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Abstract

Neuromyelitis optica (NMO) is an inflammatory disease that resembles MS in the relapsing clinical course of optic neuritis
and myelitis. Two decades of studies have revealed that autoantibodies, reactive to the water channel protein aquaporin 4
(AQP4) are detected in the core group of patients. These autoantibodies play a crucial role in the inflammatory pathology of
NMO, involving proinflammatory cytokines, chemokines, and various inflammatory cells such as Th17 cells. Anti-AQP4
antibody—positive NMO differs fundamentally from MS, particularly in the responsiveness to therapies and the neuropathol-
ogy accompanying destruction of astrocytes. Research into the immunological mechanism has led to the identification of
possible targets of therapy, including complement pathway and interleukin-6 (IL-6) receptor signaling. Recent randomized
controlled clinical trials have shown the remarkable efficacy of antibodies specific for complement C5, IL-6 receptor, and
CD19* B cells in prevention of NMO spectrum disorder relapses, although no such effects were found in anti-AQP4 anti-
body—negative patients. These results imply that anti-AQP4 antibody is a biomarker predicting the efficacy of therapies, and
indicate the future direction towards “precision medicine.”
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Introduction relapse, is often more serious in NMO than in MS. In fact,

the occurrence of even a single relapse may cause persistent

Neuromyelitis optica (NMO) is an inflammatory disease of
the central nervous system (CNS), characterized by recur-
rent episodes of optic neuritis and transverse myelitis. Mye-
litis in NMO tends to have an unusually long, longitudinal
lesion in the spinal cord, which may extend to >3 verte-
bral segments on magnetic resonance imaging (MRI). The
MRI-based description, referred to as longitudinal extensive
transverse myelitis, is characteristic for NMO. Unlike mul-
tiple sclerosis (MS), NMO rarely has a chronic progressive
course. However, disease flare, either at onset or during
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disabling symptoms in NMO, implying that prevention of
relapse has a significant meaning in NMO. In 2004, Lennon
et al. discovered NMO-specific immunoglobulin (Ig) G. The
NMO-Ig was reactive to an astrocyte antigen and detected
in most NMO patients [1]. Subsequently, the NMO-Ig was
found to recognize the water channel protein aquaporin 4
(AQP4), highly expressed in astrocytes [2]. Experts soon
realized how remarkable are differences between MS and
AQP4-antibody (Ab)-positive NMO. Notably, AQP4-Ab is
not only a surrogate marker, but has a pathogenic activity,
causing destruction of astrocytes.

Although diagnosis of NMO was based on the clinical
observations before an assay for AQP4-Ab was available,
the diagnostic criteria established in 2006 [3] considered
both the presence of AQP4-Ab and a long-spinal cord lesion.
The criteria were very useful for diagnosis of core group of
AQP4-Ab-positive NMO. However, the revised criteria put
forward in 2015 recommended a broader diagnostic term,
NMO spectrum disorder (NMOSD), which includes AQP4-
Ab-negative patients as well [4]. As a reliable AQP4-Ab
assay is available only in some regions of the world, clinical

@ Springer


http://orcid.org/0000-0001-9048-0375
http://crossmark.crossref.org/dialog/?doi=10.1007/s00281-022-00941-9&domain=pdf

600

Seminars in Immunopathology (2022) 44:599-610

neurologists have generally supported this recommendation.
However, a proportion of anti-AQP4-Ab-negative NMOSD
patients have autoantibodies against myelin-oligodendrocyte
glycoprotein (MOG). As patients with anti-MOG antibod-
ies (MOG-Ab-positive autoimmune disease) were found to
show clinically broader disease endotypes, including cortical
and subcortical lesions [5], the outer boundary of NMOSD
has become blurred. Moreover, it is now known that AQP4-
Ab-positive and AQP4-Ab-negative patients differentially
respond to therapies. As such, further research and discus-
sion are needed on the identity of seronegative NMOSD,
although AQP4-Ab-positive NMO, on which we focus in
this review, is a solid disease entity.

Serious acute relapses in patients with NMOSD are
treated with intravenous high-dose corticosteroids and
plasma exchanges, as has been performed in MS. However,
disease-modifying therapies (DMTs) approved for MS are
not recommended for NMOSD, as the use of some DMTs
may exacerbate NMOSD [6-8]. Thus, oral corticosteroids
and generic immunosuppressants are often prescribed in the
remission phase of NMOSD. However, recent research has
identified various therapeutic targets in the pathogenesis of
NMOSD, leading to the development of therapeutic mono-
clonal antibodies. The efficacy of these antibodies has been
demonstrated in randomized clinical trials (RCTs) [9-13],
which has opened a gate for new era of NMO therapy.

Clinical features of NMO

The prevalence of NMO is estimated to be 2—4 per 100,000
individuals worldwide [14—16]. The median age of disease
onset is 39 years, and approximately 90% of the patients are
women [16]. It has been reported that familial occurrence
of NMO is approximately 3% but the underlying genetic
susceptibility is complex [17]. The association of human
leukocyte antigen (HLA) with an increased risk of NMO
has been revealed in several studies of small size, which
reported, for example, the NMO risk of Asian people carry-
ing HLA-DPB1#0501 has been reported [18]. However, the
small sample sizes owing to the low prevalence of NMOSD,
have limited genome-wide association studies with sufficient
power.

NMO is often associated with other autoimmune diseases
[19], such as systemic lupus erythematosus and Sjogren’s
syndrome, for which genetic factors have been identified.
Thus, NMO is presumed to be a multifactorial genetic dis-
ease, involving many genes in the immune system. With
regard to studies on an environmental factor, it is reported
that 15-25% of patients with NMO experience infections
prior to disease onset [20, 21]. Several case reports have sug-
gested an association between varicella-zoster virus, human
cytomegalovirus, or Epstein-Barr virus [22] and NMO;
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however, there seems to be no definite pathogen linked with
NMO.

To diagnose seropositive NMOSD patients, in addition
to AQP4-Ab, at least one of the six core characteristics of
this disease, including optic neuritis, acute myelitis, area
postrema syndrome (unexplained hiccups, nausea, or vom-
iting), acute brainstem syndrome, symptomatic narcolepsy
or acute diencephalic syndrome, and symptomatic cerebral
syndrome, needs to be confirmed. The exclusion of alterna-
tive diagnoses is also required [23]. The brainstem mani-
festations include vomiting, hiccups, oculomotor dysfunc-
tion, and pruritus as major symptoms. Hearing loss, facial
palsy, vertigo or vestibular ataxia, trigeminal neuralgia,
and other cranial nerve signs have also been reported [24].
Symptomatic narcolepsy is characterized by the involve-
ment of the hypothalamus, which expresses high levels of
AQP4 [25]. Other manifestations of circumventricular organ
involvement include anorexia (hypothalamus), inappropri-
ate antidiuresis, and posterior pituitary endocrinopathy
[26]. Notably, these regions are also consistent with AQP4
expression sites in the CNS, especially in the area postrema
lying at the base of the fourth ventricle, which has convo-
luted capillaries that lack tight endothelial junctions. Thus,
it seems that anti-AQP4 antibodies directly react to AQP4
on astrocytes forming the glia limitans of the blood-brain
barrier, and thereby causing the destruction of these astro-
cytes [27]. Hemispheric cerebral white matter lesions and
peri-ependymal lesions in the diencephalon and white mat-
ter adjacent to the lateral ventricles have also been reported
as typical brain lesion patterns of NMOSD on MRI, which
are interpreted as the core characteristics mentioned above
[28]. When AQP4-Ab is negative or a test for AQP4-Ab is
not available, diagnosis of seronegative NMOSD is allowed.
To make diagnosis of seronegative patients, however, stricter
criteria are applied, which include two of the six core clini-
cal characteristics: MRI-confirmed lesions and exclusion
of alternative diagnoses [3]. Among the several techniques
for detecting AQP4-Ab, cell-based assays have shown the
highest sensitivity and specificity compared to other assays,
such as enzyme-linked immunosorbent assay. Nevertheless,
clinicians should keep in mind that false-negative cases can
be diagnosed by repeated AQP4-Ab measures using high-
sensitivity techniques [29].

Pathology
of NMOSD-complement-dependent
astrocytopathy

The advent of AQP4-Ab assays has promoted research into
a better understanding of the pathophysiology of NMOSD.
Several previous reports have suggested that AQP4-Ab and
serum AQP4-Ab titers were correlated with the severity of
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optic neuritis and with length of the spinal cord lesions [30].
Individual serum AQP4-Ab titers were also found to change
in correlation with NMO pathology [31]. However, the titer
at onset did not correlate with the number of relapses in
the following decade [32]. More fundamentally, histopatho-
logical analysis demonstrated that loss of AQP4 expression
in astrocytes is associated with complement deposition in
the CNS of patients with NMO, which occurs before the
destruction of astrocytes [33]. The loss of AQP4 expres-
sion appears to be independent of primary demyelination in
pathological analysis, further supporting the hypothesis that
AQP4-Ab and complement deposition play a pivotal role in
the pathogenesis of NMO. Indeed, it has also been reported
that levels of glial fibrillary acidic protein (GFAP) in the
cerebrospinal fluid (CSF) are remarkably elevated during the
relapse of NMO, compared to that in MS, and the activity
and severity of NMO may correlate with the levels of GFAP
in the blood and CSF, indicating that astrocyte destruction
is central to the pathology of NMOSD [34, 35]. Moreover,
persistent inflammation leads to continuous recruitment of
reactive astrocytes to the lesions wherein astrocytes were
destroyed by AQP4-Ab, which causes further neuronal dam-
age in the lesions. Usually, in the tissue repair process of
the CNS, reactive astrocytes enter the lesions to form a glial
scar; however, in NMO, only a few scattered reactive astro-
cytes are present in the lesions [36]. Bright spotty lesions
on T2-weighted spinal MRI images have been reported
as a specific finding of NMO [37], which may reflect this
pathological characteristic. The autopsy of an NMO case
with long-term immunosuppressive treatment indicated the
presence of persistent active inflammatory lesions, suggest-
ing that chronic inflammation may be sustained in at least
some patients with NMO [38]. Finally, several reports have
shown the pathogenicity of AQP4-Ab in vivo, by showing
the enhancement of signs of a murine experimental model
experimental autoimmune encephalomyelitis (EAE) after
transfer of AQP4-Ab [39-41]. The direct pathogenicity of
AQP4-Ab has also been proven in a later study by intracer-
ebral injection of both AQP4-Ab and human complement
in mice, which recapitulated the histological characteristics
of human NMOSD [42]. The result of a pivotal clinical trial
showing the efficacy of eculizumab confirmed the role of
complement-dependent pathogenesis of AQP4-Ab-positive
NMOSD [9].

AQP4 as the autoantigen of NMOSD

AQP4 on perivascular astrocyte end-feet exists as two iso-
forms, differing at their N termini, due to either transla-
tion initiation at the first methionine (M1, 323 aa) or sec-
ond methionine (M23, 301 aa) [43]. These two isoforms

are expressed in the form of heterotetramers that aggregate
into the plasma membrane to form two-dimensional supra-
molecular structures named orthogonal array of particles
(OAPs) [44, 45]. M23 and M1 isoforms have opposing
effects on the intramembrane organization of AQP4: M23
forms large square arrays with abundant cross-bridges while
MI restricts square array assembly [46]. AQP4 is present
not only in brain astrocytes, but also in the eye, ear, skel-
etal muscle, stomach parietal cells, and kidney collecting
ducts [47]. However, tissues expressing AQP4, except for
the CNS, are only slightly affected by NMOSD. One pos-
sibility is the reduced expression of complement regulator
proteins (CD46, CD55, and CD59) [48] in astrocyte foot
processes compared with peripheral AQP4-expressing
cells, which may be a reason why AQP4-expressing cells
in the peripheral organs have increased resistance to com-
plement-dependent cytotoxicity (CDC). In rodents, it has
been reported that one of the complement regulators pre-
vents peripheral organ damage, myocarditis, which is caused
by intraperitoneal injection of AQP4-Ab in CD59-deficient
mice [49]. Another reason could be differences in antigenic-
ity related to the structural difference of AQP4 on astrocytes.
AQP4 is expressed in two isoforms, M23 and M1, in a ratio
of approximately 3:1 in astrocytes, consisting OAPs assem-
bled from 4- to 6-nm intramembrane particles corresponding
to individual AQP4 tetramers. Super-resolution microscopy
revealed that recombinant AQP4-Ab with enhanced CDC
preferentially formed organized clusters on supramolecular
AQP4 OAPs, thereby linking epitope-dependent multim-
eric assembly with enhanced complement classical path-
way, which results in complement component C1q binding
and activation [50]. In NMOSD, T and B cells sensitized to
supramolecular AQP4 are activated, leading to the produc-
tion of AQP4-Ab.

Initially, Lennon et al. found this autoantibody reactive
to astrocytes, using serum samples from patients with sus-
pected paraneoplastic autoimmunity. Indeed, a number of
studies have reported such an immune response to AQP4
as a manifestation of paraneoplastic syndrome mimicking
NMO, in patients with tumor tissues expressing AQP4 [51,
52]. In patients without tumors, cross-reactivity to a protein
of an intestinal bacterium has been reported [53]. In this
study, T cells from patients with NMO demonstrated greater
proliferation to AQP4 peptides that have significant homolo-
gies to a sequence within Clostridium perfringens adenosine
triphosphate—binding cassette transporter permease. These
AQP4 peptide—specific T cells were HLA-DR restricted and
exhibited CD4* T helper 17 (Th17) cell polarization. The
study thus suggests molecular mimicry is a possible mecha-
nism for triggering NMO.
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Immuno-pathogenesis of NMOSD

T helper cell subsets are generally assumed to play an impor-
tant role in inducing adaptive immune responses and serve
as initiators of autoimmune diseases. In EAE, an animal
model of MS, Th17 cells are defined as a distinct cell line-
age and known as pathogenic T cells that produce IL-17
via induction of a proinflammatory cytokine IL-6 receptor
(IL-6R) signal followed by activation via IL-23 receptor
signaling [54, 55]. Levels of IL-17 in the blood and CSF are
elevated in both NMOSD and MS as compared with other
non-inflammatory neurological diseases [56]. However,
unlike IL-17 that is increased in both NMOSD and MS, ele-
vations of IL-6 and IL.-23 are characteristic of NMOSD [56],
suggesting that more pathogenic Th17 cells may be induced
and operative in the pathology of NMOSD. Of note, circulat-
ing follicular-like T helper (cTfh) 17 cells, expressing CXC-
chemokine receptor 5 (CXCRS), are reported to strongly
support antibody secretion by facilitating differentiation of
B cells [57]. Of interest, skewing the cTth subsets towards
cTfh17 was observed in NMOSD [58]. It is important to

note that the pathological process of NMO begins with the
activation of pathogenic T cells, although this fact is often
overlooked or untold as compared with the latter process
including anti-AQP4-Ab production, astrocyte injury, and
neuronal damage (Fig. 1).

IL-6 in NMOSD

In the context of the inflammatory pathology of NMOSD,
prior studies have indicated that IL-6 promotes the activation
of autoreactive T cells, prolongs the survival of AQP4-Ab-
producing B cells, and reduces blood—brain barrier integrity.
The results of two pivotal clinical trials showing the effi-
cacy of satralizumab in AQP4-Ab-positive NMOSD have
firmly established the role of IL-6 and IL-6R signaling in
the pathogenesis of NMO [10, 11].

Pioneering works by Kishimoto et al. initially identi-
fied IL-6 as a cytokine that induces B cell production of
immunoglobulins [59]. Subsequent studies have identified
various roles for IL-6 and demonstrated how this cytokine
transmits signals leading to a variety of biological outcomes.

Satralizumab

Peripheral lymphoid organ

Inebilizumab

Fig. 1 Pathophysiology of NMOSD and key molecule-targeted ther-
apies. This cartoon depicted the dynamics of pathophysiology of
NMOSD from autoreactive T cell activation to neuronal damage. T
cells in peripheral lymphoid organs are activated by antigen-present-
ing cells including B cells. IL-6 from B cells may play a pivotal role
in differentiating T cells into pathogenic Th17 cells. Along with this,
autoreactive B cells differentiat into AQP4-Ab-producing plasmab-
lasts. AQP4-Ab appeared in perivascular space recognize AQP4 on
astrocyte end-feet and destruct it as complement-dependent manner.
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Neuronal damage

| Blood-brain barrier |

Eculizumab

Disruption of blood-brain barrier induces the activation of micro-
glia and dysfunction of astrocytes that yield to the result of neuronal
damage. Three key molecule-targeted monoclonal antibodies showed
strong effectiveness for preventing relapse of NMOSD: Eculizumab
blocks complement C5 cleavage preventing formation membrane
attack complex, satralizumab blocks IL-6R signal in multiple cell
types, and inebilizumab depletes CD19* B cells including plasmab-
lasts
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IL-6 is a pleiotropic cytokine that induces the synthesis of
acute inflammatory phase proteins such as C-reactive pro-
tein, serum amyloid A, and fibrinogen from hepatocytes,
whereas it inhibits the production of albumin [60]. It also
stimulates antibody production and induces the differentia-
tion of effector T cells. Moreover, it promotes the activa-
tion and development of some non-immune cells, such as
fibroblasts and platelets. Thus, persistent production of IL.-6
may trigger the onset or exacerbation of immune-mediated
diseases. The binding of IL-6 to cell surface IL-6R forms the
IL-6/IL-6R complex, which induces the homodimerization
of glycoprotein 130 (gp130). IL-6 binding to soluble IL-6R
also induces gp130 homodimerization. This event critically
triggers the activation of the Janus kinase (JAK)-STAT?3
pathway and JAK-SHP-2-mitogen-activated protein kinase
pathway, leading to biological responses.

Previous studies have documented the elevation of
various cytokines and chemokines in the serum and CSF
of patients with NMOSD [56, 61]. Notably, the levels of
the pro-inflammatory IL-6 in the serum of NMOSD were
higher than those detected in other neurological diseases,
including MS [62, 63]. In the pathogenesis of NMOSD,
IL-6 is thought to play multiple roles, including induction
of pathogenic effector T cells, promotion of plasmablasts’
survival and their production of AQP4-Ab, and disruption of
blood—brain barrier integrity and function [64]. It has been
reported that AQP4 peptides from the membrane surface of
AQP4 can activate Th17 cells to produce IL-17 [53]. This
process could be influenced by IL-6, as this cytokine is criti-
cal for the development of Th17 cells, whereas it suppresses
regulatory T cell differentiation [65]. Furthermore, IL-6
drives production of IL-21 from human CD4" T cells, the
cytokine capable of inducing Th17 and B cell differentiation
[66, 67]. In a rodent model, it has been reported that IL-6
produced by B cells plays a predominant role in inducing
Th17 cells associated with brain inflammation [68].

B cells in NMOSD

B cells play multiple roles in the pathophysiology of
NMOSD. As B cells produce IL-6, B cell-targeting ther-
apy may show efficacy by reducing the source of the IL-6
involved in NMOSD. Moreover, B cells serve as autoreac-
tive AQP4-Ab producing cells. Consistently, B-cell targeting
therapies, such as anti-CD20 and anti-CD19 antibodies, have
proven to be efficacious in NMOSD [12, 13].

B cells generated in the bone marrow are immature, pre-
cursor B cells that express IgM. These cells further mature
into naive B cells and then into follicular B cells or extrafol-
licular B cells. When activated, the follicular and extrafol-
licular B cells can differentiate into plasmablasts and short-
lived plasma cells, both of which can secrete antibodies.

Alternatively, with the help of T helper cells, follicular B
cells can also differentiate into memory B cells, which are
long-lived, and express antibodies of switched class and high
affinity for antigens. When reactivated by antigens, memory
B cells can differentiate into plasmablasts, which are com-
petent to become long-lived plasma cells [69].

During an acute NMOSD relapse, dynamic exchange
of B cells occurs between the periphery and the CNS.
We and others reported that differentiated plasmablasts
(CD19"°%CD27"e"CD38Me"CD1807B cells) are increased
in the peripheral blood of patients with NMOSD compared
to that in healthy individuals or patients with MS (70, 71).
Although the plasmablasts have eccentric nuclei, perinu-
clear hof regions, and abundant cytoplasm, they still have
a larger nucleus with a lower extent of chromatin clump-
ing compared to plasma cells. Thus, it seems that plasma-
blasts are involved in the process of cell differentiation just
before mature plasma cells localized to the bone marrow.
Of note, IL-6 was found to promote the survival of plasma-
blasts derived from patients with active NMOSD. The plas-
mablasts produced AQP4-Ab ex vivo, and IL-6 enhanced
autoantibody production from plasmablasts. These phenom-
ena were not observed when they were stimulated by other
B cell-stimulating factors, such as B cell-activating factor
and proliferation-inducing ligand [70]. Moreover, block-
ing IL-6R signaling by an antagonistic antibody for IL-6R
decreased the number of cultured plasmablasts.

A small proportion of plasmablasts remains in the sec-
ondary lymphoid organ (the spleen or lymph node) where
they are generated. Most plasmablasts migrate either to
inflamed tissue or bone marrow. In the former case, under
the control of interferon-y-induced expression of CXCR3,
they migrate towards CXC-chemokine ligand 9 (CXCL9),
CXCL10, and CXCL11. It has been reported that the levels
of CXCL10 are increased in the CSF of NMOSD compared
to other neurological diseases (69). In the latter case, under
the control of chemotaxis towards CXCL12 (which binds
CXCR4), plasmablasts are homed towards the bone mar-
row. All three tissues, inflamed tissue, secondary lymphoid
organs, and bone marrow, have finite numbers of plasma cell
survival niches. Plasmablasts that succeed in the acquisition
of such a niche differentiate into plasma cells and become
immobile. Resolution of inflamed tissue after a successful
immune response terminates the survival niches in the tissue
and therefore eliminates the resident plasma cells, which
is the peak of the immune response. In the bone marrow,
and to a lesser degree in secondary lymphoid organs, long-
lived plasma cells have been shown to survive and provide
humoral memory response (66). Importantly, the increase
in plasmablasts was more prominent in the relapse phase
of NMOSD, especially in the CSF. These plasmablasts in
the CSF expressed plasma cell surface protein CD138 and
HLA class II. Reflecting their ability to migrate to the CSF,
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they also expressed inflammatory tissue-oriented CXCR3,
but not bone marrow—derived CXCR4 (70). Interestingly, the
number of somatic hypermutations did not differ between
plasmablasts from peripheral blood and CSF, and some
clones were commonly observed between the two sites.
Thus, peripherally differentiated plasmablasts probably
migrate into the CNS and could be part of inflammation on
site during the flare of NMOSD. AQP4-Ab produced from
plasmablasts in the CSF has been shown to induce patho-
genicity in a rodent model [41].

It is still unclear how autoreactive B cells recognizing
AQP4 are able to differentiate into plasmablasts. Self-
reactive B cells are usually eliminated either by positive
selection in the bone marrow or negative selection in lym-
phoid follicles. Thus, self-reactive B cells with low affinity
for self-antigens can exhibit peripheral circulation. B cells
require antigen recognition through B cell receptor for clonal
expansion. As most autoantibodies recognize intracellular
self-antigens, cross-reactivity to the cell surface or extra-
cellular molecules enhances clonal expansion and differen-
tiation into memory and plasma cells. As a hypothesis, the
innate immune response through pattern recognition recep-
tors, such as toll-like receptor (TLR) signals, can activate
self-reactive B cells and overcome tolerance [74]. Indeed,
immature B cells from patients with AQP4-Ab-positive
NMOSD have the potential to produce polyreactive autoan-
tibodies against intracellular antigens compared to healthy
controls [75]. The role of extrafollicular B cells and their
prominence in severe disease have been implicated in human
systemic lupus erythematosus. Its activation is mediated by
hyper-responsiveness to TLR-7 and leads to the generation
of a unique B cell subpopulation, such as activated naive
B cells, IgD™CD27~ double—negative B cells expressing
CDlIc, and autoreactive antibody-secreting plasmablasts
[76]. Double—negative B cells as well as plasmablasts were
reported to be increased in patients with NMOSD [71, 77].
TLR-7-driven differentiation of B cells from patients with
NMOSD has been shown to facilitate AQP4-Ab production
[78]. Therefore, the B cell differentiation pathway commonly
found in autoimmune diseases may exist in NMOSD.

Neuroinflammation in NMOSD

Astrocyte foot processes line the perivascular space of the
cerebral blood vessels and form part of the blood—brain
barrier. As AQP4 is expressed in the foot processes and
functions as a water channel, the AQP4-Ab released around
blood vessels can easily recognize AQP4 in the astrocytes.
In NMOSD pathology, this antigen—antibody reaction causes
astrocyte damage at the same site in a complement-depend-
ent manner, resulting in the breakdown of the blood—brain
barrier and subsequent CNS inflammation. In an in vitro
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blood-brain barrier model study, AQP4-mediated astrocyte
injury using IgG (NMO-IgG) derived from patients with
NMOSD enhanced vascular permeability by reducing the
barrier function of vascular endothelial cells. It has been
suggested that NMO-IgG may promote the influx of inflam-
matory cells into the brain by enhancing the expression of
chemokines that attract inflammatory cells to the endothelial
cells [79]. In this process, IL-6 produced from astrocytes
by NMO-IgG may transmit a signal via the IL-6R in the
vascular endothelium. In fact, in animal model, EAE has
been reported to ameliorate in vascular endothelial cell-spe-
cific IL-6R knockout mice [80]. Additionally, AQP4-Ab
may affect co-localized excitatory amino acid transporter 2
(EAAT?2) in astrocytes, causing glutamate hyperexcitability
at neuronal synapses due to EAAT2 downregulation, result-
ing in neuronal damage [81]. NMO-IgG has also been shown
to induce the production of complement component C3
from astrocytes, which may lead to activation of microglia,
induction of perivascular microglial migration, and further
exacerbation of local inflammation [82]. Further research
is needed to elucidate how astrocyte damage caused by
AQP4-Ab leads to neuronal damage, and how complement,
inflammatory cytokines, and inflammatory cells, which have
been key pathological conditions in previous analyses, are
involved in neuroinflammation in the CNS.

Molecular targeted therapies in NMOSD

As in the case of MS, intravenous high-dose corticosteroid
therapy and plasma exchange therapy are used for the treat-
ment of acute NMOSD. However, DMTs for MS are not
recommended for preventing NMOSD relapses due to their
potentials to exacerbate NMOSD [6-8]. Therefore, oral cor-
ticosteroids and common immunosuppressive agents, such
as azathioprine, mycophenolate mofetil, methotrexate, tac-
rolimus, and cyclosporine A [83—87], have been prescribed
as preventive agents for the recurrence of NMOSD. As a
molecular targeted drug, the efficacy of rituximab targeting
the B cell surface receptor CD20 has been described [88],
and a randomized controlled trial (RCT) in Japan confirmed
its safety and usefulness [13]. Moreover, recent advances in
this field have identified three key molecules as therapeutic
targets in the molecular pathway of NMOSD, and the effec-
tiveness of monoclonal antibody drugs targeting comple-
ment C5, IL-6R, and B cell surface molecule CD19 has been
demonstrated in RCTs [9-12] (Table 1).

Complement protein C5-targeted therapy:
Eculizumab

Eculizumab, a humanized monoclonal antibody, inhibits the
terminal complement protein C5 and prevents its cleavage into
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Table 1 Molecular targeted monoclonal antibody therapies against AQP4-Ab-positive NMOSD

Name Eculizumab Satralizumab Satralizumab Inebilizumab
Phase III trial PREVENT® SAkuraSky® SAkuraStar®” N-MOmentum?
Baseline therapy Yes Yes No No

(steroids* immuno-

suppressant)
Effectiveness Hazard ratio (0.06) Hazard ratio (0.21) Hazard ratio (0.26) Hazard ratio (0.27)

(relapse rate
compared to the
placebo group)
Adverse events
Serious side effects  Neisseria meningitidis
Route of admission  Intravenous every week for
1 month following every
2 weeks

Action mechanisms  Blocks complement C5 cleavage

Nasopharyngitis, upper respiratory tract infections, headache, and urinary tract infections
Tuberculosis, hepatitis B infection
Subcutaneous three times in initial 1 month following

every month

Blocks IL-6R signal

Urinary tract infections, joint
pain

Hepatitis B infection

Intravenous twice in initial

2 weeks following every
6 months

Depletes CD19 +B cells

C5a, which is proinflammatory, and C5b, which coordinates
the formation of the membrane attack complex (MAC) [89].
In general, antibody-mediated target cell damage includes
CDC and antibody-dependent cellular cytotoxicity (ADCC)
exerted by natural killer cells and other cells with similar
functions. Eculizumab inhibits C5 to C5b cleavage in the for-
mer pathway, which is essential for the formation of a MAC
at the end of the classical complement pathway that begins
with antibody-antigen recognition. Preclinical data indicate
that AQP4-Ab triggers the complement cascade both in vitro
and in vivo [42, 90], which leads to inflammation and MAC
formation. MAC is implicated in astrocyte destruction and
subsequent neuronal injury, which is absent in experimental
models treated with a complement inhibitor [91]. The role of
eculizumab in preventing C5a formation is likely to prevent
several mediators of inflammation, such as phagocytosis and
vascular permeability [92]. In vitro experiments have shown
that C5a-preactivated neutrophils mediate the formation of
reactive astrocytes in the sera of patients with NMOSD [93].

In an initial open-label study involving 14 patients with
clinically active AQP4-Ab-positive NMOSD, the use of
eculizumab reduced the frequency of relapse [94]. Thus, a
phase I RCT (PREVENT study) was conducted to examine
the recurrence prevention effect of 143 AQP4-Ab-positive
NMOSD patients recruited from 18 countries (70 institutes),
and a marked reduction in relapse was observed in the treat-
ment group compared to that in the placebo group. The study
was terminated early because of its strong inhibitory effect
(hazard ratio 0.06; 95% CI, 0.02 to 0.20) [9]. Eculizumab
may cause serious infections with capsule-forming bacteria,
such as Neisseria meningitidis, of which eradication needs
the action of MAC. Thus, vaccination against Neisseria
meningitidis is required before starting therapy, and clini-
cians need to closely observe the conditions of the patients
after the start of treatment by bi-weekly injection of the

reagent. In a recent study assessed, the long-term efficacy
and safety of eculizumab treatment of NMOSD for 3.7 years.
Along with a low relapse rate (0.025 relapses/person-year),
no patient developed a meningococcal infection, although
there were some serious infections [95]. The efficacy of this
therapeutic agent provided the most significant evidence that
astrocyte damage in CNS lesions occurs in a complement-
dependent manner.

IL-6R signal-targeted therapy: Satralizumab

Satralizumab is a humanized monoclonal antibody that
binds to the membrane-bound and soluble forms of IL-6R
to block the homodimerization of gp130, thereby preventing
downstream signaling pathways. Satralizumab is designed
to dissociate from IL-6R at low pH in the endosome, and
to maintain the affinity of constant regions for the neonatal
Fc receptor (FcRn). This engineering allows the antibody
to dissociate from IL-6R after internalization of the anti-
gen—antibody complex in the target cells followed by its
release into the circulation. This results in binding to another
IL-6R (recycling mechanism) that prolongs the elimination
half-life of the drug in the blood by a monthly subcutaneous
injection during the maintenance period [10, 96]. Increased
levels of IL-6 were detected in the serum or CSF of patients
with NMOSD [61, 62], and preclinical studies have shown
its association with pathogenic T cells, B cells, vascular
endothelial cells, and astrocytes [53, 70, 79]. In particular,
blocking IL-6R signaling decreased the number of cultured
AQP4-Ab-producing plasmablasts, which prompted us to
further study the treatment of NMOSD by IL-6R blockade.
Case reports from Japan and Germany have indicated that
tocilizumab, a humanized monoclonal antibody against
IL-6R, could be valuable for treatment-resistant patients [97,
98]. A Japanese patient who was previously treated with
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interferon-f showed gradual recovery from severe neuro-
pathic pain, fatigue, and disability scores [97]. Subsequently,
a small study exploring the safety and efficacy of tocili-
zumab confirmed the efficacy of this treatment, indicating
that IL-6R signaling plays a crucial role in the pathogenesis
of NMOSD [99]. In Germany, tocilizaumab showed efficacy
in patients with intractable NMOSD who were resistant to
intensive treatment with steroids, immunosuppressants such
as anti-CD20, and plasmapheresis [98]. Recently, a clinical
trial with tocilizumab for NMOSD, including 85% seroposi-
tivity for AQP4-Ab, was performed as monotherapy. In this
study, a higher percentage of patients without concurrent
autoimmune diseases remained relapse-free for 2 years than
those treated with azathioprine (91% vs. 63%) [100].

The efficacy and safety of subcutaneous satralizumab
treatment concomitant with the administration of base-
line immunosuppressants were tested in a phase III RCT
(SAkuraSky study) [10]. A total of 83 patients with
NMOSD (both seropositive and seronegative for AQP4-
Ab) were recruited from 11 countries (34 institutes). Of
note, both adult patients (18-74 years) and adolescents
(12-17 years) were included in the study. As baseline
immunosuppressants, concomitant use of azathioprine,
mycophenolate mofetil, or prednisolone was allowed.
The doses of the baseline treatment drugs were fixed dur-
ing the study. In the AQP4-Ab seropositive subgroup, the
effect of satralizumab was more prominent than that of
the patients receiving placebo (hazard ratio, 0.21; 95%
CI, 0.06-0.75). In striking contrast, there was only a
small difference between the satralizumab and placebo
groups in the AQP4-Ab seronegative group. This may
reflect the difference in pathological conditions between
the AQP4-Ab seropositive and seronegative groups. In
this study, based on previous experience in case series,
pain or fatigue was assessed as a secondary outcome;
however, there was no significant difference between the
groups regarding the pain score or the fatigue score from
baseline to week 24, which requires further assessment
in a post-marketing surveillance. The safety was similar
between the adult and adolescent groups. Adverse events
in the satralizumab group, including injection-related reac-
tions, nasopharyngitis, upper respiratory tract infections,
and headaches, were also observed in the placebo group.
The efficacy and safety of subcutaneous satralizumab
treatment as monotherapy were also tested in a phase III
RCT (SAkuraStar study) [11]. A total of 95 patients with
NMOSD (both seropositive and seronegative for AQP4-
Ab) were recruited from 13 countries (44 institutes). The
randomization strategy included previous therapy for
relapse prevention, whether or not the patients had been
treated with B cell-depleting therapy or not. In the AQP4-
Ab seropositive group, the effect of satralizumab was more
prominent than in the patients receiving placebo (hazard
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ratio, 0.26; 95% CI, 0.11-0.63). In contrast, there was no
difference between the satralizumab and placebo groups
in the AQP4-Ab—seronegative group. This study revealed
that satralizumab monotherapy in patients with NMOSD
delayed the occurrence of relapse and reduced the relapse
rate in AQP4-Ab seropositive patients. The long-term effi-
cacy and safety of these two trials have been announced
by the pharmaceutical company with consistent adverse
events in double-blind periods for 4 years. As patients with
NMOSD often have other autoimmune diseases, the use
of tocilizumab in other autoimmune diseases may provide
clinicians with a sense of side effect prediction, such as
tuberculosis. The effect of this therapeutic agent reaffirmed
the importance of the IL-6R signaling at each checkpoint
in the pathology of NMOSD.

CD19" B cell-targeted therapy: Inebilizumab

Inebilizumab is a humanized, affinity-optimized, afuco-
sylated monoclonal antibody that binds to the B-cell surface
antigen CD19. Compared to anti-CD20 monoclonal anti-
bodies that recognize and deplete a small subset of CD20-
expressing T lymphocytes (in addition to B lymphocytes)
[101], anti-CD19 antibodies recognize and deplete a wider
range of lymphocytes exclusively from the B cell lineage,
including CD20-negative precursor B cells and plasmablasts
[102]. The efficacy and safety of inebilizumab as monother-
apy were tested in a phase II/IIl RCT (N-MOmentum study).
A total of 99 patients with NMOSD (both seropositive and
seronegative for AQP4-Ab) were recruited from 25 coun-
tries. This therapy was administered twice: first at intervals
of 2 weeks and then at intervals of 6 months. The num-
ber of CD20-positive B cells in the blood continued to be
depleted from the 8th day after administration. In the AQP4-
Ab seropositive group, the effect of inebilizumab was more
prominent than that in the patients receiving placebo (hazard
ratio, 0.272; 95% CI, 0.150-0.496). On the other hand, three
relapses were observed only in the inebilizumab group of 13
patients with AQP4-Ab seronegative NMOSD compared to
the placebo group of four seronegative NMOSD patients.
Eculizumab is injected intravenously every 2 weeks and
satralizumab is injected subcutaneously every month. As
so, the long interval of inebilizumab injection can reduce the
burden on patients. However, as with other therapies, clini-
cians should be careful about infectious diseases. Rituxi-
mab has been reported to cause fulminant hepatitis due to
viral reactivation in hepatitis B carrier patients [103]. The
long-term efficacy and safety of inebilizumab treatment of
NMOSD for more than 4 years were assessed in patients
with AQP4-Ab seropositive NMOSD. Along with a low
relapse rate (0.052 relapses/person-year) especially from 2"
years, IgG levels decreased over time [104]. The suppression
of the recurrence of NMOSD by treatment targeting B cells



Seminars in Immunopathology (2022) 44:599-610

607

in the circulating blood indicates that the process from lym-
phocyte activity to tissue damage often progresses dynami-
cally with each recurrence in the pathology of NMOSD.

Conclusion

Since the discovery of AQP4-Ab, studies on the patho-
physiology of NMOSD have been performed logically and
intensively. It might be possible to state that the sequences
of research into NMOSD have been a most successful
endeavor to elucidate immune pathogenesis of neurological
diseases. In fact, RCTs have shown the efficacy of thera-
peutic agents targeting complement, IL-6R signaling, and B
cells, and these drugs have become available in many coun-
tries, including the USA, Canada, and Japan. With regard to
the practice, we need to be able to recommend proper use
of a drug in individual cases. The new molecular targeted
drugs efficiently prevent relapses, which obviously reduces
the burden of patients. However, NMOSD patients are suf-
fering from continuous neurological signs, including pain,
fatigue, and unstable visual acuity. It was previously thought
that these problems could be solved only partially by medi-
cine. However, pathological studies have begun to reveal
the presence of chronic inflammation in NMOSD, which
may account for the persistent symptoms. The next goal of
research may be how much we can reduce the persistent
symptoms caused by chronic inflammation.
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