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Conventionally the etiology of congenital Non-Syndromic Hearing Loss has been
attributed to mutations in the genes involved in ion homeostasis or the structural
compartments of the inner ear. However, this contributes to only a part of the problem,
as still the determinants for a large majority of the Non-Syndromic Hearing loss seems
to be an enigma. Evidences indicate that pathogens like Rubella, Cytomegalovirus, and
many other infections can also result in congenital hearing loss. Additionally, there are
variety of factors other than the viral mediators, that can act as stressors to trigger
an altered immune response, during the gestational period of the mother. It is also
known that non-specific stimulation of the immune system can mimic an infection status.
This indicates a strong role for environmental factors toward their contribution to the
pathology, possibly by influencing the host immune response. These varieties of known or
unknown environmental factors interact with the susceptible variants in immune response
genes in defining the threshold for protection or infection in an individual. Considering
this background we propose to present this perspective that threshold of the host
immune response during the prenatal conditions, in response to environmental stimulus,
might be determined by the susceptible variants in immune response genes. This in
turn can directly or indirectly influence the genes involved in maintaining the structural
components or ion homeostasis, resulting in hearing loss. The threshold of immune
response alterations may be heavily dependent on the immunogenetic profile of the
mother or the fetus.

Keywords: Non-Syndromic Hearing Loss, congenital, immune system, pathogen, immunogenetics, inner ear,
environmental factors, host response

INTRODUCTION

Congenital hearing loss is one of the most prevalent sensory deficit in the world affecting one
out of 650 newborns (1). Based on broad phenotype the congenital hearing loss is classified into
Syndromic hearing loss and Non-Syndromic Hearing loss (NSHL). NSHL accounts for 70% of
congenital hearing loss (2) with 75-80% of them showing autosomal recessive mode of inheritance
(3). The etiology of the disease is largely attributed to genetics but still a large majority of
NSHL cases are devoid of major pathogenic mutations in the major contributor genes. Even the
pathology shows high genetic and clinical heterogeneity and thereby increases the complexity in
understanding the biological basis of the disease. Evidences suggest that environmental factors like
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Rubella, Cytomegalovirus (CMV) infections, and Acquired
Immunodeficiency syndrome can also direct toward the
causation for the disease. The development of inner ear occurs
during the first trimester of pregnancy (4). Any intrinsic or
extrinsic perturbations at this developmental stage, be it genetic
or environmental can result in hearing loss. This paved our
interest to delve into the unexplored domain of immunogenetics
or environmental impact on the role of immune system in
hearing loss.

GENETIC CONTRIBUTION TO NSHL AND
ITS HETEROGENEITY

The genetic spectrum of NSHL has been elaborately studied in
different populations of the world and till date 85 causative genes
have been discovered (5) (Supplementary Figure 1). Mutations
in GJB2 which encodes for connexin 26, was the first to be
identified to have a role in NSHL (6). It is involved in forming
gap junctions in inner ear, which is crucial in maintaining
the ion homeostasis of the inner ear (7). Although this gene
is still the most prominent causative factor for autosomal
recessive NSHL (3) but the spectrum of GJB2 mutation differs
in different populations of the world. In Caucasian population
GJB2 mutations are attributed to 50% of NSHL, with ¢.35delG
being the most prevalent (8), while in Asian populations GJB2
mutations account for only 16%, with ¢.235delC being the major
mutation (9-11). In Ashkenazi Jews population c.167delT is
the major causative mutation (12). Apart from these frequent
mutations, GJB2 harbors around 140 mutations responsible
for the causation of the disease (davinci.crg.es/deafness). This
opens up for a debate as to what contributes to hearing
loss pathology in rest of the population. A recent Deafness
Variation Database (deafnessvariationdatabase.com), identifies
152 genes implicated in syndromic and non-syndromic deafness
and reports that <1% of the variants are pathogenic or likely
to be pathogenic in nature (13). This comprehensive database
comprises of 876,139 variants and classifies 7,502 (0.85%) as
pathogenic, 671 (0.077%) as likely pathogenic, 15,287 (1.74%) as
likely benign, 156,970 (17.9%) as benign, and 695,709 (79.4%)
as variants of uncertain significance. Among these variants
96% of coding variants are rare and novel and that the
pathogenicity is driven by minor allele frequency thresholds,
variant effect, and protein domain. Therefore, on one side the
ethnic specific variants within the same gene with relatively
high penetrance ranging from 16 to 50%, while the remaining
part of the story is made up of mutations in other genes
with low penetrance possibly acting as a cumulative factor. We
would therefore like to argue that this cumulative factor might

Abbreviations: AP1, activated protein 1; CLR, C type lectin receptor; CMV,
cytomegalo virus; DAMP, damage associated molecular pattern; HSP, heat shock
protein; LD, linkage disequilibrium; MAPK, mitogen activated protein kinase;
MHC, major histocompatibilty complex; NFKB, nuclear factor kappa B; NLR,
nucleotide binding oligomeisation domain like receptors; NSHL, Non-Syndromic
Hearing Loss; SSNHL, sudden sensorineural hearing loss (SSNHL); PAMP,
pathogen associated molecular patterns; PRR, pattern recognition receptors; RLR,
rig 1 like receptor; TLR, Toll like receptor; ESRRD, estrogen related receptor b.

be mediated by environment or environmentally controlled
genetic factor.

ENVIRONMENTAL PERSPECTIVE IN NSHL
AND THEIR IMMUNOLOGICAL TRIGGER

While causative genes do impact hearing loss but the role
of environmental factors also cannot be ruled out. CMYV,
Rubella infections, Congenital Toxoplasmosis, Lymphocytic
Choriomeningitis virus, Trepenoma pallidum, and Acquired
Immunodeficiency syndrome are known infectious agents that
can cause acquired NSHL (3, 14). CMV and Rubella infections
during the first trimester increases the predisposition risk
of congenital hearing loss. The exact means by which these
infection results in hearing loss is not yet completely known.
However, few studies have reported alterations in endolymph
concentration and direct cochlear damage to be the causation
(15). Rubella infection can show direct cytolytic effect on the fetus
or induce infection derived immune responses in the mother,
fetus, and placenta, which can elevate the proinflammatory
state resulting in the causation of disease (16). It has been
reported that RV-IgM antibody testing which is determined
for Rubella infection can also be induced by non-specific
stimulation of the immune system (17). Infact, there could be
many other environmental factors that could trigger a similar
proinflammatory response but timing and duration of the
proinflammatory response resulting in a hearing loss pathology
will be determined by the host immunogenetic parameters,
and its subsequent direct or indirect interaction with the pre-
disposing genes for hearing loss. Immunogenetic parameters
have been reported to have differential impact on rubella
infection (18). These altered immune response can be critical
in determining protection to rubella infection as differential
cytokine induction impact the production of Immunoglobulins
(19). Therefore, while these viral mediators are known to
result in hearing loss, we would like to argue that a similar
pro-inflammatory response can be mediated by many other
environmental stressors too, and the threshold to withstand
these environmental factors might be determined by host
immunogenetic parameters.

IMMUNE SYSTEM IN EAR

Immune system alterations in developing hearing loss was
never the prime choice for various investigators as inner ear
was believed to be an immune privileged organ until 1979,
because of the presence of blood labyrinth barrier. Rask-
Anderson and Stahle discovered contact between macrophages
and lymphocytes in endolymphatic sac of guinea pigs (20). In the
same year, McCabe also described autoimmune inner ear disease
(21). Adams in 2002 demonstrated the presence of cytokine
receptors in cochlear cells and reported that type I fibrocytes
of spiral ligament were the main producer of cytokines in the
inner ear (22). These facts clearly indicate that the inner ear is
susceptible to immune mechanisms of the host.
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MOLECULAR AND CELLULAR PLAYERS
FOR IMMUNE RESPONSE MODULATION

Considering that there is a strong genetic and environmental
component to NSHL, and knowing that human ear is no
more an immune privileged organ, makes us to propose
that genetics of immune response and its phenotypes should
also be considered to understand NSHL. It is known that
a wide range of heritable and non-heritable factors can
perturb the immune system and a combined understanding
of these heritable and non-heritable influences on immunity
is necessary to understand the inter-individual variation and
its consequences on health and disease. The composition of
immune cells varies among different populations. A recent
study has reported racial differences in activation of B
cell receptor signaling pathway in healthy individuals (23).
Another study again on healthy cohorts have shown significant
differences in relative frequencies of six principal immune
cell populations: B cells, monocytes, natural killer (NK) cells,
CD4+ T cells (22-90%), CD8+ T cells, and total T cells
(24). Gene expression profiling of T cells and dendritic cells
revealed that 22% of the overall variation in gene expression
between individuals could be attributed to heritable factors
(25) and these heritable factors are also implied in pathogen
sensing (26).

Initially the genetic effect of both humoral and cellular
immune responses was first attributed to MHC genes (27) and
is known to be the most polymorphic region in humans (28).
It codes for glycoproteins that are crucial in discriminating
self from non-self and hence plays critical role in activating
innate and adaptive immune system (29). Unlike other genes,
the variants in MHC code for proteins which differ by about 20
amino acids (30) and this genetic diversity is a major contributor
for difference in immune responses among different individuals.
The best example for this variability is the slow progression of
HIV to AIDS depending upon the presence of specific HLA-B
and HLA-C alleles (31). This suggests that certain environmental
pathogens may remain asymptomatic but might have evoked
immune responses in the individual without any phenotypic
manifestation. Similarly we presume that specific variants in
MHC might evoke a response that might play a direct or indirect
role in triggering predisposition risk of NSHL. The role of MHC
on predisposition to NSHL can be understood by investigating
its expression in ear. It has been demonstrated that the inner ear
expresses MHCII in response to increased IFNy levels following
infection (32). Class II MHCs are concerned with presentation
of peptides to Helper T cells. This clearly indicates that MHCII
expression is crucial in protection of inner ear against invading
pathogens and environmental stressors, and MHCII variants
may have a critical role in varying the levels of predisposition
to NSHL.

Heat shock proteins (HSPs) are molecular chaperons whose
activity is enhanced in response to cellular stress induced
chiefly by pathogens (33). These molecular chaperons aids in
assembly of MHC peptide complex. Thus, HSP70 helps in antigen
presentation and processing (34). Similarly HSPs induce the
production of proinflammatory cytokines and it has also been
shown that the levels of HSPs increase significantly in sudden

sensorineural hearing loss (SSNHL) (35). HSP70 is located
adjacent to HLA class IIT on 6p21.3 region (35). Previous studies
have found out a strong Linkage disequilibrium (LD) between
class I HLA B7, B38, B44, class II HLA-DR2, DR4, and 90kb
variant of HSP70 (36). HSP1A variant rs1043618 has been found
to be associated with noise induced hearing loss, which can be
extended to variants in strong LD with HLA (37). This suggests a
strong role of HLA and HSPs to play a role in etiology of NSHL
via its variants or its altered expression in inner ear.

Pattern recognition receptors (PRRs) are crucial components
of antigen presentation like MHCs. PRRs are integral parts
of innate immunity. PRRs recognize conserved patterns called
PAMPs in non-self-organisms like flagellar proteins, cell wall
components of bacteria, and fungi as well as viral nucleic
acids in addition to DAMPs associated with cellular stress,
inflammation, and so on. PRRs are subdivided into four classes
as TLRs, NLRs, CLRs, and RLRs of which TLRs and CLRs are
transmembrane proteins whereas NLRs and RLRs are cytosolic
proteins (38). Besides recognizing molecular patterns they are
also inducers of inflammatory cytokines. Polymorphisms in
TLRs have been already found to be associated with middle
ear infections like otitis media (39). It has been demonstrated
that CMV infection is associated with TLR2 variants (40). TLR2,
TLR4, and TLR9 are also known to have risk SNPs for survivors
of meningitis patients (41). In case of Meniere’s disease the
allelic variants of TLR10 were found to influence the causation
of disease. The infections and its immunological after effects
are perceived by the PRRs present on the surface of inner ear
especially through TLRs and so we suspect a strong role for
the variants in these PRRs to play a role in predisposition of
disease. The varying expression of PRRs can cause difference
in susceptibility to NSHL as well as affect the expression of
its numerous downstream target proteins thus playing a role
in causation.
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FIGURE 1 | Sterile inflammatory factors that can induce a risk for
Non-Syndromic Hearing Loss.
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CYTOKINE IMBALANCE AND
PREDISPOSITION RISK

Cytokines are key mediators of inflammatory process and are
driven by induction of PRRs. PRRs on activation can induce the
expression of MAPK, AP1 as well as NFkB. NFkB is normally
present in inactive form in cytoplasm by the inhibitory protein
IkB. IkB on activation by various stimuli phosphorylates NFkB
and gets degraded in the proteasome (42). The then active NFkB
moves into the nucleus and activates the pro inflammatory
cytokine cascade (22, 43). Cytokines are crucial in permeability
of endothelium, bone resorption, osteoclast formation as well as
inflammation. Inflammation is an essential process to evade and
protect the host from pathogens or tissue damage by vasodilation
and recruitment of immune cells at the target site. Inflammation
initially considered as a protective mechanism is now negatively
linked to metabolic, developmental, neurodevelopmental,
and neurodegenerative disorders. Increased amount of
proinflammatory cytokines has been reported in brain tissues
of patients’ with neuropsychological pathologies such as
Alzheimer’s, Stroke, Multiple sclerosis, and psychiatric disorders
(44). At the genetic level also, variants in pro inflammatory
cytokines has been found to be associated with Schizophrenia,
Aneurysm, and Alzheimer’s (45-47). Pro inflammatory cytokines

are also inducers of reactive oxygen species thus rendering
oxidative stress along with inflammation.

Difference in susceptibility toward diseases is attributed fully
or in parts to cytokine variants (48). This can be clearly visualized
in the difference in prevalence of infectious diseases in different
parts of the world as has reported that the genotype frequencies
of cytokine variants significantly varied in different populations
(49). TNFo variant rs1800630 and TNFRSFIB variant rs1061624
were found to be associated with age related hearing loss in
elderly population of Japanese origin (50). There are only mice
model studies in relation to elevated levels of proinflammatory
cytokines especially IL1p and IL18, in relation to age related
hearing loss. Cochlear inflammation and oxidative stress are
found to be the main reasons for noise induced hearing loss (51).
In the case of SSNHL also elevated levels of TNF a, IL2, IL8, and
IL6 has been reported (52), which are also likely to be induced by
CMV infection. Two recent studies in very small samples have
shown evidences of mutation in IFNLRI to be associated with
Autosomal Dominant NSHL (53) and CCL2 variants rs31900
and rs1024611 to be risk variants in etiology of CMV associated
sensorineural hearing loss (54). These facts indicate that the
balance of cytokines is crucial in cochlea and cochlea is highly
vulnerable to inflammation. We hypothesize that the balance of
cytokines is very crucial during the first trimester of pregnancy,
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FIGURE 2 | Model depicting the possible interaction between Environmental factors and pre-disposing NSHL genes through immune mediated pathway.
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an increased pro inflammatory state can damage the cochlear
structure, while decreased anti-inflammatory state makes it
vulnerable to pathogens and any of these can increase the pre-
disposition risk of NSHL. The evidences also suggest that genetics
variants in cytokine genes are key to define the threshold of
inflammatory response.

Pathogens are known to be the primary trigger for the
initiation of inflammatory process. Other than microbial
factors there are several other factors that can also induce
an inflammatory response and these are termed as sterile
inflammatory factors (55). Some of these sterile inflammatory
factors as shown in (Figure 1) are also reported to induce
hearing loss (56, 57). The relationship between hypertension
and cytokines is like a chicken and egg story. Hypertension
is associated with higher levels of TNF «, IL6, IL1B, IL17,
and C Reactive Protein (CRP) (58). Stress, smoking and noise
are also known to stimulate inflammation by modulating
the three key cytokine players of inflammation TNFa, ILI1f,
and IL6 (59-61). While hypoxia is shown to elevate the
levels of cytokines, chemokines, and adhesion molecules (62).
There are several medications known to have ototoxic effects
but the mechanism by which each drug causes ototoxicity
is not well-established. In case of cisplatin, a tumor drug,
known to have ototoxic effect elevates the production of
proinflammatory cytokines via STAT6 pathway (63). Bilirubin
another important regulator of immune responses of the host
has been demonstrated to increase the production of anti-
inflammatory cytokine IL10 and reduce the expression of
proinflammatory cytokine TNFa (64). Aging process itself
is associated with subtle increase in inflammation, with an
elevated levels of pro inflammatory cytokines and diminished
levels of anti-inflammatory cytokines called “Inflammaging”
(65). Interestingly, a recent article has shown hypertension,
ototoxicity, hypoxia, birth trauma, and severe jaundice to be risk
factors for the development of congenital hearing loss (57). Even
the medications such as glucocorticoids, immunosuppressants,
and biologics are used as therapeutics for sensorineural hearing
loss and autoimmune inner ear diseases (56). All these drugs have
anti-inflammatory and immune suppressive functions. These
evidences further strengthened our hypothesis that the different
environmental risk factors may be playing a role in the etiology
of NSHL via the immune responses. We also suggest that
other environmental factors should also be considered other
than the routine viral factors while investigating the etiology
of NSHL. Genetic variants in these immune response genes
and their regulation by environmental factors might be key
to understanding and addressing the differential impact on
pathology of hearing loss.

INTERACTOME OF IMMUNE RESPONSE
AND DEAFNESS GENES IN NSHL

The interaction between candidate genes of NSHL and immune
response genes has not yet been investigated. Recently few

transcription factors have been identified that can play a
critical role in NSHL through immune response modulation.
EYA4 is a novel transcription factor found to be associated
with autosomal dominant hearing loss in exome sequencing
studies (66). EYA4 have been shown to be critical in Interferon
mediated immune responses especially Type I IFN genes.
Similarly, ESRRD has been recently reported to be associated with
hearing loss (67), which is capable of inducing self-renewal and
pluripotency in Embryonic stem cells devoid of cytokines (68).
This indicates a compensatory role of ESRRb in the absence
of cytokines. It would be interesting to identify how immune
response alterations can impact the modulation of pathway
that is critical to hearing loss. The possible mechanism of
interaction between the two through immune mediated pathway
resulting in hearing loss is demonstrated in Figure2. The
role of the expression of candidate genes in the inner ear in
presence of an immune reaction is a heavily unexplored area.
Understanding the activation of immune response regulation
and its cascading effects on the gene expression that is crucial
in causation of disease pre-disposition would be the need of
the hour.

CONCLUDING REMARKS

The complexity of the NSHL makes it difficult to unravel the
complete etiology of the disease. Therefore, there is a need
to identify a unifying mechanism that might be central to
the presently pursued investigations. In this regard, based on
the evidences presented, it seems perturbations in immune
response could be critical in resolving the mystery behind the
etiology of NSHL. Congenital hearing loss occurs during the first
trimester of pregnancy and any alterations in immune profile
at this stage can be crucial for normal development of inner
ear structures. We propose a strong role of immune response
genes that may either directly impact inner ear structures during
development or indirectly by altering the expression profile of
genes that are crucial for inner ear development, resulting in
NSHL pathology.

AUTHOR CONTRIBUTIONS

MB conceptualized the topic. MB and KS wrote the article.

ACKNOWLEDGMENTS

KS thanks DBT for providing the fellowship.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2019.02848/full#supplementary-material

Supplementary Figure 1 | Loci associated with hearing loss. Colour codes
indicate the functional role of the loci.

Frontiers in Immunology | www.frontiersin.org

December 2019 | Volume 10 | Article 2848


https://www.frontiersin.org/articles/10.3389/fimmu.2019.02848/full#supplementary-material
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Sindura and Banerjee

Immunogenetics of Hearing Loss

REFERENCES

. Moore JK,

. Mehl AL, Thomson V. The Colorado newborn hearing screening project,

1992-1999: on the threshold of effective population-based universal newborn
hearing screening. Pediatrics. (2002) 109:E7. doi: 10.1542/peds.109.1.e7

. Morton NE. Genetic epidemiology of hearing impairment. Ann N'Y Acad Sci.

(1991) 630:16-31. doi: 10.1111/j.1749-6632.1991.tb19572.x

. Smith RJ, Bale JE, White KR. Sensorineural hearing loss in children. Lancet.

(2005) 369:879-90. doi: 10.1016/S0140-6736(05)71047-3
Linthicum FH. The human auditory
timeline of development. Int ]| Audiol. (2007)
doi: 10.1080/14992020701383019

system: A
46:460-78.

. Van Camp G, Smith RJH. Hereditary Hearing Loss Homepage. (2007)

6. Kelsell DP, Dunlop J, Stevens HP, Lench NJ, Liang JN, Parry G, et al. Connexin

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

26 mutations in hereditary non-syndromic sensorineural deafness. Nature.
(1997) 387:80-3. doi: 10.1038/387080a0

. Kumar NM, Gilula NB. The gap junction communication channel. Cell.

(1996) 84:381-8. doi: 10.1016/50092-8674(00)81282-9

. Estivill X, Fortina P, Surrey S, Rabionet R, Melchionda S, D’Agruma L, et al.

Connexin-26 mutations in sporadic and inherited sensorineural deafness.
Lancet. (1998) 351:394-8. doi: 10.1016/S0140-6736(97)11124-2

. DaiP, YuE Han B, Yuan Y, Li Q, Wang G, et al. The prevalence of the 235delC

GJB2 mutation in a Chinese deaf population. Genet Med. (2007) 9:283-9.
doi: 10.1097/GIM.0b013e31804d2371

Abe S, Usami S-I, Shinkawa H, Kelley PM, Kimberling WJ. Prevalent
connexin 26 gene (GJB2) mutations in Japanese. ] Med Genet. (2000) 37:41-3.
doi: 10.1158/2159-8290.CD-13-0330

Hwa HL, Ko TM, Hsu CJ, Huang CH, Chiang YL, Oong JL, et al.
Mutation spectrum of the connexin 26 (GJB2) gene in Taiwanese
patients with prelingual deafness. Genet Med. (2003) 5:161-5.
doi: 10.1097/01.GIM.0000066796.11916.94

Morell RJ, Kim HJ, Hood LJ, Goforth L, Friderici K, Fisher R, et al.
Mutations in the connexin 26 gene (GJB2) among Ashkenazi jews with
nonsyndromic recessive deafness. N Engl ] Med. (1998) 339:1500-5.
doi: 10.1056/NEJM199811193392103

Azaiez H, Booth KT, Ephraim SS, Crone B, Black-Ziegelbein EA, Marini R],
et al. Genomic landscape and mutational signatures of deafness-associated
genes. Am ] Hum Genet. (2018) 103:484-97. doi: 10.1016/j.ajhg.2018.08.006
Boppana SB, Ross SA, Fowler KB. Congenital cytomegalovirus infection:
clinical outcome. Clin Infect Dis. (2013) 57:5178-81. doi: 10.1093/cid/cit629
Korver AMH, Smith RJH, Van Camp G, Schleiss MR, Bitner-Glindzicz MAK,
Lustig LR, et al. Congenital hearing loss. Nat Rev Dis Prim. (2017) 3:16094.
doi: 10.1038/nrdp.2016.94

Scott GM, Chow SSW, Craig ME, Pang CNI, Hall B, Wilkins MR, et al.
Cytomegalovirus infection during pregnancy with maternofetal transmission
induces a proinflammatory cytokine bias in placenta and amniotic fluid. J
Infect Dis. (2012) 205:1305-10. doi: 10.1093/infdis/jis186

Thomas HIJ, Morgan-Capner P, Roberts A, Hesketh L. Persistent rubella-
specific IgM reactivity in the absence of recent primary rubella and rubella
reinfection. ] Med Virol. (1992) 36:188-92. doi: 10.1002/jmv.1890360308
Kennedy RB, Ovsyannikova IG, Haralambieva IH, Lambert ND, Pankratz
VS, Poland GA. Genetic polymorphisms associated with rubella virus-
specific cellular immunity following MMR vaccination. Hum Genet. (2014)
133:1407-17. doi: 10.1007/s00439-014-1471-z

Rousset F, Garcia E, Banchereau J. Cytokine-induced proliferation and
immunoglobulin production of human B lymphocytes triggered through their
CDA40 antigen. ] Exp Med. (1991) 173:705-10. doi: 10.1084/jem.173.3.705
Rask-Andersen H, Stahle J. Lymphocyte-macrophage activity in the
endolymphatic sac: An ultrastructural study of the rugose endolymphatic sac
in the guinea pig. ORL. (1979) 41:177-92. doi: 10.1159/000275458

McCabe BF. Autoimmune sensorineural hearing loss. Ann Otol Rhinol
Laryngol. (1979) 88:585-9. doi: 10.1177/000348947908800501

Adams JC. Clinical implications of inflammatory cytokines in
the cochlea: a technical note. Otol Neurotol. (2002) 23:316-22.
doi: 10.1097/00129492-200205000-00015

Longo DM, Louie B, Mathi K, Pos Z, Wang E, Hawtin RE, et al. Racial
differences in B cell receptor signaling pathway activation. J Transl Med.
(2012) 10:113. doi: 10.1186/1479-5876-10-113

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Longo DM, Louie B, Putta S, Evensen E, Ptacek ], Cordeiro J, et al. Single-
cell network profiling of peripheral blood mononuclear cells from healthy
donors reveals age- and race-associated differences in immune signaling
pathway activation. J Immunol. (2012) 188:1717-25. doi: 10.4049/jimmunol.
1102514

De Jager PL, Hacohen N, Mathis D, Regev A, Stranger BE, Benoist
C. ImmVar project: Insights and design considerations for future
studies of “healthy” immune variation. Semin Immunol. (2015) 27:51-7.
doi: 10.1016/j.smim.2015.03.003

Lee MN, Ye C, Villani AC, Raj T, Li W, Eisenhaure TM, et al. Common
genetic variants modulate pathogen-sensing responses in human dendritic
cells. Science. (2014) 343:1246980. doi: 10.1126/science.1246980

Hill AV. The immunogenetics of human infectious diseases. Annu Rev
Immunol. (1998) 16:593-617. doi: 10.1146/annurev.immunol.16.1.593
Traherne JA. Human MHC architecture and evolution: implications
for disease association studies. Int ] Immunogenet. (2008) 35:179-92.
doi: 10.1111/j.1744-313X.2008.00765.x

Medzhitov R, Janeway CA. Decoding the patterns of self and
nonself by the innate immune system. Science. (2002). 296:298-300.
doi: 10.1126/science.1068883

Janeway CA, Travers P, Walport M, Shlomchik M. Immunobiology: the
immune system in health and disease. Immuno Biol. (2001) 5:1-892.
doi: 10.1111/.1467-2494.1995.tb00120.x

Kaslow RA, Carrington M, Apple R, Park L, Mufioz A, Saah AJ, et al.
Influence of combinations of human major histocompatibility complex
genes on the course of HIV-1 infection. Nat Med. (1996) 2:405-11.
doi: 10.1038/nm0496-405

Gloddek B, Bodmer D, Brors D, Keithley EM, Ryan AF. Induction of MHC
class IT antigens on cells of the inner ear. Audiol Neuro-Otol. (2002) 7:317-23.
doi: 10.1159/000066158

Srivastava P. Roles of heat-shock proteins in innate and adaptive immunity.
Nat Rev Immunol. (2002) 2:185-94. doi: 10.1038/nri749

Pockley AG. Heat shock proteins as regulators of the immune response.
Lancet. (2003) 362:469-76. doi: 10.1016/S0140-6736(03)14075-5

Chien C-Y, Chang N-C, Tai S-Y, Wang L-E Wu M-T, Ho K-Y. Heat shock
protein 70 gene polymorphisms in sudden sensorineural hearing loss. Audiol
Neurootol. (2012) 17:381-5. doi: 10.1159/000341815

Corzo D, Yunis JJ, Yunis EJ, Howard A, Lieberman JA. HSP70-2 9.0 kb variant
is in linkage disequilibrium with the HLA-B and DRB1* alleles associated with
clozapine-induced agranulocytosis. J Clin Psychiatry. (1994) 55:149-52.
Konings A, Van Laer L, Michel S, Pawelczyk M, Carlsson PI, Bondeson
ML, et al. Variations in HSP70 genes associated with noise-induced hearing
loss in two independent populations. Eur ] Hum Genet. (2009) 17:329-35.
doi: 10.1038/ejhg.2008.172

Takeuchi O, Akira S. Pattern recognition receptors and inflammation. Cell.
(2010) 140:805-20. doi: 10.1016/j.cell.2010.01.022

Leichtle A, Hernandez M, Pak K, Yamasaki K, Cheng Chun-Fang CF, Webster
NJ, et al. TLR4-mediated induction of TLR2 signaling is critical in the
pathogenesis and resolution of otitis media. Innate Immun. (2009) 15:205-15.
doi: 10.1177/1753425909103170

Taniguchi R, Koyano S, Suzutani T, Goishi K, Ito Y, Morioka I, et al.
Polymorphisms in TLR-2 are associated with congenital cytomegalovirus
(CMV) infection but not with congenital CMV disease. Int ] Infect Dis. (2013)
17:€1092-97. doi: 10.1016/}.ijid.2013.06.004

van Well GTJ, Sanders MS, Ouburg S, van Furth AM, Morré SA.
Polymorphisms in toll-like receptors 2, 4, and 9 are highly associated with
hearing loss in survivors of bacterial meningitis. PLoS ONE. (2012) 7:¢35837.
doi: 10.1371/journal.pone.0035837

Li Q, Verma IM. NF-kB regulation in the immune system. Nat Rev Immunol.
(2002) 2:725-34. doi: 10.1038/nri910

Liu T, Zhang L, Joo D, Sun SC. NF-kB signaling in inflammation. Signal
Transduct Target Ther. (2017) 2:17023. doi: 10.1038/sigtrans.2017.23

Zhao B, Schwartz JP. Involvement of cytokines in normal
CNS development and neurological diseases: Recent
progress and  perspectives. ]  Neurosci Res. (1998)  52:7-16.

doi: 10.1002/(SICI)1097-4547(19980401)52:1 <7::AID-JNR2>3.0.CO;2-1
Srinivas L, Vellichirammal NN, Alex AM, Nair C, Nair IV, Banerjee
M. Pro-inflammatory cytokines and their epistatic interactions in genetic

Frontiers in Immunology | www.frontiersin.org

December 2019 | Volume 10 | Article 2848


https://doi.org/10.1542/peds.109.1.e7
https://doi.org/10.1111/j.1749-6632.1991.tb19572.x
https://doi.org/10.1016/S0140-6736(05)71047-3
https://doi.org/10.1080/14992020701383019
https://doi.org/10.1038/387080a0
https://doi.org/10.1016/s0092-8674(00)81282-9
https://doi.org/10.1016/S0140-6736(97)11124-2
https://doi.org/10.1097/GIM.0b013e31804d2371
https://doi.org/10.1158/2159-8290.CD-13-0330
https://doi.org/10.1097/01.GIM.0000066796.11916.94
https://doi.org/10.1056/NEJM199811193392103
https://doi.org/10.1016/j.ajhg.2018.08.006
https://doi.org/10.1093/cid/cit629
https://doi.org/10.1038/nrdp.2016.94
https://doi.org/10.1093/infdis/jis186
https://doi.org/10.1002/jmv.1890360308
https://doi.org/10.1007/s00439-014-1471-z
https://doi.org/10.1084/jem.173.3.705
https://doi.org/10.1159/000275458
https://doi.org/10.1177/000348947908800501
https://doi.org/10.1097/00129492-200205000-00015
https://doi.org/10.1186/1479-5876-10-113
https://doi.org/10.4049/jimmunol.1102514~
https://doi.org/10.1016/j.smim.2015.03.003
https://doi.org/10.1126/science.1246980
https://doi.org/10.1146/annurev.immunol.16.1.593
https://doi.org/10.1111/j.1744-313X.2008.00765.x
https://doi.org/10.1126/science.1068883
https://doi.org/10.1111/j.1467-2494.1995.tb00120.x
https://doi.org/10.1038/nm0496-405
https://doi.org/10.1159/000066158
https://doi.org/10.1038/nri749
https://doi.org/10.1016/S0140-6736(03)14075-5
https://doi.org/10.1159/000341815
https://doi.org/10.1038/ejhg.2008.172
https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.1177/1753425909103170
https://doi.org/10.1016/j.ijid.2013.06.004
https://doi.org/10.1371/journal.pone.0035837
https://doi.org/10.1038/nri910
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.1002/(SICI)1097-4547(19980401)52:1$<$7::AID-JNR2$>$3.0.CO;2-I
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Sindura and Banerjee

Immunogenetics of Hearing Loss

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

susceptibility to schizophrenia. J. Neuroinflammation. (2016) 13:105.
doi: 10.1186/512974-016-0569-8

Sathyan S, Koshy LV, Srinivas L, Easwer HV, Premkumar S, Nair S, et al.
Pathogenesis of intracranial aneurysm is mediated by proinflammatory
cytokine TNFA and IENG and through stochastic regulation of IL10
and TGFB1 by comorbid factors. J Neuroinflammation. (2015) 12:135.
doi: 10.1186/512974-015-0354-0

Sathyan S, Barzilai N, Atzmon G, Milman S, Ayers E, Verghese J.
Association of anti-inflammatory cytokine IL10 polymorphisms with
motoric cognitive risk syndrome in an Ashkenazi Jewish population.
Neurobiol Aging. (2017) 58:238.el1-e8. doi: 10.1016/j.neurobiolaging.2017.
06.006

LiY, Oosting M, Smeekens SP, Jaeger M, Aguirre-Gamboa R, Le KTT, et al. A
functional genomics approach to understand variation in cytokine production
in humans. Cell. (2016) 167:1099-110.e14. doi: 10.1016/j.cell.2016.10.017
Van Dyke AL, Cote ML, Wenzlaff AS, Land S, Schwartz AG. Cytokine SNPs:
comparison of allele frequencies by race and implications for future studies.
Cytokine. (2009) 46:236-44. doi: 10.1016/j.cyt0.2009.02.003

Uchida Y, Sugiura S, Ueda H, Nakashima T, Ando E Shimokata H.
The association between hearing impairment and polymorphisms of genes
encoding inflammatory mediators in Japanese aged population. Immun
Ageing. (2014) 11:18. doi: 10.1186/s12979-014-0018-4

Shi X, Qiu S, Zhuang W, Yuan N, Wang C, Zhang S, et al. NLRP3-
inflammasomes are triggered by age-related hearing loss in the inner ear of
mice. Am ] Transl Res. (2017) 9:5611-8.

Tsinaslanidou Z, Tsaligopoulos M, Angouridakis N, Vital V, Kekes G,
Constantinidis J. The expression of TNFa, IL-6, IL-2 and IL-8 in the
serum of patients with idiopathic sudden sensorineural hearing loss: possible
prognostic factors of response to corticosteroid treatment. Audiol Neurotol
Extra. (2016) 6:9-19. doi: 10.1159/000442016

Gao X, Yuan Y-Y, Lin Q-E Xu J-C, Wang W-Q, Qiao Y-H, et al. Mutation
of IFNLR1, an interferon lambda receptor 1, is associated with autosomal-
dominant non-syndromic hearing loss. ] Med Genet. (2018) 55:298-306.
doi: 10.1136/jmedgenet-2017-104954

Kasztelewicz B, Czech-Kowalska J, Lipka B, Milewska-Bobula B, Borszewska-
Kornacka MK, Romanska J, et al. Cytokine gene polymorphism associations
with congenital cytomegalovirus infection and sensorineural hearing loss. Eur
J Clin Microbiol Infect Dis. (2017) 36:1811-8. doi: 10.1007/s10096-017-2996-6
Chen GY, Nuiiez G. Sterile inflammation: Sensing and reacting to damage. Nat
Rev Immunol. (2010) 10:826-37. doi: 10.1038/nri2873

Okano T. Immune system of the inner ear as a novel therapeutic
target for sensorineural hearing loss. Front Pharmacol. (2014) 5:205.
doi: 10.3389/fphar.2014.00205

Wilson BS, Tucci DL, Merson MH, O’Donoghue GM. Global hearing
health care: new findings and perspectives. Lancet. (2017) 390:2503-15.
doi: 10.1016/S0140-6736(17)31073-5

Bautista LE, Vera LM, Arenas IA, Gamarra G. Independent association
between inflaimmatory markers (C-reactive protein, interleukin-6, and

TNF-a) and essential hypertension. ] Hum Hypertens. (2005) 19:149-54.
doi: 10.1038/sj.jhh.1001785

59. Gola H, Engler H, Sommershof A, Adenauer H, Kolassa S, Schedlowski
M, et al. Posttraumatic stress disorder is associated with an
enhanced spontaneous production of pro-inflammatory cytokines by
peripheral blood mononuclear cells. BMC Psychiatry. (2013) 13:40.
doi: 10.1186/1471-244X-13-40

60. Tappia PS, Troughton KL, Langley-Evans SC, Grimble RF. Cigarette smoking
influences cytokine production and antioxidant defences. Clin Sci. (1995)
88:485-9. doi: 10.1042/cs0880485

61. Fujioka M, Kanzaki S, Okano HJ, Masuda M, Ogawa K, Okano H.
Proinflammatory cytokines expression in noise-induced damaged cochlea. J
Neurosci Res. (2006) 83:575-83. doi: 10.1002/jnr.20764

62. Ziemka-Nalecz M, Jaworska J, Zalewska T. Insights into the
neuroinflammatory responses after neonatal hypoxia-ischemia. ] Neuropathol
Exp Neurol. (2017) 76:644-54. doi: 10.1093/jnen/nlx046

63. Kim HJ, Oh GS, Lee JH, Lyu AR, Ji HM, Lee SH, et al. Cisplatin ototoxicity
involves cytokines and STAT6 signaling network. Cell Res. (2011) 21:944-56.
doi: 10.1038/cr.2011.27

64. Vogel ME, Zucker SD. Bilirubin acts as an endogenous regulator
of inflammation by disrupting adhesion molecule-mediated leukocyte
migration. Inflamm Cell Signal. (2016) 3:1-5. doi: 10.14800/ics.1178

65. Franceschi C, Bonafe M, Valensin S, Olivieri E Deluca M, Ottaviani E, et al.
Inflamm-aging: an evolutionary perspective on immunosenescence. Ann N Y
Acad Sci. (2006) 908:244-54. doi: 10.1111/j.1749-6632.2000.tb06651.x

66. Choi HS, Kim AR, Kim SH, Choi BY. Identification of a novel
truncation mutation of EYA4 in moderate degree hearing loss by targeted
exome sequencing. Eur Arch Oto-Rhino-Laryngol. (2016) 273:1123-9.
doi: 10.1007/500405-015-3661-2

67. Nolan LS, Maier H, Hermans-Borgmeyer I, Girotto G, Ecob R, Pirastu
N, et al. Estrogen-related receptor gamma and hearing function: evidence
of a role in humans and mice. Neurobiol Aging. (2013) 34:2077.e1-9.
doi: 10.1016/j.neurobiolaging.2013.02.009

68. Festuccia N, Osorno R, Halbritter F, Karwacki-Neisius V, Navarro P, Colby
D, et al. Esrrb is a direct Nanog target gene that can substitute for
Nanog function in pluripotent cells. Cell Stem Cell. (2012) 11:477-90.
doi: 10.1016/j.stem.2012.08.002

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Sindura and Banerjee. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

December 2019 | Volume 10 | Article 2848


https://doi.org/10.1186/s12974-016-0569-8
https://doi.org/10.1186/s12974-015-0354-0
https://doi.org/10.1016/j.neurobiolaging.2017.06.006
https://doi.org/10.1016/j.cell.2016.10.017
https://doi.org/10.1016/j.cyto.2009.02.003
https://doi.org/10.1186/s12979-014-0018-4
https://doi.org/10.1159/000442016
https://doi.org/10.1136/jmedgenet-2017-104954
https://doi.org/10.1007/s10096-017-2996-6
https://doi.org/10.1038/nri2873
https://doi.org/10.3389/fphar.2014.00205
https://doi.org/10.1016/S0140-6736(17)31073-5
https://doi.org/10.1038/sj.jhh.1001785
https://doi.org/10.1186/1471-244X-13-40
https://doi.org/10.1042/cs0880485
https://doi.org/10.1002/jnr.20764
https://doi.org/10.1093/jnen/nlx046
https://doi.org/10.1038/cr.2011.27
https://doi.org/10.14800/ics.1178
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://doi.org/10.1007/s00405-015-3661-2
https://doi.org/10.1016/j.neurobiolaging.2013.02.009
https://doi.org/10.1016/j.stem.2012.08.002
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	An Immunological Perspective to Non-syndromic Sensorineural Hearing Loss
	Introduction
	Genetic Contribution to Nshl and its Heterogeneity
	Environmental Perspective in Nshl and their Immunological Trigger
	Immune System in Ear
	Molecular and Cellular Players for Immune Response Modulation
	Cytokine Imbalance and Predisposition Risk
	Interactome of Immune Response and Deafness Genes in Nshl
	Concluding Remarks
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


