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Inflammation associated with noise-induced hearing loss
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Inflammation is a complex biological response to harmful stimuli including infection, tissue dam-
age, and toxins. Thus, it is not surprising that cochlear damage by noise includes an inflammatory
component. One mechanism by which inflammation is generated by tissue damage is the activation
of damage-associated molecular patterns (DAMPs). Many of the cellular receptors for DAMPS,
including Toll-like receptors, NOD-like receptors, and DNA receptors, are also receptors for patho-
gens, and function in the innate immune system. DAMP receptors are known to be expressed
by cochlear cells, and binding of molecules released by damaged cells to these receptors result in
the activation of cell stress pathways. This leads to the generation of pro-inflammatory cytokines
and chemokines that recruit pro-inflammatory leukocytes. Extensive evidence indicates pro-
inflammatory cytokines including TNF alpha and interleukin 1 beta, and chemokines including
CCL2, are induced in the cochlea after noise exposure. The recruitment of macrophages into the
cochlea has also been demonstrated. These provide substrates for noise damage to be enhanced by
inflammation. Evidence is provided by the effectiveness of anti-inflammatory drugs in ameliorating
noise-induced hearing loss. Involvement of inflammation provides a wide variety of additional anti-
inflammatory and pro-resolution agents as potential pharmacological interventions in noise-induced
hearing loss. © 2019 Author(s). All article content, except where otherwise noted, is licensed under

a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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I. INTRODUCTION

The inner ear was long treated as an immune privileged
organ, implying that the tissues of the labyrinth are isolated
from the systemic immune system and could tolerate the
presence of external antigens without inducing an inflamma-
tory response (McCabe, 1989). Part of this reasoning
stemmed from early research that indicated the cochlear lab-
yrinth lacks substantial lymphatic drainage (Harris and
Ryan, 1984), although a few more recent studies have hinted
that the labyrinth as a whole (including vestibular compo-
nents) does in fact possess some degree of lymphatic drain-
age (Yimtae et al., 2001). Additionally, the inner ear lies on
one side of a tightly controlled blood-labyrinth barrier—
extant in the stria vascularis—that separates the inner ear
from general circulation (Harris and Ryan, 1984).

However, the tenets underlying cochlear immunoprivi-
lege have been gradually reduced beginning with the work
of Rask-Andersen and Stahle (1979), which revealed close
interactions between lymphocytes and macrophages within
labyrinthine tissues. Many recent studies have clearly dem-
onstrated a robust cochlear immune capacity to noise stress.
Transcriptome analyses of cochlear tissues have revealed
that 80% of genes related to immune function are expressed
in relatively constant amounts in cells of the cochlear sen-
sory epithelium (Patel et al., 2013; Cai et al., 2014; Yang
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et al., 2016). Subsequent to acoustic injury, many of these
genes, which are related to immunity and inflammation, are
up- or downregulated (Satoh et al., 2002; Toubi et al., 2004;
Hirose et al., 2005; Gazquez et al., 2011; Yang et al., 2015;
Frye et al., 2018), and many types of acoustic injury have
been associated with an inflammatory cochlear response
(Iwai et al., 2003; Toubi et al., 2004; Hirose et al., 2005;
Gazquez et al., 2011; Yang et al., 2015; Frye et al., 2018).
Quite promisingly, some of these inflammatory activities
have been mitigated with the administration of anti-
inflammatory drug treatments (Takahashi et al., 1996;
Sautter et al., 2006; Fakhry et al., 2007; Psillas et al., 2008;
Wakabayashi et al., 2010; Zhou et al., 2013). The impor-
tance of the inner ear’s immune capacity in the event of
noise exposure would seem evident. Several recent review
articles on the subject of immunity and inflammation in the
ear in response to stress and disease have been published
(Goodall and Siddiq, 2015; Hirose er al., 2017; Kalinec
et al., 2017; Wood and Zuo, 2017; Hu et al., 2018).
Interested readers may consult these references for addi-
tional information.

Il. INFLAMMATORY CELLS IN THE COCHLEA

It is well known that traumatic noise exposure results in
cochlear damage and is particularly destructive to sensory
cells (Taylor et al., 1965; Sulkowski et al., 1981; Bohne
et al., 2007). However, after substantial study of hair cell
(HC) injury, researchers began to turn their attention to
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noise-induced damage in surrounding tissues and cells both in
the sensory epithelium and in adjacent compartments (Wang
et al., 2002; Hirose and Liberman, 2003). Inflammation-
associated cells were identified in noise-overexposed cochleae
(Fredelius et al., 1990; Fredelius and Rask-Andersen, 1990).
Both sensory and supporting cells in the inner ear are prone to
degeneration following noise insult, and though the organ of
Corti itself is devoid of immune cells under resting conditions
(Hirose et al., 2005; Du et al., 2011), surrounding labyrinthine
tissues have been demonstrated to host immune cells derived
from a hematopoietic cell line (Lang et al., 2006; Okano et al.,
2008; Sato et al., 2008).

A. Inner ear macrophages

Numerous recent studies have shown that under both
steady-state and pathological conditions, mature tissue mac-
rophages are pervasive throughout major cochlear partitions
including the stria vascularis, the spiral ligament, neural
regions, and the basilar membrane (Lang ef al., 2006; Okano
et al., 2008; Sato et al., 2008; Yang et al., 2015). Moreover,
infiltrated mononuclear phagocytes, including immature and
less differentiated macrophages and monocytes, have been
reported in many cochlear anatomic sites subsequent to
cochlear stress. In ears that have undergone acoustic trauma,
these infiltrated cells have been reported as present in the
spiral ligament adjacent to fibrocytes (Hirose et al., 2005;
Tornabene et al., 2006), in the scala vestibuli, modiolus, and
lateral wall (Sautter et al., 2006; Wakabayashi et al., 2010;
Du et al., 2011), Reissner’s membrane (Sautter et al., 2006),
and immediately beneath the basilar membrane in the scala
tympani cavity (Frye et al., 2017; Zhang et al., 2017; Dong
etal., 2018; Frye et al., 2018; Hu et al., 2018).

Though the precise origin of these infiltrated monocytes is
not entirely clear, it has been proposed these cells arrive from
general circulation and enter cochlea via the blood-labyrinth
barrier (Hirose et al., 2005; Tornabene et al., 2006; Okano
et al., 2008; Shi, 2010; Kaur et al., 2015; Yang et al., 2015).
However, the presence of a substantial pool of small, undiffer-
entiated leukocytes has been reported within the marrow of the
bony labyrinth (Frye et al., 2018). Thus, some or all of the infil-
trated monocytes observed in the cochlea following stress may
be derived from the bone tissue immediately surrounding the
cochlea. Future studies aimed at elucidating the ultimate origin
of these mononuclear phagocytes are needed.

Matern et al. (2017) report that fluorescence-activated cell
sorting reveals 80% of the cochlea’s immune cell composition
is constituted by macrophages. Much of our current under-
standing of macrophage responses to cochlear stresses is
derived from studies of acute acoustic injury, which culminate
in the permanent loss of hearing sensitivity (Fredelius and
Rask-Andersen, 1990; Hirose et al., 2005; Tornabene et al.,
2006; Yang et al., 2015). However, inflammatory activation of
cochlear macrophages has also been demonstrably associated
with low-level noise exposures that produce only temporary
threshold shifts (Frye et al., 2018).

Macrophages have been identified with the employment
of immunohistochemistry in cochlear tissues. Numerous pro-
tein markers either specific to or strongly correlated with
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cochlear macrophages have been reported. These include the
glycosylated transmembrane protein CD68 (Smith and
Koch, 1987; Ramprasad et al., 1996) and the mononuclear
phagocytic marker F4/80 (Okano et al., 2008), which is
found to be strongly associated with cells of a highly-
ramified morphology (Hume et al., 2002). Ionized calcium-
binding adapter molecule 1 (IBA1) is also reported to be
macrophage-specific, and this calcium signal mediating pro-
tein has been purported to play an essential role in macro-
phage migration and phagocytosis (Imai et al., 1996).
Colony stimulating factor 1 receptor (CSF1R), also known
as CD115, is found on the surface of macrophage mem-
branes and is a specific cytokine receptor for the cytokine
colony stimulating factor 1, which has been indicated in the
regulation of mononuclear phagocyte survival and propaga-
tion (Hume et al., 2002).

Cochlear macrophage distribution and responses to noise
insult have been investigated by numerous researchers. In
addition to the very presence of these cells being observed
within the various cochlear partitions outlined above, an
apical-to-basal gradient in macrophage phenotype has been
observed in cochlear sensory epithelia under steady-state con-
ditions (Yang et al., 2015; Frye et al., 2017). In particular,
inner ear macrophages located immediately beneath the basilar
membrane within the scala tympani cavity have received con-
siderable attention, as these cells are the closest macrophages
to sensory cells and the synapses for auditory spiral ganglia
within the cochlea and are thus able to respond to stresses
exerted on this tissue (Yang et al., 2015; Frye et al., 2017,
Zhang et al., 2017; Frye et al., 2018; Hu et al., 2018). While
apically-located basilar membrane macrophages tend to dis-
play a ramified, dendritic morphology suggestive of resting
and monitoring status, the basal turn of the basilar membrane
presents with macrophages of an amoeboid morphology—a
phenotype commonly seen in activated macrophages during
noise-induced inflammation (Yang et al., 2015).

This site-dependent morphology of basilar membrane
macrophages points to an inborn immune capacity for cells
of a dendritic shape versus amoeboid cells. While mature
dendritic mononuclear phagocytes represent primarily latent
immune cells engaged in monitoring the local tissue environ-
ment (Kreutzberg, 1996), cells of an amoeboid morphology
epitomize a highly activated immune cell state associated
with inflammation (Young and Bok, 1969; Vaughan and
Peters, 1974; Peters and Swan, 1979; Kloss et al., 1999;
Stence et al., 2001; Frye et al., 2017; Frye et al., 2018).

Major differences between macrophage responses pro-
voked by acute and by chronic cochlear noise-induced patho-
geneses have been demonstrated. In the event of acute noise
overexposure, a large number of monocytes from circulation
expeditiously infiltrate into the cochlea (Hirose et al., 2005;
Tornabene et al., 2006; Okano et al., 2008; Shi, 2010; Kaur
et al., 2015; Yang et al., 2015). Therefore, in the event of
traumatic and acute noise stresses, infiltrated macrophages
are the major executor for inner ear immune activities, includ-
ing phagocytosis of broken-down cellular material (Fredelius
and Rask-Andersen, 1990) and the production of inflamma-
tory molecules (Gloddek et al., 2002; Fujioka et al., 2006;
Tornabene et al., 2006; Yang et al., 2015).
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FIG. 1. Inflammatory immune cells beneath the middle turn of the cochlear sensory epithelium four days following exposure to 120 dB sound pressure level
(SPL) traumatic noise. (A) Pan-leukocyte marker CD45 expression showing myriad inflammatory mononuclear phagocytes. (B) CCL2 expression at the same
anatomic site. (C) Note that CD45 and CCL2 expression is co-localized in both large mature amoeboid tissue macrophages (large arrows) and small recently

infiltrated monocytes (small arrows). Scale bar = 20 um.

In contrast, during chronic lower level noise stress, the
cochlear immune response is carried out primarily by mature
resident tissue macrophages, though infiltration of proinflam-
matory monocytes expressing lymphocyte antigen 6 com-
plex (Ly6C), C-C motif chemokine ligand 2 (CCL2) and the
intercellular adhesion molecule 1 (ICAM-1) have also been
reported (Frye et al., 2018). Both of these mononuclear
phagocyte subtypes display strong proinflammatory activa-
tion to noise-related sensory epithelial stress and degenera-
tion, particularly in the portions of the sensory epithelium
most susceptible to noise-induced insult including the mid-
dle turn of the basilar membrane as seen in Fig. 1, and the
basal extreme as shown in Fig. 2 (Hirose et al., 2005;
Tornabene et al., 2006; Yang et al., 2015; Frye et al., 2018).
These findings highlight the importance of mature tissue
macrophages and recently infiltrated monocytes in both the
summative cochlear immune capacity and the inner ear’s
response to noise insult.

B. Cochlear macrophages and microglia: Parallels
in immune capacity and activation

In non-cochlear tissues, macrophages perform essential
functions related to tissue homeostasis and pathogenesis. For
example, microglia, the resident macrophages in the central
nervous system (CNS), have been shown to play a complex

role of either neuroprotection or destructive neuronal necro-
sis and apoptosis, depending on the degree of neurodegener-
ative insult (Banati et al., 1993; Aschner et al., 1999; Bruce-
Keller, 1999; Murray and Wynn, 2011).

Many parallels can be drawn between microglia and
mature tissue macrophages of the cochlea. Microglia are pre-
sent even under steady-state conditions as several different
phenotypes with individual morphologies believed to per-
form distinct immunological functions (Davis et al., 1994;
Raivich et al., 1999). This same innate capacity to adopt spe-
cific phenotypes also appears immanent in the macrophages
of the cochlea, particularly those macrophages along the sen-
sory epithelia. Prior studies of sensory epithelium macro-
phages indicate a site-dependent morphology for apical
versus basal portions of the basilar membrane, suggesting a
manifest immune capacity for cells of a dendritic shape ver-
sus amoeboid cells (Yang et al., 2015; Frye et al., 2017;
Zhang et al., 2017) mirroring that observed for microglia in
the CNS (Yin et al., 2017).

Both microglia and mature tissue macrophages are
responsible for the induction of the innate and adaptive
immune response in the CNS (Davalos et al., 2005;
Nimmerjahn et al., 2005) and the cochlea, (Yang et al., 2015),
respectively. Following insult, both (1) resident CNS microglia
and infiltrated monocytes and (2) cochlear tissue macrophages
along with cochlear infiltrated monocytes mount a complex

FIG. 2. CD45 and CCL2 expression near the basal extreme of the cochlear sensory epithelium four days following exposure to 120 dB SPL traumatic noise.
(A) CD45 allows for visualization of enlarged amoeboid macrophages (large arrows) and small less-differentiated mononuclear phagocytes along the lateral
wall of the cochlea (small arrows). (B) CCL2 is expressed in both immune cells and non-immune supporting cells of the basal extreme following traumatic
noise insult. (C) Merged image showing the co-localization of CD45 and CCL2 in the inflammatory cells of the cochlear basal extreme.
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defense against injury, and this includes the ingestion of dead
cells and debris (Fredelius, 1988; Fredelius and Rask-
Andersen, 1990; Davalos et al., 2005; Nimmerjahn et al.,
2005; Hirose et al., 2017) in addition to antigen presentation
(Harris, 1984; Unanue, 1984; Steinman, 1991; Yang et al.,
2015). Moreover, both inner ear tissue macrophages and CNS
microglia are present prenatally and subsequently develop into
distinct, mature phenotypes within the local tissue environment
(Varol et al., 2015; Dong et al., 2018) where they remain
throughout adulthood (Frye et al., 2017; Yin et al., 2017).

Another interesting point of consideration is the substantial
number of proinflammatory and anti-inflammatory cytokine
receptors expressed in both CNS microglia and tissue macro-
phages including TNFe«, IFNy, IL-10, IL-1f, IFNo/f, and
TGFEp (Galli et al., 2011; Kalinec et al., 2017). Additionally,
resident macrophages of the nervous system possess glutamate
receptors and have been demonstrated as being able to react to
changes in the level of this neurotransmitter in the local tissue
environment (Kreutzberg, 1996; Bruce-Keller, 1999). As previ-
ously discussed (see Sec. IIA), the close proximity of the
cochlear macrophages located immediately beneath the
basilar membrane and their dynamic activation following
noise stress (Hirose et al., 2005; Yang et al., 2015; Frye
et al., 2018) hints at the possibility that inner ear macro-
phages may also possess this capability, as glutamate is
the major excitatory neurotransmitter in the auditory sys-
tem and is found throughout the synapses located between
sensory cells and the auditory spiral ganglia (Robbin and
Thompson, 1978; Eybalin, 1993; Matsubara et al., 1996;
Kujawa and Liberman, 2009). Further, glutamate excito-
toxicity within and around the organ of Corti has been
reported in the event of acoustic trauma and is thought to
contribute to the degeneration of sensory cells due to noise
stress (Spoendlin, 1971; Liberman and Mulroy, 1982;
Robertson, 1983). Determining whether cochlear macro-
phages are able to respond to a localized increase of neu-
rotransmitters in the cochlear microenvironment,
including but not limited to glutamate, is a particularly
important avenue of future scientific investigation in
understanding the precise relationship between inner HCs,
their spiral ganglion innervations, and local cochlear mac-
rophages following noise overexposure.

C. Cochlear monocytes

Considerable and rapid monocyte infiltration into
cochlear tissue occurs after traumatic noise stresses. This
influx has been demonstrated to generally occur within
approximately two to seven days following initial insult
(Fredelius and Rask-Andersen, 1990; Hirose et al., 2005;
Tornabene et al., 2006; Wakabayashi et al., 2010). These
monocytes have been positively identified within numerous
labyrinthine partitions, but the greatest amassing of these
immune cells has been confirmed in the spiral ligament and
the scala tympani (Hirose et al., 2005; Sautter et al., 2006;
Tornabene et al., 2006; Miyao et al., 2008; Du et al., 2011).
Once monocytes have penetrated cochlear tissues, they
change their phenotype, mature into macrophages, and begin
to adopt characteristics of inflammatory cells (Yang et al.,
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2015). An exhaustive list of explicit roles performed by these
mature phenotypes is still a matter of scientific inquiry.

D. Perivascular melanocyte-like macrophages

Perivascular melanocyte-like macrophages (PVMs) are
myeloid cells which express myriad macrophage protein
markers: F4/80, CD68, CD11b, and major histocompatibility
complex class II (MHCII) (Shi, 2010). These immune cells
are extant in numerous bodily tissues such as the central ner-
vous system and the retinal epithelium of the eye (Cuadros
and Navascues, 1998; Hess et al., 2004), and they are also
found in close proximity to the vascular structures of the
inner ear (Shi, 2010). As is the case for many myeloid-
derived cells presenting the macrophage phenotype, PVMs
are implicated in the immune defense to local noise-induced
tissue insult and the subsequent repair of localized tissue. In
the event of cochlear microenvironmental noise stress, both
resident PVMs and newly recruited cells from general circu-
lation participate in the immune response (Shi, 2009; 2010).

The stria vascularis is contained within the upper por-
tion of the spiral ligament which in turn forms the outer wall
of the cochlear duct. This cochlear partition has abundant
small blood vessels and capillaries, and it is amongst these
structures in which cochlear-associated PVMs can be found
(Shi, 2009, 2010). Though melanocytes were first identified
in proximity to the stria vascularis in the early 1990s
(Matsunaga et al., 1995), it took decades longer to determine
the precise function these cells performed in the immune
capacity of the inner ear. Within the past decade, these
melanocyte-like cells have been found to present with pro-
tein markers (such as F4/80) closely associated with an
inflammatory immune capability (Zhang et al., 2012). A role
for PVMs in the regulation of the blood-labyrinth barrier
after noise trauma has been purported, as the specific deple-
tion of PVMs in the region of the stria vascularis has been
shown to be associated with weakened capillary structures
which can no longer maintain the tightly-controlled barrier
necessary to preserve a healthy balance of cochlear fluids
and therefore normal cochlear homeostatic function (Hukee
and Duvall, 1985; Shi, 2010; Zhang et al., 2012).

E. Lymphocytes in the inner ear

The precise distribution, activation, and immune role
played by lymphocytes (B cells and T cells) in cochlear tissue
is yet to be fully elucidated. Macrophages appear to be the
major executor cell for immune capacity in the sensory epi-
thelium and surrounding labyrinthine tissue following noise
injury (Hirose et al., 2005; Tornabene et al., 2006; Yang
et al., 2015; Frye et al., 2018). However, because macro-
phages have been identified upregulating expression of
MHCII associated with antigen presentation after traumatic
noise exposure (Yang et al., 2015), important contributions to
cochlear immune capacity are likely played by lymphocytes,
as these leukocytes instigate adaptive immunity (Swain,
1983; Unanue, 1984; Grusby et al., 1991; Steinman, 1991).
Macrophages and lymphocytes such as B cells and T cells are
found near the site of immune response in numerous tissues
including the cochlea (Rask-Andersen and Stahle, 1979;
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Takahashi and Harris, 1988; Yang et al., 2015; Matern et al.,
2017). Cell-cell interactions between macrophages and lym-
phocytes lead to antibody production. When macrophages
engulf antigens from pathogens or damaged cells, those anti-
gens are broken down into small pieces that are then dis-
played on the macrophage cell surface attached to special
antigen-presenting molecules called MHC II (Swain, 1983;
Grusby et al., 1991). This same process occurs simulta-
neously on the surface of B cells. When T lymphocytes
encounter antigen pieces on the macrophage and on B cells,
this stimulates the B cells to turn on antibody production—an
essential initiating component of an inflammatory response
(Steinman, 1991). In conjunction with the antigen presenta-
tion function of cochlear macrophages, T cells and B cells are
of vital importance in bridging the gap between innate immu-
nity and adaptive immunity in higher order organisms
(Swain, 1983; Unanue, 1984; Grusby et al., 1991; Steinman,
1991). Under pathological stresses such as acoustic overstim-
ulation, it is the basal turn of the sensory epithelium which
suffers the most intense degree of trauma. Quite expectedly, it
is also the basal region of the basilar membrane which sees
the greatest degree of both monocyte infiltration, upregulation
of antigen presentation, and an increase in the number of T
cells (Takahashi and Harris, 1988; Gloddek et al., 2002;
Yang et al., 2015).

Differential distribution, activation, and phenotype of
hematopoietic-derived cells in cochlear tissue both under
steady-state conditions and subsequent to noise-induced stress
suggest that this heterogeneity is related to the inborn capacity
of these immune cell populations to perform specialized func-
tions within their respective cochlear microenvironments.

lll. GENE-REGULATED IMMUNE ACTIVATION IN
NOISE-INDUCED COCHLEAR PATHOGENESIS

Several groups of researchers have investigated cochlear
immunity by examining the molecular profiles of inner ear
tissues under both steady-state and pathogenic conditions.
For more than the past decade, investigators have applied
techniques such as RNA sequencing—initially employed to
analyze non-cochlear tissues (Beane et al., 2011; Bottomly
et al.,2011; Huang et al., 2011)—to gain a more comprehen-
sive understanding of gene expression within tissues of the
inner ear.

What seems clear from the literature is that a large num-
ber of immune-related genes are expressed in the cochlea
under naive conditions (Cho et al., 2004; Kirkegaard et al.,
2006; Tornabene et al., 2006). Moreover, the upregulation of
certain immune-related genes and the downregulation of
others has been documented under numerous pathological
conditions and subsequent to cochlear stresses (Cho et al.,
2004; Kirkegaard et al., 2006; Tornabene et al., 2006; Patel
etal., 2013; Cai et al., 2014; Yang et al., 2016).

A. Adaptive levels of gene expression in the cochlea

The upregulation of myriad immune-related genes in the
organ of Corti and surrounding inner ear tissues following
cochlear insult, including noise overexposure, have been
reported. These include, but are not limited to, TNF, CCL2,
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CCL4, and IL6 (Vethanayagam et al., 2016), CXCLI10,
SOCS3, Ifrdl, Ifi202b, Igh-6 and TCl1bl (Gratton et al.,
2011), CD68 and MHC II genes (Jabba et al., 2006), CD45
and H2-Aa (Yang et al., 2015), amongst many others. An
exhaustive list of natively expressed immune-related genes in
cochlear tissue is simply too extensive to list in its entirety
here. However, differential immune-related gene expression
levels in naive cochlear sensory epithelia (within the organ of
Corti proper and in surrounding epithelial tissue) and in the
same tissue subsequent to noise stress have been disseminated
(Cai et al., 2014; Yang et al., 2016; Frye et al., 2018).
Additionally, genes related to inflammation have been
described in the spiral ligament of the lateral wall (Fujioka
et al., 2014a) and within the stria vascularis (Jabba et al.,
2006). The presence and alterations in regulation of immunity
genes in cochlear tissue following noise trauma are evident.

B. Cellular signaling: Cytokines and chemokines

In addition to the upregulation and downregulation of
particular immune-related genes, researchers have investi-
gated myriad molecular pathways that are involved in the
immune responses of inner ear tissues. Cytokine-cytokine
receptor interaction, complement and coagulation cascades,
chemokine signaling, NOD-like receptor (NLR) signaling
(Yang et al., 2016), and toll-like receptor signaling
(Vethanayagam et al., 2016; Yang et al., 2016), amongst
others, have all been reported to exist among cellular struc-
tures within cochlear tissues. Cytokines and chemokines are
a broad category of cell signaling proteins. Their release
sends specific signals from initiating signaling cells to sur-
rounding cells in turn altering the behavior of cells in the
local environment. They are implicated as potent immune-
modulating agents. Of key importance is that cytokines and
chemokines are produced by both immune cells such as mac-
rophages, dendritic cells and microglia (Berti et al., 2002;
Arango Duque and Descoteaux, 2014) and non-immune cells
alike. Understanding the intricate relationships associated
with this cellular signaling provides promise in the direction
of future therapeutic strategies aimed at modulating the
immune response to noise trauma (Nishimoto and
Kishimoto, 2006; Willrich et al., 2015).

C. The potential role of cytokine and chemokine
signaling in hearing dysfunction

Increases in the presence of proinflammatory cytokines
and chemokines have been reported in damaged cochleae
(Vethanayagam et al., 2016; Yang et al., 2016). For exam-
ple, the presence of TNF-¢, IL-1f, IL-6, and MHCII have all
been associated with monocyte infiltration during investiga-
tions into cochlear inflammation (Satoh et al., 2002; 2003;
Hashimoto et al., 2005; Wakabayashi et al., 2010; Yang
et al., 2015). The release of many cytokines and chemokines
set off chain reactions, and the precise outcomes resultant of
alteration in the presence of these cell signaling proteins is
worthy of continued investigation. Future studies aimed at
uncovering the intricate biological processes involved in the
regulation of cytokines and chemokines may open the door
for future targets of pharmacotherapy.
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IV. MECHANISMS OF INNER EAR INFLAMMATION
FOLLOWING NOISE TRAUMA

A. Pattern recognition receptors (PRRs) and
damage-associated molecular patterns

The above evidence of inflammatory events occurring in
the cochlea during noise-induced hearing loss (NIHL) sug-
gests that intense noise exposure robustly activates inflamma-
tory mechanisms, including the generation of inflammatory
mediators and the recruitment and activation of immune/
inflammatory cells. How this occurs is not as clear. However,
there is ample evidence from other tissues that implicates the
activation of innate immune receptors.

Noise damage to the cochlea occurs in a normally sterile
space, and there is no evidence that infection is a consequence
of acoustic overexposure. This indicates that any inflamma-
tion present in the inner ear after noise exposure must be the
result of endogenous responses to cellular stress or damage. It
has long been known that tissue damage without infection is
inflammatory. However, only with the unraveling of innate
immune PRRs and their ligands has a better understanding of
the mechanisms involved emerged. Sterile inflammation in
other organ systems has been strongly linked to the release of
damage-associated molecular patterns (DAMPs) from stressed
or damaged tissues (Tang et al., 2012; Schaefer, 2014).
DAMPs are recognized by many of the same innate immune
PRRs that also respond to a wide variety of pathogen-
associated molecular patterns (PAMPs). They contribute to the
resolution of infection, and because they do not require prior
sensitization, they are independent of cognate immunity
(Takeuchi and Akira, 2010).

Why innate immune PRRs respond to DAMPs is not
known. However, one possible reason is that many tissues,

Toll-Like Receptors

unlike the inner ear after noise, would be more susceptible to
infection after damage, due to breaches in protective tissue
barriers. Generating the innate immune effector cells and
molecules that fight and resolve infections immediately after
damage may give such tissues a head start in controlling
infection. Alternatively, DAMP signaling may reflect the
fact that inflammation can be beneficial to tissue healing and
repair. In particular, macrophages have been found to have
many functions in damaged tissue, including the promotion
and resolution of inflammation, the removal of apoptotic or
necrotic cells, support of cell proliferation and enhanced tis-
sue restoration (Vannella and Wynn, 2017). Whatever the
reason, it is clear that PRRs often play a significant role in
tissue responses to damage.

B. PRR Signaling

There are five general classes of PRRs: Toll-like recep-
tors (TLRs), NLRs, retinoic acid-inducible gene 1 (RIG1)-
like receptors, absent in melanoma 2 (AIM?2)-like receptors,
and C-type lectin receptors. There are several other mole-
cules that can serve as PRRs, including POLIII, AIM,
RAGE, and P2XR7. Just as these receptors collectively
respond to a broad range of PAMPs, a property that underlies
their ability to respond to a range of infections without prior
sensitization, so too can they be activated by many DAMPS
that are generated and released during tissue injury.
Downstream from activated PRRs are pathways leading to
the expression of many pro-inflammatory and anti-
inflammatory mediators (Kumagai and Akira, 2010).

Signaling by PRRs is diverse (Mogensen, 2009). The
major PRR families and their signaling pathways are illus-
trated schematically in Fig. 3. The majority of TLRs signal
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FIG. 3. Schematic overview representation of the five major PRR families: TLRs, NLRs, RIG1-like receptors, AIM2-like receptors and C-type lectin receptors

(adapted from Leichtle et al., 2012 and Kurabi et al., 2016).
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via the MyD88 adaptor, activating NFxB or MAPK path-
ways to induce cytokine production. However, TLR3 signals
via an alternative adaptor, TRIF, to activate IRF3 and inter-
feron gene expression. TLR4 can signal via either adaptor.
Most TLRs are transmembrane and surveil the extracellular
environment. However, TLRs 7/8 and 9 are endosomal,
reacting to DAMPs that are released from their normal cellu-
lar compartments or phagocytosed into endosomes. TLR3,
activated by mRNA (Kariko et al., 2004), can be either
extracellular or endosomal. The NLRs are intracellular
receptors. NOD1 and NOD?2 signal via the RIP2 adaptor to
activate NFxB or MAPK pathways, inducing cytokine pro-
duction, while NLRPs combine with ASC and pro-caspase 1
to form an inflammasome, activating caspase 1, which in
turn converts pro-IL1beta and pro-IL18 into their active
forms. The RIG-1 like receptors, also intracellular, activate
IRFs 3 and 7 and interferon production. C-type lectin recep-
tors are transmembrane and detect extracellular lectins. They
signal via PLC gamma to activate NFxkB and MAPKs, lead-
ing to cytokine production.

The DAMPS that activate these receptors can be broadly
divided into two categories: extracellular versus intracellular
in origin (Schaefer, 2014). Extracellular DAMPs are primar-
ily soluble, proteoglycan fragments of extracellular matrix
molecules, generated by proteolysis or synthesized de novo
by stimulated macrophages. Intracellular DAMPs include a
wide variety of broken-down cellular materials and nuclear
molecules that are released upon cell injury and death,
including both DNA and RNA species (Roers et al., 2016).
A list of DAMPs recognized by various PRRs is presented in
Table 1.

C. PRRs and DAMPs in cochlear cells

Although PRRs are widely expressed by many cell
types, it is less clear which of those listed in Table I might
be present in cochlear cells. While gene expression databases
for many cochlear cell types are not readily available, those
for HCs are. We therefore examined the Shield database of
mRNAs that are expressed by normal adult mouse inner and
outer HCs, as determined using gene arrays (Liu et al.,
2014). Positive hybridization to probes for all of the PRRs
listed in Table I was observed for both inner and outer HCs.
While gene array hybridization levels are not directly related
to expression levels, levels were modest for most PRRs,
while the levels for Cgas (E330016A19Rik), Pylinl, Ifil6
(Ifi204 in mouse), and Clec4e (Mincle) were very low.

It is obvious that damaged HCs and other cochlear tis-
sues could release universal cell constituents such as nucleic
acids, histones, membrane-derived molecules and mitochon-
drial reactive oxygen species (ROS). Many other DAMPs
can be common cell constituents. However, we employed
the same expression database as above to assess their pres-
ence in HCs. Most of the DAMPs listed in Table I were
expressed by HCs, although as expected the genes for cathe-
licidin, eosinophil-derived neurotoxin and antibodies were
absent. Particularly high levels of hybridization were noted
for probes against Hsp60, Hsp90, S100a6, and S100al3
mRNAs. Finally, expression of most of the pathway genes
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TABLE I. DAMP recognition by innate immune receptors.

Receptor DAMPs

Toll-like Receptors

TLR1 Beta-defensin3
TLR2 HSP60, 70, 90
HMGBI1
Histones
Surfactant protein A, D
Eosinophil-derived neurotoxin
Anti-phospholipid antibodies
ECM-derived/secreted: biglycan, decorin,
versican, LMW hyaluronan
S100 proteins
RAGE amyloid beta
HMGBI1
S100 proteins
dsDNA fragments
dsRNA fragments
TLR3 mRNA
TLR4 HSP60,70
HMGBI1
Histones
ECM-derived/secreted: biglycan, decorin,
LMW hyaluronan, heparan
sulfate, fibronectin EDA isoforms,
tenascin C, fibrinogen
S100 proteins
Membrane-derived: syndicans, glypigans
TLR6 Versicans
TLR7 dsRNA fragments
Cathelicidin
TLR8 dsDNA fragments
TLRY mtDNA
dsDNA fragments
Cathelicidin
HMGBI1
NOD-like receptors
NLRP3 Uric acid
Mitochondrial ROS
Hyaluronan
Histones
RIG-1-like receptors
RIG-1 dsRNA
MDAS dsRNA
AIM2-like Receptors
AIM2 dsDNA fragments
MNDA dsDNA fragments
PYHIN1dsDNA fragments
IFI16 dsDNA fragments
C-type Lectin Receptors
Mincle SAP130
Additional DAMP receptors
POLIII dsDNA
cGAS dsDNA
DAI dsDNA
P2XR7 ATP

linking PRRs to the nucleus (Fig. 3) was observed. These
gene expression data suggest that the substrates for DAMP
signaling are present in the cells most affected in NIHL,
even before acoustic trauma. Damaged inner ear cells that
maintain some degree of integrity could expose their
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intracellular PRRs to PAMPs, including many TLRs and
NLRs as well as various nucleic acid receptors. Necrotized
cells would be expected to release significant amounts of
DAMPs into the extracellular environment, activating trans-
membrane PRRs such as many TLRs and C-type lectin
receptors. Cells undergoing apoptosis would similarly
expose the intracellular PRRs of phagocytes to DAMPs.
Activation of PRRs by DAMPs results in the expression
of a large number of molecules, including pro- and anti-
inflammatory cytokines, chemokines that recruit various
classes of leukocytes, host defense molecules, immunomo-
dulators and opsonization markers, as well as growth factors
that stimulate tissue growth and healing (Tran et al., 2012;
Schaefer, 2014). Of particular importance to innate immune
responses in sterile tissue damage are macrophages.
Macrophages express a very wide variety of innate immune
molecules (Gasteiger et al., 2017). Resident macrophages in
tissue perform important surveillance for PAMPs and
DAMPs and are recruited to sites of damage from the circu-
lation. As we have seen above, resident cochlear macro-
phages are clearly involved in NIHL. While classically
activated (M1) macrophages observed early in inflammation
produce many pro-inflammatory mediators, tissue recovery
is enhanced by the action of the several alternatively acti-
vated (M2) phenotypes that are found after the initial burst
of inflammation is complete, in response to the secretion of
anti-inflammatory cytokines including IL-10 and IL-4. The
primary role of M2 macrophage in tissue injury is the phago-
cytosis of damaged tissue. The macrophages also release
proteases that can debride damaged tissue and enhance
phagocytic activity. During later stages of injury they secrete
growth factors that can enhance cell survival, stimulate cells
involved in healing and generate new extracellular matrix.

D. Assessing the role of PRRs in NIHL

Given the wide variety of PRRs and their overlapping
ligand specificity, it can be difficult to assign a role in a dis-
ease or damage process to specific PRRs. One possible ave-
nue to address this problem would be to study NIHL in gene
deletion mice (e.g., TLR4 knockout; Vethanayagam et al.,
2016). Many such experiments have been performed in other
systems to evaluate the role of various individual PRRs in
disease models. A case in point is otitis media, where it has
been found that while many PRRs contribute to infection
resolution, a few play a more significant role in regulation of
inflammatory responses (Kurabi e al., 2016). Use of mice
lacking obligatory signaling molecules that target more than
one PRR, such as MyD88 or RIP2, could facilitate such
investigations.

Another potential approach is PRR inhibitors. A number
of PRR inhibitors with varying degrees of specificity have
been developed. For example, TLR4 inhibitors that block its
interaction with MD20 or with downstream signaling path-
ways have been developed (Kuzmich et al., 2017). It has
also been reported that some phytochemicals block TLR4
signaling by preventing receptor dimerization (Zhao et al.,
2011). Inhibitors of TLR2 (Mistry et al., 2015), of TLR3
interaction with mRNA (Takemura et al., 2014), NLRP3
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(Perera et al., 2018) and RAGE (Bongarzone et al., 2017)
have also been developed. Evaluating a panel of such inhibi-
tors might identify critical components of DAMP signaling
in NIHL. This approach also has the advantage of identifying
potential treatments that could ameliorate the effects of noise
damage or enhance recovery.

V. IMMUNE-MEDIATED PATHOGENESIS IN THE INNER
EAR: POTENTIAL TREATMENTS, THERAPEUTIC
TARGETS, AND INTERVENTIONS

Cochlear immunity is an important component of inner
ear homeostasis, and alterations in a provoked immune
response following cochlear stresses has been implicated in
a number of inner ear pathogeneses. Several interventions
and attempted mediations of the cochlear immune response
have been investigated by numerous researchers. Many
novel pharmacological agents, chemical signaling proteins,
and pre- and post-conditioning paradigms have been sug-
gested as treatments for immune-mediated cochlear disease.

A. Sensorineural hearing loss (SNHL) and
immunologically-induced cochlear pathogeneses

SNHL is a common clinical condition resulting from the
dysfunction in one or more parts of the auditory pathway
between the inner ear and the auditory cortex of the central
nervous system. Inflammation initiation and resolution is
essential for tissue homeostasis in many bodily tissues, and
this includes tissues of the membranous labyrinth. In fact, an
immune response has now been linked to or associated with
all major causes of acquired hearing loss (Iwai et al., 2003;
Toubi et al., 2004; Oh et al., 2012; Fujioka et al., 2014b;
Goodall and Siddiq, 2015; Tan et al., 2016).

A frequent factor in the induction of SNHL is excessive
noise exposure. In fact, Moscicki et al. (1994) suggest that a
minimum of 30 dB of bilateral SNHL with measurably
decreasing thresholds in either one or both ears at two con-
secutive audiometric evaluations within three months could
be used as a clinical guideline to suspect an underlying
immunological constituency. Myriad inner ear diseases have
been suggested to be due at least in part to immune system
activation in the cochlea. For example, researchers have
reported that patients with Meniere’s disease demonstrate
substantial recovery from symptoms such as fluctuating
SNHL, vertigo, and roaring tinnitus after receiving systemic
corticosteroid treatment, and the evidence points to an
underlying immune-mediated component to this disease
(Hughes et al., 1983; Derebery et al., 1991). Some multisys-
tem autoimmune diseases including Wegener’s granuloma-
tosis, Cogan syndrome, Lupus (McCabe, 1989; Moscicki
et al., 1994), and even Crohn’s disease (Dettmer et al., 2011)
have been implicated in cochlear pathogeneses. Though
speculative, the strong immune activity associated with these
multisystem autoimmune diseases may be responsible for
some degree of cochlear tissue degeneration leading to
SNHL secondary to the systemic autoimmune disorder.
Moreover, limited studies suggest acute extreme inflamma-
tion within cochlear soft tissues occurs in patients presenting
with sudden deafness or other SNHL of unknown origin as
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revealed by magnetic resonance imaging (Stokroos et al.,
1998). This inner ear inflammation has been demonstrated to
at least partially subside if not completely resolve in patients
who experience recovery from instances of transient idio-
pathic SNHL (Mark et al., 1992). These studies make a case
for an immunological component to many diseases affecting
the inner ear.

In light of this, and due to the strong cochlear immune
activity observed following acoustic stress (Fredelius and
Rask-Andersen, 1990; Hirose et al., 2005; Tornabene et al.,
2006; Wakabayashi et al., 2010; Yang et al., 2015; Frye
et al., 2018), there is reason to suspect the cochlear immune
response may also play a role in the progression and final
outcome of NIHL. Previous studies have demonstrated a
time-dependent activation and subsidence of the cochlear
immune response, including tissue macrophage activity in
addition to monocyte infiltration beginning 2—7 days after
acute noise insult (Fredelius and Rask-Andersen, 1990;
Hirose et al., 2005; Tornabene et al., 2006; Wakabayashi
et al.,2010; Yang et al., 2015). This immune activity is asso-
ciated with substantial sensory cell degeneration and perma-
nent hearing loss (Yang et al., 2015). Further, cochlear
immune capacity is also temporally associated with tempo-
rary threshold shifts caused by chronic lower-level noise
stress (Frye et al., 2018). Future studies are certainly needed
to determine if off-target effects of robust cochlear immune
activity contribute to the degree of SNHL following noise-
induced injury.

B. Immune cells of the inner ear as a specific
therapeutic target

Macrophages appear to hold the primary immune capac-
ity within cochlear tissues. These particular myeloid-derived
cells differentiate from less differentiated precursor cells
called monocytes. Both mature, resident tissue macrophages
and newly-arrived monocytes have been reported in numer-
ous cochlear partitions under naive conditions and subse-
quent to noise exposure (Hirose et al., 2005; Tornabene
et al., 2006; Okano et al., 2008; Sato et al., 2008; Yang
et al., 2015). Due to the involvement of these immune cells
during the time course of both acute (Fredelius and Rask-
Andersen, 1990; Hirose et al., 2005; Tornabene et al., 2006;
Yang et al., 2015) and chronic noise stresses (Frye et al.,
2018), it seems that macrophages and monocytes could be
targeted in attempts to mediate immunologically influenced
cochlear pathogeneses caused by excessive noise exposure.

Macrophages can present as either M 1-proinflammatory
or M2-anti-inflammatory cells. However these two pheno-
types in fact only represent two extremes on a continuum of
macrophage functional capacity (Lawrence and Natoli,
2011). The regulation of cells exhibiting either of these two
phenotypes is controlled by microenvironmental signaling
including variable concentrations of particular chemokines
and cytokines. Under typical immune response conditions,
following a typical time course of immune activation and
subsidence, proinflammatory M1 macrophages either
undergo cell death by means of apoptosis or alter their phe-
notype and transition to M2-anti-inflammatory macrophages
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(Lawrence and Natoli, 2011). Provided this tightly-
controlled system is maintained, the immune response is
essential in preserving local tissue homeostasis. However, if
this pro-inflammatory/anti-inflammatory system becomes
dysregulated, such as in the event of noise injury, the inflam-
matory response may become detrimental to the survival of
cells in the local environment. Many factors, not all of which
are either fully understood or have been described in their
entirety, have been implicated in the dysregulation of the
pro-/anti-inflammatory immune activity in numerous bodily
tissues. Though current evidence for the dysregulation of
pro-/anti-inflammatory effects specifically within cochlear
tissue is lacking, the authors speculate that future investiga-
tions into the complex process of proinflammatory and anti-
inflammatory activity of cochlear immune cells following
noise trauma may illuminate new avenues for immunomodu-
lation and hearing preservation.

C. Steroid therapy as a potential clinical tool to control
the inflammatory response

Treatments of SNHL have now long included the
administration of corticosteroids. Both systemic treatment
and local application of these pharmacotherapies have been
utilized (Spear and Schwartz, 2011), but details regarding
precisely the correct dosage, route of administration and
time course of treatment are yet to be elucidated. Though the
efficacy of corticosteroid treatment has been established, the
therapeutic response is sometimes only short-lived (Zeitoun
et al., 2005), and many negative side effects of steroid treat-
ment have been reported (Alexander et al., 2009).

Due to myriad side effects associated with current corti-
costeroid therapy, the search is on for other possible
immune-regulating pharmacotherapies (Harris et al., 2003;
Garcia-Berrocal et al., 2006). Systemic immunosuppressive
medications traditionally used to prevent tissue rejection fol-
lowing organ transplantation such as azathioprine (Lasak
et al., 2001) and cancer chemotherapeutics such as metho-
trexate (Matteson et al., 2001; Salley et al., 2001) have both
been explored as alternatives to traditional corticosteroid
treatments for immune-related NIHL. However, the results
of these trials are less than conclusive in demonstrating effi-
cacy (Harris et al., 2003). Clearly, a search for further alter-
natives to steroid therapy for NIHL should continue.

D. Biopharmaceuticals and proposed future
treatments of immune-mediated SNHL

Numerous recent medical advances have provided for a
promising outlook on immunotherapy to regulate inflamma-
tory responses in the inner ear following noise injury.
Molecular-specific targets have been of particular interest to
basic scientists and clinicians alike. One of these primary
targets is the tumor necrosis factor (TNF) superfamily, a
large group of inflammatory cytokines responsible for the
acute phase of tissue inflammation. Pharmacotherapies such
as etanercept (Enbrel®), a drug designed to treat autoimmune
disease by altering the functionality of TNF (Mohler et al.,
1993), has been evaluated in the treatment of immune-
mediated inner ear disorders. In select patients with
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immune-mediated cochleovestibular disorders, Rahman
et al. (2001) purport some limited efficacy of this biophar-
maceutical in (1) preventing worsening of hearing loss as
determined by improvement or stabilization of air conduc-
tion pure-tone audiograms and speech discrimination and (2)
in the reduction of tinnitus symptoms as determined by a
qualitative three-level response scale of better, no change, or
worse. However, this retrospective, pilot study was per-
formed with only 12 patients suspected of having immune-
mediated inner ear disorders. Moreover, it lacked an appro-
priate control group. The benefit achieved by the administra-
tion of this molecule-specific therapy in the improvement of
hearing function requires prospective studies with a larger
sample size and appropriate experimental controls (Cohen
et al., 2005; Matteson et al., 2005).

Other biopharmaceuticals have also recently been evalu-
ated for treatment of immune-mediated inner ear disease.
Both infliximab (Remicade®) and adalimumab (Humira®)—
two additional TNF disruptors (Siddiqui and Scott, 2005;
Morovic Vergles et al., 2010)—have been investigated.
Though Liu et al. (2011) reported no hearing improvement
with the administration of infliximab in patients with
immune-mediated SNHL, Van Wijk et al. (2006) and fellow
researchers describe improvement in hearing thresholds and
reduced recurring symptoms in a small cohort of nine patients
who suffered from inner ear disease who were administered
this drug transtympanically.

Another biopharmaceutical of interest is rituximab
(Rituxan®), which is a medication employed in the treatment
of autoimmune diseases such as rheumatoid arthritis and cer-
tain types of cancer such as non-Hodgkin’s lymphoma. This
molecular-specific agent targets CD20, a cell membrane sur-
face protein located on the surface of B cells and affects the
ability of these lymphocytes to produce antibodies targeting
host tissues (Cohen et al., 2011). A pilot study investigating
rituximab in the treatment of patients with immunity-related
hearing loss was conducted by Cohen et al. (2011), but this
study suffers from poor design and lacked a randomized con-
trol group. Additional evaluation of this biopharmaceutical
seems warranted.

Though numerous therapeutic agents such as corticoste-
roids and biopharmaceuticals have been investigated, in the
future, even more aggressive and specific therapies may be
available to treat immune-mediated noise-induced inner ear
disorders such as pluripotent stem cell transplantation into
the inner ear (Hakuba er al., 2005; Okano et al., 2006) and
gene therapy targeting cochlear mononuclear phagocytes
(Kesser and Lalwani, 2009).

VI. CONCLUDING REMARKS

Mammals are able to detect pathogens and elements of
tissue injury through multiple innate immune receptors that
in turn initiate tissue repair and healing. The cochlear
response to a noise trauma paradigm is based on the premise
of inflammation that results from the engagement and activa-
tion of specific genetic, cellular, and molecular pathways
that are perturbed within the micromachinery of the inner
ear. The initiation and resolution of inflammation in the
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inner ear seem highly likely to involve innate immune
responses to the release of endogenous molecules both
within and outside of cochlear cells. PRRs and DAMPs are
present in the cochlea and in HCs, and many genes that are
activation targets of innate immune signaling pathways are
expressed following acoustic trauma. Research to unravel
the complexities of innate immune participation in NIHL
would be productive to increase our understanding and
reveal possible therapeutic solutions to acoustic injury.
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