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Adaptive Immunity in the Middle
Ear Mucosa with Chronic Otitis

Media

Abstract

The middle ear is frequently invaded by the upper respiratory
commensals. The growth of the commensals in the middle ear
frequently causes infectious events. Some of these infectious events
occur in children repeatedly when the middle ear is in a state of
immune tolerance, a condition in which T lymphocytes are unable
to kill invading microorganisms, bacterial or viral. This review article
gives you some thoughts about how the middle ear immunity is
compromised and predisposed to the upper respiratory infectious
agents and commensals.

Introduction

Otitis media represents a childhood health issue worldwide. It
is one of the most common infectious diseases in young children,
accounting for frequent physician’s office visits, tympanic membrane
surgeries, and antimicrobial therapy in the United States [1] and
is responsible for over $4 billion in annual health care costs and
prompts more antibiotic prescriptions [2]. Approximately 5-10%
of these patients turn into chronic otitis media (COM), for some
reasons. There are multiple factors involved in this process. It has
been reported that anatomic abnormality, genetic predisposition,
and middle ear immunity play important roles in the pathogenesis
of COM [3-7]. To make middle ear infection chronic, there must be
some compromised innate or adaptive immunity in the middle ear
mucosa. In COM, middle ear pathogens are frequently nasopharygeal
commensals such as Streptococcus pneumoniae, nontypeable
Haemophilus influenza and Moraxella catarrhally. Tt is unclear that
why nasopharyngeal commensals are able to become pathogenic in
the middle ear mucosa. Abnormal innate or adaptive immunity may
exist in the middle ear mucosa.

Immunotolerance of Middle Ear Mucosa

In the other organs of the body, homografts are subject to immune
rejection. While in the middle ear, this is not the case. Middle ear
homografts are usually not subject to a frank immunologic rejection
[8] although inflammation occurs [9]. It has long been recognized
that there is immunotolerance towards ossicular grafts and tympanic
membrane implants. Homografts of the tympanic member are able to
exist foralongtime withoutadministration ofanyimmunosuppressive
drugs after surgery [10]. This suggests that immunotolerance does
occur in the middle ear to a certain degree, not fully but sufficient
enough to allow homografts to survive. Frequently, the middle ear
is tolerant to the upper respiratory infections even those infections
are induced by commensals. These commmensal may ascend to the
middle ear through the Eustachian tube but they certainly do not
thrive when the immunity of the middle ear is not compromised. In
the middle ear, the mucosa is frequently immunotolerant although
the reasons are not fully understood. In the middle ear, immune and
inflammatory cytokines such as tumor necrosis factor alpha (TNFa)
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and interferon gamma (IFNy) [11,12] are readily produced due to
the retention of bacterial metabolites, which are major regulators to
modulate the activity of immunity. Chronic stimuli to the middle
ear mucosa may form somewhat tolerance towards infectious
agents when they repeatedly appear in the middle ear and cause a
low profile of inflammation or immune responses by inducing the
expression of programmed death ligand-1 (PD-L1), an inducible
protein which is expressed in the middle ear epithelial cells and can
inhibit the innate and adaptive immunity [13-15]. Programmed
death-1 (PD-1) receptor and its ligand PD-L1 of the B7/CD28
family function as a T cell coinhibitory pathway and are emerging as
major regulators governing the activities of cytotoxic T lymphocytes
(CTLs) and making CTLs into an exhausted status during chronic
infection. Corresponding upregulation of PD-1 occurs when the
early responding proteins such as inhibitor of DNA-binding 1 (Id1, a
transcription factor related to immune and inflammatory responses)
are induced in response to the challenge of invading microorganisms
[16,17]. Since this immune tolerance occurs in the peripheral tissue
(the middle ear), it is therefore, referred as to peripheral tolerance.

Chronic Infection, PD-L1/PD-1 and Immunotolerance

The immune system is biologically designed to kill invading
microorganisms. At the acute stage, the middle ear epithelial cells
respond to infection by the production of cytokines such as IL-8
via the NF-«B signaling pathway [18,19]. IL-8, in turn, attracts the
infiltration of neutrophils into the inflammatory site [20]. Bacteria
are rapidly killed and infection is usually resolved within 7-10 days
in animal models as shown in our previous studies [16,21]. At the
chronic stage, lymphocytes become major infiltrated inflammatory
cells. Among them, natural killer cells (NK) and natural killer T
(NKT) cells secret IFNy [22] and macrophages secret TNFa which,
in turn, regulate the expression of PD-L1 on the surface of the middle
ear epithelial cells [17]. PD-LI then interacts with PD-1 on the surface
of T cells. This action leads to the formation of the immune tolerance
towards invading microorganisms.

Inhibitor of DNA-binding Protein Family (Id) and its
Downstream Molecule PD-1

As shown in our previous studies by microarray, the infection in
the middle ear trigger the response of the Id proteins, especially Id1
and Id3 [16]. It is known now that Id1 is involved in the upregulation
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of interleukin 8 (IL-8) which attracts the infiltration of neutrophils
[23] and regulates the expression of C-X-C chemokine receptor
type 4 (CXCR4) which mediates the entry of y§ T cells into epithelia
[24]. Therefore, Id1 directly affect the number of lymphocytes in
the epithelia (e.g., intraepithelial lymphocytes). Id1 itself has a role
in the commitment of T cell as shown in the literature [25] because
T-cell commitment is related to cell apoptosis and Id1 helps cells to
resist to cell death [26,27]. It is becoming clear that the Id proteins
are involved in the immunity of the middle ear on one hand. On the
other hand, Id1 regulates the expression of cyclo-oxygenase 2 (COX-
2) [23] and vascular endothelial growth factor (VEGF), contributing
to the development of COM through the VEGF signaling pathway
[5]. Among them, CXCR4 plays an important role in the homing of
vS T cells into epithelia [24]. VEGF is known to be involved in the
pathogenesis of COM. Id1 also upregulates the activity of nuclear
factor kappa B (NF-kB) in our previous studies [28-31]. NF-«xB
related chemokines, together with IL-6, attract lymphocytes at the
stage of chronic infection [32]. Consistent with this, Id1 promotes
CD4 positive T cell proliferation and survival via the activation of
NF-xB [33]. At the same time, Id1 is found to increase the expression
of PD-1 on the surface of T cells in our recent studies (Figure 1). The
upregulation of PD-1 on lymphocytes frequently impedes innate and
adaptive immunity against bacterial infection [34].

Impact of PD-L1 on Tcell Activity in Middle Ear Mucosa

Itis known that PD-L1 negatively regulates the activity of effectors
T lymphocytes or CTLs including intraepithelial lymphocytes in the
mucosa [13,35]. As a result, the production of IL-2 is reduced and in
the mean time the production of interleukin 10 (IL-10) is increased.
The former is a trigger for the proliferation of T cells (T cell expansion
and survival) and the latter is an inhibitor for appropriate production
of inflammatory cytokines and mediators. In the middle ear mucosa,
the expression of PD-L1 down regulates the activity of T cells. T
cells participate in the innate and adaptive immunity. Due to the
negative effects of PD-L1 on the T cell activity, both the innate and
adaptive immune systems are suppressed. This will inevitably affect
immunity of the middle ear mucosa, innate and adaptive. PD-L1 is a
key molecule which is frequently involved in the balance of adaptive
immune responses [36]. It is inducible almost in every tissues or
organs when infection occurs but the induction timing is critical. PD-
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Figure 1: CXCR4 mediates the homing of y8 T cells into the middle ear
mucosa to become intraepithelial lymphocytes. The y8 T cells in the blood
stream enter into the middle ear epithelium via the CXCR4 receptor. These v
T cells enter the skin,lung, intestinal, and middle ear epithelia and eventually
become intraepithelial lymphocytes which play an important role in the
immunity of the mucosa.

L1 induction in the middle ear mucosa at an early stage tends to make
infections chronic when genetic predisposition factors exist. The
expression of PD-L1 in the middle ear mucosa with COM is shown
in Figure 2.

The PD-L1/PD-1 Signaling Pathway in COM

Cytotoxic T lymphocytes play a pivotal role in the control of
infections. However, activated CTLs, often lose effectors function
during the chronic infection. This occurs in chronic infections such
as human immunodeficiency virus, hepatitis B virus, hepatitis C
virus, and other pathogens capable of establishing chronic infectious
diseases. It is impossible for infectious agents to survive on a long-
term basis if CTLs activities are not suppressed and compromised.

Upon the stimulation of the immune cytokines (IFNy and
TNFa) PD-L1 is induced in the epithelial cells, hepatocytes,
vascular endothelial cells, tumor cells, and neutrophils as shown in
the literature [37,38]. The PD-L1 gene promoter region contains a
response element to the interferon regulatory factor (IRF-1) [39],
verifying the link between IFNy and PD-L1. PD-L1 binds to its
receptor PD-1 [35,40,41] and exerts the effects on the inhibition of
T cells via the suppression of IL-2 but increases the production of
IL-10 [35] which is anti-inflammatory. PD-L1 impairs the function of
CTLs [42]. PD-1 is found in activated T cells [35,41] and suppresses T
cell-mediated immunity [13]. Specifically, engagement of PD-L1 with
PD-1 on T cells delivers a signal that inhibits T cell receptor (TCR)-
mediated activation of IL-2 production, which makes T cells unable to
proliferate. T cell runs into a status of anergy followed by subsequent
exhaustion and apoptosis. The PD-L1/PD-1 signaling pathway has
been shown to be involved in chronic infectious diseases [43,44].

In the immune process, T cells are usually activated by antigens
from the infectious agents under the assistance of antigen presenting
cells (APC) in the lymph node near the infection site. T cells are
primed with antigens of infectious agents, able to recognize the
invading pathogens and thus attack them when they meet with each
other again. These activated T cells represent a major force ready to
fight off infectious agents in the infection site. Unfortunately, there is
a negative regulation on the activated T cells when the PD-L1/PD-1
signaling pathway is activated. In the stage of chronic infection, due
to the existence and persistence of TNFa and IFNy, the expression
of PD-L1 is highly induced, which makes the immune response
attenuated or compromised and facilitates the growth of invading
pathogens in the local microenvironment. From this point of
view, PD-L1 is a key protein for local immunotolerance. It creates
a situation for bacteria and viruses to growth and survive under an
immune response compromised or attenuated condition. Immune
tolerance inevitably occurs. Once the immune response is suppressed
locally, infection might persist.

Suppression of Immune Response by Cytotoxic T
Lymphocyte-Associated Protein 4 (CTLA-4)

InadditiontoPD-1, CTLA-4 mayalso playarolein the suppression
of the immunity in the middle ear. CTLA-4 is found on the surface
of T cells (frequently on the surface of helper T cells, transmitting an
inhibitory signal to T cells) to down regulate the immune response
and leads to the suppression of the immunity in many situations. One
of the results after activation of PD-1 and CTLA-4 is the inhibition
of IL-2 production in activated T cells. In the immune system, the T
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Figure 2: Expression of PD-L1 in the middle ear mucosa with COM in
humans. The middle ear specimen was sectioned routinely and stained with
monoclonal antibody against human PD-L1 (5H1). A, specific monoclonal
antibody staining, positive for human PD-L1 in the middle ear mucosa. B, non-
specific monoclonal antibody staining, negative control. Original amplification
x20. Arrows point to PD-L1 positive cells.

binding

Figure 3: Formation of immunotolerance in the process of COM. Interaction
between the middle ear epithelial cells and T cells leads to the formation of
the immuntolerance to pathogens. A, Bacteria infect the middle ear epithelial
cells and induce the expression of PD-L1 when infection goes chronic. The
PD-L1 binds to the PD-1, which reduces the expression of IL-2 and anergy,
exhaustion and apoptosis of T cells. The PD-L1/PD-1 signaling pathway
facilitates the surfivial of infectious agents via aimmunotolerance mechanism.
A green star represents an infectious agent. MEEC, middle ear epithelial cell.

cell attack can be turned off by stimulating the PD-1 and/or CTLA-4.
PD-1 and CTLA-4 are, thus, recognized as “off” switches. Reversely,
the T cell attach can be turned on by stimulating the CD28 molecule
on the T cell and CD28 is, thus, recognized as “on” switches for T cell
activities [13,35].

Immunotolerance has its negative tradeoffs. It allows for some
commensals and pathogenic microbes to successfully infect tissues
and avoid elimination [45]. Due to the negative effects of PD-L1
and PD-1 on activated T cells, both the innate and adaptive immune
systems in the middle ear mucosa are inevitably attenuated. Under
this situation, commensals or flora ascending from the nasopharynx
gains a ground to reside and thrive and eventually cause the infection
in the middle ear. PD-L1 and PD-1 are, thus, game changers of the
immune and inflammatory responses through the regulation of the
activities of T cells [36].

Immunotolerance is associated with anergy, exhaustion, and
apoptosis. The classical type of programmed cell death is characterized
by its dependence on de novo RNA and protein synthesis and
morphological features of apoptosis. This process is also associated
with the induction of the programmed death gene called PD-1 [46].
T cell death belongs to the category of programmed cell death and
requires the de novo RNA and protein synthesis and can be blocked by
protein synthesis inhibitors such as cycloheximide [40]. Non-classical
type of cell death occurs in some cells which show no characteristic
features of programmed cell death [46]. The characteristic features of
this type of cell death are TNFa-induced cell death which is a unique
process that is different from the programmed cell death which is
characterized by macromolecular synthesis and can be blocked by
protein synthesis inhibitor such as actinomycin D and cycloheximide
and requires no synthesis of proteins for their death [47]. In such cell
death, no induction of the PD-1 mRNA is required. In T cells, the
PD-1 gene is activated when they are induced to die by the different
manipulations, for example, ionomycin, phorbol 12-myristate
13-acetate (PMA) treatment, and IL-3 deprivation, respectively. In B
cells, the death can be induced by crosslinking IgM molecules on the
cell surface by anti-IgM antibodies [48] and requires no de novo RNA
and protein synthesis.

IFNY is a cytokine that is critical for innate and adaptive immunity
against bacteria and viruses. In COM, IFNYy is highly upregulated in
the middle ear mucosa and plays an important role in the immune
response including activation of macrophages and induction of class
IT major histocompatibility complex (MHC) molecule expression
[49]. Aberrant IFNy expression is associated with COM and its
sequelae. The importance of IFNy in the immune system stems in
part from its ability to inhibit viral replication directly and most
importantly from its immunostimulatory and immunomodulatory
effects. IFNYy is produced predominantly by natural killer (NK) and
natural killer T (NKT, a minority of T cells) cells as part of the innate
immune response, and by CD4 Thl and CD8 CTLs once antigen-
specific immunity develops [22].

Important Inflammatory Cytokines and Mediators in OM

There are a lot of inflammatory cytokines and inflammatory
mediators in middle ear infection as reported previously [20]. Some
of these cytokines and inflammatory mediators such as IFNy and
interleukin-6 (IL-6) are critical for COM because they are involved
in the regulation of immune and inflammatory responses. They
include IFNy, TNFa [50], IL-6, interleukin-10 (IL-10) [51] and
VEGEF. IFNy is a major immune interferon [52] and now is known
as an potent regulator for the expression of PD-LI. Also, it has been
reported to have an immunoregulatory role in OM with effusion
[11]. While IFNy and TNFa are regulated by Id1 in T cells as shown
in the literature [24]. They are critical for the disturbance of the
innate and adaptive immunity through the effect on the mucociliary
barrier in the upper respiratory tract including the Eustachian
tube and middle ear mucosa [53] . We recently found that middle
ear pathogens induce the expression of Id1 and Id3 in rats. Idl, in
turn, increase the expression of TNFa and IFNy in the middle ear
epithelial cells. These two inflammatory cytokines and mediators are
deeply involved in the inflammatory and immune responses of the
middle ear mucosa because they are linked to the activity of infiltrated
T cells (so called CTLs or pathogen specific T cells) in the middle
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ear mucosa [54,55]. IFNy and TNFa produced by infiltrated T cells
affect the middle ear immunity via PD-L1 (Figure 2). IL-10 possesses
the properties of anti-inflammatory, immunosuppressive, and tissue
protective effects. This effect is based upon inhibitory effects of IL-
10 on many inflammatory cytokines including, IFNy, VEGF and
IL-8 [51] via a negative regulation loop. Once IL-10 is produced,
it suppresses immune responses and inflammatory reactions by
suppressing the production of proinflammatory cytokines such as
IL-1 or by reducing the cell surface expression of immunoreceptors
such as major histocompability complex (MHC) class II which
is needed for recognition by lymphocytes, especially cytotoxic T
cells. TGF-p is detectable in middle ear effusion [56]. It inhibits the
production of IL-2 in T cells [57]. The major role of TGF-f occurs in
the chronic stages of OM with effusion and its higher levels indicate
that it participates in the suppression of the immune system and the
proliferation of connective tissues in the middle ear cleft [58].
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