicity of infectious
pathogens, host immunological status, environmental factors, and genetic predisposition,
which is known to be a key determinant of OM susceptibility. Animal models and human
genetics studies have identified many genes and gene variants associated with
OM susceptibility: genes that encode components of multiple signaling pathways
involved in host immunity and inflammatory responses of the ME mucosa; genes
involved in cellular function, such as mucociliary transport, mucin production, and
mucous cell metaplasia; and genes that are essential for Eustachian tube (ET)
development, ME cavitation, and homeostasis. Since our last review, several new
mouse models with mutations in genes such as CCL3, IL-17A, and Nisch have been
reported. Moreover, genetic variants and polymorphisms in several genes, including
FNDC1, FUT2, A2ML1, TGIF1, CD44, and IL1-RA variable number tandem repeat (VNTR)
allele 2, have been identified as being significantly associated with OM. In this review, we
focus on the current understanding of the role of host genetics in OM, including recent
discoveries and future research prospects. Further studies on the genes identified thus far
and the discovery of new genes using advanced technologies such as gene editing, next
generation sequencing, and genome-wide association studies, will advance our
understanding of the molecular mechanism underlying the pathogenesis of OM and
provide new avenues for early screening and developing effective preventative and
therapeutic strategies to treat OM.

Keywords: otitis media, genetics, susceptibility, immunity, inflammatory response, host, pathogenicity

INTRODUCTION

Otitis media (OM) is an inflammatory disease of the middle ear (ME) that is most commonly caused
by bacterial pathogens, such as Streptococcus pneumoniae (Spn), nontypeable Haemophilus
influenzae (NTHi), and Moraxella catarrhalis, and is one of the most common diseases in young
children. There are several types of OM, such as acute OM (AOM), chronic OM with eftusion
(COME), and chronic suppurative OM (CSOM). More than 80% of children under the age of three
suffer at least one episode of AOM; however, only a small subset of children experience recurrent or
chronic OM (COM), and the reason for this remains unclear (Kong and Coates, 2009). Although
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most cases of OM are resolved by the age of six, prolonged ME
inflammation can lead to hearing loss and other complications in
some cases.

The pathogenesis of OM is known to be multifactorial,
involving pathogen virulence, host immune status, genetic
predisposition, and environmental factors, alongside other risk
factors that affect the occurrence of COM, such as allergy/atopy,
prior upper respiratory tract viral infection, early or recurrent
AOM, and passive smoking (Zhang et al., 2014). Genetics has
also been shown to play a critical role in host susceptibility to
OM,; therefore, identifying genetic loci that are associated with
OM could help to elucidate potential disease mechanisms and
develop effective therapies. Many host genes identified and
associated with OM have been reviewed before (Rye et al.,
2011a; Kurabi et al., 2016; Bhutta et al., 2017b; Lin et al., 2017).
In this review, we provide an update on the identification of new
host genes, make progress in our understanding of previously
identified genes in OM predisposition, and discuss the prospects
for future research in this field.

INNATE IMMUNE AND INFLAMMATORY
RESPONSES IN OM

The epithelial lining of the ME possesses several defense
mechanisms; for instance, ME epithelial cells secret mucin and
other defense molecules (e.g. defensins, interferons, lactoferrin,
and nitric oxide) to attack and trap pathogens, particles, and dead
cells, which are conveyed toward the nasopharynx via the
Eustachian tube (ET) and cleared from the ME by the constant
unidirectional beating of the cilia of ciliated epithelial cells. ME
epithelial cells also express pattern recognition receptors (PRRs),
such as Toll-like receptors (TLRs) and Nod-like receptors (NLRs),
which recognize bacterial pathogens by binding to pathogen-
associated molecular patterns (PAMPs) on their surface. The
binding of PRRs and PAMPs activates downstream MAPK or
NFxB signaling cascades to induce the expression and activation
of pro-inflammatory transcription factors, such as NFxB and
interferon-regulatory factors (IRFs). These transcription factors
translocate to nucleus and induce the production and release of
inflammatory cytokines and chemokines, which recruit and
activate neutrophils, macrophages, and monocytes that destroy
and clear invading bacterial pathogens (Leichtle et al, 2011;
Kurabi et al., 2016).

Genes Involved in Inflammatory
Responses in OM

During the past decade, considerable progress has been made in
our understanding of the fundamental molecular mechanisms
underlying the role of innate immunity and inflammatory
responses in OM (Kurabi et al., 2016). The innate immune
system plays important roles in the initiation of inflammation,
clearance of invading pathogens, and recovery in AOM. Many
genes have been identified that are involved in immunity and
inflammatory responses in OM, and their functions have been
studied in animal models. The most important discoveries of

mouse models and gene association studies are briefly
summarized and discussed below.

Pro-inflammatory molecules, such as TNF-a, IL-1f, and C-C
motif chemokine ligand 3 (CCL3), play key roles in the
recruitment of inflammatory cells into the ME and the
activation of these cells for microbial clearance. Mice deficient
in pro-inflammatory molecules, such as TNF-o. and CCL3,
displayed diminished but prolonged leukocyte recruitment,
defective macrophage function, and failure to clear NTHi from
the ME cavity (Leichtle et al., 2010; Deniffel et al., 2017).
Moreover, exogenous CCL3 can restore phagocytosis and fully
restore OM recovery, suggesting that CCL3 acts downstream of
TNF-o. (Leichtle et al., 2010). These data pinpoint the essential
roles of pro-inflammatory molecules in the initiation and
recovery in AOM.

Mouse mutants deficient in PRRs (TLR2, TLR4, and TLR9),
NLRs [apoptosis-associated speck-like protein containing a
caspase-activating and recruitment domain (ASC)], and
adaptor proteins (MyD88 and TRIF) display reduced
production and maturation of pro-inflammatory cytokines,
such as IL-1 and TNF-o, which leads to reduced leukocyte
recruitment to the ME and, more profoundly, persistent
inflammation with impaired bacterial clearance, and this is
consistent with their roles in mediating the production of pro-
inflammatory cytokines in response to pathogens and in the
recovery of AOM (Hirano et al., 2007; Hernandez et al., 2008;
Han et al, 2009; Leichtle et al., 2009a; Leichtle et al., 2009b;
Leichtle et al., 2012). Similarly, in children, genetic
polymorphisms in TLR2, TLR4, and the TLR co-receptor
CD14 have been found to be associated with an increased
incidence of OM, while TLR4 also plays a role in acquired
adaptive mucosal immunity in the ME (Wiertsema et al., 2006;
Emonts et al., 2007; Hafren et al., 2015; Toivonen et al., 2017).

The active form of IL-1 is a cleavage product formed by the
inflammasome, a multi-protein complex that consists of the
NLRs ASC and pro-caspase 1. ASC-deficient mutants display a
lack of IL-1B maturation in the ME, reduced leukocyte
recruitment and infiltration in the ME cavity, and reduced
NTHi phagocytosis (Kurabi et al., 2015). Moreover, ASC
deficiency increases the degree and duration of mucosal
epithelial hyperplasia in the ME and delays bacterial clearance
in the infected ME cavity (Kurabi et al., 2015). In a microphage
cell model infected with Spn, IL-13 and TNF-o secretion were
significantly reduced by treatment with inhibitors of c-Jun N-
terminal kinase (JNK) or spleen tyrosine kinase (Syk).
Furthermore, it has been demonstrated that JNK is required
for ASC oligomerization and caspase-1 activation, and that JNK
activation via phosphorylation is regulated by Syk (Feng et al.,
2018) with similar results having also been obtained in
neutrophils upon Spn infection. In addition to JNK, neutrophil
serine proteases have also been found to participate in IL-1J
secretion by regulating ASC oligomerization and caspase-1
activation (Zhang et al., 2019).

It has also been shown that IL-17A levels are significantly
upregulated in ME fluid during AOM. Wang et al. reported that
IL-17A promotes neutrophil recruitment to the ME cavity and
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neutrophil apoptosis for bacterial clearance via the p38 MAPK
signaling pathway during Spn infection (Wang et al., 2014a). The
same group found that IL-17A also induces ME injury since IL-
17A knockout (KO) mice display less severe pathological changes
in their ME and lower pro-inflammatory cytokine and
myeloperoxidase (MPO) levels. Furthermore, the group
showed that neutrophil MPO production is mediated by the
p38 MAPK signaling pathway (Wang et al., 2017).

In summary, the innate immune system mediated by TLR,
NLR, and their downstream effectors and signaling pathways
play critical roles in the production of pro-inflammatory
molecules in response to pathogens for the recruitment of
leukocytes into ME and recovery of AOM. Other signaling
pathways, such as JNK and MAPK, also participate in the
initiation of inflammation and ME injury, which may be
caused by prolonged existence of leukocytes and elevated level
of myeloperoxidase in the ME.

Genes Involved in Anti-Inflammatory
Responses in OM

While pro-inflammatory responses fight infection and damage
host tissue, they are balanced by anti-inflammatory responses that
are thought to protect against host tissue damage and initiate
repair and healing to restore tissue homeostasis. Both pro- and
anti-inflammatory cytokines and cytokine signaling genes are
rapidly upregulated in response to NTHi, as shown by
transcriptome assays performed during a complete episode of
AOM (Hernandez et al., 2015). IL-6, which acts as both a pro-
and anti-inflammatory cytokine, is significantly upregulated 3-6
h after NTHi inoculation, with its decline followed by significant
increases in other pro-inflammatory cytokines (IL-1 3 and TNEF-
o) and anti-inflammatory cytokines (IL-1 receptor antagonist
(IL-1RA) and IL-10) (Hernandez et al., 2015). It has been found
that IL-10 is associated with OM and plays a critical role in
protecting the cochlea from inflammation-mediated tissue
damage by negatively regulating MCP-1/CCL2 expression (Ilia
et al., 2014; Woo et al,, 2015). Deubiquitinase cylindromatosis
(CYLD) has been found to suppress NTHi-induced inflammation
by inhibiting the expression of the key pro-inflammatory
chemokine IL-8 via the MAP kinase phosphatase 1 (MKP-1)-
dependent inhibition of extracellular signal-regulated kinase
(ERK) (Wang et al., 2014b). In a recent study, Zivkovic et al.
found that the IL-IRA VNTR allele 2 was associated with a
chronic OM patient in Serbia and suggested that the allele is
associated with higher IL-1RA levels, consistent with the increase
in IL-1RA observed in mouse models of OM (Zivkovic
et al.,, 2018).

Several TGFp signaling pathway genes have been associated
with AOM in humans, and the TGFp signaling pathway has been
shown to be involved in anti-inflammatory function in mouse
models of OM (Ilia et al., 2014; Rye et al., 2014). The
immunomodulatory gene transforming growth interacting
factor 1 (TGIF1) is a negative regulator of the TGFP signaling
pathway, and Tgif] knockout mice develop spontaneous COME,
which is characterized by significant thickening of the ME mucosa
lining and goblet cell population expansion (Tateossian et al.,

2013). In addition, studies in FbxolI- and Evil-deficient mouse
models have indicated that OM is associated with defects in the
regulation of TGFp signaling. Evil is known to repress TGFf3
signaling in several pathological processes by interacting with
different proteins and negatively regulate NTHi-induced
inflammation by inhibiting NF«xB activity (Kurokawa et al.,
1998; Izutsu et al., 2001; Sato et al., 2008; Xu et al., 2012).
Moreover, Evil dominant mutations lead to the spontaneous
development of OM in mice under specific pathogen-free
conditions (Parkinson et al., 2006; Hood et al., 2016). Fbxoll is
also involved in TGFp signaling by regulating phosphoSmad2
levels in the epithelial cells of palatal shelves, while a recent report
showed that Fbxo11”* mutations cause failed mesenchymal
regression during bulla cavitation, which may be the underlying
cause of OM (Tateossian et al., 2009; Del-Pozo et al., 2019a).
FBXO11 and TGIF1 have also been associated with COM in
humans (Segade et al., 2006; Rye et al., 2011b; Bhutta et al.,
2017a), and the involvement of EVI1, FBXO11, and TGIF1 in the
development of COM may be mediated via vascular endothelial
growth factor (VEGF) signaling, which was found to be
upregulated in the leukocytes of these mutant mice during the
bulla fluid response to inflammatory hypoxia (Cheeseman et al.,
2011). Furthermore, VEGF signaling has also been demonstrated
in the effusions of children with COME, while NF«B has been
detected in the mucosa of patients with CSOM (Sekiyama et al.,
2011; Jesic et al., 2014). These data further suggest the regulation
of ME inflammation involves complex interactions between
several signaling pathways. Continuing study is needed to reveal
the molecular mechanism underlying the pathogenesis of COM.

Other Genes Involve in Innate Immune and
Inflammatory Response in OM
BPIFA1 (SPLUNCI1), which is abundant in the mammalian
nasal, oral, and respiratory mucosa, has broad-spectrum
antimicrobial activity and can act as a chemoattractant that
recruits macrophages and neutrophils to the site of infection
(Sayeed et al., 2013). In mice, BPIFAL is highly expressed in the
surface epithelium, submucosal glands in the ME, and ET, while
BPIFA1-deficient mice display an increased COM frequency, as
characterized by the accumulation of neutrophils, proteinaceous
fluid, and mucus in the ME and extensive remodeling of the ME
walls (Bartlett et al., 2015). Recently, Mulay et al. found that
Bpifal deletion in Evil’®* mice significantly worsened the OM
phenotype, thickening the ME mucosa and increased collagen
deposition, without significantly increasing pro-inflammatory
gene expression. The authors concluded that BPIFAI is
involved in maintaining homeostasis within the ME and its
loss causes more severe OM via a mechanism other than the
inflammatory response (Mulay et al., 2018). In this study, the
deletion of BPIFAI alone does not increase the susceptibility to
OM, which is different from the ENU Bpifal "~ mutant. This
discrepancy in the predisposition to OM may be due to the fact
that the mutations are in different genetic backgrounds (Bartlett
et al,, 2015; Mulay et al., 2018).

Recently, Wang et al. found a multifunctional growth factor,
Progranulin (PGRN), was involved in AOM in an unusual way in
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the study of PGRN-deficient (PGRN™") mouse model (Wang
et al, 2018). After Spn inoculation, PGRN”" mice exhibited
increased macrophage recruitment in ME but delayed bacteria
clearance. They found the production of CCL2 is increased, which
could contribute to enhanced macrophage recruitment, whereas
the delayed bacteria clearance is most likely due to impaired
endocytosis capacity of macrophages (Wang et al.,, 2018).

Many studies have induced AOM in rodent models using
Spn, NTHi, and influenzae A virus to conduct transcriptomic
analyses and thereby identify genes and associated pathways
involved in OM. These studies have found that expression of the
inflammatory cytokines CxclI, Cxcl2, and IL-6, and genes
involved in NFkB signaling, innate immune, and inflammatory
responses are upregulated in OM. These data further support the
roles of inflammatory cytokines and innate immune response in
AOM (MacArthur et al.,, 2013; Hernandez et al., 2015). Genes
that are important for craniofacial structure and ME cellular
function in OM.

The coordinated movement of cilia toward the pharynx via
the ET is essential for trapping pathogens and mucociliary
clearance. Many OM mouse models are characterized by gene
mutations that cause defects in craniofacial anatomy or ME
cellular function, including mucin production, ciliated cell
function, ET structure and function, ME cavitation, and
mucosal hyperplasia. Many of these mouse mutants
spontaneously develop COME and thus can serve as good
models for studying COME (Bhutta et al., 2017b; Lin et al., 2017).

In the past few years, continuing efforts have been made to
identify new genes and further characterize existing mouse
models. Mutations in TNF-like ligand ectodysplasin (Eda) and
its receptor, Edar, result in the impaired development or loss of
submucosal glands, leading to reduced ET gating and the
ascension of bacteria and foreign body particles into the ME
cavity as well as reduced mucociliary clearance in mice and rats
(Azar et al., 20165 Del-Pozo et al., 2019b). Mutations in the EYA
transcriptional coactivator and phosphatase 4 (Eya4) and Fbxoll,
which cause delayed or failed mesenchyme regression during ME
cavitation, have also been associated with OM (Depreux et al.,
2008; Del-Pozo et al., 2019a). T-box transcription factor 1 (Tbx1)
deficiency disrupts the function of the muscles that control ET
function (Fuchs et al., 2015; Funato and Yanagisawa, 2018), while
OM model mice carrying mutations in the cell adhesion protein
Cdhll display ME cavitation defects (Kiyama et al., 2018).
Further study of many of previous identified genes in mouse
models is needed to elucidate the cellular and molecular
mechanism of these genes in OM.

RECENTLY IDENTIFIED GENES
ASSOCIATED WITH OM

In the past decade, a number of genetic loci, such as those at
10q26.3, 19q13.43, 17q12, 10q22.3, and 2q31.1, and genes
including A2MLI, BPIFAl, CAPN14, GALNTI14, FBXOl1,
FNDCI, FUT2, and TGIF1, have been reported to be associated
with OM (Daly et al., 2004; Casselbrant et al., 2009; Chen et al.,

2011; Rye et al., 2011b; Rye et al., 2012; Allen et al.,, 2013; Rye
et al,, 2014; Santos-Cortez et al., 2015; Einarsdottir et al., 2016;
Santos-Cortez et al., 2016; van Ingen et al., 2016; Bhutta et al.,
2017a; Santos-Cortez et al., 2018). In addition, several genes have
been identified as associated with childhood ear infection via a
genome-wide association study (GWAS), such as FUT2, TBX1,
ABO, MKX, FGF3, AUTS2, CDHR3, and PLG (Tian et al., 2017).
Among these, FUT2 and TBX1 were associated with OM by
separate studies; however, many of these associations did not
reach the genome-wide significance threshold (p < 5 x 107%),
therefore their involvement in OM requires further validation.
Fortunately, during the past three years, an increasing number of
genes have been identified by GWAS, exome sequencing, linkage
analysis, and the use of mouse mutants.

The alpha-2-macroglobulin-like 1 (A2ML1I) gene encodes an
ME-specific protease inhibitor with 41% identity and 59%
similarity with alpha-2-macroglobulin (A2M), an inflammatory
marker of the ME and oral cavity. A number of rare A2MLI
variants have been associated with OM susceptibility in
indigenous Filipino and in European- and Hispanic-American
children (Santos-Cortez et al., 2015; Santos-Cortez et al., 2016;
Larson et al., 2019). An RNAseq analysis has shown that A2ML]1
upregulation is correlated with the differential expression of genes
in the keratinocyte and epidermal cell differentiation pathways,
further suggesting that these rare A2ML1 variants play a role in
ME mucosal pathology.

FUT2, which encodes alpha-(1,2)-fucosyltransferase, is a
human secretion gene that controls the expression of the Lewis
and ABO(H) antigens on the mucosal epithelia, via which
bacterial pathogens bind (Goto et al., 2016). GWAS identified
FUT2 as a potential susceptibility gene for ear infections in
children (Tian et al., 2017), while Santos-Cortez et al. found
that common and rare FUT2 variants confer susceptibility to
recurrent/chronic OM in patients from various ethnicities. FUT2
likely modulates the ME microbiome by regulating A antigen
levels in epithelial cells (Santos-Cortez et al., 2018).

Van Ingen et al. identified that the fibronectin type III domain
containing 1 (FNDCI) gene is significantly associated with AOM
via GWAS (van Ingen et al, 2016). Previous reports have
suggested that FNDCI is involved in multiple cellular processes,
including inflammation. The AOM-associated FNDCI variants
were correlated with the methylation status of the FNDCI gene
and their association surpassed the threshold of genome-wide
significance and was replicated in an independent cohort.
Moreover, Fndcl is expressed in the ME tissue of mice and its
expression upregulated upon lipopolysaccharide treatment, which
is known to potently induce inflammation and stimulate TGF-J3,
TNEF-a, and IL-1 signaling. Thus, these studies imply that FNDCI
may be involved in the pathogenesis of OM by modulating
immunity or inflammatory responses (van Ingen et al., 2016).

CD44 is a transmembrane glycoprotein receptor for
hyaluronic acid that is widely expressed on the surface of
leukocytes, endothelial cells, epithelial cells, fibroblasts, and
keratinocytes and is involved in cell-cell interactions, cell
adhesion, and migration. Mice deficient in CD44 exhibit
reduced early mucosal hyperplasia and leukocyte recruitment
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and delayed bacterial clearance, suggesting it plays a critical role
in the cellular function of leukocytes and epithelial cells as wells
as in the pathogenesis and recovery of OM (Lim et al., 2019).

Nischarin is a cytosolic protein that is involved in the
regulation of cell motility, cell invasion, vesicle maturation, and
tumor suppression by interacting with multiple interacting
partners. Crompton et al. reported that mice with a mis-sense
mutation in the Nisch gene spontaneously develop OM, with
progression to chronic OM evidenced by histological
examinations (Crompton et al., 2017). Moreover, the mutant
mice exhibit serous or granulocytic effusions, become
increasingly macrophage- and neutrophil-rich with age, and
develop a thickened, inflamed mucoperiosteum. Significant
genetic interactions have also been observed between Nisch
and Itga5 mutations in the penetrance and severity of chronic
OM, while immunohistochemical staining and protein
expression analysis have implicated PAK1, RACI1, and
downstream LIM domain kinase 1 (LIMK1) and NFxB
pathway signaling in the development of chronic OM
(Crompton et al., 2017). Further study on the molecular
pathways involve these recently identified genes could provide
insight into the pathogenesis of OM.

MicroRNAs AND OM

Several reports have suggested that miRNAs are involved in the
pathogenesis of OM. Song et al. identified 15 differentially
expressed miRNAs from human ME epithelial cells (HMEECs)
treated with lipopolysaccharides (LPS), which are a cell wall
component of gram-negative bacteria. The predicted target genes
of these miRNAs are involved in developmental processes,
regulating cell growth, innate immune responses, acute
inflammatory responses, the IxB kinase/NFxB cascade,
complement activation, cell communication, and cell
differentiation, among others (Song et al., 2011). Val et al.
detected miRNAs from chronic OM ME effusions and
identified five miRNAs (miR-378a-3p + miR-378i, miR-200a-
3p, miR-378g, miR30d-5p, and miR-222-3p) that were
significantly induced in exosomes from HMEECs exposed to
NTHi lysates, all of which are known to target innate immunity
genes (Val et al., 2018). Associations between miRNAs and OM
have also been reported in humans; for instance, miR-146
expression is increased in the ME of OM patients and in vitro
cultured ME epithelial cells stimulated with proinflammatory
cytokines. Therefore, identifying miRNA target genes and their
downstream pathways could provide new insights into OM
(Samuels et al., 2016).

CONCLUDING REMARKS

During the past decade, mutagenesis and mutant
characterization studies in mouse models have identified many
genes as predisposing factors to OM which are predominantly

involved in host immune and inflammatory responses, cellular
function in mucin production, mucociliary transport, and the
development of the ME cavity and craniofacial structure. Genetic
studies in human patients have identified far fewer genes and loci
that are significantly associated with OM due to small patient
sample sizes, poor phenotyping, and more complex genetic
polymorphisms. However, there has been some consistency
between the genes identified by human and mouse genetic
studies, with polymorphisms or variants of the human
orthologs of mouse genes, such as TLR2, TLR4, FBXO11, and
BPIFAI also found to be significantly associated with OM in
humans. Moreover, some OM-associated syndromic disease
genes have also been identified in mice.

Studies in both human and mouse models have shown that
the host innate immune system plays crucial roles in the
pathogenesis and recovery of AOM. Deficiency in PRRs and
downstream signaling molecules that affect pro-inflammatory
factor production delay OM recovery, while mouse mutants with
ME cellular function defects and craniofacial abnormalities often
spontaneously develop chronic OM. Chronic OM has also been
associated with genetic polymorphisms or mutations in genes
involved in or mediated by innate immunity, VEGF, and TGFj
signaling pathways, such as TIr4, Evil, Nisch, Bpifal, Tgifl,
and Fbxoll.

Mouse mutants have been shown to recapitulate many
features of human chronic OM, including ME leukocyte
infiltration, mucosal hyperplasia, and the production of
mucus-rich effusions, thus serve as excellent models for
studying the pathology and mechanism underlying the
pathogenesis and recovery of OM. The human counterparts of
these mouse genes associated with OM predisposition should be
investigated as candidate genes for genetic linkage or association
studies in human OM patients of different ancestries. However,
the majority of studies in animal models are phenotypic or
pathophysiological, and little is known about the disease-
related pathways or molecular mechanisms underlying the
pathogenesis of chronic OM. Thus, further studies on these
animal models are necessary.

There are several limitations to the study of OM using mouse
models. Firstly, they may not fully recapitulate the features of
human OM; for example, there is no mouse model of CSOM.
Secondly, the human counterparts of COME causal genes in
mice, such as those causing syndromic disease and craniofacial
abnormalities, may not account for the high prevalence of OM in
humans as the correlation between ET abnormalities and chronic
OM susceptibility in young children remains unclear (Sade et al.,
1986; Takasaki et al., 2007). Instead, craniofacial abnormalities
may be more associated with chronic OM in adult patients (Dinc
etal., 2015; Nemade et al., 2018). OM susceptibility is likely to be
polygenic. Thirdly, many of these mouse models have been
obtained by mutagenesis in isogenic inbred lines housed in
clean facilities, whereas the human population has huge
genetic variation and polymorphisms, experiences diverse
living conditions, and is exposed to different environments.
Studying OM gene function in outbred laboratory animals may

Frontiers in Genetics | www.frontiersin.org

68

February 2020 | Volume 10 | Article 1395


https://www.frontiersin.org/journals/genetics
http://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Geng et al.

Genetics of Otitis Media

be a better approach. Nevertheless, mice still serve as good
models for studying the etiology, pathophysiology, and
recovery process of human OM. Therefore, the genes that have
been associated with OM in humans but failed to exceed
genome-wide significance thresholds or could not be replicated
in different cohorts should be further investigated in mice using
reverse genetics tools, such as gene editing.

In the past three years, promising results have been obtained
by using GWAS, exome sequencing, and linkage analysis to
identify human genes associated with OM. Genetic variants and
polymorphisms in several genes, such as FNDCI, FUT2, A2MLI,
TGIF1, and CD44, have been identified as significantly associated
with OM, confirming that the genome-wide significance of
genetic associations can be improved by increasing the size of
the study group. With continuing advancements in genetic
analysis technologies and experimental design, such as
increased sample size, more defined phenotyping, and less
diversity in the ancestry of the study group, future studies
should be able to identify more novel OM-predisposing genes
to advance our understanding of the mechanism underlying the
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Mutation in Fbxo11 Leads to Altered
Immune Cell Content in Jeff Mouse
Model of Otitis Media

Pratik P. Vikhe ™, Hilda Tateossian, Gurpreet Bharj, Steve D.M. Brown and Derek W. Hood

Mammalian Genetics Unit, MRC Harwell Institute, Oxfordshire, United Kingdom

The Jeff mouse mutant carries a mutation in the F-box only 11 gene (Fbxo17) and
heterozygous animals display conductive deafness due to the development of otitis media
(OM). The Fbxo1 1 locus is also associated with chronic otitis media with effusion (COME) and
recurrent OM in humans. The Jeff mutation affects the ability of FBXO11 to stabilize p53 that
leads to perturbation in the TGF-beta/Smad?2 signaling pathway important in immunity and
inflammation. In the current study, we evaluated the effect of the Jeff mutation on the immune
cell content using multicolor flow cytometry. In blood of Jeff heterozygotes, we observed a
significant increase in the number of NK, dendritic (CD11b+), neutrophils, and natural killer T
(NKT) cells and a significant decrease in effector T-helper and B-lymphocytes compared to
wild-type controls. The percentage of NK cells significantly decreased in the lungs of Jeff
heterozygotes, with a concomitant reduction in B-lymphocytes and T-cytotoxic cells. In the
spleen, Jeff heterozygotes displayed a significant decrease in mature B-lymphocytes,
effector T-helper, and naive T-cytotoxic cells. Neutrophils, dendritic, and NKT cells
dominated bulla fluid in Jeff heterozygote mice. Similar analysis carried out on
Fbxo11™2* heterozygotes, which carry a null allele, showed no difference when
compared to wild-type. Cytokine/chemokine analysis revealed a significant increase in the
G-CSF, GM-CSF, sTNFRI, TPO, and IL-7 levels in Jeff heterozygote serum compared to
wild-type. This analysis increases our understanding of the role played by Fbxo17, a gene
associated with human OM, in the systemic and localized cellular immune response
associated with increased susceptibility to OM.

Keywords: Fbxo11, otitis media, Jeff mouse, immune cells, natural killer cells

INTRODUCTION

Otitis media (OM) is a very common middle ear disease in children that is characterized by middle
ear inflammation and fluid accumulation (Schilder et al., 2016). Pathology of OM can manifest in
different ways and chronic and recurrent OM (ROM), often accompanied by effusion (chronic OM
with effusion, COME), can lead to hearing loss and developmental delays with a significant burden
on the healthcare system (Veenhoven et al., 2003). Tympanostomy to alleviate COME remains the
commonest cause of surgery in children. There is a significant genetic component to COME (Sale
et al,, 2011), and recently the discovery of a number of mouse genetic models of COME has led to
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insights into the genetic and molecular pathways involved in the
pathophysiology of chronic middle ear disease (Li et al., 2013;
Bhutta et al., 2017b). Jeff (Hardisty et al., 2003), Junbo (Parkinson
et al.,, 2006), and edison (Crompton et al, 2017) mutants are
COME mouse models each with single point mutation in the
Fbxoll, Evil, and nischarin genes respectively, identified at MRC
Harwell through a deafness screen as a part of a larger scale N-
ethyl-N-nitrosourea (ENU) mouse mutagenesis program (Nolan
et al., 2000).

Following the identification of a number of genes involved in
COME in the mouse there have been several studies to explore
the association of these genes with COME in the human
population. Association studies have shown that several human
genes may increase susceptibility toward OM, including FBXO11
(Sale et al., 2011). One of the largest association studies
employing samples from 1,296 families (3,828 individuals)
uncovered a significant link between FBXO11 and OM
susceptibility (Bhutta et al., 2017a). Moreover, two similar
studies carried out on western Australian children (Rye et al.,
2011) and Minnesota COME/ROM families (Segade et al., 2006)
showed a direct link between polymorphisms at the FBXO11
locus and OM susceptibility.

FBXOI11 is part of the SCF (SKP1-cullin-F-box) complex, a
multi-protein E3 ubiquitin-ligase complex catalyzing the
ubiquitination of proteins destined for proteasomal
degradation. FBXO11 is involved in ubiquitination of BCL6
(Duan et al, 2012) and phosphorylated SNAIL (Zheng et al.,
2014), and neddylation of p53 (Abida et al., 2007), which play
critical roles in regulation of the mammalian cell cycle and
function. FBXO11, through regulation of BCL6, modulates B-
cell survival and plays a crucial role in B-cell lymphoma (Duan
et al,, 2012). Other than regulation of B-cell survival in
lymphoma, the role played by FBXOI1 in modulating other
immune cells and the relevance of this to OM remains unclear.

In the current study, we used the well-characterized COME
Jeff mouse model (Hardisty et al., 2003; Hardisty-Hughes et al.,
2006) which carries a missense mutation in the Fbxol1I gene. The
homozygotes of this mutant mouse line do not survive beyond
birth and show a severe lung phenotype (Tateossian et al., 2009),
whereas the heterozygote mice survive with chronic OM
(Hardisty et al., 2003). FBXO11 can function as a Nedd8-ligase
for p53 promoting its neddylation and inhibiting its
transcription activity. The Fbxoll mutation in the Jeff mouse
results in a decreased level of p53 and increased pSmad2 levels;
pSmad?2 is directly involved in the regulation of the TGF-beta
pathway (Tateossian et al., 2009; Tateossian et al.,, 2015). The
TGE-beta pathway plays a critical role in maintaining
homeostasis by regulating remodeling of injury in disease and
modulating the immune and inflammatory response (Wan and
Flavell, 2007).

The association of FBXO11 locus polymorphisms with OM in
the human population and the corresponding phenotype
observed in the Jeff mouse with a mutation in the orthologous
gene makes it a vital model to dissect important immune changes
that are associated with OM. In the current study, we analyzed
the cellular immune changes that occur due to the Fbxoll

mutation in the heterozygote Jeff mouse using a comprehensive
flow cytometry panel that classified granulocytes, monocytes,
macrophages, eosinophils, dendritic, natural killer, B and T cells.
The Jeff mutation significantly altered the immune cell content in
the blood, mostly affecting the natural killer cells, and adaptive B
and T immune cells, which underlines the significance of
FBXOI11 in the immune/genetic regulation of these cells.
Further, we carried out a similar analysis with the heterozygote
Fbxo11 knockout mouse in order to better understand the role of
FBXOL11 in the cellular immune response. The Fbxo11 knockout
mouse did not show significant differences in the immune cells as
was observed in the Jeff mouse, suggesting that the Fbxoll
mutation in the Jeff mouse has gain of function effects that lead
to altered immune cell content. Also, using a mouse model, this
study is the first to report systemic immune cell differences due
to a genetic aberration leading to localized middle ear
inflammation and OM.

MATERIALS AND METHODS

Mice
The humane care and use of mice in this study was carried out
under the appropriate UK Home Office license and the local
ethics review committee reviewed the experimental procedures.
Heterozygote Fbxo11”* (also referred to as Jeff Het) mice and
their Jeff wild-type littermates (also referred to as Jeff Wt) were
generated by inter-crossing F1 Fbxo11”* C57BL/6] C3H/HeH
males with F1 Fbxo11""* C57BL/6] C3H/HeH wild-type females.
Heterozygote Fbxol1"™?"* (also referred to as Fbxol1 knockout)
and their Fbxol1™* wild-type littermates were generated by
inter-crossing F1 Fbxol1™?"*-PL-TM2B-C57BL/6N] with
C57BL/6N] females. The mice were specific pathogen free and
used at 8 weeks of age.

Sample Preparation

Blood was collected by retro-orbital bleeding under terminal
anesthesia induced by an intraperitoneal overdose of sodium
pentobarbital in lithium heparin tubes. For flow cytometry
analysis, 50 pl of blood was resuspended in 1 ml of red blood
cell (RBC) lysis buffer (Biolegend™) for 10 min on ice followed
by centrifugation and two washes with 1 ml phosphate buffer
saline (PBS). The final pellet was resuspended in FACS buffer (5
mM EDTA, 0.5% fetal calf serum in PBS). Middle ear fluid for
flow cytometry and cytokine/chemokine analyses was collected
as described previously (Vikhe et al., 2019). Briefly, middle ear
fluid was collected from unskinned heads obtained from mice
under terminal anesthesia. After removal of any material on the
external surface of the tympanic membrane, a hole was made in
the membrane while removing the malleus from the middle ear
using a sterile pair of forceps and fluid was collected with a
pipette and microtip in 10 pul cold PBS. Other tissues (spleens and
lungs) were collected in gentleMACS™ C tubes with 3 ml RPMI
supplemented with 10 ug/ml collagenase II (Serlabo™) and 166
pg/ml DNAse I (Sigma™). The tissue was homogenized in a
gentleMACS™ Dissociator and the single cell suspension was
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separated from tissue debris by passing through a 70 um Cell
Strainer. The cell pellet obtained after centrifugation at 800 x g
for 2 min was resuspended in RBC lysis buffer. Finally, after RBC
lysis, the cells were pelleted by centrifugation then resuspended
in FACS buffer for flow cytometry analysis.

Flow Cytometry Analysis

Middle ear fluid, blood, lung, and spleen samples were diluted
with FACS buffer, and a cell count was obtained. The samples
were transferred to a 96 well plate at the concentration of 2 X 10°
cells/well. Cells were centrifuged and washed twice with FACS
buffer. For the analysis of different types of immune cells, the
resuspended cells were incubated for 15 min with CD16/CD32
antibody (BD Pharmagen™) at a dilution of 1:100. After
centrifugation at 800 x g for 1 min, cell pellets were
resuspended in 100 pl of either of panel 1 or panel 2 (Table
S1) antibody cocktail and incubated for 20 min in the dark. Cells
were centrifuged and washed twice with FACS buffer and finally
resuspended in 100 pl of Sytox DNA stain (1:10,000). After
making up the final volume to 250 pl with FACS buffer, flow
cytometry was performed using a BD FACSCanto™ II system.
FlowJo software (Tree Star™) was used to analyze the data
obtained (Figures S1, S2 and Table S2).

Cytokine/Chemokine Analysis

Cytokine and chemokine levels were measured using a mouse
cytokine antibody array (Mouse Cytokine Array C1, RayBiotech
Inc.™) as described previously (Vikhe et al., 2019). Changes in
IL-7 and IL-15 were analyzed by Mouse IL-7 and IL-15 DuoSet
ELISA (R&D systems™) according to the manufacturer's

instructions. The color change was measured at 450 nm on an
Epoch BioTek™ plate reader and the IL-7 and IL-15
concentrations were calculated by using the standard
curve obtained.

Data Analysis

We used the unpaired t test assuming equal variance for
comparing the cytokine/chemokine changes between Fbxol1”*
serum to the Jeff wild-type whereas non-parametric Mann-
Whitney U test was used to compare the flow cytometry data.
A P value of less than 0.05 was considered significant.

RESULTS

Innate Immune Cell Population in
Fbxo11’"* Mouse

Innate immune cells play a critical role in the initiation of the
inflammatory response and the onset and maintenance of OM
(Mittal et al., 2014). The Fbxol1”’* mouse is characterized by
middle ear inflammation that mimics the human OM and also
exhibits a defective lung phenotype (Tateossian et al., 2009). To
understand the effect of the Jeff mutation in the FbxolI gene on
the innate immune cell population we analyzed the neutrophils,
eosinophils, macrophages, monocytes, dendritic cells (DC)
(CD11b+ve and -ve), progenitor DC, and natural killer (NK)
cells present in blood, spleen, lungs, and middle ear fluids
obtained from the Fbxoll”* mouse (Table 1). Significant
differences were observed in the proportion of blood
neutrophils, macrophages, DCs, and NK cells in Fbxo11”*

TABLE 1 | Immune cell percentage in Jeff wild-type (Jeff Wt) and Fbxo7 17+ (Jeff Het) mouse obtained by flow cytometry.

Immune cells Blood Lungs Spleen MEF
Jeff Wt Jeff Het Jeff Wt Jeff Het Jeff Wt Jeff Het Jeff Het

Granulocytes 16.60 ( + 1.76) 19.30 ( + 0.85) 6.21 (£ 0.79) 5.34 (+0.43) 3.53 (+0.43) 2.77 (+£0.31) 10.34 (£ 4.11)
Eosinophils 0.18 (£ 0.07) 0.29 (+ 0.05) 0.0385 (+ 0.01) 0.028 (+ 0.01) 0.05 (+ 0.09) 0.021 (£ 0.01) 0.14 (+ 0.05)
Macrophages 0.20 ( + 0.06) 0.57 (+ 0.16) 0.21 (£ 0.04) 0.22 (+0.03) 0.34 (+0.04) 0.23 (+0.02) 0.22 ( + 0.06)
Monocytes 5.54 (+0.88) 8.41 (+ 1.55) 1.58 (= 0.21) 0.81 (+0.22) 0.89 ( + 0.03) 0.84 (+0.12) 0.34 (+0.16)
DC CD8 type 27.5(+2.78) 20.44 (+2.19) 13.52 (£ 1.53) 13.17 (£ 1.43) 43.60 (£ 0.70) 42.30 (£ 1.58) 3.69 (+0.72)
DC CD11b type 1.29 (+ 0.28) 3.31 (£ 0.53) 1.06 (+0.15) 1.35(£0.13) 1.81 (£ 0.17) 1.92 (£0.11) 4.54 (+0.99)
Progenitor DC (pDC) 7.54 (+1.96) 7.99 (+ 1.06) 10.65 (£ 0.89) 11.13 (£ 1.36) 5.43 (+0.75) 4.50 (+ 0.43) 6.69 (+ 1.46)
NK cells 5.87 (£ 0.72) 10.84 (£ 1.71) 2.80 (+0.17) 0.91 (+0.23) 4.09 (+ 0.63) 3.12 (+ 0.20) 0.79 (+ 0.35)
T helper (Th) effector 2.63 (+0.72) 0.69 ( = 0.03) 0.37 (= ) 0.17475 (+ 0.12) 1.28 ( = 0.06) 0.72 (= 0.01) 0.22 (+0.07)
T helper (Th) resting 4.49 (+ 0.59) 4.54 (+ 0.68) 2.45 (+0.50) 1.22 (+£0.32) 7.73 (+0.71) 8.93 (+ 0.61) 0.16 (+ 0.07)
T regulator (T reg) effector 0.86 (= 0.08) 0.66 ( + 0.06) 0.68 (+0.12) 0.52 (+0.12) 0.53 (= 0.05) 0.46 (+ 0.03) 0.28 (+ 0.08)
T regulator (T reg) resting 0.14 (£ 0.02) 0.43 ( + 0.06) 0.35 (+ 0.06) 0.22 (+0.07) 0.82 ( + 0.01) 1.34 (= 0.09) 0.029 (£ 0.01)
T cytotoxic effector 0.47 (= 0.09) 0.31 (£ 0.01) 0.31 (= O 10) 0.11 (£ 0.03) 0.53 (+ 0.08) 0.34 (+0.03) 0.68 (+0.27)
T cytotoxic naive 3.62 (+ 0.67) 2.53 (+0.38) 1.25 (= 0.12) 0.58 (+0.12) 5.56 (+ 0.73) 6.92 (+0.72) 0.07 (+0.04)
T cytotoxic resting 1.56 (= 0.35) 0.67 (£ 0.12) 0.44 ( £ 0.07) 0.10 ( + 0.03) 2.44 (£ 0.25) 1.64 (+0.17) 0.04 (+0.02)
B2 total 24.82 ( = 2.80) 11.16 (= 1.22) 11.53 (+ 1.09) 9.22 (+0.91) 34.90 (+ 1.07) 28.87 (+ 0.95) 1.37 (£ 0.34)
B2 mature 2.31 (£ 0.25) 1.55 (= 0.09) 2.69 (+0.48) 3.75(+0.27) 3.38 (+0.28) 2.97 (+ 0.09) 0.26 (+0.11)
B2 immature 21.98 ( = 2.79) 9.26 (+ 1.13) 8.52 ( + 0.85) 5.14 (£ 0.70) 30.67 (£ 0.91) 25.20 (+0.83) 1.03 (£ 0.23)
B1 total 0.73 (+ 0.09) 0.58 ( + 0.03) 3.14 (+ 0.48) 5.81 (+ 0.76) 3.43 (+0.38) 4.90 (+0.44) 1.74 (£ 0.32)
NKT effector 0.77 (£ 0.14) 2.04 (£ 0.27) 12.92 (£ 0.88) 16.22 (£2.22) 1.29 (+0.18) 0.95 (+0.07) 3.15 (+ 0.99)
Invariant NKT (iNKTs) 0.57 (+ 0.07) 2.23 (+ 0.33) 6.21 (= 1.09) 8.98 (+ 1.40) 113 (+£0.24) 1.47 (£ 0.15) 1.99 (£ 0.67)
NKT resting 0.46 ( = 0.05) 1.43 (= 0.16) 0.96 (£ 0.11) 1.43 (= 0.35) 0.78 (£ 0.11) 1.63 (= 0.20) 0.68 (+0.17)

Values are the percentage of total live cells. Values in blue are significantly increased whereas those in red are significantly decreased in Jeff Het (Fbxo11%"*) compared to Jeff Wt (Jeff wild-

type) mice. MEF, middle ear fluid; DC, dendritic cell: NK, natural killer cell.
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when compared to the Jeff wild-type litter mates. The greatest
difference was observed in blood NK cell levels, which were
10.84% of live cells in the Fbxo1 1"+ mouse compared to 5.87% in
the Jeff wild-type counterpart (Figure 1A-C). The Fbxoll”*
mouse had 3.31% of CD11b+ve DCs compared to 1.29% present
in Jeff wild-type blood. Similarly, slight but significantly higher
levels of macrophages (0.57%) were observed in Fbxol1’*
compared to 0.20% in Jeff wild-type blood. Blood granulocyte
levels were significantly higher in the FbxolI”* (19.30%)
compared to Jeff wild-type (16.60%) mouse. In contrast to
blood, a significantly lower proportion of NK cells was
observed in lungs of Fbxo11”* (0.91%) compared to Jeff wild-
type (2.80%) mice. Further, Fbxoll”* lungs had 0.81% of
monocytes compared to 1.58% in the Jeff wild-type mouse. No
significant difference was observed in Fbxo11”* spleen innate
immune cells when compared to the Jeff wild-type mouse. The
middle ear fluid from Fbxol1”* had a high percentage of
granulocytes and DCs. The middle ear fluid comprised 10.34%

neutrophils and 6.69% progenitor dendritic cells (pDCs).
Compared to pDC's, the percentage of CD11b-ve DCs and
CD11b+ DCs in the Fbxo11”* middle ear fluid was less: 3.69
and 4.54% respectively (Table 1).

A similar analysis carried out on the Fbxoll
heterozygote Fbxoll knockout mouse (Table S3), did not
show the major differences in innate immune cell content as
observed in the Fbxoll”’*mouse in comparison to their
respective wild-type countertypes. The only significant
difference observed for the Fbxoll"?"* compared to
Fbxol1"* mouse was for blood and lung macrophages and
blood CD11b+ DC's. Fbxo11"™?"* had a slight but significantly
higher percentage of blood macrophages (1.72%) compared to
the Fbxol1™" mouse (0.95%). Also, CD11b+ DC's were 3.61%
in Fbxol11"™* mouse compared to 2.65% in the Fbxoll**
mouse blood. In lungs of the Fbxo11"™*** mouse, macrophage
numbers were significantly elevated (0.86%) compared to its
wild-type counterpart, Fbxol1"* (0.39%). We observed minor
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FIGURE 1 | Natural killer (NK) cell percentage in Jeff mice (Fbxo1 197+ and Jeff W). (A) Average difference in the percentage of blood NK cells in Jeff Het (Fbxo17%7*) and
Jeff wild type (Jeff Wt) mice. The error bars show standard error of mean where n = 4 and *P < 0.05. Representative flow cytometry plot for NK cell analysis of
bloods from Jeff Wt (B) and Jeff Het (Fbxo1177*) (C) mice. (D) Average difference in the percentage of blood effector NKT, resting NKT, and invariant NKT (iNKT)
cells in Jeff Het (Fbxo1 7“”/*) and Jeff Wt mice. The error bars show standard error of mean where n = 4 and *P < 0.05, **P < 0.01, **P < 0.001. Representative flow
cytometry plot for NKT cell analysis of bloods from Jeff Wt (E) and Jeff Het (Fbxo11%7*) (F) mice.
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immune cell differences between the Jeff wild-type and Fbxol1*"*
wild-type mice. It is known that mouse background affects
immunity and the mouse immune response to infection. The
Jeff wild-type and Fbxol1** mouse vary in their background:
Jeff wild-type is on mixed C57BL/6] C3H/HeH background
whereas the Fbxol1™* mouse is on a C57BL/6NJ background, we
predict that this difference in background could be influencing the
difference in immune cell content observed between these
wild-types.

Our observed differences in innate immune cells between the
Fbxo11”* and the Fbxo11™?”* mouse indicates the significant
role played by the Fbxoll gene in immunogenetic control of
these cells and OM.

Adaptive Immune Cell Population in Jeff
Mouse

We characterized the content of adaptive immune cells (Table 1):
T cells (helper and cytotoxic), B cells, and natural killer T (NKT)
cells in Fbxo11”* mouse blood, lung, spleen, and middle ear fluid.
The percentage of T helper (Th) effector cells in the blood was
significantly less in Fbxol1”* (0.69%) compared to the Jeff wild-
type counterpart. The percentage of blood resting T cytotoxic cells
was also significantly less in the Fbxo11”* (0.67%) compared to Jeff
wild-type (1.56%) mouse. In contrast, the percentage of blood T
regulatory (T reg) resting cells was significantly higher in the
Fbxo11”* compared to Jeff wild-type mouse. The greatest
difference was observed in the proportion of blood immature B
cells; Fbxo11”* had significantly less (9.26%) immature B cells
compared to the Jeff wild-type (21.98%) mouse (Figure 2A-C). In
contrast, NKT cell levels in the blood were significantly higher in
the Fbxo11”"* compared to Jeff wild-type mouse. Fbxo11””* mouse
blood had a significantly higher level of effector NKT cells, 2.04%
compared to 0.77% in Jeff wild-type. A similar trend was observed
in the levels of resting NKT cells and invariant NKT (iNKT) cells
(Figure 1D-F, Table 1).

Analysis of cells derived from the lung did not show a
significant difference in T-helper cells, but a significant
reduction in the levels of naive and resting T-cytotoxic cells
was observed in the _Fbxolllf/ " compared to the Jeff wild-type
mouse. The Fbxol1”* lung had 0.58 and 0.1% of naive and
resting T cytotoxic cells respectively compared to 1.25 and 0.44%
(naive and resting respectively) in Jeff wild-type. Other than T-
cytotoxic cells, the only significant reduction observed was in B2-
immature cells; the Fbxo11”* lung had 5.14% of B2-immature
cells compared to 8.52% in the Jeff wild-type mouse. The percent
of effector Th cells was significantly lower (0.72%) in Fbxol1"*
compared to 1.28% observed in the Jeff wild-type mouse whereas
the resting T reg percentage was significantly higher in Fbxo11”*
spleen (1.34%) compared to that found in Jeff wild-type (0.82%).
Also, a higher percentage of resting NKT cells was observed in
Fbxo11”* spleen (1.63%) compared to its wild-type counterpart
(0.78%). In the middle ear fluid, the highest percentage of
adaptive immune cells observed was NKT cells at 5.83%;
among these NKT cells nearly 55% were effector cells. After
NKT cells, B cells were the second highest adaptive immune cells
observed in the Fbxoll”* mouse middle ear fluid. The
percentages of Bl and B2 cells in the Fbxol1”* middle ear
fluid were 1.74 and 1.37%, respectively and nearly 75% of the B2
cells were mature (Table 1).

Similar analysis carried out on the Fbxoll™?* knockout
mouse did not show major differences in adaptive immune cells
as had been observed for the Fbxo11”* mouse compared to the
respective wild type (Table $3). Other than splenic immature B2
cells, no other significant differences were observed in the
Fbxo11"™?"* knockout compared to its wild-type counterpart
Fbxol1"*mouse. The Fbxol1"?"* mouse spleen had a
significantly higher proportion of immature B2 cells (16.23%)
compared to its wild-type counterpart Fbxoll™" (8.60%). Our
analysis indicates that the mutation in the Fbxoll”’* mouse
affects not only the innate immune cell content but also adaptive
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Frontiers in Genetics | www.frontiersin.org

76

February 2020 | Volume 11 | Article 50


https://www.frontiersin.org/journals/genetics
http://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Vikhe et al.

Mutation in Fbxo11 and Immune Cell Changes

immune cells. The absence of cellular immune changes in the
Fbxo11"* mouse that were observed in the Fbxo11”* mouse
suggests that the ENU mutation in the Fbxo11I gene could be gain
of function which alters the regulation of immune cells, leading
to lung and middle ear phenotypes observed in the Fbxo1”* mice.

Cytokine/Chemokine Levels in Jeff Mouse
Mutation in the Fbxoll gene leads to systemic and local
differences in the Fbxoll”* mouse immune cells. To
understand the influence of the autocrine and paracrine signals
on the differences observed, levels of the specific cytokines/
chemokines that modulate the functional response in the
immune cells were analyzed (Figure 3A). A significant increase
in G-CSF, GM-CSF, sTNFRI (soluble TNFRI), and TPO levels
was observed in the Fbxol 1" serum compared to the Jeff wild-
type. The significant increase in the NK cells observed in the
Fbxo11”* mouse could correlate with the major cytokines
known to modulate NK cell number and function, IL-7 and
IL-15 (Figure 3B). Of these two cytokines, only IL-7 was

significantly higher in Fbxol1”* serum compared to its wild-

type counterpart mouse. A majority of the cytokine/chemokines
in the Fbxo11””* mouse middle ear fluid were relatively high: IL-
12p40/p70, IL-12p70, CCL2, sTNFRI, and TPO. High levels of
IL-7 were also observed in the Fbxol1”* middle ear fluid.

DISCUSSION

One of the best characterized animal models for chronic OM is
the Jeff mouse mutant, which carries a mutation in the Fbxoll
gene that is known to be associated with human OM (Hardisty
et al,, 2003; Segade et al., 2006; Bhutta et al.,, 2017a). To
understand the effect of this mutation on the systemic and
localized immune cell content, we analyzed the immune cell
population in the Jeff mutant mouse.

The most significant difference observed between Jeff
heterozygotes (Fbxo11””*) and wild-type mice was in the
increased percentage of NK cells in blood, which are
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FIGURE 3 | Cytokine and chemokine levels in Jeff mouse (Fbxo? 77"+ and Jeff Wt) serum and middle ear fluid (MEF). (A) The volume coverage represents the
cytokine/chemokine levels obtained after analyses of 10 pl serum from Jeff Het (Fbxo7777*) and Jeff Wt and 1 pl MEF from Jeff Het (Fbxo1777*). Volume cover was
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from Jeff Het (Fbxo71%7*) and Jeff Wt and MEF from Jeff Het (Fbxo1177*), using mouse IL-7 or IL-15 DuoSet ELISA (R&D systems™). The concentrations in pg/ml
were obtained from the standard graph of concentration against absorbance at 450 nm. The error bars show standard error of mean where n = 4 and *P < 0.05.

Frontiers in Genetics | www.frontiersin.org

n February 2020 | Volume 11 | Article 50


https://www.frontiersin.org/journals/genetics
http://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Vikhe et al.

Mutation in Fbxo11 and Immune Cell Changes

significantly raised in the mutant. Similarly, the percentage of
NKT cells (effector, resting, and iNKT) was high in the Fbxo1 1"+
compared to the wild-type mouse. Analysis carried out on otitis-
prone children has shown similar findings; children prone to OM
have a higher proportion of NK cells in blood compared to a
healthy control group. The authors of the study postulate that the
increase in NK cell numbers is due to prolonged exposure to
upper respiratory tract infection (Seppanen et al., 2018).
However, our current study provides the possibility of a
genetic link being responsible for the increase in the circulating
NK cells. The Fbxo11”* mice utilized in the present study are
bred in specific pathogen-free conditions (Hood et al., 2016). The
development of OM in Fbxo11”* mice is spontaneous at a young
age (Hardisty et al., 2003). A similar analysis carried out in the
Fbxo11"?"* knockout mouse did not show any difference in the
NK cell population when compared to its wild-type counterpart.
This indicates that the increase in the NK cells in the circulation
can be purely attributed to the specific mutation in the Fbxoll
gene in the Fbxo11”* mouse.

One of the major cytokines that plays a critical role in NK cell
development, homeostasis, and activation is IL-15 (Margais et al.,
2013). Mice deficient in IL-15 do not produce NK cells,
supporting its significance in NK cell development (Ranson
et al, 2003). Analysis of IL-15 levels in the Fbxo11”* mouse
serum did not show a significant difference compared to its wild-
type counterpart indicating that the Fbxoll mutation does not
affect the paracrine signaling for NK cell modulation through IL-
15. IL-15 maintains the peripheral NK cell numbers by
increasing the anti-apoptotic BCL6 family proteins (Ranson
et al., 2003). BCL6 is targeted for ubiquitination and
proteasomal degradation by an SKP1-CUL1-F- box protein
(SCF) ubiquitin ligase complex that contains the FBXO11
protein (Duan et al., 2012). The increased blood NK cell
percentage in the Fbxoll”* mouse indicates the possible
alteration of the SCF mediated BCL6 degradation, specifically
in the NK cells. Another important cytokine that regulates NK
cell function is TGF-beta, levels of which were not significantly
different in the Fbxoll”* mouse compared to its wild-type
counterpart. Earlier studies carried out on the Fbxoll”*
mouse have highlighted the significance of the Jeff mutation on
the Smad2 mediated TGF-beta induced intracellular signaling in
the developmental pathways (Tateossian et al., 2009). Even
though we did not observe any significant difference in the
levels of TGF-beta in the Fbxol11”* mouse, the intracellular
signaling induced by TGF-beta in the NK cells could play a vital
role in their increased levels and function.

Along with NK cells, we also observed a significant increase in
the circulating T cell population in the Fbxol1”*mouse. One of
the cytokines that can stimulate the release of lymphocytes from
bone marrow and thymus is IL-7 (von Freeden-Jeffry et al.,
1995); levels of this cytokine were significantly higher in the
Fbxol11"* serum compared to its wild-type counterpart. Along
with increasing lymphocyte numbers, this elevated level of IL-7
can also result in increased thymic NK cell numbers (Marcais
et al., 2013). IL-7 also increases the release of B cells from bone

marrow and thymus (von Freeden-Jeffry et al, 1995) but in
Fbxo11”* the percentage of B cells was significantly lower than
in the wild-type mouse. FBXO11 is known to play a critical role
in maintenance of B cell levels via the BCL6 pathway and
FBXO11 loss of function is frequently observed in B cell
lymphoma cell lines and increased B-cell levels (Duan et al,
2012), as we observed in the Fbxol1"%* knockout mouse.
Restoration of BCL6 function in the B cell lymphoma cell lines
has been shown to inhibit B-cell lymphogensis (Duan et al,
2012), indicating a potential critical role played by FBXO11 in
the modulation of B cell survival. Our observation of reduced
levels of B cells in the FbxolI”* mouse indicates that the Jeff
mutation in the B-cells could be inducing the apoptotic
pathways, possibly through BCL6. This novel role of FbxolI in
the modulation of B cell survival warrants further studies but
suggest that the Jeff mutation may be manifesting gain of
function phenotypes in the regulation of B cell numbers.

The other cytokines that were significantly increased in the
Fbxo11"* seram compared to wild-type were G-CSF and GM-CSF.
Both these cytokines play a critical role in the regulation of
neutrophil development (Roberts, 2005), which could correspond
with the significantly higher blood granulocyte levels observed in
the Fbxol 1" mouse. G-CSF also inhibits NK cell activity (Schlahsa
et al,, 2011). IL-2 is one of the major cytokines released after
activation of NK cells. In the Fbxol1”* mouse, even with the
high percentage of NK cells in the circulation, no difference in IL-2
levels was observed compared to wild type. Neutrophil numbers
also play a critical role in perturbation of inflammation in the
middle ear. In other animal models, the extracellular neutrophil
DNA in the middle ear fluid contributes to NTHi biofilm formation
(Jurcisek and Bakaletz, 2007; Juneau et al., 2011). In the case of
Fbxo11"* mice, the neutrophil percentage in the middle ear fluid
was high and most of these were living. This might be a contributing
factor toward the significantly lower NTHi titers and infection rate
observed in Fbxol 17+ compared to Junbo mice (Hood et al., 2016);
the latter has high levels of necrotic cells in the middle ear fluid
(Vikhe et al., 2019).

The level of soluble TNFRI (sTNFR1) in the Fbxol 1"+ serum
was significantly higher than that found in wild-type, whereas
TNEF-alpha levels were not different. sSTNFRI has a high affinity
for TNF-alpha (Wang et al., 2004), modulating its slow release
and thus suppressing inflammation. It is well established that
inhibiting TNF-alpha decreases middle ear inflammation in OM
(Jeun et al., 2001). Trans-tympanic membrane treatment of mice
with sTNFRI and anti-TNF-alpha inhibits LPS induced middle
ear inflammation and OM (Jeun et al., 2001). The molecular level
regulation for the release of sSTNFRI is still unclear. The increase
in sSTNFRI in the Fbxol1”* mouse serum indicates a role for
FBXOI11 in its regulation; this mouse model could play an
essential role in understanding the regulation of this critical
cytokine at the genetic level.

Another cytokine/growth factor that was significantly higher
in Fbxol1”* mouse serum was thrombopoietin (TPO). TPO is a
growth factor that initiates the process of megakaryocyte
production and generation of platelets (Lupia et al, 2012).
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Increased levels of TPO are found in patients with inflammatory
bowel disease (Kapsoritakis et al., 2000) and Streptococcus
pneumoniae induced bacterial meningitis in mice (Hoffmann
etal,, 2011). The relevance of TPO in cardiovascular damage and
inflammatory diseases is known (Lupia et al., 2012), but its role
in OM has yet to be evaluated. We were not able to classify
platelet population in the Fbxol1”* mouse in our current study
but increased levels of TPO are indicative of abnormal platelet
function and its relevance in OM can be investigated using this
mutant mouse model.

In conclusion, our studies of the Jeff (tholllf/ *) mouse model
identify immune cell changes which can play a critical role in
inflammation. A significant increase in blood neutrophil, NK cells,
NKT cells and dendritic cells were observed in the Fbxol1”*
mutant mouse compared to wild-type. The heterozygote Fbxol1l
knockout mouse did not show these differences, consistent with a
gain of function for the Jeff mutation that leads to these immune
cell changes. Interestingly, as we report elsewhere (Kubinyecz et al.
manuscript submitted), the Fbxol1"™?* heterozygous knockout
mouse does not develop a spontaneous OM phenotype as
observed in Fbxol1”*, which is also indicative of gain of
function effects. In conclusion, this study paves the way for
further studies using the Jeff model to dissect the genetic
interrelationships between the control of immune cells and OM.
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Alloiococcus otitidis and Turicella otitidis are common bacteria of the human ear. They
have frequently been isolated from the middle ear of children with otitis media (OM),
though their potential role in this disease remains unclear and confounded due to their
presence as commensal inhabitants of the external auditory canal. In this review, we
summarize the current literature on these organisms with an emphasis on their role in
OM. Much of the literature focuses on the presence and abundance of these organisms,
and little work has been done to explore their activity in the middle ear. We find there
is currently insufficient evidence available to determine whether these organisms are
pathogens, commensals or contribute indirectly to the pathogenesis of OM. However,
building on the knowledge currently available, we suggest future approaches aimed at
providing stronger evidence to determine whether A. otitidis and T. otitidis are involved in
the pathogenesis of OM. Such evidence will increase our understanding of the microbial
risk factors contributing to OM and may lead to novel treatment approaches for severe
and recurrent disease.

Keywords: Alloiococcus, Turicella, otitis media, middle ear, otopathogen

INTRODUCTION

Otitis media (OM) is a polymicrobial disease most common in young children, characterized by
inflammation of the middle ear and the presence of fluid behind the tympanic membrane. OM is
a significant health care burden, affecting over 80% of children by the age of 3 (Teele et al., 1989)
at an estimated annual cost of AUD$100 to 400 million in Australia (Taylor et al., 2009). The signs
and symptoms of OM have been described as a phenotypic landscape of disease (Bhutta, 2014), but
are commonly divided into two broad categories; acute OM (AOM) and OM with effusion (OME).
In AOM, signs of an acute infection are present with a bulging tympanic membrane and often
purulent fluid in the middle ear. Episodes of AOM may recur, becoming recurrent AOM (rAOM) if
3 or more episodes are experienced within 6 months, or > 4 in 12 months (Kong and Coates, 2009).
In OME, there are no signs of acute infection with the fluid more commonly serous or mucoid. If
the fluid persists for >3 montbhs, this is diagnosed as chronic OME (COME) (Bluestone et al., 2002).
The onset of AOM will often occur subsequent to a viral upper respiratory infection, and may
develop into OME (Bhutta, 2014). Chronic suppurative OM (CSOM) may follow untreated rAOM
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or COME, where the tympanic membrane perforates and there
is persistent discharge (otorrhea) from the middle ear (Kong
and Coates, 2009), allowing infection from external sources.
Untreated OM can result in conductive hearing loss and
consequent speech and language delays (Kong and Coates, 2009).

Three major bacterial pathogens are known to be involved
in OM (known as otopathogens); Streptococcus pneumoniae,
non-typeable Haemophilus influenzae (NTHi), and Moraxella
catarrhalis. These otopathogens are frequently detected in middle
ear fluid (MEF) from both children with OME and with AOM
(Bluestone et al, 1992). As colonizers of the nasopharynx,
these otopathogens are thought to ascend the Eustachian tube
to the middle ear, often following an episode of an upper
respiratory tract viral infection (Chonmaitree et al, 2008).
Respiratory viruses are capable of increasing the adherence
of otopathogens to host cells, compromising Eustachian tube
function, stimulating the immune system and inducing mucus
production which may contribute to the otopathogens’ ability to
colonize the middle ear (Bakaletz, 2002). These otopathogens are
capable of intracellular invasion and the formation of biofilm in
the middle ear (Thornton et al., 2011); a matrix of extracellular
DNA, polysaccharides and proteins. With these mechanisms,
otopathogens are protected from antibiotic molecules and the
host immune system and are able to later recolonise the middle
ear, likely contributing to the recurrent or persistent nature
of severe OM (Hall-Stoodley et al., 2006). Colonization with
multiple otopathogens in the nasopharynx is more common
in children with rAOM than in healthy children (Wiertsema
et al,, 2011). However, in some studies utilizing PCR, substantial
proportions (18-31%) of children with AOM do not appear to
have any evidence of the three major otopathogens in the middle
ear fluid (Leskinen et al., 2004; Harimaya et al., 2006a; Kaur et al.,
2010; Holder et al., 2012); suggesting other microbes are also
involved in the pathogenesis of OM.

There are other bacterial species often isolated from the
middle ear fluid of children with OM that are not currently
considered major otopathogens. The two organisms most
frequently reported are Alloiococcus otitidis and Turicella otitidis.
These bacteria have primarily been observed in the middle ear
fluid of children with OME (Ashhurst-Smith et al., 2007; Jervis-
Bardy et al, 2015; Chan et al, 2016), including Indigenous
Australian children; however, these organisms have also been
identified as normal flora of the external auditory canal (Stroman
et al., 2001). It has been speculated for over 25 years that these
species are involved in the development of OM (Faden and
Dryja, 1989; Funke et al., 1994), but there remains no substantial
evidence describing their role, if any, in the disease.

In this review, we aim to summarize the current knowledge on
these two species and their association with OM. We extensively
review reports of their prevalence and abundance in the MEF
from children with OM by culture, species-specific PCR and
next generation sequencing methods, which have limitations
in accurately estimating the abundance of these organisms.
We explore the major issues with interpreting these organisms
as otopathogens, including their natural colonization of the
external ear canal and their relative absence in the nasopharynx;
features not characteristic of major otopathogen species. We also

evaluate the minimal evidence available from studies that have
aimed to demonstrate a pathogenic role. As these organisms’
involvement in OM currently remains equivocal we propose
directions for future research that could firmly establish how
these “controversial” organisms relate to the health of children
with OM.

Alloiococcus otitidis

A. otitidis is a Gram positive coccus first reported as an unknown
organism isolated from the MEF of children with OME in
1989 (Faden and Dryja, 1989). It was characterized as slow-
growing, aerobic, catalase positive, and oxidase negative and
was distinguishable from the phenotypically similar Aerococcus,
Gemella, Enterococcus, and Micrococcus (Faden and Dryja, 1989).
In 1992, the 16S rRNA sequence of the novel organism was
analyzed and it was named Alloiococcus (“different coccus”)
otitis (Aguirre and Collins, 1992). This nomenclature was later
revised (von Graevenitz, 1993) to A. otitidis. Placed within
the Carnobacteriaceae family, it is the only species in its
genus and is most closely related to Dolosigranulum by 16S
rRNA sequence homology (Vos et al., 2009). Dolosigranulum
is a nasopharyngeal commensal of relevance to OM, and
their similarity leads to misclassification in 16S rRNA gene
surveys using older taxonomic databases (Lappan et al., 2018).
A. otitidis strains have been characterized as resistant to
trimethoprim-sulfamethoxazole and macrolides, and susceptible
or intermediately resistant to penicillin and ampicillin (Bosley
et al., 1995; Ashhurst-Smith et al., 2007; Marsh et al., 2012),
though they are f-lactamase negative (Bosley et al., 1995).

Turicella otitidis

The first description of T. otitidis was in 1993, when it was
independently determined that unidentified coryneforms from
MEF specimens (primarily from children with AOM), whilst
phenotypically similar to Corynebacterium afermentans, were
biochemically distinct from this species (Funke et al., 1993;
Simonet et al, 1993). The 16S rRNA sequences of these
strains showed they were also phylogenetically distinct and
the new genus and species T. otitidis was proposed (Funke
et al., 1994). T. otitidis is a Gram positive bacillus; catalase
positive, oxidase negative and aerobic (Funke et al., 1994). Like
A. otitidis, T. otitidis is the only member of its genus and
was placed in the Corynebacteriaceae family with its closest
relative, Corynebacterium (Goodfellow et al., 2012); though it
has recently been proposed that T. ofitidis is a true member of
the Corynebacterium genus (Baek et al.,, 2018). Like A. otitidis,
T. otitidis’ closest relative is also a nasopharyngeal commensal,
and Corynebacterium and Dolosigranulum commonly co-occur
in healthy children (Biesbroek et al., 2014; Lappan et al., 2018).
T. otitidis is similarly misclassified as Corynebacterium in at
least one ribosomal taxonomic database (Lappan et al., 2018).
T. otitidisis sensitive to tetracyclines and amoxicillin, but is
resistant to sulfamethoxazole and co-trimoxazole (Troxler et al.,
2001) and some strains have developed mutations conferring
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macrolide resistance (Gomez-Garcés et al., 2004; Boumghar-
Bourtchai et al., 2009).

WHY HAVE THESE ORGANISMS BEEN
IMPLICATED IN OTITIS MEDIA?

Both Alloiococcus and Turicella were first isolated by culture
from the MEF of children with OM, prompting suggestions
of their association with the disease (Faden and Dryja, 1989;
Funke et al., 1993; Simonet et al.,, 1993). This is the primary
niche from which these organisms have since been consistently
detected, though they have not been studied as extensively as
the three major otopathogen species. A. otitidis has appeared
more frequently than T. otitidis in the scientific literature, with
97 results for “Alloiococcus” and 44 for “Turicella” in the Scopus
database as at 2019-02-07; this literature has been used for this
review. This disparity is likely because A. otitidis can be detected
by both culture and PCR methods, whereas there are currently
no published primer pairs specific to T. otitidis. Additionally,
cultured T. otitidis isolates are not often distinguished from
commensal skin coryneforms (von Graevenitz and Funke,
2014). Table 1 summarizes the studies that have evaluated the
prevalence of A. otitidis in MEF by either microbiological culture
or targeted PCR, including the OM phenotype and extent of ear
canal avoidance for each. Few studies describe the prevalence of
T. otitidis (see section T. otitidis Has Been Detected in MEF by
Culture, But Is Seldom Reported).

A. otitidis Can Be Difficult to Detect by

Culture

A. otitidis was originally detected by microbiological culture from
MEF and was thus implicated as a cause of OME. However, it
has remained a challenging organism to grow, requiring extended
incubation times and producing small colonies (Ashhurst-Smith
etal., 2007) so it may have been overlooked as an otopathogen in
early studies. At its discovery, it was successfully cultured at 37°C
with 5% CO, on blood agar for 2-5 days (Faden and Dryja, 1989).
Subsequent studies apparently failed to culture the organism,
with rates of 0% reported until 2007 when Ashhurst-Smith et al.
(2007) successfully cultured the organism in 40% of MEF samples
using a slightly lower temperature (35°C) and higher CO,
(7.5%). Only six studies since the 1989 paper have reported the
prevalence of A. otitidis in MEF by culture; five cultured it from 1
to 40% of samples from children with OME or COME (Ashhurst-
Smith et al., 2007; de Miguel Martinez and Ramos Macias, 2008;
Khoramrooz et al., 2012; Garibpour et al., 2013; Sheikh et al.,
2015) and one cultured it from 46% of qPCR-positive otorrhoea
swabs from children with AOM and perforation (Marsh et al.,
2012). Due to the varying culture conditions used to isolate the
organism (see Table 1) and the potential for overgrowth of other
organisms to mask the presence of small A. otitidis colonies, it
is not clear whether the prevalence of A. otitidis by culture is
comparable to that of the three major otopathogens. A clearer
picture can be obtained from those studies that have detected
these organisms via species-specific PCR.

A. otitidis Is Commonly Detected in MEF by
PCR

In 1997, A. otitidis was incorporated as part of a multiplex
PCR method with the three major otopathogens, NTHi, S.
pneumonia, and M. catarrhalis (Hendolin et al., 1997). The use
of PCR has substantially improved the detection rate of these
four organisms in MEF specimens compared to microbiological
culture, as demonstrated by studies where both methods were
used (Hendolin et al., 1997, 1999; Leskinen et al., 2002; Pereira
et al., 2004; Harimaya et al., 2006a; Kaur et al., 2010; Aydin
etal., 2012; Khoramrooz et al., 2012; Sheikh et al., 2015; Sillanpdd
et al., 2016; Slinger et al., 2016). In children with OME or
COME, A. otitidis has been reported by PCR in 18.5-60.5%
of MEF specimens (13 studies), and in children with AOM or
rAOM, 7-50% (5 studies). Two studies compared the prevalence
of A. otitidis in purulent and non-purulent MEF; A. otitidis
was detected in 18.4 and 22.6% of purulent fluids, and in 25.4
and 25.7% of non-purulent fluids (Holder et al., 2012, 2015).
However, there were 4-8 times as many non-purulent fluids
tested in these studies as purulent fluids. One study has measured
the bacterial load of A. otitidis in children with AOM with
perforation and demonstrated that it was present at a comparable
load to H. influenzae, the most dominant otopathogen (Marsh
et al.,, 2012); but this is the only study to have done so.

The information currently available on the prevalence of
A. otitidis suggests it is more commonly associated with
persistence (OME) than acute infection (AOM). The within
study-comparisons of purulent and non-purulent fluid support
this (Holder et al., 2012, 2015), though no other studies have
made a direct comparison between phenotypes and the difference
in proportions is not large. It therefore may be hypothesized
that the role of A. otitidis in OM is in the perpetuation of
inflammation rather than as a direct pathogenic cause of acute
infection. Further studies are needed to test this hypothesis,
however some caution is required as the apparent association
may be due to publication bias with few reported studies having
sought to detect A. otitidis in children with AOM. Importantly,
the prevalence and abundance of A. otitidis in MEF is possibly
overestimated due to its habitation of the external ear canal.
Several of the studies in Table 1 either did not describe measures
that were taken to avoid contamination with the ear canal,
disinfected it only with 70% alcohol (which does not destroy
DNA) or included children whose tympanic membranes had
previously been breached.

Of the 16 studies summarized in Table 1 that have reported
the prevalence A. otitidis, S. pneumoniae, NTHi, and M.
catarrhalis by species-specific PCR, A. otitidis was detected more
frequently than each of the major otopathogens in 9 of them
(for two of these studies, in non-purulent fluid only). Table 2
describes those studies that have reported whether A. otitidis
occurs alone or is detected together with the major otopathogens.
Both scenarios are reported, with A. otitidis, present in the fluid-
filled middle ear with and without the presence of the major
otopathogen species. Therefore, if A. otitidis is involved in the
pathogenesis of OM, it may directly cause disease or it may
contribute by supporting the main otopathogens in some way.
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TABLE 1 | Detection of A. otitidis in MEF specimens by culture and PCR methods.

References Phenotype Method of A. otitidis Major otopathogen prevalence? Contact with the ear Participants Culture details for A.
detection prevalence canal otitidis
Hi Spn Mcat
Faden and Dryja OME Culture 16 isolates of A.  23% 14% 1% Not described 320 samples from 200 37°C with 5% CO, for
(1989) otitidis from 10 children aged 0-2 years 2-5 days on blood
children agar
Hendolin et al. OME (effusion > 1 Culture Not cultured 2/25 (8%) 2/25 (8%) 4/25 (16%) Ear canal mechanically 25 samples from 16 children NA
(1997) month) PCR 5/25 (20%) 13/25 (52%) 2/25 (8%) 4/25 (16%) cleaned aged 1-7 years (median age
3 years)

Beswick et al. COME (effusion > 6  Culture 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) Care taken to avoid 12 samples from 10 children  37°C with 5% CO, for
(1999) months) PCRP 6/12 (50%) 1/12 (8.3%) 0/12 (0%) 1/12 (8.3%) canal via sealed aged 5-10 years and 2 a maximum of 5 days

sampling system adults (28 and 59 y) on blood agar
Hendolin et al. OME Culture 0/67 (0%) 6/67 (9%) 2/67 (3%) 6/67 (9%) Ear canal mechanically 67 samples from 48 children Conditions not
(1999) PCR 31/67 (46.3%)  12/67 (17.9%)  14/67 (20.9%) 25/67 (37.3%) cleaned, all children aged 13 months—9 years specified, on blood

had intact tympanic and 2 months (median age  agar

membrane 3 years 8 months)
Hendolin et al. OME PCR 14/73 (19.2%)  24/73 (32.9%) 26/73 (35.6%)  39/73 (563.4%) Ear canal mechanically 73 samples from children NA
(2000) cleaned
Kalcioglu et al. COME PCR 10/54 (18.5%)  7/54 (13%) 2/54 (3.7%) 4/54 (7.4%) Not available 54 samples from 32 children  NA
(2002)°
Leskinen et al. OME (effusion > 1 Culture 0/123 (0%) 18/123 (14.6%) 14/123 (11.4%) 8/123 (6.5%) Cleaned of cerumen, 123 samples from 123 Not described
(2002) month) PCR 25/123 (20.3%) 40/123 (32.5%) 43/123 (35%) 78/123 (63.4%) all children had intact ~ children aged 7 months—12

tympanic membranes  years (median age 2 years 5

months)

Leskinen et al. AOM Culture NA 22/118 (18.6%) 26/118 (22%) 12/118 (10.2%) Excluded children with 118 samples from 118 NA
(2004) PCR 30/118 (25.4%) 13/118 (11%) 24/118 (20.3%) 32/118 (27.1%) spontaneous children aged 3 months—7

perforations or current  years 5 months (median age

tubes. 10% had 2 years 6 months)

previously had

tympanostomy.
Pereira et al. rAOM and COME Culture 0/128 (0%) 13/128 (10.2%) 8/128 (6.3%) 5/128 (3.9%) Cerumen removed 128 samples from 75 37°C for a maximum
(2004)d (effusion > 3 PCR 67/128 (52.3%) 50/128 (39.1%) 16/128 (12.5%) 13/128 (10.2%) and canal disinfected  children aged 11 of 5 days on blood

months) with 70% alcohol months—10 years and chocolate agar

Harimaya et al. AOM and COME Culture 0/40 (0%) in 2/40 (5%) in 5/40 (12.5%) in  0/40 (0%) in AOM  Disinfected with 116 samples from 88 Conditions not

(20064)

(effusion > 3
months)

AOM
0/76 (0%)
in OME

AOM
4/76 (5.3%)
in OME

AOM
1/76 (1.3%)
in OME

1/76 (1.3%)
in OME

povidone-iodine

children aged 9 months to 8

years (median age 3.5

years) for AOM; 6 months to

12 years (median age 4
years) for OME.

specified, for up to 14
days on blood and
chocolate agar

(Continued)
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TABLE 1 | Continued

References Method of A. otitidis Major otopathogen prevalence? Contact with the ear Participants Culture details for A.
detection prevalence canal otitidis
Hi Spn Mcat
PCR 20/40 (50%) in  3/40 (7.5%)in  5/40 (12.5%) in  8/40 (20%) in
AOM AOM AOM AOM
46/76 (60.5%)  9/76 (11/8%) 6/76 (7.9%) 5/76 (6.6%)
in OME in OME in OME in OME
Harimaya et al. Culture 0/83 (0%) NA NA NA Disinfected with 83 samples from 56 children  Conditions not
(2006b) (“otitis-prone”) and PCR 16/25 (64%) in povidone-iodine aged 8 months to 10 years  specified, for up to 14
non-recurrent OM recurrent OM (median age 4 years) days on blood and
(“non-otitis-prone”) 8/58 (13.8%) in chocolate agar
non-
recurrent OM
Ashhurst-Smith Culture 20/50 (40%) 2/50 (4%) 1/50 (2%) 0/50 (0%) Cerumen removed 50 samples from 50 children  35°C in 7.5% CO; for
et al. (2007) and canal disinfected  aged 1-10 years 7 days on blood,
with povidone-iodine chocolate,
MacConkey and
colistin-nalidixic acid
blood agar
de Miguel Martinez Culture 0/40 (0%) in 10/40 (25%) in 16/40 (40%) in ~ 0/80 (0%) External ear canal was 80 samples from 80 children 37°C for 3 days on
and Ramos Macias AOM AOM 5/40 AOM avoided, and children ~ with OME (mean age 4.1 blood agar
(2008) 14/40 (35%) (12.5%) in OME  1/40 (2.5%) with previous tubes or  years) and AOM (mean age
in OME in OME perforations excluded 3.2 years)
Guveng et al. PCRP 12/46 (26.1%)  7/46 (15.2%) 1/46 (2.2%) 1/46 (2.2%) Disinfected with 70% 46 samples from 28 children NA
(2010) alcohol and care taken aged 2-12 years (mean age
to avoid contact 7 years)
during sampling
Kaur et al. (2010) Culture 0/170 (0%) 54/170 (31.8%) 35/170(20.6%) 13/170 (7.6%) Not described 170 samples from 97 37°C with 5% CO»,
PCR (culture-  16/49 (32.7%)  17/49 (34.7%)  25/49 (51%) 7/49 (14.3%) children aged 6 months—3  time not specified, on
negative years blood and chocolate
samples) agar®
Aydin et al. (2012)  COME (effusion > 3  Culture 0/34 (0%) 0/34 (0%) 0/34 (0%) 0/34 (0%) Disinfected with 34 samples from 34 children  35°C with 5% CO» for
PCR 12/34 (35.3%)  1/34 (2.9%) 3/34 (8.8%) 3/34 (8.8%) povidone-iodine aged 3 16 years (mean age 7 days on blood and
8 years) chocolate agar
Holder et al. (2012)  rAOM and COME PCR 7/38 (18.4%)in  25/38 (65.8%) 2/38 (5.3%)in  7/38 (18.4%) in Not described. 207 samples from 207 NA

purulent MEF in purulent MEF
43/169 (25.4%) 40/169 (23.7%)
in non- in non-
purulent MEF purulent MEF

purulent MEF
8/169 (4.7%) in
non-

purulent MEF

purulent MEF Children with previous
29/169 (17.2%) in  ear tubes included.
non-purulent MEF

children aged < 18 years
(50% aged 1-3 years)

85

(Continued)
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TABLE 1 | Continued

References Method of A. otitidis Major otopathogen prevalence? Contact with the ear Participants Culture details for A.
detection prevalence canal otitidis
Hi Spn Mcat
Khoramrooz et al. COME (effusion > 3 Culture 15/63 (23.8%)  3/63 (4.8%) 6/63 (9.5%) 6/63 (9.5%) Disinfected with 63 samples from 48 children 35°C in 5% CO,, for
(2012) PCR 25/63 (39.7%)  7/63 (11.1%) 7/63 (11.1%) 6/63 (9.5%) povidone-iodine and aged 1.7-12 years (mean 14 days on blood agar
children with age 7 years)
perforations or
previous tubes
excluded
Marsh et al. (2012) Culture 5/11 (45.5%) of  4/11 2/11 1/11 Ao-positive Samples were ear 31 samples from 27 37°C for 2-21 days on
gPCR gPCR-positive  Ao-positive Ao-positive swabs discharge swabs from  Indigenous Australian blood agar
swabs swabs swabs 4/11 Ao-positive perforations children aged 6 months—4
11/31 (85.4%)  10/11 3/11 swabs years (median age 1.2
Ao-positive Ao-positive years)
swabs swabs
Garibpour et al. Culture 15/65 (23%) NA NA NA Not available 65 samples from 50 children Not available
(2013)d PCR 26/65 (40%)
Holder et al. (2015) PCR 7/31 (22.6%) 16/31 (51.6%)  6/31(19.4%)in  8/31 (25.8%) Not described. 276 samples from 276 NA
purulent MEF in purulent MEF  purulent MEF purulent MEF Children with previous children aged 0-18 years
non-purulent MEF) 63/245 (25.7%) 45/245 (18.4%) 9/245 (3.7%) in  30/245 (12.2%) tubes included. (mean age 2.7 years)
non in non- non- nonpurulent MEF
purulent MEF purulent MEF purulent MEF
Sheikh et al. (2015) Culture 1/70 (1.4%) 0/70 (0%) 2/70 (2.8%) 3/70 (4.2%) Disinfected with 70% 70 samples from 45 children 35°C with 5% CO, for
PCR 18/70 (25.7%)  14/70 (20%) 14/70 (20%) 9/70 (12.9%) alcohol, MEF collected aged 1-15 years (mean 4.5 2 weeks on blood agar
by swab years)
Slinger et al. (2016) Culture 0/48 (0%) 3/48 (6.3%) 2/48 (4.2%) 5/48 (10.4%) Disinfected with 70% 48 samples from 30 children 37°C for 5 days on
gPCR 15/48 (31.3%)  5/48 (10.4%) 15/48 (31.3%)  14/48 (29.2%) alcohol aged 11 months—10 years  blood, chocolate and
(median age 2.8 years) MacConkey agar
Sillanpéé et al. AOM (some with Culture 0/90 (0%) 17/90 (18.9%)  15/90 (16.7%)  8/90 (8.9%) Some children had 90 samples from 79 children  35°C with 5% CO,, for
(2016) gPCR 6/90 (6.7%) 30/90 (33.3%)  27/90 (30%) 42/90 (46.7%) drainage from tube or  aged 5 months—3.3 years 24 hours on blood and

perforation

(median age 1.6 years)

chocolate agar

PCR detection utilized species-specific primers unless otherwise indicated.
aHi, Haemophilus influenzae; Spn, Streptococcus pneumoniae; Mcat, Moraxella catarrhalis; Ao, Alloiococcus otitidis.

bPCR targeting 16S rRNA, amplicons identified by sequencing.
©Only abstract available.
9Only abstract and tables available in English.

€Casey et al. (2010).
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TABLE 2 | Distribution of A. otitidis detected with at least one otopathogen
species or as the sole detected organism.

Detection as
sole organism (%)

Detection with at
least one
otopathogen (%)

References Phenotype

Hendolin et al. (1999) 58 42 OME
Leskinen et al. (2002) 96 4 OME
Pereira et al. (2004) 45 55 rAOM and COME
Aydin et al. (2012) 42 58 COME
Holder et al. (2012) 71 29 Purulent fluid

49 51 Non-purulent fluid
Holder et al. (2015) 71 29 Purulent fluid

27 73 Non-purulent fluid

Studies that have reported the number of A. otitidis-positive samples that also contained
one or more otopathogenic species are included. All detection is by PCR. Percentages
represent the proportion of total A. otitidis-positive samples.

T. otitidis Has Been Detected in MEF by

Culture, but Is Seldom Reported

Detection of T. otitidis has been described infrequently in the
literature. This is likely due to the difficulty in phenotypically
distinguishing it from other coryneforms, which are often
considered contaminants and do not appear to be routinely
identified to species level (von Graevenitz and Funke, 2014).
Additionally, no PCR primers have been described in the
literature for the detection of T. ofitidis, so it has only been
detected by standard culture methods and next generation
sequencing. Like A. otitidis, it has primarily been observed and
reported in the MEF of children with OM, so both organisms may
have been overlooked as otopathogens.

Since original detection of the organism in MEF in two
independent studies (Funke et al., 1993; Simonet et al., 1993),
very few studies have reported detection of T. otitidis by culture.
Renaud et al. (1996) reported that otorrheal fluid from a child
with a perforated tympanic membrane produced several colonies
of T. otitidis (Renaud et al., 1996). Its prevalence appears to be
low, with 7/112 (6.3%) of MEF samples in a 2004 study producing
T. otitidis colonies (Gémez-Garcés et al., 2004). In 5 of these 7
samples the children had perforations and the MEF was collected
from the external ear canal. One study has assessed the prevalence
of T. otitidis where perforations were not present, reporting it
in 10% of MEF samples from children with COME, compared
to the major otopathogens at 3.3-8.3% (Holzmann et al., 2002).
In this study, where T. otitidis was detected in the MEF, it was
also detected in the external auditory canal; though the canal
was disinfected between sampling each site. As we describe later
in this review, the contribution of canal flora is challenging to
tease out from the detection of both A. otitidis and T. otitidis in
the MEF.

Detection of A. otitidis and T. otitidis in
MEF Has Increased With Next Generation
Sequencing

In recent years, several studies have utilized next generation
DNA sequencing to study the whole bacterial community present

in MEF specimens (Table 3). By amplifying and sequencing
a segment of the 16S rRNA gene, the microbial profile (or
microbiome) can be characterized, including bacteria that
are challenging to isolate in culture or are not targeted by
commonly-used species-specific PCRs. The advantage of this
method is that these potentially overlooked organisms can not
only be detected, but their relative abundance in a sample
can be estimated and compared between samples. However,
the major disadvantage is that only part of the gene is
sequenced, providing little to no taxonomic resolution beyond
the genus level (or broader, depending on the taxa and the
region sequenced).

In the microbiota of MEF, Alloiococcus appears to be one
of the dominant genera (Jervis-Bardy et al.,, 2015; Chan et al,,
2016, 2017b; Boers et al., 2018; Lappan et al., 2018; Val et al.,
2018; Johnston et al., 2019). Turicella is less often reported, but
has been identified as a member of the MEF microbiota in 8
of the 12 MEF microbiota studies reported in Table 3 (Jervis-
Bardy et al, 2015; Krueger et al., 2017; Minami et al, 2017;
Sillanpdd et al.,, 2017; Boers et al.,, 2018; Lappan et al., 2018;
Val et al.,, 2018; Johnston et al., 2019). However, due to the
compositional nature of microbiome data it remains difficult
to interpret which organisms are more abundant than others.
Microbiome composition may also vary with the efficacy of
the chosen DNA extraction method and amplicon primers on
different organisms, and the variation in numbers of copies
of the 16S rRNA gene amongst different bacterial genera;
qPCR is still a more reliable indicator of whether there are
greater numbers of Alloiococcus than other organisms within the
same sample.

What Does Their Presence in MEF Tell us?

A. otitidis, and to a lesser extent T. otitidis, are prevalent in
MEF specimens from children with OM. A. otitidis in particular
is often detected at a similar or higher frequency to the three
major otopathogen species. These two organisms may have been
overlooked as potential otopathogens as they can be challenging
to detect, though studies of the microbiome of MEF have revealed
that they are not insignificant members of the microbiota of
the otitis-prone middle ear. However, the observations from
the studies summarized thus far only describe their prevalence
and abundance, and do not assess their potential role in the
pathogenesis of OM.

WHY IS THE ROLE OF THESE ORGANISMS
IN OTITIS MEDIA STILL UNDER DEBATE?

Despite their prevalence in the MEF of children with OM, the
role of A. otitidis and T. otitidis as potential otopathogens remains
under debate. This is mostly due to two complicating factors:
their presence in the external auditory canal (EAC), where the
major otopathogens are rarely observed; and their infrequency
in the nasopharynx, the site where major otopathogens initially
colonize before ascension via the Eustachian tube to the
middle ear.
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TABLE 3 | Genus-level relative abundance of A. otitidis and T. otitidis in MEF specimens by 16S rRNA gene sequencing.

References Phenotype A. otitidis T. otitidis Main otopathogen relative abundance Contact with the ear Participants
relative relative canal
abundance abundance
Haemophilus Streptococcus Moraxella
Jervis-Bardy et al.  COME (effusion > >50% in 6/11 Detected in >50% in 3/11 samples ~ >50% in 1/11 Detected in 2/11 Minimized contact 11 samples from Indigenous
(2015) 6 months) samples 3/11 samples samples Australian children aged 3-9 years
samples (mean age 5.3 years)

Chan et al. (2016)

COME (effusion
> 3 months)

23% (cumulative)

Not reported

22% (cumulative)

5% (cumulative)

5% (cumulative)

Care taken to avoid contact

35 samples from 23 children aged
1-8 years (mean age 3.3 years)

Neeff et al. (20162  CSOM (with and ~ Absent from Not reported  Very low abundance in Reported in both  Absent from healthy ~ All CSOM patients had 22 samples from healthy controls
without healthy controls healthy controls. MEF and healthy  controls and perforations aged 6 months—85 years, and 24
cholesteatoma) and non- Absent from ME, abundance cholesteatoma samples from CSOM patients
and healthy ME cholesteatoma non-cholesteatoma not described. CSOM. aged 1-75 years (16 with and 8
controls CSOM. CSOM. <1% in non- without cholesteatoma).

~10% in CSOM ~25% in CSOM patients cholesteatoma CSOM.
patients with cholesteatoma.
with cholesteatoma.

Santos-Cortez CSOM 0% (median) Not reported  0.17% (median) Not reported Not reported All patients perforated. 16 Indigenous Filipino individuals

etal. (2016) Canal also sampled. aged 4-24 years (median age 9.5

years)

Chanetal. (2017b) OME 37.5% (mean) Not 14.4% (mean) 3.8% (mean) 10.0% (mean) Care taken to avoid direct 18 samples from children aged

reported® contact. Canal also 1-14 years (mean age 4 years)
sampled. 18% had previous
tubes.

Krueger et al. COME 5.1% 7.8% 22.5% 4.2% 11.1% Not described 55 samples from children aged 3

(2017) months—14.7 years (mean age 3.4

years)

Minami et al. COME and Not described 2% across Not described Reported in one Not described Some patients with 88 individuals with COME (44 with

(2017)° healthy ME all samples COME sample perforation. Care taken to active inflammation and MEF aged
controls avoid contact 9-84 years, mean age 57 years;

44 without active inflammation or
MEF aged 6-83 years, mean age
59 years) and 67 healthy ME
controls aged 1-72 years (mean
age 22 years)

Sillanpéé et al. AOM 0.7% (mean) 1.9% (mean)  14.0% (mean) 13.8% (mean) 6.1% (mean) Some patients with 90 samples from 79 children aged

(2017)d perforation or previous 5 months—3.5 years (median age

tubes 1.6 years)

Boers et al. rAOM and OME 24.9% (mean) 23.3% 9.1% (mean) 6.9% (mean) 0.26% (mean) Some patients with previous 19 samples from children aged

(2018)d (mean) tubes 0.8-12.8 years

(Continued)
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9Values calculated from Figure 1 (heatmap of relative abundance per sample with values).

©Values interpreted from Figure 5 (relative abundance of genera above 5%, per sample). If genus not shown, value taken as 0%.

"Values estimated from Figure 1 (stacked barplot of genera across all MEF samples).

A. otitidis and T. otitidis Are Found in the
External Auditory Canal

When first discovered, A. otitidis was reported not to be found
in the EAC (Faden and Dryja, 1989), but both A. otitidis and
T. otitidis have since been proposed as members of the normal
EAC flora. Both organisms have been observed in the EACs
of healthy adults and children (Stroman et al, 2001; Frank
et al,, 2003; Tano et al.,, 2008; De Baere et al., 2010), indicating
that they are capable of growth in the EAC without causing
disease. Given this finding, it becomes important to establish
whether the detection of A. otitidis and T. otitidis in MEF is
a result of contamination during sampling, or if they inhabit
both sites. Currently, this is difficult to determine as only three
studies, to our knowledge, have been in a position to address
this question by looking for these organisms in EAC and MEF
samples from the same ear in children with OM and intact
tympanic membranes.

A 2002 study cultured T. otitidis from the EAC and MEF
of children with OME, and found that the frequency of T.
otitidis was higher in the EAC of children with OME (23%)
than in healthy control children (11%) (Holzmann et al., 2002).
Additionally, they noted that it was never isolated from the MEF
alone; every MEF in which it was present had a positive result
for the corresponding EAC sample. Because of this finding, they
suggested that it resides only in the EAC, noting that many
studies observing T. otitidis in MEF did not look for it in the EAC
and that this was the likely source.

A recent study by Chan et al. (2017b) using 16S rRNA
amplicon sequencing on samples from the EAC and MEF of
children with OME did not observe T. otitidis, but reported A.
otitidis as the most abundant species in both sites. They noted its
high abundance in children who had previously had grommets,
and suggested that the EAC may serve as a reservoir of infection
for the middle ear via a tympanic membrane perforation. This
study detailed their care in sampling the MEF without touching
the EAC and concluded it unlikely that the abundance of A.
otitidis in the MEF was the result of contamination from the EAC
during sampling.

We recently took a similar approach, undertaking 16S rRNA
amplicon sequencing on EAC and MEF samples from children
with rAOM (Lappan et al., 2018). We observed A. otitidis and T.
otitidis as dominant organisms in both sites in a cohort where the
majority of children had no known current tympanic membrane
perforations or previous grommets. While it is unlikely that
these children had suffered tympanic membrane perforations, a
perforation history was not obtained. The relative abundance of
both A. otitidis and T. otitidis was significantly higher in the EAC
than in the MEF. As with the Chan et al. study, care was taken to
ensure the MEF was sampled without touching the EAC, however
as we did not identify any bacteria unique to the EAC we could
not rule out contamination of the MEF during sampling.

Based on the studies above, it is plausible that these organisms
are present in both sites, but the evidence currently suggests that
their primary habitat is the EAC. In support of this possibility,
other studies have detected A. otitidis and T. otitidis in the EAC
by culture and PCR, commonly observing a higher frequency
in the EAC of children with OM than in healthy children
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(Gomez-Hernando et al., 1999; Durmaz et al., 2002; Holzmann
et al,, 2002). Tano et al. found A. otitidis more frequently in
the EAC of healthy individuals (29%) than patients with OM
(6%), but sampled from adults and children and did not report
these results separately (Tano et al., 2008). In the EAC of healthy
children and adults, Stroman et al. (2001) cultured A. otitidis
as the most common streptococci/enterococci-like organism,
and T. otitidis as the dominant coryneform. While most of the
A. otitidis isolates were from children, it was also detected in
adults and T. otitidis isolates were found across both age groups.
Frank et al. (2003) undertook a similar assessment of EAC
samples from adults and children using 16S rRNA cloning and
sequencing. They observed A. otitidis and T. otitidis (referred to
as Corynebacterium otitidis) as the most prevalent sequence types,
representing 57 and 20% of all clones, respectively, and with A.
otitidis common in children. A more recent study also suggested
that the organisms are not specific to children, detecting A.
otitidis by PCR in 83% of EAC samples from healthy young
adults, where T. otitidis was also cultured from 5 of 10 randomly
selected samples (De Baere et al., 2010).

It therefore seems likely that A. otitidis and T. otitidis found in
MEF originate from the EAC; but if these organisms do colonize
the middle ear, their mechanism of entry remains unknown.
It has been hypothesized that these organisms could enter the
middle ear through a perforation in the tympanic membrane
(De Baere et al., 2010; Marsh et al., 2012; Chan et al., 2017b).
However, there are some studies that have reported the detection
of A. otitidis in children with intact tympanic membranes when
care is taken to avoid contact with the EAC (Leskinen et al., 2002,
2004; de Miguel Martinez and Ramos Macias, 2008; Khoramrooz
et al.,, 2012). It is possible that small perforations sufficient for
bacterial entry may not be detected by parents or physicians; and
perhaps inflammation of the middle ear increases permeability
of the tympanic membrane. However, understanding their entry
into the middle ear does not indicate whether they are responsible
for causing disease once inside. The sparsity of the major
otopathogens in the EAC compared to A. otitidis and T. otitidis
(Stroman et al., 2001; Frank et al., 2003; De Baere et al., 2010;
Chan et al.,, 2017b; Lappan et al., 2018) indicates that A. otitidis
and T. otitidis either have a different pathway for involvement
in OM compared to the major otopathogens, or they are not
otopathogenic organisms.

They Are Infrequently Found in the
Nasopharynx

A. otitidis and T. otitidis show dissimilarity to the major
otopathogens not only because they are found in the EAC, but
also because they are rarely found in the nasopharynx. It is
commonly accepted that the major otopathogens colonize the
nasopharynx before ascension to the middle ear and subsequent
infection (Chonmaitree et al.,, 2008). The low detection rates
of A. otitidis and T. otitidis in the nasopharynx are another
indicator that these organisms behave differently compared to the
major otopathogens.

A. otitidis has infrequently been reported in the nasopharynx,
and then only by PCR. The first study to do so was Durmaz

et al. (2002), where it was detected in 15% of 27 nasopharyngeal
samples from children with chronic OM (Durmaz et al., 2002).
It has been observed more frequently in the nasopharynx of
children with a history of otitis media episodes (>3 in 6 months,
>4 in 12 months, or > 4 by 2 years of age; 29.4%) than those
with fewer episodes (2.6%) (Harimaya et al., 2006b). It was also
observed in 9% of nasopharyngeal samples from children with
AOM (Kaur et al., 2010) and in 7% of children with an upper
respiratory tract infection (Tano et al., 2008). It is very rare in
the nasopharynx of healthy children, seen in 0.5% in one study
(Janapatla et al., 2011) whilst in others was not detected (Durmaz
et al., 2002; Aydin et al,, 2012). It was also found to be absent
from the nasopharynx of healthy young adults (De Baere et al,,
2010). Where these studies also observed A. otitidis in the MEF
or ear canal, it was found more commonly in these sites than
in the nasopharynx (Harimaya et al., 2006b; Tano et al., 2008;
De Baere et al., 2010; Kaur et al., 2010; Aydin et al., 2012), with
one exception (Durmaz et al., 2002). A. otitidis also appears to
be absent, or has been detected at very low abundance, on the
tonsils (Aydin et al., 2012) and adenoids (Khoramrooz et al.,
2012; Jervis-Bardy et al., 2015; Chan et al., 2016) of children with
OME, suggesting that these lymphatic tissues are not a source of
the organism in the middle ear. To our knowledge, T. otitidis has
not been reported in the nasopharynx by culture or by PCR.

Both A. otitidis and T. otitidis have occasionally been detected
in the nasopharynx by 16S rRNA amplicon sequencing. However,
both organisms are likely to be misclassified depending on
the reference database used. A. ofitidis was reported in the
nasopharynx of healthy infants (Teo et al, 2015) and in
sinonasal swabs from adults with chronic rhinosinusitis (Lal
et al., 2017), however both studies used the GreenGenes 13_8
taxonomic database for classification. This database does not
contain Dolosigranulum, a nasopharyngeal commensal, and
will misclassify it as Alloiococcus. These studies may similarly
have not been able to detect Turicella in the nasopharynx as
the GreenGenes database will report it as Corynebacterium.
Similarly, nasopharyngeal microbiome studies that aggregate
taxa at broader levels will have missed these genera. In 16S
rRNA studies that did not use GreenGenes, Alloiococcus, and
Turicella were not reported in the nasopharynx of children with
OM (Laufer et al., 2011; Pettigrew et al., 2012; Jervis-Bardy et al.,
2015). Alloiococcus was present at very low relative abundance
in nasopharyngeal samples from children with rAOM (0.19%
across all samples) and in healthy controls (0.17%) in our own
study—significantly lower abundance than in the MEF (49.8%)
(Lappan et al., 2018). Turicella was similarly present at 0.03% in
the nasopharynx of both groups of children, again significantly
lower than in the MEF (6.7%) (Lappan et al., 2018). In the
nasopharynx, both genera were present at a similar level to
known contaminants in negative control samples, indicating that
caution should be taken to interpret the organisms as present in
the nasopharynx.

These studies indicate that if A. otitidis and T. otitidis are
present in the nasopharynx of children with OM then it is
only at low abundance; they appear to be even more scarce
in the nasopharynx of healthy individuals. The nasopharynx is
therefore unlikely to represent a reservoir for these organisms, or
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their presence there is transient and potentially originates from
the middle ear. If they do not originate from the nasopharynx,
then it is also unlikely that they follow the same pathway as the
major otopathogens to the middle ear. This may be because these
organisms are indeed not otopathogens, or it may be because the
EAC, rather than the nasopharynx, is their predominant niche.
The studies summarized so far do not provide any causal or
mechanistic link between the presence of these organisms and the
development of OM.

ARE THESE ORGANISMS CAPABLE OF
CAUSING DISEASE?

In addition to understanding their mechanism for colonizing the
middle ear (and indeed confirmation that they are not simply
contaminants from the EAC introduced during sampling), the
other aspect of A. otitidis and T. otitidis’ ecology that we lack is
an understanding of whether they are capable of causing disease.
Very few studies have attempted to investigate the behavior
and potential pathogenic activity of these two species, with all
published articles that have investigated this issue focusing on
A. otitidis. Evaluating their pathogenic potential is an integral
part of understanding whether these organisms are causative of
OM, if they contribute indirectly to pathogenesis, or whether they
are aural commensals that are not involved in the pathogenesis
of OM.

A. otitidis Provokes an Immune Response
There are a handful of studies that have assessed the ability of
A. otitidis to elicit an immune response, as a proxy measure
to indicate pathogenic potential. Initial studies assessed the
production of interleukins (IL) from THP-1 cells (IL-8 and IL-
12) and Hep-2, HeLa and U937 cells (IL-8) in response to A.
otitidis. These studies demonstrated that viable A. otitidis was
capable of stimulating IL-8 and IL-12 at similar levels to the
three major otopathogens (Himi et al., 2000; Kita et al., 2000).
The effect was reduced when cells were stimulated with whole
killed A. otitidis and when viable cells were prevented from direct
contact, but soluble proteins from A. otitidis elicited a response
for both cytokines (Himi et al., 2000; Kita et al., 2000). Whole
killed A. otitidis can also induce expression of CD69 (indicating
activation of lymphocytes) in blood and adenoidal lymphocytes
at comparable levels to the major otopathogens (Harimaya
et al., 2005), but the response is lower than that induced by
Staphylococcus aureus (Tarkkanen et al., 2000). Whole killed A.
otitidis has also been shown to activate signaling pathways for
the production of IL-8, similarly to S. pneumoniae (Harimaya
et al., 2007a). Formalin-killed cells from clinical isolates of
A. otitidis have induced IL-1B, IL-6, IL-8, and TNF-a on a
cell line in vitro at or above levels induced by S. pneumoniae
(Ashhurst-Smith et al, 2014a). An experiment with cell-free
filtrates from these isolates indicated that extracellular proteins
rather than peptodiglycan may be responsible for the induction
(Ashhurst-Smith et al., 2014b).

The production of pro-inflammatory cytokines provides
preliminary evidence that the human immune system responds

to A. otitidis. However, these studies lack replication in a middle
ear epithelial environment, have not involved comparisons with
non-pathogenic bacteria, and are potentially strain-dependent.
For example, some strains of the nasopharyngeal commensal
Haemophilus haemolyticus have been shown to elicit an
inflammatory response in vitro (Pickering et al., 2016). It remains
unclear from these studies whether these inflammatory responses
are characteristic of the response in the middle ear of children
with OM, and whether they are evidence for pathogenicity.

Two further studies by Harimaya et al. have explored the
immune response to A. ofitidis within the middle ear. In
2007, they determined that MEF from children with A. otitidis-
positive OM (in the absence of other detectable otopathogens)
contained IgG, secretory IgA, IgG2, and IgM specific to A.
otitidis (Harimaya et al., 2007b). In 2009, they also discovered
that A. otitidis-positive MEF contained similar levels of pro-
inflammatory cytokines and chemokines as S. pneumoniae-
positive MEF (both in the absence of other otopathogens
detectable by culture or PCR) (Harimaya et al., 2009). While
these preliminary studies require replication, it is important to
note that A. otitidis does appear to elicit an innate and adaptive
immune response in the middle ear of children with OM.

Observations of Bacterial Activity

There is also some limited evidence for Alloiococcus having
pathogenic potential based on how the organism behaves. Upon
its initial discovery, Alloiococcus was reported to be found
intracellularly, which the authors suggested was an indication
of pathogenic capability (Faden and Dryja, 1989); though this
may have been an observation of engulfment by neutrophils. Two
reports of intracellular bacteria found in the middle ear mucosa
described Gram positive cocci (Coates et al., 2008) and other,
unidentified bacteria (Thornton et al., 2011), though no studies
since have indicated the presence of intracellular Alloiococcus. In
children with AOM and perforation, the Alloiococcus bacterial
load in MEF was comparable to H. influenzae (Marsh et al.,
2012). A. otitidis has been observed more frequently than the
major otopathogens in non-purulent MEF (Holder et al., 2012,
2015) and more commonly in persistent (>3 month duration)
effusions than those of shorter duration (Leskinen et al., 2002),
suggesting involvement in chronicity. It is similarly prevalent
in purulent effusions (Holder et al, 2012, 2015), though its
presence in the MEF of children with AOM appears to be
unrelated to disease severity (Leskinen et al., 2004). A. otitidis
is strictly aerobic, as its viability decreases greatly when grown
anaerobically (Matsuo et al, 2011). Its presence in middle
ear fluids is therefore somewhat unexpected, as the fluid-filled
middle ear in OM is thought to be hypoxic (Cheeseman et al.,
2011). Interestingly, the organism has recently been shown to
form biofilms in broth culture, both with H. influenzae and
independently as a single-species biofilm (Chan et al., 2017a).
Furthermore, A. otitidis improved the growth of H. influenzae
when in media without its required X and V factors and at
suboptimal temperatures, suggesting its enhancement of biofilm
production by otopathogens may allow A. otitidis to indirectly
contribute to the pathogenesis of OM. This multispecies biofilm
was also less susceptible to antimicrobial killing, and it is possible
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that A. otitidis’ ability to also form biofilm alone may contribute
to the perpetuation of inflammation and chronic OM (Chan
et al., 2017a). Understanding whether A. otitidis DNA detected
in MEF originates from live or dead cells, and whether residence
in biofilm improves its tolerance to low oxygen conditions would
be highly informative regarding its persistence in the middle ear.

For Turicella, very little has been investigated with respect
to pathogenicity other than its resistance to antimicrobials.
Turicella strains have shown resistance to macrolides and
clindamycin (Gémez-Garcés et al., 2007; Boumghar-Bourtchai
etal., 2009), though are susceptible to amoxicillin-clavulanic acid
(Funke et al., 1996; Troxler et al., 2001) which is more commonly
used to treat AOM (Antibiotic Expert Group, 2014). The draft
genome sequence of a strain isolated from MEF of a child with
OM apparently did not contain any candidate virulence factors,
but no detail was given as to how these were sought (Brinkrolf
et al., 2012). We therefore currently have minimal evidence for
the pathogenicity of T. otitidis.

Assessment in Animal Models

To our knowledge, there has only been one published study
investigating Alloiococcus in an animal model to evaluate
pathogenicity, and none investigating Turicella. In 2008, Tano
et al. inoculated >108 CFU/ml of Alloiococcus into the middle
ear of 7 rats (a 10-fold higher concentration than required of
the major otopathogens) (Tano et al, 2008). Reactions were
mild; after 3 days, all rats had an amber-colored (but not
purulent) effusion in the middle ear but by day 14 all ears were
normal. In conjunction with their observations that Alloiococcus
was found in the EAC of healthy adults and rarely in the
nasopharynx of children, Tano et al. concluded that Alloiococcus
is not an otopathogen. This study requires replication, though
it suggests that A. otitidis is not overtly pathogenic on its own;
an observation consistent with the association of A. otitidis with
OME and persistent inflammation rather than AOM. However,
effective animal models of AOM often make use of a viral
infection to predispose the animal to AOM, as occurs in humans
(Davidoss et al., 2018); so it remains possible that A. otitidis
would produce or exacerbate disease in the presence of a co-
infecting virus or organism. This would be congruent with the
observations of coinfection summarized in Table 2, and with A.
otitidis’ ability to enhance the survival of NTHi in biofilm (Chan
et al., 2017a).

Pathogenicity in Diseases Other Than
Otitis Media

There have been isolated reports of A. otitidis and T. otitidis as
causative agents of diseases seemingly unrelated to otitis media.
A. otitidis has been described as the causative agent in two case
reports, where it was isolated from vitreous fluid of a patient
with acute-onset endopthalmitis (Marchino et al., 2013) and from
blood cultures in a young adult with endocarditis (Guler et al.,
2015). Both infections are usually caused by the Gram positive
cocci Streptococcus and Staphylococcus (Marchino et al., 2013;
Guler et al., 2015); it is possible that the cause was misidentified
as these reports do not provide any detail on how the isolates
were identified as A. otitidis. In the endocarditis case, the patient

had chronic OME with perforation which had apparently been a
problem since childhood, so it is possible that in long-term severe
disease A. otitidis can opportunistically infect the bloodstream. T.
otitidis has similarly had few instances of unrelated opportunistic
infection. Two case reports isolated T. ofitidis from the blood of
an immunocompromised child (Loiez et al., 2002) and an elderly
hospitalized patient (Birlutiu et al., 2017) with bacteraemia. In
the case of the child, otitis externa was apparently present at the
time and T. otitidis was also isolated from an external ear swab
(Loiez et al., 2002). It has also been isolated in pure culture from
a posterior auricular abscess (Reynolds et al., 2001) and a case
of mastoiditis (Dana et al., 2001), both in young children. The
T. otitidis strain TD1, whose genome was recently sequenced
(Greninger et al., 2015), was isolated from a venous catheter. It
is therefore plausible that the genomic contents of this strain are
not representative of strains involved in OM.

Thus, there is weak evidence for both A. otitidis and T.
otitidis to have opportunistic pathogenicity outside of the ear;
these reports are infrequent and not replicated. Samples taken
from in or around the ear have the potential to have been
contaminated with the organisms from the EAC; outside of these
few case reports these species have only been reported in the
middle or external ear. It is unknown how these organisms
would migrate to the blood, and it is likely that the connection
between these patients’ ear disease and bacteraemia is a result
of sample contamination or transient bacteraemia rather than
invasive infection by these organisms.

These sparse reports of pathogenic activity are in contrast
to the major otopathogens, each of which can reside
asymptomatically but are also responsible for a wide range of
infections (Verduin et al., 2002; Bogaert et al., 2004; Van Eldere
et al,, 2014). Overall, there is currently minimal evidence for the
pathogenicity of A. otitidis and T. otitidis as the immunological
and animal studies lack a comparison to commensal organisms
known not to cause OM, and the work is lacking replication.

SUMMARY AND FUTURE DIRECTIONS

What we Currently Know

Our summary of the literature available at the time of writing
suggests that A. otitidis and T. otitidis are primarily organisms
of the human ear. They are found abundantly in both the MEF
and EAC of children with OM, but are also present in the
EAC of healthy children and adults. Current evidence suggests
that A. otitidis and T. otitidis in MEF may originate from
the EAC as they are uncommonly found in the nasopharynx.
This pattern of detection is opposite to what is commonly
observed of the major otopathogens, which typically colonize the
nasopharynx to ascend to the middle ear and are rarely found
in the EAC. Curiously, the closest relatives of Alloiococcus and
Turicella are Dolosigranulum, and Corynebacterium, respectively;
both organisms being usual nasopharyngeal commensals. These
organisms may have diverged to inhabit the middle ear and the
nasopharynx, where they have potentially developed specialized
but very different interactions with the other dominant
organisms in these niches (the otopathogen genera).
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The majority of available studies on A. otitidis and T. otitidis
only hypothesize their role in the pathogenesis of OM by
describing their prevalence and abundance, but relatively few
studies set out to fest these hypotheses to better define their role in
disease. Thus, we have minimal information on whether or how
these organisms contribute to the development of OM.

The few studies that have aimed to directly investigate
pathogenic potential have tested only A. otitidis. There is evidence
that it is capable of forming biofilm and supporting the survival
of NTHi, stimulating release of pro-inflammatory cytokines in
vitro, and stimulating the production of specific antibodies.
However, these studies have compared A. otitidis only with the
major otopathogens and not with known commensal species; it
is possible that a commensal organism would still elicit these
responses. There is still much that is unknown about the role of A.
otitidis and T. otitidis in the pathogenesis of OM, and a targeted
research effort is required to further characterize their function.

Designing Future Studies to Clarify Their
Role in Otitis Media

Even after more than 25 years since their discovery, there is much
about the behavior of A. otitidis and T. otitidis in the middle ear
and EAC that remains unknown. Firstly, while there are many
studies describing their prevalence in the MEF of children with
OM, and some in the EAC, these studies are often confounded
with the possibility of EAC flora contaminating MEF samples
during collection. However, several studies have reported the
presence of A. otitidis or T. otitidis in specimens from children
in which tympanic membrane perforations (including previous
grommets) had not occurred (Hendolin et al.,, 1999; Leskinen
et al., 2002, 2004; de Miguel Martinez and Ramos Macias, 2008;
Khoramrooz et al., 2012). This suggests three possibilities: 1) A.
otitidis and T. otitidis inhabit the normal middle ear, prior to the
onset of OM; 2) they enter the middle ear through undetectable,
minor tympanic membrane perforations; 3) they are detectable
in MEF specimens as a result of contamination from the EAC
during sampling.

The first possibility is challenging to address, as the healthy
middle ear is a very low biomass environment, where samples
are highly prone to environmental contamination and the area
is inaccessible without surgery. Some attempts have been made
to survey the microbiota of the healthy middle ear, and these
studies have not consistently reported the presence of A. ofitidis
and T. otitidis (Antonelli and Ojano-Dirain, 2013; Neeft et al.,
2016; Minami et al., 2017) and some have not found evidence
for the presence of bacteria in the normal middle ear at all (de
Miguel Martinez and Ramos Macias, 2008; Westerberg et al.,
2009; Thornton et al., 2011; Papp et al., 2016). The second
possibility is also challenging, but may be explored with animal
or tissue models of an inflamed tympanic membrane to test its
permeability to bacteria. These will also be important studies
if it is found that viable A. otitidis and T. otitidis in the MEF
originate from the EAC, even in children with intact tympanic
membranes. The final possibility of MEF contamination is the
most straightforward to test, and these experiments are also
useful for addressing the second possibility. A well-designed

study aiming to isolate viable A. otitidis and T. otitidis from the
two sites independently is required. This may be achieved by
sampling the EAC, sterilizing it thoroughly, sampling it again,
and then opening the tympanic membrane to sample the MEF
with all care taken not to contact the EAC. This should be
carried out in children who have never had a known tympanic
membrane perforation as well as those who have, or have had
tympanostomy tubes in the past. Such a study would also be
well-positioned to answer the subsequent question, addressing
the minor perforation hypothesis: if these organisms reside in the
MEE how do they get there? The isolates from the EAC and MEF
of the same ear may be phenotypically or genetically compared
to determine if the EAC is the likely origin of the isolates from
the MEF. Higher similarity between EAC and MEF strains of
the same patient than between strains from different patients
may indicate the transferral of strains between the EAC and
MEF in the absence of sampling contamination. Metagenomics
is also a useful tool for answering this question if isolation of
live bacteria is a challenge (which could be informative in itself).
Metagenomic analysis would also allow for the characterization
of other EAC community members to aid in the assessment
of contamination and strain relatedness between the EAC and
MEF communities. Bacterial load estimation via species-specific
qPCR would also be useful to determine whether there is a larger
population of A. otitidis and T. otitidis in the EAC or in the MEF,
keeping in mind that there may be differences in the live and dead
populations of A. otitidis and T. otitidis. Longitudinal sampling of
the EAC may also indicate whether the presence or abundance of
these organisms in the EAC is associated with episodes of OM.
These experiments should provide a solid body of evidence to a)
show whether A. otitidis and T. otitidis do inhabit the MEF and
are not present due to contamination; and b) whether they enter
the middle ear from the EAC, and how they do so.

The second major gap in current knowledge is that the
functions these organisms perform in the EAC and MEF is
entirely unknown. To begin to understand the behavior of
these organisms in the middle ear, metagenomics and other
new “omics” techniques may be able to answer many of these
questions. The genomes of A. otitidis and T. otitidis isolates are
currently in draft stage; complete, annotated genomes will allow
us to understand whether they contain genes that may allow
them to cause disease. The assembly of many additional genomes
will aid an understanding of their metabolic functions and strain
heterogeneity Transcriptomics and proteomics analysis of MEF
could directly indicate their activity in the inflamed middle
ear; this could be compared to their activity in the EAC. In
vitro analyses making use of middle ear epithelial cell lines
could confirm the pro-inflammatory stimulation by A. otitidis,
and T. otitidis could be studied in this manner as well. These
experiments would also be useful to determine whether the
species are capable of residing intracellularly in the middle ear
mucosa, as a mechanism for immune or antibiotic evasion.
Further work with animal models would also fill gaps in our
knowledge of the behavior of A. otitidis and T. otitidis in the
middle ear, perhaps allowing us to determine if the presence
of these organisms in OM caused by the major otopathogens
results in a more severe phenotype. With these models, we may
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determine whether these organisms can produce OM on their
own, or whether the presence of otopathogens or viruses is
required. It can be assessed whether the phenotype is more severe
in the presence of A. otitidis or T. otitidis. Understanding what
functions these organisms perform in the MEF is essential to
understand whether they play a pathogenic role, by themselves
or in synergism with the otopathgoens.

CONCLUSION

Research focusing on the development of new therapies to
treat severe OM has focused on the major otopathogens; with
advances in the areas of vaccinations, tackling biofilm and
restoring the commensal flora of the nasopharynx. Despite
these advances in prevention and treatment, OM remains a
very common childhood disease that can be difficult to treat.
The complex polymicrobial nature of the disease and the role
dominant organisms like A. ofitidis and T. otitidis may play has
remained equivocal for decades. The current understanding of
these organisms is limited, and there are many ways in which
they can be further characterized. It is important to understand
their role, if any, in the pathogenesis of OM, as it is plausible that
they are supporting otopathogen growth or contributing to the
persistence and recurrence of chronic OM; potentially entering
the middle ear through minor tympanic membrane perforations.
These organisms may be useful targets for treatment, which
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Chronic otitis media with effusion (COME) is the most common cause of childhood hearing
loss in the developed world. Underlying pathophysiology is not well understood, and in
particular the factors that lead to the transition from acute to chronic inflammation. Here
we present the first genome-wide transcript analysis of white blood cells in the effusion of
children with COME. Analysis of microarray data for enriched pathways reveals
upregulation of hypoxia pathways, which is confirmed using real-time PCR and
determining VEGF protein titres. Other pathways upregulated in both mucoid and
serous effusions include Toll-like receptor signaling, complement, and RANK-RANKL.
Cytology reveals neutrophils and macrophages predominated in both serous and mucoid
effusions, however, serous samples had higher lymphocyte and eosinophil differential
counts, while mucoid samples had higher neutrophil differential counts. Transcript analysis
indicates serous fluids have CD4+ and CD8+ T-lymphocyte, and NK cell signatures.
Overall, our findings suggest that inflammation and hypoxia pathways are important in the
pathology of COME, and targets for potential therapeutic intervention, and that mucoid
and serous COME may represent different immunological responses.
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INTRODUCTION

Otitis media with effusion (OME) or “glue ear” is the most common cause of hearing loss in children
in a developed world environment. The disease is characterized by an inflammatory effusion that
prevents transmission of sound through the middle ear space, and if chronic (chronic OME,
COME) is associated with potential effects on language acquisition and learning.
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The pathophysiology underlying OME is not fully
understood. It often follows an episode of acute otitis media
(AOM), where ascent of bacteria from the nasopharynx leads to a
purulent effusion in the middle ear. As this purulent effusion
resolves, the serous or mucoid effusion of OME replaces it. The
effusion of OME is usually short-lived, but in a minority of cases
the effusion persists as COME (defined as OME of duration >3
months). COME affects 5-6% of all children in their second year
of life (Bhutta, 2014), and if associated with hearing disability
may be treated with the surgical insertion of grommets
(ventilation tubes) which eliminate the effusion.

Data from mouse models demonstrate differing expression of
cytokines in the middle ear, and differing involvement of
leucocytes and epithelial cells, through the onset, development,
and resolution of an episode of AOM (Hernandez et al., 2015).
Expression of inflammation-associated genes has also been
found in peripheral blood mononuclear cells in children with
AOM (Liu et al.,, 20125 Liu et al., 2013). However, the molecular
events that may be pivotal in the transition from acute to chronic
inflammation in the middle ear are not known (Bhutta et al,,
2017). The high heritability of time with middle ear effusion
(Casselbrant et al., 1999) suggests that host response is relevant.

This question is important. Unlike some chronic inflammatory
disorders, chronic otitis media can and usually does improve in later
life (Caye-Thomasen etal., 2008).Inaddition COME is sometimesa
risk factor for more serious ear disorders such as cholesteatoma
(Jennings et al., 2017). An understanding of what causes chronic
inflammation in the middle ear could therefore allow us not only to
understand what causes disease but could also highlight potential
molecular targets to affect earlier and more reliable resolution. To
date molecular analysis of the effusion in COME has
been fragmentary.

Proteomic analysis of effusions from children undergoing
grommet surgery shows abundance of innate immunity products
of neutrophil leukocytes, neutrophil extracellular traps (NETs),
epithelial/glandular anti-microbial proteins (such as BPIFB1, also
known as LPLUNC and BPIFA1, also known as SPLUNC) and
mucins such as MUCS5B (Val et al., 2016). Cytokine analysis reveals
a wide spectrum of pro-inflammatory cytokines, among which is
IL-8 the neutrophil leukocyte chemotaxic protein (Matkovic et al.,
2007; Val etal., 2016). Hypoxia signaling pathway members such as
vascular endothelial growth factor (VEGF) protein and mRNA are
also present in the effusion and middle ear mucosa (Jung etal., 1999;
Sekiyama et al., 2011; Val et al., 2016; Val et al., 2018).

The effusion in younger patients with COME is
predominantly mucoid rather than serous (Duah et al., 2016).
There are microbiome difference between mucoid and serous
effusions (Krueger et al., 2017), and proteomic analysis reveals a
higher content of MUC5B in mucoid effusions, as well as DNA
(Val et al,, 2018). Mucoid eftusions also have a global tendency to
increased pro-inflammatory mediators, but serous effusions have
greater acute phase proteins IL-1b and IL-10, suggestive of a
differing immunological response (Val et al., 2018).

In this study we perform the first whole genome transcript
analysis of white blood cell (wbc) gene expression from effusions in
children with COME. We compare samples with peripheral venous

blood as a baseline, and then make comparisons of serous versus
mucoid effusions. We also examine the cytology of such effusions.

We report that microarray analysis of effusions showed
upregulation of hypoxia signaling, response to hypoxia, Toll-
Like Receptor signaling, the complement and the RANK-
RANKL pathways. RTqPCR showed upregulation of hypoxia
signaling genes and VEGF protein titres were elevated. Mucoid
and serous effusions had different cytological profiles that parallel
differences in T-lymphocyte, NK cell and myeloid cell signatures
in the microarray analysis.

MATERIALS AND METHODS

Ethics Statement

This study was approved by Oxfordshire Research Committee C
(reference 11/SC/0057). Informed consent was obtained from the
child's guardian for the collection, retention and analysis of samples.
All patient records and associated metadata (age, racial ethnicity,
duration of disease, vaccination history, antibiotic use, previous
grommet surgery, and occurrence of atopy) were anonymized.

Chronic OME Phenotypes

Children with COME were diagnosed using standard clinical and
audiological tests that met the UK National Institute for Health
and Care Excellence guidelines for surgical management of glue
ear (http://publications.nice.org.uk/ifp60). Clinical samples were
collected under general anesthesia from children undergoing
grommet (ventilation tube) insertion. Syndromic children were
excluded. No children had been given glucocorticoid steroids or
antibiotics in the three months prior to surgery.

Sample Collection

A 3.5 ml venous blood sample was collected from the hand vein
using a BD vacutainer and 1ml transferred to a lithium heparin
tube (Kabe LaborTechnik GmbH) for plasma sample
preparation and 2.5 ml Intracellular RNA from blood was
isolated with PAXgene Blood RNA kit (PreAnalytiX, Qiagen)
following manufacturer's instructions.

Individual COME fluid samples from each middle ear were
collected through a myringotomy using a Juhn Tym-Tap®
aspirator/collector device (Medtronic). The surgeon evaluated the
gross appearance and viscosity of the effusion at time of surgery
and characterized the aspirate as serous, mucoid or intermediate,
and noted whether or not the sample was blood-stained.

A cytology preparation was made (see below) and the
remainder was snap frozen on dry ice and stored at —70°C.

Glue Ear Cytology

Forty-eight cytology smears were made from 30 children (one ear
sample per child), and 9 children (samples from both ears). Material
adherent to the aspirator tube was used to make a cytology smear on
a glass slide. These were methanol fixed and Giemsa stained and
graded for mucus; red blood cells, and overall cellularity, white
blood cell differential performed on 200 cells; leukocyte
morphology; presence of bacteria and epithelial cells. The criteria
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used for grading the samples are given in Table S1. The patient ID
and effusion phenotype was blinded for evaluation.

Mixed models were used to compare the leukocyte proportions
between the mucoid categories (serous, intermediate and mucoid
treated as ordinal). Patients were fitted as random effects and
mucoid category as a fixed effect. These models take into account
any correlation occurring between measurements taken from the
ears of the same children. Each type of leucocyte (i.e. lymphocytes,
neutrophils, etc.) was analyzed using a separate mixed model.
Mixed models with the same structure were used to compare
leukocyte measurements between other categories (e.g. bloody
ear, first grommet, and demographic characteristics).

Cell cytological characteristics (macrophage vacuolation,
macrophage erythrophagocytosis) were analyzed using mixed
ordinal regression models. Again patient effects were fitted as
random to allow for any correlation between the results from
ears of the same children. Generalized linear mixed models
(GLMMs) were used to examine associations between binary
outcomes (e.g. bloody ear) and other characteristics. In situations
where data were very sparse and the model did not converge,
then a Fisher's exact test was used. However, this takes no
account of the potential correlation between data from the ears
from same children.

RNA Isolation

Intracellular RNA from blood was isolated with PAXgene Blood
RNA kit (PreAnalytiX, Qiagen) following manufacturer's
instructions and its quality was assessed using a bioanalyzer
(Agilent Tecnologies).

RNA from middle ear effusions was extracted using the
NucleoSpin® kit (Macherey-Nagel) following manufacturer's
instructions. Due to the large volume of some eftfusions the initial
volume of lysis buffer and 3-mercaptoethanol was increased to 1 ml
and the sample run through the tube through several rounds of
centrifugation. Due to the larger sample volumes at this initial stage,
flow-through was collected in 15 ml tubes.

cDNA Synthesis

cDNA was generated following manufacturer's instructions using
a high capacity cDNA reverse transcriptase kit containing
MultiScribe™ Reverse Transcriptase (Applied Biosystems).
Samples were either used immediately in RT-qPCR reactions or
stored long term at —80°C.

Transcriptional Profiling

Transcriptome analysis was performed on 6 serous COME
effusions from six children and 6 mucoid effusions from five
children (samples from both ears in one child), and their
matching 11 blood samples. Transcriptional profiling was
performed on an Affymetrix GeneChip® Human Gene 2.0 ST
Array platform. The selection of samples was based on the quantity
and quality of the RNA sample judged by RNA integrity number
(RIN). In the first experiment 6 mucoid samples (RIN 6.1-7.2)
and corresponding patient blood samples were analyzed. In the
second 6 serous samples (RIN 6.4-7.7) and corresponding blood

sample. Two of the serous ear samples came from the right and
left ear of the same child. Corresponding blood samples from
these patients RIN scores ranged from 8.1-9.1

Microarray Analysis
CEL files were processed and normalized using
AromaAffymetrix (https://statistics.berkeley.edu/tech-reports/
745) and a chip definition file provided by Brainarray (Dai
et al., 2005). Differentially expressed genes were found using
limma (Ritchie et al., 2015) with an adjusted P-value cut-off of
0.01 and a minimal difference of a factor 2 (ie absolute value of
the log2 of the fold change equal or greater than 1). Unique
HUGO identifier of differentially expressed genes were passed to
the Enrichr web application (Kuleshov et al., 2016) for functional
enrichment analysis. The data discussed in this publication
(including raw and processed files, expression values for each
gene in each sample, and fold change and adjusted P-value for
each gene in the three comparisons: mucoid vs blood, serous vs
blood, mucoid vs serous) have been deposited in NCBI's Gene
Expression Omnibus [46] and are accessible through GEO Series
accession number GSE125532 (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE125532).

R code used to perform the analysis and produce the plot is
available through a GitHub repository: https://github.com/
gdevailly/oitis_array_analysis.

RT-qPCR

Thirty-two RNA extracts were made from wbcs in COME
effusion (one ear sample per child) and matching blood
samples were analyzed RNA from both blood and middle ear
effusion were run on custom designed 96-well TagMan Fast
array plates (Applied Biosystems) following manufacturer's
instructions. There were 32 patient samples (2/32 serous, 2/32
intermediate, 2 non-classified and 26/32 mucoid) with RNA RIN
scores ranging from 2.3 to 7.7; corresponding blood samples
from these patients had RIN scores ranging from 7.9 to 9.0. RT-
qPCR data was analyzed by AACt method. The efficiency of the
assays was ensured by the use of inventory TagMan assays.

Selection of Appropriate Control Genes

Our set of endogenous control genes was selected from: ACTB,
B2M, HPRT1, HRAS, NRAS, PPIA, and TBP. Two criteria were
applied: (A) there should be no evidence of differential
expression between blood and exudate at any of the control
genes used; and (B) the variance of the normalization factor
(calculated from the set of selected control genes) should be
small. To address criterion (A), a paired t-test (paired within
participants) was applied at each gene to test for non-zero mean
difference in Ct value between blood and exudate; all genes apart
from HPRT1, HRAS, and NRAS were significantly differentially
expressed between blood and exudate at the 5% level, and so all
genes except these three were excluded from further
consideration. Then, to fulfill criterion (B), the variance of the
normalization factor was estimated for each subset of these three
genes using the methodology described by Chervoneva et al., (2010).
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Figures analogous to theirs led us to select an optimal subset
comprising all three genes—HPRTI, HRAS, and NRAS. This
subset provided a normalization factor with relatively low
variance in each of our sub-experiments (plates and
individual assays).

Statistical Analysis of RT-gPCR Data

Fold changes for each patient were calculated using DataAssist
software v3.0 by comparing gene expression levels of middle ear
fluid using a patient's own blood as a control. Statistical
significance was established using a two tailed paired student t-
test with P-values adjusted using the Benjamin-Hochberg false
discovery rate.

VEGF Protein Assay

Thirty-seven COME effusion samples (one ear sample per child)
and matching plasma samples were analyzed for VEGF. Tubes
containing samples were weighed and blanked against an empty
tube to estimate fluid volume. Depending on sample weight and
viscosity the samples were diluted with 0.5, 1.0, 1.5, or 2.0 ml of
PBS dispersed by vortexing for 1 min then pelleted at 3000 rpm
for 10 min at 4°C. Supernatant COME effusion samples and
corresponding patient serum samples were assayed for VEGF
protein using MSD® MULTI-ARRAY® Human VEGF assay
(Meso Scale Discovery). The COME effusions data was
normalized to plasma volume by multiplying the COME assay
value by its dilution (weight of glue and volume of PBS diluent).
The assay read out is calibrated against standard curve and
VEGEF titres are in units of pg/ml.

VEGEF titres in effusion and plasma titres were not normally
distributed (P > 0.01; D'Agostino & Pearson omnibus normality
tests) and were therefore analyzed with a Wilcoxon matched-
pairs signed rank test. We performed a Spearman correlation
analysis between patient age and COME VEGF titre. Data were
graphed using Prism Graph Pad.

RESULTS

Patients and Patient Samples

The patient cohort consisted of children undergoing grommet
surgery for COME. There were 12 girls age range 1.4-8.0 years of
age (4.93 £0.57 mean + SEM) and 40 boys age range 3.1-9.4 (5.36 +
0.25). The average age of the girls and boys was not significantly
different (P = 0.50; 2 tailed t-test with unequal variance).

Effusion samples were characterized as serous, mucoid or
intermediate in consistency and whether or not blood-staining
was present (see Methods and Materials for details). The
frequency of unilateral glue ear was not significantly different
in boys (8/40) and girls (2/12) (P = 1.0, Fisher exact). The
frequencies of each sample category were not significantly
different in boys (17/69 serous, 10/69 intermediate, 42/69
mucoid; 3 samples were too small to assess) and girls (3/22
serous, 1/22 intermediate, 18/22 mucoid; P = 0.30, Fisher Exact).

The volume and quality of COME samples varied and not all
were suitable for analysis. We found it impractical to split COME

effusion samples at the time of collection or subsequently in the
lab, so contralateral ear samples from each child were used for
either RNA or for protein analysis. Whole blood was collected
into two tubes, one for RNA, a second for plasma.

The breakdown of samples used in each assay can be
summarized as follows. Thirty-two matched pairs of COME
effusion (one sample per child from either the right or left ear)
and blood samples were analyzed by RTqPCR; 37 matched pairs
of COME effusions samples (one ear sample per child) and
plasma were analyzed for VEGF protein. Transcriptome analysis
was performed on 6 serous COME eftusions from six children
and 6 mucoid effusions from five children (samples from both
ears in one child), and their matching 11 blood samples. Forty-
eight cytology smears were made from 30 children (one ear
sample per child), and 9 children (samples from both ears).

Glue Ear Cytology
Forty-eight samples with mucoid n = 31, intermediate n = 8, and
serous n = 9 gross appearance yielded good quality slide
preparations for full cytological examination. Cytological
categorization of mucus was graded as heavy, intermediate or
low/absent which we hereafter refer to as mucoid, intermediate
and serous. See Table S1 for cytology grading classification.

COME samples showed varying degrees of cellularity and
cellular composition, but leukocytes largely predominated in all
samples and only occasional suspected epithelial cells were
noted. Cellularity appeared slightly higher in mucoid samples
(Table S2), however a more precise quantification (e.g. cell
counts on the fluid) rather than the estimated grading from
the smears would be needed to better investigate this finding.
Neutrophils and macrophages predominated in all sample
classes. However, serous samples had significantly higher
lymphocyte and eosinophil differential counts, while mucoid
samples had significantly higher neutrophil differential counts.
Macrophage differentials did not differ significantly between
serous, intermediate and mucoid samples (Figure 1).
Occasional macrophages showing erythrophagocytosis were
observed in low numbers of samples (12.5%); this may suggest
that in those cases the presence of RBCs may not only be due to
iatrogenic contamination during the sampling procedure, but
minimal true hemorrhage may have occurred. Occasional
columnar epithelial cells were observed in 14.6% of samples.

We explored associations for cytology features with patient
metadata (age, racial ethnicity, duration of disease, vaccination
history, antibiotic use, previous grommet surgery, occurrence of
atopy). Blood stained effusions were associated with higher levels
of lymphocytes, mucus and red blood cell count, and
macrophage erythrophagocytosis was higher in serous than
mucoid eftusions. Male children had significantly more serous
effusions as well as higher lymphocytes (Table S2). Additional
analyses were performed with adjustment for blood-stained
effusions and for gender, which confirmed the differences in
leucocytes between mucoid and serous effusions were not
confounded by these factors.

Other borderline significant associations which may warrant
further investigation are listed in Table S2.
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FIGURE 1 | Glue ear cytology. Examples of different cytological appearance of the glue ear samples graded on an ordinal scale 1-3 (See Table S1 for cytology
grading criteria). (A) Sample with high mucus score and moderate cellularity. (B) Sample with low mucus score and moderate cellularity. (C) Sample with low
cellularity and high proportion of macrophages (75%) (D) Sample with high cellularity and high proportion of neutrophils (94%). May-Grinwald Giemsa stained direct
smear preparations. Scale bars (A, B) 500 um, (C, D) = 100 um. (E) Cytology differentials for serous, intermediate and mucoid samples. Mixed statistical models
were used to compare serous and mucoid samples (see Methods and Materials). NL, neutrophil leukocytes; L, lymphocytes; M@, macrophages; NS, probability not

Microarray Analysis

To gain a better understanding of gene expression profiles of
mucoid and serous effusions we performed microarray analysis of
wbc RNA extract from effusions with a high RNA yield:
Transcriptome analysis was performed on 6 serous COME
effusions from six children and 6 mucoid effusions from five
children (samples from both ears in one child), and their
matching 11 blood samples. We used the Affymetrix Human
Gene 2.0 ST microarray, using annotations provided by
BrainArray (Molecular and Behavioral Neuroscience Institute,
University of Michigan) (Xuan et al., 2010). After data
normalisation using AromaAffymetrix (http://aroma-project.org/),
we performed a multidimensional scaling of the data (Figure S1).

Dimension 1 clearly discriminates blood from ear effusions,
while dimension 2 discriminates the different ear effusions, notably
but incompletely splitting mucoid from serous effusion. No
association from pairs of effusion—wbc samples was detectable
neither on dimension 1 nor on dimension 2. Thus we performed a
differential gene expression analysis by comparing all mucoid
effusion samples against all blood samples, all serous effusion
samples against all blood samples, and all mucoid effusion
samples against all serous effusion samples (Figure 2). As
expected from the multidimensional scaling, more genes were
differentially expressed between mucoid effusion and blood, and
between serous effusion and blood, than between mucoid and
serous effusions. Due to our experiment design, differences in
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FIGURE 2 | Volcano plots of differentially expressed genes in whbcs. (A) middle ear serous effusion versus blood, (B) middle ear mucoid effusion versus blood, and
(C) mucoid versus serous effusions. X-axis represent the log2 of the fold change (FC). Y-axis represents —log10 of the P-value of the difference. Black points
represent genes with a fold change greater than 2 or lower than 0.5 and a P-value lower than 0.01.

gene expression may be the results of difference in wbc populations
as well as difference in gene expression in one or several cell types.

Figure S2 represents a heatmap view of all differentially expressed
genes identified from the microarrays, using as a threshold a
minimum absolute log2 fold change (FC) of 1, and a maximal
adjusted P-value of 0.01 (FDR correction for multiple testing). It
shows that most of the differences observed in gene expression were
shared in serous and mucoid effusion as compared to blood. Table $4
presents limma gene expression data for mucoid COME effusion and
blood; serous COME eftusion and blood; and mucoid COME eftusion
and serous COME effusion. We note that there is differential
expression of epithelial genes such as MUCS5B that is significantly
higher (adjusted value P = 0.0354) in mucoid versus serous COME
samples, which we attribute as originating from the small numbers
of columnar epithelial cells that are found in COME eftusions.

Functional enrichment of the differentially expressed genes
using Enrichr (Chen et al, 2013; Kuleshov et al., 2016) reveals
characteristics of the effusion of COME patients (Table 1). It shows
that the effusion is an inflammatory and hypoxic environment,
enriched in CD33+ myeloid cells (granulocyte and macrophage
lineages) and CD14+ monocyte cells. Its transcriptional signature
overlaps those of RELA, SOX2, and MITF (amongst other)
transcription factors.

Differences in gene expression were observed when comparing
mucoid against serous effusion RNA extracts (Table S3). For
example, ILIRN, SERPINE1 were more expressed in mucoid fluid,
while CXCL9, CXCL10, CXCL11, CXCL12, CD3D, CD96, IL32, and
APOBEC3G were significantly more expressed in serous fluids
(Table S4). Functional enrichment of the differentially expressed
genes using Enrichr reveals that serous fluid had a transcriptomic
signature enriched in CD8+, CD4+, and CD56+_NK cells and had a
stronger T cell signature whereas mucoid samples had borderline
enrichment in myeloid cells and monocytes (Table S3).

RTqPCR Analysis Shows Upregulation

of Hypoxia Signaling Pathways in

COME Effusions

Thirty-two RNA wbc extracts were made from COME effusion
(one ear sample per child) and matching blood samples were

analyzed for 52 selected genes by RTqPCR. This confirmed
significant upregulation of hypoxia signaling pathway genes
including VEGF ligands (VEGFA, VEGEFB) receptors (KDR,
FLTI) adapter proteins (NRP1, NRP2), and HIF transcription
factor (HIF1A) in COME relative to blood (Figure S3).

Overall there was reasonably good concordance between
RTQPCR and microarray data as 22 over 27 (81%) of the
differentially expressed genes according to the array were also
differentially expressed according to RTqPCR experiment
(P-value < 0.01, Figure S3). RTqPCR identified 14 additional
genes differentially expressed in wbcs from COME effusion and
blood that were not differentially expressed in our microarray
analysis, suggesting that in our experimental design RTqPCR
was more sensitive than microarrays, albeit with more variability.

VEGF Protein Is Elevated in
COME Effusions

Thirty-seven COME effusion samples (one ear sample per child)
and matching plasma samples were analyzed for VEGF.VEGF
protein titer is elevated in COME fluid samples (mixed categories)
(median 6,427 pg/ml, 95% CI 3,541-12,923) compared
with plasma (median 69 pg/ml 95% CI 61-92; P < 0.00010
2-tailed Wilcoxon matched pairs signed rank test, n=37 pairs).
It confirms at the protein level the increase of VEGF expression
as observed in both micro-array and RTqPCR data. There was a
small and borderline statistically significant negative
correlation between COME VEGEF titre and increasing
child age (Spearman r —0.3241, 95% CL -0.5930 to 0.009839,
n = 37 XY pairs; P = 0.050).

DISCUSSION

The Effusion in COME Reveals
Upregulation of Hypoxia

Signaling Pathways

We report that hypoxia signaling pathways are upregulated in
wbcs from both mucoid and serous COME fluids compared to
wbcs in venous blood. Significant upregulation was shown by
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TABLE 1 | List of enriched categories in genes upregulated in middle ear effusions as compared to blood, as identified with the Enrichr web tools.

Enrichr database Dataset Mucoid vs blood  Serous vs blood
P-value P-value
Ontologies and WikiPathways 2015 Toll-like receptor signaling pathway (Homo sapiens) 0.001995 0.005231
pathways RANKL/RANK signaling Pathway (Homo sapiens) 0.0006495 0.005231
BioCarta 2015 hypoxia-inducible factor in the cardiovascular system 0.001801 0.006227
classical complement pathway 0.005481 0.004845
GO Biological Process inflammatory response (GO:0006954) 7.78E-08 0.000002643
response to hypoxia (GO:0001666) 6.61E-07 0.00009897
regulation of leukocyte activation (GO:0002694) 0.00002025 8.04E-08
Enriched cell types Human Gene Atlas CD33+_Myeloid 0.000008913 0.028
CD14+_Monocytes 0.01814 0.07511
Mouse Gene Atlas macrophage_peri_LPS_thio_Ohrs 3.42E-13 1.15E-11
Regulation ChEA RELA-24523406-FIBROSARCOMA-HUMAN 6.51E-88 2.94E-49
SOX2-20726797-SW620-HUMAN 2.03E-79 3.70E-73
MITF-21258399-MELANOMA-HUMAN TA1E-141 5.50E-154
ZNF217-24962896-MCF7-HUMAN 4.39E-67 7.37E-67
NR1H3-23393188-ATHEROSCLEROTIC-FOAM-HUMAN 2.11E-50 2.13E-49
TP63-23658742-EP156T-HUMAN 3.01E-83 2.38E-75
TRANSFAC and JASPAR PWMs  FOXC1 (human) 5.74E-16 4.60E-17
TCF4 (human) 1.14E-18 1.27E-18
JUN (human) 9.37E-16 1.20E-18
ETS1 (human) 3.32E-14 5.51E-16
GATA2 (human) 1.81E-13 3.77E-14
ENCODE TF ChIP-seq 2015 IKZF1_GM12878_hg19 4.28E-28 3.94E-25
SMARCC1_Hel.a-S3_hg19 3.14E-18 2.57E-20
NCI-Nature HIF-1-alpha transcription factor network 4.78E-07 0.000002112
HIF-2-alpha transcription factor network 0.004811 0.07746
Single Gene Perturbations from RARA Activation - AM580 (RARA Agonist) human GSE5679 2.55E-67 4.65E-55

GEO up sample 2385

microarray data analysis using Enrichr annotation strategies,
including ontology and pathway analysis (using the
WikiPathways database and the GO Biological Processes
database), and HIF-1A regulatory pathway analysis (using the
NCI-Nature database, Table 1). Findings were confirmed by
RTQPCR for selected pathway genes (VEGF ligands, VEGF
receptors and adapters, and HIF transcription factor).

We also found significantly elevated VEGF protein in COME
fluids when compared to plasma. Other studies have reported the
presence of VEGF protein in the effusion and the middle ear
mucosa of patients with COME (Jung et al., 1999; Val et al., 2016;
Val et al., 2018). The present study finding of hypoxia on
transcriptional profiling was the result of an unbiased
approach to whole transcript analysis and provides further
evidence of wbc hypoxia in human COME. We found a small
and borderline statistically significant negative correlation
between COME effusion VEGF protein titre with increasing
child age. This small effect requires further study, but may be
interpreted as a trend towards resolution of inflammation and
hypoxia and improved oxygenation of the bulla.

Upregulated hypoxia signaling in the bulla has been
demonstrated in several animal models of otitis media: genetic
mouse models of COME [Fbxol17*, Mecom’®* (Cheeseman et al.,
2011), Tgif '~ (Tateossian et al., 2013), Nischarin edsn/edsn
(Crompton et al, 2017) and Eda™ (Azar et al., 2016)], after
cauterization of the Eustachian tube in the rat (Huang et al,
2012), and that induced by intrabullar injection of Non-typeable
Haemophilus influenzae in the mouse (Husseman et al., 2012) or
gastric-content in the rabbit (Basoglu et al., 2012). This underlines

the common association between hypoxia with inflammation (see
below) regardless of the initiating cause of OM, duration of
inflammation, effusion phenotype or species differences.

Hypoxia signaling is a common finding in inflamed
microenvironments, and it is unclear whether such signaling is
the cause or the result of inflammation. Surgical ventilation of
the middle ear in the Mecorm’*”* mouse model reduces tissue
hypoxia and inflammation (Bhutta et al., 2014), suggesting that
alleviation of tissue hypoxia may be a contributory therapeutic
mechanism underlying grommet insertion for treatment of
COME. In addition, administration of VEGF receptor
inhibitors to young Mecom’””* mice at the time of initiation of
OM moderates the progression of hearing loss (Cheeseman et al.,
2011). The efficacy of such treatment in chronic OM has not yet
been established. It seems worthwhile to further explore the
potential for targeting hypoxia pathways in chronic OM.

Upregulation of Other Inflammatory
Networks in COME

Hypoxia in mucoid and serous bulla effusions is accompanied by
myeloid cell signature and upregulation of inflammatory
networks (Table 1). Enrichr analysis revealed upregulation
invoked in the Toll-like receptor (TLR) pathway, the
complement pathway, and the RANK/RANKL pathway.

TLRs are components of the innate immune system, and typically
respond to “pathogen associated molecular patterns” (PAMPs) on
microbial cell walls or pathogen membranes. However, TLRs can also
be activated by “damage-associated molecular patterns” (DAMPs):
endogenous intra or extracellular proteins released as a result of cell
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necrosis from host tissue injury. Why TLRs respond to endogenous
signals is not known, but in such circumstances TLR activation may
perpetuate inflammation, risking further tissue damage. TLR
activation is thought to contribute to chronic inflammation in
diseases such as rheumatoid arthritis and atherosclerosis (Drexler
and Foxwell, 2010), and our transcriptome data suggest TLRs are also
active in chronic otitis media. A previous genetic association study
found that polymorphism in the TLR4 receptor is a risk factor for
childhood COME (although this finding was not replicated) (Hafren
et al, 2015), and a TIr deficient mouse exhibits altered immune
response to bacterial challenge of the middle ear (Tyrer et al,, 2013).

Microbiome analysis of human COME samples (Liu et al.,
2011; Jervis-Bardy et al., 2015; Chan et al., 2016; Krueger et al,,
2017) shows the presence of diverse bacterial communities that
are a potential stimulus for TLR activation along with ongoing
host tissue damage. Targeting induction of TLR pathways, for
example through administration of anti-microbials, specific
antibodies or proteases (Piccinini and Midwood, 2010), are
logical strategies to counteract this effect.

Complement consists of a cascade of innate immune proteins
that respond to pattern recognition molecules displayed on the
surface of potential pathogens or damaged cells, including apoptotic
or necrotic host cells (Ricklin and Lambris, 2013a). In mouse
models mutation at complement loci alters the duration of
induced otitis media (Tyrer et al., 2013). In COME it may be that
complement activation is a consequence of persistent pathogen
presence, presence of necrotic or apoptotic hosts cells (as often
found in a hypoxic inflammatory environment), a result of cross-
talk with activated TLR pathways (Song, 2012), or via other
mechanisms. Like TLR pathways, experimental data suggest that
complement pathways could be antagonized with small molecules
or antibodies (Ricklin and Lambris, 2013b).

The RANK-RANKL pathway affects bone remodeling and repair
as well as immune regulation. This pathway mediates interactions
between osteoblasts and osteoclasts as well as between T cells and
dendritic cells, which in turn can affect function of fibroblasts (Walsh
and Choi, 2014). The role of RANKL in inflammation is still not well
understood, but is thought to be an immunoregulatory role, largely
through activation of the transcription factor NFkB. Some mouse
models carrying mutations at loci in the NFkB pathway develop
chronic OM (Tyrer et al.,, 2013). Again there are compounds to target
the RANK-RANKL pathway, which have previously been used to
treat osteoporosis (Walsh and Choi, 2014).

Hence, our transcript analysis reveals upregulation of hypoxia,
TLR, complement and RANK-RANKL pathways. It suggests that
targeting one of these pathways, or perhaps targeting several of
them with a cocktail of molecular inhibitors, could be a mechanism
to antagonize and moderate inflammation in COME.

Differences in Immune Cell Profiles in
Mucoid and Serous COME

Cytology differentials showed neutrophils and macrophages are
predominant inflammatory cell types in COME samples with
heavy, intermediate, and low mucus, however mucoid samples
have a significantly higher percentage of neutrophils, while serous
effusions have a significantly higher percentage of lymphocytes and

eosinophils. Eosinophils represent <2% of overall wbc population in
our study of childhood COME. These eosinophil percentages are
similar (2.6%) to older patients ~50 years-of age with COME, and
contrast with much higher eosinophil differentials (13.4%) in
patients with eosinophilic OM (Uchimizu et al., 2015).

While our cytological analysis did not characterize
lymphocyte sub-populations, the transcript analysis indicates
serous fluids have CD4+ and CD8+ T-lymphocyte, and NK
cell signatures, whereas mucoid effusions have an enriched
myeloid cell signature (Table S$3). In flow cytometry analysis
of COME effusions (not subdivided into mucoid and serous
effusions), CD4+ and CD8+ T-lymphocytes, but not NK cells,
were elevated with respect to blood populations (Skotnicka et al., 2005).

Earlier studies employing immunological techniques [e.g. cell
rosetting assays (Bernstein et al., 1978)] and/or cytochemistry to
characterize lymphoid cell subsets (Palva et al., 1978; Palva etal., 19805
Palva et al, 1980) emphasize the importance of lymphocytes in
COME fluids. T cell differentials in serous and mucoid samples are
equivalent (Palva et al., 1980), and the presence of T lymphocytes in
mucoid COME is suggestive of delayed-type hypersensitivity, or
mucosal injury by immune complexes (Palva et al., 1980). In another
study comparing serous, seromucinous and mucoid samples
recognize macrophages and lymphocytes in all samples, with
serous samples containing predominantly macrophages and T
cells; seromucinous samples, macrophages, T and B cells; and
mucoid samples mainly B cells (Bernstein et al., 1978).

The high prevalence of neutrophils in mucoid, serous and
intermediate COME effusions in this study is consistent with the
proteomic findings of neutrophils and NETSs described by Val
et al. (2016). A subsequent proteomic analysis by these authors
focusing on the differences between mucoid and serous COME
samples indicated that higher neutrophil signature NET's in
mucoid COME associated with greater MUC5B, and that serous
COME samples have higher early innate immunity markers,
complement and immunoglobulins (Val et al., 2018).

Taken together these data shows there are significant
differences in the inflammatory cell profiles suggestive of an
underlying difference in immunological basis for serous versus
mucoid COME. There may be several contributory factors. Lim
et al. (Lim et al., 1979) found that neutrophils predominated in
COME effusions that had culturable pathogenic bacteria whereas
lymphocytes were prominent in culture negative eftusions and
furthermore, variation in effusion microbiome had an impact on
mucin content (Krueger et al., 2017). We did not collect sample
microbiome data that would allow us to evaluate this possibility.

Strengths and Limitations of This Study

To our knowledge this is the first reported whole genome transcript
analysis of the effusion in human COME. The strengths of our study
are that we had a well phenotyped patient population and, by
grouping COME samples into grossly mucoid and serous we were
able to perform cross-comparisons and whole genome transcript
analysis revealing differences in immune cell population and gene
expression. Parallel differences were observed in mucoid and serous
sample cytology. Results from the microarray were validated for the
hypoxia-signaling pathway with RTqPCR.
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Here we analyzed transcripts from the effusion in COME
without extracting or differentiating the cells within that effusion,
although cytological analysis would suggest that this is largely the
signature from leucocytes. Future studies may aim to analyse the
transcript in middle ear mucosa. We used peripheral blood wbc
as control for gene expression in bulla effusion wbc, which will
constitutively be different, but absence of immune cells and fluids
in the healthy non-inflamed bulla means that a better control
tissue is not available. For the same reason, we used plasma as the
baseline control for VEGF protein in COME fluids. There is
however a rationale for comparing bulla fluids with blood as the
wbcs in COME eftusions will have been recruited from the blood
and effusion proteins will contain a transudate of plasma. We
also acknowledge the general problems with the analysis of
mRNA transcriptome, in that this may not directly correlate to
protein expression. The microbiota was not assayed in COME
effusions and this may be a determinant of glue ear MUC5B
content (Krueger et al., 2017).

CONCLUSION

The cytological and transcriptome data from this study confirm
that COME is an inflammatory disorder, with infiltration by a
leucocyte population largely composed of neutrophils and
macrophages, albeit with differences in cell populations in
serous versus mucoid effusions. Transcriptome pathway
analysis indicates upregulation of hypoxia signaling, the TLR
pathway, complement, and the RANK-RANKL pathway. The
prospects for utilizing transcriptome data to identify new targets
for medical interventions depend on validation of candidate
target proteins and a precise understanding of their role in
effusion and mucosal inflammation. Pre-clinical animal models
such as mouse models of chronic otitis media may assist future
drug trials, ideally utilizing compounds that would be
administered locally to the chronically inflamed middle ear.
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Single-cell transcriptomics was used to profile cells of the normal murine middle ear.
Clustering analysis of 6770 transcriptomes identified 17 cell clusters corresponding
to distinct cell types: five epithelial, three stromal, three lymphocyte, two monocyte,
two endothelial, one pericyte and one melanocyte cluster. Within some clusters,
cell subtypes were identified. While many corresponded to those cell types known
from prior studies, several novel types or subtypes were noted. The results indicate
unexpected cellular diversity within the resting middle ear mucosa. The resolution of
uncomplicated, acute, otitis media is too rapid for cognate immunity to play a major
role. Thus innate immunity is likely responsible for normal recovery from middle ear
infection. The need for rapid response to pathogens suggests that innate immune
genes may be constitutively expressed by middle ear cells. We therefore assessed
expression of innate immune genes across all cell types, to evaluate potential for
rapid responses to middle ear infection. Resident monocytes/macrophages expressed
the most such genes, including pathogen receptors, cytokines, chemokines and
chemokine receptors. Other cell types displayed distinct innate immune gene profiles.
Epithelial cells preferentially expressed pathogen receptors, bactericidal peptides
and mucins. Stromal and endothelial cells expressed pathogen receptors. Pericytes
expressed pro-inflammatory cytokines. Lymphocytes expressed chemokine receptors
and antimicrobials. The results suggest that tissue monocytes, including macrophages,
are the master regulators of the immediate middle ear response to infection, but that
virtually all cell types act in concert to mount a defense against pathogens.

Keywords: single-cell, middle ear, otitis media, cluster-profiling, homeostasis

INTRODUCTION

The middle ear (ME) is a bone-encased, air-filled cavity that links the external ear to the inner
ear. Bounded externally by the tympanic membrane, it houses the three ossicles that transmit
acoustic vibrations from the eardrum to the cochlea. It is connected to the nasopharynx by the

Frontiers in Genetics | www.frontiersin.org

108 April 2020 | Volume 11 | Article 358


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2020.00358
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fgene.2020.00358
http://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2020.00358&domain=pdf&date_stamp=2020-04-15
https://www.frontiersin.org/articles/10.3389/fgene.2020.00358/full
http://loop.frontiersin.org/people/175948/overview
http://loop.frontiersin.org/people/788899/overview
http://loop.frontiersin.org/people/465898/overview
http://loop.frontiersin.org/people/461862/overview
http://loop.frontiersin.org/people/410914/overview
http://loop.frontiersin.org/people/459290/overview
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Ryan et al.

Middle Ear Single Cell Transcriptomes

Eustachian tube, which provides intermittent ventilation and
pressure release, as well as clearance via ciliary activity.

The ME is a frequent site of infection, especially in children.
More than 90% of children experience otitis media (OM), which
is chronic-recurrent in 15—20% (Rosenfeld and Bluestone, 2003).
It is the most common cause of physician visits and surgery
at ages less than 5 years (Cullen et al, 2009). OM leads to
hearing loss during a critical period of language acquisition and
learning, and has been associated with deficits in both language
and learning (Friel-Patti et al., 1982; Wendler-Shaw et al., 1993).
OM can be well-controlled by therapy, but the annual cost in
the United States is estimated at >$5 billion (Ahmed et al.,
2014). In contrast, OM is a very serious disease in developing
countries due to limited access to medical care. Under-treated
suppurative OM is estimated by the World Health Organization
to be responsible for 28,000 annual deaths due to intracranial
infection and to cause half of the worlds burden of severe
hearing loss, approximately 240 million cases (Arguedas et al.,
2010). The resolution of uncomplicated, acute OM occurs in
less than one week, even without antibiotic treatment. This is
too rapid for the de novo elaboration of cognate immunity,
suggesting that OM is normally resolved by innate immunity.
Indeed, deficiencies in innate immune genes have been linked to
OM susceptibility in both mice and humans (Leichtle et al., 2011;
Rye et al., 2011).

The ME is an atypical mucosal site, characterized by a
largely rudimentary cellular structure, yet with the capability
to rapidly transform into a respiratory-type epithelium. The
majority of the resting ME cavity is lined by a monolayer
of simple squamous epithelial cell overlying a sparse stroma
and vasculature. However, upon infection and inflammation,
hyperplasia can produce a 20-fold increase in thickness, into a
pseudostratified, columnar epithelium populated with ciliated,
goblet and secretory cells, within a few days. Upon the resolution
of infection, the mucosa returns to its baseline structure
(Lim, 1979).

The cells that make up the normal ME mucosa have been
studied primarily morphologically. Early studies were limited
to the observation of a simple squamous lining epithelium
with ciliated cells in some areas, especially near the orifice
of the Eustachian tube (e.g., Kolmer and Mellendorff, 1927;
Wolft, 1943). Later investigations noted morphological details
that confirmed a simple squamous epithelial structure with
minimal stroma throughout much of the ME, but with some
areas of cuboidal, columnar and pseudostratified epithelium,
primarily near the Eustachian tube but also in recesses
and corners of the ME (e.g., Hentzer, 1970). Blood vessels,
lymphatics, and small numbers of immunocytes including
macrophages, lymphocytes and plasma cells were also noted
in the stroma, as were melanocytes (Lin and Zak, 1982). In
addition, histochemistry was used to demonstrate the presence
of mucopolysaccharides within both ciliated and non-ciliated
epithelial cells (e.g., Sade, 1966).

The introduction of electron microscopy to ME studies
added significant details regarding ME cell types. Based on
their ultrastructure, Lim and Hussl (1969) classified ME
epithelial cells as non-ciliated without secretory granules,

mucus-secreting  goblet cells with abundant secretory
granules, intermediary secretory cells with fewer secretory
granules, ciliated cells, and subsurface basal cells. Hentzer
(1976) added a sixth class that he termed intermediate
cells, which he proposed could differentiate into any of
the other surface cell types, with intermediary secretory
cells a transitional stage into goblet cells. Ultrastructural
studies also noted pericytes in association with the endothelial
cells of vessels.

Additional  information = has  been  added by
immunohistochemistry. Takahashi et al. (1989) identified
macrophages, T-cells and B-cells in the subepithelial stroma
of the normal ME. However, these cells were sparse, with on
average less than one B cell in a histological section through
the entire ME, and 1—5 macrophages and T-cells per section.
They thus comprised a very small fraction of the cells present
in the normal ME, as observed morphologically by Lim (1979).
Immunohistochemistry was also used to document the presence
of melanocytes (Lin and Zak, 1982), pericytes (Zhang et al,
2015), natural killer cells (Jecker et al., 1996), and mast cells
(Stenfors et al., 1985).

More recently, a lineage study found that the ME mucosal
epithelium in mice has two distinct embryonic origins. Epithelial
cells in approximately half of the ME cavity closest to the
Eustachian tube orifice originate from the endoderm of the
branchial arches, while the remainder originates from the neural
crest. In the normal ME, ciliated and goblet cells were observed
only in cells of endodermal origin, although many non-ciliated,
non-secretory cells were also present (Thompson and Tucker,
2013). More recently, ciliated cells have been documented in
the region of neural crest origin (Luo et al,, 2017). However,
the dual origin of cells adds yet another layer of complexity
to ME cell types.

Recent studies have also evaluated the transcriptome of the
normal ME mucosa (MacArthur et al., 2013; Hernandez et al.,
2015). These studies, which utilized bulk RNA, identified genes
expressed in the normal ME. However, they could not address
the genes expressed individually by the different ME cell types.
Cell-specific patterns of genes expression would help to define
the functions of various cell types and their ability to respond
to ME infection.

The purpose of the present study was to document the
expression of genes in individual ME cells. We sought to identify
the cell types present in the ME cavity at a single-cell resolution,
to illuminate their functional characteristics, and to evaluate the
cellular distribution of genes known to be important for the
pathogenesis and resolution of OM.

MATERIALS AND METHODS

Animals

Young adult (60—90 day old) wildtype C57Bl/6] mice (Charles
River, Wilmington, MA, United States) were used. All procedures
were performed to National Institutes of Health guidelines and
approved by the Institutional Animal Care and Use Committee
of the VA San Diego Medical Center.
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Preparation of Cell Suspensions

Groups of six mice were deeply anesthetized (ketamine 50 mg/kg,
xylazine 1 mg/kg, acepromazine 5 mg/kg in 50 pl, ip.) and
sacrificed by decapitation, avoiding significant pressure on the
neck to prevent the rupture of blood vessels in the ME. Six
animals were required to generate a sufficient number of cells
for a 10X Genomics run, because a ME tissue sample from a
single animal are small. The ME bullae were isolated and opened
along the suture that divides the lateral from the medial ME.
ME mucosal tissue was gently harvested from the bullar bone.
Care was taken not to include any tissue from the ME muscles.
The pooled tissue was incubated with 0.5 mg/ml thermolysin
(Sigma-Aldrich, #T7902) in Leibovitzs buffer for 25-30 min in
a 37°C/5% CO; humidified tissue culture incubator to dissociate
the extracellular matrix. The thermolysin was then aspirated,
the tissue rinsed, and the sample incubated in FACSMax cell
dissociation solution (Genlantis, #T200100). The cell mixture
was triturated with a pipette and further dissociated into single
cells mechanically by passing through a 23 G blunt-ended
needle. Dissociated cells were passed through a 40 pm cell
strainer (BD Biosciences) to eliminate clumps before sorting and
collected into a FACS tube on ice containing PBS buffer with
0.04% BSA. Cell viability was assessed by Trypan blue exclusion
staining and cells counted with a hemocytometer (Countess II,
Thermo Fisher Scientific). Cell viability was greater than 95%.
Following counting, the samples were diluted to 700 cells/pL.
Three replicates were performed since the typical yield of a 10X
genomics run is about 2,000 cells, and we wanted to evaluate a
higher number, plus we wanted independent biological samples
to assess replicability of the data.

Single-Cell Library Preparation
and Sequencing

Libraries were prepared using the Chromium Controller (10X
Genomics, Pleasanton, CA, United States) in conjunction with
the Single Cell 3’ Reagent Kit v2 kit user guide. Briefly, the cell
suspensions were diluted with nuclease-free water according to
manufacturer instructions to achieve an estimated cell count of
1,950 to 2,858 per sample. cDNA synthesis, barcoding, and library
preparation were then carried out in the Chromium controller
according to the manufacturers’ instructions. The libraries were
sequenced on an Illumina HiSeq 2500 (Illumina, San Diego,
United States) with a read length of 26 bp for read 1 [cell
barcode and unique molecule identifier (UMI)], 8 bp i7 index
read (sample barcode), and 98 bp for read 2 (actual RNA read).
Reads were first sequenced in the rapid run mode, allowing for
fine-tuning of sample ratios in the following high-output run.
Combining the data from both flow cells yielded approximately
200 million reads per sample.

Single-Cell Data Analysis

Reads were demultiplexed using Cellranger 2.0.2 (10X Genomics)
and mkfastq in conjunction with bcl2fastq 2.17.1.14 (Illumina).
The reads were subsequently aligned to the murine reference
genome (mml0 with annotations from Ensembl release 84),
filtered, and quantified using the Cellranger count command.

Cellranger aggr (10X Genomics) was further used to generate
an initial secondary analysis (t-distributed stochastic neighbor
embedding; t-SNE), principal component analysis (PCA)
clustering. Graph-based, as well as K-means (K = 2-10) analysis
of gene expression was used to identify the 50 most differentially
regulated genes that distinguished each PCA cell cluster.
Cellranger aggr was used to merge the count matrices from 3
independent samples.

Additional clustering analysis was conducted using R package
Seurat (Satija et al., 2015) to merge the data from the three
independent samples and generate overall cell clusters. Cells were
filtered based on quality control measurements recommended by
the Seurat developers. Genes that were expressed in less than 0.1%
of cells and cells that expressed less than 750 unique genes were
excluded from the analysis. Cells that expressed greater than 7.5%
mitochondrial genes were also excluded, as they represent dead or
injured cells. After filtering, 6,370 of 6,770 cells remained.

After quality filtering, counts were log normalized. The
FindVariableGenes function in Seurat was used to identify 2,207
highly variable genes that were used for downstream analysis.
Finally, the data were scaled and subject to PCA to reduce the
dimensionality of the dataset.

We used overrepresentation enrichment analysis (ORA)
from R package WebGestaltR. Searched geneontology biological
process database. Looked for enrichment in significantly
differentially expressed genes (adjusted p-value < 0.05) for each
cluster versus all highly variable genes (n = 2,207).

Identification of Cell Types

Cells were identified by assessing gene expression in the clusters
of the three independent samples. Two methods were used to
evaluate each of the samples. In the first, the expression of
well-recognized cell marker genes was mapped to the graph-
based clusters. For a second means of identification, the top
50 differentially expressed genes in each cluster were evaluated
for their known expression by different cell types using the
GeneCards database and the literature. From both methods,
exclusively expressed genes (defined as being expressed by >50%
of the cells in a cluster at high levels versus <2.5% of the cells
of all other clusters at low levels) that were associated with an
individual cell type were then assessed for their known cellular
expression in the literature and in the GeneCards database.

Immunohistochemistry

Expression of select genes used for cell identification was
verified by immunohistochemistry. Paraffin sections of MEs
were deparaffinized, and antigen retrieval performed with citrate
buffer, pH 6.0. The sections were exposed to primary antibodies
to: EPCAM (Sino Biological), DYNLRB2 (Thermo Fisher
Scientific), COL1A2 (LSBio), LRG (Proteintech), CSFR1 (LSBio)
and PTPRCAP (Antibodies.online), DEFB1 (BiossUSA), AREG
(LSBio), ECRG4 (Biorbyt), followed by secondary antibodies
labeled with Alexa 488 (Abcam).

Expression of Innate Immune Genes
Acute OM in most children resolves in less than a week even
in the absence of antibiotic treatment (Little et al.,, 2001), a
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TABLE 1 | Single cell metrics.

Sample Reads Total cells Genes/cell Reads/cell Total genes UMis/cell
1 54.0 M 2,858 1,637 18,886 17,719 3,933
2 45.0M 1,962 1,490 20,920 17,110 3,744
3 419M 1,950 1,600 21,468 17,138 4,005
Metrics for the three independent samples of ME mucosa, each representing six mouse MEs.
Epithelial
(Krt18,19+ Epcam+)
Lymphocyte
(Ptprcap+)
Basal Epithelial TN Cluster: B
(Krt 18,19,5,14+)/. ;3 53
[ef Y, Vascular Cluster2
’) Endothelial Cluster3 B
. . Y (Egfi7+, Flt1+)
Lymphatic Pericyte "/ 9f '_ Clusterd [
Endothelial (Rgs5+) " -
(+’ F’t4+) . Cluster 5
Clustere
Cluster7
Clusters W
Melanocytes Clusters
Milana+
( ) % Cluster 10 W
Stromal
(Col1a2+) Cluster 11 &
Ciliated Epithelial
= (Dynirb2+, Tubbdb+)
FIGURE 1 | PCA clusters of cells from a sample of six normal mouse ME mucosae, generated by 10X Genomics Cellranger. Eleven separate clusters (1-11) were
produced. Marker genes were used to identify the cells of each cluster.

period too short for the full engagement of cognate immunity.
This implicates innate immunity in the normal resolution of ME
infection. In order to assess the capacity of resting ME cells to
rapidly engage innate immunity, we assessed the expression levels
of innate immune genes in our single-cell transcriptomes. For this
analysis we used the Mouse Genome Informatics gene ontology
(GO) list of 1599 innate immune transcripts representing 809
individual genes: GO:0045087.

RESULTS
Single-Cell Metrics

The mean number of transcriptomes per sample was 2,257,
typical for a single-cell sample on the 10X genomics device, for
a total of 6,770 cells. As noted above, quality control eliminating
cells with a high proportion of mitochondrial genes likely to be

dead or dying cells as well as outliers, left a total of 6,370 cells.
A mean of 45.6 million reads/sample resulted in the detection
of 17,322 genes for each tissue sample, with an average 20,425
reads/cell, 3,894 UMIs/cell and 1,576 genes/cell. The quality
control metrics for each sample are presented in Table 1.

Generation of Cell Clusters

Clustering of ME cell transcriptomes using the 10X Cellranger
pipeline resulted in a similar pattern of cell groupings for each
of the samples, identifying 11 (Figure 1), 8 and 7 clusters in the
three separate samples. Some of these clusters were subdivisions
of spatially contiguous cell groups, and generally it was variation
in the number of these subgroups that produced differences
in cluster number between samples. However, later analysis
confirmed that marker genes present in the sample with the most
clusters (11) also distinguished cell groups in the two samples
with fewer clusters, even though they had not been separated
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FIGURE 2 | (A) PCA clusters generated from the cells of all three mucosal samples, generated with Seurat. Seventeen clusters (0-16) were identified. Marker genes
were again used to determine the cells types present in each cluster. Some cell types that were grouped in contiguous clusters by Cellranger were separated in the
Seurat analysis. Marker gene expression in: (B) Epithelial cell clusters (0, 1, 2, 6, 11); (C) Stromal cell clusters (3, 4, 5); (D) Vascular cell clusters (7, 12, 13);

(E) Monocyte clusters (8, 9); and (F) Lymphocyte clusters (10, 14, 15).
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by PCA. To increase the depth of analysis, cell sequences from
the three samples were merged and analyzed using Seurat. Seurat
t-SNE clustering of the merged samples yielded 17 cell clusters,
which are illustrated in Figure 2A. Several clusters consisted of
discrete groups of cells. Others were parts of multi-cluster cell
groupings, as observed in the Cellranger analysis.

Identification of ME Cell Types

As noted above, the expression of cell type marker genes that are
well recognized in the literature was used to identify ME cell types
(Figure 2). Evaluation of cluster-specific genes (expressed by the
majority of cells in a single cluster and very few cells from other
clusters) was also used to confirm ME cell type identity, when the
literature or the GeneCards database indicated that expression
was limited to a single cell type. Genes used to identify ME cell
types are presented in Table 2.

Epithelial Cells

The largest number of cells (51.5% of all cells in the merged
samples) showed expression of genes typical of epithelia (Hackett
et al,, 2011), including the epithelial cell adhesion gene Epcam
(Figure 2B), the cytokeratin genes Krt18 and Krt19, several
claudin genes, and Mucl6. This included the cells of Seurat
Clusters 0, 1, 2, 6, and 11. Two of these clusters were readily
identified as epithelial subtypes: Cluster 2 exclusively expressed
Krt5, Krt14 (Figure 2B), and Krt17, recognized markers of
basal epithelial cells. Cluster 11, physically separate from the
other epithelial clusters in the Seurat PCA analysis (Figure 2A),
exclusively expressed many genes characteristic of ciliated cells
(Hoh et al.,, 2012), including those encoding dynein axosomal
heavy (e.g., Dnah5) Intermediate and light chains, the dynein
regulator Dynlrb2 (dynein light chain roadblock 2) as well as
Hydin (axonemal central pair apparatus protein) (Figure 2B).

Melanocytes

Embedded within the larger epithelial cell grouping that included
Clusters 0, 1, 2 and 6 was a small number of cells (Cluster 16,
consisting of only 1.8% of all cells) that did not express epithelial
markers. The cells of this cluster uniquely expressed markers
for melanocytes (Yang et al., 2014), including many involved
in melanin synthesis: Pmel (premelanosome protein), Mlana
(melan-A) which is required for PMEL function, Dct (dopamine
tautomerase, involved in PMEL synthesis), Slc45a2 (Solute carrier
family 45 member 2) involved in melanin synthesis and Tyrpl
(tyrosine-related protein 1) which regulates melanin synthesis).

Stromal Cells

After epithelial cells, the next largest group of cells (22.6% of
all cells) expressed genes typical of stromal cells. This included
Clusters 3, 4, and 5 (Figure 2A), the cells of which expressed
numerous extracellular matrix (ECM)/connective tissue proteins,
such as Collal (collagen type 1 alpha 1), Colla2 (Figure 2C),
Fblnl (fibulin 1, a fibrillar ECM), Wisp2 (Wntl inducible
signaling pathway protein, a connective tissue growth factor);
Adamts5 (ADAM metallopeptidase with thrombospondin type
1), a connective tissue organization factor, Fmod (fibromodulin)

TABLE 2 | Genes used to identify ME cell types.

Epithelial cells (all) Epcam, Krt18, Krt19

Basal Krt5, Krt14
Ciliated Spag6l, Hydin
Secretory Mucl, Lyz
Stromal cells (all) Col1a2
Endothelial cells Egfl7
Vascular Fit4
Lymphatic Fit1
Pericytes Rgsb5
Melanocytes Miana
Monocytes (all) Csflr

Macrophages Adgre1 (F4/80)
M2 Clga

Dendritic cells Itgax

Cytotoxic phenotype Kirk1

Lymphocytes (all) Ptprcap

T-cell Cd3d

B-cell Cd79a

Type 2 Lymphoid cell Areg

These genes were reliable indicators of cell types in the normal ME.

collagen fibrillogenesis factor involved in ECM assembly, and
Cdh11 (cadherin 11), an ECM synthesis regulator.

Endothelial Cells and Pericytes

Cells associated with the vasculature comprised 9.2% of all cells
on our samples. Clusters 7 and 12 exclusively expressed the
endothelial cell marker Egfl7 (encoding a secreted endothelial
protein involved in angiogenesis) (Figure 2D). They were
also the only cells expressing several other genes related to
angiogenesis including Lrgl (A TGF-beta binding protein),
Mmrn2 (A TGF-beta antagonist), Rasipl, Vegfr2, and Sox18.
In addition, they expressed Selp (P selectin) and Icam2,
both involved in endothelial recruitment of leukocytes. The
cells of Cluster 13 expressed marker genes for pericytes,
including Rgs5 (Figure 2D), a hypoxia-inducible G-protein
regulatory subunit involved in angiogenesis and regulation of
leukocyte extravasation.

Monocytes

Monocyte lineage cells comprised 8.52% of our samples. The cells
of Clusters 8 and 9 uniquely expressed many monocyte marker
genes, including Csflr (colony stimulating factor 1 receptor)
(Figure 2E), Aifl (monocyte activation) c300d (receptor involved
in innate immunity), LstI (lymphocyte proliferation inhibitor),
Clec12a (negative regulator of monocyte and granulocyte
function) and Ccl2 (macrophage chemoattractant). Cluster 8 cells
also exclusively expressed macrophage-specific markers, such as
Adgrel (F4/80 antigen) (Figure 2E), Ccl3 (MIP1lalpha) and Mrcl
(macrophage mannose receptor). Many but not all cells in Cluster
9 preferentially expressed Itgax (mature dendritic cell marker)
(Figure 2E) and Cd209a (dendritic cell adhesion molecule),
consistent with dendritic cell identity. The non-macrophage,
non-dendritic cell monocytes were a mixed population of
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FIGURE 3 | Immunohistochemical localization of select proteins encoded by marker genes, used to identify cell types in the ME mucosa. Paraffin sections were
labeled with phalloidin (red), DAPI (blue) and Alexa 488-conjugated secondary antibodies (green). The upper six panels represent marker genes used to identify cell
types known to be present in the ME. The three lower panels represent less expected findings: DEFB1 expression in basal epithelial cells; AREG indicating type Il
lymphoid cells; and ECRG4, often expressed in epithelia, in stromal cells. Scale bars represents 100 pm.

inflammatory (Ccr2™, Ly6C2%) and resident, homeostatic
(Cx3crI™, Ly6C2™) phenotypes (Gordon and Taylor, 2005).

Lymphocytes
The lymphocytes of Clusters 10, 14, and 15 (comprised 6.2%
of our samples. All exclusively expressed a murine lymphocyte-
specific gene Ptprcap (encoding a key regulator of lymphocyte
activation) (Figure 2F). Cluster 10 cells also expressed Cd2 and
Cd28 (Figure 2F), markers of both T- and NK-cells. The cells
of Cluster 14 did not express specific T-cell or B-cell markers.
However, they exclusively expressed Areg (Figures 2F, 3), an
immunoregulatory member of the EGF family which is produced
by type 2 innate lymphoid cells (ILC2s) (Zaiss et al., 2015).
Consistent with an ILC2 phenotype, they also expressed 1I7r and
Thyl, 1113, and Gata3 (Gasteiger et al., 2017). Cluster 15 cells
expressed B-cell markers including Cd19, Cd79a (Figure 2F)
and Cd79b (involved in B-cell antigen recognition), H2-dmb2 (a
B-cell class IT molecule), MzbI (which regulates Ca* stores to
diversify B-cell function).

The expression of selected genes used to identify ME cell
types is further illustrated by immunohistochemical labeling
in Figure 3.

Differential Expression of Genes
by ME Cell Clusters

The above analysis employed marker genes to identify cell types
in our ME samples. However, the majority of the genes that were
significantly differentially expressed between clusters, and which

defined them in PCA analysis, were not markers for a given cell
type. A total of 2,207 genes were differentially expressed between
Seurat t-SNE clusters. For purposes of illustration, Figure 4 shows
a heat map of the top 5 genes that were differentially regulated
between each of the various clusters, and that contributed to
cluster generation. It can be seen from the figure that most
clusters expressed gene sets that clearly differentiated them from
other cell groups. Genes that were highly expressed by different
ME cell types, either exclusive to that type (as defined previously)
or strongly preferentially, are described below.

Epithelial Cells

Many of the genes exclusively expressed by cells in all five ME
epithelial populations are involved in fluid or solute regulation,
including Aqp5, Cldns 3, 4, and 7, Fxyd3, Kcnj16; Atp1bl, Fxyd3
and Slc6al.

The cells of Clusters 0, 1, and 6 appeared to be closely related
and expressed relatively few genes exclusively. Rather, this group
of clusters expressed genes in common, often exhibiting relative
differences in expression. A number of genes were expressed
in these clusters in a gradient, with the descending order 1, 6
and 0. This included Mucl (Figure 2B), Muc5b, Mucl6, Tff2
(Trefoil factor 2, mucin stabilization gene), Reg3g (secreted
lectin), as well as Lyz2 (lysozyme) and Ltf (lactotransferrin),
both antimicrobials. Also expressed with this gradient were
Agr2 (anterior gradient 2) involved in mucin assembly and
Mgstl (microsomal glutathione S-transferase 1) involved in
leukotriene and prostaglandin synthesis. These gene gradients
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FIGURE 4 | Heatmap illustrating the 5 most differentially regulated genes for each of the 17 Seurat cell clusters. Most clusters were clearly delineated by the
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somewhat overlapping patterns of expression.

are consistent with Cluster 1 cells exhibiting the highest level
of secretory activity. Cluster 1 cells also expressed high levels
of Upklb, involved in the stabilization and strengthening of
apical cell membranes, suggesting presence at the luminal
surface of the mucosa.

Genes expressed with an opposite gradient, highest in Cluster
0 and lowest in Cluster 1, included Bcam and Igfbp5, involved
in ECM binding, and Sftpd (Figure 2B) encoding surfactant
protein D. Genes that defined Cluster 6 included Cyp4al2a (iron
binding oxyreductase), Mal (vesicle trafficking from Golgi), Lcn2
(iron sequestration), BexI (growth factor signaling) and Foxel
(transcription factor involved in TGF and WNT regulation).
However, these genes were also expressed in Clusters 0, at higher
levels than in Cluster 6, and to a lesser extent in Clusters 1 and 2
(see Figure 4).

The basal epithelial cells of Cluster 2 cells strongly expressed
Sfn (a regulator of cell signaling and cell cycle), Agp3, Dapll (G
coupled receptor activity), and Anax8. Aquaporin 3 is found in
the basolateral membranes of kidney collecting duct cells, where
it provides a pathway for water to exit these cells. This may play a
similar role in the exit of water from the ME mucosal epithelium
at its basal surface. Annexin 8 is a calcium binding protein found
in mature and functional epithelial cells, where it participates in
exocytosis. Interestingly, basal epithelial cells were also the only
ME cells to strongly express Defbl, encoding the antimicrobial,
beta defensin 1 (Figure 3).

In addition to many genes related to cilia, the ciliated
epithelial cells of Cluster 11 exclusively expressed Muc4, encoding
a membrane mucin that can activate ERBB2 and stimulate
epithelial proliferation. They also preferentially expressed an
unusually high number of genes for which no function has
been well described, including among others Tmem212, Ccdc153,
C9orf116, Fam183b, Sec1413, and antisense IncRNA AU40972.

Stromal Cells

Cluster 3 was distinguished from other clusters by significantly
higher levels of expression of growth regulators, including Ecrg4
(epithelial cell growth regulator) (Figures 2C, 3) which in other
tissues is often expressed in epithelial cells (Kurabi et al., 2013),
Sfrp2 (Wnt signaling modulator), Serpinfl (angiogenesis and cell
differentiation inhibitor) and Aspn (TGF{3 and BMP inhibitor).

Cluster 4 exclusively expressed Adam33 (cell-ECM
interactions) (Figure 2C), Dpt (ECM assembly) and Col28al
(collagen chain trimerization). The cluster preferentially
expressed other genes related to ECM generation: including Gpc6
(growth factor and ECM receptor), Dcn (ECM assembly), Mfap4
and Mfap5 (ECM proteins); as well as genes involved in defense
against infection: Cxcl13 (anti-microbial, B-cell chemoattractant)
and Adm (antimicrobial and fluid regulation).

The cells of Cluster 5 strongly expressed Mmpl3 (ECM
breakdown), Serpine2 (regulator of cell signaling) and Timpl
(MMP inhibitor). They also exclusively expressed several genes
consistent with osteoblast function, including Bglap (an abundant
Ca-binding bone protein) (Figure 2C), Bglap2 (a hormone
secreted by osteoblasts), Ibsp (a major structural protein in bone)
and Sfrp4 (involved in bone morphogenesis), as well as Trnc (ECM
protein tenascin C), Podnll (collagen binding), and Ackr4 (a
decoy receptor that inactivates cytokines).

Endothelial Cells

Of the two groups of endothelial cells, Cluster 7 strongly
expressed Agpl, Ly6cl (an immunocyte antigen also expressed
by endothelial cells), Lrgl (TGF{3 receptor binding) and Plvap
(microvascular permeability). They exclusively expressed Fit1
(VEGFR1) (Figure 2D), Apinr and Vwf (Von Willebrand
factor), consistent with vascular endothelium, as well as the
scavenger cytokine receptor Ackrl. Cluster 12 cells exclusively
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expressed Proxl (a homeobox protein), Flt4 (VEGF receptor 3)
and Reln (Reelin), all markers for lymphatic endothelial cells,
as well as Ccl2la (T-cell chemotaxis), Cldn5 (tight junction
protein), Gm525 (unknown function), Ptx3 (angiogenesis and
inflammation), MmrnlI (a factor V/Va receptor) (Figure 2D) and
the cytokine scavenger receptor gene Ackr2.

Pericytes

The pericytes of Cluster 13 exclusively expressed three hypoxia-
inducible mitochondrial genes involved in regulating the shift
between glucose and glycogen metabolism: Higd1b; Ndufa4l2
and Cox4i2. They were the only ME cells to express genes
involved in regulating vascular tone, including Des, OIf558,
Mpyhl11, Myocd and Kcne4 (Jepps et al., 2015). They also expressed
Cspg4, encoding a proteoglycan that stimulates endothelial
cell motility during microvascular morphogenesis and Ephx3,
encoding a protein involved in water permeability barriers. They
strongly expressed GM13889 (unknown function) and Mustnl
(muscle development).

Macrophages

The macrophages of Cluster 8 preferentially expressed genes
observed in M2 (alternatively activated) macrophages, such as
those encoding the complement components Clga (Figure 2E),
Clgb and Cigc and the fractalkine receptor Cx3crl (Italiani
and Boraschi, 2014). They also strongly expressed Cxcl2
(macrophage inflammatory protein 2), Pf4 (neutrophil and
monocyte chemotaxis) Tyrobp (neutrophil activation), Plbdl
(hydrolase activity) and Spil (macrophage differentiation).
Interestingly, none of the cells in this clusters expressed the
mature macrophage marker Itgam (MAC-1), but many expressed
Cd33, characteristic of immature macrophages.

Dendritic Cells/Monocytes

Most of the cells in Cluster 9 preferentially expressed Itgax
(mature dendritic cell marker) and Cd209a (dendritic cell
adhesion molecule), consistent with dendritic cell identity.
However, these cells also expressed the NK gene Klrkl
(Figure 2E). This indicates that they are primarily NK dendritic
cells, which possess cytotoxic capability. These cells are usually
present as a small subset of dendritic cells in blood and tissue
(Chan et al, 2006), but appear to represent about 40% of
dendritic cells (Itgax™) in the ME. In common with Cluster
8, the dendritic cells and monocytes of Cluster 9 strongly
expressed Tyrobp, Plbdl and Spi. They also exclusively expressed
Cd209a (pathogen receptor). As noted above, less differentiated
monocytes expressed genes consistent with either the classical
(pro-inflammatory) or resident (homeostatic) phenotypes.

Lymphocytes

Many of the lymphocytes of Clusters 10 expressed the T-cell
receptor genes Cd3d and Cd3g, as well as CD3e and Cd3z,
indicating that they are gamma/delta T-cells. Consistent with
this identity, very few expressed Cd4. Gamma/delta T-cells are
common in mucosal and other barrier tissues where they serve
as part of the front-line defense against infection. Many also
expressed Nkg7 (a natural killer cell granule protein) suggesting
a cytotoxic phenotype. A small subpopulation expressed Cd8a

and Cd8bl. Cd8ab-positive gamma-delta T-cells have been
identified as a unique cytotoxic population that is negatively
correlated with disease states (Kadivar et al., 2016). The larger
population of Cd87/Cd4~ cells are known as double-negative
T-cells. In other tissues, the majority of double-negative T-cells
bear the alpha/beta receptors consistent with cognate immunity
(Antonelli et al., 2006). However, in the ME mucosa the majority
appear to bear the gamma/delta receptor more consistent with
innate immune function. Gamma/delta T-cells are also involved
in M2 macrophage polarization (Mathews et al., 2015). Cluster
10 cells also strongly expressed Ms4a4b, a negative regulator of
T-cell proliferation.

The ILC2 cells of Cluster 14 type exclusively expressed II5
and II13, Th2 cytokines associated with this cell type, as well
as Il1rl1 and Icos, which have been associated with helper cell
function, and Cxcr6, associated with memory, naive (Cd28%1) and
regulatory (II7r") T-cells. They also strongly expressed, Il1rl1
(possibly helper T-cell function), Ccdc184 (unknown function),
and Calca (calcium regulation, antimicrobial).

The B-cells of Cluster 15 expressed many genes related
to B-cell function, including Cd22 (essential for B-cell—B-cell
interactions); DankI (mobilization of intracellular B-cell stores);
Spi6 (B-cell development); Pou2afI (essential for B-cell response
to antigens), Ms4al (B-cell development) and various Fc receptor
genes involved in B-cell activation. They also expressed Pax5,
involved in early but not late B-cell development, suggesting that
ME B-cells are not fully mature. A small number of cluster cells
expressed Jchain, involved in the production of secretory factor.

In addition to evaluating differentially expressed genes,
we applied an analysis of the GO: biological processes the
genes for which were most highly expressed by different cell
clusters. Not surprisingly the results summarized in Table 3, are
largely consistent with functions that can be inferred from the
differentially regulated genes presented above.

Expression of Innate Immune Genes
by ME Cell Types

The genes reviewed above were identified based purely on
differential expression across cell clusters. In order to evaluate the
expression of genes specifically related to OM, we first assessed
genes related to innate immunity across ME cell clusters and
types. Acute OM in the average child resolves in less than one
week (Little et al., 2001). This is not sufficient time to mount
a robust cognate immune response, which implies that normal
resolution of acute OM is mediated by innate immunity. Indeed,
studies in mice with deletions of individual genes for innate
immune receptors or effectors have found that, while lack of some
genes leads to more severe deficits in recovery from bacterial
OM, virtually all show a deficit (Kurabi et al., 2016). This finding
indicates that the innate immune system participates in normal
OM recovery, and that the genetic machinery with which to
initiate innate immunity resides in the cells of the normal ME. We
therefore evaluated the expression of genes in Mouse Genome
Informatics GO category 0045087 “Innate Immunity.” Out of
809 genes in the category, expression of 805 was detected in cells
of the normal ME.
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TABLE 3 | Single-cell cluster enrichment of GO: biological process.

TABLE 3 | Continued

GO category P-value GO category P-value
Cluster 0 (Epithelial cells) Angiogenesis 6.4595e—11
Negative regulation of cell motility 2.0631e—7 Blood vessel morphogenesis 9.2663e—11
Negative regulation of cell migration 9.0561e—7 Cluster 12 (Lymphatic endothelial cells)
Extracellular matrix organization 8.8733e—8 Endothelial cell differentiation 0.0000057055
Negative regulation of cellular component movement 3.3807e—7 Endothelium development 0.0000080317
Negative regulation of locomotion 6.5930e—7 Sprouting angiogenesis 0.000010961
Cluster 1 (Epithelial cells) Negative regulation of angiogenesis 0.0000091829
Extracellular matrix assembly 0.0000088218 Negative regulation of blood vessel morphogenesis 0.000013967
Collagen metabolic process 0.0000034043 Cluster 13 (Perlcytels)
Extracellular matrix organization 4.0817e—9 Membrane repolarization 0000084352
- Actin-mediated cell contraction 0.0000096969
Extracellular structure organization 2.7391e—-8
Actin filament-based movement 0.000018559
Cell growth 0.0000029102 o
L Notch signaling pathway 0.0000090719
Cluster 6 (Epithelial cells) ) .
o o Regulation of heart contraction 0.00017208
Protein trimerization 0.00018877
, o Cluster 8 (Macrophages)
Cellular response to amino acid stimulus 0.000026320 ] )
) ) Tumor necrosis factor production 5.0342e—8
Cellular response to acid chemical 0.000072229 . ) .
Regulation of tumor necrosis factor production 3.3417e—8
Lung development 0.00018877 . o
. Cellular response to molecule of bacterial origin 4.9622e—8
Respiratory tube development 0.00022526 ) o
] i Response to molecule of bacterial origin 2.1447e—8
Cluster 2 (Basal epithelial cells) )
. ) Response to organonitrogen compound 3.3417e-8
Collagen biosynthetic process 0.000040927 .
. Cluster 9 (Monocytes, Dendritic cells)
Collagen metabolic process 0.00018409 o
) o Cellular response to radiation 0.000033926
Protein localization to plasma membrane 0.000059560 o ) )
. o Activation of innate immune response 0.000071442
Bone mineralization 0.000055506 ) .
. . . Tumor necrosis factor production 0.000017344
Transforming growth factor beta receptor signaling pathway 0.000045449 . ) . )
. i i Regulation of tumor necrosis factor superfamily cytokine 0.000043714
Cluster 11 (Ciliated epithelial cells) ,
production
&9neme assembly 0 Tumor necrosis factor superfamily cytokine production 0.000043714
Cllum movement ) 0 Cluster 10 (T-cells, NK cells)
Cflﬁum or fIageIIum—depenégnt cell motility 1.9154e—10 T-cell receptor signaling pathway 5359567
C|I|um—depend§nt cell motilty 1.91546-10 Positive regulation of leukocyte cell-adhesion 3.9513e—7
Axonemal dynein complex assembly 1.9154e-10 Positive regulation of lymphocyte activation 2.3319e—7
Cluster 3 (Stromal cells) T-cell diferentiation 9.73066-8
Collagen fibril orgfamzanon 0.0000091862 T-cell activation 4.46706—12
Collagen metablollc process 0.0000037847 Cluster 14 (ILC2s)
Protein processmg o 0.000068852 Positive regulation of leukocyte differentiation 0.0000018086
Extracelular matrix organization 4.51686-9 Regulation of lymphocyte differentiation 0.0000011529
Extracellular structure organization 7.6653e—8 Positive regulation of hemopoiesis 0.0000013987
Cluster 4‘ (S.tromall cellls) Positive regulation of lymphocyte activation 0.000002159
Collagen lﬂbnl organization 0.0000043023 Regulation of hemopoiesis 110236—7
Embrylonlc skeleltal system development 0.000014268 Cluster 15 (B-cells)
Nttlegarlve regulation of cellular response to growth factor 0.0000039117 B cell receptor signaling pathway 29347611
stimulus
. Regulation of B cell proliferation 71741e—8
Collagen metabolic process 0.0000068214 ) )
. o B cell proliferation 3.0189%e—-8
Extracellular matrix organization 3.7315e—11 o
B cell activation 6.8834e—15
Cluster 5 (Stromal cells) . . o
L o Antigen receptor-mediated signaling pathway 2.8936e—9
Collagen fibril organization 1.5268e—9
. ) e Cluster 16 (Melanocytes)
Regulation of bone mineralization 5.1255e—8 ) . )
. o . Sister chromatid segregation 8.2230e—10
Regulation of biomineral tissue development 6.3049e—9 )
. o DNA packaging 2.8980e—9
Bone mineralization 7.6798e—10
o . DNA conformation change 5.2742e—10
Biomineral tissue development 1.7298e—11 .
i Chromosome segregation 9.2013e—11
Cluster 7 (Vascular endothelial cells) .
. . Nuclear chromosome segregation 1.4193e-9
Negative regulation of cellular component movement 2.5616e—8
Regulation of plasma membrane bounded cell projection 4.29336—8 The five GO categories with the highest enrichment ratios are listed for each single-
Regulation of cell projection organization 5.2664e—8 cell cluster
(Continued)
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For a few genes, there was broad expression across all
ME cell types. These included Bipfal (contributes to airway
surface liquid homeostasis and proper clearance of mucus)
as well as three ribosomal proteins with innate immune
subfunctions: Rpll3a (suppression of inflammatory genes);
Rpl39 (viral gene transcription) and Rpsl9 (suppression of
interferon production).

For a total of 520 innate immune genes, there were significant
expression differences between cell types. A heat map illustrating
the expression of the 520 genes across all ME cells is presented in
Supplementary Figure S1, while Figure 5 shows the expression
of a more readily visualized set of 109 innate immune genes,
those with the most robust expression, ordered by cell type.
Table 4 lists the most differentially expressed innate immune
genes for each cell cluster. All clusters expressed distinct sets of
innate immune genes.

The epithelial cells of Cluster 0 expressed Lbp (component
of the endotoxin receptor), Lcl2 (antibacterial protein) Sftpd
(surfactant protein D), Xrcc5 (antiviral response) Cd55 (negative
complement regulator) and Hmgb2 (innate immune DNA/RNA
receptor). They also expressed genes related to leukocyte
recruitment and activation, including Csfl (macrophage
differentiation) and Cxcll6 (T-cell recruitment). Cluster 1
epithelial cells expressed the genes for the anti-microbials
lactoferrin and REG3y, and the interferon-stimulated antivirals
CD25 and ISG20. The basal epithelial cells of Cluster 2 expressed
several complement genes, as well as AxI (TLR inhibition), Rab20
(antibacterial response), and the anti-viral gene Ifitl. Cluster
6 epithelial cells expressed Sftpd. The ciliated epithelial cells
of Cluster 11 expressed a small set of diverse innate immune
genes including Hist1b2bc (antibacterial responses), Ilirnl
(receptor-blocking inhibitor of IL183), Ifit1, and Agp4.

Innate immune genes expressed by all stromal cells of Clusters
3, 4 and 5 included Colec12, (antimicrobial response), Mmp2
(positive regulator of inflammatory NFkB signaling), Rarres2
(chemotactic and anti-inflammatory factor), and Serpinbl
(negative complement regulation). Clusters 3 and 4 uniquely
expressed several complement factors and Lgals9 (soluble,
negative regulator of T- and NK-cells). Cluster 4 expressed the
complement factor gene C2. Clusters 3 and 5 expressed Cfn
(negative complement regulator), while Cluster 5 expressed
Tgfbl (multifunctional, including inhibition of T-cell Thl, Th2
and cytotoxic phenotypes) and Tspan6 (negative regulator of
innate immunity).

The vascular endothelial cells of Clusters 7 expressed Adam15
(epithelial —T-cell interactions) Cavl (T-cell activation, negative
regulation of TGFR1), Cebpg (IL4 gene activation), Dab2ip
(participates in TNE, IFN and LPS signaling pathways), Iigpl
(IFN-inducible antimicrobial), Irfl (IFN production), Irgml
(IFN-induced negative regulator of mucosal immune responses),
Vim (viral and bacterial attachment) and Samhdl1 (response to
virus, mediation of TNF response).

The lymphatic endothelial cells of Cluster 12 strongly
expressed Tspan6, Mrcl, Ccl21a (all described above) as well as
Bst2 (antiviral), Arrb2 (involved in multiple signaling pathways
including that of CCL19), Ptx3 (positive regulation of innate
response to pathogens) and Serinc3 (resistance to viral infection).

The pericytes of Cluster 13 expressed the complement gene
Clsl, Cavl (negative regulator of inflammation) and Ifitm1I.

Some of the innate immune genes expressed by Cluster 8
macrophages are marker genes for this cell types, as noted above.
Also expressed preferentially by this cell type were nine genes
related to pathogen receptor signaling, a total of ten chemotactic
chemokine genes, four genes related to complement response, six
immune modulators including four negative regulators and the
antibacterial gene Sclllal.

Cluster 9 monocytes and dendritic cells preferentially
expressed a subset of the genes expressed by Cluster 8
macrophages, but also expressed two genes encoding NK cell
lectins related to cytotoxicity, Kirdl and Kirkl; Lgals3 (PMN
and mast cell activation, macrophage chemotaxis); Rnase6
(antibacterial); Samhdl (antiviral responses); Sirpa (negative
regulation of dendritic cells and phagocytosis); Slamf7 (killer cell
activation); and Unc93b1 (intracellular TLR transport).

The T-cells and NK cells of cluster 10 strongly expressed
Corola (required for lytic granule secretion from cytotoxic cells),
Klrdl, Klrkl, Ccl5 (leukocyte chemoattractant or chemotaxis
inhibitor, depending on splicing), Hmgb2 (innate immune
DNA/RNA receptor), Rpll4a (ribosomal protein upregulated
by endotoxin, Ceppi et al, 2009) and Txk (involved in Thl
cytokine production). The ILC2s of Cluster 14 expressed Corla,
Samhd]l, Ccll (monocyte chemotaxis), Argl (promotes acute type
2 inflammation), and CIqbp (involved in multiple infection and
inflammatory responses). The B cells of Cluster 15 expressed
Cd74 (MIF receptor), Corolla, Irf8 (regulates IFN responses),
Ly86 (involved in endotoxin response with TLR4), Ptpn6
(hematopoietic cell signaling), Slamf7 (NK cell activation) and
Unc93bl.

The melanocytes of Cluster 16 strongly expressed Vim,
Gapdh (in innate immunity, IFNg-induced transcript-
selective translation inhibition) and Mif (regulation of
macrophage function).

DISCUSSION

The results of this study provide, for the first time, a molecular
landscape of the cells that make up the normal mucosal lining
of the ME prior to OM. They also identify the resting ME cells
that express major determinants of innate immunity. As noted
above, innate immunity is responsible for the normal resolution
of OM (e.g., Underwood and Bakaletz, 2011; Kurabi et al., 2016).
The immediate response provided by the cell of the normal ME is
critical to initiating this first line of defense against infection. We
found that the cells of the ME have distinctly different potential
capacities to contribute immediately to innate immunity. Our
results also provide a baseline against which to measure the
responses of ME cells to infection in future studies.

Cell Types of the Normal ME

Seurat PCA analysis of 6,370 ME cells identified 17 cell clusters,
each of which displayed a distinct set of genes. The expression of
key genes by most of these clusters correspond to cell types that
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expressed. Cluster 8 cells (macrophages) expressed the greatest number.

FIGURE 5 | Heatmap illustrating the expression of the 109 most differentially regulated innate immune genes, arranged by cell cluster in which they are differentially
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have been observed previously in the ME, while others identify
cells not previously known to be present.

Epithelial Cells

As noted above, previous authors have proposed five (Lim and
Hussl, 1969; Lim, 1979) or six (Hentzer, 1976) morphological
categories of ME epithelial cells: basal, intermediate, non-
secretory, intermediary secretory, secretory and ciliated
epithelial cells. Our transcriptome data are more consistent
with five subtypes. Of the five clusters of cells expressing
epithelial markers, basal (Cluster 2) and (Cluster 11) ciliated
epithelial cell clusters were clearly identified. The three
remaining clusters, 0, 1, and 6, were less differentiated by
gene expression and presumably less specialized. However,
Cluster 1 showed the highest expression of genes encoding
secreted factors, including mucins, indicating that this cluster
likely consists of fully developed secretory epithelial cells.
Secretory genes were expressed at progressively lower levels
in Clusters 6 and 0. However, Cluster 0 exclusively expressed
surfactant D, also suggestive of an epithelial surface location,
and the most innate immune genes of any epithelial type,
indicating a prominent role in initial defense of the ME. This
cluster may thus represent the morphologically defined “non-
secretory” surface epithelial cells. Cluster 6 gene expression was
intermediate between that of Clusters 0 and 1, consistent with an
intermediate epithelial cell capable of transitioning into either of
these two phenotypes.

Regarding the two disparate origins of ME epithelial cells
noted by Thompson and Tucker (2013), neural crest versus
branchial arch endoderm, there are no recognized adult gene
markers for cells of neural crest origin. The small number
of melanocytes observed in Cluster 16, which were scattered

through epithelial clusters in the Seurat analysis and are assumed
to be of neural crest origin (Lin and Zak, 1982), did not
express epithelial markers. In addition, we saw no categories
of ME epithelial cells that might reasonably be supposed to
correspond to this division. It seems likely that dissection of
the ME mucosa from the corresponding regions prior to single-
cell analysis would be required to determine whether different
embryologic origins correspond to any transcriptome and/or
functional variations.

Stromal Cells

Based on their morphology, ME stromal cells have generally been
classified as fibrocytes, with little further distinction. Clusters
3, 4, and 5 were identified as stromal by the expression of
many ECM genes. Cluster 5, expressing bone formation genes,
appears to correspond to osteoblastic cells. The ME has a
strong propensity to generate new bone beneath the stromal
layer during OM (Cayé-Thomasen et al, 1999). Cluster 3
was characterized by preferential expression of genes targeting
tissue growth, including that of epithelial cells, while cluster 4
expressed genes encoding antimicrobials. These clusters indicate
the presence of two additional classes of stromal cells in the
ME, cell types not previously recognized on morphological or
histochemical grounds.

Vascular Cells

Blood vessels, although sparse in the ME, have long been
recognized (Lim, 1979). Therefore the vascular endothelial cells
of Cluster 8 were to be expected. Morphological studies have
also noted the presence of lymphatics in the ME based (Lim and
Hussl, 1975), and drainage from the ME to lymph nodes of the
neck has been demonstrated (Galich, 1973; Lim and Hussl, 1975),
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TABLE 4 | Single-cell Cluster Expression of Innate Immune Genes.

TABLE 4 | Continued

Gene

Protein

Innate immune function

Gene

Protein

Innate immune function

Cluster 0 (Epithelial cells)

Lbp

Hmgb2

Csf1
Cxcl16
Ptpn2

Cadm1
Cd24a
Len2
Sftod

Xrcch
Cds5

LPS Binding Protein

High mobility group box 2

Colony stimulating factor 1
Chemokine CXCL16
PTP2

CADM1

CD24A

Lipocalin2
surfactant D

DNA repair XRCC5
DAF

Cluster 1 (Epithelial cells)

Endotoxin receptor
component

Innate immune DNA/RNA
receptor

Macrophage differentiation
T-cell recruitment

T-cell activitation, tissue
growth

NK and T-cell regulation by
other cell types

B-cell differentiation, tissue
growth

Antibacterial

Antibacterial, surfactant
Antiviral

Negative complement
regulator

Clusters 3, 4, 5 (All stromal cells)

Gsn
Rarres2

Clra
Colec12
Serping1

Axl

Gelsolin
Chemerin

Complement C1 component
Collectin-12
Serpin G1

AXL receptor tyrosine kinase

Cluster 3 (Stromal cells)

Cis1
Cril
Samhd1

Lgals9

Ifitm1
Clec2d

Complement C1 component
C1 receptor like
SAMHDA1

Galactin9

IFITM1
CLEC2D

TLR endocytosis

Chemotactic,
anti-inflammatory

Complement response
Antimicrobial responses

Negative complement
regulator
TLR inhibition

Complement response
Complement activation

Mediates TNF inflammatory
responses

Negative regulation of
T- and NK-cells

Inhibition of viral entry

Protection against NK cell
lysis

Caz5 IL2 receptor o Control of regulatory T-cell,  Cluster 4 (Stromal cells)
tissue growth Cis1 Complement C1 component Complement response
Ppp1rib PPP1R1B Regulatory T-cell activation, co Complement C2 Complement response
cell survival
. o ) Cc3 Complement C3 Complement response
Ltf Lactoferrin Antimicrobial . ) . »
. . Apoe Apolipoprotein E Leukocyte regulation, lipid
Reg3y REG3y Antimicrobial metabolism
1sg20 1ISG20 IFN-stimulated antiviral Zyx Zyxin Viral pathogen receptor
Cluster 6 (Epithelial cells) signaling
Sftod surfactant D antibacterial, surfactant Bst2 Tetherin Antiviral
Cluster 2 (Basal epithelial cells) Serinc3 Serine incorporator 3 Antiviral
Lbp LPS Binding endotoxin receptor Trp53 P53 Antiviral
. ) ‘compolnent Ifitm1 IFITM1 Inhibition of viral entry
Hmgb2 High mobility group box 2 innate immune DNA/RNA Lgals9 Galectin 9 Negative regulator of T- and
receptor NK-cells
Cadm1 CADM1 NK and T-cell regulation by Cluster 5 (Stromal cells)
other cell types ) ) )
. o Lgals3 Galectin 3 Acute inflammation
Gata3 GATA3 Immune cell differentiation, activator
tissue growth ) ) . -
' . . Csf1 Colony stimulating factor 1 Macrophage differentiation
Rab20 RAB20 endocytosis, antibacterial Trp53 P53 Antiviral
responses 05 5 nt|Y|ra ‘
Xrcch DNA repair XRCC5 antiviral response Tgib1 TGFp M UltlfuﬂCTIOﬂéL .
) o i immunocyte inhibition
Ifitm1 IFITM1 Inhibition of viral entry . o .
. . ) L Tspan6 Tetraspanin 6 Negative innate immune
Rpl39 Ribosomal protein L39 Viral gene transcription regulator
Rpi13a Ribosomal .SLleppresstllon of Cluster 7 (Vascular endothelial cells)
inflammation
. ) ) Vim Vimentin Viral and bacterial
Rps19 Ribosomal Suppression of interferon attachment
Axl AXL receptor tyrosine kinase TLR inhibition Samhd1 SAMHD1 Mediates TNF inflammatory
Cd55 DAF negative complement responses
regulator Dab2ip DAB? interacting protein TNF, IFN and LPS signaling
Cluster 11 (Ciliated epithelial cells) pathways
Adam8 ADAMS8 leukocyte migration Irf1 IFN response factor IFN production
Cd24a CD24A B-cell differentiation, tissue Adam15 ADAM15 Epithelial—T-cell interaction
growth Cav1 Caveolin 1 T-cell activation, TGFB1
Ifitm1 IFITM1 inhibition of viral entry inhibition
Aqgp4 Aquaporin4 water ligo1 IFN-inducible G Protein 1 IFN-inducible antimicrobial
.permeabllllty, response to Cebpg CEBPG IL4 gene activation
inflammation
- (Continued)
(Continued)
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TABLE 4 | Continued

TABLE 4 | Continued

Gene Protein Innate immune function Gene Protein Innate immune function
Irgm1 IRGM1 Mucosal immune response Fcerlg FCER1y IgE receptor component
inhibition Lyn LYN Diverse immune signaling
Cluster 12 (Lymphatic endothelial cells) pathways
Mrc1 Mannose receptor C1 Pathogen neutralization Nrros Negative regulator of ROS TGFB1 activation in
Ptx3 Pentraxin 3 Positive regulation of innate macrophages
immunity Pitpn6 PTPN6 Hematopoietic cell signaling
Ccl21 Chemokine CCL21 T-cell chemotaxis Rab20 RAB20 Endocytosis, antibacterial
Arrb2 Arrestin 2 Cytokine/chemokine responses
signaling pathways Sic11at SLC11A1 Iron transporter,
Bst2 Tetherin Anti-viral antibacterial
Serinc3 Serine incorporator 3 Antiviral Bst2 Tetherin Anti-viral
Tspan6 Tetraspanin 6 Negative innate immune Sirpa SIRPA Dendritic cell activation
regulator inhibitor
Cluster 13 (Pericytes) Togfb1 TGFp1 Multifunctional,
Cis1 Complement C1 component Complement response immunocyte inhibition
Cavi Caveolin 1 T-cell activation, TGFR1 Axl AXL receptor tyrosine kinase TLR inhibition
inhibition Rab7b RAB7B Negative regulation of TLRs
Ifitm 1 IFITMA Inhibition of viral entry Cluster 9 (Monocytes, Dendritic cells)
Cluster 8 (Macrophages) Cluster 9 cells expressed a subset of genes expressed by the macrophages of
T2 Toll-like receptor 2 Pathogen receptor Cluster 8: Cfp, Tgfb1, Vim, Actr3, Ccl6, Ccl9, Cd74, Corola, Cybb, Fcerlg,
Cd14 cDia LPS receptor component Ly86, Nrros, Ptpn6 and Unc93b1. However, they also expressed:
MyoTf Myosin 1F Immune cell motility
Ly86 MD-1 LPS receptor component Kird1 KLRD1 MHC recognition by
NIrp3 NALP3 il:r’]?ltahrgf]nzns ;?;:zptor, oytotoxic cells
MyD88 MYD88 TLR signaling adaptor KirkT KIRKT a:ﬁzf%s;ig; olls
Mrc1 Mannose receptor C1 Pathogen neutralization Slamf7 SLAMF7 NK cell activation
Unc93b1 UNC93B1 Requirgq for TLR DNA Lgals3 Galectin 3 Monocyte, macrophage
recognition chemotaxis
Cfp Complement factor P Alternative complement Rnase6 RNASE6G Antibacterial
. response Rpl39 Ribosomal protein L39 Viral gene translation
l(;;qifgc ;Ie;;LiSA;:iZZ l(;;n:;fgzr;;;esponse Rps19 Ribosomal protein S$19 Viral gene translation
Cas6 CDs6 T-cell activation, IL2 Cluster 10 (T-cells, NK cells) ,
production Hmgb2 HMGB2 Innate immune DNA/RNA
Actr3 ACTR3 Phagocytosis ) ) receptor ) .
Trema TREM? Imrmune activation in Txk TXK tyrosine kinase Th1 cytokine production
phagocytes Corola Coronin 1A Lytic granule secretion
Ca74 CcD74 MHC class Il antigen Kird1 KLRD' MHC recognition by
processing cytotoxic cells
Clec4a2 Lectin-like immunoreceptor Antigen presentation Kirk1 KIRK Qytotgxicity of
Apoe Apolipoprotein E Macrophage, T- and , Virus-infected C?”S
NK-cell regulation Ccl5 Chemokine CCL5, RANTES T-cell chemotaxis
Arrb2 Arrestin B2 Cytokine/chemokine Rpl14a Ribosomal protein 14a Viral replication and gene
signaling pathways translation
Ccl2 Chemokine CCL2 Macrophage chemotaxis Cluster 14 (ILC2s)
cel3 Chemokine CCL3, MIP1a Monocyte, PMN Corola Coronin 1A Lytic granule secretion
chemotaxis Samhd1 ~ SAMHD1 Mediates TNF inflammatory
Cci4 Chemokine CCL4, MIP1p NK cell, monocyte responses
chemotaxis Arg1 Arginase 1 Promotes acute type 2
Col5 Chemokine CCL5, RANTES T-cell chemotaxis inflammation
Cel9 Chemokine CCLS, MRP2 Denditic cell chemotaxis Clgbp  Clqbinding protein Multiple
Cxcl16 Chemokine CXCL16 T-cell, NK-cell chemotaxis L:Sn;g:zggﬂammatory
Corola Coronin 1A Lytic granule secretion Ccl1 Chemokine CCL1 Monocyte chemotaxis
Cx3cer1 Fractalkine receptor T-cell, monocyte

chemotaxis

(Continued)

(Continued)
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TABLE 4 | Continued

Gene Protein Innate immune function

Cluster 15 (B-cells)

Ly86 MD-1 LPS receptor component

Unc93b1 UNC93B1 Required for TLR DNA
recognition

Cdr4 CD74 MHC class Il antigen
processing

Pton6 PTPN6

Corola Coronin 1A Lytic granule secretion

Slamf7 SLAMF7 NK cell activation

Irf8 IFN response factor 8 Regulates IFN responses

Cluster 16 (Melanocytes)

Vim Vimentin Viral and bacterial
attachment

Mif MMIF Pro-inflammatory mediator

Gapdh GAPDH Inhibits IFN-induced gene

expression

validating lymphatic endothelial cells of Cluster 9 cells. The
documentation of capillaries and post-capillary venules in the
ME (e.g., Goldie and Hellstrom, 1990) makes the observation of
pericytes in Cluster 13 unremarkable. Gene expression related to
hypoxia, contractility and water permeability are consistent with
pericyte regulation of vascular tone, based on oxygen tension, and
fluid entry into the ME.

Leukocytes

Clusters 8 and 9 expressed monocyte markers, while most Cluster
8 cells also expressed macrophage genes consistent with an
M2 (alternatively activated) phenotype. Macrophages have been
documented in the normal ME (Takahashi et al., 1989; Jecker
et al., 1996), but the M2 phenotype has not previously been
appreciated. The dendritic cells and less defined monocytes
of Cluster 9 have also been noted before in the ME (Jecker
etal., 1996). The expression of genes associated with cytotoxicity
by dendritic cells indicates a killer phenotype, not recognized
previously at this site. Less differentiated monocytes of the
classical and resident phenotypes have also not previously been
differentiated in the resting ME.

Cells in Clusters 10, 14, and 15 expressed a lymphocyte marker
gene Ptprcap. Cluster 10 also expressed T-cell and NK-cell genes,
while Cluster 15 expressed genes found in B-cells. All three
of these lymphocyte types have been reported from the ME
(Takahashi et al., 1989). However, the ILC2s of Cluster 14 were
not previously reported to be present in the ME.

The number of leukocytes in the normal ME mucosa has
often been reported to be relatively low (e.g., Takahashi et al.,
1989), and lymphocytes to be especially uncommon (Jecker et al.,
1996). However, we observed a substantial number of leukocytes
(14.7%) in our normal ME cell samples. This disparity could be
caused by differential survival of cells through the tissue digestion
and cellular dispersion processes employed. However, it seems
unlikely that leukocytes would be dramatically more resistant to
these procedures than other cells. Another potential explanation
is the diversity of subtypes and the difficulty of definitively

identifying leukocytes. For example, many investigators have
used the MAC1 antibody, which labels the Itgam gene product
present in mature macrophages, to identify these cells. However,
we found that few macrophages in the normal ME expressed
this gene, since the macrophages were likely M2 cells of
incomplete maturity.

It should be noted that not all leukocytes known to be
present in the ME were found in this study. Several groups (e.g.,
Watanabe et al., 1991), including our own (Ebmeyer et al., 2005),
have documented the presence of mast cells in the normal ME
mucosa. Despite this, we were unable to identify any consistent
mast cell gene signatures in our cell samples. For example, the
entire family of seven mast cell protease (Mcpt) genes showed
no expression in any of our ME cells. Other mast cell markers
were either absent or were expressed in various cells that had
been identified as other cell types with no consistent pattern. The
reasons for this are not clear. The number of mast cells in the
ME mucosa is not high, so this could represent a sampling issue.
Alternatively, the C57BL/6 mouse used in this study may lack ME
mast cells, as compared to the guinea pig or WB/B6F1 hybrid
mice used in the above studies. However, it seems most likely that
mast cells did not survive the cell dissociation method used in this
study. The fragility of mast cells isolated from tissues has been
noted by others (Kulka and Metcalfe, 2010).

With the exception of mast cells, we were thus able to identify
all of the cell types that have been identified previously in the ME
using alternative methodologies. In addition, we added new types
not previously identified in the normal tympanic cavity. Finally,
we obtained a sufficient number of cells for each type to evaluate
their individual transcriptomes. This allowed us to achieve our
goal of documenting the differences in cell function, as well as the
expression of innate immune genes across ME cell types.

Differential Functions of ME Cell Types
Expression differences identified by clustering analysis and
screening of innate immune gene beyond those that specified
cell identity, provided clues as to the functional role of cells
in the normal ME.

Epithelial Cells

The movement of fluids across the mucosal epithelium into and
out of the ME is clearly an important aspect of ME homeostasis,
OM pathogenesis and fluid clearance during recovery from
infection. As indicated by claudin gene expression, the cells
of the epithelium are joined by tight junctions. Therefore the
expression of genes involved in fluid/solute transport across cell
membranes by all epithelial clusters is not unexpected, as is
expression of the surface liquid layer homeostasis gene Bipfal.
Cluster 1 epithelial cells also expressed many genes consistent
with presence at the epithelial surface and with secretory
activity, including cell-surface and secreted mucins as well
as antimicrobials. Cluster 0 similarly expressed antimicrobials,
along with surfactant D and ECM-binding genes, suggesting
a possible role in basement membrane interactions and that
secretory activity is distributed across more than one epithelial
cell type. As noted above, Cluster 6 gene expression overlapped
with that of Cluster 0 and 1, suggesting an intermediate
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phenotype. The expression of genes related to tissue proliferation
by the basal epithelial cells of Cluster 2 are consistent with
them being a source of epithelial cells. However, they also
expressed beta defensin 1, further evidence that secretory
activity is distributed. Assuming that basal cells are located
below the epithelial surface, this antimicrobial may defend
against bacteria that invade the mucosa. Cluster 11 ciliated
cells expressed Aqp4 and Muc4. Altogether, epithelial cells of
the ME mucosa appear specialized for fluid transport and
secretory activity.

Stromal Cells

The expression of genes by stromal cell clusters was dominated
by those related to ECM generation and remodeling. Cluster 3
cells appear also to be specialized for the regulation of epithelial
and stromal cell growth, while Cluster 5 cells are likely involved
in bone maintenance and remodeling.

Vascular Cells

The vascular endothelial cells of Cluster 7 expressed many
genes involved in vascular permeability and fluid transport.
They therefore work in combination with epithelial cells
as the principle regulators of fluid balance in the ME.
Not surprisingly, they also expressed genes involved in the
recruitment of leukocytes and angiogenesis. Interestingly,
vascular and lymphatic endothelial cells each preferentially
expressed a different decoy cytokine receptor, which could
serve to limit inflammation. Expression of genes involved in
hypoxia responses and in regulating vascular tone is typical
of pericytes.

Leukocytes

Not surprisingly, most of the genes preferentially expressed
by leukocytes were involved in immune and inflammatory
responses. However, the M2 phenotype and expression of
negative immune regulators by the macrophages of Cluster
8 are consistent with a homeostatic and anti-inflammatory
role, rather than the pro-inflammatory phenotype of
classically activated macrophages. Gene expression by
dendritic cells and other monocytes of Cluster 9 was
similar, although somewhat fewer genes were preferentially
expressed. The lymphocyte types of Clusters 10, 14 and
15 preferentially expressed genes consistent with their
expected functions.

Innate Immune Genes and the Defense
of the ME

Infection of the ME activates an innate immune response
extremely rapidly (MacArthur et al, 2013; Hernandez et al,
2015). This initial response is likely based largely on the repertoire
of innate immune receptor and effector genes that are expressed
by the cells of the normal ME. Disruption of many individual
innate immune genes in mice has been shown to reduce the
effectiveness of this innate response to infection, and to prolong
OM. Moreover, several studies have identified polymorphisms
in human innate immune genes that are linked to otitis media
proneness in patients (see Kurabi et al, 2016 for a recent

review). These studies underscore the importance of innate
immunity in the immediate and long-term defense of the ME,
which was our rationale for focusing on these genes in ME
cell transcriptomes.

As can be seen from Figure 5, expression of innate immune
genes is distributed across the various cell types of the
ME. Epithelial cells appear specialized for the detection and
response to pathogens, including the secretion of antibacterial
peptides. However, they also expressed genes related to leukocyte
recruitment and activation.

Stromal cells expressed several complement factors and pro-
inflammatory genes, suggesting potential involvement in active
inflammation. They also expressed many negative immune
regulators, not only of complement but also of innate immunity
in general as well as T- and NK-cells. They thus appear to serve
as inhibitory modulators of inflammation to a greater extent than
epithelial cells.

Endothelial cells and pericytes expressed several genes
involved in the activation of inflammatory pathways and T-cells,
but also several negative immune regulators.

The M2 macrophages in the ME expressed by far the most
innate immune genes, with an emphasis on pathogen detection,
leukocyte chemotaxis, complement activation, and both positive
and negative inflammatory regulation. Their phenotype is
consistent with immune homeostasis, but also readiness to act in
case of infection. Monocytes/dendritic cell gene expression was
similar to that seen in macrophages, but cytotoxic genes were
additionally expressed.

The lymphocytes of cluster 10 were primarily gamma-delta
T-cells that typically have an innate immune function, and
consequently expressed several pathogen receptors and innate
immune effectors. Cytotoxic T-cells and NK-cells were also
present in this cluster. The ILC2s of cluster 14 expressed
several genes involved in T-cell regulation and induction of
inflammation. The B-cells of cluster 15, as expected, expressed
genes related to antibody production.

In addition to individual genes, the GO: biological process
gene categories that were most regulated in macrophages
and monocytes are all subcategories of the GO category
for innate immunity. For the remaining ME cell types,
innate immunity was not among the GO categories with
the highest degree of regulation. This is not surprising,
since unlike macrophages and monocytes, the primary
functions of these cells are not innate immunity. However,
the fact that they also express many innate immune genes
underscores the importance of innate immunity in virtually
all ME cell types.

A striking feature of innate immune gene expression in
normal ME cells was the large number of negative regulators of
immunity and inflammation observed in the transcriptomes of
many different cell types, in parallel with to pro-inflammatory
genes. This pattern of expression suggests that, while the cells
of the ME are primed to respond to infection by generating
inflammation and other antimicrobial responses, these processes
are actively held in check by immune inhibitory genes to ensure
ME mucosal homeostasis. This not only must pro-inflammatory
gene products be activated by pathogens at the initiation of
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OM, anti-inflammatory genes may need to be downregulated to
allow maximally effective innate immunity to defend the ME.
Other investigators have noted the importance of endogenous
negative regulators in ameliorating OM Pathogenesis (e.g.,
Li et al, CYLD). Our results add a large number of
additional negative regulators which were distributed across
diverse ME cell types.

Limitations of the Study

Our analysis of single-cell transcriptomes is subject to a
number of methodological limitations. As noted above, the
numbers of different cell types recovered is dependent upon
the survival of cells through the enzymatic digestion and
dispersion techniques. While we were able to document an
effect of this for mast cells, the extent to which selection
bias may have influenced our other cell populations is not
clear. Fortunately, we obtained sufficient numbers of cells in
all cell populations to adequately survey gene transcription.
However, the proportions of each cell type in our samples
should not be taken to represent their relative abundance
in vivo.

Another limiting effect is related to the limited number of
genes that can be recovered from an individual cell. This means
that abundant mRNAs are more likely to be represented than
scarce transcripts. It has been argued that the detection of scarce
mRNAs is stochastic, and that combining the results of 20 or
more cells approaches the results of bulk RNASeq (Marinov
etal., 2014). However, the possibility that scarcer transcripts were
missed in a given cell population must be considered.

Other limitations reflect the nature of gene responses to
infection. It is of course certain that the expression of innate
immune and other genes by ME cells would change dramatically
upon infection, and that some of these changes would be very
rapid (MacArthur et al., 2013; Hernandez et al., 2015). Therefore,
the roles of ME cells in the initial stage of OM, and beyond,
would correspondingly change. Our data reflect only pre-existing
mRNAs that may be expressed in readiness for a pathogen
challenge. We plan to assess the results of infection on the
transcriptomes of ME cell types. This work is in progress, and
will be the basis of a future report. We felt that including
results from infected ME cells would have made this paper
unacceptably long.

CONCLUSION

The results of this study establish, for the first time, the differences
that exist between the transcriptomes of cells in the normal
ME. They identify not only previously known cell types, but
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Otitis media (OM) is an infective and inflammatory disorder known to be a major
cause of hearing impairment across all age groups. Both acute and chronic OM
result in substantial healthcare utilization related to antibiotic prescription and surgical
procedures necessary for its management. Although several studies provided evidence
of genetics playing a significant role in the susceptibility to OM, we had limited
knowledge about the genes associated with OM until recently. Here we have
summarized the known genetic factors that confer susceptibility to various forms of OM
in mice and in humans and their genetic load, along with associated cellular signaling
pathways. Spotlighted in this review are fucosyltransferase (FUT) enzymes, which have
been implicated in the pathogenesis of OM. A comprehensive understanding of the
functions of OM-associated genes may provide potential opportunities for its diagnosis
and treatment.

Keywords: otitis media (OM), omic, genetic, FUT, fucosyltransferase, A2ML1

INTRODUCTION

Otitis media (OM) is defined as an infective and inflammatory disorder of the middle ear. While
OM is associated with significant heterogeneity in clinical presentation, the broad types include
acute otitis media (AOM), chronic suppurative otitis media (CSOM), and chronic otitis media with
effusion (OME). Previous studies have shown that the pooled incidence of AOM is about 11%
worldwide, with 51% of cases occurring in children under the age of five (Monasta et al., 2012).
The recurrence of AOM may lead to OME, which has a worldwide incidence rate of up to 5%
(Monasta et al., 2012). Both AOM and OM continue to be associated with healthcare utilization
in the form of antibiotic therapy, physician and emergency room visits, and common surgical
procedures such as tympanostomy tubes, although the advent of effective antimicrobial therapy has
led to a substantial reduction in the burden of CSOM (Thomas et al., 2004). A smaller number of
studies have also described an association between middle ear infections and speech and language
deficits, emphasizing the role of OM in childhood development (Roberts et al., 2004).

The most common bacteria isolated from the middle ear of patients with AOM
include Streptococcus pneumoniae and Haemophilus influenzae, although Moraxella catarrhalis,
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Streptococcus pyogenes, and Staphylococcus aureus are less
frequently observed. In contrast, Pseudomonas aeruginosa and
S. aureus are the most frequently observed pathogens in CSOM
(Giebink and Canafax, 1991).

OM is a multifactorial disorder that may be attributed to a
combination of etiologic factors including immunologic, genetic,
environmental, and anatomic characteristics. Seasonal microbial
susceptibility and Eustachian tube dysfunction are the commonly
observed causes (Swanson and Hoecker, 1996; Fireman, 1997).
It is well-known that viruses from the respiratory airways also
play a crucial role in the pathogenesis of AOM (Nokso-Koivisto
et al., 2015). Further, exposure to tobacco smoke, the use of
a pacifier, and daycare attendance are among the risk factors
for OM, while breastfeeding and pneumococcal vaccines have
protective effects (Swanson and Hoecker, 1996; Lubianca Neto
et al.,, 2006; Abrahams and Labbok, 2011; Norhayati et al., 2017).

Beyond environmental factors, genetic background also
confers susceptibility to OM, although the disease mechanism
is not fully understood. Several OM-associated genes, identified
through studies in humans and in animal models, are known to
play fundamental roles in diverse biological processes including
(1) the development of the middle ear cleft and the Eustachian
tube, (2) immune response, (3) bacterial adhesion and viral
infection rate, (4) regulation of extracellular matrix, and (5)
clearance of pathogens (see Tables 1, 2 for specific studies). In
this review, we summarized the genomic variants and factors
that have been reported in patients with various forms of OM.
Early genetic association studies, mouse, mouse-to-man, human
candidate, and genome-wide association studies that correlate
OM and genetic variations are also briefly discussed. However, we
particularly focused on the recent findings of the associations of
A2ML1 and FUT enzymes with OM and offered our perspective
on the potential disease mechanism that intuitively can lead to
OM in individuals harboring variants of FUT2.

Early Studies

The genetic contribution to OM susceptibility became evident
in the 1980s after several studies showed that the prevalence
of OM was disproportionately high in some ethnicities (native
Americans and Australian aborigines) and relatively low in
individuals of African ancestry (Clements, 1968; Bhutta, 2015).
A surveillance study on ear and nasopharyngeal carriage was
conducted among remote Australian aboriginal communities
in 2013 and found that 50% of young children (mean age
13 months) had OME, 37% had AOM, and 12% had CSOM
(Leach et al, 2016). Today, CSOM continues to be strongly
implicated in the prevalence of hearing and learning disorders in
Australian aboriginal communities (Morris, 1998).

One of the earliest genetic studies on OM, conducted in 1983,
analyzed the blood groups (ABO) in a cohort of 610 children
with chronic otitis media with effusion (COME) and concluded
that blood group “A” was a genetic risk factor for OM based on
their observation of its higher prevalence in children with COME
as compared to non-affected children (Mortensen et al., 1983).
Later studies have shown that human leukocyte antigen (HLA) 2
and HLA3 are strongly associated with AOM, while patients with
COME have a lower frequency of HLA2 (Kalm et al., 1991, 1994).

The heritability and genetic components of time with and the
number of episodes with OME and AOM during the first
2 years of life were also investigated in a twin and a triplet
study in 1999 and found a strong association between the
duration or the number of episodes of OM and genetic makeup
(Casselbrant et al., 1999).

The contribution of genetics to OM susceptibility is supported
by studies reporting a higher incidence of OM in children
with chromosomal abnormalities. For example, the prevalence
of OME in children with Down syndrome approaches 38%
(Austeng et al., 2013). Genes present on chromosome 21
in combination with craniofacial defects such as midfacial
hypoplasia, short palate, and Eustachian tube dysfunction
(Shibahara and Sando, 1989) and defects of the immune system
(Ram and Chinen, 2011) observed in children with Down
syndrome may contribute to their increased risk of OM. EtsI
gene, encoding a proto-oncogene, has been recently associated
with craniofacial abnormalities and OM in a mouse study (see
section Mouse and Mouse-to-Man Studies) (Carpinelli et al,
2015). In humans, the ETS2 gene that also belongs to the proto-
oncogene gene family is present on chromosome 21 and may
contribute to OM susceptibility in Down syndrome.

Several studies conducted on cohorts with Turner syndrome,
a genetic disorder of partial or complete loss of chromosome
X in females, described a highly variable (ranging from 9.1 to
91%) incidence of AOM (Sculerati et al., 1990; Bois et al., 2018).
While the karyotype analysis did not reveal any significantly
high-risk subgroup, females with Turner syndrome also have
greater prevalence and longer duration of middle ear pathologies
(Gawron et al,, 2008; Bois et al., 2018). These findings implicate
some of the X chromosome genes in middle ear development,
function, or health.

Mouse and Mouse-to-Man Studies

The development and the phenotyping of transgenic and
knockout mouse models in the last 30 years have significantly
helped to identify several genes and genetic variations that confer
susceptibility to OM in mice. Most of these mouse models
spontaneously develop OM; studying their ear morphology and
function provided insights into the disease pathophysiology at a
molecular level. For instance, Eriksson et al. (2006) showed that
plasminogen (Plg)-deficient mice spontaneously develop chronic
OM by 18 weeks of age. Plasmin, the active serine proteinase
enzyme form of PLG, is mainly involved in the dissociation of
fibrin clots and promotes the degradation of the extracellular
matrix (Ayon-Nunez et al., 2018). Plasmin plays a critical role
in several cellular processes, including wound healing, immunity,
tissue remodeling, inflammation, and cell migration (Tefs et al.,
2006). Recent studies have shown that certain bacteria possess
plasminogen-binding adhesions on their cell surface to exploit
the fibrinolytic system, facilitating bacterial uptake and invasion
(Raymond and Djordjevic, 2015; Ayon-Nunez et al., 2018).

The role of transcription factors in OM pathology became
apparent through the studies of mutant mice lacking Eya4,
Evil, Tgif, Etsl, and Flil genes (Hardisty-Hughes et al., 2006;
Parkinson et al., 2006; Depreux et al., 2008; Tateossian et al.,
2013; Carpinelli et al., 2015). Mice lacking Eya4 have Eustachian
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TABLE 1 | Most common loci associated with otitis media in mouse studies.

Locus Protein Protein function/phenotype in mouse mutant OMIM References
C3H/Hej TLR4 mice strain TLR4 mice are prone to bacterial infection 603030 Mitchell et al., 1997
Ccl3 C-C motif chemokine 3 Downstream of TNF-mediated inflammation pathways 182283 Leichtle et al., 2010
Cfb Complement factor B Streptococcus pneumoniae induced increased gene expression of factor B of the 138470 Lietal., 2011
alternative complement pathway and C3 in mouse middle ear epithelium
Chd7 Chromodomain-helicase-DNA-binding protein 7 OM with effusion 608892 Tian et al., 2012
Eda Ectodysplasin-A Otitis media, rhinitis, and nasopharyngitis 300451 Azar et al., 2016
Edar Tumor necrosis factor receptor superfamily member Otitis media, rhinitis, and nasopharyngitis 604095 Azar et al., 2016
EDAR
Enpp1 Ectonucleotide OM with effusion in Enpp 139 mutant mice 173335 Tian et al., 2016
pyrophosphatase/phosphodiesterase family
member 1
Ets1 E26 transformation-specific 1 Craniofacial abnormalities, small middle ear cavity, short nasal bone, hearing impairment, 164720 Carpinelli et al., 2015
otitis media, fusion of ossicles to the middle ear wall, and deformed stapes
Evit Ectotropic viral integration 1 Chronic suppurative OM with otorrhea 165215 Parkinson et al., 2006
Eya4 Eyes absent homolog 4 Abnormal middle ear cavity and Eustachian tube 603550 Depreux et al., 2008
Fbxo11 F-box only protein 11 Compound heterozygotes carrying both Jeff and Multt alleles demonstrated a shortened 607871 Hardisty-Hughes et al., 2006
face, reduced hearing, and OM
Fli1 Friend leukemia integration 1 transcription factor Craniofacial abnormalities, small middle ear cavity, short nasal bone, hearing impairment, 193067 Carpinelli et al., 2015
otitis media, fusion of ossicles to the middle ear wall, and deformed stapes
Hbegf Heparin binding EGF- like growth factor Mucosal epithelial hyperplasia 126150 Suzukawa et al., 2014
Hif Hypoxia inducible factor Hypoxia and signal abruptions 603348 Cheeseman et al., 2011
Jnk1 JNK1 C57BL/6 mice deficient in JNK1 exhibit enhanced mucosal thickening 601158 Yao et al., 2014
Jnk2 JNK2 JNK2-/- mice exhibit delayed mucosal hyperplasia, delayed recruitment of neutrophils, and 602896 Yao et al., 2014
failure of bacterial clearance
Lysozyme M Lysozyme M Lysozyme M deficiency leads to an increased susceptibility to Streptococcus 153450 Shimada et al., 2008
pneumoniae-induced OM
Lmna Prelamin-A/C Malformation and abnormal positioning of the Eustachian tube, accompanied by OM, were 150330 Zhang et al., 2012
observed in all of the Lmna(Dhe/+) mutant mice
MyD88 Myeloid differentiation primary response protein Delayed recruitment of neutrophils and macrophages 602170 Hernandez et al., 2008
MyD88
Mcp1/Ccl2 C-C motif chemokine 2 MCP-1/CCL2 contributes to inner ear inflammation secondary to NTHi -induced OM 158105 Woo et al., 2010
Math1 Protein atonal homolog 1 Important for mucous cell differentiation 601461 Nakamura et al., 2013
Mph1 Sex comb of midleg OM with effusion in the hearing-impaired Mcph1(tm1a) (/tm1a) mutant mice 300227 Chen et al., 2013
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TABLE 1 | Continued

References

OMIM

Protein function/phenotype in mouse mutant

Protein

Locus

Kerschner et al., 2013
Shin et al., 2014

606922

COME

2-Oxoglutarate receptor 1

Oxgrl
Pait

173360

Bullae of PAI-1 mutant mice showed low levels of inflammation against NTHi at the early

stage of OM

Plasminogen activator inhibitor 1

Maguire et al., 2014

167416

Expression reduced in Slc25a21(tm1a(KOMP)Wtsi) mutant mice; leads to inflammation of

the middle ear

Paired box protein Pax-9

Pax9

Han et al., 2012

300550
173350

Mutation in Phex gene predisposes the BALB/c-Phex(Hyp-Duk)/Y mice to OM

Phosphate-regulating neutral endopeptidase PHEX

Phex
Plg

Eriksson et al., 2006

Infiltration of neutrophils and macrophages as well as the presence of T and B cells in the

middle ear mucosa

Plasminogen

Lietal, 2014

605730

Spag6 mutant mice are prone to develop OM due to accumulation of fluid and mucus

secondary to the ciliary dysfunction.

Sperm-associated antigen 6

Spagb

Yang et al., 2011

613293

Sh3pxd2b(nee) mutant mice develop craniofacial dysmorphologies and OM changes in cilia

SH3 and PX domain-containing protein 2B

Sh3pxd2b

and goblet cells of the middle ear mucosa in Sh3pxd2b(nee) mutant mice were observed

Maguire et al., 2014

607571

Homozygosity for Sic25a21(tm1a(KOMP)Witsi) results in mice exhibiting orofacial

Solute carrier Family 25 member 21

Slc25a21

abnormalities, alterations in carpal and rugae structures, hearing impairment, and

inflammation in the middle ear

tube dysfunction, leading to an increased incidence of OME and
hearing impairment (Depreux et al., 2008). Variants in Evil in
Junbo mice have been shown to cause susceptibility to CSOM.
Junbo mice accumulate middle ear effusions and develop hypoxia,
inflammation, and thickening of the mucoperiosteum (Parkinson
et al., 2006; Bhutta et al., 2014). Later studies have shown that the
loss of BPIFA1, one of the most abundant secretory proteins in
the upper respiratory tract (Musa et al., 2012), exacerbates the
severity of OM in Junbo mice. While Bpifal mutant mice did
not show any OM susceptibility, the deletion of Bpifal in mice
carrying Evil Junbo variant leads to the thickening of the middle
ear mucosa and an increase of collagen deposition (Mulay et al.,
2018). Loss of Tgifl, which encodes for TGIF1, results in OME
accompanied by the thickening of the middle ear epithelial lining,
an increase of goblet cell population, elevated levels of TNF-
a and IL-1B in ear fluids, and conductive hearing loss in mice
(Tateossian et al., 2013). Similarly, haploinsufficiency for EtsI
and Flil in mice results in craniofacial abnormalities, including a
smaller middle ear cavity and fusion of ossicles to the walls of the
middle ear (Carpinelli et al., 2015). Furthermore, Flil* and Ets1*
double-mutant mice have hearing impairment and their middle
ear mucosa is infiltrated by proinflammatory cells, leading to OM
(Carpinelli et al., 2015).

Hardisty et al. (2003) showed that Jeff mutant mice carrying
a Fbxoll variant have craniofacial abnormalities, elevated
hearing thresholds, and middle ear effusion. Defects in the
bulla cavitation were observed in Fbxoll mutant mice, which
ultimately result in middle ear adhesions and soft tissue
mineralization of the bony anatomy (Del-Pozo et al., 2019).
Using N-ethyl-N-nitrosourea mutagenesis, Crompton et al.
(2017) showed that the pathogenic variant, p.Leu972Pro, also
known as edison variant, in the Nischarin (Nisch) gene leads
to mild craniofacial defects, spontaneous OM by 20 weeks,
and progressive hearing loss. Recent studies have reported the
association of TGIFI and NISCH loci as potential risk areas
for OM in humans (Bhutta et al.,, 2017), thus supporting the
relevance of knowledge obtained from mouse models to the
pathophysiology of OM in humans.

Finally, Eda and Edar transcription factors mutant mice
(Eda™ and Edar®/4V) also developed chronic rhinitis and
OM (Azar et al, 2016). In these mutants, the nasopharyngeal
glandular epithelium fails to develop, which leads to the loss
of lysozyme secretion, the reduction of mucociliary clearance,
and the overgrowth of commensal bacteria. The spread of nasal
S. aureus in Eda™ mice and of Escherichia coli in Edar®/4V mice
into the middle ear bulla potentially triggers inflammation and
OM (Azar et al., 2016). A non-exhaustive list of the most common
loci associated with OM in mouse is presented in Table 1.

Human Candidate Gene-Based and

Genome-Wide Association Studies

While early candidate gene-based OM studies have been
done mostly on Caucasian patients with recurrent AOM
and chronic OME (see section Early Studies), more recent
genetic studies have been focusing on ethnic groups or
communities for which marriages within the families are
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TABLE 2 | Most common loci associated with otitis media in human studies.

Gene Chr: Protein Function/ Marker Country Sample size Significance Clinical outcome References
pathway
A2ML1 12 Alpha-2- Peptidase €.2478_2485dupGG Philippines Familial LOD=7.5 oM Santos-Cortez et al., 2015
macroglobulin-like inhibitor activity CTAAAT (affected = 38,
protein 1 (A2ML1) (p.Ser829Trpfs*9), unaffected = 13)
p.Glug72*
ABO 9 Histo-blood group Blood type Type O: Finland 214 probands Type A: (OR = 2.14; RAOM/COME A Wiesen et al., 2019
ABO system €.260insG(p.Val87_ 95% Cl: 1.04-4.50; increases risk for
transferase Thr88fs*) Type A p = 0.03) type O: COME ¢.260insG
(OR = 0.33; 95% Cl: (p.Val87_Thr88fs*)
0.11-1.04; p = 0.04) variant and type O
are protective
against RAOM
CD14 5 Cluster of Immune rs2569190 Netherlands ca=74,co=235 p =0.004 AOM Wiertsema et al., 2006a
differentiation 14 response,
(CD14) co-receptor of
TRL4
CPT1A 11 Carnitine palmitoy! Fatty acid rs80356779 Alaska ca=291,co=136 p < 0.001 OM Gessner et al.,, 2013
transferase type 1A oxidation
(CPT1A)
CX3CR1 3 CX3C chemokine Binds to rs3732378 USA ca = 653 p =0.038 Nokso-Koivisto et al., 2014
receptor 1 chemokine
FBXO11 2 F-box only protein Protein rs10182633 Australia ca = 253, co = 866 p =0.0009 p = 0.001 AOM Rye et al., 2011
1 (FBXO11) ubiquitination rs12620679 p =0.0002 p = 0.0061
rs12712997 p =0.0003
rs13430439 p=6.9x 1076
rs2710163 rs33787 p =0.0074 p = 0.0061
rs6713506
rs6728843
rs12712997
rs330787 ca = 434 families, p =0.009 p =0.053 RAOM/COME
co = 561
FCGR2A 1 Fc gamma receptor Fc gamma rs1801274 Netherlands ca =383 p=0.03 OM after PV Wiertsema et al., 2006b
11a (FCGR2A) receptor,
immune
response
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TABLE 2 | Continued

Gene Chr: Protein Function/ Marker Country Sample size Significance Clinical outcome References
pathway
FNDC1 6 Fibronectin type Ill May be an rs2932989 European 825 cases and Dmeta = 2.15 x 10709 AOM van Ingen et al., 2016
domain-containing activator of G 7,936 control
protein 1 (FNDCH1) protein
signaling
FUT2 19 Galactoside Creates H rs1800022, Philippines, 1 Filipino LOD =4.0 COME, AOM, OM Santos-Cortez et al., 2018
2-alpha-L- antigen, rs601338, Pakistan, consanguineous
fucosyltransferase essential for the rs149356814, USA pedigree 609
2 (FUT2) formation of rs602662 multi-ethnic families
ABO blood and simplex case
group antigens subjects with OM
IFNG 12 IFN y Cytokines, rs2430561 USA ca =20, co=57 p=0.04 OM with RSV Gentile et al., 2003
immune infection
response
IL70 1 Interleukin 10 Cytokines, rs1554286, USA 142 families p(ht) = 0.012, RAOM/COME Sale et al., 2011
(IL-10) immune rs1800872, p(ht) = 0.039,
response rs1800890, p(ht) = 0.017,
rs1800893, p(ht) = 0.017,
rs1800896, p(ht) = 0.017, p = 0.040
rs3024509
rs1800896 Netherlands ca =348, co =463 p =0.01 Protective for AOM Emonts et al., 2007
after PV
rs1800871 Greece ca =96, ¢ =nil p < 0.0001 AOM lia et al., 2014
rs1800896, USA ca =102, co=98 p =0.005p =0.05 OM followed
rs1800871, p=0.05 RSV/RV
rs1800872
ILTA 2 Interleukin 1- (IL-1 Cytokines, rs1800587 Finland ca = 63, co = 400 p=0.03 RAOM Joki-Erkkila et al., 2002
alpha) immune
response
IL1B 2 Interleukin 1-B Cytokines, rs16944 USA ca =653, co = nil OR=1.35 OM (prone) Nokso-Koivisto et al., 2014
(IL-1B) immune
response
rs1143634 ca=104,co=24 p=0.02 AOM (inflammation)
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TABLE 2 | Continued

Gene Chr: Protein Function/ Marker Country Sample size Significance Clinical outcome References
pathway
L6 7 Interleukin 6 (IL-6) Cytokines, rs1800795 Netherlands ca =347, co =460 OR > 1.45; p = 0.02 AOM Emonts et al., 2007
immune
response
rs1800795 USA ca=68,co=145 p < 0.01 RAOM Revai et al., 2009
rs1800795 USA ca =192, co=192 p =0.03 AOM Patel et al., 2006
rs1800795 USA ca=77,co=280 p < 0.01 AOM Nokso-Koivisto et al., 2014
MBL2 10 Mannose-binding Immune rs11003125, Belgium ca=17,co=172 OR(t)=2.9 AOM Nuytinck et al., 2006
lectins (MBL) response rs1800450,
rs1800451,
rs5030737,
rs7095891,
rs7096206
mDNA mt n/a Mitochondrial p.Thr195Cys Czech ca =355 p =0.032 AOM Sale et al., 2011
DNA Republic
mMuc2 ihl Mucin-2 Gel-forming rs7396030 USA 142 families p =0.049 RAOM/COME Sale et al., 2011
mucin,
lubrication,
viscoelasticity
rs7396030 USA 441 families p =0.022 RAOM/COME
MUC5AC 1 Mucin-5AC Gel-forming MUGSAC (intronic) USA ca =40, co =40 p =0.025 RAOM/COME Ubell et al., 2010
mucin,
lubrication,
viscoelasticity
MUC5B iRl Mucin-5B Gel-forming rs4963049 USA ca =102, co =83 p =0.033 COME MacArthur et al., 2014
mucin,
lubrication,
viscoelasticity
rs2075859 USA 142 families p =0.041 RAOM/COME Sale et al., 2011
rs2735733 USA 142 families p =0.02 RAOM/COME Sale et al., 2011
PAIT 7 Plasminogen Inflammation rs1799889 Netherlands ca =226, co=122 p =0.02 RAOM Emonts et al., 2007

activator inhibitor-1

(PAI1)
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TABLE 2 | Continued

Gene Chr: Protein Function/ Marker Country Sample size Significance Clinical outcome References
pathway
SCN1B 19 Sodium channel lon channel rs8100085 USA ca = 142 families p=0.013 RAOM/COME Sale et al., 2011
sub-unit g1 binding,
(SCN1B) voltage-gated
jon channel
activity
SFTPA1 10 SFTPA1 Phospho- sa4-1a haplotype Finland ca=147,co =278 p(ht) = 0.03 RAOM Ramet et al., 2001
lipoproteins,
surfactant
SFTPD 10 SFTPD Phospho- RS1051246 USA 142 families p =0.039 RAOM/COM Sale et al., 2011
lipoproteins,
surfactant
SLCT11A1 2 Solute carrier family Transporter, rs2276631, Australia ca = 531 families, p(ht) = 0.008 OM Proneness Rye et al., 2013
11 member pathogen rs02695343, co = 660
(SLC11A1) clearance rs34448891,
rs3731865
SMAD2 18 SMAD2 Transcriptional rs1792658 Australia ca = 434 families, p =0.038 RAOM/COME Rye et al., 2011
modulator co = 561
activated by
TGF-beta
SMAD4 18 SMAD4 Transcriptional rs10502913 Australia ca = 434 families, p =0.048 RAOM/COME Rye et al., 2011
modulator co = 561
activated by
BMP
TGFB1 19 Transforming Antigen rs1982073 Greece ca=96 p =0.002 AOM lia et al., 2014
growth factor beta binding,
1 (TGF-g1) immune
response
TLR2 4 Toll-like receptor 2 Inflammation, rs5743708 Serbia ca = 85, co-100 Significantly high COME Lee H.Y. et al., 2008
(TLR2) initiators of
innate immunity
system
TLR4 9 Toll-like receptor 4 Inflammation, rs1800896, USA ca=172,co=83 p =0.005p =0.05 AOM lia et al., 2014
(TLR4) initiators of rs1800871, p =0.05
innate immunity rs1800872
system
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TABLE 2 | Continued

Gene Chr: Protein Function/ Marker Country Sample size Significance Clinical outcome References
pathway

rs11788318, USA ca=102, co =83 p =0.008, p =0.031, COME MacArthur et al., 2014
rs4837494, p =0.007, p = 0.023,
rs10116253, p =0.021
rs1927914,
rs1554973
rs10116253, USA 142 families p (ht) = 0.025, COME/RAOM Sale et al., 2011
rs12377632, p(ht) = 0.014,
rs22770146, p =0.026, p(ht) = 0.017
rs5030717
rs5030717, Finland ca=624,co=778 OR 1.33, p = 0.003 OR COME/RAOM Hafren et al., 2015
rs1329060, 1,269 trios 403 1.33, p = 0.002 OR
rs1329057 families ca = 100, 1.29, p = 0.003

co =104

TNFA 6 Tumor necrosis Cytokines, rs1800629 USA ca=192,co=192 p=0.05 AOM Emonts et al., 2007
factor a (TNF o) immune
response
ca=222,co=120
Netherlands p =0.07 AOM Revai et al., 2009

rs1800750

ca=68,co=145

OR=1.42 RAOM Revai et al., 2009

rs1800750 USA

Ca, cases; Co, controls; OR, odds ratio; p, p-value; LOD, logarithm of the odds.
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relatively common (e.g., indigenous Filipino community or
Pakistani families) (Santos-Cortez et al., 2015, 2018). These
studies have unveiled several novel genes and variants that confer
susceptibility to familial OM (see section OM Susceptibility,
Inbreeding, and Whole-Exome Sequencing): A2ML1 and FUT2
(Santos-Cortez et al., 2015, 2018).

Candidate Gene-Based Studies

Many variants in the genome have been associated with infectious
diseases (Klebanov, 2018). In some instances, the clinical features
and the biological mechanisms - such as immune response,
inflammation, bacterial adhesion, viral infection, and mucociliary
clearance - involved in those infectious diseases are compatible
with the mechanisms involved during an episode of OM, thus
marking the genes known for these disorders as prime candidates
for OM susceptibility and recurrence. Candidate gene-based
studies on OM have mainly involved genes associated with
innate immunity and inflammation (Sale et al,, 2011). Those
studies have been performed on cohorts from all over the
world including US, Finland, Australia, Netherlands, Greece,
and Belgium and have identified over 100 alleles that confer
susceptibility to various forms of OM (see Table 2 for the
partial list of these alleles, genes, and associated clinical features).
As evident from this non-exhaustive list, the identified genes
belong to several different signaling cascades and developmental
processes, including (a) immune response and inflammation
(MBL2, TLR2, TLR4, CDI4, FCGR2A, TGFBI, and PAII)
(Nuytinck et al., 2006; Wiertsema et al., 2006a,b; Emonts et al,,
2007; Lee Y.C. et al, 2008; Ilia et al, 2014; Hafren et al,
2015), (b) cytokines (IL6, IL10, ILIA, ILIB, TNFA, and IFNG)
(Patel et al., 2006; Alper et al., 2009; Revai et al., 2009; Ilia
et al., 2014), (c) tissue clearance (SFPTA, SFTPAI, SFTPD,
SLC11A1, MUC2, MUC5AC, and MUC5B) (Ramet et al., 2001;
Sale et al., 2011; Rye et al., 2013; MacArthur et al., 2014), (d)
transcriptional modulation (SMAD2 and SMAD4) (Rye et al,,
2011), (e) chemosensitivity (CX3CR1) (Nokso-Koivisto et al,
2014), (f) protein modification (CPTIA and FBXO11) (Rye et al.,
2011, 2012), and (g) channel activity (SCNI1B) (Sale et al., 2011).
Some of these genes, such as FBXO11, have been replicated in
several independent studies, which further strengthen their role
in susceptibility to OM (Segade et al., 2006; Rye et al., 2011).

Genome-Wide Association Studies

Several genome-wide association studies (GWAS) have been
performed to identify new common (frequency of 75% or greater)
low-risk markers (OR < 1.5) associated with OM subtypes.
The findings of five salient GWAS are summarized here. In the
Western Australian Pregnancy Cohort (Raine) study, a cohort of
416 patients prone to OM and 1,075 normal subjects was analyzed
for 2,524,817 SNPs. Although the initial analysis revealed some
association, no SNP reached GWAS significance (P < 10~8) nor
could be replicated both in the Australian or US cohorts (Rye
et al,, 2012; Allen et al,, 2014). Intriguingly, the GWAS of the
Minnesota and Pittsburg cohorts identified a SNP (rs10497394
on chromosome 2) that showed a significant association (GWAS
discovery P = 1.30 x 10~°, independent otitis media population
Preta = 1.52 x 1078) with susceptibility to either chronic

OME or recurrent AOM (Allen et al, 2013). Finally, in a
Finnish cohort (829 affected children and 2,118 randomly
selected controls), the variants rs16974263 (GWAS discovery
P=1.77 x 1077, sub-phenotype analysis Py = 2.92 X 1078),
rs268662 (P = 1.564 x 10~°), and rs4150992 (P = 3.37 x 10~)
were the most significant variants associated with COME
(Einarsdottir et al., 2016). In van Ingen et al. (2016) performed
GWAS on a cohort of AOM children of European descent
and reported a statistically significant association at 6q25.3
locus (rs2932989, Puea = 2.15 x 107°). This study further
demonstrated that the associated variants are correlated with the
methylation status (cg05678571, p = 1.43 x 10~°) and expression
levels (p = 9.3 x 10~°) of the ENDCI gene. Also, an independent
GWAS study on more than 200,000 individuals of European
ancestry reported 14 genomic regions, including FUT2 (p-value:
351 x 107%9), TBX1 (1.17 x 10~'°), HLA-DRBI (rs4329147,
9.55 x 107'2), ABO (3.67 x 10~'!), EFEMPI (1.47 x 10~'7),
AUTS2(3.75 x 107°), CDHR3 (5.40 x 10~°), BSN (1.56 x 10~%),
and PLG (3.78 x 10~%), that were significantly associated with
childhood ear infection (Tian et al., 2017), further highlighting
the contribution of genetic factors responsible for OM in humans.

OM Susceptibility, Inbreeding, and
Whole-Exome Sequencing

A2ML1

In a large consanguineous indigenous Filipino pedigree with a
high frequency of OM, Santos-Cortez et al. (2015) showed, by
whole-exome and Sanger sequencing, that an 8 bp duplication
in the A2MLI gene (LOD score of 7.5) was associated with
susceptibility to OM. The same duplication was found in a
heterozygous or a homozygous fashion in three individuals
(European American and Hispanic) of another cohort of 123
children prone to OM and absent in non-otitis-prone children
and more than 62,000 next-generation sequences. The authors
identified seven additional heterozygous A2MLI variants in
patients of European American and Hispanic American origin
with OM. A2MLI encodes alpha-2-macroglobulin-like protein
1 (A2ML1), a protein that traps proteinases and cleaves them.
A follow-up study identified 16 additional A2ML1 variants in
OM subjects in indigenous Filipino and Pakistani families and
US probands (Larson et al., 2019). Based on the expression
in the murine mucosal epithelium of the middle ear, it has
been speculated that A2ML1 may have a protective function by
regulating the proteases present in the middle ear cavity and
may also regulate the desquamation of epidermis (Galliano et al.,
2006). Recently, by 16S rRNA sequencing of the microbiota
of the middle ear of an indigenous Filipino community prone
to OM and segregating A2ML] variants, although not having
a statistically significant difference between the cases and the
controls, a taxonomic analysis revealed the relative abundance
of the phyla Fusobacteria and Bacteroidetes and the genus
Fusobacterium in A2MLI1 carriers compared to non-carriers
(Santos-Cortez et al., 2016).

FUT2

In the same large consanguineous indigenous Filipino pedigree
with high frequency of OM, partly due to variants in A2MLI,
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a subset of individuals were wild type for A2MLI but were
prone to OM (Santos-Cortez et al., 2015). Further genetic analysis
determined that the FUT?2 variant (p.Arg202*, LOD score of 4.0)
confer susceptibility to OM in those individuals (Santos-Cortez
et al., 2018). Screening of DNA samples from 609 additional
multi-ethnic families and simplex case subjects with OM by
direct Sanger sequencing, linkage analysis, Fisher exact, and
transmission disequilibrium tests revealed several other FUT2
variants (p.Argl38Cys, p.Trp154*, and p.Alal04Val) that confer
susceptibility to OM (Santos-Cortez et al., 2018).

FUT enzymes are involved in the protein glycosylation
pathway. FUTs transfer an L-fucose sugar derived from GDP-
fucose (donor substrate) to a protein (acceptor substrate). The
FUT family contains 13 members (FUT1-FUT13), and many of
the FUTSs are essential for the synthesis of blood group antigens.
FUTs are single-pass type II membrane proteins, resident to
the trans-Golgi, while the catalytic domain of FUT proteins
resides in the lumen of the Golgi. In humans, FUTI and
FUT2 encode galactoside 2-L-fucosyltransferase, while FUT3
encodes galactoside 3(4)-L-fucosyltransferase. FUT1 and FUT2
transfer L-fucose onto a B-D-galactosyl-(1—4)-N-acetyl-p-D-
glucosaminyl derivative and create the oligosaccharide FuC-
alpha [(1,2)Gal-beta-], also known as H antigen, which is a
soluble precursor essential for the final step in the soluble A and B

Secretor Non-Secretor

antigen ewis m antigen Lewis

antigen

Goblet cell

Ciliated cell

FIGURE 1 | Role of FUTZ2 in the regulation of blood group and Lewis antigens
at the surface of ciliated cells of the middle ear mucosa: secretor and
non-secretor status are illustrated. The imbalance of optimal bacteria (green)
and pathogenic bacteria (red) is shown in a non-secretor individual that is
prone to acute otitis media.

antigen synthesis pathway. FUT3 transfers L-fucose onto a f-D-
galactosyl-(1—4)-N-acetyl-B-D-glucosaminyl derivative, or onto
H antigen, in order to create blood group Lewis antigens.

FUTI and FUT2 are differentially expressed in various cell
types. For instance, FUT1 expression is restricted to cells
of mesodermal origin (for example, erythrocytes), and FUT2
expression is being restricted to cells of endodermal origin (such
as the middle ear mucosal cells). Therefore, A and B antigens
will be expressed at the surface of red blood cells under the
control of FUT1, while A and B antigens will be expressed at
the surface of mucosal cells under the control of FUT2. Genetic
variations in FUTI and FUT2 naturally exist. Some FUTI and
FUT?2 variants lead to non-functional enzymes, while certain
variations in FUT?2 can also lead to a reduction of its expression
(Santos-Cortez et al., 2018). For instance, the FUT1 p.Tyr154Cys
variant ablates the functional activity of the catalytic domain,
resulting in the absence of A, B, or H antigens at the surface of
erythrocytes (also known as the Bombay phenotype). Similarly,
the FUT2 p.Trpl54* variant causes absence of A, B, or H
antigens at the surface of mucosal cells (a.k.a. non-secretor status)
(Domino et al., 2001a,b). The p.Trp154* variant of FUT2 is also
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Lewis antigens Ers SFPTD

Microbiome

Mucus

CX3CR1 - Proteases
TLR4
TLR2

CD14
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Immune cells Extracellular matrix

FIGURE 2 | Protein pathways contributing to otitis media (OM) in human:
hypothetical network of human proteins in the middle ear mucosa that have
been associated with OM. When these proteins are dysfunctional due to
OM-associated genetic variants, they could potentially have an impact on the
microbiota of the middle ear cavity.
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responsible for the non-secretor phenotype in European and
African populations (47 and 42%, respectively).

A, B, and H and Lewis antigens are known to serve as an
energy source while also regulating the adhesion of bacteria to the
cell surface (Ewald and Sumner, 2018; Figure 1). Intuitively, the
different blood group antigens and their quantity at the surface
of the cells of the mucosal epithelium of the middle ear would
have an impact on the microbiota present in the middle ear cavity,
and various blood types have been associated with OM (Wiesen
et al., 2019). For instance, studies in a Finnish cohort reported
a protective effect of blood type O against recurrent AOM,
whereas blood type A was associated with increased risk for
chronic OME (Wiesen et al., 2019). When tested in vitro, the four
FUT2 variants associated with OM (p.Alal04Val, p.Argl138Cys,
p.-Trp154*, and p.Arg202*) reduced the A antigen levels, while
the two nonsense variants also reduced the FUT?2 protein levels.
Moreover, Fut2 is transiently upregulated in the murine middle
ear after inoculation with the non-typeable H. influenza (Santos-
Cortez et al., 2018). It is speculated that the OM-associated FUT2
variants are modifying the middle ear microbiome through the
regulation of A antigen levels in the middle ear mucosa, thus
conferring susceptibility to OM (Santos-Cortez et al., 2018).

While the microbial richness, structure, and composition
differences were not statistically significant between the control
individuals and the individuals prone to OM in the indigenous
Filipino community segregating FUT2 p.Arg202* variant, the
individuals from a Colorado cohort prone to OM and
carrier for the FUT2 p.Trp154* variant had a relatively high
abundance of Lactobacillales and Gamma-proteobacteria in their
middle ears (Santos-Cortez et al., 2018). Further studies in
animal models are necessary to fully understand the FUT2-
associated OM mechanism.

CONCLUSION

The current genetic and molecular data revealed the association
of OM with deficits in each of the following mechanisms: (1)
development of the middle ear cavity and Eustachian tube, (2)
immune response, (3) bacterial adhesion and viral infection,
(4) regulation of the extracellular matrix, and (5) clearance
of the middle ear.

In Figure 2, we have attempted to build a network that
encompasses most of the known human proteins that have been
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Introduction: Air pollutants such as Asian sand dust (ASD) and Streptococcus
pneumoniae are risk factors for otitis media (OM). In this study, we evaluate the role
of ASD in pneumococcal in vitro biofim growth and colonization on human middle ear
epithelium cells (HMEECs) and rat middle ear using the rat OM model.

Methods: S. pneumoniae D39 in vitro biofim growth in the presence of ASD
(60-300 wg/ml) was evaluated in metal ion-free BHI medium using CV-microplate
assay, colony-forming unit (cfu) counts, resazurin staining, scanning electron microscopy
(SEM), and confocal microscopy (CF). Biofim gene expression analysis was performed
using real-time RT-PCR. The effects of ASD or S. pneumoniae individually or on co-
treatment on HMEECs were evaluated by detecting HMEEC viability, apoptosis, and
reactive oxygen species (ROS) production. In vivo colonization of S. pneumoniae in the
presence of ASD was evaluated using the rat OM model, and RNA-Seq was used to
evaluate the alterations in gene expression in rat middle ear mucosa.

Results: S. pneumoniae biofilm growth was significantly (P < 0.05) elevated in the
presence of ASD. SEM and CF analysis revealed thick and organized pneumococcal
biofilms in the presence of ASD (300 wg/ml). However, in the absence of ASD, bacteria
were unable to form organized biofilms, the cell size was smaller than normal, and
long chain-like structures were formed. Biofilms grown in the presence of ASD showed
elevated expression levels of genes involved in biofilm formation (uxS), competence
(comA, comB, ciaR), and toxin production (lytA and ply). Prior exposure of HMEECs
to ASD, followed by treatment for pneumococci, significantly (P < 0.05) decreased
cell viability and increased apoptosis, and ROS production. In vivo experiment results
showed significantly (P < 0.05) more than 65% increased bacteria colonization in rat
middle ear mucosa in the presence of ASD. The apoptosis, cell death, DNA repair,
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ASD Increased Pneumococci Biofilms/Colonization

inflammation and immune response were differentially regulated in three treatments;
however, number of genes expressed in co-treatments was higher than single treatment.
In co-treatment, antimicrobial protein/peptide-related genes (S100A family, Np4, DEFB
family, and RATNP-3B) and OM-related genes (CYLD, SMAD, FBXO11, and CD14)
were down regulated, and inflammatory cytokines and interleukins, such as IL18, and
TNF-related gene expression were elevated.

Conclusion: ASD presence increased the generation of pneumococcal biofims

and colonization.

Keywords: Asian sand dust, Streptococcus pneumoniae, biofilms, colonization, otitis media, RNA-sequencing

INTRODUCTION

Otitis media (OM) is inflammation of the middle ear that
affects children and elders (Monasta et al., 2012; Qureishi
et al.,, 2014; Byeon, 2019). The recurrent OM adversely affects
speech, hearing ability, and language development in children,
finally leading to hearing loss (Bellussi et al., 2005; Roditi
et al., 2016). Worldwide, OM-related complications result in
approximately 21,000 deaths annually, and 65-300 million
individuals are affected by chronic OM (COM) (Acuin, 2004).
The incidence and prevalence of OM are particularly high in
the Asian population (8.12-14.52%), which affect the quality
of life and pose a significant social and economic burden
(Monasta et al., 2012; Coleman et al., 2018; Byeon, 2019).
OM is generally considered a multi-factorial abnormality of
the middle ear, with many associated risk factors, including
microbial exposure, environment, immunological deficiency,
gender, and age (Jensen et al., 2013; Coleman et al., 2018). Among
microbial agents, Streptococcus pneumoniae (S. pneumoniae) is
an important commensal bacterium that colonizes asymptotically
and causes infection under immune-compromised conditions
(Coleman et al., 2018). Despite the introduction of a 13-valent
vaccine in various countries to control pneumococcal infection,
pneumococci remain the leading pathogen (Milucky et al., 2019).
Moreover, S. pneumoniae forms biofilms, and its direct detection
from biopsy samples of the middle ear mucosa of children with
COM (Hall-Stoodley et al., 2006) suggests that pneumococcal
biofilms are important virulence factors of OM (Blanchette
et al., 2016; Vermee et al,, 2019). In the nasopharyngeal cavity,
pneumococci initially colonize and form biofilms that serve as
a reservoir, and then, the biofilm bacteria can transit to other
sterile sites causing OM, meningitis, pneumonia, bacteremia,
and sepsis in immune-compromised individuals (children and
elderly) (Chao et al., 2015; Weiser et al., 2018).

Recent studies have reported that particulate matter (PM)
involved in air pollution is an important risk factor for OM (Park
etal., 2018). Air pollution due to sand and dust storms originating
in arid and semi-arid regions affects 151 countries worldwide
(Middleton and Kang, 2017). A seasonal episode of Asian sand
dust (ASD), which originates from arid areas of Mongolia and
the Gobi desert, and affects the Korean peninsula, Japan, and
China, is a major source of pollution in the East and Northeast
Asia (Jung, 2016). In recent years, a growing number of reports
have suggested that ASD exposure negatively affects human

health, leading to respiratory diseases (Jung et al., 2012; Yu et al,,
2012; Watanabe et al., 2016; Nakao et al., 2018) and significant
mortality annually (Chen et al., 2004; Lee et al.,, 2014; Al et al,,
2018). In addition, ASD contains PM of diameters < 10 pm
(PM;g) along with inhalable hazardous chemical components
such as sulfate (SO427) and nitrate (NO3;~) and microbes
such as bacteria, viruses, and fungi (Chen et al., 2010). One
study has reported a positive association between early exposure
to PM pollution and OM (Kennedy et al,, 2018). Recently,
a study reported the implication of air pollution containing
PM, nitrogen dioxide (NO,), ozone (O3), sulfur dioxide, and
carbon monoxide in OM (Park et al., 2018). Similarly, Girguis
et al. (2018) suggested that preterm infants are most susceptible
to infant bronchiolitis and OM associated with acute PM,.5
exposure (Girguis et al,, 2018). Several studies have reported
that air pollution and nasopharyngeal bacteria are two known
risk factors for OM (Chao et al., 2015; Park et al., 2018;
Weiser et al., 2018). However, the interaction between these two
factors remains unknown. Most research to date has focused
on the implication of either S. pneumoniae or air pollutants in
causing OM. Indeed, severe pneumonia and OM were reported
in cigarette smokers exposed to PM and bacteria such as
S. pneumoniae and Haemophilus influenzae (Nuorti et al., 20005
Givon-Lavi et al,, 2006). In the nasopharynx, pneumococci and
PM interact, and PM exposure increases the risk of infections and
alters the function of native immune cells, impairs mucociliary
clearance, and decreases phagocytosis by macrophages (Becker
and Soukup, 1999; Zelikoff et al., 2002; Watanabe et al., 2016). PM
including environmental tobacco smoke increases the risk of OM
in children and changed the middle ear histology and eustachian
tube mucosa (Kong et al., 2009; Jones et al., 2012; Bowatte et al.,
2018; Nakao et al., 2018; Park et al., 2018). Previously, our group
identified a potential biomarker and a signaling pathway related
to OM induced by diesel exhaust particles (Kim et al., 2016).
We also demonstrated that ASD exposure decreases the cell
viability in a model human middle ear epithelium cell (HMEEC);
affects apoptosis, cell proliferation, and oxidative stress-related
gene expressions; and induces inflammatory responses in the
rat middle ear epithelium (Go et al, 2015; Chang et al,
2016). However, the interaction, colonization, and virulence of
S. pneumoniae in the presence of ASD are not known. Previous
reports suggested that PM alters host immune defense (Becker
and Soukup, 1999; Zelikoff et al., 2002; Watanabe et al., 2016)
and induces OM (Bowatte et al.,, 2018; Nakao et al., 2018;
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Park et al., 2018); therefore, we hypothesized that the presence
of a small quantity of ASD may increase pneumococcal in vitro
biofilms, colonization to epithelial cells and middle ear mucosa,
and the risk factor for pneumococcus-mediated OM. In this
study, we evaluated the effect of ASD on S. pneumoniae in vitro
biofilm growth, colonization on HMEECs, and rat middle ear
using the rat OM model.

MATERIALS AND METHODS

Ethics Statement

The animal study was approved by the Institute Review Board
(IRB) of Korea University, Seoul, South Korea, with IRB
approval number KOREA-2019-0029. The animal protocols were
approved by Institutional Animal Care and Use Committees
(IACUC:s), Korea University, Seoul.

Bacteria Strain and Culture Medium

In this study, S. pneumoniae D39, Avery’s virulence serotype
2 strain (NCTGC; Salisbury, United Kingdom) was used (Avery
et al., 1944). This strain is fully sequenced and well characterized
and has remained highly virulent in the animal model after
many years of its isolation. Pseudomonas aeruginosa (PA01) and
E. coli (ATCC 24213) were purchased from ATCC, United States,
and MRSA (CCARM 3903) was purchased from the culture
collection of antimicrobial resistant strain (CCARM), Seoul,
South Korea. Bacteria were grown in BHI broth, and glycerol
stocks were maintained at —80°C. Pneumococci colonies were
grown on a blood agar plate (BAP) supplemented with 5% sheep
blood (Yang Chemical, Seoul, South Korea). The ASD particles
used in this study were collected and composition was detected
in our previous study (Chang et al., 2016). Briefly, ASD was
collected using a high volume air sampler (HV500F, Sibata,
Tokyo, Japan) at a flow rate of 500 L/minute, pre-filtered into
filter packs (Prefilter AP, 124 mm; EMD Millipore, Bedford, MA,
United States), and sieved through a filter with a 10-pwm pore size
(Chang et al., 2016). The stock solution of ASD was prepared in
PBS and sonicated and sterilized using an autoclave.

Planktonic Growth and in vitro Biofilm

Growth

To study the effects of ASD on bacterial growth, S. pneumoniae
planktonic growth was evaluated with different concentrations
of ASD (50, 150, and 300 pg/ml). The pneumococcal growth
was detected by measuring optical density at 600 nm (ODggp) at
different time points. S. pneumoniae planktonic growth was also
evaluated by detecting metabolically active bacteria by resazurin
staining after 48 h. Bacteria were grown in metal ion-free BHI
medium based on a previous report (BHI medium treated with
chelex-100) (Brown et al., 2017). In vitro biofilm formation ability
of the bacteria, in the presence of ASD, was evaluated using a
static microtiter plate assay (Christensen et al., 1982; Yadav et al,,
2018). Viable bacteria in the biofilms were detected by colony-
forming unit (cfu) counting, and metabolically active bacteria
were detected by resazurin staining. Briefly, S. pneumoniae

colonies grown on BAP were further grown in BHI broth up to
log phase. The cells were pelleted by centrifugation and dissolved
in metal ion-free medium. The diluted bacteria (1:100) in metal
ion-free medium were inoculated in 96-well (200 pl) or 24-
well (1 ml) plates and incubated for 48 h. After incubation,
the medium was removed, and biofilms were washed twice and
stained with 0.1% crystal violet for 15 min. The biofilms were
washed with PBS twice and dissolved in 200 1 (96-well plate) or
1 ml (24-well plate) ethanol, and the absorbance was measured at
570 nm. Alternately, after washing with PBS, the biofilms were
dissolved in sterile water followed by brief sonication (10 s).
The biofilm suspension was serially diluted and spread on BAP,
followed by colony counting after 24 h incubation at 37°C.

The in vitro biofilms of Pseudomonas aeruginosa, MRSA, and
E. coli were grown as described above and quantified using
resazurin staining (Yadav et al., 2017). Resazurin stain is a blue
colored, non-fluorescent dye that is reduced and then emits
pink fluorescence (resorufin) in the presence of actively growing
bacteria. The biofilms grown in 24-well plates were dissolved
and transferred to 96-well plates, followed by addition of 10%
resazurin. The plates were incubated in the dark for 1 h at 37°C.
Fluorescence was measured at 530/590 (excitation/emission)
nm using a multimode microplate reader (Thermo Scientific,
Waltham, MA, United States).

In vitro Biofilm Analysis by Scanning
Electron Microscopy (SEM)

In vitro biofilms of S. pneumoniae D39, grown in the absence
or presence of ASD (300 pg/ml), were visualized using SEM.
The biofilms were grown in 24-well plates, in the metal
ion-free medium for 48 h using the procedure described
above. After washing with PBS, the biofilms were pre-fixed in
glutaraldehyde (2%) and paraformaldehyde (2.5%) and post-
fixed with osmic acid (1%) for 2 h, followed by dehydration
in increasing concentrations of ethanol (60-95%). The biofilms
were preserved in t-butanol and freeze-dried and platinum-
coated. SEM images were captured using a field emission
scanning electron microscope (Hitachi, Tokyo, Japan).

In vitro Biofilm Analysis by Confocal
Microscopy

Streptococcus pneumoniae D39 in vitro biofilms, grown in the
presence (300 pg/ml) and absence of ASD, were analyzed
using confocal microscopy and peptide nucleic acid (PNA)
fluorescence in situ hybridization (FISH) by a previously
reported procedure (Malic et al., 2009). The PNA probe used
for biofilm detection is a universal bacterial probe EUB338
(5-TGCCTCCCGTAGGA-3') (Rocha et al., 2018). It was
commercially synthesized by Panagene (Dageon, South Korea)
and labeled at the N-terminus with AlexaFluor488 via a double 8-
amino-3,6-dioxaoctanoic acid (AEEA) linker. The biofilms were
grown on p-slides (ibidi, Germany) for 48 h in metal ion-free
medium, as described above. The biofilms were washed with
PBS and prefixed for 3 h in 4% paraformaldehyde. Hybridization
with the probe was performed at 46°C for 3 h in hybridization
buffer (5 M NaCl, 1 M Tris-HCI, 2% SDS, and 10% formamide),
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followed by washing at 48°C in washing buffer (5 M NaCl, 1 M
Tris-HCI, and 2% SDS). The PNA probe-labeled biofilm bacteria
were analyzed using a Nikon Al confocal microscope (Nikon
Instruments, Inc., NY, United States) with FITC (green) channel.

In vitro S. pneumoniae Biofilm Gene

Expression

Real-time RT-PCR was used to evaluate the expression of genes
involved in competence (comA, comB, ciaR), biofilm formation
(luxS), and toxin production (ply, IytA) in a pneumococcal
biofilm. Pneumococcal biofilms were grown in metal ion-free
medium, and total RNA was extracted using an RNeasy Total
RNA Isolation System Kit (Qiagen, Valencia, CA, United States)
as per the manufacturer’s procedure. DNA contamination was
removed by on-column RNase-free DNase (Qiagen) treatment
for 10 min at 20-25°C. The RNA was quantified using Nano-
drop, and cDNA synthesis was performed using a Bioneer
cDNA synthesis kit (Seoul, South Korea). Gene list and primer
sequences used in this study are presented in Table 1. Real-
time RT-PCR was performed in a 20-pl reaction volume with
10 ul of SYBR Green, 2-pmol primers, and 2 pl of cDNA.
The PCR was performed for 40 cycles with initial denaturation
at 56°C for 2 min, followed by 40 cycles of denaturation at
95°C for 30 s and annealing and extension at 60°C for 1 min.
Relative quantification of gene expression was performed using
the 272 2CT method; a biofilm without ASD was used as the
standard and 16S RNA genes as reference.

HMEEC Viability

The toxicity of S. pneumoniae in the presence or absence of ASD
was detected by evaluating HMEEC viability upon treatment with
S. pneumoniae or ASD, or co-treatment with both. HMEECs were
kindly provided by Dr. Lim (House Ear Institutes, Los Angeles,
CA, United States) (Chun et al., 2002). HMEECs were cultured
(1 x 10%) in a 96-well plate in airway epithelial cell growth
medium (PromoCell GmbH, Sickingenstr Heidelberg Germany)
supplemented with bovine pituitary extract (0.004 ml/ml),

TABLE 1 | List of primers used in real-time RT-PCR gene expression study.

Serial no. Gene name Primer sequence Amplicon

1 16s 5-AACCAAGTAACTTTGAAAGAAGAC-3 126 bp
5'-AAATTTAGAATCGTGGAATTTTT-3

2 luxS 5'-ACATCATCTCCAATTATGATATTC-3 257 bp
5-GACATCTTCCCAAGTAGTAGTTTC-3'

3 CcomA GAGACGCGAGCCATTAAGG 156 bp
GGGATCTGGATCGGCAATATGA

4 comB 5-GAACCCAGTCGTATCCTTGC-3 95 bp
5-TCCCCCTTCTTAACCAGCTT-3

5 ciaR GATGTTATGCAGGTATTTGATG 157 bp
TAATCAGAACTGGTGTCGTAAT

6 ply TGAGACTAAGGTTACAGCTTACAG 225 bp
CTAATTTTGACAGAGAGATTACGA

7 IytA CGTCCCAGGCACCATTATCA 95 bp
CTGGCGGAAAGACCCAGAAT

epidermal growth factor (10 ng/ml), insulin (5 pg/ml),
hydrocortisone (0.5 pg/ml), epinephrine (0.5 pg/ml), triiodo-
L-thyronine (6.7 ng/ml), transferrin (10 pg/ml), retinoic acid
(0.1 ng/ml), and 1% fetal bovine serum for 24 h at 37°C in 5%
CO,. Then, cells were exposed to ASD (300 pg/ml) in serum-
free medium for 8 h, followed by S. pneumoniae treatment
(MOI 10) for 15 h. The viability of HMEECs was determined
by using EZ-cytox cell viability kit (Dogenbio, South Korea)
as per the manufacturers instruction, and absorbance was
measured at 450 nm.

Detection of Apoptosis in HMEECs

Apoptosis of HMEECs treated with ASD or S. pneumoniae
or co-treatment was detected by double staining with annexin
V-fluorescein isothiocyanate and propidium iodide (BD, San
Diego, CA, United States) and cytometric analysis as per
manufacturer’s protocol. Briefly, HMEECs (5 x 10°/well) were
seeded in a 6-well plate in airway epithelium cell culture
medium supplemented with fetal bovine serum (1%) in 5% CO,
atmosphere at 37°C for 24 h. Then, the HMEECs were exposed
to ASD (300 pg/ml) in serum-free medium for 8 h, followed by
S. pneumoniae treatment (MOI 10) for 15 h. The HMEECs were
detached with Tris-EDTA treatment, pelleted by centrifugation,
and washed twice with cold PBS. The cells were re-suspended in
1 x binding buffer [10 mM HEPES/NaOH (pH 7.4), 140 mM
NaCl, and 2.5 mM CaCl, ] and stained with Annexin-V for 15 min
at 15°C. The cells were stained with PI and evaluated using a
flow cytometer (Beckman Coulter; Fullerton, CA, United States).
The rates of early apoptosis and late apoptosis (necrosis) were
calculated using the Beckman Coulter software.

Detection of Reactive Oxygen Species

(ROS) in HMEEC

The effect of ASD and S. pneumoniae on ROS production by
HMEECs was evaluated using OciSelect ROS assay kit (Cell
Biolabs; San Diego, CA, United States). 5 x 10* HMEECs
were seeded in 96-well plate (black wall clear-bottom plate) in
airway epithelial growth medium and grown at 37°C in 5%
CO; for 24 h. After washing, the cells were treated with 100 pl
2/,7'-dichlorofluorescein-diacetate (DCFH-DA) in the culture
medium at 37°C for 50 min. After washing twice with PBS,
HMEECs were exposed to ASD (300 pg/ml) for 2 h, followed
by S. pneumoniae treatment for 4 h. The ROS production was
detected by measuring fluorescence at 480 nm (excitation) and
530 nm (emission) using microplate (Thermo max 190, US).
Hydrogen peroxide was used as a positive control.

In vivo Colonization of S. pneumoniae in
Rat Middle Ear in the Presence of ASD
Using the Rat OM Model

The in vivo colonization of S. pneumoniae in rat middle ear in
the presence of ASD was evaluated using the rat OM model
(Yadav et al., 2012, 2018). Thirty-two pathogen-free Sprague-
Dawley rats, weighing 150-200 g, were purchased from Koatech
(Pyeongtaek, South Korea). The animals were checked for any
abnormality and kept for acclimatization for 2 weeks. Rats were
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divided into four groups according to the treatment. Group 1
rats were inoculated with PBS (vehicle control, n = 6); Group
2 rats were inoculated with ASD only (n = 8); Group 3 rats
were inoculated with S. pneumoniae only (n = 9); Group 4
rats were inoculated with ASD + S. pneumoniae (n = 9). The
ASD was dissolved in PBS, and 50 pl (6 mg/ml) solution was
injected (300 pg/rat) as per our previous study (Chang et al,
2016). S. pneumoniae cell suspensions were prepared in PBS,
and 5 x 10°/rat were injected in the middle ear cavity through
the tympanic membrane of the right ear using a tuberculin
syringe and a 27-gauge spine needle. After 5 days, the animals
were scarified by CO, euthanasia. The rat bullae were aseptically
acquired and cleaned by removing unwanted tissue surrounding
the bony structure. The tympanic membranes were removed,
and the middle ear was exposed and photographed. For gene
expression study, bullae were harvested in RNA-later solution
(Qiagen, United States). For bacterial load detection, bullae were
aseptically lysed with pestle and mortar and serially diluted
and plated on BAP. Bacterial cfu were counted after overnight
incubation at 37°C.

For SEM analysis of rat middle mucosa, the bullae from
each group were preserved in SEM solution (glutaraldehyde
and paraformaldehyde). The rest of the protocol (pre-fixing,
post-fixing, and dehydration) was the same as that described
previously for in vitro biofilms SEM analysis.

Elucidation of Rat Middle Ear Mucosa
Global Gene Expression Using RNA
Sequencing

The mucosal membranes from bullae were recovered by scraping
and three rat mucosa were pooled as one sample. Total RNA was
isolated using a Qiagen RNeasy kit (Qiagen, Hilden, Germany) in
accordance with the manufacturer’s instructions. The RNA was
quantified using a Nanodrop, and the RNA quality was assessed
by analyzing the rRNA band integrity using the Agilent RNA 6000
Nano kit (Agilent Technologies, Palo Alto, CA, United States).
The gene expressions of rat middle ear mucosa inoculated with
ASD or bacteria or co-treatment were analyzed by QuantSeq
3’mRNA sequencing. RNA samples were processed and library
was constructed using QuantSeq 3'mRNA-Seq library prep kit
(Lexogen, Inc., Austria) as per the manufacturer’s instructions.
Total RNA (500 ng) from each sample was used with an oligo-dt
primer containing an illumine-compatible sequence at its 5" end
and hybridized with the RNA followed by reverse transcription
reaction. The RNA templates were digested and the synthesis of
the second strand was initiated by a random primer containing
an illumine-compatible linker sequence at its 5 end. The library
of double-stranded RNA was purified from reaction components
using magnetic beads. The prepared library was amplified and
added with the complete adapter sequences required for cluster
generation. The finally finished library was purified from PCR
components of reaction. The high-throughput sequencing was
performed as single-end 75 sequencing using Next Seq 500
(Illumina, Inc., United States).

Bowtie2 program was used to align the QuantSeq 3’ mRNA-
Seq reads (Langmead and Salzberg, 2012). Bowtie2 indices

were either generated from genome assembly sequence or
the representative transcript sequences for aligning to the
genome assembly sequence or the representative transcript
sequences for aligning to the genome and transcriptiome. Those
aligned files were utilized for transcript assembling, abundance
estimation, and differential gene expression detection. The
differentially expressed genes were determined on the basis of
unique and multiple alignments using coverage in Bedtools
(Quinlan and Hall, 2010). Read count data were processed
on the basis of quantile normalization method using EdgeR
within R using Bioconductor (Gentleman et al., 2004). DAVID'
and Medline databases® were used for gene classifications.
The differentially expressed genes of rat middle ear mucosa
inoculated with ASD or bacteria or co-treatment compared to
untreated samples were analyzed, and fold change of £2 was
considered significant.

Statistical Analyses

The in vitro biofilm experiments were performed in replicates
and repeated to calculate the statistical significance. Data are
represented as mean =+ standard deviation. Two groups were
compared, and the statistical significance was detected by
Students t test. Three groups were compared by one-way
ANOVA. The P-value < 0.05 was considered significant.

RESULTS

Planktonic Growth and in vitro Biofilm
Growth

In metal ion-free medium S. pneumoniae growth was restricted.
However, bacterial growth was significantly elevated in the
presence of ASD compared to the control (Figure 1A). The
growth of bacteria was slow initially, both in the presence and
in the absence (control) of ASD. However, at 24, 36, and 48 h,
bacterial growth was significantly (P < 0.05) high in the presence
of ASD (50, 150, and 300 pg/ml) compared to the control. The
metabolically active bacteria were also significantly (P < 0.05)
increased in samples supplemented with ASD (Figure 1B).

The S. pneumoniae D39 in vitro biofilm growth in the presence
of ASD was enhanced compared to the control. Quantification
of biofilm biomass using CV-microtiter plate assay showed
significant (P < 0.05) increase in biofilm biomass in the presence
of 150 and 300 pg/ml ASD (Figure 1C), with a significantly
(P < 0.05) increased number of viable bacteria (Figure 1D).
The metabolically active bacteria within biofilms were also
significantly (P < 0.05) higher in the presence of 150 and
300 pg/ml ASD (Figure 1E). Pseudomonas aeruginosa, MRSA,
and E. coli in vitro biofilms were also significantly (P > 0.05)
elevated in the presence of ASD (150 pg/ml) (Figure 1F).

In vitro Biofilm Analysis Using SEM
SEM analysis revealed markedly different morphology of
pneumococci in vitro biofilms grown with ASD (300 pg/ml) with
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FIGURE 1 | Streptococcus pneumoniae D39 planktonic and biofim growth in metal ion-free BHI medium. (A) Time-dependent planktonic growth from O to 48 h with
different concentrations of ASD. Growth was detected by measuring optical density at 600 nm. (B) Planktonic growth detected by resazurin staining after 48 h
incubation. (C) Quantification of in vitro biofilm biomass grown for 48 h using a CV-microplate assay. (D) Colony-forming unit (cfu) counts of in vitro biofilms grown for
48 h. (E) Quantification of in vitro biofilm growth using resazurin staining grown for 48 h. (F) Quantification of in vitro biofim growth of Pseudomonas aeruginosa,
MRSA, and E. coli grown for 48 h using resazurin staining. Error bars are the standard deviation from the mean. Statistical significance was calculated using the
Student’s t-test, and P-value < 0.05 was considered significant (*P < 0.05).

respect to control. The biofilms grown without ASD (control)
were thin, bacteria-formed long chain-like structures, and the size
of bacteria appeared smaller than the normal (Figures 2A-C).
In contrast, in the presence of ASD, compact and thick biofilms
were formed, and the bacteria were connected to each other
and to the adjacent bacteria, imbedded in particulate matters
(Figures 2D-F). The size of the bacteria appeared normal in the
presence of ASD.

In vitro Biofilm Analysis Using Confocal

Microscopy

The structures of biofilms, grown in the absence and presence
of ASD (300 pg/ml), were analyzed by confocal microscope.
The bacteria labeled with fluorescent green PNA probe were
visualized. In control samples, bacteria were attached to the
bottom of the plate and were unable to form organized
biofilms (Figures 3A-C). In samples supplemented with ASD
(300 pg/ml), cells were connected to each other and to the
bottom of the plate and formed biofilms of significant depth
(Figures 3D,E), and the bacteria formed three-dimensional
organized biofilms (Figure 3F).

S. pneumoniae Biofilm Gene

Expressions Altered by ASD Presence
Our study showed that pneumococcal in vitro biofilm growth
was enhanced in the presence of ASD; therefore, to evaluate the

underlying molecular mechanism, we analyzed the expressions
of genes involved in competence (ciaR), competence release
(comA, comB), and biofilm formation ([uxS) and toxin-related
(IytA, ply) genes using real-time RT-PCR. The gene expression
study revealed up-regulation of genes, such as ciaR, comA,
comB, luxS, lytA, and ply in biofilms grown in the presence
of 300 wg/ml ASD (Figure 4). The three genes, ciaR, comA,
and comB, involved in S. pneumoniae competence production
and trans-membrane release of competence stimulating peptides
(CSP-1) were up-regulated by 1.8, 5.6, and 5.2-fold, respectively.
The luxS gene, involved in autoinducer-2 production, a quorum-
sensing molecular system, was up-regulated in the presence
of ASD by 3.4-fold. Similarly, the pneumococcal toxin-related
genes, ply (3.5-fold) and IytA (2.3-fold), were up-regulated in the
presence of ASD.

ASD Exposure Decreased HMEECs
Viability and Increased Apoptosis

Percent decrease in cell viability is shown in Figure 5.
Viability of the untreated cells (control) was considered
100%, whereas that of treated cells was calculated. HMEECs
viability was approximately 63% upon ASD treatment or
51% on S. pneumoniae treatment; however, on co-treatment
(ASD + S. pneumoniae), the cell viability was 39% (Figure 5A). In
co-treatment, the HMEECs viability was significantly (P < 0.05)
decreased by 60% (Figure 5A).
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FIGURE 2 | Scanning electron microscope (SEM) images of S. pneumoniae D39 in vitro biofilms grown in metal ion-free medium for 48 h. (A-C) Representative
SEM images of the S. pneumoniae biofims grown without ASD (control). The control biofilms were thin and unorganized, bacteria formed long chains, and cell size
was smaller than normal. (D-F) SEM images of the S. pneumoniae biofilms grown in the presence of ASD particles (300 g/ml). The bacteria formed compact
biofilms and were attached to each other, and the cell size appeared normal. Images from left to right are 20, 10, and 5 um, respectively.
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FIGURE 3 | Confocal microscopy images of S. pneumoniae D39 in vitro biofims grown in metal ion-free medium for 48 h. (A) Is XZ and (B) is YZ plane, and (C) is
3-D confocal microscopy image of the S. pneumoniae biofilm grown without ASD (control). (D) Is XZ and (E) is YZ plane, and (F) is 3-D confocal microscopy image

of the S. pneumoniae biofilm grown with ASD (300 pg/ml).
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FIGURE 4 | Fold changes in the gene expression of S. pneumoniae D39
biofilm grown in metal ion-free medium supplied with 300 j.g/ml ASD for 48 h.
The differential gene expression was detected by real-time RT-PCR. The error
bars representing standard deviation from mean, and statistical significance
were calculated by Student’s t-test and *P-value less than 0.05 was
considered significant.

The apoptosis of HMEECs was detected by annexin-V/PI
double staining and cytometry analysis. The cytometric analysis
showed that upon single treatment of HMEECs with ASD
(Figure 5C) or S. pneumoniae (Figure 5D), a lower number
of cells undergo apoptosis. However, large cells undergo
apoptosis on co-treatment (Figure 5F). The percentage of
cells undergoing apoptosis with co-treatment was markedly
increased compared to that with ASD or S. pneumoniae single
treatment (Figure 5F).

either ASD or S. pneumoniae or co-treatment. ROS production
was increased in HMEECs upon single treatment with ASD or
S. pneumoniae. However, the ROS production was significantly
(P < 0.05) elevated on co-treatment (Figure 6). Thus, ROS
production on co-treatment can be attributed to both ASD
and S. pneumoniae.

ASD and S. pneumoniae Co-treatment
Increased Bacterial Colonization in Rat
Middle Ear Mucosa

In vivo study showed no visible middle ear mucosal swelling in
the control rat bulla (Figure 7A), although swelling of middle
ear mucosa was visible in ASD (Figure 7B) or S. pneumoniae
(Figure 7C) or co-treatment (Figure 7D). In co-treatment,
severe swelling of the mucosa, with glue-like deposition, was
visible. In vivo colonization of S. pneumoniae in the presence
of ASD was increased. The cfu counts of the rat middle ear
injected with ASD + S. pneumoniae showed increased bacteria
colonization. In co-treatment, significantly (P < 0.05) > 65%
more cfu counts were detected compared to the bacteria-only
treatment (Figure 7E).

To evaluate the alteration in rat middle ear mucosa
morphology upon ASD or S. pneumoniae colonization, SEM
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FIGURE 5 | The viability of HMEECs and apoptosis upon ASD or S. pneumoniae treatment or co-treatment. (A) Cell viability results are represented as the
percentage of viable cells compared to the untreated cells (100%). The error bars represent the standard deviation. (B) Apoptosis of HMEECs in control, (C)
apoptosis of HMEECs upon ASD treatment, (D) apoptosis upon S. pneumoniae treatment, and (E) apoptosis of HMIEECs upon co-treatment, detected by
annexin-V/PI double staining and cytometry analysis. (F) Percentage of HMEECs undergoing early and late apoptosis.
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FIGURE 6 | Reactive oxygen species (ROS) production in HMEECs treated
with S. pneumoniae or ASD or co-treatment. The error bars represent the
standard deviation from the mean, and statistical significance was calculated
by one-way ANOVA. *P-value less than 0.05 was considered significant.

analysis was conducted. The rat middle ear mucosa is composed
of ciliated epithelium in the hypo-tympanic area and eustachian
tube orifice area, and the remaining middle ear is covered with
non-ciliated squamous epithelium. The SEM analysis showed a
clean middle ear of the control rat (Figures 8A,B) with visible
cilia (Figure 8C). The rat middle ear injected with ASD only
was clean in the non-ciliated area (Figures 8D,E); however, the
cilia of the ciliated epithelium were conglomerated (Figure 8F).
The rat middle ear infected with S. pneumoniae showed some
biofilm-like debris deposition on the non-ciliated epithelium
(Figures 8G,H), and the cilia of the ciliated epithelium were
conglomerated (Figure 8I). Interestingly, the SEM analysis of
the rat middle ear injected with ASD+ S. pneumoniae revealed
that the non-ciliated squamous epithelium was completely

filled with biofilm-like debris that covered the whole middle
ear (Figures 8),K). The cilia of the ciliated epithelium were
conglomerated, and debris was deposited on the tips of
cilia (Figure 8L).

Elucidation of Rat Middle Ear Mucosa
Global Gene Expression Using RNA
Sequencing
The differential gene expressions of rat middle ear mucosa
inoculated with ASD or S. pneumoniae or co-treatment were
analyzed by Quant 3’ mRNA sequencing. The differentially gene
expression analysis revealed a total of 7109 genes that were
differentially regulated in ASD-only treatment with respect
to untreated. In bacteria-only treatment, 6583 genes were
differentially regulated, while the total number of genes diff-
erentially expressed in co-treatment were 10,387 (Figures 9A-D).
The gene ontology (GO) analysis revealed that the genes
involved in immune response, inflammatory response, DNA
repair, cell cycle, cell death, apoptosis process, etc. were
differentially expressed in all three treatments (Figure 10A).
However, the number of genes differentially expressed in
the above categories were higher in co-treatment compared
to single treatments. For example, immune response-related
genes differentially expressed in co-treatment were 338, while
those in ASD or S. pneumoniae treatment were 283 and 277,
respectively. Similarly, in co-treatment, 1472 genes related to
cell differentiation were differentially regulated, while in ASD
or S. pneumoniae, 1040 and 945 genes, respectively. The cell
death-related genes differentially expressed in co-treatment or
ASD or S. pneumoniae were 363, 249, and 216, respectively.
Apoptosis-related genes differentially regulated in co-treatment

value less than 0.05 was considered significant.

FIGURE 7 | (A-D) Digital photograph of rat middle ear injected with ASD or S. pneumoniae of co-treatment. (E) Cfu counts of rat middle ear inoculated with ASD or
S. pneumoniae or co-treatment. The error bars representing standard deviation from mean, and statistical significance were calculated by one-way ANOVA and *P
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FIGURE 8 | SEM images of rat middle ear colonized with S. pneumoniae D39 in the presence or absence of ASD. (A-C) Are SEM images of rat middle ear of vehicle
control. (D-F) Are SEM images of rat middle ear injected with ASD (300 pg/ml). (G-1) Are SEM images of rat middle ear infected with S. pneumoniae only. (J-L) Are
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or ASD or S. pneumoniae treatment were 327, 222, and 198
respectively. These results indicate that the co-treatment induces
a large number of gene expressions and affects a large number of
cellular processes.

The percentages of significantly differentially regulated genes
and the functional category are shown in Figure 10. In ASD

treatment, the percentage of differentially expressed genes
involved in immune response, inflammatory response, DNA
repair, cell cycle, cell death, and apoptosis process was 44.50,
52.54, 42.13, 43.98, and 44.31%, respectively (Figure 10A).
In S. pneumoniae treatment, the percentage of differentially
expressed genes involved in immune response, inflammatory
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FIGURE 9 | Venn diagram showing differentially expressed genes of rat middle ear mucosa inoculated with ASD only or S. pneumoniae (bacteria) or co-treatment
with respect to untreated. The global gene expressions were evaluated by Quant 3'm-RNA Sequencing. (A) Differentially expressed genes by +2-folds in all three
treatments with respect to control. (B) Venn diagram showing differential gene expressions in ASD or S. pneumoniae treatment. (C) Venn diagram showing
differential gene expressions in ASD or co-treatment. (D) Venn diagram showing differential gene expressions in S. pneumoniae or co-treatment.

response, DNA repair, cell cycle, cell death, and apoptosis process
was 43.55, 47.80, 38.72, 34.67, 38.26, and 39.21%, respectively
(Figure 10B). However, in co-treatment, the percentage of genes
that were differentially regulated in each of the above categories
was significantly higher. In co-treatment, the percentage of
differentially expressed genes involved in immune response,
inflammatory response, DNA repair, cell cycle, cell death, and
apoptosis process genes were 53.14, 51.53, 64.68, 69.66, 64.59, and
64.75%, respectively (Figure 10C). The significantly expressed
genes involved in apoptosis, cell death, immune response, and
inflammatory response and fold change in three treatments are
given in the Supplementary Table.

OM-related genes differentially regulated in three treatments
include lysine 63 deubiquitinase encoding gene (CYLD), the

heme oxygenase 1 encoding gene (HMOXI), the surfactant
protein D encoding gene (SFTPD), the SMAD family member
4 encoding gene (SMAD4), the F-Box protein 11 encoding
(FBXOI11), CD14 molecule encoding gene (CD14), tumor
necrosis factor (TNF), Interleukin 1 beta encoding gene
(IL1B), and Interleukin 1 alfa encoding (ILla). In addition,
the antibacterial peptide/protein encoding gene such as NP4
(encodes defensin NP-4 precursor), seven genes encoding
defensin (DEFB1, DEFA5, DEFA7, DEFA8, DEFA10, DEFALL,
and RATNP-3B), CTSG (encode cathepsin G), and six genes of
$100 family (encoding S100 calcium binding protein) were down-
regulated in co-treatment. Those genes were non-significantly
(<2-fold) down-regulated or down-regulated by less folds
compared to co-treatment (Table 2).
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DISCUSSION

Streptococcus pneumoniae and ASD particulate matter are among
the major risk factors causing OM worldwide; however, these
two factors have been studied separately until now (Hall-Stoodley
et al., 2006; Park et al., 2018). Attempts have not been made to
evaluate the synergistic or additive effects of these risk factors
on the outcome of OM. Furthermore, the initial interaction
of ASD and pneumococci occurs in the nasopharyngeal cavity,
and S. pneumoniae is a commensal bacterium that colonizes the
nasopharyngeal cavity asymptomatically. It is not known whether
the pneumococci revert to the pathogenic form on exposure to
particulate matter such as ASD and cause OM. In this study,
we evaluated the effect of ASD on pneumococcal biofilm growth
and colonization on HMEECs and on middle ear mucosa using
the rat OM model.

In this study, our results showed low bacterial growth in
metal ion-free medium; however, in the presence of ASD,

pneumococcal growth was significantly increased, indicating
that ASD composition plays a crucial role in pneumococcal
growth in the metal-devoid medium. For normal bacterial
growth, metals such as Fe, Na, Mg, and Mn are essential;
however, those were absent in metal ion-free medium (Weiss
and Carver, 2018). Previously, Hussey et al. (2017) using
Todd-Hewitt broth + 0.5% (w/v) yeast extract (THY),
which contains all the required essential elements detected
increased bacterial growth in the presence of black carbon.
However, no reasons for elevated bacterial growth were
suggested (Hussey et al, 2017). We previously reported
that ASD contains various metals such as Fe, Na, Mg,
and Mn (Chang et al, 2016). Since Fe, Mg, and Mn are
important for S. pneumoniae growth and virulence, bacterial
growth and virulence were disrupted in the absence of those
metals (Romero-Espejel et al, 2013; Weiser et al., 2018).
Pneumococci possess a specific efflux pump for the utilization
of Fe and other metals (Honsa et al., 2013). Therefore,
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TABLE 2 | Otitis media-related differentially expressed genes in rat mucosa treated with ASD or Streptococcus pneumoniae or co-treatment.

Gene function Gene name Fold change Fold change in Fold change
in ASD Streptococcus co-treatment
pneumoniae
Host defense CTSG gene encodes cathepsin G transcript variant X1 0.05 0.07 0.03
?gain§t microbiel S100a13 gene encodes S100 calcium binding protein A13 0.45 0.48 0.003
infection S100a16 gene encodes S100 calcium binding protein A16 15 15 0.002
S100a3 gene encodes S100 calcium binding protein A3, transcript variant X2 0.21 0.51 0.21
S100a8 gene encodes S100 calcium binding protein A8, transcript variant X1 0.42 0.37 0.042
S100a9 gene encodes S100 calcium binding protein A9, transcript variant X1 0.51 0.26 0.04
NP-4 gene encodes defensin NP-4 precursor 0.062 0.08 0.03
DEFB1 gene encodes defensin beta 1 1.7 8.0 0.25
DEFA5 gene encodes defensin alpha 5, transcript variant X1 0.042 0.01 0.003
DEFA7 gene encodes defensin alpha 7 0.080 0.090 0.04
DEFA10 gene encodes defensin alpha 10 0.41 0.38 0.31
DEFA11 gene encodes defensin alpha 11, transcript variant X1 0.05 0.09 0.07
RATNP-3B gene encodes defensin RatNP-3 precursor 0.12 0.2 0.07
Inflammatory SMAD4 gene encodes SMAD family member 4 1.471 1.439 0.02
response HMOX1 gene encodes the heme oxygenase 1 encoding gene 9.578 22.228 14.609
CYLD gene encodes deubiquitinase cylindromatosis Cyld 1.686 1.204
FBXO11 gene encodes the F-Box protein 11 encoding 2.304 1.198 0.006
CD14 gene encodes molecule encoding gene 11.958 6.473 12.230
Cytokines and TNF gene encodes tumor necrosis factor 117.15 60.40 0.95
interleukins IL1B gene encodes Interleukin 1 beta encoding gene 4257.707 1057.356 788.250
IL1A gene encodes Interleukin 1 alfa encoding 397.876 98.273 0.953
Apoptosis Ddit3 encodes DNA-damage inducible transcript 3, transcript variant X2 2.066 3.676 3.846
Bak1 gene encodes BCL2-antagonist/killer 1, transcript variant X1 2.592 2.314 2.503

it appears that the metal contents of ASD favor pneumococcal
planktonic growth.

We detected increased in vitro biofilm growth in the presence
of ASD. The primary reason for elevated biofilm growth
of pneumococci may be the increase in planktonic bacterial
growth. In addition, the metal contents of ASD, including Fe
(2.035%) stimulated biofilm growth. An increase in biofilm
growth and virulence of pneumococci in the presence of
Fe has been reported previously (Trappetti et al, 2011b).
The biofilms were grown in metal-free medium, and SEM
analysis revealed a significant morphological difference in the
control and ASD-treated biofilms. In the absence of metal ion,
pneumococci cell size appeared abnormal and formed long
chain-like structures. Iron is an essential metal for bacterial
growth, and its importance in pneumococcal growth is well-
known (Romero-Espejel et al., 2013). In contrast, the biofilms
supplemented with ASD were thick and compact and formed
3-D structures, and the bacteria size appeared normal (Moscoso
et al., 2006), suggesting that metal deficiency was compensated
for by the metal constituents of ASD, and the pneumococci
resumed normal biofilm growth. Similarly, in the presence of
Fe, up-regulation of biofilm formation has been reported for
Pseudomonas and E. coli (Banin et al., 2008; Wu and Outten,
2009). Probably, the ASD particles provide a favorable surface
for bacterial attachment and biofilm growth. Similar results
were observed previously in the presence of black carbon
(Hussey et al., 2017).

In S. pneumoniae, the production of biofilms was found
to be regulated by competence (Com) quorum-sensing (QS)
mediated by the competence-stimulating peptide (CSP) and
LuxS/Autoinducer-2 (AI-2) QS (Trappetti et al., 2011a; Vidal
et al., 2013; Weyder et al., 2018). In this study, up-regulation
of ciaR, comA, and comB and [uxS gene indicated that
competence and QS were increased in the presence of ASD.
Trappetti et al. (2011b) reported that [uxS gene is the central
regulator of competence, fratricide, and biofilm formation,
and its expression is up-regulated in the presence of Fe in
pneumococci (Trappetti et al., 2011b). In addition, the luxS
gene is important for the synthesis of the AI-2 QS molecule
that regulates pneumococcal biofilms; less biofilm formation has
been reported in the S. pneumoniae luxS mutant (Vidal et al.,
2013; Yadav et al., 2018). The ply genes encoding pneumolysin
and IytA encode protein that facilitates the release of toxin that
was up-regulated in biofilms (Allegrucci et al., 2006; Moscoso
etal., 2006). Altogether, these results indicated that ASD induced
the expression of biofilm and competence-related genes and
enhanced biofilm formation.

Exposure to ASD is toxic to epithelial cells; our previous
study showed a concentration-dependent decrease in HMEEC
viability in the presence of ASD (Chang et al., 2016). Exposure
to pneumococci also decreases the epithelial cell viability.
Here, the HMEEC viability was significantly reduced in co-
treatment with ASD+ S. pneumoniae. The significantly low
viability of HMEECs in co-treatment could be due to the
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pre-exposure to ASD-induced inflammation, which might result
in HMMEC injury, and therefore, cells become more susceptible
to pneumococci infection and cell death (Willemse et al,
2005). These results suggest that the low viability in co-
treatment could be the result of additive toxicity of ASD
and S. pneumoniae.

Here, we detected a large number of HMEECs that underwent
apoptosis and produced elevated ROS in co-treatment compared
to the single treatments. S. pneumoniae is known to produce
a number of toxins, including pneumolysin that induces DNA
damage and cell cycle arrest (Rai et al., 2016). In addition, it
was suggested that S. pneumoniae produces hydrogen peroxide
that damages the DNA and induces apoptosis in lung epithelial
cells (Rai et al., 2015). Similarly, the toxicity of ASD is attributed
to oxidative stress and apoptosis (Go et al., 2015; Chang et al.,
2016; Pfefter et al., 2018). Therefore, it appears that the additive
effects of ASD and S. pneumoniae enhance apoptosis. It is
known that ASD containing PM and S. pneumoniae treatment
individually are toxic to epithelium cells, and one of the
mechanisms of toxicity is mediated by ROS production (Li
et al., 2015; Rai et al.,, 2015). It is reported that ASD stimulates
the ROS production, and in lung infection, S. pneumoniae-
mediated hydrogen peroxide production depended on the
pneumococcal autolysin LytA (Hocke et al., 2014). In addition,
S. pneumoniae induces autophagy in A549 cells through ROS
hypergeneration (Li et al., 2015). Therefore, it appears that
the ASD-only or S. pneumoniae-only treatment was unable
to induce much toxicity, apoptosis, and ROS production
in HMEECs, which was amplified in co-treatment due to
combined effects.

In vivo study results showed elevated pneumococci in rat
middle ear and mucosa swelling in the presence of ASD. The
concentration of ASD (300 pg/ear) or the number of bacteria
injected (5 x 10°) was decided on the basis of our previous
study, and the concentrations were reduced to exert minimum
effects of single treatments (Yadav et al., 2012; Go et al,, 2015;
Chang et al,, 2016). The cfu counts and SEM analysis indicated
that a single treatment with ASD (300 pg) or S. pneumoniae
(5 x 10%) induced low toxicity; however, the presence of ASD+
S. pneumoniae amplified the toxicity and elevated colonization on
middle ear mucosa. Previously, Hussey et al. (2017) also reported
increased in vivo colonization of bacteria in the presence of black
carbon PM (Hussey et al., 2017).

The gene expression results indicate that the co-treatment
induces a large number of gene expressions and affects a
large number of cellular processes, which could be due to
elevated toxicity in co-treatment. The gene expression study
revealed a large number of genes that were significantly
differentially expressed in co-treatment are involved in apoptosis,
cell death, DNA repair, immune response, and inflammatory
response. Inflammatory cytokines such as IL1a, IL1f, and tumor
necrosis factor produced by macrophages and monocytes in
response to microbial toxin play a vital role in middle ear
inflammation and OM (Yellon et al, 1991; Willett et al.,
1998). Here, our results showed increased expressions of
cytokine- and interleukin-related genes in all three treatments;
however, the fold change varied in each treatment. The SMAD

gene, CYLD gene (encodes deubiquitinase cylindromatosis),
and FBXO11 (F-Box Protein 11) gene were down-regulated
by >2-fold in co-treatment and non-significantly in ASD or
S. pneumoniae treatment. The SMAD genes are mediators of
the TGF-p pathway and regulate cell proliferation, apoptosis,
and cell differentiation and mutation in SMAD-increased
OM susceptibility (MacArthur et al., 2014). The FBXOI11 is
another important OM-related gene in mouse model mutation
in FBXO11 that caused OM (Hardisty-Hughes et al., 2006).
The deubiquitinase cylindromatosis (CYLD) gene expression
involved in the suppression of the H. influenzae induced
expression of pro-inflammatory chemokines (Wang et al., 2014).
It has been suggested that PM weakens the host innate
defense and obstructs the antibacterial peptides and proteins
such as secretory leukocyte protease inhibitor and defensins
(Chen et al., 2010, 2018). Here, our results showed down-
regulation of NP4 (encodes defensin NP-4 precursor), CTSG
(encode cathepsin G), six genes of the SI00A family (S100A13,
S100A16, S100A3, S100A6, S100A8, and S100A9) and seven
genes encoding defensin (DEFB1, DEFA5, DEFA7, DEFAS,
DEFA10, DEFA1l, and RATNP-3B) in co-treatment. These
genes encode peptides or proteins that are involved in host
defense against bacterial infection, and the down-regulation
in co-treatment indicates that the host defense was decreased.
Defensins are broad-spectrum antimicrobial peptides that have
been implicated in prevention of AOM (Underwood and
Bakaletz, 2011). It was reported that deficiency of S100A8/A9
in mice could promote the progression of pneumonia caused
by bacterial infection (Achouiti et al, 2015). The gene
expression results indicates that co-treatment up-regulated pro-
inflammatory cytokines and interleukins and down-regulated
inflammation suppressor genes. Altogether, these results suggest
that ASD exposure decreases host cell immune defense causing
cells susceptible to establish pneumococcal infections and
aggregate on the mucosa.

CONCLUSION

The results of this study showed that in the presence of ASD,
pneumococcal in vitro biofilm growth and in vivo colonization to
rat middle ear mucosa were elevated. The pre-exposure to ASD
increased pneumococcal colonization to HMEECs, elevated ROS
production and apoptosis, and increased bacteria susceptibility
results in reduced HMEEC viability. The co-treatment affects a
large number of genes involved in apoptosis, cell death, immune
response, inflammatory response, and down-regulated defense-
related genes. Altogether, these results indicate that ASD presence
decreases host immune defense and increases cell susceptibility to
pneumococcal infection.
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The Jeff Mouse Mutant Model for
Chronic Otitis Media Manifests
Gain-of-Function as Well as
Loss-of-Function Effects

Oana Kubinyecz, Pratik P. Vikhe, Thomas Purnell, Steve D. M. Brown and
Hilda Tateossian*

Mammalian Genetics Unit, MRC Harwell Institute, Harwell, United Kingdom

Chronic otitis media (OM) is the most common cause of hearing loss worldwide, yet
the underlying genetics and molecular pathology are poorly understood. The mouse
mutant Jeff is a single gene mouse model for OM identified from a deafness screen as
part of an ENU mutagenesis program at MRC Harwell. Jeff carries a missense mutation
in the Fbxo11 gene. Jeff heterozygotes (Fbxo11//+) develop chronic OM at weaning
and have reduced hearing. Homozygotes (Fbxo11///") display perinatal lethality due to
developmental epithelial abnormalities. In order to investigate the role of FBXO11 and
the type of mutation responsible for the phenotype of the Jeff mice, a knock-out mouse
model was created and compared to Jeff. Surprisingly, the heterozygote knock-outs
(Fbxo111M2b/+) show a much milder phenotype: they do not display any auditory deficit
and only some of them have thickened middle ear epithelial lining with no fluid in the
ear. In addition, the knock-out homozygote embryos (Fbxo111m20/1m2by 55 well as the
compound heterozygotes (Fbxo1 1120/ show only mild abnormalities compared to
Jeff homozygotes (Fbxo1 71/, Interestingly, 3 days after intranasal inoculation of the
Fbxo11!M2b/+ mice with non-typeable Haemophilus influenzae (NTHi) a proportion of
them have inflamed middle ear mucosa and fluid accumulation in the ear suggesting that
the Fbxo11 knock-out mice are predisposed to NTHi induced middle ear inflammation.
In conclusion, the finding that the phenotype of the Jeff mutant is much more severe
than the knock-out indicates that the mutation in Jeff manifests gain-of-function as well
as loss-of-function effects at both embryonic and adult stages.

Keywords: otitis media, chronic otitis media, FBXO11, mouse model, mutation

INTRODUCTION

Otitis media (OM) is an inflammatory disease of the middle ear. Otitis media with effusion
(OME) is a type of OM that is caused by a build-up of fluid within the middle ear and results in
conductive hearing impairment. It is most common in young children. When the inflammation
persists for longer it is considered as chronic otitis media with effusion (COME). COME is a
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multifactorial disease with a significant impact on language
development and behavior. It is also an indication for a common
surgical treatment (tympanostomy) at an early age in developed
countries (Kubba et al,, 2000). Until recently, not much was
known about the underlying cellular mechanisms leading to OM.
However, a deafness screen as part of a larger scale ENU mouse
mutagenesis program (Nolan et al., 2000) identified three mouse
models that display conductive deafness due to the development
of COME: Jeff (Hardisty et al., 2003), Junbo (Parkinson et al.,
2006), and edison mice (Crompton et al., 2017) and throw light
on the genes and pathways involved in susceptibility to OM.

Jeff is a semi-dominant mutant that in heterozygotes displays
conductive hearing loss caused by the development of chronic
suppurative OM at weaning age (Hardisty et al., 2003). The
Jeff mice are smaller than their wild-type littermates and
have mild craniofacial abnormalities. The homozygotes exhibit
perinatal lethality due to respiratory problems, cleft palate and
eyelids open at birth (Hardisty-Hughes et al., 2006). The lungs
of homozygote embryos are severely affected, with a smaller
average airway width and significantly lower number of airways
(Tateossian et al., 2009).

The gene mutated in Jeff mice is Fbxoll, a member of
the F-box family (Hardisty-Hughes et al., 2006). It is located
on chromosome 17 and has two protein-coding isoforms. The
mutation consists of a single base transversion, from A to T
in exon 13 of the Fbxoll gene, causing a glutamine to leucine
change in a highly conserved region of the protein (Hardisty-
Hughes et al., 2006). Another point mutation in exon 7 of the
Fbxoll gene, named Mutt, was identified from the same screen.
It leads to a serine to leucine change, within another conserved
region of the protein. A proportion of Mutt heterozygotes showed
mild craniofacial abnormality (57%) and reduced startle response
(13%) with no OM at the age of 2 months, suggesting that Mutt
is a weaker hypomorphic allele of Fbxoll in comparison to the
Jeff mutation. In addition, a large proportion (83%) of the Mutt
homozygotes survive in comparison to the 100% lethality found
in Jeff homozygotes, which also underlines the hypomorphic
nature of the Mutt allele. The surviving Mutt homozygote mice,
demonstrate short face (84%) and reduced startle response (42%)
in the absence of OM (Hardisty-Hughes et al., 2006).

In order to determine if the point mutation in Jeff
mice is a loss-of-function or a gain-of-function mutation,
a knock-out strain of Fbxoll was created. We studied the
phenotype of the heterozygote (Fbxo11"™Y/%) and homozygote
(Fbxo11"2/™20) knock-out mice and also the compound
heterozygotes (Fbxo11"Y/ If) in order to compare them with the
phenotype of the Jeff mice (both Fbxolf/*+ and Fbxo1 /).
Here we report that the phenotype of the Jeff mutant is much
more severe than the phenotype of the Fbxo11 knock-out mouse.
The heterozygote knock-outs (Fbxo11"/%) do not display
OM but some of the homozygotes (Fbxol1"/"2%) a5 well as
some of the compound mutants (Fbxol 126/ show cleft palate
abnormalities, a much milder phenotype compared to Jeff mice.
The result supports the conclusion that the mutation in Jeff
manifests gain-of-function as well as loss of function effects at
both embryonic and adult stages.

MATERIALS AND METHODS
Mice Husbandry

Fbxoll knock-out mice were
produced by the European Conditional Mouse Mutagenesis
Program at Harwell (Friedel et al, 2011; Skarnes et al,
2011; Bradley et al, 2012). The heterozygotes (Fbxo112b/F)
were generated on and maintained on a pure C57BL/6NTac
background. The Jeff colony was maintained on a mixed
C3H/HeH-C57BL/6] background because they do not
survive on a congenic C57BL/6] background. The compound
mutant embryos (Fbxoll""Zb/]f ) were generated on a mixed
C57BL/6NTac and C3H/HeH-C57BL/6] background. All animal
experimentation was approved by the Animal Welfare and
Ethical Review Body at MRC, Harwell. The humane care and use
of mice in this study was under the authority of the appropriate
United Kingdom Home Office Project License.

[Fbxol 1 tm2b(EUCOMM) Wtsi]

Genotyping
The Jeff mice were genotyped as previously described
(Hardisty-Hughes et al., 2006).

For the genotyping of the Fbxoll knock-out mice a qPCR
based genotyping strategy was used. The following primers and
probes were used:

Primers for the wild-type allele Fbxoll-CR-LOA:
forward, 5-TTGCTGGAACAAGACCTTTGTAG-3" and
reverse, 5-GGCAACAGGAGCTATCACTCA-3'. FAM
labeled probe: 5'-AGCTGCTTGCGTGTGTAAACGC-3'.
Primers for the LacZ assay: LacZ forward, 5'-
CTCGCCACTTCAACATCAAC-3' and reverse, 5'-
TTATCAGCCGGAAAACCTACC-3'.  FAM labeled
probe: 5'- TCGCCATTTGACCACTACCATCAATCC-3'.

DNA was extracted from ear clips using Applied
Biosystems™  TaqMan  Sample-to-SNP  Kit (4403313,
Applied BiosystemsTM). Reaction mixtures (10 wL) contained
5 pL TagMan GTXpress'™ master mix (4401892, Applied
BiosystemsTM), 0.225 pL 20 pM from each primer, 0.3 pL 15
WM probe, 2.5 pL 10 times diluted DNA extract and water. The
samples were amplified (95°C for 20 s, followed by 40 cycles of
95°C for 3 s and 60°C for 3 s) and the results were analyzed using
CopyCaller Software v2.0 from Applied Biosystems.

Histology

Adult and embryonic heads, lungs or whole bodies (embryonic
stages E15.5; E18.5), were collected and fixed in 10% buffered
formaldehyde, decalcified and embedded in paraffin following
routine procedures. 5 wM-thick sections were obtained
and stained with hematoxylin and eosin for morphological
observations. Goblet cells were identified by a combined
Alcian blue/Periodic acid-Schiff staining method (AB-PAS)
staining method.

Auditory Brainstem Response (ABR)
One and two-months-old mice were anesthetized (ketamine
hydrochloride, 100 mg/kg; xylasine, 10 mg/kg) and placed on
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a heated mat in a sound attenuating chamber. Acoustic stimuli
were delivered to the right ear, from a distance of 1.5 cm, via a
free field transducer controlled by TDT SinGen/BioSig software.
ABR responses were collected, amplified and averaged using
the BioSig software. Broadband click stimuli were presented
at 90 dB SPL and gradually decreased in steps of 5 dB until
a threshold was visually determined by the lack of replicable
response peaks. The test was analyzed as previously described
(Hardisty-Hughes et al., 2010).

Tissue Collection and Preparation for
Western Blot

Embryos were collected and transferred in cold PBS containing
protease inhibitor cocktail (04 693 124 001, Roche). Lungs
were dissected out, homogenized in extraction buffer (1%
NP_40, 1M Tris, IM NaCl; pH 8, protease and phosphatase
inhibitor cocktails) in Precellys homogenizers for 20 s, and
after centrifugation (10 min, 10,000 rpm, 4°C) the protein
concentration of the supernatant was determined using DC™
Protein Assay kit (500-0116, Bio-Rad).

Western Blot Analysis

Lysates were resolved in NuPAGE™ 7% Tris-Acetate Gel
(EA03555, Invitrogen), blotted onto a nitrocellulose membrane
and incubated with two anti-FBXO11 antibodies: A301-177A
and A301-178A, Bethyl Laboratories) in 1:1000 dilutions. ECL
Plus system was used (32132, Thermo Scientific, Pierce™) for
blot detection using X-ray film. Anti-rabbit IgG-HRP conjugated
antibody was used as a secondary antibody (170-6515, Bio-Rad)
and actin (A2066, Sigma) was used as a loading control.

Immunohistochemistry

Paraffin sections were de-waxed in xylene substitute and
rehydrated via graded ethanol solutions. Endogenous peroxidase
was blocked with 3% hydrogen peroxide in isopropanol for
30 min. Heat-induced epitope retrieval was performed using
a microwave. Sections were incubated overnight with primary
antibodies against: Cleaved Caspase-3 (Aspl175) (5A1E); 1:1000
(9664, Cell Signaling Technology); F4/80, 1:200 (MF48005,
Invitrogen); myeloperoxidase, 1:200 (ab9535, Abcam) and
NTHil62sr, 1:10000, custom made (Vikhe et al, 2019). The
Vectastain Elite ABC HRP kit (PK-6101, Vector Laboratories)
kit was used according to the manufacturer’s instructions for
all of the antibodies except for F4/80 for which a goat anti
rat HRP, 1:200, was used (7077S, Cell Signaling Technology).
For development of the signal, the DAB + chromogen system
was used (K3468, DAKO). Counterstaining was carried out
with hematoxylin.

Intranasal Inoculation

Two-months-old wild-type littermates, C57BL/6NTac (n = 11),
and heterozygote knock-out mice (n = 12), male and female,
were inoculated as described previously (Hood et al., 2016).
Briefly, mice were inoculated intranasally under gas anesthesia
with 5 wL per nares of NTHi 162sr (streptomycin resistant)

cell suspension at a concentration of 108 CFU/mL in PBS-
1% gelatin. After 3 days of the challenge the mice were
euthanized, half of the animals were used to collect the ears
for histological analyses and from the other half, the middle
ear fluid was harvested for culture. For the culturing the fluid
was collected into PBS buffer (for wild-type mice the ears
were just washed with PBS buffer), plated on streptomycin
BHI (Brain Heart Infusion) plates with streptomycin and the
bacterial colony count was obtained after overnight incubation
at 37°C.

Data Analysis

We used the Chi-squared test to compare the difference between
the observed and the expected number of the mutant mice from
crosses. Two-tailed t-test was used for comparing mean ABR
thresholds and mucoperiosteal thickness. A value of p < 0.05 was
considered significant.

RESULTS

Generation of the Fbxo11 Knock-Out

Mice

The promoterless EUCOMM (European Conditional Mouse
Mutagenesis Program) tm2a vector (PGS00030_B_D03) was used
to generate a targeted knock-out first JM8A1.N3 embryonic
stem (ES) cell clones (Friedel et al., 2011; Skarnes et al., 2011;
Bradley et al, 2012). ES cell to mouse conversion (ES cell
clone EPD248_1_HO03) was carried out at MRC Harwell to
generate chimeras, from which germline transmission of the
Fbxo11'm2¢(EUVCOMMWISE gjjele was achieved. The floxed critical
region containing Fbxoll exon 4 (ENSMUSE00000539085)
is excised by cre recombinase to yield the lacZ-tagged null
Fbxo1 12 EUCOMMWES 410 (Figure 1A).

To confirm that the gene was successfully knocked-out we
used western blots to measure the protein levels in mouse
embryonic lungs. The FBXO11 mouse protein has two main
protein-coding isoforms, 104 and 94 kDa. We used two
antibodies; A301-178A which can recognize both isoforms and
A301-177A which is specific for the full length “canonical”
sequence. We detected reduced levels of FBXOIIl in the
heterozygote lung and no protein present in the homozygote
embryonic lung (Figures 1B,C and Supplementary Figure
S1). We also detected a small band (18 kDa) in the mutant
tissues corresponding to the truncated protein, which was only
present in the heterozygote and homozygote. In addition a band
was detected between the two main FBXOI11 isoforms with
both antibodies in all three samples, wild-type, heterozygote
and homozygote. This cross-reactive product was previously
observed by us using the same antibodies (Tateossian et al., 2015)
and has been noted by others (Abbas et al., 2013).

Phenotype of the Fbxo11tm2b/+ Mice
To investigate the phenotype of the heterozygote knock-out mice

(Fbxol]""%/ T we out-crossed them to C57BL/6NTac wild-type
mice. We had only 37% Fbxol 1"25/% mice at weaning age
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FIGURE 1 | Generation of the Fbxo11 knock-out mice. (A) Schematic representation of the knock-out strategy used by EUCOMM to produce the mice (not to
scale), illustrating the wild type structure of the Fbxo77 gene from exons 2-5 and the structure of the mutant tm2a allele generated (see results). The tm2b allele is
derived by cre excision of the tm2a allele, deleting exon 4. (B) Protein levels of FBXO11 in E18.5 embryonic lungs. Neither the 177A antibody which detects the large
isoform of mouse FBXO11 (FBXO11-001, 930 aa, 104 kDa) nor the 178A, which detects both the large and small isoforms (FBXO11-001, 930 aa, 104 kDa and
FBXO11-004, 855 aa, 94 kDa) detected the protein in the homozygote embryonic lung tissue. Actin was used as loading control. Truncated protein, 18 kDa, was
detected in the mutant tissues. Cross- reactive bands are indicated by an asterisk. (C) Alignment of the two FBXO11 isoforms (FBXO11-001 and FBXO11-004), the
fragments of FBXO11 protein used to produce the A301-177A and A301-178A antibodies for FBXO11 and the targeted region in the knock-out (not to scale).

(68/184) which was less than the expected 50% (p = 0.0004).
We found that some pups were lost shortly after birth and
prior to weaning. The surviving mice demonstrated a milder
phenotype compared to Jeff mice (Fbxol1//*). Similar to Jeff
mice, both males and females were significantly smaller than
their wild-type littermates at the age of 2 months (p = 0.022 for
males, p = 0.011 for females; Figure 2B). However, unlike Jeff
mice (Fbxol1//*) they do not spontaneously develop OM. The
Broadband click stimuli ABR test revealed that the Fbxo11"2%/*
mice do not have significantly reduced hearing. The ABR
thresholds of the Fbxol1"™/* mice were comparable with the
wild-type thresholds (Figure 2D). In addition the histological
analysis of the middle ear of 3-weeks, 2- and 5-months-old

Fbxo11"/* mutants showed no fluid in the ears (Figure 2A).
We also measured the mucoperiosteal thickness of the middle
ears of 3 weeks and 2-months-old Fbxol1Y/* mice. We
did not find any difference in the thickness of the middle
ear epithelial lining between the two genotypes at the age of
3 weeks (p = 0.930 for males, p = 0.463 for females). The
result was the same between 2-months-old female Fbxo1120/+
mice and wild-types (p = 0.909). There was some difference
in the mucosa thickness in male 2 months old Fbxol120/*
mice compared to wild-type littermates, however it was not
significant (p = 0.0554; Figure 2C). Neither female, nor male
Fbxol1"™*/+ mice, displayed either a significant thickened
middle ear epithelial lining or a reduced hearing phenotype.

Frontiers in Genetics | www.frontiersin.org

162

May 2020 | Volume 11 | Article 498


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Kubinyecz et al.

Jeff Manifests Gain and Loss-of-Function Effects

B m Fbxo11"* @ Fbxol1tma/+ C  m Fbxo11*
30 4 N 20 -
18
25 4 16 -
20 - el
B i12
= a
£ 15 210
ﬂ—) c
H] S 8
10 - s 6.
5 4
2 .
0 - 0

female

male

male

determined using two-tailed t-test, *p < 0.05.

FIGURE 2 | Phenotype of the Fbxo17?%/+ mice. (A) Hematoxylin-eosin stained transverse sections through the middle ear of 3-weeks and 2-months-old mice
showing air-filled middle ear cavity for both heterozygote Fbxo1 71m26/+ ang wild-type Fbxo117/+ mice. Scale bars: 1 mM. MEC: middle ear cavity. (B) Comparison
of the weight of the mice at the age of 2-months. The weights were taken from six mice from each sex and genotype except for the female heterozygote mice for
which we had seven mice. (C) Comparison of the thickness of the epithelial lining of the middle ear of 2-months-old mice. The measurements were taken from three
mice (six ears) from each genotype. (D) Broadband click stimuli ABR thresholds in the right ears of 2-months-old wild-type Fbxo77%/* and heterozygote
Fbxo111M2b/+ mice. Two wild-type males, three wild-type females, two heterozygote males and three heterozygote females were used for the test. As the data was
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Thus, overall the phenotype of the Fbxo11"?*/+ mice resembles
more closely the phenotype of Mutt (Fbxol1M“#/*) than Jeff
mice (Fbxol /1),

OM Phenotype of the Fbxo11™2°/+ Mice
After Inoculation With NTHi

Two-month-old Jeff mice have been previously inoculated with
NTHil62kr and it was discovered that 7 days post-inoculation
they have middle ear titers of 2 x 10? colony-forming units
(CFU)/L and infection rates of 15% (Hood et al., 2016). In
this study we inoculated 2-months-old Fbxo11"*/* mice and
wild-type littermates with NTHi162sr, the middle ear fluid was
collected at 3 days post-challenge, cultured and the NTHi titers
were calculated. A shorter 3 days inoculation challenge was
chosen because Fbxol1"*/* mice do not have middle ear fluid
and our earlier infection studies (Hood et al., 2016; Vikhe et al.,
2019) have shown that NTHi does not infect wild-type middle
ears without any fluid after intranasal challenge. Samples from
two out of six FbxoI 1"/ mice, 33% (two out of 12 ears, middle
ear infection rate 16.7%) were positive for the bacteria with
average 3.6 x 10> CFU/pL. There was no bacterial growth on the
plates from wild-type ears. Half of the inoculated mice were used
for histological examination and immunohistochemistry with
different antibodies. Hematoxylin- and eosin-stained sections of
middle ear bulla showed thickened epithelial lining and fluid in

two out of six mice (one male with unilateral OM and one female
mouse with bilateral OM), 33%. The average mucoperiosteal
thickness of the middle ears was 21.5 wM compared to 8.8 pM
in wild-type mice (p = 1.061 E-06; Figures 3A,B). In addition
we detected apoptotic cells using a cleaved caspase 3 antibody;
foamy macrophages with an F4/80 antibody and neutrophils
using myeloperoxidase as a marker. To localize NTHi bacteria
in the middle ear we used an antibody against NTHi162sr. We
detected bacteria in the epithelial lining and in the fluid of the
challenged mice (Figures 3C,D). The AB-PAS staining detected
a high density of goblet cells (mucus-producing cells) in the
epithelial lining of the FbxollFbxol 12+ mice middle ear
cavity (Figure 3E).

Similar to Fbxoll//*, Fbxo11""/* mice had low but
significant NTHi titers. However, Jeff mutants have already
inflamed middle ears pre-inoculation whereas in Fbxol1M2b/+
NTHi induces inflammation and fluid accumulation in the
middle ear. This finding suggests that the Fbxo11 knock-out mice
are predisposed to NTHi induced middle ear inflammation.

Phenotype of the Homozygote
Fbxo11tm2b/tm2b

Due to the fact that the Jeff homozygote mice (Fbxoll//f)
show perinatal lethality, only the embryonic phenotype of the
Fbxo11'2b/tm2b mice was investigated. We collected embryos
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FIGURE 3 | OM phenotype of the Fbxo1 71im26/+ mice after inoculation with NTHi. (A) Hematoxylin-eosin stained transverse sections through the middle ear of
2-months-old wild-type Fbxo17+/+ and heterozygote Fbxo1 11m2b/+ mice after the challenge. Scale bars: 100 wM. (B) Comparison of the thickness of the epithelial
lining of the middle ear for each genotype after the challenge. The measurements were taken from two mice (one male and one female, three ears) from each
genotype. Bars: standard error of mean. P-values were determined using two-tailed t-test. ***p < 0.001. (C) Immunohistochemistry to detect different cell types in
the middle ear fluid: cleaved caspase 3 antibody (cl. casp. 3) detecting apoptotic cells; F4/80 detecting foamy macrophages; myeloperoxidase antibody (MPO)
detecting neutrophils and antibody against NTHi162sr (NTHi) detecting NTHi bacteria in the middle ear fluid. Scale bars: 100 M. (D) Negative controls for the
staining for antibodies raised in rat (for F4/80) or rabbit (all the other). Scale bars: 100 WM. (E) The AB-PAS staining detected goblet cells in the epithelial lining of the

25

*¥*
20
45
10
0 .J

thickness (um)

«

Fbxo11** Fbxo11tm2b/+
:Igl-gab R
Wk MEC

at stage E15.5 and E18.5. The homozygotes composed 20%
of the embryos from heterozygote intercrosses at each stage,
not significantly different from the expected 25 percent (5/25,
p = 0564 at EI55 and 10/50, p = 0.414 at E18.5). At
the developmental stage E15.5, when the palatal shelves are
supposed to be already fused, 80% of the Fbxoll"m2b/tm2b
embryos (4/5) displayed a cleft, a phenotype similar with
Fbxol¥/)f embryos. At stage E18.5 however, only 10% (1/10)
had a cleft, and some presented abnormalities in the fusion
(Figure 4A) indicating a delay in the palate fusion in the
knock-out mice compared to wild-type mice. None of the
E18.5 embryos had an eyelid open phenotype (Figure 4B).
We previously reported that Jeff new born homozygote mice
(Fbxo11#/7f) have underdeveloped lungs (Tateossian et al.,
2009) and thus investigated lung pathology in Fbxol1/m2b/tm2b
mice. However, unlike Jeff there was no significant difference
in the number (p = 0.193) or the width (p = 0.431)
of airways of the lungs of the Fbxoll™2b/tm2b embryos,
compared to their wild-type littermates at either E15.5 or E18.5
(Figures 4C-E).

Similar to our findings with the knock-out heterozygote mice
(Fbxol1'™2b/+) the phenotype of the knock-out homozygote
mice (Fbxol126/tm2 yyas found to be much milder compared
to Fbxo11///f mice.

Phenotype of the Compound

Heterozygote Fbxo11im20/Jf

We crossed mice heterozygous for Jeff (Fbxoll#/*) to
Fbxol11™2¥/+ heterozygotes to produce compound mutants
(Fbxo11"20/), Corresponding with the expected ratio, 23.5%
of the total embryos at E15.5 were genotyped as compound
heterozygotes (thollthb/ If ), not significantly different from
the expected 25% (4/17, p = 0.889). The percentage of the
Fbxo11m20/)f compound mutants at E18.5 was less, 11.5%, but
it was also not significantly less than the expected numbers
(p = 0.075). At E15.5, 50% of the embryos presented cleft
palate, and at E18.5 25% had cleft compared to the wild-
type littermates (Figure 4A). The result suggested that in
compound mutants there is a delay in the development
of the palatal shelves. We did not detect any eyelid open
phenotype or underdeveloped lungs in the compound mutants
(Figures 4B-E).

DISCUSSION

Jeff mice are one of the first mouse models of OM (Hardisty
et al,, 2003). They carry a missense mutation in the Fbxol1 gene
(Hardisty-Hughes et al., 2006). In order to investigate the nature
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FIGURE 4 | Phenotype of homozygote knock-out Fbxo17M20/1m20 ang compound heterozygote Fbxo1 120/ embryos. (A) Hematoxylin-eosin stained coronal
sections through the palate of E15.5 and E18.5 embryonic heads. Scale bars: 100 uM. The cleft palate is indicated by asterisk. (B) Hematoxylin-eosin stained
coronal sections through the eyelids of E18.5 embryonic heads. Scale bars: 250 wM. Arrows indicate the fused eyelids. (C) Hematoxylin-eosin stained sections
through the lungs of E18.5 embryos. Scale bars: 250 wM. (D) Comparison of the number of airways for three regions taken at random for three E15.5 individuals
from each genotype and comparison of the width of 30 airways from three sections of embryonic lungs for three E15.5 individuals from each genotype. (E)
Comparison of the number of airways for three regions taken at random for three E18.5 individuals from each genotype and comparison of the width of 30 airways
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of the mutation in these mice we studied the phenotype of Fbxol1
knock-out mice. We found that in comparison to Jeff, the Fbxo11
knock-out mice appear less affected, with almost no significant
differences between the wild-types and the mutants.

We have previously reported that Jeff heterozygotes develop
OM at weaning age and the deafness phenotype is fully penetrant.

They have inflamed middle ear mucosa, fluid in the middle
ear and reduced hearing (Hardisty et al., 2003). We have also
previously shown that the homozygotes have developmental
abnormalities, cleft palate, eyelid open phenotype and perinatal
lethality as a result of underdeveloped lungs (Hardisty-Hughes
et al., 2006; Tateossian et al., 2009).
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Surprisingly, Fbxo11 knock-out heterozygotes (Fbxo117"2b/+)
demonstrate a much milder phenotype. They do not develop
OM at any time point, and do not display any auditory deficit.
However, we found that only 37% of the pups from heterozygote
matings to wild type are heterozygotes (not 50%). Some of the
pups were absent from the litters shortly after birth and they
might account for the missing heterozygotes, thus suggesting that
the knock-out influences the survival, through a yet unknown
reason. The weight of the surviving mutants was recorded to
be reduced at the age of 2-months which may contribute to the
reduced survival rates of the mutants.

On a BL/6 background the otitis media phenotype and
viability of the Jeff heterozygote mice (Fbxoll”//*) and the
embryonic phenotype of the Jeff homozygote mice (Fbxo11///f)
are very severe and it was impossible to maintain the colony
on this background. For this reason, the Jeff colony is
maintained on a mixed C3H/HeH-C57BL/6] background. The
heterozygote knock-out mice (Fbxo11"™%/%) were generated on
and maintained on an isogenic C57BL/6NTac background. Thus
we analyzed the knock-out line on a severe BL/6 background.
However, we cannot rule out potential differences in OM severity
between a BL/6N vs. BL/6] background. What is notable is that
on the BL/6N background the knock-out does not show any
phenotypic indicators of OM.

Jeff mice (Fbxol1/7) have been previously inoculated with
NTHi and it was discovered that 7 days post-inoculation they
have middle ear titers of 2 x 10> CFU/L and infection rates of
15% (Hood et al., 2016). To test if the knock-out heterozygote
mice (Fbxo11"%/*) are susceptible to middle ear inflammation
we performed intranasal inoculation with bacterial pathogen
NTHil62sr. Three days post-challenge a third of the mice had
inflamed middle ear lining and fluid in the ears, middle ear
infection rate of 16.7%. Similar to Jeff mice (Fbxol 717+) they
also had low NTHi titers, 3.6 x 10> CFU/pL. The fact that
some of the Fbxo11"2%/* mice develop middle ear infection after
the inoculation, irrespective of the absence of OM before the
inoculation was very interesting. This finding indicates that the
mutations in Fbxoll in both, Jeff and knock-out mice makes
them predisposed to NTHi induced middle ear inflammation.

The embryonic development of the knock-out homozygotes
(Fbxo11"2b/tm2by 3nd compound mutants (Fbxo11"/f) seems
to be less affected than in the Jeff homozygotes (Fbxo11//T),
The only similarity is in the palatal shelf development. Mouse
palatogenesis takes place between E11.5 and E15.5 (Ferguson,
1988). It is a process involving palatal shelf growth and elevation
above the tongue followed by fusion of the shelves at about 15.5
embryonic days. The fact that at the embryonic stage E15.5, 80%
of the null embryos (Fbxol 11m2b/tm2by 31hd 50% of the compound
mutants (Fbxo]l"”ﬂ’/ It ) have cleft, but at E18.5 most of the
palatal shelves seem to be fused, indicates that there is a delay in
developmentat E15.5 in both mutants, but this is corrected before
E18.5. In addition, all the other developmental defects seen in Jeff
are absent in Fbxo11"™2/"2% and Fbxo11"™?/!f embryos.

The mutation in Mutt, a weaker hypomorphic allele of
Fbxoll, results mainly in a mild craniofacial defect in the
mice (Hardisty-Hughes et al., 2006). Fifty-seven percent of Mutt

heterozygotes showed mild craniofacial abnormality, a shortened
face. A small proportion of Mutt homozygotes (17%) showed
perinatal lethality, mild clefting of the palate and facial clefting.
The phenotype of the Fbxo11 knock-out mice looks very similar
to the phenotype of Mutt.

In summary, the loss-of-function effects found in the
Fbxol1"™?*/* and Fbxo11"*/"™2% mice appear very mild
compared to Jeff heterozygotes (Fbxol1*/l) and homozygotes
(Fbxol 11y respectively. This is also the case for the
Fbxol1™20/)f compound heterozygote, which show a similar
embryonic phenotype to Fbxol 1m26/tm2b ice. We conclude
from this data that the Jeff mutant shows gain-of-function as well
as loss-of-function effects, with the gain-of-function manifesting
as the severe chronic otitis media displayed in the heterozygote
and the cleft palate, eyelids open and lung phenotypes along
with embryonic lethality displayed in the homozygotes. We were
only able to investigate the Fbxol1™2%/"2% and Fbxo11"2*/f
embryonically and were not able to study the phenotype of adult
mice. But we surmise that these mice would be potentially viable
and that the Fbxol1"™?/!f mice would demonstrate chronic
otitis media. While these studies are focused on the Fbxoll
knock-out and Jeff mutations and the nature of their pleiotropic
effects across a range of tissues, including the middle ear,
in order to better understand the pathways and mechanisms
predisposing to middle ear inflammatory disease it will be
important to develop and analyse the impact of these mutations
exclusively in the middle ear using middle ear epithelial
conditional mutants.

FBXO11 has a number of interacting partners and impacts
on a number of pathways (Abida et al., 2007; Tateossian et al.,
2009; Duan et al., 2012; Abbas et al., 2013; Rossi et al., 2013; Jin
et al., 2015; Tateossian et al., 2015). FBXO11 is an E3 ubiquitin
ligase, a substrate binding component of a SKP1-Cull-Fbox
protein complex involved in the post-translational modification
of different target proteins. p53 has been shown to be neddylated
by FBXOI11 in vitro (Abida et al., 2007) and in the mouse
developing lung (Tateossian et al., 2015). FBXO11 was reported
to target BCL6 for ubiquitination and proteasomal degradation
(Duan et al., 2012). Two studies demonstrated a role of FBXO11
in the ubiquitination and degradation of CDT2 (Abbas et al,
2013; Rossi et al., 2013). In addition SNAIL1/2 proteins were
found to be recognized and ubiquitinated by FBXO11 (Jin et al.,
2015). In our previous work we concluded that in the developing
mouse FBXO11 regulates the TGFf pathway (Tateossian et al.,
2009) which is known to be critically involved with middle ear
inflammation (Tateossian et al., 2013). This cross-talk may occur
by interaction of FBXO11 with p53 (Tateossian et al., 2015). It is
not inconceivable that mutations in FBXO11 might lead to gain-
of-function effects, for example, leading to new interactions or
strengthening existing interactions that would lead to dominant
effects of the kind that we see in the Jeff mutant but not in a loss-
of-function mutant. Both in vivo and in vitro characterization of
the nature of interactions involving the mutant protein in Jeff
mice may help to unravel precisely the nature of the gain-of-
function effects that lead to the many changes we have already
documented in relevant pathways that lead to impacts on TGFp
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and p53 signaling in the Jeff mouse (Tateossian et al., 2009;
Tateossian et al., 2015). Moreover, further work will be required
to elucidate mechanisms associated with loss of function effects.

In conclusion, by comparing the phenotype of mice carrying
a null mutation in the Fbxoll gene with the well-characterized
chronic otitis media model, Jeff, we have demonstrated that the
Jeff mutation is both a loss-of-function mutation and a gain-of-
function mutation. This has important lessons for our further
study of the molecular mechanisms by which FBXO11 elicits
COME in both mice and the human population.
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Endoplasmic reticulum (ER) stress occurs in many inflammatory responses. Here, we
investigated the role of ER stress and its associated apoptosis in otitis media (OM)
to elucidate the mechanisms of OM and the signaling crosstalk between ER stress
and other cell damage pathways, including inflammatory cytokines and apoptosis. We
examined the expression of inflammatory cytokine- and ER stress-related genes by gRT-
PCR, Western blotting, and immunohistochemistry (IHC) in the middle ear of C57BL/6J
mice after challenge with peptidoglycan polysaccharide (PGPS), an agent inducing OM.
We also evaluated the effect of the suppression of ER stress with tauroursodeoxycholic
acid (TUDCA), an ER stress inhibitor. The study revealed the upregulation of ER stress-
and apoptosis-related gene expression after the PGPS treatment, specifically ATF6,
CHOP, BIP, caspase-12, and caspase-3. TUDCA treatment of PGPS-treated mice
decreased OM; reduced the expression of CHOP, BIP, and caspase 3; and significantly
decreased the proinflammatory gene expression of tumor necrosis factor-a (TNF-a) and
interleukin-6 (IL-6). These results suggest that PGPS triggers ER stress and downstream
proinflammatory gene expression in OM and that inhibition of ER stress alleviates OM.
We propose that ER stress plays a critical role in inflammation and cell death, leading
to the development of OM and points to ER stress inhibition as a potential therapeutic
approach for the prevention of OM.

Keywords: endoplasmic reticulum (ER) stress, streptococcal peptidoglycan polysaccharide, otitis media,
tauroursodeoxycholic acid, apoptosis, therapy

INTRODUCTION

Otitis media (OM) is an inflammatory disorder of the middle ear associated with infection. OM is
the second most common childhood disease (Hang and Brietzke, 2012). The pathogenesis of OM
is related to the anatomy and immune function of patients (Gould and Matz, 2010). Both bacteria
and viruses can cause an infection. Antibiotics are often recommended for infants and children
with severe symptoms, such as moderate to severe ear pain and high fever, but the treatment may
cause side effects such as diarrhea, vomiting, and skin rash (Han et al., 2009; Kawai and Akira, 2010;
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Komori et al., 2011). Antibiotic resistance remains a major public
health challenge (Venekamp et al, 2013). Therefore, there is
an urgent need to understand the mechanisms of OM, which
reveal novel therapeutic targets for the early intervention and
prevention of OM.

The host immune response has been shown to play an
important role in OM pathogenesis, but the molecular details
of the response are not clear. The endoplasmic reticulum (ER)
is an intracellular organelle that is essential for protein folding.
Errors in protein folding can lead to protein accumulation in
the ER and induce the expression of ER stress-related genes, a
reaction known as the unfolded protein response (UPR) (Wang
and Kaufman, 2016). The signaling pathway activated by ER
stress has been studied extensively, and emerging evidence has
shown the contribution of ER stress to the pathogenesis of
many human diseases. Recently, signaling crosstalk between
ER stress and inflammatory reactions has been reported in
various inflammatory disorders (Zhang et al., 2006; Zhang and
Kaufman, 2008; Hasnain et al., 2012; Qiu et al., 2013; Wang
and Kaufman, 2014), especially in inflammatory bowel disease
(Cao et al, 2013). Previous studies suggest that inflammatory
stimuli can activate the UPR, trigger ER stress, and thus damage
ER homeostasis, which leads to inflammatory diseases (Zhang
et al, 2006; Menu et al, 2012). However, it is also well
known that inflammatory responses can induce ER stress due
to overproduction of proteins in the ER (Hasnain et al., 2012).
In addition to the complexity of the interplay between ER stress
and inflammation, the cellular response to ER stress has cell-
type-specific components that determine either adaptation to
stress conditions or maladaptation and death (Guan et al., 2017).
The inflammatory gene expression programs are activated during
the maladaptive response to ER stress. In fact, we have shown
that such a maladaptive hyperactivation of a proinflammatory
response occurs during increased intensity of an environmental
stress via the actions of a novel axis of the eIF2a kinase PKR
interacting with the protein PACT (Farabaugh et al, 2020).
Similarly, a PACT-PKR activation mechanism during ER stress
has been reported to be proapoptotic (Singh et al., 2009).
Therefore, data from the recent literature suggest that ER stress
can lead to proinflammatory conditions or proinflammatory
conditions can cause ER stress. The role of ER stress in the
pathogenesis of OM is not known. We therefore tested in
an experimental mouse model of OM the presence of ER
stress and inflammatory gene expression and how inhibition
of ER stress can affect the proinflammatory response and the
pathogenesis of OM.

As demonstrated in our previous study, inoculation with
the bacterial cell wall component peptidoglycan polysaccharide
(PGPS) induces inflammation in the middle ear cavity, which
creates an OM model without the need for live bacteria or
viruses (Zhang et al., 2015). PGPS is a pathogen-associated
microbial pattern (PAMP) that can activate Toll-like receptor
2 (TLR2), leading to the activation of the immune response
(Han et al, 2009; Kawai and Akira, 2010; Komori et al.,
2011). We previously used C57BL/6] (B6) mice with PGPS-
induced middle ear inflammation as a model to investigate
the pathogenesis of OM (Zhang et al., 2015). In this study,

we aimed to evaluate the role of the ER stress-related
inflammatory response and cell death in the development
of PGPS-induced OM. We found that PGPS-induced OM is
accompanied by the increased expression of inflammation-
related cytokines and the expression of ER stress-related
genes. We used an ER stress inhibitor, tauroursodeoxycholic
acid (TUDCA), a synthetic compound that has been widely
used in the treatment of OM. Interestingly, TUDCA
treatment significantly alleviated middle ear inflammation
and suppressed middle ear cell death. Additionally, TUDCA
treatment inhibited the expression of ER stress-associated
gene expression. These findings suggest that ER stress plays
a key role in OM.

MATERIALS AND METHODS

Mice and Treatments
The mice were originally obtained from the Jackson Laboratory
(Bar Harbor, ME, United States). The experimental protocol
was approved by the Animal Use and Care Committee of the
Binzhou Medical University Hospital. A total of 168 C57BL/6]B6
mice, 8 weeks old, were used in this study. The mice were
randomly assigned into three groups matched by sex and
age: a PGPS-treated, a TUDCA-treated, and a PBS-treated
(control) group. The PGPS-treated group was treated with PGPS
(100P, BD Bioscience, San Jose, CA, United States) that was
freshly prepared in 10 pl of PBS (5.5 mg/ml). This dose was
selected because it balances the safety and effectiveness of the
treatment, as demonstrated in our preliminary experiments
(Zhang et al, 2015). The drug was injected through the
tympanic membrane into the right middle ear cavity using
a Hamilton syringe. The TUDCA group was treated with
TUDCA (EMD Chemicals Inc., catalog no. 580549) that was
freshly prepared (200 g in 10 pl PGPS) and injected into
the middle ear. The control group was treated with 0.1 M
PBS. Individual mice were anesthetized intraperitoneally with
4% chloral hydrate (0.01 ml/g). Their tympanic membranes
were examined at 1 h after the injection using a MedRx
VetScope System® otoscopic digital imaging system (MedRx,
Largo, FL, United States). The mice were examined every 12 h
for 3 days post-injection.

The effects of the drug treatment were evaluated by auditory-
evoked brainstem response (ABR), tympanometry, histology, and
expression levels of inflammation- and apoptosis-related genes.

ABR and Tympanometry

A computer-aided evoked potential system (Intelligent Hearing
Systems, Smart-EP software) and an automatic MAICO Race
Car Tympanometer (MAICO Diagnostics Inc., Eden Prairie,
MN, United States) were used to determine ABR thresholds
and the middle ear function, respectively. The ABR and
tympanometry were performed before and at 3 days post-
injection with PGPS, PBS, or PGPS + TUDCA, as described
previously (Zheng et al., 2007). Before entering the group, all
mice had normal hearing, and electric otoscope showed normal
structure without effusion and inflammation. There were no
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differences found between the animals in the three groups
(PBS, PGPS, and PGPS + TUDCA) before injection. Briefly,
mice were anesthetized with intraperitoneal injection of 4%
chloral hydrate (0.01 ml/g), and their body temperatures were
maintained at 37-38°C. The testing was performed in a room
with environmental noise < 50 dB SPL. The stimuli included
clicks and tone bursts at 8, 16, and 32 kHz. ABRs were recorded
using a computer-aided evoked potential system (Intelligent
Hearing Systems, Miami, FL, United States). The threshold was
defined as the lowest intensity (£5 dB) at which a visible ABR
wave was seen because the minimum stimulus intensity produced
an ABR wave pattern similar to that of the higher-intensity
stimulus (110 dB). As previously reported, young, untreated
control mice showing ABR thresholds greater than 55-dB SPL
(for the click stimulus), 40-dB SPL (for 8 kHz), 35-dB SPL
(for 16 kHz), or 60-dB SPL (for 32 kHz) were considered
hearing impaired (Han et al., 2013). Tympanogram curves were
classified as type A (normal), type B (flat, clearly abnormal),
and type C (indicating a negative pressure in the middle ear,
possibly indicative of pathology). The results of these tests help
to determine whether the eardrum is punctured, whether the
fluid is present in the ear, and whether the middle ear system is
working properly.

Histological Analysis of the Middle Ear
Histological analyses were performed using the methods
described previously (Han et al., 2009). On day 3 post-PGPS
injection, the experimental C57BL/6] mice were euthanized
with CO,, and their bullae (including both the middle and
inner ear) were collected. Then, the bulla tissues were fixed
with 10% paraformaldehyde for 24 h, decalcified with 10%
EDTA solution for 5 days, and embedded in paraffin. The
tissue sections (5 pm) were stained with hematoxylin-
eosin (H&E) and examined under a light microscope
(Leica DMI4000 B).

Immunohistochemistry (IHC) Protocol

The tissue sections (5 pm) were deparafhinized as follows:
two 10-min incubations in xylene followed by incubation in
a graded series of ethanol (100, 95, 80, 70, and 50%) and
then with ddH,O, twice, for 5 min each. The endogenous
peroxidase activity was blocked at room temperature by
a 20-min incubation in 3% H;O, in PBS (pH 7.4). The
sections were rinsed with PBS for 5 min and blocked
in normal goat serum for 20 min at room temperature.
After incubation, the residual fluid was removed (without
washing). Subsequently, the sections were incubated in primary
antibodies against TNF-a (Proteintech, 60291-1-Ig) and CHOP
(Proteintech, 15204-1-AP) for 60 min at room temperature
or 4°C overnight then rinsed twice for 5 min each. An
array slide was incubated with a biotin-conjugated secondary
antibody at 20-37°C for 20 min. The sections were rinsed
twice for 5 min each and developed using a DAB kit (control,
the degree of staining with regular microscopy) to develop.
The sections were subsequently washed in distilled water,
stained, and differentiated in hematoxylin. Finally, slides were
dehydrated and mounted.

Terminal Deoxynucleotidyl Transferase
dUTP Nick-End Labeling (TUNEL)

Staining

Apoptotic middle ear epithelial cells were identified by a TUNEL
assay according to the manufacturer’s protocol. Briefly, tissue
sections (5 pm) were deparaffinized and then fixed in 4%
paraformaldehyde diluted in 1 x PBS (pH 7.4) for 1 h. The
surface preparations were permeabilized in 0.1% Triton X-100.
The specimens were stained using a TUNEL kit (In Situ Cell
Death Detection kit, Fluorescein, Roche) at 37°C for 1 h in a
humid chamber and then counterstained with DAPI for 5 min
at room temperature. The tissues were then observed under a
fluorescence microscope (Leica TCS SP2).

Real-Time Quantitative PCR

The mice were sacrificed, and their right bullae (including
the middle ear and inner ear) were quickly isolated. Total
RNA was isolated from individual right bullae using TRIzol®
reagent (Invitrogen, Carlsbad, United States) according to
the manufacturer’s protocol. The concentrations of RNA
were measured using a Biophotometer (Eppendorf, Hamburg,
Germany). The total RNA in each sample (1 pg) was reverse
transcribed into ¢cDNA using random primers following the
First-Strand Synthesis protocol (Takara Bio). Quantitative real-
time PCR was performed using a FastStart Universal SYBR
Green Master kit (Roche, Mannheim, Germany) in a Bio-Rad
iCycler iQ5 Peltier thermal cycler. The PCR thermal cycling
conditions were as follows: 95°C for 10 min, 40 cycles of
95°C for 15 s, and 60°C for 1 min. Finally, a dissociation
curve of 95°C for 15 s, 60°C for 1 min, 95°C for 15 s,
and 60°C for 15 s was added. Primer sequences for a total
of 10 genes were synthesized using Sangon Biotech Co., Ltd.
(Shanghai) (see Table 1 for the gene list and primer sequences).
The levels of mRNA transcripts of target genes relative to the
control of GAPDH were calculated using the 2724t method
(Livak and Schmittgen, 2001).

Western Blot

To further investigate the expression of inflammation- and
ER stress-associated genes in OM, we examined protein
expression using Western blot. The right bullae (including

TABLE 1 | Primers used for Real-time quantitative PCR.

Gene Forward primer Reserve primer

IL-1B gaaatgccaccttttgacagtg tggatgctctcatcaggacag
TLR2 ctcttcagcaaacgctgttct ggcgtctecctctattgtattg
Cas3 cggagcagtcctacatggaga tcegtgatgtgtegttcagat
IL-6 ggtgccctgecagtattcte ggctcccaacacaggatga
TNF-a gcggccacagaaaacactc ctcccaatggtcaaggeate
BiP acttggggaccacctattcct atcgccaatcagacgctce
CHOP ctggaagcctggtatgaggat cagggtcaagagtagtgaaggt
Casi12 agacagagttaatgcagtttgct ttcaccccacagattccttce
ATF-6 tcgcecttttagteeggttctt ggctccataggtctgactce
GAPDH aggtcggtgtgaacggatttg tgtagaccatgtagttgaggtca
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the middle ear and inner ear) were harvested immediately
after euthanasia. The bullae were lysed using ice-cold
RIPA buffer with protease inhibitors (cOmplete, EDTA-free
cocktail tablet, Roche) and phosphatase inhibitors (PhosSTOP
tablet, Roche). Lysates were incubated for 20 min on ice
and then centrifuged for 30 min at 14,000 rpm at 4°C.
Then, equal amounts of proteins were subjected to SDS-
PAGE and transferred to a polyvinylidene difluoride (PVDF)
membrane. The PVDF membrane was blocked for 3 h in
5% skimmed milk and incubated overnight at 4°C with
1:1000 diluted primary antibodies: anti-TNF-a (Proteintech,
60291-1-Ig), anti-IL-6 (Proteintech, 66146-1-Ig), anti-IL-1f
(Proteintech,  60291-1-Ig), anti-GRP78/BIP  (Proteintech,
11587-1-AP), anti-caspase-3 (Proteintech, 19677-1-AP), anti-
caspase-12 (Proteintech, 55238-1-Ig), anti-CHOP (Proteintech,
15204-1-AP), anti-activating transcription factor 6 (ATF6;
Proteintech, 24169-1-AP), and anti-GAPDH (Hangzhou
Goodhere Biotechnology Co., Ltd.). All antibodies were validated
for their specificity. After washing with TBST, the membrane
was incubated in 1:5000 diluted secondary antibodies (Abcam,
6721, 6789). The protein bands were visualized using ECL
chemiluminescence. Band intensities were quantified using
Image] software.

Oxidative Stress Detection

At the day 3 post-PGPS inoculation and TUDCA treatment,
the mice were sacrificed, and their right bullae were dissected
and placed in 10% FBS RPMI 1640 medium in a plastic culture
dish. After all non-middle ear-associated tissues were removed,
the mucosa in the middle ear cavity was gently removed with
fine forceps and transferred to the center of a 35-mm glass-
bottom culture dish and washed three times with 1 x PBS. The
samples were fixed in 4% paraformaldehyde in PBS for 15 min at
room temperature. Samples were washed twice in PBS to remove
residual paraformaldehyde, permeabilized with 0.5% Triton X-
100 in PBS for 15 min, and then washed three times in 1 x PBS.
The specimens were incubated with a CellROX® Green Reagent
kit (Invitrogen, 10444) at 37°C for 30 min, washed three times
in 1 x PBS, and then counterstained with DAPI for 5 min at
room temperature. The stained tissues were observed under an
immunofluorescence microscope (Leica DFC500, Germany).

Statistical Analysis

Data are presented as the mean & 95% confidence intervals.
Statistical analyses were performed using SPSS 13.0 software.
Group differences were analyzed using unpaired Student’s ¢ test
or one-way ANOVA (for further multiple comparison between
each column, Benjamini test was applied). P values less than 0.05
were considered significant.

RESULTS

Inflammation Presents in the Middle Ear
After Inoculation With PGPS

Our previous study demonstrated that PGPS could cause
inflammation of the middle ear (Zhang et al., 2015). Here, we

treated the middle ear with PGPS (55 pg/10 pl) to induce
OM. The PBS-treated control group had no difference in ABR
thresholds and tympanometric results compared to naive B6 mice
at 8 weeks of age. Therefore, we used the PBS group as the
normal control group. Mice injected with PGPS displayed greater
inflammatory infiltrates in the tympanic cavity and tissue damage
than the mice injected with PBS, as assessed by H&E staining
(Figure 1A). Moreover, compared with PBS-injected mice, the
PGPS-injected mice exhibited threshold shifts, as revealed by the
ABR test (Figure 1B).

Tympanometry was used to determine the middle
ear function. Most PGPS-treated mice showed a type B
tympanogram, suggesting the presence of middle ear fluid
and/or eardrum perforation (Figures 1C,D). However, the
average DPOAE amplitude (in dB SPL) was not significantly
decreased in the distortion product otoacoustic emission
(DPOAE) test (Figures 1E,F). Thus, PGPS did not cause
inner ear damage. These findings suggest that PGPS injection
induces an inflammatory response in the middle ear cavity.
We, therefore, used this model to study the effects of OM in
subsequent analyses.

PGPS-Induced Inflammatory Response
and Apoptosis

To investigate the response of inflammatory molecules to
PGPS-induced OM, we measured the expression of a group
of inflammatory cytokines using real-time PCR and Western
blot. Considering that the activation of TLR2 plays a critical
role in the development of OM (Komori et al., 2011; Huang
et al., 2016), we measured the transcriptional and protein levels
of TLR2 and other inflammation-related genes (TNF-a, IL-6,
and IL-1B). We also examined the expression of caspase-3, an
important apoptotic protease. All the examined molecules were
significantly upregulated in the PGPS group compared to the
PBS group (Figures 2A,B). The expression of TNF-a was also
assessed with THC analysis (Figure 2C). Consistent with the
Western blot results, there were only a few positive cells in the
middle ear epithelium in the PBS group. In contrast, the PGPS
group displayed a significant increase in the number of TNF-
a-expressing middle ear epithelium cells. To further evaluate
the PGPS-induced apoptosis of middle ear epidermal cells, we
removed the epithelial cells from the otic bulla and performed
TUNEL. This analysis revealed a significant increase in the
number of TUNEL-positive middle ear epidermal cells after
PGPS inoculation (Figure 2D).

PGPS-Induced OM May Involve ER
Stress

Interaction among inflammatory responses, ER stress, and
apoptosis has been reported. To determine the involvement of
ER stress in PGPS-induced middle ear epidermal cell apoptosis
in OM, we examined the expression of ER stress-associated cell
death signaling molecules using qRT-PCR and Western blot.
ATF-6, GRP-78/BIP, CHOP, and cleaved caspase-12 levels were
significantly increased in the PGPS group compared to the PBS
group (Figures 3A,B). The expression of CHOP was also assessed
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FIGURE 1 | Inoculation with PGPS induces inflammatory cell infiltration in the middle ear cavity. (A) Histopathological analysis (H&E staining). After PGPS inoculation,
inflammation became increasingly obvious as compared to the control mice (left panel, control; right panel, PGPS). The inset in the image of the PGPS-treated tissue
shows the accumulation of neutrophils. (B) Average ABR thresholds. The mean ABR thresholds for low-frequency stimuli (clicks and 8-kHz tone bursts) and
high-frequency stimuli (16-kHz tone bursts) were significantly higher in the PGPS group than in the PBS group (data = mean + 95% ClI, n = 10 per group per time
point). (C,D) Quantitative analysis of average tympanometry values. Tympanogram, A type — normal; B type - flat, PGPS group. V: the mean volume value; C:
compliance in tympanometry parameters; G: the gradient; P: the pressure. The negative pressure of the middle ear in the PGPS group was significantly higher than
that in the PBS group (data = mean + 95% Cl, n = 10 per group per time point). (E,F) The average DP amplitudes (in dB SPL) (data = mean + 95% Cl, n = 10 per
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by the IHC analysis (Figure 3C). The number of CHOP-positive
cells in the PGPS-induced group was significantly higher than
that in the control group.

Many studies have shown that oxidative stress is involved in
the pathogenic process of OM. Reactive oxygen species (ROS)
can trigger ER stress, and the ROS level has been used as indirect
evidence for the occurrence of ER stress. To investigate the

generation of ROS, middle ear epidermis was incubated with
CellROX Green reagent. The green signal intensity increased
in the cytoplasm and nucleus of middle ear epidermal cells in
the PGPS group. The fluorescence intensity in the nuclei was
significantly higher in the PGPS group than in the PBS group
(Figure 3D), indicating that PGPS enhances the production of
ROS. These findings indicate that PGPS-induced OM-activated

Frontiers in Genetics | www.frontiersin.org

May 2020 | Volume 11 | Article 495


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

ER Stress in Otitis Media

Zhao et al.

PGPS

e

n < ® N «— O

VNYW gi-T1 aAnejay

w < o N -«

VNYW 271 dAle|oy

nw < ® N - O

VNYW 97| 9AReI9y

nw < ® N «~ O

VNYW 0-JNL dARe[SY

[Ts] < ™ o~ L o o
VNYW gsen
peAes|d aAleRYy

<

(1o3u09%,)
HAadVvo/EseD panes|d

PGPS

+

400+

2504

2004

1504

1004

50
0

(1013u090%) HadVO/gL-TI

(1ou09%) HadVD/9-TI

17kDa
<«

| §
B . e |35k0a
IL-6 |‘ - -|30kDa

+ [
+| [ |
—
o TS B
o WS w
(U] aM. 4
o QOaq =
©
o 90

r T T T T 1
o o o o o o
el o wn o w

o~ o~ - -

(103U00%) HAdVO/ZH L

35kDa
|89kDa

GAPDH/ WS = =i & 37kDa

TLR2 |-' Q ==

IL-18

o o o o o
o n o (2]
N - -

Zuw /o-4N 1 jo Aysusp
|eondo abelane ay|

D (TUNEL assay)

+

abiapy

Idvad TANNL

PGPS

FIGURE 2 | Continued

Article 495

May 2020 | Volume 11

174

Frontiers in Genetics | www.frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Zhao et al.

ER Stress in Otitis Media

cell death.

FIGURE 2 | The inflammatory response and apoptosis are induced in PGPS-injected mice. (A) RT-PCR analysis for the transcriptional expression of caspase-3,
TNF-a, IL-6, IL-18, and TLR2 (data = mean + 95% CI, n = 6 per group). (B) Western blot analysis for protein expression of caspase-3, TNF-q, IL-6, IL-18, and TLR2
in the middle ear (data = mean + 95% CI, n = 6 per group). (C) Immunohistochemistry analysis for TNF-a in the middle ear epidermal cell region of the PBS and
PGPS groups. Quantitative analysis of the relative amount of TNF-a in the middle ear region (data = mean + 95% Cl, n = 6 per group). (D) A TUNEL assay was
performed to assess apoptosis induction in the middle ear epidermal cell region after PGPS injection. Apoptotic cells are illustrated by the green signal in nuclei
(TUNEL-positive) in the middle ear epidermal cell region. The left panels show the low-magnification view (50x magnification) and the right panels show the
high-magnification view (400x magnification) for each group. The red arrows indicate TUNEL-positive cells in the PGPS group. *P < 0.05, **P < 0.01. These results
confirm that the PGPS of the gram-positive bacterial cell wall is recognized by TLR2, which activates the inflammatory response and induces middle ear epidermal

TLR2 signaling increases the expression of related inflammatory
cytokines, thus perturbing ER homeostasis and amplifying the
inflammatory response.

PGPS-Induced ER Stress Plays a Key

Role in the Inflammatory Response and
Apoptosis in OM

To evaluate the role of ER stress in PGPS-induced inflammation,
we treated PGPS-injected mice with TUDCA, a specific ER stress
inhibitor. H&E staining showed that TUDCA treatment reduced
the level of middle ear inflammation (Figure 4A). The areas with
inflammatory cells were significantly larger, and the epithelial
layer was significantly thicker in the PGPS group than those
in the TUDCA group (Figure 4B). Moreover, the increase in
ABR thresholds observed in the PGPS group was prevented by
TUDCA treatment at low frequencies (8 and 16 kHz), but not
at 32 kHz (Figure 4C). Consistent with these functional and
morphological measurements, the expression analysis revealed
a reduced production of inflammatory cytokines and ER stress-
related proteins (Figure 4D). These results show that TUDCA
treatment can ameliorate OM. The correction of ER stress could
be a potential mechanism for reduced OM.

DISCUSSION

Otitis media is often associated with bacterial or viral infections
and, therefore, is commonly treated with antibiotics. The
contributing factors of OM include genetic and environmental
factors. The underlying mechanisms for the pathogenesis of
OM is complicated, involving a network of signal pathways.
Previous studies have revealed that the levels of TLR2 and NF-
kB are upregulated in OM (Yoshimura et al., 1999; Dziarski
et al.,, 2001; Kielian et al., 2005) and promote the recruitment
of neutrophils to combat pathogens in OM (Krysko et al., 2011;
Arroyo et al, 2013). These findings suggest that the TLR2
signaling pathway plays an essential role in host defense against
middle ear infections. Further research is urgently needed to
elucidate the inflammatory response and mechanisms of related
factor interactions that could serve as intervention targets to
improve the treatment of OM or to prevent the disease.
Peptidoglycan polysaccharide, a component of the gram-
positive bacterial cell wall, can cause acute and chronic
inflammation (Komori et al.,, 2011; Wu et al., 2014). Our previous
study showed that PGPS could induce severe OM in TLR2-
deficient (TIr2~/~) mice (Zhang et al., 2015). In this study, we
chose an optimal PGPS dose (PGPS 55 pg/10 pl) to induce

OM in B6 mice to further explore the molecular mechanisms
of OM. We found inflammatory infiltrates and tissue damage
in the middle ear (Figure 1), thus suggesting that the OM
model was successfully established. The levels of inflammation-
related molecules (TNF-a, IL-6, IL-18, caspase-3, and TLR2)
were significantly upregulated (Figure 2). TLR2 enables host
discrimination between self and non-self and activates the
immune response to attack pathogens (Han et al., 2009). Here,
PGPS was recognized by TLR2, which, in turn, activated the TLR2
signaling pathway and promoted the production of inflammatory
cytokines. If the process is not controlled, inflammation occurs
in the middle ear. The downstream signaling molecules, such as
TNF-q, IL-6, and IL-1p, have been associated with the recurrence
and persistence of OM (Mittal et al., 2014; Nokso-Koivisto et al.,
2014). TNF-a is a cell-signaling protein (cytokine) involved in
systemic inflammation that can be activated in the acute phase
reaction. In this study, TNF-a levels were significantly increased
at day 3 after PGPS injection (Figure 2), implying that acute
inflammation occurred in the middle ear. IL-6, as an important
mediator of the acute phase response or as an anti-inflammatory
cytokine, is secreted by macrophages to stimulate the immune
response during infection. IL-6 induces intracellular signaling
cascades that give rise to inflammatory cytokine production in
inflammatory cells, such as neutrophils (van der Poll et al., 1997;
Gao et al,, 2018; Farsakoglu et al., 2019). In our study, PGPS
induced neutrophil infiltration (Figure 1). IL-1f, a leukocytic
pyrogen, can cause a number of different autoinflammatory
reactions during infection (Masters et al., 2009; Lukens et al.,
2014). Our results suggest that the TNF-a, IL-6, and IL-1f play
crucial roles in PGPS-induced OM. A previous study showed
that TLR2 activation could cause ER stress, inflammation, and
insulin resistance (Botteri et al.,, 2017). We hypothesized that
PGPS binding to TLR2 induces ER stress to amplify inflammation
in the middle ear. The expression analysis of the ER stress-
related factors ATF6, BIP, CHOP, and caspase-12, supports this
hypothesis (Figure 3).

ER stress is a cellular stress response related to the UPR,
which involves three signaling pathways: PRKR-like ER kinase
(PERK)-eukaryotic translation initiation factor 2o (elF2a),
inositol-requiring protein la (IREla)-X-box-binding protein 1
(XBP1), and ATF6. ATF6 is a basic leucine zipper transcription
factor. Under stress, the pro-protein (approximately 90 kDa)
translocates to the Golgi, where it is cleaved by proteases to
form an active transcription factor (approximately 50 kDa) in
the UPR. In this study, the ATF6 level was increased in PGPS-
induced OM (Figure 3), indicating ER stress activation by
ATF6 signaling pathways. Growing evidence suggests that ATF6
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FIGURE 3 | Endoplasmic reticulum stress is induced in PGPS-treated mice. (A,B) RT-PCR and Western blot analyses of ER stress-related molecules. ATF-6,
GRP-78/BIP, CHOP, and cleaved caspase-12 levels were increased in PGPS-treated mice (data = mean + 95% ClI, n = 6 per group). (C) Immunohistochemistry
analysis for CHOP. The number of cells showing CHOP immunoreactivity is significantly higher in the PGPS-treated ears than in the control ears (data = mean + 95%
Cl, n = 6 per group). (D) ROS were detected by CelROX Green reagent. The green signal intensity increased in the cytoplasm and nucleus of the middle ear
epidermal cells in the PGPS group. *P < 0.05, **P < 0.01.
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FIGURE 4 | The treatment with the ER stress inhibitor, TUDCA, alleviates PGPS-induced inflammation in the middle ear. (A) Morphological observations of
H&E-stained middle ears. TUDCA treatment reduced the inflammatory response. (B) The epithelial thickness and inflammatory areas in middle ear cavity. The area
showing inflammatory cells is significantly larger, and the epithelial layer is significantly thicker, in the PGPS group than those in the TUDCA group (n = 10 per group).
(C) ABR detection. There is a statistically significant difference in ABR thresholds between the three groups. The mean ABR thresholds in response to low-frequency
(clicks and 8-kHz tone bursts) and high-frequency stimulation (16-kHz tone bursts) were significantly higher in the PGPS mice than in the PBS mice. The mean ABR
thresholds in response to low-frequency (8-kHz tone bursts) and high-frequency stimulation (16-kHz tone bursts) were significantly lower in the TUDCA-treated mice
than in the PGPS-injected mice (* indicates the comparison between the PGPS and the PBS group; # indicates the comparison between the PGPS and the TUDCA
group; n = 10 per group). (D) Western blot analysis of TNF-a and ER stress-related proteins. ATF-6, BIP, CHOP, and TNF-a levels were decreased in TUDCA-treated

mice (n = 6 per group). Data are presented as the mean + 95% Cl. #*P < 0.05, #-**P < 0.01.

activation occurs rapidly, but its attenuation requires time. In this
study, we hypothesized that the protein expression of ATF6 was
increased by the upregulated expression of TLR2. The molecules
BIP and CHOP, downstream of ATF6, are targets of the ER
stress response and can effectively activate UPR pathways during
ER stress (Chapman et al., 1998; Okamura et al., 2000). Based
on our analysis, the expression levels of BIP and CHOP were
significantly increased in the PGPS-induced group (Figure 3),
indicating that the ER stress response is activated in OM.
Research has suggested that aberrant accumulation of ROS
can induce ER stress (Volmer et al.,, 2013). CHOP can activate
ER oxidase la (EROla) to augment the production of ROS.
Thus, ER stress can induce oxidative stress, which leads to
cell death. Alternatively, loss of adaptation to ER stress (Guan
et al., 2017) can also increase proinflammatory gene expression
via activation of NF-kB (Schmitz et al., 2018). Both of these
mechanisms can contribute to the inflammatory process in OM
(Aydogan et al., 2013; Balikci et al., 2014). This is consistent with
previous research, which found that ER stress, inflammation,
and oxidative stress are tightly integrated and each one can

influence the other (Zhang et al., 2017; Chen et al., 2019; Diaz-
Bulnes et al., 2019). The inflammatory response can be activated
by maladaptive ER stress conditions, and inflammatory gene
expression and disturbed redox homeostasis in the ER can
further enhance ER stress (Zhang et al., 2017). In this study,
our CellROX Green reagent staining revealed that ROS levels
were increased (Figure 3D). Therefore, PGPS associates with
increased ROS-positive cells, increased ER stress markers, and
increased inflammation. Although our data cannot conclude
if the increased ROS levels is the result of ER stress or the
result of the PGPS-mediated responses, our data clearly show
that TUDCA-mediated improvement of protein folding in the
ER decreases proinflammatory gene expression. Increased ROS
levels are expected to oxidize free cysteines in the ER and/or cause
mixed disulfide bond formations and protein misfolding (Gao
etal., 2020). Therefore, independently if ROS proceeds or follows
ER stress, it is expected to increase protein misfolding in the
ER, decrease adaptive responses, and increase proinflammatory
programs. Our data suggest that PGPS-mediated induction of ER
stress contributes to the amplitude of the inflammatory response.
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Rescuing ER stress can delay proinflammatory gene expression
and PGPS-induced OM (Figure 4).

CONCLUSION

In conclusion, our findings show that PGPS-induced OM-related
ER stress plays a key role in inflammation in the middle
ear. Therefore, the interaction between PGPS-induced TLR2
signaling and ER stress in OM warrants further exploration.
Additionally, this study indicates that a signaling crosstalk occurs
between ER stress and oxidative stress in OM, signifying the need
for further studies. Together, our study raises the possibility that
the inhibition of ER stress could serve as a potential therapeutic
approach for the prevention of OM.
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Inhibitors of differentiation/DNA binding (Id) proteins are crucial for inner ear development,
but whether Id mutations affect middle ear function remains unknown. In this study,
we obtained Id1~'~; 1d3*~ mice and Id1*/~; Id3~"~ mice and carefully examined their middle
ear morphology and auditory function. Our study revealed a high incidence (>50%) of
middle ear infection in the compound mutant mice. These mutant mice demonstrated
hearing impairment starting around 30 days of age, as the mutant mice presented elevated
auditory brainstem response (ABR) thresholds compared to those of the littermate controls.
The distortion product of otoacoustic emission (DPOAE) was also used to evaluate the
conductive function of the middle ear, and we found much lower DPOAE amplitudes in
the mutant mice, suggesting sound transduction in the mutant middle ear is compromised.
This is the first study of the middle ears of I[d compound mutant mice, and high incidence
of middle ear infection determined by otoscopy and histological analysis of middle ear
suggests that 1d1/1d3 compound mutant mice are a novel model for human otitis
media (OM).

Keywords: otitis media, mouse model, hearing loss, inflammation, genetic predisposition

INTRODUCTION

Inhibitors of differentiation/DNA binding (Id) proteins are major inhibitors of helix-loop-helix
(HLH) transcription factors. The Id genes encode four related transcription factors: Id1, Id2,
Id3, and Id4. Id transcription factors contain a helix-loop-helix region similar to that of the
basic helix-loop-helix (bHLH) transcription factors, can form heterodimers with some of them
and lose their binding to DNA. However, due to the lack of basic DNA-binding regions, these
heterodimers cannot bind to DNA. Consequently, Id transcription factors negatively regulate
the DNA binding capacity of bHLH proteins (Benezra et al., 1990; Wong et al, 2004). In
other words, Id transcription factors usually hinder cell differentiation, especially the differentiation
of dendritic cells, which plays a rather important role in immunity to infectious agents
(Spits et al., 2000; Kee, 2009).
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Inhibitors of differentiation/DNA binding proteins regulate
different kinds of cellular processes, including cellular growth,
differentiation, migration, senescence, and tumorigenesis (Sikder
et al,, 2003; Wong et al.,, 2004; Wu et al., 2018). Id1, Id2, and
Id3 are expressed in the otic vesicle of mouse embryos (Jen
et al, 1997). The importance of these three Id genes as
differentiation regulators was also illustrated by their key role
in the regulation of expression of Mathl and hair cell
differentiation in the developing cochlea (Jones et al., 2006).
Ids expression profiles in the normal mature middle ear has
not been reported. However, a previous study by Lin et al.
(2002) showed that Id1 and Id3 are unregulated in the middle
ears of rats following pneumococcal infection, which indicates
that Id1 and Id3 may be involved in middle ear diseases such
as otitis media (OM). The main objective of this study was
to clarify the correlation between the two Id genes with OM.

The most common middle ear problems include cholesteatoma,
tympanic membrane (TM) perforation, middle ear infection,
and otosclerosis. Among these diseases, middle ear infection,
or OM, is the most common, as most children younger than
3 years will have at least one episode of OM (McCaig et al,
2002; O’'Brien et al., 2009). Acute OM is the most common
cause of meningitis, whereas neglected chronic OM can lead
to permanent hearing loss (Pont and Mazon, 2017). Previous
studies have shown that genetic lesions lead to a high incidence
of OM in mutant animals such as Jeff mice, Sh3pxd2b mice,
and Enpplasj mice (Hardisty-Hughes et al., 2006; Yang et al.,
2011; Tian et al., 2016). Animal models with OM susceptible
to a defined genetic lesion will be important to reveal the
pathogenesis and underlying genetic pathways linked to OM.

Individual null mutants for Id1, Id2, and Id3 have been
generated and reported to have very few abnormalities, and none
associated with hearing deficit (Yan et al., 1997; Lyden et al,
1999; Yokota et al, 1999). Id1 and Id3 double-knockout mice
are commonly used as animal models to study the role of Id1
and Id3 in mammalian development (Zhao et al, 2011).
Unfortunately, complete loss of these genes leads to aggregation
of dilated and irregularly shaped blood vessels and brain hemorrhage
by E12.5, and no embryos survived beyond E13.5 (Lyden et al.,
1999; Fraidenraich et al., 2004). Because of the upregulated
expression of Id1 and Id3 in middle ears after the acute episode
of pneumococcal otitis media has been resolved, the two genes
are presumed to be involved in the development of otitis media
(Lin et al,, 2002). In this study, the auditory brainstem response
(ABR) and middle ear morphology in Id177; Id3"~ and Id1*
1d3™"~ mice were carefully examined. OM and associated elevated
hearing thresholds were found in the majority of the mutant
mice. Our data suggest that Id1/Id3 mice are valuable models
for the study of OM pathogenesis and associated genetic factors.

MATERIALS AND METHODS

Mice and Animal Care

Our Idl and Id3 single-knockout mice were generous gifts
from Dr. Robert Benezra. Id177; 1d3"~ or Id1"— Id37~ mice
were generated by intercrossing double heterozygous mice.

Littermate mice with Id1*~; 1d3*~, Id1**; I1d3*~, Id1*; 1d3** or
Id1**; Id3*'* genotypes were generated incidentally during breeding,
We used littermate mice with Id1*"*; Id3** genotype as wild-type
controls. Mice of the other three genotypes were excluded because
they did not show significant hearing loss (data not shown). No
gender difference was found during the experiment. Both male
and female mice from the same litter were included as the
experimental and control groups. A total of 101, Id17~; Id3*~
mice, 28 Id1*~; Id3™~ mice and 30 wild-type mice were used in
this study. ABR test was performed at four time points: P30
(P: postnatal, same meaning as below), P60, P90, and P120. After
ABR test, distortion product of otoacoustic emission (DPOAE)
measurement was performed at two time points: P30 and P60.
After ABR and DPOAE test at P30, otoscopic examination was
carried out and then some of the mice were euthanized to conduct
Hematoxylin-Eosin (H&E) staining. Only the data of the right
ear were counted in the analysis of the experimental results.
Specific details on the use of mice can be found in the Supplementary
Figure 1. The experimental protocols were approved by the Case
Western Reserve University Animal Care and Use Committee
and were in agreement with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. Studies were
conducted according to the principles set forth in the Guide for
the Care and Use of Laboratory Animals (DC005846) as well as
the Institute of Laboratory Animal Resources (protocol 2014-0155).

Mice Genotyping

Genomic DNA was obtained from mouse tail tips. PCR analyses
were performed with primers specific for the wild-type and
targeted alleles. Primer sequences for Id1 were IDIF1 (wild-
type oligonucleotide; 5-TCCTGCAGCATGTAATCGAC-3'"),
ID1F2 (mutant oligonucleotide; 5'-GACACCCACTGGAAAGGA
CA-3'), and ID1R1 (common oligonucleotide; 5'-GAGACCCA
CTGGAAAGGACA-3"). Primers sequences for Id3 were ID3F1
(wild-type oligonucleotide; 5'-CTTGGGACCCTGGGACTCT-3'),
ID3F2 (mutant oligonucleotide; 5'-GGGGAACTTCCTGACTA
GGG-3'), and ID3R1 (common oligonucleotide; 5'-TAATCAGG
GCAGCAGAGCTT-3"). The amplified PCR products were
analyzed on 2% agarose gels to separate the wild-type (344 bp
for ID1 and 350 bp for ID3) and targeted allele (540 bp for
ID1 and 500 bp for ID3) fragments.

Auditory Brainstem Response, Distortion
Product Otoacoustic Emission Tests, and
Otoscopic Examination

Auditory brainstem response threshold analyses were carried
out using equipment from Intelligent Hearing Systems (Miami,
FL, United States) as previously described (Zheng et al., 1999).
Prior to examination, mice were anesthetized with 2, 2 and
2-tribromoethanol (Avertin; 0.5 mg/g body mass), and their
body temperature was kept at 37-38°C by placing them on a
heating pad in a soundproof chamber during testing. Specific
auditory stimuli (broadband click and pure-tone burst stimuli
of 8, 16, and 32 kHz) from ER2 and high-frequency transducers
were delivered through plastic tubes to the ear canals. Evoked
brainstem responses were amplified and averaged, and their
wave patterns were displayed on a computer screen. Auditory
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thresholds were obtained for each stimulus by varying the SPL
in 10 dB steps and, finally, a 5 dB step up and down to identify
the lowest level at which an ABR pattern could be recognized.

The DPOAE test was performed using SmartOAE 4.50 USBez
software (Intelligent Hearing Systems) and an Etymotic 10B+
OAE probe (Etymotic Research, Elk Grove Village, IL) fitted
with a high-frequency transducer (Intelligent Hearing Systems)
that produced two pure tones, F1 and F2, respectively. The
methods and process followed those described in a previous
paper (Zhang et al., 2012).

After the ABR and DPOAE tests, otoscopy was performed
on both ears to determine the condition of TM, including
presence of middle ear fluid, inflammation, or infection.

Histological Analysis of Middle Ear

Ten Id1/Id3 heterozygous (Id177 Id3*~ and Id1*~; 1d37") and
10 wild-type mice (129Sv/C57BL6) aged 30 days of age were
euthanized and decapitated. Both bullae, including the middle
and inner ear (IE), were rapidly removed. The bullae were
then fixed in 4% PFA, decalcified with 10% EDTA solution,
dehydrated and embedded in paraffin. The paraffin block was
serially sectioned at 5-pm thicknesses and stained with H&E
for light microscopic examination.

Statistical Analysis

The data are presented as mean + SEM. The difference between
groups was determined using a one-way or two-way ANOVA
or unpaired student t-test when applicable using GraphPad
Prism software.

RESULTS

ABR Thresholds and DPOAE in the Id1~'—;
1d3*~ and Id1*-; Id3~'~ Mice Indicated
Hearing Loss in a Majority of Mice

Auditory brainstem response tests were carried out and analyzed
with equipment from Intelligent Hearing Systems using previously

described methods and equipment (Zheng et al., 1999). Mice
with ABR threshold values above 55 (for click stimuli), 40
(for 8 kHz), 35 (for 16 kHz), or 60 (for 32 kHz) dB SPL
were considered hearing impaired (Zheng et al., 1999). Of the
101 Id177 Id3*~ mice observed, 89.1% (90/101) had high
ABR thresholds for at least one stimulus frequency (click, 8,
16, and 32 kHz) in at least one ear, with 82.2% (83/101) for
the right ears and 81.2% (82/101) for the left ears. Of the 28
Id177 Id37~ mice observed, 100% (28/28) had high ABR
thresholds for at least one stimulus frequency (click, 8, 16,
and 32 kHz) in at least one ear, with 92.9% (26/28) for the
right ears and 92.9% (26/28) for the left ears.

A comparison of ABR thresholds in the right ears was made
between wild-type, Id177; Id3*~ and Id1*~; Id3™~ mice at P30
and P60, respectively. The results indicated that, at P30, the
mean ABR thresholds at any stimulus frequency in the Id177;
Id3*~ (n = 41) and Id1*~; Id3™~ (n = 14) mice were significantly
higher than those of the controls (n = 21; click ABR threshold:
Wild-type vs. Id177; 1d3*~, p < 0.0001; Wild-type vs. Id17;
Id37-, p < 0.0001; 8 kHz ABR threshold: Wild-type vs. Id177;
1d3*, p < 0.0001; Wild-type vs. Id1*~; 1d3, p < 0.0001;
16 kHz ABR threshold: Wild-type vs. Id177 Id3*~, p = 0.0060;
Wild-type vs. Id1*7; Id37, p = 0.0057; 32 kHz ABR threshold:
Wild-type vs. Id177; Id3*~, p < 0.0001; Wild-type vs. Id1"
Id37~, p = 0.0183; Figure 1). At P60, ABR thresholds at all
stimulus frequencies in the Id1*~; Id37~ (n = 14) mice were
significantly higher than those of the wild-type controls (n = 21;
click ABR threshold: Wild-type vs. Id1*~; Id37~, p = 0.0010;
8 kHz ABR threshold: Wild-type vs. 1d1*~; Id3™~, p = 0.0001;
16 kHz ABR threshold: Wild-type vs. 1d1*~; Id37~, p = 0.0058;
32 kHz ABR threshold: Wild-type vs. Id1*7; 1d37~, p = 0.0119),
and ABR thresholds for click and 8 k Hz in Id17~; 1d3*~ mice
(n = 35) were significantly higher than those of the wild-type
controls (n = 21; click ABR threshold: Wild-type vs. 1d177;
Id3*~, p = 0.0386; 8 kHz ABR threshold: Wild-type vs. Id1*7;
Id37-, p = 0.0451; Figure 1).

A time-course observation of the ABR thresholds in the
right ears of Id1/Id3 compound mutant mice and wild-type
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|d3~~ mice at ages P30 and P60. The results indicated that at P30, the mean ABR thresholds at any stimulus frequencies in the Id1~/~; Id3*~ (1 = 41) and Id1*~;
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mice is shown in Figure 2. We divided the mice in each
group into four subgroups by approximately 1-month increments
in age. The results showed that the mean ABR thresholds of
Id177; 1d3*~ mice (n = 41, 35, 31, and 17 in each subgroup,
respectively) and 1d177 Id37~ mice (n = 14, 14, 7, and 6,
respectively) were elevated at various time points at all stimulus
frequencies. According to the criteria (stated above) for defining
hearing loss in mice, Id1/Id3 compound mutant mice present
as hearing loss since 30 days at all stimulus frequencies (Figure 2).

The DPOAE amplitudes were generated from cochlear and
recorded in the external auditory canal. DPOAE amplitudes can
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FIGURE 2 | A time-course observation of the ABR thresholds in the right
ears of I[d1~/~; 1d3*~ and Id1*~; Id3~'~ mice and littermate control mice. All
mice of ages from P30 to P120 and the individual ABR thresholds at all
stimulus frequencies of click (A), 8 (B), 16 (C), and 32 kHz (D) were variable,
but the overall tendency was relatively stable at each stimulus frequency
compared with the ABR thresholds of the control mice. The error bars
indicate SD from the mean at each time point for each mouse group.

be influenced by the condition of middle ear. We analyzed the
DPOAE amplitudes of right ears from age-matched wild-type
mice, Id177; Id3*~ and Id1*7; Id3™~ mice at ages of P30 and
P60. The results demonstrated that at P30, the DPOAE amplitudes
of Id17~; 1d3*~ (n = 12) and Id1*~; Id3”~ mice (n = 9) at
dominant frequencies 7,692, 10,152, 13,390, and 17,672 were
significantly lower than those of wild-type mice (n = 13; DPOAE
amplitude at 7,692: Wild-type vs. 1d17; 1d3*~, p < 0.0001;
Wild-type vs. Id1*7 Id377, p < 0.0001; DPOAE amplitude at
10,152: Wild-type vs. Id17~ 1d3*~, p < 0.0001; Wild-type vs.
Id1¥7; 1d37~, p < 0.0001; DPOAE amplitude at 13,390: Wild-
type vs. Id177 1d3*", p < 0.0001; Wild-type vs. Id1*~; 1d37,
p < 0.0001; DPOAE amplitude at 17,672: Wild-type vs. Id177;
1d3*-, p < 0.0001; Wild-type vs. Id1*~; 1d3~-, p < 0.0001). At
P60, the DPOAE amplitudes of 1d17~; Id3*~ mice (n = 12) at
frequencies 13,390, 17,672 were significantly lower than those
of wild-type mice (n = 3; DPOAE amplitude at 13,390: Wild-
type vs. Id17; 1d3*-, p = 0.0344; DPOAE amplitude at 17,672:
Wild-type vs. Id177; 1d3*~, p = 0.0009); DPOAE amplitudes of
Id1%7; Id37~ mice (n = 6) at dominant frequencies 7,692, 10,152,
13,390, and 17,672 were significantly lower than those of wild-
type mice (DPOAE amplitude at 7,692: Wild-type vs. Id1"7
Id37~, p = 0.0137; DPOAE amplitude at 10,152: Wild-type vs.
Id1¥7; 1d37~, p = 0.0112; DPOAE amplitude at 13,390: Wild-
type vs. Id1*" Id3™~, p = 0.0057; DPOAE amplitude at 17,672:
Wild-type vs. Id1*~; Id3™~, p < 0.0001; Figure 3).

Otitis Media in Id1~/—; Id3*~ and Id1*/-;
Id3~~ Mice

A total of 41 Id17 Id3*~ mice, 14 Id1*~; Id3™~ mice and
21 wild-type mice, aged 30 days, were randomly chosen to
be screened for otitis media. Otoscopic examination of the
Id177; Id3*~ mice and Id1*7; Id3™~ mice revealed that 51
and 71% were affected with middle ear fluid, inflammation
in the TM and opacification of the TM, respectively. Figure 4
shows representative anatomical images under otoscopy of the
ears in Id177 Id3*"~ and Id1*7; 1d37~ mice. To reveal the
middle ear histopathology of Id177 Id3*~ and Id1*~; Id3™"~
mice, the morphology of the middle ears was analyzed using
H&E staining. Histological examination showed obvious
inflammatory infiltrates in the tympanic cavity of Id1~'— Id3*~
and Id1*7; Id37~ mice. Different degrees of effusion appeared
in the middle ear cavities of the mutant mice and representative
image of Id1*~; Id3™~ mice was shown (Figure 5). A high-
magnification view of the tissue showed that inflammatory
cells of the effusion content were mainly composed of
polymorphonuclear cells. Fibrous proliferation also appeared
in the middle ear space in some mice. The middle ear mucosa
of Id17; 1d3*~ and Id1*7; Id37~ mice generally thickened.
The middle ear mucosa of 1d1*~; Id3™~ mice was significantly
thicker than the wild-type mice (p = 0.0101).

DISCUSSION

In this investigation, we found that middle ear function is
affected in Id1 and Id3 mutant mice due to OM, which leads
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— Wild-type
g 30 -=- 1d1+;1d3+-
(7]
==+ Id1*~1d3"
g 20
3
§§ 10+
o 04
£
<
w  -104
<
2 8§ 8 8 8 8 8 8 8 &
o % B B 5 8 & % { B
F2 frequence (Hz)

Wild-type

membrane (TM).

1d1-;1d3*-

FIGURE 4 | Otoscopic examination of the middle ear in Id1~~; 1d3*~ and Id1*~; Id3~"~ mice. Compared with the middle ear cavities (MECs) of littermate control
mice (A,B), the MECs of Id1~'; Id3*~ mice (C,D) and Id1*~; Id3~'~ mice (E,F) were filled with effusions, and white patches were observed on the tympanic
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to conductive hearing loss in the affected mice. Because 1d1/
Id3 double-mutant embryos die at approximately E12 (Lyden
et al,, 1999), and 1d1 and Id3 single-knockout mice have normal
hearing (Yan et al, 1997; Lyden et al, 1999; Yokota et al.,
1999; data not shown), Id1/1d3 heterozygous (Id17~; Id3*~ and
Id1*7; Id37") mice were used to study the combined effect
of missing 1d1/1d3 alleles.

Auditory brainstem response has been used extensively
to assess mouse IE function and also offers a valid, simple
physiologic test of mouse middle ear inflammation (MacArthur
et al., 2006). Overall, most observed 1d1*~; Id3~~ and Id1~;
1d3*~ mice had high ABR thresholds in at least one of the

stimulus frequencies (click, 8, 16, and 32 kHz) in at least
one ear. At P30, both Id1*~; Id37~ and Id17~; Id3*~ mice
showed elevated ABR thresholds compared to age-matched
littermate controls. However, at P60, ABR thresholds for
Id177; Id3*~ mice at 16 and 32 kHz no longer showed
significant differences compared to the controls. Moreover,
at P60, the ABR thresholds of Id17~; Id3*~ mice were lower
than those of the 1d1*7; 1d3~'~ mice for all four frequencies
tested. Studies have shown that Id1/Id3 genes have redundant
functions, and the loss of one gene function is compensated
by another (Lowery et al., 2010). However, based on the
ABR data, we can speculate that Id3 might play a slightly
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FIGURE 5 | Hematoxylin-Eosin (H&E) staining of histopathology of wild-type and Id1*~; Id3~~ mice. (A-D) Representative histology showed obvious inflammatory
infiltrations in the MEC of Id1*~; 1d3~~ mice (B,D) compared to the wild-type mice (A,C). Scale bars: 50 pm. (A) The MEC and inner ear (IE) were absent of
inflammations. (C) The boxed region of (A). (B) Panoramic view of the histology showed various inflammations in the MEC. (D) At higher magnification, the boxed
region in (B) revealed detailed view of the cell infiltrations. Exudates of fibrin and blood plasma were evident (black arrowhead). Masses of erythrocytes (black arrow)
together with neutrophils (blue arrow) were also detectable in the MEC. (E) Comparison of the area of epithelial thickness in MEC between Wild-type mice and
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greater role in middle ear function. A longitudinal tracking
in our study indicated that Id1/Id3 mutant mice from P30
to P120 showed no progression of hearing loss; one explanation
is that 4-month-old mice are still relatively young, and the
deterioration of hearing loss in mutant mice might show
up if we test the mutant mice for extended period, such as
until 12 months.

Distortion product of otoacoustic emission is commonly
used to evaluate outer hair cell integrity in humans and
research animals. Several groups have established this method
as another way to evaluate the middle ear conductance and
as an indirect measure of conductive hearing loss caused
by middle ear dysfunction. This is primarily due to the
presence of middle ear effusion, which prevents sound
transduction to the inner ear for further processing. Besides,
due to lesions in the middle ear, the DPOAE energy cannot
be released through the middle ear and detected in the
external ear canal. We showed that Id1*7; Id37~ and Id17'5;
1d3*~ mice have much lower DP values compared to littermate
controls. If this is not due to outer hair cell dysfunction,
then middle ear conductance is very likely to be affected
in the mutant mice.

To identify the histopathology of the Id mutant mice that
leads to conductive hearing loss, we first examined the gross
morphology of the TM. Transparent and balanced TM is
observed in the control mice. However, in the mutant mice,
bubbles are the most common observation through the TM,

which is an indication of middle ear effusion. TM retraction,
another common observation, is caused by negative pressure
in the middle ear cavity (MEC). In some cases, we observed
white patches on the TM, which is usually due to soft tissue
calcification, which eventually lead to increased stiffness of
the TM and decreased membrane conductance. No TM
perforation or missing ossicle bone, particularly the malleus,
was observed in the mutant mice. These discoveries exclude
the possibility of conductive hearing loss originating from
abnormal outer ear canals and TMs.

Next, HE stained inner ear and middle ear cross sections
were prepared for more detailed evaluation of the middle
ear and inner ear morphology. The mutant mice’s inner ears
did not show any abnormalities. For example, there was no
hair cell, spiral ganglion neuron loss or dislocation of Reissner’s
membrane and no stria vascularis defect. However, different
degrees of effusion were present in the middle ear cavities
of the mutant mice, which is in consistent with the observation
through the TM. Inflammatory cells were also present in the
MEC for an extended period, primarily polymorphonuclear
cells. This is a major feature of chronic middle ear inflammation.
Middle ear epithelia generally thickened in most of the mutant
mice, another typical feature of middle ear inflammation.
Combining ABR threshold data and histological examination,
we found that OM and pathology correlated well with ABR
threshold data from the Id1*7; Id37~ and Id177 /Id3*~ and
wild-type mice. These data together suggest that Id1/1d3

Frontiers in Genetics | www.frontiersin.org

August 2021 | Volume 12 | Article 508750


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Zheng et al.

|d1/1d3 Mouse Model of OM

mutations cause middle ear inflammation, which leads to
excess effusion, mucosal thickening and the presence of
inflammatory cells in the MEC and the inflammation in
middle ear causes conductive hearing loss in Id1/1d3
mutant mice.

Id1 and Id3 are two members of a family of four Id proteins
(designated Id1 through Id4) that act as dominant negative
inhibitors of bHLH transcription factors (Benezra et al., 1990;
Christy et al., 1991; Sun et al.,, 1991; Riechmann et al., 1994).
Id1 and Id3 gene in humans are located on chromosomes
20qll (Idl), Ip36.1 (Id3), and they share a very similar genomic
organization of exon-intron boundaries within their coding
regions (Norton et al., 1998). They are co-expressed temporally
and spatially during murine neurogenesis and angiogenesis
(Lyden et al., 1999). Id genes are expressed in the otic vesicle’s
prosensory domains and are involved in hair cell development
through an unknown mechanism (Jones et al.,, 2006; Kamaid
et al,, 2010). In the larger picture, Id proteins are crucial for
the proper development and function of the immune system
(Pan et al., 1999; Miyazaki et al., 2014).

The function of Id proteins associated with the immune
system has been well documented in several studies (Miyazaki
et al., 2014; Zook and Li, 2018; Han et al., 2019). Lack of
Id3 leads to impaired B-cell proliferation and immune responses
(Pan et al,, 1999). A recent study showed that Id1 favors
the differentiation of myeloid-derived suppressor cells
(MDSCs), but not dendritic cells (Papaspyridonos et al,
2015). MDSCs are a heterogeneous group of immune cells
from the myeloid lineage that suppress immunity against
infectious agents. These studies point the possible etiology
of OM in Id1/Id3 mutant mice to impaired immune responses.
It has been well recognized that a compromised immune
system is one of the major contributing factors to OM.
We speculate that 1d1/Id3 mutations lead to an impaired
immune system, which compromises the ability of the mutant
mice to fight against middle ear inflammation, leading to
continuous presence of effusion, epithelia hyperplasia and
inflammatory cells.

Vascular endothelial growth factor (VEGF) is one of the
most potent angiogenic factors under inflammatory conditions
in the middle ear (Juhn et al, 2008). A previous study used
clinical specimens of cholesteatoma in the middle ear to identify
a transcription factor that regulate the growth of cholesteatoma.
They found Id1 is an essential regulator of VEGF in the
cholesteatomal matrix and perimatrix (Fukudome et al., 2013).
Some studies have demonstrated that TGF-f, VEGE, or hypoxia-
inducible factor (HIF) signaling plays a critical role in the
pathogenesis of chronic otitis media in animal models (Tateossian
et al,, 2009, 2013; Cheeseman et al, 2011; Husseman et al.,
2012). As the important differentiation regulators, Id proteins
regulate different kinds of cellular processes. More studies need
to be done to clarify the underlying mechanism of otitis media
in Id1/Id3 mutant mice.

In conclusion, we have shown that the Id1*~7; I1d3™~ and
Id177; /1d3*~ mice provide excellent models for studying
OM. This model’s susceptibility to OM may be related to
the mice’s weakened immune response toward infectious agents.

Y

Moreover, the individual variability observed in the Id1*'7;
Id3~~ and Id17"7; /Id3*~ mouse population may provide a
valuable control in future explorations of this model. As
such, with this mouse model, we can further elucidate causal
relationships between the multiple features of OM and
provide an optimal approach to minimizing hearing loss in
affected individuals.
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