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The Role of Immunity
in the Development of Otitis Media

Sara Concha and Rodrigo Hoyos-Bachiloglu

Part I: The Role of Innate and Adaptive
Immunity in Otitis Media

The term “immunity” comes from the Latin word immunitas,
which refers to the protection from legal prosecution offered
to Roman senators during their tenures in office. The immune
system is responsible for protecting an organism against for-
eign substances, especially infectious microbes, and also
products of damaged cells [1].

A normal immune response against microbes involves
sequential and coordinated responses by different branches
of the immune system (Table 8.1). Innate immunity is essen-
tial for the defense against microbes during the first few
hours or days after infection, is mediated by mechanisms
that are in place even before an infection occurs, facilitates
rapid responses to the invading microbes, and stimulates
adaptive immunity. Innate immunity detects microbial infec-
tions using pattern recognition receptors (PRRs) that are spe-
cific to molecules shared by groups of related microbes
(pathogen-associated  molecular  patterns  (PAMPs)).
Adaptative immunity is stimulated by exposure to infectious
agents and generates pathogen-specific immune responses,
and it also has significant receptor diversity and memory.
Immunological memory allows the adaptive system to
increase in magnitude and defensive capabilities with each
successive exposure to a particular agent.

Innate Immunity

The innate system is composed of cellular and chemical bar-
riers such as the skin, mucosal epithelia, antimicrobial pep-
tides, blood proteins, including the complement system, and
cells like macrophages and neutrophils.
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Table 8.1 Components of innate and adaptive immunity

Innate Adaptive
Epithelial and ¢ Mucociliary apparatus ~ Epithelial
chemical *  Mucous glycoproteins  lymphocytes and
barriers e Surfactants antibodies
¢ Defensins, interferons,
lactoferrin, and nitric
oxide
e Middle ear epithelial
cells
Blood proteins Complement Antibodies
Cells * Neutrophils * Lymphocytes T
* Macrophages - CD4
e Mast cells Thl
* Dendritic cells Th2
Th17
- CD8

* Lymphocytes B

Epithelial and Chemical Barriers

Mucosal immunity constitutes the first line of defense against
respiratory pathogens in the respiratory tract. Epithelial cells
of the middle ear contain several key defense mechanisms
such as the mucociliary apparatus, the trapping function of
mucous glycoproteins and surfactants, and the ability to
secrete innate defense molecules such as defensins, interfer-
ons, lactoferrin, and nitric oxide [2].

Mucins are high-molecular-weight glycoproteins respon-
sible for the viscous properties of middle ear effusion [3].
Although mucins are important components of innate immu-
nity in the respiratory tract, they can also play a pathological
role. Abnormally high levels of mucins have been demon-
strated in middle ear effusions of chronic suppurative otitis
media (OM) patients, preventing the transmission of sound
waves and leading to conductive hearing loss. The upregula-
tion of some mucin genes such as MUC2, MUC5AC, and
MUCS5B plays an important role in the pathogenesis of otitis
media [2].

Surfactant proteins (SPs) such as SP-A are expressed in
the middle ear and Eustachian tube and play an important
role in innate responses through opsonization and comple-
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ment activation. SP-A opsonizes Gram-negative bacteria and
modulates the expression of pro-inflammatory cytokines like
interleukin (IL)-1p, IL-6, and tumor necrosis alpha (TNF-a).
The immune function of SP-A in vivo has been studied using
mouse models of otitis media, which demonstrated its role in
enhancing bacterial phagocytosis and modulating middle ear
inflammation [4].

Defensins are cationic proteins, whose main antimicrobial
mechanisms are forming a pore in the microbial membrane
and stimulating the production of pro-inflammatory cytokines
and chemokines. Human B-defensin 2 and 3 are upregulated
in the middle ear in response to bacteria and play a critical role
in eliminating Haemophilus influenzae (Hi) [5, 6].

Middle ear epithelial cells express PRRs such as Toll-like
receptors (TLRs) that detect infections by recognizing
PAMPs and activate the innate immune response.
Peptidoglycans such as those on the surface of Haemophilus
influenzae (Hi) are recognized by TLR2; upon biding to its
ligand, TLR2 initiates nuclear factor kappa B (NF-kB)-
dependent cascades that activate the immune response and
upregulate TLR2 expression in a positive feedback loop [7,
8]. Polymorphisms of the TLR4 gene are associated with
recurrent acute OM. When infected with Hi, TLR4 knockout
mice had a worse mucosal immune response, with impair-
ment of phagocytosis and phagosome maturation of poly-
morphonuclear cells as compared to wild-type mice [9].
Additional genes involved in the innate immunity have been
found to be differentially regulated in acute otitis media
(AOM)-prone children compared to healthy-age appropriate
controls. Downregulation of TLR adaptor molecule 2 was
found in middle ear fluid of 24 children with acute otitis
media [10]. TLRs are not the only PRRs involved in the
pathogenesis and recovery of otitis media; Nod-like recep-
tors (NLRs) have also been shown to initiate and support
robust immune responses through the production of inflam-
matory cytokines and recruitment of leukocytes to the mid-
dle ear [11].

Finally, impairment of epithelial and chemical barriers in
otitis-prone children has been observed. They have lower
capacity for epithelial repair, lower pro-inflammatory neu-
trophil chemoattractants such as macrophage inflammatory
protein-1p (MIP-1p), IL-8, and CXCLS5 [12], and pro-
inflammatory cytokines of higher levels such as IL-2 and
lower levels such as IL-7, IL-6, and IL-10 in nasal washes,
thus showing that middle ear cytokine responses mirror those
of the nasal mucosa versus the peripheral blood and suggest-
ing that proximal mucosal sites may better predict the quality
of middle ear responses compared to peripheral blood [13].

The Complement System
The complement system consists of several plasma proteins
that work together to opsonize microbes, promote recruit-

ment of phagocytes to the sites of infection, and, in some
cases, directly kill the microbes [1]. There are three path-
ways of complement activation, among which the most
important for responding to capsulated bacteria is the classi-
cal pathway, which is one of the major effector mechanisms
of the humoral arm of adaptive immune responses.

Cells

Neutrophils are the most abundant leukocytes and the first
line of defense against invading pathogens in the middle ear,
experiencing roughly a 600-fold increase during acute otitis
media [14]. They express multiple TLRs and play a crucial
role in eradicating middle ear infections [2]. Upon activa-
tion, they form neutrophil extracellular traps (NETs) that are
positively correlated with higher bacterial loads within mid-
dle ear fluids and surface-attached bacteria and contribute to
effusion viscosity, thus leading to chronic suppurative otitis
media [15].

Macrophages are also present in middle ear effusions, and
their role in infection depends on the causative agent.
Streptococcus pneumoniae serotypes 14 and 19F were found
to be resistant to phagocytosis that can lead to bacterial anti-
gens being trapped in the middle ear, thus promoting effu-
sion [2]. Haemophilus influenzae utilizes a system of
phase-variable epigenetic regulation, to facilitate adaptation
and survival by evading opsonization, the process by which
it is marked for destruction by macrophages [16].

Mast cells are distributed throughout the tubotympa-
num, predominantly in the pars flaccida, and can trigger
allergic rhinitis, thus causing persistent inflammation that
can lead to tube dysfunction and also impediment of muco-
ciliary function that can lead to recurrent otitis media with
effusion [17]. A possible role of mast cells and their cyto-
kines in the pathogenesis of chronic serous otitis media
has been suggested as these cells are increased in the
patient’s adenoid tissue and in thymic stromal lymphopoi-
etin [18].

A normal tympanic membrane also contains abundant
dendritic cells that have the potential to migrate and activate
T cells. A significant increase in the number of these cells
has been found in tubotympanic disease and in atticoantral
disease, with the difference being more pronounced in the
latter form of otitis media [19].

Adaptive Immune Responses

The adaptive immune system is composed of T and B lym-
phocytes and their products. There are two branches of adap-
tive immunity, namely, humoral immunity, which is mediated
by antibodies and B cells, and cell-mediated or cellular
immunity mediated by T cells.
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Humoral Immunity

A humoral immune response combats microbes in many
ways. Antibodies bind to microbes and prevent them from
infecting cells, thus neutralizing the microbes. In fact,
antibody-mediated neutralization is the only mechanism
of adaptive immunity that stops an infection before it is
established; this is why eliciting the production of potent
antibodies is the key goal of vaccination. Immunoglobulin
(Ig)G antibodies coat microbes and target them for phago-
cytosis because phagocytes (neutrophils and macro-
phages) express receptors for parts of IgG molecules.
Both IgG and IgM activate the complement system, and
complement products promote phagocytosis and destruc-
tion of microbes. IgA is secreted from mucosal epithelia
and neutralizes microbes in the lumens of mucosal tis-
sues, such as the respiratory and gastrointestinal tracts,
thus preventing inhaled and ingested microbes from
infecting the host [1].

There are differences between children and adult’s
humoral immunity, and the susceptibility of infants to
AOM wanes with age due to immunological maturation.
During pregnancy, IgG antibodies are passively transferred
to the infant and progressively decrease during extrauter-
ine life, reaching their lowest point at 6 months of life. The
production of IgM and IgA begins progressively from
birth. The capacity to respond to protein antigens is
approximately 80% at birth and achieves levels like those
of adults around 3 months of life. The ability to respond to
polysaccharide antigens is not optimal until 2 years of life
due to the absence of B cells in the marginal zone of the
spleen [1].

For the normal development of humoral immunity, a cor-
rect development of B cells and a normal interaction of these
with circulating T lymphocytes is necessary. Developing
antibody-mediated immunity to Streptococcus pneumoniae
and non-typeable Hi (NTHi), the two most common patho-
gens causing AOM, is a cardinal step in preventing recurrent
infections in young children. Upon receiving T cell help, B
lymphocytes that recognized an antigen proliferate and dif-
ferentiate into plasma cells that secrete different classes of
antibodies with distinct functions. Polysaccharides and lip-
ids stimulate secretion mainly of the antibody class called
immunoglobulin M (IgM). Protein antigens induce the pro-
duction of antibodies of different classes (IgG, IgA, IgE)
from a single clone of B cells.

Otitis prone children have lower serum bactericidal anti-
body titers against pneumococcal proteins: histidine triad
protein D (PhtD), pneumococcal choline binding protein A
(PcpA) and pneumolysin (PlyD1) compared with nonotitis
prone children after nasopharyngeal colonization and acute
otitis media [20]. This may be due to poor memory B-cell
and T-helper cell generation associated with reduced levels

of pneumococcal-specific IgG in the serum after the infec-
tion [21].

Comparing acute to convalescent antibody titers after
AOM, otitis-prone children had no significant change in total
IgG responses to three Hi proteins (protein D, P6, and
OMP26), whereas non-otitis-prone children had significant
increases in protein D. Anti-protein D, P6, and OMP26 anti-
body levels measured longitudinally during Hi colonization
between the ages of 6 and 24 months demonstrated subtle
anti-protein D IgG increases over time in otitis-prone chil-
dren compared to more than fourfold increases in non-otitis-
prone children [22]. The raise in the antibody’s levels in
non-otitis-prone children probably prevents them from hav-
ing recurrent otitis.

Cellular Immunity

T lymphocytes consist of two functionally distinct popula-
tions: helper T cells or CD4* cells and cytotoxic T lympho-
cytes (CTLs) or CD8* cells. The functions of helper T cells
are mainly mediated by secreted cytokines, whereas CTLs
produce molecules that directly kill other cells. CD4* T cells
comprise functionally distinct populations characterized by
specific transcription factors and cytokine profiles; T helper
1 (Th1), Th2, and Th17 [1].

Antigen-specific CD4* T cells have been shown to reduce
Streptococcus pneumoniae nasopharyngeal colonization. An
effective pathogen-specific T-cell response in adults has been
associated with protection from invasive Streptococcus
pneumoniae disease (invasive pneumococcal disease, IPD)
and chronic obstructive pulmonary disease (COPD) caused
by Streptococcus pneumoniae and NTHi, respectively. More
recently, Th17 cells have been described to mediate antibody-
independent protection in a mouse model of pneumococcal
infection. Moreover, CD4" T cells in samples collected from
the adenoids and tonsils of traditionally defined otitis-prone
children showed no proliferation in response to NTHi pro-
tein P6, which led the authors to conclude that otitis-prone
children lack pathogen-specific T cells. [23] Other authors
have shown that adenoids have a reduced capacity to produce
interferon-gamma (IFN-y) and speculate that this alteration
could cause susceptibility to recurrent acute otitis media
[24].

For several decades, Pichichero et al. studied the underly-
ing pathogenesis of AOM in children and also why the risk of
AOM decreases over time. They observed that this suscepti-
bility is not only due to a Eustachian tube dysfunction but
also due to immune factors [13]. Peripheral blood mononu-
clear cells (PBMCs) from otitis-prone children between the
ages of 6 and 12 months display a general skewing away
from Th1 and Th17 immunity and toward Th2 and regulatory
T cell (Treg) dominance [25]. This abnormality was largely
outgrown by 3 years of age, coinciding with the epidemio-
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logical observation of diminishing AOM at that age [13].
They also showed that otitis-prone children are more fre-
quently diagnosed with viral upper respiratory infections
possibly due to deficient antiviral responses at the nasophar-
ynx with decreased production of pro-inflammatory cyto-
kines and chemokines like IL-6, IL-10, and TNF-a [26].

Part ll: The Ear Microbiota

The microbiota plays critical roles in the regulation and
development of the major components of the host’s immune
system, whereas the immune system orchestrates the mainte-
nance of the key features of the host-microbe symbiosis
[27].

The human microbiota consists of ecological communi-
ties of commensal, symbiotic, and pathogenic microorgan-
isms that colonize several body sites and play a critical
role in the regulation of many homeostatic processes,
including inflammation and defense against pathogens, to
inhibit the colonization and growth of otopathogens [28].
Immediately after birth, the respiratory tract becomes col-
onized, and, in the first week of life, there is a predomi-
nance of Staphylococcus spp., Corynebacterium,
Dolosigranulum, and Moraxella. This early bacterial colo-
nization plays a pivotal role in the stability of microbial
communities: profiles dominated by Moraxella and
Dolosigranulum/Corynebacterium are associated with a
stable microbiota and with lower rates of respiratory infec-
tions in later stages of life, whereas the less stable profiles
are associated with a high abundance of Hi and
Streptococcus [29].

Several environmental factors can influence the shaping
of the microbiota’s composition in the first years of life.
Children born by vaginal delivery have predominance of
bacteria previously associated with microbiome stability and
respiratory health, but some authors suggest that this impact
disappears at 6 weeks of age. Breastfed infants develop a
bacterial profile enriched by Dolosigranulum and
Corynebacterium at 6 weeks of age in comparison with
formula-fed infants; however, this effect also disappears
around 6 months of age. In children with AOM, recent anti-
biotic therapy induces a reduction of beneficial bacteria such
as Streptococcaceae and Corynebacteriaceae and an
increased  abundance of  Enterobacteriaceae  and
Pasteurellaceae in the upper respiratory tract. The effect of
the conjugated pneumococcal vaccines in the microbiome is
controversial and it seems to vary by ethnicity; Swiss vacci-
nated children have an increase in beneficial bacteria and in
bacterial diversity, whereas in children from Gambia, vacci-
nation reduced the nasopharyngeal carriage of vaccine sero-
types, but pneumococcal carriage remained high among

vaccinated infants, probably because of an immediate expan-
sion of non-vaccine serotypes [30].

According to the pathogen reservoir hypothesis (PRH),
the adenoid pad serves as a source of pathogens that can grow
in this region and further spread to the respiratory system and
middle ear, leading to infections and diseases [31]. Owing to
the introduction of culture-independent techniques such as
gene analysis with a polymerase chain reaction (PCR) using
primers that target a segment of the /6SrRNA gene, microbio-
logical investigations now allow the knowledge of entire bac-
terial communities. There are keystone species that maintain
the balance and function of the bacterial community such as
Dolosigranulum spp. and Corynebacterium spp. In children,
a diverse microbiota and a higher relative abundance of
Corynebacterium,  Dolosigranulum,  Propionibacterium,
Lactococcus, and Staphylococcus were associated with a
lower incidence of S. pneumoniae, H. influenzae, and
Moraxella catarrhalis colonization, lower AOM, a shorter
course of AOM, and a better clinical outcome [30]. An unsta-
ble microbiota during an acute respiratory tract infection epi-
sode with the predominance of otopathogens is associated
with the occurrence of a symptomatic viral infection and with
a higher risk of transition to otitis, whereas children with
asymptomatic viral infections had no predominance of oto-
pathogens [32]. There are several trials of probiotic adminis-
tration for prevention of middle ear diseases in children, but
there is lack of evidence for their use [33].
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