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Abstract. Neuromyelitis optica spectrum disorder (NMOSD)
is a group of immune-mediated inflammatory demyelin-
ating diseases mainly affecting the central nervous system.
It is characterized by high risk of relapse and progression
to disability. The frequent recurrences of neuromyelitis
optica spectrum disorder often exacerbate the neurological
dysfunction and severely affect the patient's quality of life.
Conventional treatments for neuromyelitis optica spectrum
disorder, including acute treatment and sequential therapy, aim
to decrease the degree of disability and recurrences. In recent
years, new monoclonal antibodies have yielded encouraging
results. The present review discusses the research status and
recent progress in the treatment of NMOSD with monoclonal
antibodies.
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1. Introduction

Neuromyelitis optica spectrum disorder (NMOSD) is a
group of inflammatory demyelinating diseases of the central
nervous system that are mainly mediated by humoral
immunity, and mainly involve the optic nerve and spinal
cord (1). The aetiology of NMOSD is mainly associated
with an aquaporin-4 antibody (AQP4-IgG), and >80% of the
patients are AQP4-IgG-positive (2). NMOSD usually occurs
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in young adults and is more common in women compared
with men. NMOSD has a high risk of relapse and progres-
sion to disability. Clinically, the treatment of NMOSD mainly
involves glucocorticoids and immunosuppressive agents,
mainly azathioprine (AZA), mycophenolate mofetil and
cyclosporine. Over the years, as the understanding of NMOSD
pathophysiology improved, many new therapies have emerged,
including molecular-targeted therapy with monoclonal anti-
bodies. The results of several recent phase III clinical trials on
monoclonal antibodies have brought new hope for the treat-
ment of NMOSD. This article reviews the latest progress in the
treatment of NMOSD with monoclonal antibodies. The aim is
to help researchers better understand the clinical application of
monoclonal antibodies and to provide a reference for clinical
practice.

2. B cell depletion therapy

B cells play a pathogenic role in NMOSD, an autoimmune
disease of the central nervous system, through various
mechanisms, including the production of pathogenic auto-
antibodies, secretion of cytokines/chemokines, and antigen
presentation-T cell interactions (3). Therefore, the depletion of
B cells by monoclonal antibodies has become a therapeutic
strategy for NMOSD. Rituximab (RTX) and inebilizumab
are the major monoclonal antibodies that are used in clinical
practice to treat NMOSD by targeting B cells.

RTX. RTX is a human-mouse chimeric monoclonal antibody.
It can effectively eliminate B cells produced by CD20-positive
antibodies through complement- and antibody-dependent
cytotoxicity and apoptosis. RTX was originally approved for
the treatment of adult B-cell lymphoma. Later, the important
role of B cells in some autoimmune diseases was discovered,
so RTX has been gradually applied to the treatment of systemic
lupus erythaematosus, rheumatoid arthritis, immune throm-
bocytopenic purpura, and myasthenia gravis (4,5). In 2005,
Cree et al (6) first reported the experience of treating patients
with neuromyelitis optica (NMO) using RTX. The results of
this open study showed that six out of eight patients with NMO
receiving RTX had no relapse during an average follow-up
period of 12 months and that seven patients had significantly
improved neurological function and a decrease in Expanded
Disability Status Scale (EDSS) score from 7.5 before the treat-
ment to 5.5. Several subsequent studies have demonstrated
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the high efficacy of RTX in the treatment of NMOSD (7-9).
Therefore, RTX has been increasingly used in the treatment of
NMOSD. The European Union of Neurology guideline in 2010
and the recommendations of the Neuromyelitis Optica Study
Group in 2014 suggested the use of RTX as the first-line main-
tenance therapy for NMO (10,11). However, these treatment
experiences are mainly based on single-centre cohort studies,
retrospective studies, or case reports. In 2016, Damato et al (12)
published a systematic review on the efficacy and safety of
RTX for NMOSD. The article included a total of 46 studies
and conducted a meta-analysis on 25 of them. The results
showed that RTX treatment effectively decreased the annual
recurrence rate and EDSS score. A retrospective study by
Poupart er al (13) found that RTX, as a first-line treatment for
NMOSD, decreased the annual recurrence rate more effectively
compared with mycophenolate mofetil but had no significant
difference compared with AZA. The randomized controlled
trial by Nikoo et al (14) showed that RTX was more effective
than AZA in decreasing the annual recurrence rate and EDSS
score in patients with NMOSD. In 2020, Tahara et al (15)
published a study in The Lancet Neurology, which is the first
randomized, double-blind, placebo-controlled clinical trial
on the treatment of NMOSD with RTX. The study randomly
divided the 38 patients with NMOSD into one group receiving
RTX (n=19) and one group receiving placebo (n=19). All patients
received oral administration of low-dose hormones. During the
72-week follow-up period, relapse occurred in 7 (37%) patients
receiving placebo, and no relapse occurred in patients receiving
RTX. In addition, the changes in the total quantification of
nerve and spinal cord impairment (QOSI) scores were signifi-
cantly higher in patients receiving RTX compared with those
receiving placebo (-1.16 vs. 0.63; P=0.033).

Due to the lack of data, the use of B cell depletion therapy
to treat NMOSD in pregnant patients has been controversial.
Kim et al (16) retrospectively analyzed 29 pregnant patients
with NMOSD and found that the pregnancy-associated relapse
was negatively correlated with pre-pregnancy RTX treatment
(odds ratio, 0.048; 95% CI, 0.004-0.546). It was thus specu-
lated that pre-pregnancy RTX treatment may help prevent
pregnancy-associated NMOSD attack.

A five-year study indicated that RTX has good safety (17).
The randomized controlled trial by Tahara et al (15) also
showed that except for infusion reactions, the incidences of
adverse events were similar between patients receiving RTX
and placebo. Although RTX has been on the market for nearly
two decades, the risk of progressive multifocal leukopathy,
hypogammaglobulinemia, and severe infections cannot be
neglected in patients who take RTX for a long time (18,19).
Rituximab has been included in treatment guidelines but
has not been approved by United States Food and Drug
Administration (FDA) for NMOSD (20).

Inebilizumab (MEDI-551). Inebilizumab is an anti-CD19
humanized monoclonal antibody that targets B cells and specifi-
cally binds to the CD19 antigen on the B cell surface, resulting
in B cell depletion (21). CD19 antigen is a type I transmembrane
glycoprotein belonging to the immunoglobulin (Ig) superfamily.
It is expressed in early pro-B cells, late pro-B cells, memory B
cells, plasmablasts, and some plasma cells (22). Compared with
the anti-CD20 monoclonal antibody, the anti-CD19 antibody

not only has better affinity but can also identify more B cell
lineages. In recent years, inebilizumab has been tested in phase I
clinical trials of systemic sclerosis and multiple sclerosis (23,24).
However, before the N-MOmentum study, inebilizumab had
never been used in patients with NMOSD, nor has any published
study supported its use in the treatment of NMOSD (25).
The N-MOmentum study was a double-blind, randomized,
placebo-controlled phase II/III clinical trial evaluating the
efficacy of inebilizumab for the treatment of NMOSD (26).
Two hundred thirty patients with NMOSD were randomly
divided into a group receiving inebilizumab (n=174) and a group
receiving placebo (n=56) at a ratio of 3:1. Patients received intra-
venous injections of 300 mg inebilizumab or placebo on the 1st
and 15th days of the trial. The primary endpoint was the time to
onset of an NMOSD attack. The study found that compared with
placebo treatment, inebilizumab treatment significantly delayed
the time to onset of an NMOSD attack. Twenty-one (12%) of
the 174 participants receiving inebilizumab and 22 (39%)
out of the 56 participants receiving placebo had an NMOSD
attack. In addition, the risk of disability, the occurrence of new
MRI lesions, and the number of hospital visits associated with
NMOSD were significantly lower in participants receiving
inebilizumab compared with those receiving placebo. In terms
of safety, the N-MOmentum study notes that the common
adverse reactions in the participants receiving inebilizumab
included urinary tract infection, joint pain, back pain, headache,
cystitis and sore eyes. In the non-blinded stage of the study,
two patients died, one due to respiratory insufficiency caused
by disease progression, the other due to inflammatory diseases
of the central nervous system with unknown aetiology, and an
association between death and treatment with inebilizumab
could not be ruled out. In the future, long-term follow-up studies
with a large sample are needed to further understand the safety
of inebilizumab. In June 2020, inebiluzumab was approved by
FDA for AQP4-IgG NMOSD (27).

3. Interleukin (IL)-6 receptor (IL-6R) antagonists

IL-6 can be elevated in the serum and cerebrospinal fluid of
patients with NMOSD (28). Chihara et al (29) found that the
increased expression of IL-6 in patients with NMO enhanced
the viability of plasmablasts, thereby stimulating the secretion
of AQP4-Ab. In vitro experiments confirmed that the blocking
of IL-6R signalling by anti-IL-6R antibody can decrease
the survival of plasmablasts. These results suggest that the
IL-6-dependent B cell subsets are involved in the pathogenic
mechanism of NMO, and IL-6R signalling may become
a new target for NMO treatment. IL-6 may have multiple
roles in NMOSD pathophysiology by stimulating antibody
production in B cells and the development of effector T cells,
by regulating the balance between Th17 and Treg cells, and
by disruption of BBB function (30). The treatment of neuro-
pathic pain is a difficult problem for patients with NMOSD.
Increasing evidence indicates that IL-6R antagonists can not
only effectively reduce the annual recurrence rate and EDSS
scores but also alleviate neuropathic pain and fatigue symp-
toms in patients with NMOSD (31,32).

Tocilizumab (TCZ). TCZ is a humanized anti-IL-6R mono-
clonal antibody of the IgG1 subclass and is the first anti-IL-6R
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monoclonal antibody used to treat NMOSD. Currently, this
drug has been approved for the treatment of adult rheumatoid
arthritis and juvenile rheumatoid arthritis (33). Araki e al (34)
published the first study on TCZ to treat NMOSD in 2012.
Only patient, a 36-year-old female with NMO, was studied,
who received an intravenous injection of 8 mg/kg TCZ once a
month for six months. After treatment, the number of relapses
significantly decreased, the EDSS score decreased from 3.5 to
2.0, and the pain numerical rating scale score decreased from
4 to 0. Another study showed that TCZ significantly lowered
the annual recurrence rate in three patients with NMO who
responded poorly to RTX (35). Subsequently, Araki et al (32)
published a study with a larger sample size. Seven patients
with NMOSD were administered monthly injections of
TCZ (8 mg/kg) in addition to original treatment. Following
12 months of treatment, the annual recurrence rate decreased
from 2.9+1.1 to 0.4+0.8, and the EDSS score, neuropathic
pain, and fatigue symptoms were all significantly improved.
A retrospective study evaluating the long-term efficacy and
safety of TCZ indicated that it is safe and effective to start TCZ
as soon as possible for patients with refractory, highly active
NMOSD, and that they should adhere to the monthly treatment
plan (8 mg/kg) for a long time (36). Lotan et al (37) found
that, like intravenous injection therapy, subcutaneous injec-
tion of TCZ decreased the annual recurrence rate of NMOSD
(2 vs. 0; P=0.0015). The results indicated that subcutaneous
injection might be a more convenient route for administration
of TCZ in patients with NMOSD. In a recently published
phase II randomized controlled clinical trial (TANGO trial),
118 patients with NMOSD were randomly divided into a group
receiving TCZ (n=59) and a group receiving AZA (n=59) (38).
In addition to the original treatment with immunosuppressive
agents, TCZ or AZA was taken for a total of 60 weeks, and
the results showed that the median time to first relapse was
longer in patients taking TCZ compared with patients taking
AZA (789 vs. 56.7 weeks; P=0.0026). At the end of the study,
relapse occurred in 8 (14%) patients taking TCZ and 28 (47%)
patients taking AZA (HR: 0.236; P<0.0001). The incidence of
adverse reactions was similar in the two groups of patients, but
the incidence of severe adverse reactions was higher in patients
taking AZA compared with those taking TCZ. The results
indicated that compared with AZA, TCZ had significantly
lower relapse risk and better safety. Infection, leukopenia,
anaemia and hypercholesterolaemia are the most common
adverse reactions to TCZ in patients with NMOSD (39).
During TCZ treatment, the complete blood count, liver and
kidney function and blood lipids should be closely monitored
to prevent thrombosis and cardiovascular events. TCZ has not
been considered by FDA for NMOSD.

Satralizumab (SA237). SA237 is a novel anti-IL-6R mono-
clonal antibody. Compared with other anti-IL-6R monoclonal
antibodies, SA237 has a longer half-life and can be adminis-
tered by subcutaneous injection. Two recent phase III clinical
trials, SAkuraSky and SAkuraStar, respectively described the
efficacy of SA237 in combination drug therapy or monotherapy
for NMOSD. SAkuraSky was a randomized, double-blind,
placebo-controlled phase III clinical trial conducted by
Yamamura et al (40) on the treatment of NMOSD with the
combined use of SA237 and other immunosuppressive agents.

The trial was published in 2019 in the New England Journal of
Medicine. In the trial, 83 patients with NMOSD were randomly
allocated to receive SA237 (n=41) or placebo (n=42). On top
of immunosuppressants, the patients received subcutaneous
injections of 120 mg of SA237 or placebo at weeks 0, 2 and
4 and every 4 weeks thereafter. Relapse occurred in 8 (20%)
patients receiving SA237 and 18 (43%) patients receiving
placebo. The recurrence rates of patients receiving SA237 and
patients receiving placebo were 0.11 and 0.32, respectively.
Subgroup analysis showed that among AQP4-IgG-seropositive
patients, relapse occurred in 3/27 (11%) patients who received
SA237 and in 12/28 (43%) patients who received placebo.
Among AQP4-IgG-seronegative patients, relapse occurred
in 5/14 (36%) patients who received SA237, and in 6/14
(43%) patients who received placebo. The visual analogue
scale scores and the Functional Assessment of Chronic
Illness Therapy-Fatigue (ACIT-F) at 24 weeks were not
significantly different between patients receiving SA237 and
patients receiving placebo. Therefore, Yamamura et al (40)
concluded that adding SA237 therapy to immunosuppres-
sant therapy can decrease relapse in patients with NMOSD,
especially AQP4-IgG-seropositive patients, and that SA237
is not different from placebo in its relief of pain or fatigue.
The SAkuraStar study is a recently published randomized
controlled trial on SA237 as monotherapy for patients with
NMOSD (41). This trial included 95 patients with NMOSD,
63 of whom received SA237 and 32 placebo. The results
showed that relapse occurred in 19 (30%; n=63) patients
receiving SA237 and in 16 (50%; n=32) patients receiving
placebo. Similar to the SAkuraSky study, the changes in visual
analogue scale pain score and FACIT-F fatigue score were not
significantly different between SA237 and placebo groups.
Subgroup analysis showed that among AQP4-IgG-seropositive
patients, relapse occurred in 9 (22%; n=41) patients receiving
SA237 and in 13 (57%; n=23) patients receiving placebo and
that among AQP4-IgG-seronegative patients, relapse occurred
in 10 (46%; n=22) patients receiving SA237 and in 3 (33%;
n=9) patients receiving placebo. In summary, SAkuraSky
and SAkuraStar indicated that monotherapy with SA237 can
effectively decrease the recurrence rate and delay relapse in
patients with NMOSD, especially AQP4-IgG-seropositive
patients. The safety results of the two trials were similar. They
both concluded that SA237 had good safety and that the most
common clinical adverse reactions to SA237 were infection
and injection-associated reactions, which were mostly mild
to moderate. There were no deaths or anaphylactic reactions
in either trials. A systematic review showed that the anti-IL-6
drugs TCZ and SA237 had good efficacy and safety in
NMOSD (42). Nevertheless, a long course of treatment and
long-term monitoring are still needed to assess the real risks of
infection, neutropenia and cardiovascular side effects associ-
ated with these drugs (43). In August 2020, Satralizumab was
approved for the treatment of NMOSD in adult patients who
are AQP4 antibody-positive by FDA (44).

4. Complement blockers
Eculizumab. Eculizumab is a humanized monoclonal anti-

body that specifically binds to the complement protein C5
with high affinity, inhibits its cleavage to C5a and C5b, and
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prevents the formation of the terminal complement complex
C5b-9, thereby inhibiting the activation of the terminal
complement pathway (45). Eculizumab is mainly used for the
treatment of paroxysmal nocturnal haemoglobinuria, atypical
haemolytic uraemic syndrome and generalized myasthenia
gravis. An open study in 2013 proposed that eculizumab may
prevent the relapse of NMOSD (46). This study included 14
AQP4-IgG-seropositive female patients who received intrave-
nous injections of 600 mg eculizumab weekly for 4 weeks. At
week 5, the patients started to receive intravenous injections
of 900 mg eculizumab every 2 weeks. The treatment course
lasted a total of 48 weeks. After 48 weeks of treatment, relapse
only occurred in two out of 14 patients, and the EDSS score
decreased from 4.3 before the treatment to 3.5 after the treat-
ment (P=0.0078). In addition, five patients had improved visual
acuity. The study concluded that eculizumab could significantly
decrease the frequency of attack and maintain or improve
neurological dysfunction in patients with NMOSD. However,
the aforementioned studies were uncontrolled and unblinded
clinical trials with small samples. In 2019, Pittock et al (47)
published a randomized, double-blind clinical trial on eculi-
zumab treatment in 143 AQP4-IgG-seropositive patients with
NMOSD. The patients were randomly allocated to receive
eculizumab (n=96) or placebo (n=47) in a ratio of 2:1. Each
patient received 900 mg of eculizumab or placebo once a
week in the first 4 weeks. At week 5, the patients started to
receive intravenous injections of 1,200 mg eculizumab every
2 weeks. Relapse occurred in 3 patients (3%; n=96; annual
recurrence rate, 0.02) receiving eculizumab and in 20 patients
(43%; n=47; annual recurrence rate, 0.35) receiving placebo.
However, there was no significant difference in the EDSS score
between groups. Therefore, Pittock et al (47) concluded that
the risk of relapse is significantly lower in AQP4-IgG-positive
patients with NMOSD receiving eculizumab compared with
those receiving placebo. The long-term efficacy of eculizumab
in patients with NMOSD still requires further study. In terms
of safety, since the C5b-9 complex has a bactericidal effect
on encapsulated bacteria (especially Neisseria meningitidis),
the blocking of the synthesis of the C5b-9 complex by eculi-
zumab may increase the susceptibility of patients to infection.
Therefore, in both studies, a meningococcal vaccine was
given to the subjects before the start of the trial (46,47). In
the first study, one patient developed meningococcaemia and
aseptic meningitis (46). In the second study, no meningo-
coccal infection occurred (47). In addition, the most common
adverse reactions reported in these two studies included upper
respiratory tract infection, headache, nausea and dizziness.
Currently, in the European Union, the United States, Canada
and Japan, eculizumab has been approved for the treatment of
AQP4-IgG-positive adult patients with NMOSD (48).

5. Other monoclonal antibodies

Several other monoclonal antibodies are at the testing stage
in animal experimental models or at the early clinical stage,
which will be briefly introduced in the present review.
Aquaporumab (mAb-53) is a humanized non-pathogenic
recombinant monoclonal antibody targeting AQP4. Like
the pathogenic AQP4 antibody, the Fab fragment of aqua-
porumab competitively binds to the AQP4 protein, but

the Fc fragment of aquaporumab is artificially mutated to
eliminate the activation of complement- and cell-mediated
cytotoxicity (49). Aquaporumab has not been applied to
human patients with NMOSD. However, in vitro, aquapo-
rumab in the culture medium effectively inhibits the binding
of the AQP4 antibody to target cells expressing AQP4. In
an in vitro spinal cord section model and a mouse model of
NMO, aquaporumab prevented the development of NMO
injury and inhibited cytotoxicity (50). Duan et al (51) found
that high-affinity aquaporumab formed by saturation muta-
genesis prevented serum-induced cell injury in patients with
NMO. The competitive blocking of AQP4-IgG binding and
inhibition of cytotoxicity by aquaporumab may provide a
new treatment strategy for AQP4-IgG-seropositive patients
with NMOSD.

Bevacizumab is a recombinant humanized monoclonal
antibody that targets the vascular endothelial growth factor.
It can inhibit angiogenesis and maintain the integrity of the
blood-brain barrier. It has been approved by the US Food and
Drug Administration for use in a variety of malignant tumours.
The serum in patients with NMO has excess vascular endo-
thelial growth factor that destroys the blood-brain barrier (52).
Mealy et al (53) conducted a phase Ib clinical trial on the
treatment of NMOSD with bevacizumab. The trial included
10 patients. The EDSS scores of five patients in the follow-up
period were better compared with those at the time of admis-
sion. In terms of safety, according to the previous experience
of bevacizumab in the treatment of other diseases, the most
serious adverse reactions to bevacizumab are haemorrhage
and thromboembolism (54). However, in the trial conducted
by Mealy et al (53), none of the 10 patients had these adverse
reactions, and only one patient had serious infection (urinary
tract infection), which was considered unrelated to the medica-
tion. Other adverse reactions included oedema, diarrhoea, rash
and headache.

Ublituximab is a novel anti-CD20 monoclonal antibody
that targets the specific epitope of the CD20 antigen on
mature B lymphocytes. In a phase I open clinical trial, five
AQP4-IgG-seropositive patients with NMOSD received
ublituximab treatment in addition to intravenous infusion of
methylprednisolone. In the 90-day follow-up period, the EDSS
score of three patients improved, and the B cell depletion status
of four patients lasted >2 months. This study also showed that
ublituximab had good safety. All five patients had no serious
infections, infusion reactions, or liver disease and the adverse
reactions of patients mainly included transient leukopenia,
severe headache, and body pain (55).

6. Summary

In summary, most of the aforementioned monoclonal anti-
bodies are very effective and well tolerated in patients with
NMOSD, particularly those with poor response to conven-
tional immunosuppressive agents. The monoclonal antibodies
targeting AQP4, such as aquaporumab, have higher disease
specificity and thus may have better clinical effects and fewer
adverse reactions. However, new monoclonal antibodies such
as aquaporumab and ublituximab still require prospective,
randomized, controlled studies with large samples to clarify
their efficacy.
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