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Abstract

Otitis media (OM) is an inflammation of the middle ear (ME). 80% of children will
experience a case of OM during their lifetime. The disease presents a significant health burden
to both high and low-income countries. In high-income countries, OM is the leading cause for
paediatric antibiotic prescription and administration of general anaesthesia and in low-income
countries, lack of access to healthcare facilities leads to uncontrolled progression of disease,
which commonly culminates in hearing loss, but can also lead to meningitis and death. This
project aims to investigate 3 branches of the study of OM. 1) A better understanding of the ME
embryonic development, will provide new insights into the ME cavity and its epithelial lining,
and consequently the development of OM. To achieve this, immunohistochemistry staining for
embryonic and epithelium differentiation markers of fetal ME tissue from 23CS to 17 post-
conception weeks was performed. This part of the study presented significant challenges,
particularly in the identification of very early embryonic tissues, however, new staining
patterns were identified allowing novel insights into the early development of this part of a
human embryo. 2) Finding sustainable alternatives to the current OM research tools is
fundamental as currently, this is a significant limitation. A single human cell line is available
(hMEEC-1), with most OM research being conducted in animal models. ME primary cells
recovered from patients undergoing surgery also present limitations and few in vitro human 3D
models have been established. Here, | report the recovery of ME epithelial cells from the fetal
ME of early terminations of pregnancy (MEEC). MEEC present similar characteristics to
hMEEC-1, while being primary cells. Furthermore, the cells naturally present extended
lifespans when compared to previously published studies using primary cells recovered from
paediatric patients for 3D model development. 3) OM is a disease of primarily bacterial
sources, thus a strong knowledge of the interactions between otopathogens and the ME
epithelium will inform decisions on future prevention and treatment methods. As NTHi
emerges as a central otopathogen, replacing Pneumococcal spp., it is fundamental to
understand the ability of this bacteria to inhabit the ME epithelium and the cellular responses
to infection. This study reports, for the first time, the ability of NTHi to intracellularly invade
ME epithelium cells. Furthermore, the response of MEEC to infection by NTHi is
proinflammatory and follows a chronological similar pattern to that seen in in vivo responses,
according to the literature. Thus, MEEC are representative of OM disease and may prove to be

an extremely useful tool in the research of OM pathogenesis.
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1. Chapter 1 - Literature Review

1.1. Sound and the importance of hearing

Sound perception is a requirement for the survival of most animals. The ability to hear
brings individuals’ awareness to their surrounding environments, facilitating navigation and
providing safety. The comprehension of sounds has evolved greatly, allowing for various
populations to communicate effectively, for example through languages, used by humans.
Thus, whether an animal’s nature is to live within a pack or alone, reliance on sound is
fundamental for endurance. Humans rely on sound to connect with others and their
surroundings. For most of us the ability to hear is accepted as the norm, an essential component
of our day-to-day life, however, we do need to consider how an individual is affected when

they are born unable to hear or when they lose this sense.

Ear infections, such as otitis media, are a common feature in childhood. They present a
substantial threat for affected patients whose immune systems cannot resolve the infection or
for those individuals who do not have access to quality healthcare systems, as otitis media can

lead to hearing loss.

This project is of major interest in the current medical climate; most otitis media (OM)
cases are caused by bacteria, and thus antibiotics are a common form of treatment, but as the
number of antibiotic-resistant bacteria increases, so does the need for alternative therapies.
Furthermore, treatment of severe cases of OM often involves small invasive surgeries with
associated complications. A better understanding of the disease mechanisms and the use of
immunotherapies could prevent the need for such procedures. In high-income countries, OM
presents a massive burden to healthcare systems, as children and parents may require multiple
doctor visits and follow-up appointments, administration of different forms of treatments, and
invasive surgeries which increase stress levels. In low-income countries, however, the disease
presents as a burden to society, as individuals who do not have access to treatment may face
the complications associated with the unhampered progression of the disease, e.g., hearing loss

or meningitis, which hinders their growth and development.
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1.2. The ear

1.2.1. Sound transmission and the ear anatomy

In humans, the auditory system represents a sophisticated signal processing mechanism
responsible for a variety of functions, spanning from sound localisation, body balance,
perception of language and emotional prosody. These functions are supported by the crosstalk

amongst chemical, neural and mechanical components. *

The ear is segmented into 3 areas, the outer (or external) ear, the middle ear and the
inner ear (Figure 1). In humans, the sound perception commences in the external auditory
meatus (or ear canal), where the sound waves travel through the outer ear, hit the tympanic
membrane, also known as the eardrum, causing it to vibrate. The resulting vibrations perturbate
the auditory ossicles in the middle ear, which in turn cause the fluid in the cochlea, located in
the inner ear, to move. Upon amplification and transduction into electrical signals by the organ

of Corti, the vibrations are sent to the brain, where sound is decoded and comprehended. 2

Middle and Inner Ear Anatomy

Semicircular canals

Auricle l
\ [ 1 — Oval window
/ ’ - Vestibular nerve
Tympanic —— / d
membrane \ /
X / \—— Cochlear nerve
External auditory
meatus_\ B o mi Cochlea
\\
[ Malleus \—Round window

Ear ossicles— Incus -
| Stapes

——Eustachian tube

External ear Middle ear Inner ear

Figure 1 - Diagram of the anatomy of the ear. Adapted from https://app.biorender.com/.
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1.3. The middle ear

The middle ear (ME) comprises diversified and specialised epithelial linings: a
pseudostratified epithelium, with basal, goblet, and ciliated cells, and a simple squamous
epithelium. The ME acts as a sealed bridge between the outer and inner ear. Although sealed,
the ME is connected to the outer ear through the tympanic membrane and to the inner ear
through the round window, which is also sealed by a secondary tympanic membrane. The ME
cleft encompasses the ME cavity, the mastoid air cells and the Eustachian tube (ET), which
provides a form of contact with the external environment. The ME is continuous with the
respiratory airways and is also lined with respiratory membranes, thus able to secrete mucus.
The ME cavity houses the auditory ossicles: malleus, incus and stapes. On the outer limit of
the ME is the tympanic membrane and on the inner limit is the cochlea. The upper limit, or
attic, is beneath the brain's middle lobe and the lower limit lies above the great vein and carotid
artery. Towards the anterior of the ME is the opening to the ET, and at the posterior is the
opening to the mastoid air cells. Both these structures are a vital component of the maintenance
of pressure equilibrium within the ME (Figure 2). 3

Malleus SsCC

Incus Stapes Geniculate  Facial
ganglion nerve

Cochlear
nerve

Cochlea

External
auditory ————=
canal

Eustachian
tube

Tympanic Round
membrane window

Figure 2 - Diagram of the ear, highlighting middle and inner ear structures, such as the auditory
ossicles (malleus, incus and stapes) housed in the ME, and the cochlea located in the inner ear. The movement of
the ME ossicles oscillations, caused by the impact of sound waves in the tympanic membrane, is sensed and

transduced within the cochlea into electric impulses that are subsequently transmitted and interpreted by the brain.
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Adapted from https://otosurgeryatlas.stanford.edu/otologic-surgery-atlas/surgical-anatomy-of-the-ear/middle-

ear-mastoid/#.

The ET is responsible for connecting the ME to the nasopharynx. As the tympanic
membrane forms a tight seal, pressure differences between the middle and outer ear can be
significant and, when excessive, can lead to membrane perforation. However, the connection
to the nasopharynx through the ET allows for normalisation of pressure in the ME. Due to its
vertical angle and the presence of ciliated cells, the ET also allows for drainage of ME
secretions into the nasopharynx, and it protects the ME from nasopharyngeal content reflux
(Figure 3). Conversely, the mastoid air cells act as a “buffer system” to pressure

changes, releasing air into the tympanic cavity when the pressure is too low (Figure 4). 4

Eustachian
tube

Nasopharynx

Oropharynx

Hypopharynx

Esophagus

Trachea

Figure 3 - Diagram of nasopharynx, highlighting the eustachian tube. The eustachian tube is the ear’s
connection to the nasopharynx, essential for pressure maintenance within the ME. However, this connection can
also act as a bridge for virus and commensal or pathogenic bacteria into the ME. Adapted from:

https://www.saintlukeskc.org/health-library/parts-throat-and-neck.
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External auditory
canal

Mastoid bone

Mastoid air

Middle ear bones

4\Eustachian
tube

External . Tympanic membrane
ear \ “ (ear drum)

Ear Anatomy and Mastoid Bone

Figure 4 - Diagram of the location of the ear, and its insertion within the mastoid bone. The mastoid bone
possesses a honeycomb-like structure, containing air-filled spaces known as the mastoid cells. Adapted from

https://commons.wikimedia.org/wiki/File:Ear Anatomy and Mastoid Bone.png

1.3.1. The development of the middle ear

The ear first develops on embryonic days 22 or 23, through a thickening of the
ectoderm, on both sides of the rhombencephalic region, forming the otic placode. During week
4, the otic placode invaginates into the underlying mesenchyme, forming the otic pit, eventually
fusing and forming the otic vesicle. The ventral portion of the otic vesicle later results in the
saccule and cochlear duct, whereas the dorsal portion gives rise to the semicircular canals and
endolymphatic duct (Figure 5). The inner ear fully develops before the other two ear sections.
During week 7, the cochlear duct epithelial cells differentiate into the Organ of Corti, the
specialised structure that allows sound vibrations to be translated into neural signals. In week
9, the otic vesicle condenses and differentiates into the otic capsule, which between weeks 16
and 23 ossifies, to form the bony labyrinth, encapsulating the membranous labyrinth. The inner

ear reaches its adult size and morphology by weeks 20 and 22. °
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a b ¢
Wall of rhombencephalon

Invaginating
placode

Statoacoustic

Otic pit ganglion

*
g
g

=
----------

............
e
------
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s )
--------

Endoderm Dorsal aorta 4
Tubotympanic recess

Figure 5 - Diagram of the embryology of the ear: formation of the otic vesicles; (a) 24 days (b) 27 days
(c) 4.5 weeks. Adapted from https://link.springer.com/referenceworkentry/10.1007/978-3-642-23499-6_531

The ME development begins around week 5 of embryonic development, with the
invagination and lateral extension of the first pharyngeal endodermic pouch, towards the
developing inner and middle ear structures, forming the tubotympanic recess. Progressively,
the dorsal portion of the tubotympanic recess continues to expand, encapsulating the ME
ossicles, and forming the tympanic cavity at its distal end, which becomes filled with loose
mesenchymal tissue. The ventral portion of the tubotympanic recess develops into the ET with
a layer of endodermal epithelium lining the inner surface of the developing tympanic
membrane and the ventral regions of the cavity. Alongside the formation of the ME cavity,
there is the development of the ME ossicles, which are at early stages of development and
undergoing condensation. During week 7, the cartilaginous precursors of the auditory ossicles
condense in the mesenchyme of the branchial arches near the tympanic cavity (Figure 6). The
ossicles remain enveloped until month 8, when the cavitation process begins, and the
mesenchyme recedes; the endodermal epithelial lining of the tympanic cavity extends to the
top of the cavity and connects the ossicles to the wall of the cavity. During month 9, in a process
known as cavitation, the mesenchyme that is filling the ME cavity regresses and, finally, the
suspended ossicles take their permanent locations and link to adjacent structures, such as the

tympanic membrane and the oval window. ©
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Figure 6 - Diagram of the embryology of the ear: extension of the tubotympanic recess. (a) 7 weeks (b)
ME highlight of the cartilaginous precursors of the auditory ossicles, enclosed in loose mesenchyme. Adapted
from https://link.springer.com/referenceworkentry/10.1007/978-3-642-23499-6 531

The tympanic membrane forms from the ventral aspect of the pharyngeal membrane,
and it separates the first pharyngeal cleft from the first pharyngeal pouch. The first pharyngeal
cleft originates from the external auditory meatus, whereas the first pharyngeal pouch develops
into the tubotympanic recess. As development of the embryo continues, the mesenchyme
between the two areas intercedes; the tympanic membrane then comprises an outer ectoderm-

lining, an intermedial mesodermal layer and an inner endoderm-lining (Figure 7). ’

A

EAM Q

Figure 7 - Development of the tympanic membrane. Adapted from https://doi.org/10.1111/cga.12132
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Although the antrum is close to full size at the time of birth, newborns usually do not
present mastoid air cells, as the pneumatisation process only occurs after birth, when the

epithelium of the cavity extends to the mastoid bone and lines it with respiratory epithelium. °
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1.3.1.1. The dual origin of the middle ear

Despite the general understanding of the formation of the ear, there are gaps in the
details of its origins, as a consensus has not yet been reached regarding the development of the
ME. Tucker and Thompson (2013) investigated the hypothesis of multiple origins of the tissues
in the ear and demonstrated that the murine ME is lined with defined areas of cells that stain
positively for endodermal cell markers and neural crest cell markers. This led to the proposition
that during encapsulation of the ME ossicles, the first pharyngeal pouch ruptures and neural
crest cells access the ME, adding to its endodermal lining. Furthermore, their data highlights
two distinct regions. One contains densely ciliated epithelium and mucus-secreting goblet cells,
and it is found close to the Eustachian tube, the ventral regions of the ME, and along the lateral
edges of the cavity. This region overlaps with the areas that stained positively for endoderm.
The other region is constituted by simple epithelium with low ciliation and can be found over
the surface of the otic capsule and lines the attic. This region overlaps with the areas of neural
crest origin (Figure 9). Given these observations, Tucker and Thompson (2013) suggested that
neural crest cells undergo a mesenchyme-to-epithelium transformation after cavitation of the

ME, an event previously reported in the corneal endothelium. &

Furthermore, while investigating the distribution of progenitor cells in the ME, Tucker
et al (2017) found elevated numbers of proliferating cells in young mice MEs, suggesting that
maturation and development of the ear and its mucosa is still ongoing 2 weeks post-birth.
However, by 3 weeks post-birth, an adult morphology was evident, thus cell proliferation from
this point onwards is likely for cell replacement, instead of growth. Despite Tucker and
Thompson (2013) initial findings, suggesting that neural crest cells possessed reduced ability
to differentiate into more complex epithelial cells, their recent study found multiple clusters of
ciliated cells scattered within neural-crest derived regions, leading to the conclusion that some
neural-crest cells can undertake a more complex epithelial morphology and some endoderm-

derived cells can migrate to neural crest populated areas within the ME cavity. °
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Figure 9 - Development of the ME, according the the dual origin hypothesis. Adapted from
https://www.science.org/doi/10.1126/science.1236645.

1.3.1.2.  The single origin of the middle ear

Although Tucker and Thompson (2013) argue a dual origin of the ME, their research
has only been conducted in the ME of mice. Waegeningh et al (2019) conducted the first human
fetal ME immuno-histopathological study, in a 25-week-old fetus, where cavitation had
initiated. Their findings contrast that of Tucker and Thompson (2013), and advocate for a single
endodermal embryonic origin of the epithelium lining the human ME. The study by
Waegeningh et al (2019) showed that, unlike the hypothesis for the dual origin theory, an
endodermal rupture is not required for the epithelial-lined appearance of the human ME cavity.
Instead, the pharyngeal pouch has the ability to invaginate the ME ossicles, that would
otherwise cause a rupture, and be in functional continuity with the rest of the upper respiratory
tract. 1° However, the discrepancies in findings between these two studies could be attributed
to the different stages of epithelium differentiation - 25 weeks prenatal human vs 3 weeks
postnatal mice. Milmoe and Tucker (2021) argue in their rejection of the single origin
hypothesis that, even though ME cavitation had been initiated in the single origin study, it had
not been completed in the attic region and the attic mucosa lining had not yet formed, thus an

accurate study of the origin of the attic region of the ME could not be executed. It is important
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to note that it is common in humans for the completion of the attic and mastoid aerated areas

to occur up to the age of 4. 1112

In conclusion, the exact origins of the ME have yet to be defined and require further

investigation.

1.3.2.  The middle ear epithelium

1.3.2.1.  Cell types and populations within the middle ear

Using single-cell transcriptomics, which allow for analysis of gene expression levels of
individual cells within heterogeneous cell populations, Ryan et al (2020) characterised the cells
of the normal, young adult (60-90 days old) murine ME. The results provide a molecular

landscape of the cells lining the normal ME mucosa and define the roles of the ME cells. 1

1.3.2.1.1. Epithelial Cells

The epithelial cells are responsible for detecting pathogens and responding accordingly,
by secreting antimicrobials or recruiting and activating leukocytes. All clusters of epithelial
cells found expressed Bpifal, a gene resulting in the production of an upper respiratory airway
antimicrobial. A total of six distinct clusters of epithelial cells were identified (See table 1).

Table 1 - List of epithelial cell clusters identified in the murine ME through single-cell transcriptomics.

Cell cluster type Proposed function/Expressed genes

Basal cells Tissue proliferation and expression of -
defensin 1

Epithelial cells Agp4 and Muc4
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Mature high secretory epithelial cells Antimicrobials and mucins

Low secretory epithelial cells Surfactant D and extracellular matrix (ECM)
genes

Epithelial cells Innate immune genes

Transition cells Transition between epithelial with innate

immune gene expression and low secretory

epithelial cells

Despite the findings of Thompson and Tucker (2013) on the dual origin of the ME,
there were no recognised adult gene markers for cells of neural crest origin. The small number
of melanocytes observed, which are assumed to be of neural crest origin, were scattered through
the epithelial clusters and did not express epithelial markers. As predicted, the varied existing
epithelial cell types were associated with maintenance of the epithelial population and defence
functions, vital for sustaining homeostasis in the ME. The presence of highly specialised cells,
such as mature high secretory epithelial cells, but also transition cells, likely contributes to a

robust and easily adapted response to pathogens in the ME.

1.3.2.1.2.  Stromal Cells

All stromal cells expressed genes involved in ECM generation and cell remodelling.
Three distinct clusters were identified, including osteoblastic cells expressing genes related to
bone maintenance and remodelling; cells expressing epithelial and stromal growth regulatory
genes; and cells expressing complement factors, as well as negative immune regulators, pro-
inflammatory genes, and inhibitory modulators of inflammation. As stromal cells are
differentiating cells and typically not highly specialised, it is expected that they present a
diverse number of functions, including in differentiation and replacement of cells. The presence

of osteoblastic cells is also expected, as the mature ME is a bone encapsulated cavity,
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harbouring the ME epithelium, and regulation of the formation and interactions with this region

is essential.

1.3.2.1.3. Vascular Cells

Three cell clusters of vascular cells were identified, including vascular endothelial cells
expressing genes related to vascular permeability and fluid transport, angiogenesis, recruitment
of leukocytes and decoy-cytokine receptors; lymphatic endothelial cells demonstrating the
presence of lymphatics in the ME and verifying that draining from the ME to neck lymph nodes
occurs; and pericytes expressing genes with roles in hypoxia, potentially leading to activation
of inflammatory pathways and T-cells. Antigen presenting cells, such as dendritic cells and
monocytes, transport antigens to nearby lymph nodes, such as the ones in the neck, through the
lymphatic system. In the lymph nodes, an adaptive immune response is initiated, which assists

in the elimination of ME pathogens.

1.3.2.1.4. Leukocytes

All clusters of leukocytes expressed genes related to immune and inflammatory
responses. A total of five cell clusters were identified. (See table 2)

Table 2 - List of leukocyte clusters identified in the murine ME through single-cell transcriptomics.

Cell cluster Function/Expressed genes

Macrophages (including M2 type) Maintenance of homeostasis and expression

of anti-inflammatory factors

Dendritic cells and immature monocytes Detection ~ of  pathogens,  leukocyte
chemotaxis, activation of the complement
system and positive and negative regulation

of inflammation
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Killer phenotype (associated with dendritic | Expression of cytotoxic genes (nhot

cells) previously identified in the ME)

Gamma delta T-cells and NK-cells Detection of pathogens and expression of

effector proteins

B-cells and ILC2s Antibody production, T-cell regulation and

induction of inflammation

The large number of negative regulators of innate immunity and inflammation observed
in the transcriptomes could provide an interesting tool for the study of OM. Although the
negative regulation process is essential in the maintenance of homeostasis, its consequences

and the way pathogens can exploit it in OM requires further investigation.

However, this is the only study of its kind, and it focused on the mouse ME epithelium.
A deeper investigation of the multiple cell types found in the human ME is crucial to our
understanding of the development of inflammatory responses within the cavity, particularly in

relation to remodelling of the ME and secretion of antimicrobials.

1.3.2.2. Middle ear epithelium similarities to the respiratory

epithelium

The first in-depth analysis of the human ME and ET epithelium by Lim (1971) gathered
histological, histochemical and ultrastructural information. The ET possesses a bony portion
that blends with the bone of the ME, with epithelium composed of tall pseudostratified
columnar cells, where 80% are ciliated and the remainder possess secretory functions. This
epithelium contrasts with the epithelium of the cartilaginous section of the ET, towards the
pharyngeal orifice, which is constituted by pseudostratified tall columnar ciliated epithelium
with secretory and non-secretory cells, and regions of simple squamous epithelium, particularly

near the orifice. The epithelium lining the ME cavity, near the ET and hypotympanum,
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constitutes of tall columnar cells but near the promontory, and towards the attic, cuboidal cells
and a simple squamous mucosal epithelium are seen. *1® Later, Lim (1974) and Hentzer
(1976) found that the ME is lined by subepithelial connective tissue, where fibrocytes, mast
cells, macrophages, and lymphocytes are present, as well as a basal epithelial layer. 118 Lim
and Klainer (1971) suggested that, under pathological conditions, the basal mucosal epithelium
had the potential to differentiate into ciliated or secretory cells, a cell morphology distribution

that is commonly seen in the nasopharynx. 1°2°

The diversity of secretory cells and secreted products has also been previously
investigated. Veltri and Sprinkle (1973) and Bernstein et al (1972) highlighted the production
of lysozyme and lactoferrin in the ME epithelium, both of which can also be found in the nose
and respiratory tract. 222 The presence of an active mucociliary system in the ME, similar to
that seen in the nose and lungs, with ciliated and secretory cells and a mucus blanket has also
been demonstrated by Sade (1967) and hypotheses of coordinated cilia beating have more

recently been demonstrated by Luo et al (2017). 2324

A healthy ME has no associated lymphoid tissue and generally possesses very low
numbers of resident lymphocytes, however, once inflammation is triggered, the site becomes
heavily populated by immunoglobulin-producing cells, which arrive at the ME through lymph
nodes and peripheral blood circulation. Furthermore, the ability of the ME to drain into the
lymphatic system demonstrates that the ME mucosa can drain large molecules to local lymph
nodes, but failure of this process can aggravate ear pathologies. 2> The presence of other
immunocompetent cells such as mast cells, macrophages and neutrophils, and dendritic cells
has also been reported by Freijd et al (1984), Palva et al (1991) and Suenaga et al (2001). Their
presence within the ME, although in small numbers when compared to other mucosal organs,
is essential for triggering an effective innate immune response, and providing a link to a robust

adaptive immune response. 2628

The collective of these findings were fundamental in the understanding of the ME

epithelium as a modified respiratory epithelium.

1.3.2.2.1. The middle ear and lungs

Similar to the ME, the lungs are lined by pseudostratified ciliated columnar cells, simple

ciliated columnar epithelium, ciliated cuboidal cells, type I (simple squamous) and type Il
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(secretory) pneumocytes, macrophages and goblet cells. During embryonic development, the
pulmonary primordium and the early ME cleft are both derivatives of the endoderm, though

they later undertake different differentiation routes. 2

Sadé and Ar (1997) have previously described the ME as a “miniature lung”, as the
ME, like the lung, requires an air-filled cavity to function optimally, and it relies on the ET for
its ventilation in the same way as the large alveoli of the lung rely on the terminal bronchiole
for air distribution. Furthermore, the ME mucosa, like the lung mucosa, reacts to alterations in
air pressure, gas composition, and bacterial load in part due to the rapid action of goblet cells,
which secrete mucins and proliferate upon stimulation. Finally, several studies have identified
the presence of surfactant-like proteins in the ME mucosa, similar to those found in the

pulmonary surface. *

The lungs and ME are also affected by a plethora of similar pathogens and their
responses to infection follow similar stages: congestion, formation of effusion, suppuration,

and resolution or further consequences. 3!

1.3.2.2.2. The middle ear and nose

The nose epithelium posterior to the limen nasi contains cells similar to those previously
described in the ME: non-keratinised stratified squamous epithelium, respiratory
pseudostratified ciliated epithelium, with columnar, cuboidal, goblet, ciliated and non-ciliated
cells, but it also contains seromucous glands within the lamina propria. As with the respiratory
tissues mentioned above, the nasal mucosa also reacts promptly to stimuli: pathogens and

external factors, such as smoking, air pollution, inhalants and drugs.

The nasal epithelium also acts as a barrier against pathogens, detecting these via pattern
recognition receptors (PRRs) and producing antimicrobials to fight off infection. Cells
involved in innate immune defence, such as macrophages and dendritic cells, are also found in

the nasal epithelium. 3

The epithelium is not the only similarity found between the nasopharynx and the ME.
Due to their proximity, and access through the Eustachian tube, migration of microbial
organisms between the two structures has been hypothesised. Jinhage et al (2021) analysed the
nasopharyngeal and ME cultures of children with acute OM, in an attempt to link the
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microbiome of the ME and the nose, as nasopharynx microbiology cultures are commonly
requested methods to assist OM diagnosis in clinical settings, but its accuracy had not
previously been established. Overall, the findings suggested that, despite not being a perfect
correlation with the ME microbiome, nasopharyngeal cultures provide valuable insights into
the pathology of acute OM. Jinhage et al (2021) reported that in some cases, the course of
antibiotic treatment was altered, or extra appointments scheduled, and the cultures provided
reliable information on what is and what is not growing in the ME, and their bacterial antibiotic

resistance patterns. 34

1.3.2.3.  The cilia in the middle ear epithelial lining

As previously mentioned, the ME epithelium possesses specialised cells with secretory
and ciliary functions. Motile cilia are key in maintaining the homeostasis of the ME and further
understanding of their mechanism of action could improve our knowledge of how to treat
diseased ears. Pathologies such as neonatal respiratory distress, chronic nasal congestion and
chronic OM with effusion are common in individuals with cilia dysfunctions. Luo et al (2017)
outlined the importance of motile cilia as agents in the clearance of the respiratory airways.
This work provided knowledge regarding the previously uncharacterised cilia of the mouse
ME, by identifying two ciliated cell populations: one that concentrates near the ET orifice,
where the cilia are aligned towards the direction of the ET opening and express Vangl2 (a
membrane protein involved in regulation of planar cell polarity), also found in the trachea; and
a second population lining the ME cavity and parts of the attic. Though their data were
consistent with previous reports of ciliated epithelium overlapping with the ventral region of
endoderm origin, they also found sparse regions of dorsal cilia in the supposedly neural crest
origin area, particularly in the attic. The ciliated cells in the attic are believed to have a dual
role in balancing air pressure and conducting sound signals across the ME, as well as in fluid

and pathogen clearance (Figure 10). 24

It is noteworthy that ciliated airway epithelial cells, such as those residing within the
lungs and the tongue, play a role in chemosensory-based defence mechanisms, which is

potentially shared by their ME ciliated epithelial counterparts. %
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Figure 10 - Diagram of ciliated cell distribution
across the ME cavity. The ciliated cells form the
mucociliary transport pathway, vital for maintaining
homeostasis within the cavity, as the cilia play a role in
balancing air pressure and clearing pathogens or fluid build
up. Adapted from https://www.sciencedirect.com/science/
article/abs/pii/B9780124158474001014
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1.4. Otitis media

Dysfunction of the ET is potentially linked to ear pathologies. This dysfunction
typically occurs when the ME or nasopharynx are infected (e.g., viral upper respiratory tract
infection (URTI)), leading to inflammation and/or swelling of the ET. However, ET
dysfunction can also occur due to adenoid hypertrophy (swelling of the adenoids and tonsils)
or failure of the muscles that connect, wrap around and pass through the ET. These factors
prompt blockage of the ET, impairing drainage of ME contents and disrupting pressure

equalisation. A typical result of ET dysfunction is otitis media (OM) (Figure 11). %
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Figure 11 - Diagram of ear affected by OM. In cases of otitis media, a trigger initiates inflammation
within the Eustachian tube or ME, leading to partial or complete occlusion, due to either swelling or mucous
blockage, of the Eustachian tube. The inflammation is commonly triggered by pathogens and is followed by an
increase in mucus production, and consequently, fluid build-up within the ME cavity. The tympanic membrane
also becomes inflamed, and the increased pressure within the cavity leads to the tympanic membrane bulging
outwards. This process can cause immense pain in affected individuals, as well as diminishing the individual’s

ability to hear. Adapted from https://www.aboutkidshealth.ca/article?contentid=8&language=english.

Although more evidence is required to support this fact, it has been hypothesised that
the anatomic differences between adult and children’s ETs may be one of the main

determinants underpinning the increased susceptibility of children to OM. For example, a
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child’s ET is shorter, more horizontally aligned, softer, and of smaller calibre than an adult’s
ET. When this is considered alongside a child’s immature immune system, it leads to the
hypothesis that pathogens travel more easily from a child’s nasopharynx into the ME,
consequently leading to the onset of OM (Figure 12). Other OM-susceptibility factors include

Infant Adult

Eustachian tube

FADAM.

socioeconomic status, environmental factors and genetic background. ¥’

Figure 12 - Diagram of anatomical differences between adult and children’s Eustachian tube. A child’s
Eustachian tube is shorter, more horizontally aligned, softer and of smaller calibre, facilitating pathogenic
migration ~ from  the  nasopharynx  into the  middle ear cavity.  Adapted  from:

https://medlineplus.gov/ency/article/000638.htm

1.4.1. Acute otitis media

OM is typically an infection of the ME that leads to redness and swelling of the
tympanic membrane, followed by fluid build-up inside the ME cavity. It commonly affects
new-borns, toddlers and young children. During this period, ME ossicle movement is

drastically reduced, leading to conductive hearing loss. 3

OM initiates as a result of a host-pathogen interaction, either in the ET or ME, which
prompts congestion and swelling of the nasal mucosa, nasopharynx and ET, leading to
occlusion of the tube and poor drainage of ME contents. In turn, this prompts accumulation of

secretions in the ME cavity, which promotes the onset of secondary infections by commensal
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or newly introduced bacteria, leading to inflammation of the area, and the development of acute
OM (AOM). 340 Although ET and nasopharynx dysfunctions are primarily caused by
pathogenic triggers, either viral or bacterial, leading to OM onset, as recently shown by Aslier
et al (2021), adenoid hypertrophy is closely linked to OM with effusion, resulting in a decline
in hearing abilities in children aged 3-11. Thus, sterile inflammation leading to disease should

not be an overlooked occurrence. 4!

In response to the pathogenic trigger and unregulated inflammation taking place during
AOM, the ME epithelium undergoes extensive hyperplasia, meaning an increase in cell
proliferation and its numbers, including in the epithelium overlying the cochlea and the attic
areas, which normally present low levels of proliferation. The simple squamous epithelium
transitions to a pseudostratified respiratory-like epithelium, increasing the number of goblet
and secretory cells. ® Hyperplasia is a hallmark feature of OM. Palacios et al (2014) have found
that p38 MAPK plays an important role in promoting a mucosal hyperplastic response and
recovery to a baseline physiology during bacterial OM. The p38 pathway is involved in a broad
range of cellular functions, including cell proliferation, differentiation and apoptosis. p38 is
highly expressed upon bacterial stimuli and, in rats, its early inhibition reduced bacterial-
induced mucosal proliferation and led to fewer OM episodes, lessening the severity of OM
sequelae in these animals’ ME. However, when p38 was inhibited at later stages of disease,
due to its role in apoptosis signalling, it affected cell death, potentially increasing duration of

hyperplasia and the mucosal return to basal levels. 42

1.4.2. Chronic otitis media

If the ME inflammation does not resolve, either spontaneously or through
administration of treatment, leading to pathogen clearance, persistent inflammation develops
with a permanent remodelling of the ME epithelium. Remodelling induces overproduction of
mucin and antimicrobial peptides, prompting fluid build-up, which can cause pressure to
significantly increase in the ME and lead to spontaneous perforation of the tympanic
membrane. Subsequently, this allows for frequent ear discharges into the outer ear, a condition
known as suppurative OM (SOM). SOM can have two distinct outcomes: chronic SOM
(CSOM), characterised by a chronic infection that hampers healing of the perforated tympanic

membrane, or resolved OM, where the perforated membrane heals and returns to a new

36


https://www.zotero.org/google-docs/?0flk8N
https://www.zotero.org/google-docs/?5p9L61
https://www.zotero.org/google-docs/?FKdwZk
https://www.zotero.org/google-docs/?WpfpqG

baseline. If the tympanic membrane is not perforated, the pathology is characterised by
proliferation of mucus-secreting goblet cells in the ME and inflammation subsides but leaves
residual fluid in the ME cavity. This condition is referred to as OM with effusion (OME), which
is usually asymptomatic, resolving within 3 months. However, during this resolution period,
the ME environment is prone to reinfection and if these symptoms do not clear and the effusion
persists, the condition is then referred to as chronic OME (COME) (Figure 13 and 14). 43
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Figure 13 - Otoscopic visualisations of the tympanic membrane and its different appearances in COM
affected ears. (a) Healthy ME; with no inflammation, redness or swelling, tympanic membrane is clear and
reflective, and it is possible to visualise the outline of auditory ossicles. (b) COME affected ear; most of the
inflammation, redness and swelling has subsided and the tympanic membrane remains intact, but the fluid build-
up within the ME cavity is still visible. (c) CSOM affected ear; tympanic membrane has been perforated, leaving
an open gap between the outer and ME, redness and signs of inflammation are still visible due to the ongoing

infection hindering the membrane healing. Adapted from: https://med.uth.edu/orl/online-ear-disease-photo-

book/chapter-3-ear-anatomy/ear-anatomy-images/ and

https://journals.biologists.com/dmm/article/10/11/1289/53024/Understanding-the-aetiology-and-resolution-of
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Figure 14 - Diagram of the ME cavity and how different subtypes of COM affect the structure and function

of the ME epithelium. (a) Healthy ME; normal ciliated and non-ciliated epithelial lining, overlaid by a thin layer

of mucus. (b) COME affected ear; cavity is filled with a mucoid effusion The epithelium lining is inflamed and

features mucosal hyperplasia. Bacteria can be found in the cavity in a planktonic state, as a biofilm or

intracellularly. Recruitment and activation of macrophages and neutrophils is a common response to infection. (c)

CSOM affected ear; cavity is filled with a purulent effusion that spills onto the outer ear through the perforated

tympanic membrane. The epithelium lining is inflamed and features mucosal hyperplasia, which can be excessive

and form polyps. Bacteria can be found in the cavity in a planktonic state, as a biofilm or intracellularly, often as

polymicrobial communities. Recruitment and activation of macrophages and neutrophils, as well as lymphocytes

is a

common

response to this

condition. 39

Adapted

from:

https://journals.biologists.com/dmm/article/10/11/1289/53024/Understanding-the-aetiology-and-resolution-of
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1.4.3. Incidence and prevalence of otitis media

Liese et al (2014) conducted a study in European countries (Germany, Italy, Spain,
Sweden and the UK) involving 5,776 children. They reported that 1 in 4 children were affected
by AOM before the age of 6 and that spontaneous perforation of the tympanic membrane
occurred in 7% of the cases. ** In the USA, Kaur et al (2017) performed a similar study
involving 615 children and reported that by the time a child reaches 1 year of age, 23% will
have suffered at least one episode of AOM. This percentage drastically increases by the age of
3, where 60-80% of children will have experienced at least one episode, and 24% will have
suffered three or more episodes. Nonetheless, these figures represent a downward trend when
compared to a similar study conducted two decades earlier, by Teele et al (1989), before the
introduction of the pneumococcal conjugate vaccine, where over 80% of children in high-
income countries suffered at least one AOM episode by the age of 3 and approximately 40%
had had more than three episodes. ¢ Tonnaer et al (2009) have highlighted the long-term
impacts of multiple OM episodes, by reporting that 15-20% of teenagers in the Netherlands

suffer from tympanic membrane fibrosis and scarring, a consequence of persistent OM. 4/

Leach et al (2020) focused on hearing loss amongst poorer populations, in low to
medium income countries, combining data from 18 studies, involving a total of 35,173
participants (17,521 from Africa, 16,182 from Asia and 1,470 from Oceania). The prevalence
rates for any type (acute or chronic) of OM were 8% in Africa, 14% in Asia, and 50% in
Oceania; the respective overall hearing loss (conductive and/or neurosensorial) prevalence
rates were 5%, 8% and 1%, but region-specific rates for hearing loss presented higher values
of 12%, 12% and 26%, respectively. This illustrates issues arising from the use of pooled data
whereby the severity of the disease, especially in regions with niche and highly diverse socio-
economic backgrounds, is underestimated. Interestingly, Bhutta et al (2015) noted that in
indigenous groups, such as the Inuit (Arctic regions), Native American (USA), Maori (New
Zealand) and Australian Aborigine (Australia), the rates of AOM incidence are almost always
1.5 to 3 times higher than non-indigenous populations in those regions. 8 Key reasons for
increased OM rates in indigenous populations may include a range of socioeconomic factors,
such as overcrowded and poorer housing conditions, high exposure to tobacco smoke,
malnutrition, restricted access to healthcare facilities, and poorer economic backgrounds.
Interestingly, reports have also found high carriage of common otopathogens in the
nasopharynx of indigenous children. Mackenzie et al (2010) reported that Australian Aborigine

populations possess a higher nasopharyngeal load of Streptococcus pneumonia, Haemophillus
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influenzae, and Moraxella catarrhalis when compared to individuals in high-income countries,
namely Belgium and Denmark, and even low-income countries, Gambia and Kenya. The
authors were able to assert that frequent exposure to smoke plays a central role in maintaining

high bacterial load rates, particularly pneumococcal carriage. 4°->2

To conclude, a recent report from the World Health Organisation (WHO) estimates that
by 2050, 1 in 4 people worldwide will be affected by hearing problems due to poor
infrastructures on hearing health. The report also singles out COM as one of the leading causes
for hearing loss in childhood and adolescence, further encouraging an effort to develop better
support and hearing health structures, as OM can be prevented by early diagnosis and

management, 535
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Figure 15 - Geographical distribution and worldwide incidence rates, in 2005, of (a) AOM (per 100
people) and (b) CSOM (per 1000 people). Adapted from https://www.nature.com/articles/nrdp201663.
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1.4.4. Further complications associated with otitis media

Serious clinical complications of OM include a variety of intracranial aggravations,
such as: the extension of infection to the mastoid air cells, known as mastoiditis; the formation
of intracranial, subarachnoid and subperiosteal abscesses; facial nerve palsy; labyrinthitis or
inflammation of the inner ear; febrile seizures; cholesteatoma; and meningitis. Mastoiditis is a
serious infection that typically occurs as a result of OM. As the mastoids contribute to the
maintenance of air pressure, and protection of ear structures and the temporal bone, infections
in this region can contribute to hearing loss and spread of infection to adjacent structures.
Further, although a cholesteatoma is a rare condition, it is one of the most common
consequences of COM as it consists of an accumulation of simple squamous epithelial cells
within the ME cavity that can lead to damage and degradation of the surrounding structures,
such as the ME ossicles, and irreversible hearing degradation. Meningitis is an infection of the
protective membranes that surround the brain. The disease carries a high risk of morbidity and
mortality. Though this condition is not exclusively linked with OM, due to its proximity of the

brain, ME infections are a weighty threat for the extension of the infection to the area. %5-°

Additionally, COM is linked to high morbidity rates, particularly in young children, as
hearing loss leads to speech development problems and/or language acquisition delays.
Treatment of COM and its sequelae often require expensive or complex solutions, such as
invasive ear and upper respiratory tract surgeries, as well as a continuous use of antibiotics,

contributing to their overprescription and the antimicrobial resistance crisis.

1.4.5. Societal impact of otitis media

As mentioned previously, OM commonly affects neonates, toddlers and young
children. In high-income countries, OM presents a massive burden to healthcare systems, as
children require multiple doctor visits and follow-up appointments, the administration of
different forms of treatments, including antibiotics and decongestants, and, potentially,
invasive surgeries. In fact, OM-associated surgery, such as tympanostomy, is one of the most
common reasons for paediatric surgery requiring anaesthesia, and OM is the leading cause for
antibiotic prescription in paediatric settings. In low-income countries, however, the disease

presents as a burden to society. Individuals without access to treatment face the complications
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associated with unhampered progression of disease, which hinders their growth and

development. 38

Prevalence of COM has been shown to be associated with social-economic status, as in
high-income countries 5-6% of children suffer from COME and less than 1% suffer from
CSOM, but in low-income countries COME affects 10% of children while CSOM affects more
than 4-6% of children, with much higher incidences in indigenous populations, 8%-50%. 4660
Furthermore, Monasta et al (2012) estimate that annually 21,000 people die due to OM-related

complications. ¢

1.4.6. Current and new treatments for otitis media

1.4.6.1. Treatment of acute otitis media

The latest European treatment guidelines suggest that once AOM is diagnosed, in
individuals without underlying conditions, an observation period of up to 48 hours should be
followed, whereas in at risk groups, such as immunocompromised individuals or babies under
6 months of age or with underlying birth defects (e.g.: cleft palate), treatment should start
immediately. During the observation period, pain management and analgesia can be provided
to avoid patient discomfort (e.g., paracetamol and ibuprofen). If no improvement is seen after
the observation period, a 5-to-10-day course of systemic antibiotics course, commonly

amoxicillin, a broad-spectrum antibiotic, should be started. (See table 3). 2

The frequent hesitancy in immediate antibiotic administration post OM diagnosis aims
to prevent antibiotic overuse in infections that can self-resolve. Unrestricted antibiotic intake,
particularly broad-spectrum systemic antibiotics, may lead to further adverse effects, such as
gastrointestinal symptoms, allergic reactions and Clostridium difficile—associated colitis. 362
However, due to concerns regarding poor membrane diffusion and the ototoxicity of ototopical
(local) antibiotics have driven the medical community, in the vast majority of AOM cases, to
opt for systemic antibiotics instead of the local-specific medication, or, in cases of COM, to

use multiple otoantibiotics combined with corticosteroids. %+-°7

Despite a global update in treatment guidelines in 2013, moving OM treatment away

from immediate antibiotic administration to careful watching, Marom et al (2021) have noted
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that there has been a moderate adherence to the new approach, with only 46-52% of the cases
evaluated (out of a total of 491,106 cases) following the updated recommendations, while the
remainder started immediate antibiotic administration on OM diagnosis. It is important to note
that following updated clinical treatment guidelines is essential to administer the best possible

care, as the updates are based on evidence and studies to guide clinical decision-making. 8

Table 3 - According to USA treatment guidelines, early antibiotic prescription in AOM affected patients is dependent
on the patient’s age, previous history and risk of subsequent complications, as well as severity of symptoms presented. Limited
evidence suggests amoxicillin is more effective than other commonly administered antibiotics. Pink bottle represents
immediate antibiotic prescription. Pneumatic otoscope represents up to 48 hours observation period. Adapted from
https://pubmed.ncbi.nlm.nih.gov/23439909/

Symptoms severity | Severe symptoms | Mild symptoms Mild symptoms
) ] (bilateral)
(unilateral or (unilateral)
Patients’ age bilateral)
< 6 months

6-23 months

> 24 months

For OM treatment, oral steroids and decongestants have commonly been prescribed
alongside antibiotics. Francis et al (2018) studied the effects of oral steroids and found no effect
on the resolution of OM-associated hearing loss in children aged 2 to 8 years old. Similarly,
Ranakusuma et al (2018) investigated the effects of corticosteroids for AOM treatment and

found that the duration of symptoms was not affected by its administration. 5°7° Shaikh et al
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(2017) found that, for children under the age of two, immediate administration of amoxicillin
was the most cost-effective treatment for AOM, while Spurling et al (2017) noted that
immediate amoxicillin was more effective in treating OM when compared to delayed antibiotic
administration. Hoberman et al (2016) concluded that a reduced antibiotic administration was
not as effective as a full regimen for OM resolution in children between the ages of 6 to 23
months. " However, these findings must be taken on a case-by-case consideration,
depending on disease severity upon diagnosis, as immediate antibiotic administration is not
supported by the new treatment guidelines, paediatricians' decisions should balance the costs
and benefits of immediate administration and its consequences to the current antimicrobial
resistance crisis. Santos-Cortez et al (2019) alerted the medical community to the
overprescription of medicines such as steroids, corticosteroids and decongestants, that do not
halt disease progression. Furthermore, they also reminded the medical community that
antibiotics (particularly amoxicillin) are still the golden standard for OM treatment, warning
that in an era of insurgent antibiotic-resistant bacteria, alternative treatments to fight disease

progression are of utmost importance. "

Regarding drug delivery to the ME, alternative methods of administration have been
investigated. For example, Yang et al (2016) found that therapeutic levels of ciprofloxacin
could be delivered to the chinchilla ME by applying drug-containing hydrogels to the external
surface of the intact tympanic membrane. Kurabi et al (2017) identified peptides that promote
the active transport of large particles, such as bacteriophage, across the intact ex vivo human
and in vivo rat tympanic membrane. Both studies facilitate routes that target the specific site
without a need for systemic administration. Furthermore, Kurabi et al (2018) showed that the
tympanic membranes of healthy rat MEs allows for trans-tympanic membrane transport at the
same rate as tympanic membranes from infected MEs, that the rate for transportation of
different sized particles is similar and that healthy rat and human tympanic membranes present
similar transportation rates. These findings are of great importance in propelling alternative
delivery mechanisms for OM treatment. ">~'” Non-ototoxic local antimicrobial administration
(for example: eardrops) could replace systemic antibiotic administration, which carries
significant side effects, including potential allergic reactions, disruption of commensal
microbial flora, particularly in the gastrointestinal tract, and increased bacterial resistance.
Alternatives to systemic antibiotic delivery are essential to ensure better health outcomes, on

an individual and community level.
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1.46.2. Treatment of chronic otitis media

As previously mentioned, once AOM has been resolved without tympanic membrane
perforation, if fluid has built up in the ME, it progresses to OME. At this stage, direct
visualisation shows no soreness or redness of the tympanic membrane, however, due to high
fluid-air levels in the ME cavity, there is reduced mobility of the tympanic membrane. OME
can resolve within a few weeks without surgical intervention, but recurrent AOM (rAOM)
patients or patients whose OME is not resolved after 3 months may be considered for surgical
intervention for the insertion of tympanostomy tubes. The tubes, also known as ventilation
tubes or grommets, are inserted into the tympanic membrane to promote aeration of ME,
preventing fluid accumulation and allowing for pressure normalisation (Figure 16). *> COME
can also be resolved through the insertion of ventilation tubes, though the underlying
mechanisms for disease clearance are unknown. The leading hypothesis suggests that, in
humans, oxygen tension is an important factor in maintaining ME homeostasis, thus it can be
theorised that, as seen in COME-affected mouse models with surgical tympanic membrane
incisions mimicking ventilation tubes, the tubes reduce the hypoxic environment and

inflammatory effusion, promoting resolution of inflammation. ®

Though tympanostomy largely improves a child’s quality of life in the short-term, it is
important to reiterate that it constitutes an invasive surgical procedure. Further, tympanostomy
may be combined with adenoidectomy, another invasive surgery, generally requiring
anaesthesia, inpatient care and follow-up procedures, such as antibiotics and analgesic
administration. The consequences of this form of treatment can range from postoperative
nausea and vomiting to airway obstruction or cardiovascular instability. "°®* Furthermore,
tympanostomies are not always successful as up to 50% of children with ventilation tubes get
discharge from the tube causing bad odour, pain and fever; 5-10% of the tubes become blocked
due to ME effusions or bacterial biofilms and/or fall out too early and 1% of children may
suffer from tympanostomy-derived cholesteatoma or sensorineural hearing loss. In order to
prevent postoperative ear discharge and facilitate ME healing, guidelines advise frequent saline
washouts or regulated antibiotic administration (possibly combined with corticosteroid ear

drops to reduce inflammation). %4
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Figure 16 - Otoscopic visualisations of the tympanic membrane and its different appearances in OM-
affected ears. (a) Healthy tympanic membrane. (b) Swollen, red and bulging tympanic membrane, typically seen
in cases of AOM. (c) OME-affected ear. (d) Tympanic membrane with ventilation tube, a common form of
treatment for COME-affected ears, as it improves oxygen circulation, aiding in the resolution of inflammation.

Adapted from: https://www.nature.com/articles/nrdp201663

In CSOM, resolution can be achieved by administration of topical non-ototoxic
antibiotics, such as quinolone. The infection clearance is more easily achieved in CSOM than
COME, as in CSOM the tympanic membrane is naturally perforated allowing for better
diffusion of the antibiotic into the ME. However, it has not yet been reported how often
antibiotic treatment enables long-term resolution of the disease and, as CSOM is characterised
by ongoing intermittent infections that impair tympanic membrane recovery, full membrane
healing frequently fails. Thus, surgical repair, through tympanic membrane replacement using
autologous cartilage or fascia grafts, is the most successful long-term option despite 1 in 6

attempts failing. *3

Even though the number of OM cases has decreased over the past decade, due to better
diagnostic tools, more accurate treatment administration and improved public health, OM is
still among the most common diseases of childhood and a leading cause of paediatric surgery

and antibiotic prescription. Furthermore, the rising number of antibiotic-resistant pathogens,
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alongside the increased vaccine hesitancy movement, will affect treatment of future cases of
OM.

1.4.7. Causes, risk factors and prevention of otitis media

OM is a multifactorial disease, influenced by pathogen virulence, host immunity status,
environmental factors, previous OM infections and genetic predisposition. Around 60-80% of
children under the age of 3 will suffer from at least one AOM episode; only a small subset will
develop recurrent OM (rOM) or COM. Guidelines for prevention of OM include basic ear
hygiene practices, such as avoiding dirty hand-nose contact and keeping sensible distances
from URTI patients. Reports have shown that inhalation of air pollutants, such as tobacco and
indoor smoke, both in utero or in childhood, are linked to increased cases of ear diseases in
young individuals, underlying the environmental component of an individual’s susceptibility

to OM. 51,82

1.4.7.1. The ear microbiome and immunisation efforts

The microbiome composition of the ME also plays a role in susceptibility to OM, as
disturbances to the normal microbial flora, due to migration of commensal bacteria,
opportunistic pathogens or immunological clearance of bacteria residing in the ME or ET, may
trigger disease. To support this fact, it is of relevance to look into immunisation data against
otopathogens. & Vaccination efforts against H. influenzae, Pneumococcal spp., and seasonal
influenza have led to a reduction of OM cases in immunised individuals when compared to
non-immunised individuals. Block et al (2004) and Casey et al (2004) have previously shown,
in studies involving 419 and 551 AOM-diagnosed children, in USA, that introduction of
heptavalent pneumococcal conjugate vaccine (PCV7) significantly decreased cases of OM,
from 48 to 31%, in both rural and suburban settings. 88 More recently, Soysal et al (2020)
reported that, in Turkey, introduction of 13-valent pneumococcal conjugate vaccine (PCV13)
in 2011/2012 led to an AOM decrease of 54% in 2016/2017, in children younger than 5 years
old, in a study involving 23,005 AOM-diagnosed children. Further, their data also shows a 65%
decrease in tympanostomies performed, compared to pre-PCV13 period. 8 However,
introduction of PCVs has led to an increase in the colonisation of the ME by other bacterial
species, most notably, H. influenzae. Introduction of the H. influenzae serotype b (Hib) vaccine
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in the 1990s has greatly reduced the incidence of Hib-related diseases, including meningitis
and OM, but has also forced a shift in microbial populations from encapsulated Hib to non-
typeable H. influenzae (NTHi). 8 To further reduce the microbial shift post immunisation,
NTHi’s Protein D was also conjugated into some PCV vaccines, such as the 10-valent
pneumococcal NTHi protein D conjugate vaccine (PHiD-CV10). Sigurdsson et al (2018) show
a 22% decrease in OM incidence rates, in Iceland, post introduction of PHiD-CV10 in 2010.
The vaccine significantly reduced the first and second episodes of AOM and their data included
evidence of herd immunity effect and AOM protection in children too young to receive the
vaccine. & Finally, Wu et al (2018), performed a retrospective cohort analysis of the impact of
the introduction of the trivalent influenza vaccine (T1V) on AOM cases, in Taiwan. Data from
803,592 children less than 10 years old in influenza seasons was evaluated. TIV became
available for children less than 2 years old, in 2004, and its introduction led to a significant
reduction, 32.8%, in AOM cases, and consequently a reduction in the number of outpatient
visits for AOM in the influenza season in the following years, 2005 and 2006. However, these
reductions were only observed in vaccine-eligible children, as older groups, who were not
enrolled in the vaccine programme, did not experience the same effect. 8 Unsurprisingly,
reports have also shown that passive immunisation (antibody transference through maternal
milk and breastfeeding of new-borns and toddlers) also leads to reduced numbers of OM cases,
when compared to non-breastfed children. * These findings highlight the importance of active
and passive immunisation, whenever possible, as an important tool in the prevention and

management of OM.

Further work into more cost-effective vaccines and its global availability should be
carried out, as these are clear contributors to the reduction of disease cases. A more thorough
analysis on the effects of vaccination and subsequent emergence of non-capsulated
pneumococcal variants and NTHi cases should also be conducted, as the long-term effects of
this populational shift are still unknown.

1.4.7.2. Genetic predisposition and susceptibility to otitis media

Genetics of OM have been thoroughly studied as, within patients of similar regions and
economic status, this is often the differentiating factor to disease susceptibility. A plethora of

genes with different biological functions have been associated with increased susceptibility to
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OM, but genes with protective functions against OM onset have also been identified. These
range from genes encoding proteins that participate in both inflammatory and anti-
inflammatory responses, to immune receptors and to genes that possess roles in cellular

structure and differentiation. 99

Fucosyltransferase 2 (FUT2) is an enzyme responsible for regulating the secretor status
and surface expression of both Lewis and ABO(H) antigens on the mucosal epithelium.
Different bacteria utilise these antigens as an anchor to epithelial cells, and thus specific
variants of FUT2 have been associated with different OM susceptibilities and bacterial
infections. For example, Santos-Cortez et al (2018) reported that the FUT2 rs601338
p.Trpl54* wvariant is linked to an increased abundance of Lactobacilli and
Gammaproteobacteria in the ME, and greater susceptibility to OM. FUT2 p.Trp154* regulates
expression of the A-antigen, used by bacteria to adhere to cells. However, evidence also shows
that, in non-secretor ABO(H) carriers of FUT2 p.Trpl54*, where the variant co-regulates
expression of the Lewis antigen, the polymorphism may confer protection against infection of
other bacteria, but augmented predisposition to S. pneumoniae infection. Furthermore, FUT2
populational variants have also been linked to different OM developments, where carriers of
reduced levels of FUT2 are more vulnerable to cholesteatoma. Thus, combinations of various
common and rare variants of Fut2, associated with environmental factors, increase the

complexity of OM., *3

Polymorphisms in genes with functions in the cell or molecular biology of the ME have
also been proven to have an impact on the development of OM. Alpha-2-Macroglobulin Like
1(A2ML1) is a member of the A2M family and a ME-specific protease inhibitor that acts as a
marker for vascular permeability of ME mucosa during infection. A2ML1 is responsible for
protease ensnaring. A study by Santos-Cortez et al (2015) on the effects of rare variants of
A2ML1 concluded that duplication of the gene leading to protein truncation affected protease
trapping and lysosomal clearance. Furthermore, it was shown that serous ME infections present
decreased levels of A2M, but acute purulent OM exhibit increased levels of the antiprotease.
Children affected by rAOM also present low levels of A2ML1, which can lead to severe ME
mucosa damage due to unchecked levels of proteases on site. Likewise, Santos-Cortez et al
(2015) found that certain A2mll variant products affect thiol-protease trapping as the
conformation of A2ML1 and formation of A2ML1-protease complexes affects normal
functions of the protease inhibitor. Interestingly, bacitracin, a common component of antibiotic
ear drops, has been shown to competitively inhibit binding of A2M-complexes to macrophages
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and fibroblasts, thus dampening A2M responses. This property could be exploited for
dysfunctional A2ML1 variants. %

A recent study by Van Ingen et al (2016) has also associated gene polymorphisms of
Fibronectin Type 111 Domain Containing 1 (FNDC1), an extracellular matrix protein involved
in multiple cellular processes, such as cell adhesion, migration, proliferation and
differentiation, with a higher risk of AOM, namely Fndc1 SNP rs2392989, that decreases levels
of FNDC1 methylation. As unfolded FNDC1 activates the NFxB pathway, constant
upregulation of the protein is linked to increased inflammation, due to secretion of IL-8 and
TNF-a. Increased levels of inflammation within the ME are linked to AOM. %

Additionally, inflammation is associated with decreased on-site levels of glucose and
oxygen leading to cell hypoxia. As upregulation of hypoxia pathways, such as the vascular
endothelial growth factor (VEGF) pathway, in white blood cells from COME patients is seen
across both mucoid and serous samples and the ME mucosa, it has been concluded that hypoxia
plays a role in COME. It has also been hypothesised that oxygenation of the ME can lead to

significant improvements of chronic inflammatory conditions. "

In OM, deficiencies in cellular structures, as with the previously mentioned defects in
molecular pathways, can have consequences in the susceptibility to disease. This has been
demonstrated in mice with partial knockout (hemizygotic) of FI1 and Etsl. These ETS
transcription factors play a role in development of the nose, ME cavity and auditory ossicles,
and are linked to accentuated hearing impairments associated with COM, inflamed ME and

abnormally small ME cavities. %

According to a study by Crompton et al (2017), young adult mice (3-20 weeks) who
possess point mutations in the Enppl gene (asj mice) manifest OM-related symptoms, with
non-infectious origin, such as effusions in the ME, thickened ME epithelium, ET tube
dysfunction due to augmented epithelial proliferation, fusion of the auditory ossicles and
calcification of several ME structures, hence suffering from conductive hearing loss. ¢ On the
other hand, homozygous young adult mutant mice (20 weeks) with point mutations in the Nisch
gene (Edison mice) spontaneously develop COM, presenting with mild craniofacial defects,
fluid-filled ME cavities lined with thick mucus and, in more severe cases, inflamed tympanic
membranes. Additionally, Crompton et al (2017) reported that the effect of the point mutation
in the Nisch gene causes disturbances in the LMK1 and NF«xB pathways, leading to the
development of COM. %
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As with any other infection, pathogenic bacteria in the ME will elicit an immune
response, with the innate immune system becoming active soon after entrance of the pathogen.
Studies using mice with reduced expression of proinflammatory cytokines, namely IL-1f,
TNF-a and CCL3, have shown diminished but prolonged leukocyte recruitment, defective
macrophage function and failure to clear common otopathogens, such as NTHi. %1% Moreover,
mouse mutants deficient in PRRs, such as Toll-like receptor (TLR) 2, 4 and 9, NOD-like
receptors (NLRs), and adaptor proteins (MyD88 and TRIF), lack significant production and
maturation of the proinflammatory cytokines IL-1 and TNF-a, leading to poor leukocyte
recruitment but prolonged inflammatory signals without clearance of bacteria. These findings

suggest that, in mice, a poor innate immune response leads to prolonged periods of disease. %?

The ME epithelium is composed of a layer of ciliated cells interspersed by goblet cells.
Goblet cells are responsible for secreting proteins that contribute to the maintenance of
homeostasis in the ME. However, alterations in the expression and secretion of proteins occurs
in response to external triggers, such as infection. Dysregulation of protein expression
associated with host-defence factors has been shown to positively affect development of OM.
For example, MUCS5B is produced and secreted by goblet cells. This mucin plays an important
role in host innate immunity and is commonly found in COME-affected patients. Roy et al
(2014) have shown that mice with knocked-out Muc5b expression in their ME developed
infectious OM. Conversely, mice that transgenically overexpressed Muc5b presented improved
macrophage functions. This study determined MUC5B to play an essential role in the interplay

of airway defence. 101102

Recently, the role of BPIFAL in OM has also been closely investigated, as the protein
is reported to be one of the most abundant secretory proteins in the upper respiratory tract, with
a multifunctional role in host defence and antimicrobial activity. A study by Mulay et al (2018)
concluded that although deletion of Bpifal did not lead to spontaneous development of OM
nor impairment of a proinflammatory response, in established COM mouse models (Junbo
mice), it led to severe exacerbation of the phenotype, demonstrating a fundamental protective

role of BPIFAL in the mucosal regions. 1%

In conclusion, OM is a heritable disease as genetic makeup confers increased
susceptibility or protection, with studies suggesting a strong correlation between genetics and
length, severity and number of episodes. Due to small human cohorts, the complexity of the

human genome and the uncertainty when translating results obtained in animal models to
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humans, it is difficult to define the exact conditions that render an individual more susceptible
to OM. Moreover, as an individual’s response involves complex interactions of factors from
ME epithelium, sub-epithelium, inflammatory cells and ME effusions, it is difficult to pinpoint
cell-specific functions. These issues, however, could be tackled using in vitro ME epithelium
cultures replicating the phenotype of human genetically modified OM models, which are easy

to manipulate and allow cell differentiation and cell infection with multiple pathogens.

1.4.8.  Models for the study of otitis media

The anatomical location of the ME presents problems in terms of accessibility to the
cavity for treatment and research purposes. Studies utilising human ME epithelium often rely
on recovery of epithelium from the ME of cadavers or foetuses or from ME swabs performed
during invasive surgeries that access the ME through the tympanic membrane. As such, due to
their wide availability, most of our current knowledge on the ME epithelium and OM has been
derived from experimental animal studies and relies on recovery of ME effusions or the ME

bulla post animal culling.

1.4.8.1. Invivo models

The use of animal models is a longstanding practice in research and medicine,
particularly mammals, due to their physiological similarities to humans. Due to the complexity
of humans, animal models provide the closest reliable and equally complex model to many
diseases and mechanisms. Animals offer the advantage of not being an isolated environment
and relying on the physiological interactions occurring in the system as a whole, a particularly
useful tool in studies focusing on the dissemination of microorganisms during infection and

subsequent immunity responses. 1%

Most OM studies involving animal models are carried out in mice or rat, due to the
availability of reagents, low cost of animal maintenance, ease in tracing genetic backgrounds,
well-characterised immune responses and well-defined microbiological status. Thus, mutant
murines presenting OM-like characteristics are frequently utilised in research. Different
phenotypes such as variable proportions of polymorphonuclear cells (including foamy large
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macrophages), lymphocytes, plasma cells and apoptotic or necrotic cells, thickened inflamed
bulla mucosa, oedematous and with polyps, capillary and lymphatic proliferation, and a loss of
ciliated cells and increased goblet cell numbers have been described and utilised as OM models.
Their anatomical and physiological similarities to the human ME, the natural occurrence and
high heritability of OM, the ease with which the genome can be altered creating different
transgenic models make them ideal OM research tools. It is relevant, however, to note that
surgical procedures are challenging, and their immune systems and responses are not always
comparable to humans, e.g.: induction of OM in mice using human pathogens often requires

experimentally induced conditions. 15110

Davidoss et al (2018) reviewed the use of animal models in the study of AOM and
found that the rat and chinchilla were the most commonly used models, but mice, gerbils, and
guinea pigs have also been used. The rat was a favoured AOM model due to its significant
similarity in ME anatomy and histology when compared to humans. They have similar cell
types and distribution, with a well-defined area of simple, squamous epithelium, that can
present small clusters of secretory cells, and a complex epithelium with ciliated cells,
interspersed with secretory cells, continuous to the ciliated epithelium of the Eustachian tube,
suggesting the existence of a mucociliary clearance system, and similar AOM pathology. 1t
17 Chinchillas also provide a useful OM model due to their large bullae, which facilitate
inoculation and recovery of effusions. They rarely develop natural OM but share the same viral
and bacterial pathogens as humans and have a similar disease progression. However, their
multi-loculated bulla is prone to the development of fibrosis, limiting the spread of infection
within the ME. In addition, they are not as hardy as rats, in that they easily shed when stressed

and develop sepsis more frequently. 118120

Several models for the study of COM have also been developed, particularly genetically
modified mice where the models chronically portray COM phenotypes. More recently, a
significant number of studies have used, for example, Jeff mice carrying a missense mutation
in the Fbxol1l gene, responsible for a number of pathways associated with cell proliferation,
differentiation and apoptosis, that have been linked to COME, and Junbo mice carrying a

mutation in Evil (also known as Mecom), which plays a role in host innate immune regulation.
103,121-125
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1.4.8.2. Invitro models

Cell cultures provide a versatile tool, often associated with homogeneity and data
reproducibility, particularly with the use of cell lines. Cell culture usage is not as restricted as
in vivo models, as it does not necessarily come at the expense of an animal, and it allows for
frequent biochemical, cellular and molecular studies. Nevertheless, in vitro models fail to fully
resemble the complexity of in vivo organism models, by lacking the ability to replicate the

cellular and biochemical interactions between the various organ systems. 12

1.4.8.2.1. Development of cell lines

When compared to primary cells, immortalised cell lines present an advantage in terms
of propagation, proliferation, and reproducibility of results. Cell lines also overcome the
senescence issue primary cells face, as the latter possess a limited number of mitoses. However,
the immortalisation of cells requires changes to the genome, the effects of which may lead to
differences in the data collected between cell lines and primary cells.

Ueyama et al (2001) immortalised a rat ME cell line utilising an adeno 12-SV40 hybrid
virus, rIMEE-1, which appeared to maintain primary epithelial cultured cell characteristics, such
as “dome” formation, hexagonal appearance and tight junctions. These cells, however,

displayed a slightly smaller size and a shorter doubling time compared to the primary cells. 1?7

Moon et al (2002) successfully immortalised a human ME epithelial cell line, HEI-
HMEEC-1 (hMEEC-1), using a replication-defective retrovirus construct, pPLXSN 16E6-E7,
coding for the HPV type 16 transforming oncoproteins E6 and E7. hMEEC-1 cells are
phenotypically similar to primary human MEEC, forming monolayers with a hexagonal shape.
However, as hMEEC-1 is derived from male adult cells and OM is primarily a paediatric
disease, this may represent a limitation to the usage of the cell line. Moon et al (2002) also
noted that h(MEEC-1 cells maintain the capacity to produce secretory gene products, such as
lysozyme and mucin, although recent studies show that this expression seems to be very limited

when compared to primary cells. 12

Tsuchiya et al (2005) established a temperature-sensitive mouse ME epithelial cell line
utilising a simian virus 40 A-gene. At permissive temperatures, 33°C, the cell line proliferates,

but at non-permissive temperatures, 39°C, the cells undergo differentiation. Although epithelial
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markers are expressed by the cell line, mesenchymal markers are expressed too. The authors
highlight that an epithelial-mesenchymal transformation can be common when epithelial cell
lines are genetically modified, leading to expression of both epithelial and mesenchymal

markers. 12

The ongoing need for a ME epithelial cell line for studies of bacterial interaction with
host cell receptors, particularly in OM cases, led to the development of the above-mentioned
cell lines. However, human cell lines, particularly of paediatric origin, that retain the ability to
differentiate into a pseudostratified epithelium that closely resembles the ME are of the utmost
importance to further the research of ME disease.

1.4.8.2.2. In vitro studies in animal cells

Schousboe et al (1996) evaluated the growth and synthesis of rabbit ME epithelial cells
from explants. Their model, comprising a single cell type, provided valuable information under
controlled conditions, but lacked an approximation to physiological conditions. This suggests
the need for a model that truly mimics the middle ear, requiring exposure of the cells to air and

delivering nutrients by diffusion. %

Nakamura et al (1991a) cultured chinchilla ME epithelium from explants and
characterised the cells, confirming the different area-specific epithelial phenotypes seen
throughout the ME, simple and complex. Their research highlighted the cobblestone
appearance of ME epithelial cells, resulting from the presence of tight junctions, and the
“dome” formation, an elevated monolayer of epithelial cells that indicates active ion and fluid
transportation. 3! Further, Nakamura et al (1991b) applied a serial culture technique to the
cells, observing that early passage epithelial cells conserved the cobblestone appearance, but
in later passages, the cell morphology changed to more closely resembled a fibroblast-like
morphology, losing most of its cobblestone appearance and dome structures. Nakamura et al
(1991b) hypothesised that reduction of contact inhibition might have led to these changes. 1%

Amesaral et al (1992) used a dissociated cell culture system to establish a chinchilla
ME epithelium, highlighting for the first time the importance of establishing 2D models that
undergo fibroblast differential separation. Additionally, the authors reported that despite
observing ciliary movement in the initial explant, following 7 days in culture, the cellular

outgrowth presented no ciliary movement. This suggests that explanted differentiated ME
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epithelial cells undergo dedifferentiation when the culture conditions do not resemble the ME.
133

Herman et al (1992) investigated the transport properties of the Mongolian gerbil ME
epithelium in culture. They confirmed the pluripotency of ME epithelium, through the presence
of secretory, ciliated, and simple squamous epithelium in the ME. Their cultured cells presented
polarised monolayers and exhibited dome structures on non-porous layers. Within
physiological scenarios, the authors hypothesised that modulation of the water transport system

could hinder the homeostasis of mucociliary clearance mechanisms, leading to COM. 134

Although 2D models are useful tools for research, there are clear limitations in its use,
leading to a strong demand for efficient 3D models that more closely resemble in vivo
conditions, taking into account factors such as layered and diverse differentiated cell

populations or organoid arrangements. 12

Mulay et al (2016) developed a model for the culture and differentiation of primary
mouse MEEC at air-liquid interface (ALI) using a transwell system and defined the
transcriptome of these cells. This model mimicked the in vivo upper airway epithelium, by
exposing the apical chamber, where the cells are seeded, to air and feeding them through the
basal chamber. The cells recovered in this study exhibited characteristic epithelial features such
as cobblestoned morphology, formation of tight junctions, apical-basal polarisation, presence
of desmosomes and apical microvilli, however, non-ciliated flat cells were also noted, as
described previously by Moon et al (2002) and Thompson and Tucker (2013). 11 Mulay et al
(2021) also demonstrated that the differentiated cultures presented a similar morphologic and
genetic profile to that seen in situ, and regions of distinct mucociliary epithelium were positive

for ciliated cell markers, mucus-producing cell markers and antimicrobials. **°

1.4.8.2.3. In vitro studies in human cells

Information gathered from animal studies cannot always be extrapolated and translated
into human physiology. Although 95% of the human and mouse genome are homologous, the
differences in anatomy and physiology are significant. Furthermore, results from carefully
selected and inbred models do not give accurate representations of whole populations, as a

single animal model cannot mimic human disease, taking into consideration all polymorphisms
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shared by the population. Development of multiple characterised human cell lines and isolation

of primary cells is needed to permit research relevant to humans. %4

Nell et al (1999) investigated the effects of Salmonella typhimurium’s endotoxin,
similar to the endotoxin derived from NTHIi, on air-exposed cultured primary normal human
ME epithelium, from patients of undisclosed age undergoing ear surgery without ME
pathology, to illustrate that disturbances in the mucociliary system may prompt ME
pathologies. *3® Choi et al (2002) established a normal primary human ME epithelium cell
culture system using the air-liquid interface (ALI) technique to induce ciliary differentiation,
utilising cells from patients of undisclosed age (Figure 17). Their data suggested that secretory
functions develop before ciliogenesis, and transcription of lysozyme and mucin mRNA
increases due to the maturation of cells. 3" Choi et al (2003) also showed an association
between metaplasia of the simple squamous ME epithelium and ME pathogenesis. This is of
relevance as ME squamous metaplasia is a hallmark feature of COM and cholesteatoma. 13

Figure 17 - Diagram of an air-liquid interface cell model. (a) Expansion phase, where the seeded epithelial
cells in the apical chamber proliferate submerged in culture media, up to 7 days. (b) Maintenance phase, where
the media in the apical chamber is removed and the cells are exposed to air and begin to differentiate into a
pseudostratified epithelium; cells can be maintained for a limited period of time. In an air-liquid interface, the
cells are seeded on top of a porous-membrane and fed through the basal chamber. Adapted from
https://app.biorender.com/.

Buchman et al (2009) found that normal human ME mucosal cells, from patients of
undisclosed age, support influenza A virus infection. Viral infection is a common OM trigger
that is thought to lead to congestion of the ET and subsequent fluid, debris and bacterial
accumulation in the ME. However, the possibility of direct infection of ME mucosal cells, and
not ET, and the initiation of inflammatory cascades on-site in connection to ME cell infection
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needs to be considered. Since the ME mucosa is a modified respiratory epithelium, devoid of

MALT, it could possess similar response mechanisms to that of the airways. **°

During the immortalisation process of hMEEC-1, Moon et al (2002) successfully
serially cultured primary human MEE, again from patients of undisclosed age. The cells did
not proliferate further than passage 5 (P5), and alterations to their morphology were observed,
i.e., increase in number of intracellular vacuoles. Moreover, they hypothesised that utilisation
of ALI systems could present a more adequate method for studies involving ME epithelium

cells, as the cells they isolated lost differentiation characteristics (cilia), after 5 days in culture.
128

To overcome the need for cell lines and due to previous reports of ME epithelium cell
challenges at later passage, Chen et al (2019) developed a promising method for sustained
culture of primary human cells, from ME cavities of children aged 1-10. Adapting a
reprogramming protocol that utilises irradiated fibroblast feeder medium and Rho kinase
inhibitor, Chen et al (2019) developed a culture medium that promoted proliferation of primary
cells, without the need for viral transformation or activation of oncogenes. When placed in a
specialised differentiation media, the cells were still able to differentiate into their original
phenotype. Wide usage of this method could be very effective in utilising paediatric primary

cells as a tool to study OM. 14

Espahbodi et al (2021) compared the responsiveness of paediatric primary cells, from
patients with noninflamed ME, rAOM and OME, and hMEEC-1 to stimuli in 2D culture
settings. Their data showed that, overall, paediatric ME cells provide an appropriate research
tool for the study of OM. Expression of targeted genes, Tnf-q, 1l-14, 11-6, 11-8, 11-10 and Muc5b,
and protein, IL-8, were significantly higher in paediatric cells than in hMEEC-1, both at basal
levels and in response to TNF-a and NTHi lysate stimuli, suggesting that h(MEEC-1 is less
responsive to stimuli than paediatric cells. Further, Espahbodi et al (2021) also highlighted
their ongoing work in the development of paediatric cell lines from healthy, rAOM and OME

for comparative studies in vitro. 14

Recently, Mather et al (2021) developed a 3D model of the ME, using fetal human ME
epithelial cells. Cells were harvested from the ME of a 14-week-old fetus, expanded for 7 to
10 days, transferred onto transwell membranes, where they were exposed to air after a 4 day
expansion period, and, after 4 weeks, differentiation levels were validated. Differentiated fetal
ME cell models were up to 3 cell layers tall and expressed markers for epithelial (cytokeratin
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14/16), basal (p63), ciliated (FOXJ1), and secretory (MUCS5B/AC) cell subtypes, suggesting
the presence of complex cell populations in these models, closely resembling the in vivo
environment. However, this study only presented a single biological repeat, raising concerns
regarding the reproducibility and feasibility of such a system, potentially hindering its use in

further investigations of ME characterisation or response to infection. 142

1.4.8.2.3.1. Cell co-culture

As 3D models and ALI provide an approximation of the in vivo physiology in vitro, the
use of cell co-cultures might also be of value. The ME possesses a subepithelial layer under the
epithelium, populated with fibroblasts. ME cells have not yet been successfully co-cultured
with fibroblasts in the same way that lung epithelial cells and cholesteatoma cells have been.
143-146 Thys its effects and interactions with the ME epithelium, in presenting a more

representative human model, are of great interest to the study of OM.

It’s noteworthy that utilisation of both 2D and 3D models may be required to further
the understanding of the ME. Although 3D models offer a closer mimic to the ME’s epithelium,
the timeframe of obtaining a differentiated functional model can be quite lengthy, and 2D

models offer a convenient rapid tool for preliminary results.

1.5. The middle ear microbiome

The ME microbiome is variable in terms of bacterial communities, ranging from barely
detectable bacterial load to significant levels of many different populations. In a normal ME,
when a microbiome is present, the most abundant bacterial phyla are Proteobacteria, followed
by Actinobacteria, Firmicutes and Bacteroidetes. Interestingly, these microorganisms are also
found in COM without active inflammation, but in COME ears the bacteria populations are
significantly different, with a lower prevalence of Proteobacteria and a higher prevalence of
Firmicutes. Neeff et al (2016) did not culture any bacteria from surgically collected swabs of
healthy MEs, and 68% of samples were negative for bacteria using molecular methods. As not
all bacteria are easily cultured in a laboratory setting, molecular methods are essential for
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identification of unculturable bacteria; further, molecular methods provide quicker and more
accurate identification of species than bacterial cultures. 4" In their evaluation of the ME
microbiome, Minami et al (2017) found that the microbiome of children with normal ME of
differs significantly from that of adults, but in both the bacterial load is low. Alterations in
microbiomes, as seen in COM with active inflammation when compared to normal ME, may
contribute to the aggravation of inflammation. Minami et al (2017) speculated that the bacteria
found in dry COM have the ability to cause active inflammation and stress the importance of
treating chronic perforations and removing cholesteatoma to prevent the development of

inflammation. 8

Importantly, the studies above demonstrate low bacteria prevalence in the healthy ME,

and how changes in the microbiome can contribute to disease development.

1.5.1. Middle ear pathogens

As previously mentioned, onset of bacterial OM requires an initial stimulus, typically
a viral URTI, to trigger the host’s inflammatory response and induce the conditions necessary
for increased bacterial pathogenesis. Recent studies have positively correlated viral epidemics
to spikes in the number of AOM cases. 148149 Interestingly, reports show a decline in OM
appointments, up to 63% compared to previous years, during the COVID-19 pandemic, but
that can probably be attributed to the infection control measures introduced during 2020 and
2021. 150-154

A study carried out by Yatsyshina et al (2016) in AOM-affected children showed that
14.5% of the children diagnosed with bacterial AOM still carried a significant viral load in
their ME. In AOM-affected patients, the most commonly detected viral pathogens were
respiratory syncytial virus, rhinoviruses, influenza and adenoviruses, whereas the most
commonly detected bacterial pathogens were S. pneumoniae, H. influenzae, Staphylococcus
aureus, Streptococcus pyogenes and M. catarrhalis. Bacterial presence was detected by both
bacterial cultures and PCR analysis, and the study highlights the use of multiplex gPCR as
potential diagnosis tool, as the molecular technique allows for detection of a wide variety of
pathogens in shorter time periods than bacterial cultures. Furthermore, Yatsyshina et al (2016)
attempted to correlate detection of pathogens in the ME fluid and their presence in the

nasopharynx. Their data shows that bacterial detection through nasopharynx PCRs had variable
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positive predictive values and high negative predictive values when compared to ME fluids
PCRs. Once again, although their evidence may not significantly correlate the presence of one
pathogen in the nasopharynx to its presence in the ME, it allows to accurately exclude which
pathogens are not present in the ME. 1%

Ngo et al (2016) determined in a systematic review, which included reports from
January 1970 to August 2014, that the most commonly detected bacteria in cases of AOM
without discharge were S. pneumonia, NTHi and M. catarrhalis. On the contrary, in a
systematic review compiling studies from July 2009 to June 2018, Hullegie et al (2021) showed
that, in the PCV era, in children affected by AOM with discharge, the most commonly detected
bacteria included S. pneumonia, NTHi, S. aureus and S. pyogenes. It is important to note that
samples from AOM-patients with discharge are typically cultured from the discharge present
in the outer ear, where S. aureus, as a skin flora commensal, is highly abundant, and thus its
detection could be biased. Conversely, in AOM without discharge cultures, the samples are

typically obtained from tympanocentesis, thus the probability for cross contamination is lower.
43,156,157

Although bacterial species found in AOM cases can also be found in cases of COM, in
these instances, they are usually detected alongside several other bacterial species. Kolbe et al
(2019) have shown that pathogens commonly associated with AOM were only present in ~50%
of the samples from COME patients. Interestingly, presence of Haemophilus, Staphylococcus,
and Moraxella in the ME cavity was significantly higher in children with COME and asthma
or bronchiolitis than those without lower respiratory tract disease. Turicella and Alloiococcus
loads were significantly lower in COME-patients with lower respiratory tract disease. These
data provide the basis for a link between the microbiome of COME-affected children and those
with lower airway disease, and the bacterial diversity of COME-affected ME compared to
normal ME or AOM-affected ME. 8 Furthermore, studies focusing on CSOM in low-income
countries have reported that bacterial cultures from effusions of affected children contain
significant levels of Staphylococcus spp., Pseudomonas spp., Proteus spp. and NTHi, which
can be found as both plankton-form or biofilms. ¢ Polymicrobial biofilms are structures that
allow persistence in host environments, due to the possibility of interspecies signalling and the
combined abilities to protect the bacterial community against antimicrobial factors. They are
often recovered from rAOM or COM-affected patients, suggesting a role for biofilm formation
in the development of COM. %180 |n COME, the role of bacteria in the inflammatory process

is still unclear; live bacteria can be found as both biofilms, either on mucosal surfaces or in
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effusions, or planktonically within the effusion. In CSOM the role of bacteria in disease
development and progression is clearer; as CSOM is associated with lower socioeconomic
status, there is an inherent increased risk to pathogen exposure, increased bacterial loads and
their presence hampers healing of the tympanic membrane. 3°

Bair and Campagnari (2019) investigated the biofilm viability of the three major
otopathogens, M. catarrhalis, S. pneumonia and NTHi. Their study found that NTHi viability
decreased when in a dual species biofilm with S. pneumonia, but not with M. catarrhalis.
Furthermore, M. catarrhalis protected NTHi from S. pneumonia bactericidal activity in a
polymicrobial biofilm, suggesting that M. catarrhalis promotes stable environments for
polymicrobial formation with other species. Although this study was conducted in an in vitro
nasopharyngeal model rather than a ME model, the results are likely still applicable in the ME,
as the ME epithelium is in functional continuity with the respiratory system and, as previously
mentioned, both the nasopharynx and ME epithelia are similar. 161

Previous studies have shown that Pseudomonas aeruginosa, S. aureus, Proteus spp.,
Klebsiella pneumoniae, and Corynebacterium spp., which are all facultative anaerobic bacteria,
are commonly found in chronic draining ears. 1925 These bacteria species are able to form
biofilms, promoting their own survival within the ME and prolonging the period of infection.
Biofilm formation may explain the nature of recurrent and COM, as it is frequently seen in OM
with effusion, as the lack of bacterial clearance leads to constant mucin production. In CSOM,
biofilm presence also hampers healing of the tympanic membrane, as it does not allow the
membrane tissue to heal and seal again. '’ Yadav et al (2017), investigated multispecies
biofilm formation of P. aeruginosa and S. aureus in vitro and assessed the in vivo response to
colonisation in the rat ME. Their data found that polymicrobial colonisation induced
differential expression of genes involved in immune response and inflammation that were not
expressed during single organism infection, suggesting that polymicrobial infections may be

more virulent and should be addressed accordingly when selecting treatment. %

The frequency with which bacteria are found, and association between otopathogens
and other bacteria, varies depending on socio-economic conditions. In their systematic review
including reports from June 1996 to September 2015, Coleman et al (2018) highlight the
differences in OM microbiomes from indigenous populations. AOM and AOM with discharge
affected individuals presented similar bacterial profiles to the previously mentioned, however,

in cases of AOM with discharge, A. otitidis was also present. As previously mentioned, the
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rates of OME and CSOM are elevated in these populations. Corynebacterium spp.,
Alloiococcus and Pseudomonas aeruginosa were also frequently detected in cases of OME in
Australian Indigenous children, as well as, perhaps more concerningly, multiple fungi species.
These included Candida, Aspergillus, Fusarium, Alternaria, Rhodotorula, Aurobasidium or
Acrinomium species. Fungi present a more complex challenge to treat than bacteria due to their
evolutionary proximity to eukaryotic cells, as many of the same basic cell structures and
machinery are shared between the two. Thus, some antifungal drugs that target fungal
components can also target human cellular components, potentially leading to serious side
effects in patients, including gastrointestinal disturbances, cardiac effects, nephrotoxicity,
hypokalemia, and hepatotoxicity. Finally, in their review, Coleman et al (2018) came across
few reports regarding biofilms in relation to OM in indigenous children. Given the high rates
of COM, particularly CSOM, in these populations, the lack of data on the subject represents a

significant overlook in the research of OM. 50172

The role of anaerobic and facultative-anaerobic species in OM requires further
investigation. As anaerobic bacteria can be harder to culture than aerobes, their presence can
often be missed. The use of molecular techniques for diagnosis would contribute to a better
detection of anaerobic species. Furthermore, biofilm formation and secretion of ME effusions
contribute to a hypoxic environment during inflammation, which allows anaerobic and
facultative anaerobic bacteria to grow, and there are currently not enough reports on the

consequences of the presence of these bacteria in COM.

1.5.1.1. Streptococcus / Pneumococcal species

Most pathogenic bacteria require virulence and persistence factors, which allow for
enhanced bacterial invasion of the host cells and immune system evasion, both events being
key to bacterial survival within a host. Keller et al (2016) have reported that in S. pneumonia,
the non-encapsulated Pneumococcal variants express a specific surface protein, the
pneumococcal surface protein K (PspK), which is fundamental in mediating adhesion to host
epithelia and biofilm formation, promoting persistence within the host. 1”® Furthermore,
Pneumococcal species (spp) have also been shown to utilise the LuxS quorum-sensing systems
in order to construct single species and polymicrobial biofilms that are mutually beneficial to

bacteria. Quorum-sensing is a mechanism of bacterial cell-cell communication that allows for
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inter and intraspecies communication to coordinate population efforts, from proliferation to
virulence to biofilm formation. This mechanism has been proven to be vital for biofilm
formation, as Yadav et al (2018) reported that inactivation of luxS led to bacteria’s inability to
produce biofilms and reduced ability to colonise the rat ME, suggesting that loss of luxS renders

the bacteria unfit for successful disease onset. 174

1.5.1.2. Moraxella catarrhalis

In M. catarrhalis, the role of Ubiquitous surface protein (Usp) family members, as
mediators of bacterial attachment to the extracellular matrix and host epithelial cells, has been
studied in detail. Singh (2015) demonstrated that the bacterial Usp proteins bind to
plasminogen, which upon activation degrades proteins C3b and C5, key mediators of the
complement cascade that promotes bacteria Killing. 1™ A study by Tan et al (2019) evaluating
the role of NucM, a nuclease that degrades extracellular DNA and RNA, showed that mutants
lacking this nuclease produced biofilms of larger mass. In vitro testing demonstrated that
decreased expression of NucM by M. catarrhalis led to early infection followed quickly by
biofilm formation while a later increase in expression promoted bacterial dispersal to other
sites, spreading the infection. 1"® Finally, Armbruster et al (2019) also evaluated quorum
sensing effects on M. catarrhalis. Although the bacteria do not produce Al-2, the product of
luxS expression, the presence of this interspecies signalling mechanism promotes increased M.
catarrhalis biofilm formation and resistance to antibiotics. Furthermore, Al-2’s secretion by
NTHi was essential to the establishment of polymicrobial biofilms with M. catarrhalis, as
NTHi mutants that did not express luxS were not able to form polymicrobial biofilms, and

increase M. catarrhalis persistence in the chinchilla ME. 7

1.5.1.3.  Non-typeable Haemophilus influenzae

NTHi is a small gram-negative coccobacillus that, unlike H. influenzae, does not have
the ability to produce a polysaccharide capsule. This bacterium is an opportunistic pathogen in
the respiratory tract and has been linked to multiple diseases but is most frequently associated
with diseases of the human mucosa and airway infections, in both children and adults (Figure

18). These diseases typically have high mortality and morbidity rates. NTHi’s successful
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colonisation of the respiratory tract is due to its ability to exploit multiple mechanisms of
attachment to cells, its multiple virulence factors and rapid response to host defences through

antigenic variation of its proteins, the phasevarion. 17879
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Figure 18 - Diagram highlighting the association between non-typeable Haemophilus influenzae and its

role in several diseases. Adapted from https://www.sciencedirect.com/science/article/pii/S0966842X18301033.

NTHi is capable of forming biofilms that confer bacterial protection against
antimicrobial substances and immune effectors. NTHi biofilms promote bacterial persistence
in the respiratory tract and ME and thus play an important role in respiratory diseases and OM.
Biofilm formation is also responsible for disease exacerbation and modulation of the immune
response. 818 NTHi release DNA and DNA-binding proteins, also known as nucleoid-
associated proteins (NPAs), accessory to the formation of biofilms and they are thought to
confer structure to the biofilm. Devara et al (2015) and Das et al (2017) reported that NPAs,
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alongside the type IV secretion system, are fundamental for biofilm integrity and disruption of
these two components compromises the whole biofilm. 8218 However, biofilm formation is
not seen in all clinical strains, as a study carried out by Kress-Bennett et al (2016), in chinchilla,
investigated the role of virulence factors in the progression of infection and demonstrated only
certain NTHi strains contributed to biofilm formation and persistence within macrophages, due
to the upregulation and expression of a novel virulence factor: Msf protein. Furthermore, in the
ME, biofilm formation is highly dependent on the conditions of the surrounding environment,
as the optimal biofilm growth conditions include a low oxygen environment, microaerophilic
and anaerobic, such as that found in rAOM and OME, but not always in AOM. 18418
Additionally, NTHi is able to exploit its collection of regulons, the phasevarion, whose
expression is adaptable to conditions faced by the bacteria. Through methyltransferases
associated with type 111 restriction-modification, the phasevarion allows NTHi to quickly and
reversibly adapt to the challenges posed by the surrounding environment, from immune system
effectors to antimicrobial administration. To date, twenty-one phasevarion types, regulating

NTHi’s different phenotypes, have been identified. 18187

Kaur et al (2013) reported that NTHi is the main cause of OM relapse after antibiotic
treatment and the main pathogen found in rAOM. 8 In a study by Krueger et al (2017), the
relationship between the COM ME effusion microbiomes and mucin secretion profiles was
evaluated. Using 16s RNA sequencing, Krueger et al (2017) analysed the ME effusions of 55
children with COM, between the ages of 3 months and 14 years, in USA, undergoing
myringotomy with tympanostomy tube replacement. Their analysis most commonly identified
Haemophilus, Moraxella and Streptococcus as the most abundant genera, but Turicella and
Alloiococcus abundances were also significant. Interestingly, Stenotrophomonas was also
detected, although the pathogen had not been previously identified in association with OM.
Identification of novel pathogens highlights the powerful tool molecular techniques provide in
the betterment of diagnosis and treatment. Furthermore, in this study it is shown that
Haemophilus species were found to be more abundant in patients with conductive hearing loss,
and in those with higher proportions of mucin glycoproteins in their ME effusions, namely
MUCS5AC and MUC5B. Haemophilus presence was greater in patients expressing both
MUCS5AC and MUCS5B than those expressing only one or neither mucin. Additionally, almost
all samples that contained MUC5AC, also contained MUCS5B, but the opposite was not seen.
When MUCS5B was present alone in the effusions, Haemophilus was not the predominant

species in the sample, suggesting that expression of MUC5AC, but not MUC5B, occurs
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simultaneously to Haemophilus infection. This evidence formed a previously unrecognised
linked between Haemophilus presence and overproduction of mucins. It also suggests that H.
influenzae infection contributes to genetic expression of MUCS5AC, potentially promoting
progression of disease from AOM to COM, as a previous report by Kerschner et al (2010)

established that MUC5AC expression was highly associated with recurrent and chronic OM.
189,190

15.1.3.1. NTHi’s phosphorylcholine

Like many bacteria that inhabit the human mucosa, NTHi possesses
lipooligosaccharides (LOS) which, unlike the lipopolysaccharides (LPS), lack the repeating O-
side chains as a bacterial toxin and cell wall component (Figure 19). However, due to its
phasevarion, NTHi is able to regulate the expression of genes involved in the assembly of LOS,
altering its makeup in response to environmental pressures. For example, LOS epitope
analogues can be found in host cells, and thus NTHi’s mimicry of host proteins enables the

bacteria to evade detection and clearance.

Sd

SOT

rl L) LN LN
=

Lipid A Core O-antigen

Figure 19 - Diagram highlighting the differences between LPS and LOS structures. LPS structures are
organised in 3 portions: Lipid A, Core and O-antigen, whereas LOS lacks the O-antigen. The lipid A is a
phospholipid with a high number of long-chain fatty acids. The core domain constitutes 9 or 10 sugar branched

oligosaccharides. The O-antigen is a repetitive sequence of carbohydrate polymers, linear or branched, with a
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variable number of oligosaccharide residues. Adapted from https://www.researchgate.net/figure/Fig-1-
Schematic-structure-of-L PS-and-L OS-In-the-scheme-L PS-Escherichia-coli-and_figl 221883547.

One of the structures shared by NTHi and their host is phosphorylcholine (PCho),
which on host membrane lipids aids bacterial persistence as the protein has been linked to host
cell adherence and invasion (Figure 20). PCho is also expressed by S. pneumoniae,
Pseudomonas aeruginosa and Acinetobacter baumannii, which are also known to cause
respiratory tract infections. 1 PCho expression is upregulated in NTHi populations growing
in biofilms where it leads to weaker innate immune responses. However, a higher incorporation
of PCho into LOS, or the presence of PCho expressing bacteria in a given environment, does

not equate to higher biofilm formation. 192193
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Figure 20 - Representation of NTHi’s lipooligosaccharide structure. Each LOS structure possesses a
heptone backbone comprising of Hepl, Hepll and Heplll. The relevant sugars are linked by the products of the
relevant genes (lgtF, lic2C, IpsA, lic3A, lic3B, siaA, IsgB, licLABCD, lic2A, IgtC and lex2B. Lipooligosaccharide
is an endotoxin that lacks the O-side chain and is expressed on bacterial surfaces by members of the genera
Neisseria, Haemophilus, Bordetella, Campylobacter and Branhamella. Due to the phasevarion, NTHi is able to
exchange the decorations of the structure to mimic different human proteins. Adapted from
https://www.researchgate.net/figure/Schematic-representation-of-NTHi-L OS-structure-Relevant-sugars-linked-
by-the-products figl 51243146.
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NTHi in the nasopharynx benefits from expressing PCho, as it increases bacterial
adherence to epithelial cells subsequently leading to higher survivability rate, however, this
benefit is not seen across all other body sites. Langereis et al (2019) found, that in the blood,
where there is a high concentration of PCho-specific antibodies and C-reactive protein, NTHi
with low PCho expression possess higher survival rates. In this scenario, low PCho expression
strains are not recognised by PCho specific IgM, nor bind to C-reactive protein and trigger

complement C3, thus increasing their survival rates. 1%

1.5.1.3.2. Interactions between NTHi and airway epithelial cells

The airway epithelium is inhabited by a variety of bacteria that compete for space and
resources. Not only have the interactions between airway epithelial cells and NTHi been well
documented, so have the interactions between NTHi and its bacterial competitors.
Haemophilus haemolyticus is a respiratory tract commensal that can be misidentified as NTHi
due to its high levels of genetic relatedness. It was observed that in vitro pre-treatment of
nasopharyngeal and bronchoalveolar epithelial cells, namely D562 and A549, with H.
haemolyticus significantly reduces NTHi attachment, suggesting an interference or competition
between the two species and highlighting the importance of studies that take into account both
poly-infections and the diversity of the ME microbiome, as it may affect interactions between
the epithelial cells and the pathogen of study. 1%

NTHi possesses well-known proteins that function as adhesins including the Hia
adhesins and High Molecular Weight (HMW) adhesins, which are essential for colonisation
and pathogenesis but are not expressed simultaneously within the same strain. 1% Different
NTHi strains can express uniqgue HMW adhesins with affinities to different lectins, allowing
the bacteria to bind to different sites in the respiratory tract. 1%

Su et al (2016) investigated the role of P4, a protein expressed by NTHi that binds to
extracellular cellular matrix proteins of human epithelial cells such as laminins, fibronectins
and vitronectins. In vitro experiments showed that bacteria lacking P4 struggled to adhere to
cells and did not persist in murine ME. 1* Haemophilus adhesion protein (HAP), is an NTHi
adhesin that is ubiquitously expressed and also binds to basement membrane components such
as fibronectin, laminin and collagen IV. **® Ronander et al (2008) found that NTHi binds to the
host’s vitronectin through protein-E (PE), a bacterial receptor that has been shown to play a
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role in the attachment to, and subsequent invasion of, bronchial and alveolar epithelial cells.
200 1t was shown that, when compared to wild-type counterparts, PE-deficient mutants lose part
of their adhesive capacities and that survival of bacteria is dependent on the presence of host

vitronectin, 201202

NTHi’s H. influenzae fimbriae (HiF) binds to mucins. In mucus and mucin-rich
environments, such as COPD-related mucus hypersecretion in the lungs and rAOM in the ME,
the ability to bind to mucin is advantageous to the bacteria as it allows progression to other
disease stages, such as tissue damage and invasion. In cases of cystic fibrosis and chronic
bronchitis in the lungs and COME in the ME, where the clearance of mucus is impaired, mucin

adherence allows for chronic colonisation of the epithelium. 2%

Furthermore, Janson et al (1999) found that NTHi’s Protein D negatively affects
ciliated cells by impairing their ciliary functions. It was shown that, unlike Protein D deficient
strains, NTHi expressing Protein D significantly reduced the ciliary beat frequency of
nasopharyngeal epithelial cells. In vivo these results suggest that protein D may impact bacteria
clearance in the airways and promote bacterial adhesion to the cells, or that the protein is
expressed in response to the increase in ciliary beat frequency prompted by the immune
response upon detection of a pathogen (Figure 21). 2% Utilising the host's B-Glucan receptor,
NTHi is also able to adhere to and invade monocytic and epithelial cells, via receptor mediated
endocytosis, meaning that NTHi can enter human monocytic cells through a phagocytosis-like

process, whereas it enters non-ciliated epithelial cells by macropinocytosis. 229
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Figure 21 - Diagram of NTHi’s mechanisms of adhesion to host proteins. NTHi is able to bind to a plethora
of host proteins, from both epithelial cells and the underlying extracellular matrix. Adhesion to host proteins
facilitates colonisation and invasion of cells, but also provides defensive mechanisms as it assists in the evasion

of the immune response and biofilm formation. Adapted from https://pubmed.ncbi.nlm.nih.gov/27508518/.

A well-studied host receptor that mediates NTHi invasion is the platelet activating
factor receptor (PAFr). PAF is a phospholipid activator and regulator of platelet aggregation
and degranulation, inflammation, chemotaxis and anaphylaxis. PAF binds to PAFr, a G-protein
coupled receptor that has been associated with a variety of pathological processes such as
respiratory diseases - allergy, asthma, and chronic obstructive pulmonary disorder (COPD) -,
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septic shock, arterial thrombosis, and kidney failure. However, it has also been shown to have
protective effects in other diseases, such as colitis 29’22 Blockage of bacterial linkage and
adhesion to antagonists of PAFr have been shown to prevent adhesion of NTHi and S.
pneumoniae and thus, decrease disease exacerbations. '3 The ability of S. pneumoniae to
invade respiratory epithelium through PAFr has been evaluated and the interaction between the
two has been associated with severe pneumonia. 214215 Viruses also exploit PAFr negatively
impacting the host. For example, Garcia et al (2010) showed that influenza A binding to PAFr
is followed by an intense inflammatory response, leading to lung injury and even death. 21

PAF is a chemokine released, upon stimulation, by neutrophils, eosinophils,
macrophages, mast cells, and epithelial and vascular endothelial cells. PAF stimulates the
release and metabolism of arachidonic acid (AA), which increases vascular permeability, and
activates neutrophils, monocytes, and macrophages, as well as regulating neutrophil adhesion
to endothelial cells. AA metabolism produces a variety of metabolites, such as leukotrienes
(LTs) and prostaglandins (PGs). PAF, IL-1, and TNF can induce each other’s release, self-
generating positive feedback cycles, but synthesis of AA is also promoted by LTB4, LTC4 and
LTD4. 21" PAF and AA metabolites have also been linked to the production of ME effusions
by stimulation of mucous glycoprotein release, increase of vascular permeability, stimulation
of epithelial secretory activity and hindrance of mucociliary activity, which can potentially lead

to chronic ME effusions. 218220

NTHi’s PCho is a molecular mimic of PAF’s PCho segment. NTHi’s LOS interacts
with PAFr through its PCho, enabling bacterial adherence and invasion. Swords et al (2000)
showed that in bacterial strains that failed to express PCho adherence to bronchial epithelial
cells was significantly hindered, and pretreatment with PAFr antagonist significantly reduced
NTHi invasion. 22 As shown by Clementi et al (2014), the internalisation of NTHi through
PCho-PAFr seems to be independent of lipid rafts and, rather, indirectly clathrin-mediated.
PCho-PAFr interactions promote NTHi intracellular trafficking through early endosomes,
however, NTHi inhibits acidification and maturation of the endosomes into lysosome, thus

avoiding killing (Figure 22). 22
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Figure 22 - Diagram of alternative invasion strategies for NTHi. NTHi is able to adhere to mucous layers
and non-ciliated epithelial cells, then it can aggregate and mature into biofilms. It is well-established that NTHi
can be internalised by macropinocytosis and trafficked within vesicles that are involved in endolysosomal
processes, which can often mature into lysosomes, allowing NTHi bacterium to avoid, escape or neutralise the
fatal process, however, NTHi can also utilise other internalisation pathways, namely receptor-mediated pathways,
which include B-glucan receptor-mediated endocytosis in macrophages, and PAFr-mediated endocytosis in
epithelial cells. The latter has since been found to be independent of lipid rafts, but indirectly clathrin-mediated.
Adapted from https://pubmed.ncbi.nlm.nih.gov/22919570/.

Despite the wide utilisation of host receptors for cellular invasions, in heme-iron
restricted environments NTHi utilises macropinocytosis as an invasion method, where the
bacterial cells escape or evade the early endosome to form intracellular bacterial communities.
Swords et al (2001) showed that inhibition of macropinocytosis significantly reduced the
invasion of certain NTHi strains, but not others, suggesting that some bacteria utilise
macropinocytosis as their main route of invasion, whereas others favour receptor-mediated
invasion mechanisms, or have the ability to combine both (Figure 23). Moreover, the study
compared the invasion efficiency between macropinocytosis and PAFr mediated-invasion, and
the data suggest that invasion mediated by PAFr activation is more efficient than

macropinocytosis. 22
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Figure 23 - Diagram of differential trafficking of NTHi under exposed and restricted heme-iron
conditions, and its effect on the formation of intracellular bacterial communities in bronchial epithelial cells. EIPA
is a compound used to inhibit macropinocytosis; TR -transiently restricted of heme-iron; CE - exposed to heme-
iron. In the absence of EIPA, NTHi in both the presence and absence of iron enters the cells through
endolysosomal pathways, that can be clathrin mediated (blue circles), lipid raft-mediated (orange circles) or
through macropinocytosis (membrane ruffling by actin (red lines) polymerisation), thus the ability to invade the
cell through these pathways is independent of heme-iron exposure. Once inside the cell, continuously exposed
NTHi (yellow bacteria) are trafficked to the early endosomes (red circles), which mature into lysosomes (purple
circles) where the bacteria are degraded; transient-restricted NTHi (green bacteria) also enter the cells through
endolysosomal pathways and are trafficked into early endosomes and lysosomes, however, the subpopulations
that enter through macropinocytosis are able to either completely evade or escape this pathway to form
intracellular bacterial communities. When exposed to EIPA, trafficking of NTHi continuously exposed and
transiently restricted to heme-iron remains unchanged within the endolysosomal pathways, significantly
decreasing survival rate and reducing the number of intracellular bacterial communities. Adapted from
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6135960/.
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1.5.1.3.3.  Interactions between PCho and airway epithelial cells

Interactions between PCho and the airway epithelium have been extensively studied.
For example, mouse nasopharyngeal bacteria with PCho-decorated LOSs are able to avoid
antibody binding more easily than non-expressing strains, as the PCho’s positive molecular
charge affects the physical properties of the bacterial membrane, negatively impacting bacterial

recognition and antibody-dependent clearance. 224

Further, lipids are important components of host immunity as they organise membrane
signalling complexes and release lipid-derived mediators. Changes in the airway’s epithelium
lipid composition have been linked to cystic fibrosis, COPD and asthma. Fernandez-Calvet et
al (2018) showed that a vacJ gene deficiency in NTHi increases the bacterial global fatty acid
and phospholipid composition, increasing also the expression of PCho expression in LOS,
contributing to an increased surface hydrophobicity, which can reduce the interaction of NTHi
with hydrophobic and lipophilic molecules, such as hydrophobic antibiotics and synthetic
antimicrobial peptides, but also free fatty acids in the host’s lungs. Though this could be
advantageous to pathogenic processes, the continuous excessive hydrophobicity can also
destabilise the bacteria’s surface, potentially affecting its growth and survivability. Thus, PCho
expression brings advantages to the bacteria under situational circumstances, and bacteria that
can regulate their phasevarions present better survival rates. 22 Furthermore, PCho protects
NTHi against other antimicrobials, such as the bactericidal peptide LL-37/hCAP18 which is
transcribed on the epithelial surface of the human nasopharynx in situ and in epithelial cells
derived from the upper airway. Lysenko et al (2000) found that in the presence of LL-
37/hCAP18 the NTHi population increased its selectiveness for the PCho™ phase. Additionally,
they showed that bacteria which constitutively express PCho have a significantly higher
survival rate than those in which PCho expression has been knocked out, likely due to their
altered surface charge, which prevents effective binding of the LL-37/hCAP18 to LOS and thus
alters the susceptibility of the bacteria to the antimicrobial. 225

As well as offering protection against antimicrobials, PCho also acts as an anchor for
adhesion of bacteria to host cells. Binding of PCho to PAFr initiates a receptor coupling to a
PTX-sensitive heterotrimeric G protein complex, resulting in a multifactorial host cell signal
cascade and, ultimately, bacterial invasion. This signalling cascade involves phosphoinositide
and arachidonic acid metabolism, intracellular calcium changes and protein phosphorylation.

The release of arachidonic acid is phospholipase A»-regulated and initiates responses in
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platelets, neutrophils, eosinophils, macrophages, smooth muscle cells, epithelial cells (Figure
24). The activation of phospholipase A:is regulated by intracellular levels of Ca?*, which may
explain the association between PAFr signalling and the mobilisation of intracellular calcium.
Furthermore, Ca®* regulates epithelial-specific functions, such as the transepithelial solute

transport, cell growth and differentiation. 227228

Figure 24 - Diagram highlighting the main pro-inflammatory signalling pathways induced by binding of
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PAF to its receptor. Adapted from https://www.mdpi.com/1420-3049/24/23/4414/htm/.

1.5.1.3.4. Interactions between PCho and middle ear epithelial

cells

As described above, the potential for interactions between PAFr and PCho is high,
particularly in the airway epithelium. The ME epithelium is a modified respiratory epithelium,
and given the number of pathophysiological outcomes related to PAFr in the airways, it is of
interest to investigate the interactions between the PAFr of ME epithelial cells and the PCho
of NTHi and subsequent effects in OM. 2?4

Furukawa et al (1995) has previously reported that ME effusions have high PAF
activity and hypothesised that the lipid mediator could play a role in the pathogenesis of OM,
particularly OM with effusion. 2?° Diven et al (1998) described PAF as an active mediator of

inflammation in AOM, as they showed that chinchilla MEs pretreated with PAFr antagonists
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presented significantly fewer histopathological signs of inflammation, such as mucosal
thickness, infiltration of innate immune cells, and reduced levels of effusions, in response to
bacterial infection. 23° Ogura et al (2008) observed the effects of PAF on the induction of IL-8
production in the rat ME. Their research showed that IL-8 production was induced by PAF in
a dose-dependent manner, but incubation with a PAFr antagonist (WEB2170) eradicated this
effect. 21° A report by Karasen et al (2000) also showed that blockage of PAFr utilising
antagonists significantly reduced the levels of IL-8 present in the ME of guinea pigs. 23! Ogura
et al (2008) showed that although PAF alone could not induce chronic OM, when administered
directly into the rat ME through the tympanic membrane, it led to a cytokine storm and

production of effusion, causing OME that lasted up to 7 days before clearance.

Yokota et al (2010) previously showed that during respiratory syncytial virus infections
PAFr expression was upregulated. Their research further showed that fosfomycin, an
antimicrobial agent, significantly suppressed RSV-associated PAFr upregulation and
expression, consequently leading to reduced adhesion of S. pneumoniae and H. influenzae to
PAFr. This effect prevented secondary-bacterial infection post viral infection, the most
common OM trigger. Thus, the link between activation of PAF/PAFr and disease is strong. 23
The potential for hindering the role in bacterial adherence, reducing inflammation and halting
disease progression that PAFr antagonists offer in OM-associated scenarios, makes them

appealing targets for future research as potential therapeutic agents.

1.6. The middle ear response to infection

The mechanisms leading to the resolution of AOM and OME are still unclear, however,
due to reports in similar tissues such as the nasopharynx or lungs, it is possible to establish
comparisons and formulate hypotheses as to how resolution in the ME is achieved. Moreover,
these early resolution mechanisms could also potentially have therapeutic applications to forms
of COM.

As previously mentioned, inflammation within the ME leads to mucosal changes,
hyperplasia of the epithelium, with increased levels of goblet and basal cells, and oedema of
the subepithelial space, resulting in increased vascular dilation and permeability and infiltration
of phagocytic cells that can lead to tissue damage. However, after inflammation has subsided,

the epithelial profile of ME cells is very distinct, with submucosal fibrosis, calcification and
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squamous epithelium hypertrophy taking place. As OM is hallmarked by its exacerbated
inflammatory profile, regulating inflammation levels is essential in clearance of disease, which
alongside tissue healing, is usually achieved by a complex interplay of immune factors, such
as depletion of chemokines, downregulation of proinflammatory cytokines, upregulation of
pro-resolution mediators, leukocyte apoptosis and alternative activation of macrophages.
However, it is noteworthy that the ME is an immune privileged site, due to its high tolerance
to microorganisms invading from the upper respiratory airways, self-regulated inhibition to
inflammatory stimuli and remote location that delays recruitment and migration of immune
cells. Thus, it is dependent on the epithelial antimicrobial response and immune effectors of
surrounding tissues, namely the mucosa-associated lymphoid tissues (MALT) of adjacent

organs and appendixes, such as the tonsils or nasopharynx. 23323

1.6.1. Mechanical and chemical barriers of the middle ear

MucoSa

The human body’s first line of defence is its mechanical and chemical barriers, as these

are the first blockades pathogens encounter when infecting an individual.

Pathogens that cause OM are either inhaled or are commensal to the nasopharynx and
will encounter the ET before reaching the ME. The combined action of tight junctions,
secretions and cilia of epithelial cells in the ET promotes both the mechanical mucociliary flush
of pathogens and the formation of a chemical barrier. Certain secretory epithelial cells express
antimicrobial peptides, such as lactotransferrin, lysozymes, defensins, surfactants and mucins,
which allow maintenance of a pathogen-free environment. Lysozymes catalyse breakdown of
the bacterial cell wall, cleaving its peptidoglycans and forming pores on their surface. 2% Some
epithelial cells are responsible for producing lysozymes that combine with mucoid and serous
mucous from nearby goblet cells; the combined synergistic action of these molecules increases
the bacteria-killing ability. 2 Defensins can inhibit the action of bacterial toxins, flag the
bacteria for opsonisation and create pores in the membrane of the pathogen leading to
destabilisation and cell lysis. 2" Three groups of defensins have been identified, however,
humans only express two, namely a-defensins, expressed in granulocytes, and p-defensins,
expressed in epithelial cells. Human B-defensins (HBD) are secreted by ME epithelium and

HBD1 and 2, upregulated by IL-1a, TNF-a and lipopolysaccharide, have been shown to kill
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NTHi, S. pneumoniae and M. catarrhalis. 2*® The human B-defensin 3 (HBD-3) plays a vital
role in planktonic NTHi eradication. Jones et al (2013) reported that HBD-3 activity is
dampened by the formation of biofilms, showcasing the transition from planktonic to biofilm
states can impact the protective action of a molecule. Jones et al (2013) also investigated the
combined activity of HBD-3 and DNAse I. As DNA structures constitute a significant
component of the biofilm matrix scaffolding, the addition of DNAsel, an enzyme that degrades
DNA, is expected to disrupt the biofilm. Results on the combined action of DNAsel and HBD-
3 proved that, in vitro, biofilm matrix disruption occurs, and the biofilm presents diminished
biological activity. This combined action could have a therapeutic use, as if this activity is
maintained in vivo it would assist in clearance of the bacteria from the ME. 2 Surfactant
proteins can also contribute to clearance of bacteria through opsonisation. SPLUNC1 (also
known as BPIFAL) is a multifunctional host defence peptide critical for homeostasis of the
mammalian upper airway. It is found in the mucous of the nasopharynx of mice and chinchilla
and is reported to have surfactant-like properties that has been shown to disrupt biofilm
formation by P. aeruginosa. 2*%* Mucins promote mucous secretion and mucous cell
expansion which, as mucus traps pathogens, creates a protective barrier, hindering bacterial
binding to cells. While ME homeostasis is important, overproduction of mucin may halt
clearance of OM pathogens, by preventing normal function of immune effectors due to excess

mucus, providing bacteria with a proliferation favourable environment. 242

1.6.2. Innate immune response to otitis media

Jecker et al (1995) surveyed the numbers of immunocompetent cells in the ME of rats
aged between 3 to 6 weeks old, before and after OM-induction. Their study reported that
macrophages and dendritic cells populated the healthy ME in the highest numbers, whereas
NK cells and T and B-lymphocytes were rarely present, and granulocytes, such as mast cells
and neutrophils, were generally absent. This absence supports the hypothesis that granulocytes
are recruited to the site upon trigger of inflammation. Jecker et al (1995) also highlighted that
the distribution and localisation of immunocompetent cells in the ME resembles that of the
mucosa of the respiratory tract, suggesting functional continuation between the two. Upon
induction of OM, it was reported that the ME mucosa underwent morphological and
populational changes. The highest populational increases happened in granulocytes, followed
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by a moderate increase in NK, T and B-cells, and macrophages and dendritic cells.
Interestingly, it was reported that while granulocytes migrated from the inflamed mucosa to
the effusion fluid, other immunocompetent cells did so in lower numbers, indicating that the
composition of the ME fluid is not representative of the cellular population of the ME. 243

Neutrophils and macrophages are typically the first responders to an infection, playing
an essential role in clearing otopathogens. These cells are known for their ability to actively
kill bacteria by releasing antimicrobial peptides stored in granules, and through phagocytosis.
Neutrophil extracellular traps (NETS), extracellular fibres, composed mostly of neutrophil
DNA, immobilise and trap pathogens, facilitating neutrophil killer actions towards eliminating
infectious agents, however, their persistence hinders resolution of inflammation. ME effusions
of children with either multiple AOM episodes, rAOM, or COM demonstrated the presence of
NETSs in the ME fluid. 2** Although NK and mast cells have also been reported in association
with OM, particularly in CSOM, as they both present increased activity and numbers, their role
in the disease requires further investigation. As the healthy ME has been widely regarded as
devoid of immunocompetent cells, due to their low numbers in the absence of disease, it is
unsurprising that there is a limited number of reports on the role of NK and mast cells, which
are typically only present during disease. 2%® Interestingly, Seppanen et al (2018) have found
that otitis-prone children have elevated numbers of NK circulating cells, in comparison to
healthy controls, potentially due to frequent exposure to respiratory pathogens, or even
persistence of the cells post-infection (NK cell memory). However, the authors were unable to
determine a role for the presence of these cells. NK cells are highly efficient at directing cellular
cytotoxicity and thus beneficial to the elimination of pathogens, however dysregulation and
overactivation of NK cells can have detrimental consequences for the host, as the increased
activity may lead to damaging levels of inflammation, increased bacterial counts and poor
outcomes. Therefore, NK cells activity and impact on OM outcomes is situational dependent.
245 Similarly, the role of mast cells has not yet been fully understood, but Ebmeyer et al (2005)
suggest that these work as “sentinels” of innate immunity in the ME mucosa. Ebmeyer et al
(2005) investigated the consequences of the presence or absence of mast cells in 6 week old
OM-challenged mice. Mice lacking mast cells presented delayed early responses to bacterial
infection compared to wild-type or mast-cell replenished mutant mice, suggesting that although
mast cells are not required to mount an innate immune response, its presence and subsequent
release of immunoregulatory mediators and cytokines, greatly improves the promptness of the

early innate immune response. 248
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Essential components in the initiation of the innate immune response are the PRRs,
such as TLRs, responsible for identifying pathogen-associated molecular patterns (PAMPs). 4°
TLRs are expressed on both immune and epithelial cells, and can trigger a molecular cascade,
activating the NFkB, MAPK or IRF pathways, leading to changes in expression of genes
involved in innate and adaptive immune cell maturation and proliferation. Activating an
inflammatory response can, however, result in two different outcomes: clearance of infection
or progression to chronic infection. Intracellular bacteria, like NTHi, are able to interact with
surface PRRs, such as TLR-1,2,4-10 and 3,4, as well cytoplasmic PRRs, such as NOD1,2 and
TLR9 (Figure 25). 247
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Figure 25 - Diagram of intracellular cascade signalling pathways triggered in ME mucosa in response to
infection by NTHi. Both surface or intracellular pattern recognition receptors detect conserved motifs of pathogens
and promote synthesis of downstream cytokine cascades. Activation of the surface pattern recognition receptors
TLR 1, 2, and 4-10 results in a MyD88-dependent translocation of NFxB to the nucleus, and upregulation of type
Il interferons and other proinflammatory and antimicrobial effectors. TLR3 initiates a MyD88-independent
pathway that utilises TRIF and IRF3 to upregulate expression of type | interferons. Importantly, TLR3 and 4
activate a delayed response through TAK1 and the JNK p38 MAPK pathway to stimulate type Il and
proinflammatory effector production. In respiratory epithelia TGF-p activates SMAD3 and SMAD4 upregulating
NF«B, but the mechanism has not yet been confirmed for ME mucosa. Cytoplasmic pattern recognition receptors
NOD-1, NOD-2 and TLR9Y activation can also upregulate NFxB stimulation of type Il interferons and

proinflammatory and antimicrobial effectors. DAI induces production of both type 11 and type I interferons, POL3
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via IRF7 utilises the same path as TLR3, while AIM2, through caspase 1, promotes synthesis of IL1 and IL18.
Adapted from https://www.frontiersin.org/articles/10.3389/fcimb.2021.764772/full.

Activation of PRRs often leads to production of cytokines, small proteins that act as
mediators of interactions and communications between cells. Chemokines are a subset of
cytokines, small peptides that act as chemoattractants and potent activators of leukocyte
subpopulations. Interaction between chemokines and their receptors triggers a flux of
intracellular calcium leading to chemotaxis, recruitment of cells to the site where the stimuli
are. Interleukins are another subset of cytokines, low molecular weight proteins with
pleiotropic effects on cells as they can affect tissue growth and repair, homeostasis and are
important modulating factors of the immune system. A number of these inflammatory effectors

play a central role in OM (See table 4).

Table 4 - Source and role of inflammatory effectors in OM.

Inflammatory effector Source Role

Cytokines

Tumor necrosis factor - a | Macrophages Release of prostaglandins;

(TNF-a) activation of neutrophils,
Lymphocytes eosinophils and

macrophages; release of

Epithelial cells cytokines

Endothelial cells

Interleukin-1 (IL-1) Macrophages Activation of B- and T-cell;

promoting the proliferation

Neutrophils of epithelial cells and
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Fibroblasts

Epithelial cells

Endothelial cells

fibroblasts;  synthesis  of
cytokines; release of
histamine; fever induction

and bone resorption

Interleukin-2 (1L-2) T-cells Activation of T-cells
Interleukin-4 (1L-4) T-cells Differentiation and
proliferation of T-2 cells;
Mast cells promoting the anti-
inflammatory action of T-
Basophils and B-cells, and monocytes
Interleukin-5 (IL-5) T-cells Production of IgA by B-cells;
eosinophil chemotaxis and
Mast cells promotion of eosinophil
production in bone marrow
Basophils
Interleukin-6 (IL-6) Macrophages Activation of B- and T-cells;
stimulating antibody
Lymphocytes production; fever induction
and bone resorption
Epithelial cells
Interleukin-10 (1L-10) Macrophages Promoting down regulation
of IL-1, IL-6, TNF-a
Interleukin-12 (1L-12) Macrophages Promoting interferon release;
activation of macrophages;
Neutrophils proliferation of  T-cells;
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Langerhans cells

production of cytokines;
stimulating cytotoxicity of
lymphocytes  and Tl
development.

Interleukin-13 (IL-13) T-cells Similar to IL-4; links allergic
inflammation cells to non-
immune cells in contact with
them

Transforming growth factor - | Neutrophils Initiation and maturation of

B (TGF-B) inflammatory processes;

Macrophages recruitment, activation and
proliferation of inflammatory
tissues and cells

Granulocyte-macrophage Macrophages Production of granulocytes

colony stimulating factor (G-

CSF)

Chemokines

Interleukin-8 (IL-8) Macrophages Neutrophil chemotaxis and
activation; angiogenesis

Fibroblasts
Epithelial cells

Endothelial cells

RANTES (CCL5)

Epithelial cells

Monocyte and T-cell

chemotaxis
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MCP-1 Epithelial cells Monocyte and T-cell

chemotaxis

Histamine Mast cells Increasing vascular

permeability, vasodilation,

Basophils neutrophil and eosinophil

chemotax