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Abstract Neuromyelitis optica (NMO)/NMO spectrum

disorder (NMOSD) is a chronic, recurrent, antibody-

mediated, inflammatory demyelinating disease of the

central nervous system, characterized by optic neuritis

and transverse myelitis. The binding of NMO-IgG with

astrocytic aquaporin-4 (AQP4) functions directly in the

pathogenesis of [60% of NMOSD patients, and causes

astrocyte loss, secondary inflammatory infiltration,

demyelination, and neuron death, potentially leading to

paralysis and blindness. Current treatment options, includ-

ing immunosuppressive agents, plasma exchange, and

B-cell depletion, are based on small retrospective case

series and open-label studies. It is noteworthy that mon-

oclonal antibody (mAb) therapy is a better option for

autoimmune diseases due to its high efficacy and tolera-

bility. Although the pathophysiological mechanisms of

NMOSD remain unknown, increasingly, therapeutic stud-

ies have focused on mAbs, which target B cell depletion,

complement and inflammation cascade inactivation, blood-

brain-barrier protection, and blockade of NMO-IgG-AQP4

binding. Here, we review the targets, characteristics,

mechanisms of action, development, and potential efficacy

of mAb trials in NMOSD, including preclinical and

experimental investigations.
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Introduction

Neuromyelitis optica (NMO)/NMO spectrum disorder

(NMOSD) is a devastating autoimmune inflammatory

disease of the central nervous system (CNS), with a

predilection for causing lesions in the optic nerve and

spinal cord [1–3]. NMO was previously considered a

subtype of multiple sclerosis (MS); however, the discovery

of an autoantibody against aquaporin-4 (AQP4), the

dominant water channel which is strongly expressed on

astrocyte end-feet, distinguishes NMO from MS and helps

to establish a diagnosis of NMO [1, 4]. It is pertinent to

distinguish between MNO and MS at diagnosis, as some

MS therapies, such as natalizumab and interferon-b,
aggravate rather than treat NMO [5, 6]. Autoantibodies

against AQP4 (AQP4–IgG), which are present in the large

majority of NMO patients, function directly in the patho-

genesis of disease [7, 8]. In 2015, the Wingerchuck criteria,

an internationally recognized means of diagnosing NMO,

were updated. AQP4-IgG plays a crucial role in AQP4-

IgG-positive NMOSD patients. The main features include

clinical evidence, or MRI findings, associated with the

optic nerve, spinal cord, area postrema, and other brain-

stem, diencephalic, or cerebral presentations. In seroneg-

ative patients, a diagnosis of NMOSD requires more

stringent clinical and MRI criteria [9]. Specific antibodies

against myelin oligodendrocyte glycoprotein (MOG–IgG)
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on the outermost surface of myelin sheaths, are present in

*40% of all AQP4–IgG seronegative NMO patients

[10–13], and a few NMO patients are positive for both

antibodies [14, 15]. MOG syndrome is a disorder distinct

from AQP4–IgG-positive NMOSD. It has been reported

that the treatment response to mAb therapy such as

rituximab in MOG syndrome is not as good as in AQP4–

IgG-positive NMOSD [16]. Previous studies have shown

that MOG–IgG also plays an important role in the

pathogenesis of seronegative NMOSD, demonstrating that

MOG–IgG-positive patients have a more favorable clinical

outcome than patients with AQP4–IgG [17–21]. At present,

evidence from the laboratory and clinic suggests that

AQP4–IgG is pathogenic in NMO. Thus, research on NMO

treatment is mainly focused on the series of pathological

inflammatory reactions caused by the binding of AQP4-

IgG to AQP4.

Female predominance in NMO is common, especially in

AQP4-IgG-positive patients; the female-to-male ratio is

5–9:1 [22–24]. The median age of onset is 35–37 years, but

the first attack may occur in early childhood or in the

elderly [23, 25]. Furthermore, 80%–90% of NMO patients

experience a relapse during disease progression rather than

a monophasic course, and most patients follow a course of

early incremental disability [26, 27]. One reason for these

pathogenic events is that the AQP4-IgG titer has significant

clinical and immunological implications, as a higher serum

titer means there is more AQP4-IgG in the CNS [28].

Therefore, studies on NMO treatment have focused on

blocking the binding of AQP4–IgG to AQP4, using

medications such as aquaporumab [29–32]. At present, a

few drugs are available for the treatment of NMO,

including general immunosuppressive agents, plasma

exchange, and B-cell depletion, targeting AQP4-IgG and

inflammatory reactions [33–35]. Unfortunately, even with

the application of current treatment options, NMO patients

frequently suffer from paralysis and blindness, and even

die [36, 37]. Therefore, improved therapies for NMO are

needed to ameliorate acute attacks and prevent

exacerbations.

Recently, many targeted therapies with monoclonal

antibodies (mAbs) have been introduced as a treatment

strategy for autoimmune diseases, demonstrating a high

rate of efficacy and tolerability [38]. Some treatments are

currently being investigated in clinical trials for the

treatment of NMO. For example, rituximab, eculizumab,

tocilizumab, and bevacizumab are all effective for the

treatment of NMO [33, 39, 40]. Based on this evidence, we

review specific mAbs for the treatment of NMO based on

the pathogenesis of the disease.

Attempts at mAb Therapy for NMO

At present,[70 antibody drugs have obtained marketing

approval for clinical use. In 1975, Kohler and Milstein

created the hybridoma technology for lymphocytes by

which specific binding of mAbs to an antigenic site can be

obtained [41]. Many therapeutic antibodies have been

obtained by mouse hybridoma technology. However,

mouse antibodies are recognized as foreign proteins by

humans and induce human anti-mouse antibody (HAMA),

limiting their clinical application [42, 43]. To avoid this

problem, mouse sequences have been partly exchanged

with the homologous human sequences by genetic engi-

neering technology (Fig. 1). The chimeric antibodies have

mouse constant domains replaced by human constant

domains, as in rituximab; the humanized antibodies have

mouse variable region frameworks and constant domains

Fig. 1 Components and classification of monoclonal antibodies.

Based on the mouse-derived to human-derived ratio, mAbs can be

divided into four categories. The mouse sequences are partly

exchanged with the homologous human sequences through genetic

engineering. In chimeric antibodies, mouse constant domains are

replaced with human constant domains; the humanized antibodies

have mouse variable-region frameworks and the constant domains are

replaced by homologous human sequences, further reducing the

mouse sequences. The higher the proportion of human-derived

components, the lower the risk of HAMA reactions. H chain, heavy

chain; L chain, light chain; CDR, complementarity determining

region; CH, heavy chain constant region; CL, light chain constant

region; VH, heavy chain variable region; VL, light chain variable

region; C1qmAb, C1q-targeted monoclonal antibody.
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that have been replaced by the homologous human

sequences [44]. Only three complementarity-determining

regions of humanized antibodies are mouse sequences; the

mouse sequences have been further reduced compared to

chimeric antibodies, as in eculizumab [43, 44]. These

engineered mouse antibodies have occupied the major

proportion of therapeutic antibody approvals over several

decades. In fact, the first completely human mAb, adali-

mumab, was obtained by phage display in 1994 [45]. mAbs

are a growing group of therapeutic proteins, mainly

focused on the treatment of cancer and autoimmune

diseases.

Though there have yet to be any approved mAbs for

NMO, several that are under development are described in

this review. For example, rituximab is widely used as a

preventive therapy in NMO [46]; ublituximab, another

anti-CD20? mAb, exhibits greater antibody-dependent

cell-mediated cytotoxicity (ADCC) activity than rituximab

[47]; and eculizumab significantly reduced the annualized

relapse rate (ARR), and improved the neurological dis-

ability in an NMO open-label trial [48]. Tocilizumab also

reduces the ARR, and gradually ameliorates

intractable pain and general fatigue in NMO patients

[49], while satralizumab, an extended version of tocilizu-

mab, had a greater duration of action than tocilizumab in a

phase III clinical trial. Lastly, bevacizumab [anti-VEGF

(vascular endothelial growth factor)-A] is a safe add-on

therapy for NMO patients with an acute relapse [50]; while

non-pathogenic aquaporumab may also be a promising

treatment for NMO, though there has been no clinical

report as yet [40]. A schematic illustration of the mech-

anisms of action of these drugs is shown in Fig. 2 and

information on these drugs for NMO is listed in Table 1

(according to www.clinicaltrials.gov).

Current Clinical Trials of mAb Therapy for NMO

Rituximab

Rituximab, a chimeric monoclonal IgG1 that specifically

binds to CD20 on B cells, has mouse constant domains

replaced by human constant domains. Rituximab has been

used as preventive therapy in NMO for years [46, 51]. B

cells are essential in the pathogenesis of NMO [52, 53]. In

most NMO patients, AQP4-IgG is produced by plas-

mablasts, a subpopulation of B cells [8]. In the CNS, with

AQP4-IgG binding, AQP4 initiates an inflammatory cas-

cade that ultimately leads to demyelination and neuron

death [54, 55]. Rituximab effectively depletes CD20? B

cells in peripheral blood, while AQP4-IgG is not consis-

tently decreased after repeated courses of rituximab

[56, 57]. Other mechanisms beyond antibody reduction

may contribute to the clinical stabilization, including

inhibition of B/T-cell interactions, decreasing pro-inflam-

matory cytokines, increasing regulatory T cells, and

modulating the T-cell compartment [58–60].

Rituximab is usually administered intravenously at

375 mg/m2 once weekly for 4 weeks and 1000 mg twice

at a 2-week interval. Most patients remain B-cell-deficient

for 6 months, so an additional dose can be given

6–9 months after the initial treatment. [33]. In a trial in

China, Yang et al. first reported that low-dose rituximab

(100 mg intravenously infused once weekly for 3 weeks

and re-infused at the same dose when CD19?B cells

exceed 1%) depletes B cells and maintains low B-cell

counts. In their study, of the five treated NMO patients,

none experienced a relapse during the 1-year follow-up

[61]. During the past decade, rituximab has been used to

treat immune-mediated neurological disorders over a long

trial period and is well tolerated [62–65]. In 2005, Cree

et al. first reported a prospective open-label rituximab

study of eight patients with severe NMO. The results

showed that treatment was well tolerated with a significant

ARR reduction (2.6 to 0) and disability improvement [66].

There have been, however, several trials of rituximab for

NMO in which the mean ARR significantly declined

[67, 68]. Rituximab is an effective and well-tolerated

treatment for refractory NMO with the ARR defined by at

least one relapse during immunosuppressive therapy

[69, 70]. In 2013, a 5-year follow-up study of rituximab

in NMO patients showed that 87% of patients exhibited a

clear reduction in ARR from 2.4 to 0.3, and 60% of overall

patients were relapse-free after treatment [69]. Similarly, in

an open-label clinical trial for the treatment of NMO from

September 2015 to December 2016 (NCT03002038, phase

II, III), rituximab was shown to be more effective (ARR

decreased from 1.30 to 0.21) than azathioprine (ARR

decreased from 1 to 0.51) [71].

The most serious adverse events with rituximab are

immunosuppressive in nature, including infections and

HAMA reactions [72]. Progressive multifocal leukoen-

cephalopathy (PML) has also been reported in rituximab-

treated patients, although the pathophysiology of PML

after rituximab therapy remains uncertain. Regardless, the

effect of rituximab on T-cell function is recognized as a

potential mechanism of JC virus reactivation [73, 74]. To

date, there have been no reports of PML with rituximab in

NMO patients. Rituximab treatment, however, may reac-

tivate hepatitis B virus [75]. Therefore, it is desirable to

check for the hepatitis B virus antigen before rituximab

treatment.
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Ublituximab (LFB-R603, TGT-1101, TGTX-1101)

Ublituximab is a glycol-engineered chimeric IgG1 target-

ing CD20 with a low fucose content of oligosaccharides

[76]. ADCC activity is dependent on the fucose content

[77]. Ublituximab designed with low fucose content

exhibits high-affinity binding to FccRIIIa that increases

ADCC activity 100 times more than rituximab [47]. A

recent clinical trial (NCT02276963, phase I) evaluated the

safety of ublituximab as an add-on therapy in acute NMO/

NMOSD. Patients were intravenously infused with 450 mg

ublituximab once on day 1, plus 1000 mg glucocorticoids

daily on days 1-5. The primary outcome measure was the

number of participants with adverse events over a 90-day

period. The major adverse events of ublituximab were

mostly immunosuppressive, while common side-effects

included diarrhea, constipation, fatigue, and neutropenia.

Inebilizumab (MEDI-551)

Inebilizumab, a humanized IgG1 mAb against CD19, is

expressed in a wide range of B cells at various stages [78].

While rituximab depletes mature naı̈ve and memory B cells

[51], the pre-B cell developmental stages and plasma cells

do not express CD20 on the surface. CD19 has broader

expression during B-cell development than CD20 in that it

Fig. 2 Pharmacological targets of antibodies in the mechanisms of

NMO pathogenesis. The entry of AQP4-IgG produced by plasma cells

into the CNS through the BBB plays an important role in the

pathogenesis of NMO. Tocilizumab and satralizumab specifically

bind to interleukin (IL)-6 receptors and block the IL-6 signaling

pathway and reduce plasma cells derived from B cells. Inebilizumab

specifically binds to CD19 and rituximab specifically binds to CD20,

deleting B cells that inhibit the B/T-cell interaction, decreasing pro-

inflammatory cytokines, increasing regulatory T cells, and modulating

the T-cell compartment. Aquaporumab specifically binds to astrocyte

AQP4 to block the binding of AQP4-IgG and AQP4, thus decreasing

CDC and ADCC; C1qmAb specifically binds to complement C1q to

block the classical complement pathway. Eculizumab specifically

binds to complement C5 and blocks all terminal pathways of

complement activation (classical, lectin, and alternative) and prevents

the formation of MAC. Bevacizumab specifically binds to VEGF-A,

which is beneficial for the BBB and decreases the entry of AQP4–IgG

and inflammatory cells into the CNS, especially in acute NMO

exacerbations. mAbs specifically block the pathological processes of

NMO, thereby reducing astrocyte lysis, oligodendrocyte loss,

demyelination, and neuron loss. IL-6, interleukin-6; IL-6R, IL-6

receptor; VEGF-A, vascular endothelial growth factor A; VEGFR2,

VEGF receptor 2; AQP4, aquaporin-4; CDC, complement-dependent

cytotoxicity; MAC, membrane attack complex; NMO, neuromyelitis

optica; BBB, blood brain barrier; CNS, central nervous system.
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is expressed at the pre-B cell stage and in a proportion of

plasma cells [58, 79]. Plasmablasts are responsible for

producing AQP4-IgG. In addition, CD19 is selectively

expressed on B cells, but CD20 is also expressed on T cells

[80, 81]. Anti-CD19 therapy is a promising treatment for

autoimmune diseases [82]. In sum, inebilizumab is

expected to more efficiently deplete circulating plas-

mablasts than other B-cell-targeting mAbs, and is believed

to be effective for B-cell-related autoimmune diseases [83].

The results from a phase II/III trial (NCT02200770) of

inebilizumab in NMO showed that 21 (12%) of 174

participants with inebilizumab treatment had an attack

versus 22 (39%) of 56 participants with placebo treatment.

Inebilizumab reduced the risk of an NMOSD attack

compared with placebo [84].

The major serious adverse events of inebilizumab are

likely immune suppression. The depletion of CD19? B

cells offers potential advantages in efficacy, but a poten-

tially high risk of infectious complications [85]. Urinary

tract infection, arthralgia, headache, hypoesthesia, and eye

pain are nominally more frequent with inebilizumab [84].

Eculizumab (Soliris)

Eculizumab is a recombinant, humanized, monoclonal

IgG2 antibody in the complement system [86]. The

complement system is essential in the pathogenesis of

NMO, as AQP4-IgG binding to AQP4 activates comple-

ment, which then amplifies the inflammatory response and

is formative in the membrane attack complex (MAC) in

astrocyte membranes, cell lysis, BBB disruption, demyeli-

nation, and neuron death [7, 54, 87–89]. C5 can be cleaved

into C5a and C5b in all pathways of complement activation

(classical, lectin, and alternative), which initiates the

terminal complement cascade [90]. Therefore, C5 is a

crucial target in NMO treatment [91]. Currently, eculizu-

mab is approved for the treatment of paroxysmal nocturnal

hemoglobinuria and atypical hemolytic uremic syndrome

[86, 92]. Though still at an experimental stage, eculizumab

is also expected to be applied to NMO.

In an open-label trial (NCT00904826, phase I, II), 14

seropositive NMO patients were intravenously infused with

600 mg eculizumab weekly for four weeks, 900 mg in the

fifth week, and then 900 mg every two weeks for

48 weeks. Serum complement activation decreased signif-

icantly during the treatment. Twelve (85%) patients were

relapse-free during the first year of treatment, and demon-

strated improved neurological disability including visual

acuity. However, one patient had meningococcal sepsis

two months after the first eculizumab infusion [48].

Recently, the PREVENT double-blind clinical trial

(NCT01892345, phase III) showed that 97.9% of AQP4-

positive NMOSD patients treated with eculizumab did not

relapse within 48 weeks compared with 63.2% who

received placebo [93]. Another placebo-controlled clinical

trial (NCT02003144, phase III) is actively investigating the

long-term safety and efficacy of eculizumab in relapsing

NMO over a 4-year period.

The most frequent adverse event related to eculizumab

is headache. The other major adverse events are immuno-

suppressive and immunogenic, including the HAMA

reaction and infections, as seen with other mAbs. Although

eculizumab is a humanized monoclonal IgG in which the

mouse sequence is further reduced, long-term use in

patients may continue to HAMA, therefore limiting its

clinical application. Because eculizumab inhibits the

terminal complex C5b-9 (MAC), the risk of infection by

meningococcus (polysaccharide-encapsulated bacteria)

increases. As described previously, there have been reports

of NMO patients presenting with meningococcal sepsis

when treated with eculizumab. Thus, it is desirable that

patients receive meningococcal vaccination 2 weeks prior

to eculizumab therapy.

Tocilizumab (ACTEMRA�)

Tocilizumab, a humanized mAb against the IL-6R, has

demonstrated efficacy in the treatment of rheumatoid

arthritis, juvenile idiopathic arthritis, and Castleman dis-

ease [94]. The IL-6/IL-6R signaling pathway plays a

variety of roles in the pathogenesis of NMO. IL-6 promotes

the survival of plasmablasts and the production of AQP4-

IgG, while serum and cerebrospinal fluid IL-6 and the

soluble IL-6R level are particularly elevated during NMO

relapse [95–97]. Plasmablasts increase in the peripheral

blood of NMO, and anti-IL6R antibody reduces the

survival of plasmablasts. Tocilizumab is intravenously

administered 8 mg/kg once every 4 weeks, or 6 weeks if

possible [95].

Several case reports have shown that monthly intra-

venous infusions of tocilizumab in NMO patients cause a

rapid reduction in the number of plasmablasts and the

AQP4-IgG titer, and significantly reduce the ARR

[39, 49, 98–100]. Conversely, in a Japanese trial of

tocilizumab for AQP4-IgG-seropositive NMO, the ARR

of patients with immunotherapy including azathioprine and

corticosteroids still averaged 2.9. Yet, when tocilizumab

was implemented as an add-on therapy in seven patients,

the ARR dropped to 0.4 and five of the seven patients

remained relapse-free during treatment [39].

In a long-term retrospective observational study

between December 2010 and February 2015, patients with

highly active AQP4-IgG-seropositive NMO in whom prior

medications including rituximab had failed, were intra-

venously infused with tocilizumab as monotherapy for four

years. The ARR significantly decreased from 4.0 before

123

1218 Neurosci. Bull. October, 2020, 36(10):1213–1224



tocilizumab to 0.4 during treatment [101]. Another trial

also reported that the drug significantly decreased the ARR

in three patients with aggressive NMO after failure of anti-

CD20 therapy [102]. Specifically, the majority of patients

with NMO experienced severe and intractable pain, even

when taking pain medications [103]. Current studies show

that tocilizumab ameliorates gradually intractable pain and

general fatigue: 50% of patients were completely free of

pain. It is also possible that epidural administration of

tocilizumab reduces radicular pain in patients with lumbar

spinal stenosis [104]. Tocilizumab may be a promising

second-line alternative treatment for NMO. A clinical trial

(NCT03062579, Phase I, II) of NMO/NMOSD patients

compared the ARR before and one year after initial

tocilizumab infusion. Another clinical trial is active

(NCT03350633, Phase II) to compare the safety and

efficacy of tocilizumab and azathioprine in preventing

NMO relapse.

The major adverse events relative to tocilizumab

treatment are immunosuppressive and immunogenic. Other

events include infection, HAMA reaction, moderate

cholesterol elevation, leukocytopenia and/or lymphocy-

topenia, anemia, and deep venous thrombosis. However,

most events are not considered severe. It should be noted

that tocilizumab may cause autoimmune neurological

disorders [105–108]. The complementarity-determining

regions of tocilizumab are mouse sequences and patients

may experience HAMA after long-term use. Hence, the

benefits and risks should be determined in future studies

and latent infection and adverse events should be

monitored.

Satralizumab (SA237)

Satralizumab (SA237) is another humanized anti-IL-6R

mAb [109, 110]. The drug was previously used as an

extended version of tocilizumab in clinical trials. A

placebo-controlled, double-blind trial (NCT02028884,

phase III) was conducted to evaluate the efficacy, safety,

pharmacodynamics, pharmacokinetics, and immunogenic

profile of SA237 as add-on therapy for NMO/NMOSD.

Satralizumab added to an immunosuppressant led to a

lower risk of relapse (20%) than placebo (43%) [111].

Another double-blinded trial evaluated SA237 monother-

apy in NMO/NMOSD (NCT02073279, phase III). The

European Committee for Treatment and Research in

Multiple Sclerosis (ECTRIMS) 2019 announced the com-

plete results of the phase III clinical study of monotherapy

for NMOSD: 55% reduction in the risk of relapse for

SA237 monotherapy versus placebo, and 74% reduction in

the risk of relapse for SA237 monotherapy versus placebo

in AQP4-IgG seropositive patients. Satralizumab was

approved by the US FDA for the treatment of NMOSD

in 2019.

Overall, the serious adverse events of satralizumab are

similar between the satralizumab monotherapy and placebo

groups (NCT02073279), and between satralizumab as add-

on therapy and placebo added to baseline therapy groups

(NCT02028884).

Bevacizumab (Avastin)

Bevacizumab, a humanized mAb that specifically binds to

vascular endothelial growth factor A (VEGF-A), inhibits

the formation of new blood vessels [112]. The rationale for

its use in the treatment of acute NMO exacerbations is that

VEGF induces the breakdown of the BBB, although the

mechanisms are unclear. Serum from AQP4-IgG-seropos-

itive NMO patients increases the permeability of human

astrocyte and endothelial cell co-cultures and reduces the

expression of tight-junction proteins in cultured brain

microvascular endothelial cells. VEGF thus exacerbates

disruption of the BBB in CNS inflammatory disease

[113–116]. Disruption of the BBB is considered to be the

first step of NMO; when peripheral AQP4-IgG reaches the

CNS through the disrupted BBB it leads to a series of

inflammatory responses [113, 117].

A single-center, open label study of bevacizumab

involved ten patients with AQP4-IgG seropositive NMO

who presented with an acute attack of transverse myelitis,

optic neuritis, or brainstem inflammation (NCT01777412).

These patients were treated with 1 g of intravenous

methylprednisolone daily, in addition to 10 mg/kg of

intravenously infused bevacizumab on day 1. Bevacizumab

is safe as an add-on therapy with high-dose corticosteroids

for NMO patients with an acute relapse [50]. The main

purpose of this clinical trial was to evaluate the safety of

bevacizumab as an add-on therapy for acute NMO relapse.

The primary outcome measure was based on the expanded

disability status score.

The major adverse events of bevacizumab are throm-

boembolic disease or gastrointestinal hemorrhage, which

have not been seen in NMO patients. At present, there are

few clinical reports on the treatment of NMO with

bevacizumab, and the numbers are not sufficient to show

common adverse events. A large and long-term clinical

trial is needed to determine the safety and efficacy of

bevacizumab as an add-on therapy for NMO treatment.

Preclinical mAb Drugs for NMO

Novel therapeutic targets have been found on the basis of

understanding NMO pathogenesis. In this section, we

discuss potential mAb drugs under development for NMO

treatment.
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Aquaporumab, a non-pathogenic human mAb, was

generated from a recombinant pathogenic monoclonal

AQP4-IgG. The Fc (fragment crystallizable) region of

aquaporumab has been artificially mutated to eliminate its

complement-dependent cytotoxicity (CDC) and ADCC

effects. As noted above, AQP4-IgG is essential in the

pathogenesis of NMO. Several potential therapeutic

approaches have been developed to block the binding of

AQP4-IgG to AQP4, thereby obstructing downstream

inflammation [29–31]. Non-pathogenic aquaporumab

greatly reduces NMO lesions in an animal model of

NMO [40]. However, there are no clinical studies of

aquaporumab. This mAb binding AQP4 is highly specific

with minimal toxicity and immunogenicity. Another mAb

against complement components is also being studied.

mAbs targeted to complement C1q (C1qmAb) have been

shown to be efficient in the mouse model of NMO [118].

C1q is the initiating protein in the classical complement

pathway. C1q inhibition prevents formation of the MAC,

CDCC, and amplification of the classical complement

pathway. In addition, C1qmAb, unlike C5-targeted therapy,

does not interfere with defense against bacteria involving

the lectin and alternative activation pathways. Theoreti-

cally, the drug has a lower risk of meningococcal

meningitis infection than eculizumab. C1qmAb may be

useful during acute NMO exacerbation and chronic pro-

gression. This mAb is still at an experimental stage. Future

studies should exclude off-target effects and immuno-

genicity, with a focus on randomized active-control trials.

At present, increasing numbers of mAbs are being

studied for NMO treatment. However, their adverse events

in humans are unknown because these drugs are still under

development. Additional laboratory and clinical trials are

needed to further determine their efficacy and safety.

mAb Treatment for NMO Patients
during Pregnancy

Women are the vast majority of patients with NMO, so the

management of therapy before and during pregnancy is a

challenge for neurologists. The frequency of acute relapse

increases in the postpartum period, with disability progres-

sion significantly worsening one year after delivery

[119, 120]. Azathioprine, mycophenolate, and methotrex-

ate, which are often administered to decrease NMO

relapse, should not be continued during pregnancy [35].

Although mAbs are not contraindicated in pregnant women

with autoimmune diseases, and a few anecdotal reports

have shown that it may be safe to use rituximab during

pregnancy, further studies are needed [121–123].

One study has reported that an anti-AQP4 antibody-

seropositive patient received a low dose of rituximab

(100 mg) 7 months before pregnancy and 100 mg ritux-

imab was restarted two days after delivery. The mother and

new-born baby showed no complications during the

pregnancy. While IgG antibodies can enter the fetus

through the placental barrier during the third trimester of

pregnancy, the new-born showed reduced B cells in

umbilical cord blood, which returned to normal 3 months

later [124, 125]. In a recent study, no major safety issue

was found with rituximab use within 6 months of concep-

tion in patients with NMOSD or MS, and the mother and

baby were healthy [126]. Rituximab might be compatible

with conception and prevent NMO exacerbation postpar-

tum. A large sample size and long-term follow-up are

needed to explore the safety of rituximab during pregnancy

with NMO.

Currently, available treatments including clinical trials

for pregnancy are very limited. Preclinical and clinical

studies are needed to assess the potential benefits and risks

of other mAbs for NMO patients during pregnancy.

Conclusions

In this review, we outline the safety and efficacy of mAbs

for NMO treatment. At present, the main mAbs for NMO

are engineered mouse antibodies (chimeric and humanized

antibodies), which are recognized by humans and induce

immunogenicity. With the development of genetic tech-

nology, fully human mAbs such as aquaporumab have been

used in preclinical experiments. mAbs are a promising

strategy for the treatment of NMO. Currently, several

mAbs are under evaluation. Preclinical experiments and

clinical trials present substantial challenges. In preclinical

trials, the mouse model of brain injection with AQP4-IgG

and complement has been widely used in the animal

studies, but this model does not fully represent NMO

[88, 127, 128]. In clinical trials, the number of participants

is limited, and larger sample sizes are needed to determine

the safety of NMO treatment. There are other concerns

involving placebo-controlled trials because untreated NMO

has irreversible neurological deficits, even death. Another

challenge is the treatment of AQP4-IgG-seronegative

patients, because their pathogenesis is unclear. Most of

the current clinical trials have selected AQP4-IgG-seropos-

itive patients. Further research is needed for seronegative

NMO and to explore the effect of monoclonal antibodies

on these patients. Most of the mAbs described above are

highly effective and well-tolerated by NMO patients. The

development of mAb drugs requires further clinical

evaluation to define the risks and benefits. The develop-

ment of effective, highly selective drug therapy is the

central goal of NMO therapeutics.
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