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Meniere disease (MD) is a rare set of conditions associated with the accumulation of endolymph in the cochlear duct and
the vestibular labyrinth with a decrease of endocochlear potential. It is considered a chronic inflammatory disorder of the
inner ear with a multifactorial origin. The clinical syndrome includes several groups of patients with a core phenotype: sen-
sorineural hearing loss, episodes of vertigo, and tinnitus with a non-predictable course. Genetic factors and the innate im-
mune response seem to play a central role in the pathophysiology of the condition. Autoimmune MD should be diagnosed
if a patient fulfills the diagnostic criteria for MD and one of the following autoimmune disorders: autoimmune thyroid dis-
ease, psoriasis, autoimmune arthritis, ankylosing spondylitis, or systemic lupus erythematosus. We summarize the evidence
to support autoimmune MD as an endophenotype in bilateral MD associated with the allelic variant rs4947296 and nucle-
ar factor-kappa B (NF-kB)-mediated inflammation, the role of cytokines (particularly interleukin-1f and tumor necrosis
factor-a) in defining a subset of patients with autoinflammation, and the potential role of cytokines as biomarkers to distin-
guish between patients with MD and vestibular migraine. Finally, we also introduce a list of potential drugs that could regu-

late the immune response in MD with potential for repurposing in clinical trials.
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INTRODUCTION

Meniere disease (MD) was first described by Prosper Méniere in
1861. It is a multifactorial inner ear disorder, the onset and pro-
gression of which are triggered by the combined effects of genetic,
epigenetic, and environmental factors. MD is characterized by
recurrent episodes of vertigo associated with ipsilateral cochlear
symptoms occurring during the attacks, such as sensorineural
hearing loss (SNHL), tinnitus, or aural fullness [1,2]. Most pa-
tients progress to chronic imbalance, moderate to severe deaf-
ness in the affected ear and, in many cases, persistent and dis-
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abling tinnitus [3]. The disorder usually begins in one ear with
tinnitus and hearing loss (unilateral MD; UMD), but it can evolve
to both ears and produce bilateral symptoms (bilateral MD;
BMD). The diagnostic criteria for MD are based on the joint pre-
sentation of vertigo and aural symptoms during the attack, and
they were reformulated jointly by the Classification Committee
of the Barany Society, the Japan Society for Equilibrium Research,
the European Academy of Otology and Neurotology, the Equi-
librium Committee of the American Academy of Otolaryngolo-
gy-Head and Neck Surgery, and the Korean Balance Society in
2015 [4]. However, these criteria do not consider the clinical
heterogeneity observed among patients, and some comorbidi-
ties commonly observed in some patients, such as migraine or
autoimmune disease (AD), should be considered in the thera-
peutic management.

CLINICAL SUBGROUPS IN MD

MD is not a single disease; instead, it should be considered as a
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Fig. 1. Clinical subgroups of patients with unilateral Meniere disease (UMD; A) and bilateral Meniere disease (BMD; B). MD, Meniere disease;

FMD, familial Meniere disease.

Table 1. Clinical subgroups of patients with UMD and BMD

Clinical variant

UMD
Type 1 (53%): sporadic, classical MD phenotype; the most common type

Type 2 (8%): sporadic, delayed MD hearing loss precedes vertigo attacks (in months or years); a rare condition, also known as delayed hydrops
Type 3 (13%): familial MD; at least 2 individuals with MD related in the first or second degree

Type 3 with migraine
Type 3 without migraine
Type 4 (15%): sporadic MD with migraine (temporal relationship not required)
Type 5 (11%): sporadic MD with an autoimmune disease
BMD
Type 1 (47%): sporadic, unilateral hearing loss becomes bilateral
Type 2 (17%): sporadic, simultaneous hearing loss (usually symmetric)
Type 3 (13%):
Type 4 (12%): sporadic MD with migraine
Type 5 (11%): sporadic MD with an autoimmune disease

familial MD (most families have bilateral hearing loss, but unilateral and bilateral cases may coexist in the same family)

MD, Meniere disease; UMD, unilateral MD; BMD, bilateral MD.

clinical syndrome with different etiologies. Ten clinical sub-
groups of MD patients have been described using cluster analy-
sis and clinical data from over 1,500 MD patients [5,6], accord-
ing to four clinical predictors: cochlea-vestibular symptoms oc-
curring after SNHL (delayed hydrops), familial MD (FMD), mi-
graine, and AD. Five subgroups were reported in UMD and five
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= High levels of interleukin (IL)-1B and tumor necrosis factor-a
in some Meniere disease (MD) patients suggest that it is a
chronic inflammatory disorder.

= The quantitative trait locus rs4947296 regulates the TWEAK/
FN14 pathway and nuclear factor-kappa B-mediated inflam-
mation in bilateral MD.

= [L-1B, CCL3, CCL22, and CXCL1 may be used as biological
markers to distinguish MD and vestibular migraine.

were also found in BMD (Fig. 1, Table 1), all with strong poten-
tial etiological implications, and six of these subgroups were
shared between UMD and BMD (type 3, FMD; type 4, MD
with migraine; and type 5, MD with AD).

Familial clustering has been reported in about 9% of cases in
southern European populations [7], and in 6% of cases in South
Korea [8], additionally supporting a genetic contribution to the
disease [9]. FMD presents an autosomal dominant pattern of in-
heritance with incomplete penetrance and anticipation, showing
an earlier onset compared to sporadic MD [10-12].The families
can include patients with UMD or/and BMD; therefore, epigen-
etic factors might influence unilateral or bilateral involvement
[7]. EMD could be split into two subgroups (FMD with and with-
out migraine), confirming the early description of families with
MD co-segregating with migraine [13] and the more recent de-
scription of FMD without migraine [14,15], as well as reflecting
the genetic heterogeneity of FMD. Familial cases may also show
recessive inheritance, providing further support that several genes



contribute to FMD and suggesting that it should be considered a
rare polygenic disease [16].

These clinical variants observed in both UMD and BMD vali-
date previous epidemiological studies, but they also indicate a
separate role for genetics and autoimmunity as relevant factors
influencing the development of MD. While the pathological mech-
anisms underlying MD remain poorly understood, many studies
have postulated that various factors may be involved, including
endolymphatic hydrops, allergy, inflammation, infection, and
ADs [17,18]. Among these theories, it seems that the immune
system plays a critical role in a large population of MD patients
[19,20]. However, the role of the immune system in patients with
MD has not been well studied.

THEORY OF IMMUNE INVOLVEMENT
INTHE INNER EAR

The notion that the immune system could have a role in some
idiopathic hearing loss and vestibular disorders was introduced
during the early 20th century by Joannovic in 1920 [21] and
Masugi in 1931 [22]. In 1958, Lehnhardt [23] suspected that
certain cases of sudden bilateral hearing loss could be associated
with the production of anti-cochlear antibodies. Kikuchi [24]
suggested an autoimmune etiology after observing that surgery
in one ear affected the other one. Beickert [25] and Yoshihiko
and Yukihiro [26] both presented data supporting an autoim-
mune mechanism in experimental guinea pig cochleae. In 1979,
McCabe [27] first described patients with bilateral progressive
hearing loss that responded to steroid therapy. The clinical pre-
sentation of SNHL can be quite variable, often overlapping with
other disorders such as MD or deafness autosomal dominant 9
(DFNADY), which can result in diagnostic confusion. DFNA9 is
caused by pathogenic variants in the COCH gene, which encodes
cochlin [28]. Cochlin, a major component of the extracellular
matrix in both the cochlea and vestibule of the inner ear, is a
potential candidate antigen for autoimmune inner ear disease
(AIED) [29] and DFNA9 with or without vestibular abnormali-
ties [30], related to inner ear immunity and stimulation of the
secretion of inflammatory cytokines [31]. Hughes et al. [32] re-
ported that over 52% of patients diagnosed with AIED present-
ed hearing loss and vertigo, suggesting that a continuum might
exist between MD and SNHL (Fig. 2).

AUTOIMMUNE MD

We currently have evidence of inflammation in some inner ear
diseases, including MD, progressive SNHL, otosclerosis, and
sudden deafness. The prevalence of systemic ADs such as rheu-
matoid arthritis (RA), ankylosing spondylitis, systemic lupus er-
ythematosus (SLE), and psoriasis in MD patients is 3- to 8-fold
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Fig. 2. Potential mechanisms of inflammation in Meniere disease
(MD). Red arrows indicate the potential targets most likely to be
damaged. NF-kB, nuclear factor-kappa B; TNF, tumor necrosis fac-
tor; IL, interleukin.

higher than in the general population [33-35]. According to some
studies, autoimmunity seems to be responsible for 6% of cases
of UMD and 16% of cases of BMD [36]. Based on the findings
of proteomic studies performed in small series of patients, auto-
immunity has been proposed as a potential cause of MD [20,37].
Approximately one-third of MD cases seem to be of autoimmune
origin; however, elevated immune complexes were only found
in 7% of patients with MD [38], and there is no consistent im-
munological biomarker for the diagnosis of MD. Therefore, sev-
eral hypotheses have been proposed to explain how inflamma-
tion may arise in MD: bystander damage, cross-reactions, intol-
erance, and genetic factors. These mechanisms are supported by
several experimental studies, as detailed below. (1) Antibodies



52 Clinical and Experimental Otorhinolaryngology Vol. 15, No. 1: 49-59, February 2022

or rogue T cells may cause accidental inner ear damage because
the ear shares common antigens with a potentially harmful sub-
stance, virus, fungus, or bacterium that the body is battling. This
is presently the preferred theory for AIED. (2) The body may not
recognize all inner ear antigens. When they are released (perhaps
after surgery or an infection), the body may wrongly attack the
“foreign” antigens. In the ear, a mechanism that could be involved
in so-called sympathetic cochleo-labyrinthitis has been repro-
duced in animal models [39]. (3) Endolymphatic hydrops can be
induced experimentally by injection of antigens or monoclonal
antibodies [40]. Inner ear antigens with molecular weights of
28,42, 58, and 68 kDa could be the main components that in-
duce autoimmune MD in guinea pigs [41]. (4) The deposition of
circulating immune complexes (CIC) could produce inflamma-
tion and interfere with the capability of endolymphatic sac (ES)
filtering. Several studies have demonstrated increased CIC levels
in 21%-96% of MD patients [42]. (5) Autoantibodies have been
found in MD patients’ sera [43]. (6) Genetically controlled fea-
tures of the immune system could increase or otherwise be as-
sociated with increased susceptibility to common hearing disor
ders [44]. Allelic variants in immune response genes related to
SNHL progression, such as MICA, TLR10, and NFKB1, have
also been reported [45-47]. (7) Frejo et al. [48] have shown that
an immune response factor involved in MD is Fn14 (fibroblast
growth factor-inducible 14; Tnfrsf12a), the receptor for TWEAK,
a multifunctional cytokine (tumor necrosis factor [TNF]-like weak
inducer of apoptosis; Tnfsf12), which is a member of the TNF
superfamily. The TWEAK/Fn14 pathway is involved in the mod-
ulation of inflammation in several chronic ADs, including multi-
ple sclerosis (MS), SLE, RA, and ulcerative colitis [49]. It has been
discovered that one of its allelic variants (rs4947296) is a quan-
titative trait locus that regulates the expression of multiple genes
in the TWEAK/Fn14 pathway in peripheral blood mononuclear
cells. This locus leads to an inflammatory response mediated by
the transcription factor nuclear factor-kappa B (NF-kB) in MD.
This variant was also associated with bilateral MD in the Span-
ish population, and it appears in up to 18% of patients with co-
morbid autoimmune conditions.

However, the evidence supporting the hypothesis of autoim-
munity is limited and the involved immunological mechanisms
remain unclear. Autoimmune MD should be diagnosed if a pa-
tient fulfills the diagnostic criteria for MD and one of the follow-
ing ADs: autoimmune thyroid disease, psoriasis, autoimmune
arthritis, ankylosing spondylitis, or SLE. All of these conditions
have been previously associated with MD in epidemiological
studies in European populations [33,35].

CYTOKINES INTHE INNER EAR

The existence of immunological activity in the anterior labyrinth
has been widely described, both in humans and animal models.

Immune responsiveness in the inner ear was initially associated
with the ES [50-52] since it possesses immunological capacities
and is responsible for a major part of the trans-epithelial ion trans-
port occurring within the inner ear [53]. However, the presence
of immune capacity in the cochlea has since been established
[54] through the recent demonstration of IBA1-expressing mac-
rophages [55,56] in the human ES and cochlea that express ma-
jor histocompatibility complex type II (MHCII). Kampfe Nord-
strom et al. [57] identified that the macrophage population of
the stria vascularis, spiral ligament, and spiral ganglion expressed
MHCII, which is crucial for initiating antigen-specific immune
responses. Furthermore, it was proposed that there could be up-
take and processing of antigens from the ES lumen, due to the
co-expression of IBA1 and MHCII in epithelial cells and tran-
sepithelial migration. Additionally, Moller et al. [58] found gene
expression for both the cellular and humoral innate immune-
system, including toll-like receptors 4 and 7, beta-defensin, and
lactoferrin in the ES. These findings provide molecular evidence
of an immunological capacity of the ES to recognize and pro-
cess antigens for immune responses.

Autoinflammatory diseases are triggered by an overactive in-
flammatory response leading to immune dysregulation, funda-
mentally mediated by interleukin (IL)-1B, type I interferon (IFN)-
mediated responses, and the transcription factor NF-xB [59].
These diseases normally manifest in the perinatal period; how-
ever, late-onset forms are diagnosed in adulthood [60]. Some of
these disorders have symptoms that mimic allergic and immu-
nodeficiency disorders. Additionally, many of them are accom-
panied by SNHL as a symptom, suggesting that potentially simi-
lar hearing loss pathogenesis molecular mechanisms may exist.
Over the last decade, new molecules have been explored to de-
tect the role of cytokines in AD, and new drugs are being devel-
oped to interfere with them. Around 60% of MD patients have
antibodies in their sera against proteins in the inner ear, and
there is evidence of the presence of cytokines in the cochlea, in-
cluding IL-10, TNF-a, NF-kp P65, P50, and IkBa [61].

TNF-a
TNF-a is a cytokine that binds to TNFRSF1A/TNFR1 and TN-
FRSF1B/TNFBR. It is mainly secreted by macrophages, induces
the infiltration of immunocompetent cells into the tissues, and
amplifies the immune response. It is a potent pyrogen causing
fever by direct action or by stimulation of IL-1 secretion, and
under certain conditions it can stimulate cell proliferation and
induce cell differentiation. It may also impair regulatory T-cell
(Treg) function in individuals with RA via FOXP3 dephosphory-
lation. TNF-a upregulates the expression of protein phosphatase
1, which dephosphorylates the key Ser418 residue of FOXP3,
thereby inactivating FOXP3 and rendering Treg cells functionally
defective [62].

In a small study population of 15 subjects, Ren et al. [63] re-
ported that both TNF-o. and IL-6 levels were significantly elevat-



ed in patients with sudden SNHL and progressive SNHL when
compared to controls. This study was followed by a preliminary
report on the use of etanercept [64], a well-known TNF-a block-
er used in ADs such as psoriasis and RA, for patients with im-
mune-mediated cochleovestibular disorders who did not re-
spond to conventional therapies. They reported a 92% success
rate in hearing loss improvement with etanercept therapy.

Animal models of labyrinthitis have been used to study the
role of TNF-a in recruiting inflammatory cells to the cochlea and
its role in resultant hearing loss [65]. While some researchers re-
ported that, in an animal model, etanercept had a protective ef-
fect on hearing loss [66], others found it to be less effective than
prednisone, with a greater potential for adverse effects [67]. In
contrast, human studies performed in patients with sudden SNHL
showed increased levels of TNF-a [68], while other studies pre-
sented opposite results [69]. In 2012, Svrakic et al. [70], performed
a prospective study in patients with immune-mediated SNHL
(IM-SNHL) where they concluded that TNF-o had the potential
for use as both a diagnostic marker for IM-SNHL and a prognos-
tic biomarker for corticosteroid response in the disease. Three
years later, Pathak et al. [71] demonstrated the TNF-a could be
attenuated in a subset of patients with AIED using N-acetylcys-
teine (NAC) [72], which might serve as a beneficial adjunctive
therapy in hearing restoration. NAC has been shown to have a
protective adjunct role in idiopathic sudden hearing loss, as the
addition of NAC to corticosteroid therapy resulted in better hear-
ing recovery than with corticosteroids alone [73].

IL-1B

IL-1p is produced by monocytes as an inactive 31 kDa precursor,
termed pro-IL-1, in response to molecular motifs carried by
pathogens referred to as pathogen-associated molecular patterns
(PAMPs). Pro-IL-1p is cleaved by the protease caspase-1 [74].
The activation of caspase-1 occurs via recruitment to a multi-pro-
tein complex termed the inflammasome [75], which leads to an
active 17-kDa form of IL-1f [76].

Over a decade ago, the critical role of the IL-1 family as regu-
lators of inflammation and immunity became evident [77]. Early
immune system reactions to PAMPs may drive many of the later
adaptive T cell responses that maintain the disease. IL-1p is a key
proinflammatory cytokine involved in the progression of many
autoinflammatory diseases and ADs, including AIED and MD
[78]. During the immune response, the absence of the expres-
sion of IL-1 receptor antagonist (IL-1Ra) or other molecules that
oppose the IL-1p inflammatory cascade could promote the de-
velopment of ADs and autoinflammatory diseases. IL-1p is cru-
cial in the development of inflammation and the aggravation of
many autoinflammatory diseases and ADs. IL-1 plays a ho-
meostatic role in routine biological processes, but its constitutive
overproduction is associated with chronic diseases such as RA,
osteoarthritis, type 1 diabetes, MS, inflammatory bowel disease,
Muckle-Wells syndrome, DFNA34, and corticosteroid-resistant
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AIED [79-87]. IL-1B is processed by the inflammasome, and ge-
netic mutations occurring in its different components and the
resultant overproduction of IL-1p [88,89] are clinically manifest
in many autoinflammatory diseases [90-92]. The role of IL-1 in
hearing disorders is essentially unknown; nonetheless, there are
examples of its involvement in both animal models of AIED and
clinical autoinflammatory disorders with associated SNHL [93].
SNHL has been observed as a component of clinical diseases in-
volving IL-1p dysregulation, such as neonatal-onset multisystem-
ic inflammatory disease syndrome [94] and Muckle-Wells syn-
drome [95]. Likewise, improvement of SNHL has been observed
in response to treatment with anakinra, a soluble IL-1Ra, in
Muckle-Wells syndrome and AIED [96,97]. A recent report found
that the processed 28-kDa form of IL-1pB, which is uniquely gen-
erated by caspase-7, in patients with AIED can activate further
downstream proinflammatory cytokines [78].

CYTOKINES AND MD

Frejo et al. [98] observed that basal levels of the proinflammato-
ry cytokines TNF-q, IL-1pB, and IL-6 could be increased in some
MD patients. This observation was found in both UMD and
BMD patients, as well as in healthy individuals after stimulation
with lipopolysaccharide (LPS), which was used as positive con-
trol for inflammation (Fig. 3). They observed two subgroups of
MD patients according to their IL-1f profile (patients with high
levels of IL-1B and patients with low levels of IL-1), and these
groups could have different immune responses or functional
states of the immune system [98]. Later, Flook et al. [99],
showed that patients with MD or vestibular migraine had sepa-
rate pro-inflammatory profiles. A cytokine panel including IL-
1B, CCL3, CCL22, and CXCL1 could be used as biological
markers for the differential diagnosis of vestibular migraine and
MD. The expression of IL-1p, CCL3, CCL22, and CXCL1 has
been previously observed in mouse cochlear tissue [100], and
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Fig. 3. Temporal profile of cytokine release after lipopolysaccharide
(LPS) stimulation in peripheral blood mononuclear cells from a
healthy individual. IL, interleukin; TNF, tumor necrosis factor.
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IL-1B, CCL3, and CXCL1 have also been found in cells from
the ES [101]. Interestingly, CXCL1 is the only chemokine that
has been found to be expressed in mouse vestibular cells [102],
and it showed the highest expression of the four cytokines in all
tissues. Therefore, cytokine and chemokine profiles could be
used to define the immune response and the functional state of
the immune response in MD.

POTENTIAL DRUGSTHAT COULD REGULATE
THE IMMUNE RESPONSE IN MD

The treatment of MD primarily focuses either on lowering en-
dolymphatic pressure or controlling its symptoms during vertigo
episodes. No treatment cures the disease; therefore, treatment
involves a trade-off of improving symptoms with the fewest side
effects. Consequently, treatment starts with the most conven-
tional modalities: diet, lifestyle changes to reduce stress, and
medications to control vertigo. Hence, better treatment options
are needed. Implicitly, all clinically employed drugs have effects
on biological systems other than those for which they were de-
signed. This characteristic of drugs could result in a positive out-
come, as occurs when a drug established for one therapeutic in-
dication finds utility for another indication (known as “repur-
posing”). For example, steroids, which are commonly used in
ADs, can benefit patients with sudden hearing loss or autoim-
mune MD (Table 2).

Several actors including immune and non-immune cells, cyto-
kines such as TNF-a, IL-1p, IL-6, or type I IFN, and transcription
factor NF-«B play central roles in inflammation. Synergistic in-

Table 2. Potential beneficial drugs for the treatment of autoimmune/
autoinflammatory Meniere disease

Target Drug Function

TWEAK BIIB023 Inhibits binding between TWEAK and Fn14
NF-kB  Cepharanthine NFKB p105 inhibitor

Resveratrol NFKB p65 and IkB inhibitor
IL-6 Siltuximab Neutralizes IL-6 binding to its receptors
Sarilumab Binds to both sIL-6R and mIL-6R

IL-6R  Tocilizumab
Satralizumab
TNF Etanercept

Inhibits binding between IL-6 and IL-6R
Inhibits binding between IL-6 and IL-6R
Binds to TNF and inhibits its binding with TNF-R

Infliximab Neutralizes the activity of TNF-a

Adalimumab  TNF inhibitor

Certolizumab  Neutralizes TNF-o dose dependently

Golimumab Inhibits both solTNF-a and tmTNF-a
IL-1B Rilonacept IL-10/B blocker

Anakinra Recombinant IL-1Ra, IL-1f inhibitor

Celastrol Anti-inflammatory agent

Canakinumab  Antibody anti-IL-1p

NF-kB, nuclear factor-kappa B; IL, interleukin; IL-6R, IL-6 receptor; TNF, tu-
mor necrosis factor; sIL-6R, soluble IL-6R; mIL-6R, membrane IL-6R; IL-
1Ra, IL-1 receptor antagonist.

teractions between NF-«B and other transcription factors induce
the hyper-activation of NF-kB, followed by the production of
various inflammatory cytokines [103]. TWEAK is a multifunc-
tional cytokine that regulates several cellular responses, includ-
ing inflammation, cellular adhesion, proliferation, and apoptosis
[104,105]. TWEAK is expressed in several cell types, including
monocytes/macrophages, dendritic cells, activated T cells, astro-
cytes and microglia, endothelial cells, and erythroblasts. The bio-
logical activity of TWEAK is mediated through its receptor, fi-
broblast growth factorinducible 14 (Fn14), which is highly ex-
pressed in epithelial cells and induced in several human diseases
[106]. Increased levels of TWEAK and/or Fn14 have also been
found to be associated with the pathogenesis of RA [107], SLE
[108], MS [109], or neuroinflammation [110]. The binding of
TWEAK to Fn14 induces both acute activation of the canonical
NF-«B pathway and prolonged activation of the non-canonical
NF-«B pathway [104]. Furthermore, the non-canonical NF-xB
pathway plays a key role in immunity and immune-mediated
disorders such as SLE. The non-canonical NF-kB pathway relies
on the phosphorylation-induced p100 processing, which is trig-
gered by signaling from a subset of TNFR members, including
Fn14, TNFR2, BAFFR, CDA40, LTPR, and RANK [111]. Most of
these signals are regulatory elements of the immune response,
supporting the hypothesis that the allelic variants of immune re-
sponse genes can modify the clinical course in MD. Inflamma-
tion may occur in the ES, since proteomic studies have found
high contents of immunoglobulins (Igs) in the ES [20]. Endo-
lymph and perilymph homeostasis is maintained at the cochlea
and vestibular semicircular canals at multiple sites, including the
spiral ligament, the stria vascularis, the cochlear and vestibular
non-sensory epithelial cells, and the ES. The sac is a small organ
located in the posterior cranial fossa and plays a crucial role both
in the maintenance of endolymph composition and in the innate
immune response [58]. We hypothesize that, after exposure to
an environmental trigger, the carriers of the risk haplotype could
have an abnormal NF-kB-mediated inflammatory response in
the ES, causing an ionic imbalance in the endolymph, leading to
the accumulation of endolymph at the cochlear duct. Therefore,
the TWEAK/Fn14 and NF-xB pathways have potential drugga-
ble targets.

Although there are no approved drugs for either TWEAK or
its receptor Fn14, BIIB023 is an anti-TWEAK monoclonal anti-
body that demonstrated a favorable safety and tolerability pro-
file in a phase 1 study of RA patients. In contrast, regulation of
NF-kB pathways play a pivotal role in cellular responses to chang-
es in the environment. At present, several biologics and mole-
cules that modulate both the canonical and non-canonical path-
ways are in the market or in clinical trials. Moreover, many mar-
keted drugs that were later observed to also have NF-xB target-
ing activity were repurposed for new therapeutic interventions
[112]. There are over 700 known inhibitors of NF-kB signaling
at several levels [113] that could be potential druggable targets.



The NF-xB pathway in general can be regulated at three differ-
ent points: (1) blocking the signal reception by interfering with
the receptor-ligand binding, thereby abolishing the signaling cas-
cade at the initial stage; (2) interfering with any of the factors in-
volved in the cascade in the cytoplasm; and (3) targeting the nu-
clear translocation of NF-kB factors or interfering with their DNA
binding.

Cepharanthine (CEP) has a multifactorial mechanism of ac-
tion. The drug exerts membrane effects such as the modulation
of efflux pumps and membrane rigidification, as well as various
intracellular and nuclear effects. CEP interferes with numerous
metabolic axes, primarily with the AMP-activated protein kinase
(AMPK) and NF-B signaling pathways. Specifically, its anti-in-
flammatory effects rely on AMPK activation and NF-kB inhibi-
tion. Resveratrol inhibits NF-kB signaling through suppression
of p65 and IkB kinase activities [114].

Several cytokines could also be potential targets to treat MD
since they mediate an overactive inflammatory response that
triggers immune dysregulation in inflammatory diseases. Type I
IEN can have dual and opposing roles in immunity, with effects
that can be beneficial or detrimental to the individual depend-
ing on whether IFN pathway activation is temporary or persis-
tent. When dysregulated, the type I IEN system drives many in-
flammatory diseases, including SLE, myositis, RA, and Sjogren
syndrome [115]. IL-6 is a pleiotropic pro-inflammatory cytokine
produced by a variety of cell types, including monocytes, lym-
phocytes T- and B-cells, and fibroblasts. IL-6 has been shown to
be involved in diverse physiological processes in response to in-
fections and tissue damage, and it contributes to host defense
through the stimulation of acute-phase responses, hematopoie-
sis, and immune reactions. While its expression is firmly regulat-
ed by transcriptional and posttranscriptional mechanisms, dys-
regulated continual synthesis of IL-6 exerts a pathological effect
on chronic inflammation and autoimmunity [116].

There are several approved drugs against IL-6 and its receptors
(IL-6R and IL-6ST). Siltuximab is a recombinant human-mouse
chimeric monoclonal antibody that binds to IL-6. It prevents the
binding of IL-6 to both soluble and membrane-bound IL-6 re-
ceptors (soluble IL-6R [sIL-6R] and membrane IL-6R [mIL-6R]),
inhibiting IL-6 signaling. Sarilumab is a human recombinant
monoclonal antibody of the IgG1 subclass. It binds to both sIL-
6R and mIL-6R, and it has been shown to inhibit IL-6-mediated
signaling through these receptors. Tocilizumab is a first-genera-
tion antibody directed against IL-6R. It inhibits binding between
IL-6 and IL-6R. Satralizumab is a second-generation anti-IL-6R
monoclonal antibody designed to have enhanced antigen-neu-
tralizing capacity and a longer plasma half-life than tocilizumab.
Furthermore, several anti-IL6 agents, such as clazakizumab, and
anti-IL6R agents, such as olokizumab and vobarilizumab, are
also being studied.

TNF has two forms: soluble (solTNF) and transmembrane
(tmTNF). Although both forms are biologically active, they have
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clearly different roles. tmTNF has been shown to play a crucial
role in maintaining the physiological innate immune response to
infections [117], while the main role of solTNF is to drive the
inflammatory response. This function has been proven in animal
studies showing that inhibition of solTNF causes an anti-inflam-
matory effect. Inhibition of tmTNE, in contrast, results in increased
sensitivity to infection and exacerbation of demyelination. Five
TNF inhibitors have been approved for the treatment of various
inflammatory diseases: etanercept, infliximab, adalimumab, cer-
tolizumab, and golimumab. All of these agents competitively in-
hibit the binding of TNF to its receptors. Nevertheless, they dif-
fer in both pharmacokinetic and pharmacodynamic characteris-
tics, leading to significant differences in their clinical efficacy
and indications. Alongside the approved therapies (RA, ankylos-
ing spondylitis, Crohn disease, and psoriasis), TNF inhibitors are
also repurposed for off-label indications such as SLE, scleroderma,
Sweet syndrome, or Sjogren syndrome, even though in most of
these cases large, controlled studies are still lacking [118].

Adalimumab is a humanized monoclonal antibody that, on
one hand, specifically binds to TNF and blocks its interaction
with endogenous TNF receptors to modulate inflammation, while
on the other hand, it induces apoptosis of lymphocytes that are
abnormally activated. Certolizumab is a polyethylene-glycolated
Fab’ fragment of TNF antibody that specifically binds to TNF-a
and neutralizes it in a dose-dependent manner. It also inhibits
the production of LPS-induced TNF-a and IL-1B. Golimumab is
a human monoclonal antibody with immunosuppressive features
that targets both solTNF-a and tmTNF-a. The TNF-golimumab
complex neutralizes the expression of C-reactive protein levels,
IL-6, intercellular adhesion molecule-1, matrix metalloprotein-
ase-3, and vascular endothelial growth factor induced by TNF-o,
demonstrating that golimumab is an effective modulator of in-
flammatory markers [119]. Etanercept is a recombinant version
of soluble human TNF receptor fused to an IgG Fc fragment that
binds specifically to TNF and inhibits its binding with endoge-
nous TNF receptors. The products of infliximab neutralize the
biological activity of TNF-o, by binding with high affinity to both
solTNF-o and tmTNF-q, inhibiting their binding with TNF-a. re-
ceptors. Infliximab products do not neutralize TNF-$ (lympho-
toxin-alpha), a related cytokine that employs the same receptors
asTNF-o.

More than any other cytokine family, the IL-1 family is pri-
marily associated with innate immunity, and even though the
inflammatory characteristics of the IL-1 family dominate in the
innate immune response, they can also play a role in acquired
immunity [120]. IL-1p is a proinflammatory cytokine that exerts
pleiotropic effects on a variety of cells and plays key roles in
acute and chronic inflammatory disorders and ADs. Its overpro-
duction is implicated in the pathophysiological changes that
arise during different disease states, such as RA, MS, Alzheimer
disease, neuropathic pain, and inflammatory bowel disease. The
proinflammatory activities of IL-1 are controlled by various en-
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dogenous inhibitors, such as IL-1Ras and membrane-bound and
soluble IL-1 receptor type II and IL-1 receptor accessory pro-
teins [121,122].

Canakinumab is a human IgGk monoclonal antibody target-
ing IL-1f [123]. Rilonacept is a dimeric, glycosylated fusion pro-
tein comprising the extracellular domain of IL-1R and the Fc
domain of human IgG1. Similar to canakinumab, rilonacept is
intended to bind and neutralize IL-1. It binds to both IL-10 and
IL-1p with high affinity, and so it has been suggested that rilona-
cept might have better inhibitory effects in vivo than other IL-1
blockers [123]. Anakinra is a recombinant IL-1Ra that has been
shown to be effective for the treatment of a subgroup of AIED
patients [97]. Potentially, celastrol, which has several cellular tar-
gets—interfering with the production of cytokines, chemokines,
and inflammatory mediators such as IL-1p and TNF-g; inhibiting
cell invasion and proliferation; and suppressing bone resorp-
tion—could constitute a potential candidate for the treatment of
inflammatory diseases.

CONCLUSION

All these approved drugs could potentially be beneficial for the
treatment of autoimmune/autoinflammatory MD. Since no cure
exists for MD, preclinical research and clinical trials repurposing
these drugs should be promoted in the next few years. We pro-
pose, for instance, to start employing these drugs as secondary
treatments. Clinical trials have demonstrated the efficacy of to-
cilizumab, a humanized anti-IL-6 receptor antibody, for patients
with RA and Castleman disease [116], and it may play a role in
asthma and other inflammatory pulmonary diseases [124], lead-
ing to approval of this innovative drug for the treatment of these
diseases. Since IL-6 has been demonstrated to play a significant
role in the development of various autoimmune and inflamma-
tory diseases, recruiting MD patients with a history of any of
these comorbidities could be a potential starting point to treat
them.
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