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Abstract

Purpose of review This review discusses the current treatment trends and emerging
therapeutic landscape for patients with neuromyelitis optica spectrum disorder (NMOSD).
Recent findings Conventional immune suppressive therapies, such as B cell depletion, have
been used for long-term treatment. However, the availability of recent FDA-approved and
investigational drugs has made therapeutic choices for NMOSD more complex.
Summary Recent randomized clinical trials have shown that eculizumab, inebilizumab, and
satralizumab are efficacious therapies for AQP4 seropositive NMOSD. These therapies may
not have the same benefit in patients with seronegative NMOSD, including MOG-
associated disease, and further investigation is required in this population. Reliable
biomarkers to guide therapy decisions are urgently needed. There is a plethora of
promising investigational therapies currently in the pipeline with exciting and novel
mechanisms of action.
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Introduction

Neuromyelitis optica spectrum disorder (NMOSD)
is a central nervous system (CNS) autoimmune
inflammatory demyelinating disorder, which pri-
marily causes optic neuritis and transverse myelitis,
however can also present with cerebral syndromes
[1–3]. Approximately three-quarters of patients
with NMOSD have antibodies against aquaporin-4
(AQP4), a water-channel protein abundantly
expressed in astrocyte foot processes [4, 5]. How-
ever, the spectrum of NMOSD has expanded with
the identification of novel autoantibodies, includ-
ing those against myelin oligodendrocyte glycopro-
tein (MOG) [6].

B cells play a central role in the pathogenesis of
NMOSD [7]. They are generated in the bone mar-
row from hematopoietic stem cells and proceed
through stages of maturation by expressing unique
surface markers, including CD19, a pan B cell
marker expressed throughout the life span of a B
cell, and CD20, which is expressed starting at the
pre-B cell stage, before being downregulated at the
stage of plasma cells and plasmablasts (Fig. 1) [8].
Immune activation is initiated in the peripheral

immune system where pathogenic AQP4 antibodies
are generated by plasmablasts in an interleukin-6-
dependent manner [7–9]. AQP4 autoantibodies en-
ter the CNS and bind to AQP4 in foot processes of
blood-brain barrier (BBB) astrocytes (Fig. 1) [7, 9].
The antibody-antigen complexes activate the pro-
teolytic classical complement cascade, resulting in
generation of complement C5, a component of the
membrane attack complex that causes astrocyte
death and demyelination (Fig. 1) [10, 11].

T cells also contribute to the immunopathogenesis of
NMOSD; however, their functions are less well defined
[12]. Animal models provide evidence that AQP4-
specific T cells cause inflammatory CNS lesions [13].
NMO IgG is primarily of the IgG1 subclass [14], and T
helper cells are crucial for immunoglobulin class
switching to generate IgG1 subclass AQP4 antibodies
[15]. In addition, patients with NMOSD have higher
proportions of Th17 cells compared to healthy controls
[16]. Studies suggest that high IL-6 expression in
NMOSD patients may enhance the reciprocal activation
of Th17 cells [17] and upregulation of Th2-related cyto-
kines [18, 19].

Conventional therapies

In contrast to multiple sclerosis (MS), functional decline and permanent dis-
ability in NMOSD are primarily impacted by severe, often life-threatening
clinical relapses [20, 21]. Therefore, the treatment strategy for patients diag-
nosed with NMOSD [22–24] consists of aggressive management of acute
relapses followed by long-term preventative immunosuppressive therapies, as
outlined in Fig. 2.

Acute management
The goals of acute treatment are to curtail active inflammation, hasten recovery,
and limit irreversible damage. The mainstay of treatment is high-dose IV
methylprednisolone 1000mg for 3–5 days [25]. An oral steroid taper following
IV steroids is recommended in severe cases; however, there is limited data on
this practice [26]. Plasmapheresis (PLEX) 5–7 cycles on alternate days can be
used in conjunctionwith steroids to simultaneously target cellular and humoral
immune responses in refractory cases [26, 27]. There is evidence of improved
clinical benefit with early initiation of PLEX [28]. If used concomitantly with
PLEX, steroids should be administered following a PLEX session, in which case
less than 1% of the steroid dose is removed [28].
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Fig. 1. NMOSD pathogenesis and therapeutic targets in the peripheral immune and central nervous systems. B cells undergo
maturation in the bone marrow, spleen, and lymph nodes, ultimately to generate anti-AQP4-expressing plasmablasts. Pathogenic
AQP4 antibody enters the CNS via the defective blood-brain barrier to target astrocytes with resultant neuroinflammation and
demyelination. Conventional (blue), new maintenance (green), and emerging (gray) therapies are depicted in respective check-
points involved in NMOSD pathogenesis. AQP4 aquaporin 4, BBB blood-brain barrier, C complement factor, CD cluster of
differentiation, IgG immunoglobulin G, IL interleukin, MAC membrane attack complex, NK natural killer cell. Created with
BioRender.com.
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Maintenance therapies
There were no FDA-approved immune therapies for NMOSD prior to
June 2019. The most commonly used conventional maintenance therapies are
rituximab, azathioprine, andmycophenolate mofetil, which have been used off
label for decades [25]. Immunosuppressive therapies such as methotrexate,
mitoxantrone, and cyclophosphamide have been shown to be beneficial in
highly active NMOSD, but are infrequently used due to their less favorable
risk-benefit profiles [29–32].

Rituximab (Rituxan™)
Rituximab is a chimeric monoclonal antibody that targets CD20 (Fig. 1;
Table 1) [33]. A small open label study in 2005 showed that rituximab

              Long-term Management

Rituximab

Conventional Therapies

• Mycophenolate mofetil
• Azathioprine

switch 

Retest MOG antibody in  
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New Therapies
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Fig. 2. Recommended treatment algorithm for acute and long-term management of aquaporin 4 antibody positive (αAQP4+) and
myelin oligodendrocyte glycoprotein antibody positive (αMOG+) NMOSD. Acute management does not differ by serostatus, but there
are more specific long-term treatments for patients based on antibody status. Conventional therapies can be used for αAQP4+,
αMOG+, or seronegative patients. New therapies have shown efficacy in αAQP4+ patients. inebilizumab and satralizumab may be
considered for use as first-line therapies. Eculizumab has proven effectiveness as an add-on therapy but may be reasonable to use as
monotherapy. PLEX plasma exchange.
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Table 1. Summary of NMOSD clinical trials. IV intravenous, SC subcutaneous, C complement, CD cluster of differentiation,
AQP4 aquaporin 4, IL interleukin, N/A not applicable

Prevent N-MOmentum TANGO SAkuraSky SAkuraStar
Drug Eculizumab Inebilizumab Tocilizumab vs

azathioprine
Satralizumab Satralizumab

Mechanism Anti-C5 Anti-CD19 Tocilizumab:
anti-IL-6
receptor;
azathioprine:
impairs DNA
replication

Anti-IL-6
receptor

Anti-IL-6
receptor

Dose 900 mg IV q1
week × 4
doses, then
1200 mg IV
on week 5
and q2 weeks
therafter

300 mg IV two
weeks apart,
then q 6
months

Tocilizumab:
8 mg/kg IV
q4 weeks;
azathioprine:
2–3 mg/kg/day
PO

120 mg SC on
weeks 0, 2,
and 4, then
q4 weeks

120 mg SC on
weeks 0, 2,
and 4, then
q4 weeks

Number of patients 143 with 2:1 randomization 230 with 3:1

118 with 1:1 randomization 83 with 1:1

randomization (41+
42)

95 with 2:1 randomization

AQP4 antibody status 100% AQP4 + 93% AQP4 + Tocilizumab: 85%
AQP4 +;
azathioprine:
90% AQP4 +

70% AQP4 + 70% AQP4 +

Concomitant
immunosuppression

Yes No Yes Yes No

Age inclusion criteria ≥ 18 years ≥ 18 years ≥ 18 years 12–74 years 18–74 years

EDSS inclusion criteria ≤ 7 ≤ 8 ≤ 7.5 ≤ 6.5 ≤ 6.5

Relapse rate Eculizumab:
3/96 (3%);
placebo:
20/47 (43%)

Inebilizumab:
21/174
(12%);
placebo:
22/56 (39%)

Tocilizumab: 8/59
(14%);
azathioprine:
28/59 (47%)

Satralizumab:
8/41 (20%);
placebo:
18/42
(43%)

Satralizumab:
19/63
(30%);
placebo:
16/32
(50%)

Relapse free at
48 weeks

Eculizumab:
89.3%;
placebo:
50.6%

N/A N/A Satralizumab:
89%;
placebo:
66%

Satralizumab:
76%;
placebo:
62%

Relapse free at
96 weeks

Eculizumab:
84.6%;
placebo:
35.8%

N/A N/A Satralizumab:
78%;
placebo:
59%

Satralizumab:
72%;
placebo:
51%
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decreased relapse rate and improved expanded disability status scale (EDSS) in
patients with NMOSD [34]. Multiple studies since have re-demonstrated the
efficacy and tolerability of rituximab [34–43].

A meta-analysis evaluating 25 independent studies showed that treatment
with rituximab decreased annual relapse rate (ARR) (mean − 0.79) and EDSS
(mean − 0.64) among NMOSD patients with notable moderate to high hetero-
geneity (I2 = 53–62) likely due to variable sample sizes (n = 2–100) [44].
Notably, a prospective study by Kim et al. of 100 patients with NMOSD
followed up to 7 years showed that 94% of patients experienced a significant
reduction in ARR and 70% were relapse free while on rituximab [43]. In
addition, 96% of patients showed stabilization or improved EDSS. A retrospec-
tive study by Mealy et al. of 90 NMOSD patients observed that rituximab and
mycophenolate mofetil were superior to azathioprine in ARR reduction (97.9%
and 90.2% vs. 72.1%, respectively) with lower failure rates [45].

Some variations in rituximab dosing for NMOSD treatment have been
reported [22, 35, 37, 40, 41, 46]. The most commonly used rituximab regimen
is an induction dose of 1000 mg administered once or repeated twice 2 weeks
apart [22, 41, 45]. Alternatively, a dosing regimen based on body mass index
(375 mg/m2 per week for 4 weeks) has been utilized [35, 39, 40].

Maintenance rituximab therapy is crucial for sustained suppression of B cell
response [47], but consensus on optimal dosing regimen is lacking. A fixed
regimen of 1000mg rituximab every 6months (based on the average kinetics of
B cell repopulation) is most commonly used to treat NMOSD patients [46, 48,
49]. Alternatively, an individualized approach, based upon reemergence of
CD19-positive (CD19+) lymphocytes (0.1–2% CD19+ cells among total lym-
phocytes), has also been utilized [22, 36, 41, 45, 46].

Kim et al. have investigated the CD27-positive (CD27+) memory B cell
population as a potential biomarker for monitoring efficacy and guiding ritux-
imab re-dosing [35, 39, 43]. In a retrospective study of 30 patients with
NMOSD, maintenance rituximab therapy (375 mg/m2) was administered
when CD27+ memory cells reached 0.05% in the first 2 years and afterwards
0.1% of peripheral blood mononuclear cells (PBMCs), resulting in a significant
reduction in ARR (87%), stable or improved EDSS (93%), and relapse freedom
(60%) over a 5-year period [35]. Of the 11/30 patients who experienced clinical
relapses, only one showed CD27+memory B cells below the threshold level. In
contrast, CD19 counts were less than 0.5% of PBMCs in more than 50% of
patients experiencing relapses. It was also demonstrated that maximal thera-
peutic efficacy of rituximab is achieved at amedian of 8 infusions at 375mg/m2

over 5 years [35].
Similarly, in a prospective study of 40 patients with NMOSD, Cohen et al.

evaluated administering 1000 mg of rituximab every 6 months compared to
monitoring CD27 cell counts every 2–3 months and re-infusing rituximab at a
dose of 1000 mg when CD27 cell count surpassed 0.05% of PBMCs [37]. All 6
relapses were in the setting of a CD27 count above the threshold, while 4 of the
6 relapses occurred with CD19 count below 0.5% of PBMCs.

Further validation of these cellular markers is needed to enable optimal dosing
of rituximab because prolonged use predisposes to recurrent sino-pulmonary and
urinary tract infections ( [50], Wingerchuk, AAN 2019). A study of 50 NMOSD
patients treated with rituximab showed that 64% (32/50) developed
hypogammaglobulinemia and 10% (5/10) developed severe infections [51].
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In cases of severe hypogammaglobulinemia (G 150 mg/dl) and/or frequent
or severe infections accompanying immunoglobulin levels between 150 and
500 mg/dl, supplementation of intravenous immunoglobulin (IVIG)
400 mg/kg every 4 weeks targeting a serum level 9 800–1000 is recommended
(Wingerchuk, AAN 2019). Inadequate response to vaccinesmay also inform the
decision to supplement immunoglobulins (Wingerchuk, AAN 2019) [52].

Rituximab is contraindicated in patients with active hepatitis B [53, 54].
There have been rare cases of PML following rituximab therapy, but none has
been reported in NMOSD [55–57]. In addition, there is a FDA black box
warning of severe infusion reactions, mucocutaneous reactions, and tumor lysis
syndrome [57, 58].

The majority of patients with NMOSD, especially AQP4 seropositive pa-
tients, are highly responsive to long-term rituximab therapy; however, 15–45%
of patients continue to have relapses [35, 37, 40–43, 45]. A subset of patients,
including those with larger body surface area,may show early repopulation of B
cells, mandating more frequent rituximab dosing based on monitoring B cell
populations from peripheral blood samples [49]. In addition, neutralizing
antibodies against rituximab, polymorphisms in the FCGR3A-F allele (which
determines affinity of effector cell receptors towards IgG binding), and CNS
compartmentalization of pathogenic B cells may also interfere with effective B
cell depletion by rituximab [43], [59–61].

Azathioprine
Azathioprine is a prodrug converted to 6-thioguanine nucleotides, which im-
pairs DNA replication, resulting in apoptosis of T and B lymphocytes (Fig. 1;
Table 1) [62]. Two retrospective studies demonstrated that treatment with
azathioprine and concomitant prednisone decreased ARR by 76% and 70%,
respectively, amongNMOSDpatients [63, 64]. Costanzi et al. observed a greater
reduction in ARR at doses of 2 mg/kg/day or higher; however, only 37% of
NMOSD patients on azathioprine remained relapse free after 24 months [63].
In addition, 38/99 patients discontinued azathioprine due to side effects,
including a significant risk of cancer [63].

Azathioprine is administered at a target dose of 2.5–3.0 mg/kg/day with
monthly monitoring of complete blood counts and a goal rise in mean corpus-
cular volume (MCV) of at least 5 points compared to baseline as an indicator of
optimal dosing [63]. It takes several months for azathioprine to exhibit its full
effect, so concomitant high-dose steroid treatment is recommended for the first
6 months, followed by a slow taper over 3–6 months [63]. Long-term concom-
itant steroid therapy at low doses may be required to maintain remission in
some patients.

Mycophenolate mofetil
Mycophenolate mofetil is a prodrug of mycophenolic acid and a reversible
inhibitor of inosine monophosphate dehydrogenase, which is involved in
guanosine nucleotide synthesis, essential for T and B cell proliferation (Fig. 1;
Table 1) [65]. In a retrospective study of 24 NMOSD patients, Jacob et al.
observed that a median daily dose of 2000 mg (750–3000 mg per day)
significantly reduced the median annualized relapse rate (1.3–0.09) and stabi-
lized or improved EDSS in 91% of patients [66]. Similarly, Huh et al. showed
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reduction of ARR (88%), EDSS score stabilization or improvement (91%), and
remission (60%) in a study of 59 NMOSD patients [67]. Discontinuation rates
were 21% and 24%, respectively [66, 67]. Mycophenolate mofetil has an FDA
black box warning for malignancy, especially lymphoproliferative and derma-
tological malignancies. It also predisposes to infections, including PML [55].
Concomitant administration of high-dose steroids is recommended when ini-
tiating mycophenolate mofetil due to delayed efficacy [68].

New maintenance therapies
Eculizumab

Eculizumab is a humanized monoclonal antibody that inhibits complement
protein C5, preventing its cleavage into C5a and C5b, thereby interfering with
formation of the membrane attack complex (Fig. 1; Table 1) [69]. The safety
and efficacy of eculizumab were evaluated in the Prevention of Relapses in
Neuromyelitis Optica (PREVENT) trial, a phase 3, randomized, double-blind,
placebo-controlled, time-to-event study of AQP4 seropositive patients with
NMOSD (Table 2) [70].

AQP4 seropositive NMOSD patients meeting the 2006 or 2007 diagnostic
criteria, ages 18 years or older, with EDSS less than 7, who had experienced at
least two relapses in the previous 12 months or three relapses in the previous
24months with at least one relapse in the previous 12months were included in
the study. Those recently treated with rituximab, mitoxantrone, IVIG, and
prednisone 920 mg per day, or suffering from active bacterial infections were
excluded. Since blocking the complement system increases the risk of infection
with encapsulated bacteria, patients were vaccinated with Neisseria meningitides
prior to administration of eculizumab. Patients were allowed continuing their
prior immunosuppressive therapies (e.g., azathioprine, mycophenolate mofe-
til) and added either eculizumab or placebo. Eculizumab was administered at
900 mg IV weekly for 4 doses followed by 1200 mg IV every 2 weeks.

The primary efficacy end point was time to onset of first relapse. Relapse
occurred in 3% (3/96) in the eculizumab group and 43% (20/47) in the
placebo group (hazard ratio 0.06). The subgroup analysis revealed that, of
patients who received concomitant immunosuppressive therapies, relapse oc-
curred in 4% (3/75) in the eculizumab group and 38% (13/34) in the placebo
group. The rate of serious adverse events was 27/100 patient-years among
patients treated with eculizumab, whereas the rate was significantly higher
among the placebo group at 55/100 patient-years. The most common side
effects were upper respiratory tract infections and headaches. No patients
experienced meningococcal infection; however, one patient who received con-
comitant azathioprine died of pulmonary infection from Streptococcus and
Peptostreptococcus species, not known to be associated with complement defi-
ciency [70].

Inebilizumab
Inebilizumab is a humanized monoclonal antibody that binds to B cell surface
antigen CD19 [71] and depletes a broader range of B lymphocyte subsets
compared to anti-CD20 monoclonal antibodies (Fig. 1; Table 1) [8, 33]. The
safety and efficacy of inebilizumab were evaluated in the N-MOmentum trial, a
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phase 2/3, randomized, double-blind, placebo-controlled, time-to-event study
of AQP4 seropositive and AQP4 seronegative patients with NMOSD (Table 2)
[72]. The inebilizumab group included 174 patients (92% AQP4 seropositive)
and the placebo group included 56 patients (93% AQP4 seropositive). Of the
17 AQP4 seronegative patients, 7 had antibodies against MOG.

Table 2. NMOSD therapeutic drugs, targets, and mechanisms of action. Conventional therapies are shown in blue, new
maintenance therapies in green, and emerging therapies in gray

Target Drug Mechanism of action
Lymphocytes Azathioprine Cytotoxic/cytostatic

Mycophenolate mofetil

Methotrexate

Mitoxantrone

Cyclophosphamide

B cell therapies Rituximab Anti-CD20
Ocrelizumab

Ofatumumab

Obinutuzumab

Ublituximab

Inebilizumab Anti-CD19

CAR-T T cells directed against CD19/20

Bortezomib 26S proteasome inhibitor

Belimumab Anti-BLyS

Complement cascade Eculizumab Inhibits cleavage of C5 by C5 convertase

Humoral immune response Tocilizumab Anti-IL-6
Satralizumab

Antibodies Aquaporumab Anti-AQP4
AQmab

Imlifidase IgG degrading enzyme from S. pyogenes (IdeS)

Rozanolixizumab FcRn inhibitor
Efgartigimod

Blood-brain barrier Bevacizumab Anti-VEGF

Granulocytes Sivelestat Neutrophil elastase inhibitor

Cetirizine H1 antagonist

Mepolizumab Anti-IL-5
Reslizumab

Benralizumab Anti-IL-5 receptor

Immune tolerance aHSCT Eradication of autoreactive B and T cells

Self-antigen stimulation Shift in immune balance towards regulatory cells

Inverse DNA vaccination Reduction of autoreactive antibodies

aHSCT autologous hematopoietic stem cell transplantation, APQ4 aquaporin 4, BLyS B lymphocyte stimulator, CAR-T chimeric antigen receptor T
cell, CD cluster of differentiation, C complement factor, FcRn neonatal fragment constant receptor, H1 histamine receptor 1, IgG immunoglobulin
G, IL interleukin, VEGF vascular endothelial growth factor
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Inclusion criteria included age of at least 18 years, diagnosis of NMOSD by
the 2006 criteria, history of at least one relapse requiring rescue therapy in the
previous year or at least two relapses requiring rescue therapy in the previous
two years, and EDSS score of 8 or less. Exclusion criteria included treatment
with rituximab or other B cell–depleting agents within the previous 6 months;
IVIG within the previous 1 month; natalizumab, cyclosporin, methotrexate,
mitoxantrone, cyclophosphamide, tocilizumab, or eculizumab within the pre-
vious 3 months; or alemtuzumab, total lymphoid irradiation, bone marrow
transplant, or T cell vaccination therapy previously.

Inebilizumab at 300 mg IV or placebo was administered on days 1 and 15.
In addition, all participants were given prednisone 20 mg daily or equivalent
dose of other glucocorticoids between days 1 and 14 and then tapered to day 21
to minimize the risk of relapse at treatment initiation. Patients were not con-
comitantly treated with other immunosuppressive therapies.

The primary efficacy end point was time to onset of first relapse. The trial was
stopped early due to clear demonstration of efficacy. Relapse occurred in 12%
(21/174) in the inebilizumab group and in 39% (22/56) in the placebo group
(hazard ratio 0.27). In the subgroup analysis of patients who were AQP4
seropositive, relapse occurred in 11% (18/161) in the inebilizumab group
and in 42% (22/52) in the placebo group (hazard ratio 0.23). In the
inebilizumab group, CD20 B cell counts decreased to less than 10% of baseline
and remained at this low level for the duration of the randomized controlled
period. In addition, among AQP4 seropositive patients, fewer had a statistically
significant worsening of EDSS score, and cumulative number of MRI lesions
and number of NMOSD-related inpatient hospitalizations were lower in the
inebilizumab group than in the placebo group compared to baseline.

Serious adverse events occurred in 5% (8/174) in the inebilizumab group
and 9% (5/56) in the placebo group. The overall infection rate was unchanged
among patients who received inebilizumab; however, 2% (3/174) of patients
developed transient grade 3 neutropenia. There were nomalignancies observed
during the study. Infusion-related reaction rates were similar between the
inebilizumab and placebo groups. There were two deaths during the open label
period. One patient in the placebo group developed pneumonia and aNMOSD
relapse. The second patient died from neurologic decline and new brain lesions
on MRI. One of three PCR tests on CSF was positive for JC virus; it is unclear if
the death was treatment-related since a definitive diagnosis was not fully
determined.

Tocilizumab
Tocilizumab is a humanizedmonoclonal antibody that targets the interleukin-6
receptor, blocking interleukin-6-mediated inflammatory cascades (Fig. 1;
Table 1) [73, 74]. Two small pilot studies showed its efficacy in treatment-
resistant AQP4 seropositive NMOSD [75, 76].

The TANGO trial is the first head-to-head prospective, randomized compar-
ison study between an established and new therapeutic in NMOSD (Table 2)
[77]. This phase 2, open label, time-to-event study conducted in China com-
pared the safety and efficacy of tocilizumab and azathioprine in NMOSD. The
tocilizumab group included 59 patients (85% AQP4 seropositive) and the
azathioprine group included 59 patients (90% AQP4 seropositive).
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Tocilizumab at 8mg/kg IVwas administered every 4weeks; patients received
concomitant immunosuppressants for the first 12 weeks of treatment. Azathi-
oprine was initiated at an oral dose of 25 mg daily and increased by 25 mg per
day to a target of 2–3 mg/kg/day; patients received concomitant immunosup-
pressants for the first 24 weeks of treatment.

The primary efficacy end point was time to onset of first relapse. Relapse
occurred in 14% (8/59) in the tocilizumab group and 47% (28/59) in the
azathioprine group (hazard ratio 0.24). In the subgroup analysis of patients
with concomitant autoimmune diseases, 9% (3/34) in the tocilizumab group
and 35% (13/37) in the azathioprine group relapsed. There were no differences
in risk of relapse among patients without concomitant autoimmune diseases. In
addition, only 8% (5/59) in the tocilizumab group compared to 25% (15/59)
in the azathioprine group had disability progression at 12 weeks. Serious
adverse events occurred more frequently in the azathioprine group than in the
tocilizumab group. There was one death in each group, but neither death was
treatment-related.

Satralizumab
Satralizumab is a humanizedmonoclonal antibody that targets the interleukin-
6 receptor with a longer half-life than tocilizumab (Fig. 1) [78]. The safety and
efficacy of satralizumab were evaluated in the SAkuraSky and SAkuraStar trials,
phase 3, randomized, double-blind, placebo-controlled, time-to-event studies
of AQP4 seropositive (70%) and AQP4 seronegative patients (30%) with
NMOSD (Table 2) [79, 80]. In the SAkuraSky trial, patients on prior immuno-
suppressive therapies (e.g., glucocorticoids, azathioprine, mycophenolate mo-
fetil) continued these treatments at stable doses. In contrast, in the SAkuraStar
trial, satralizumab monotherapy was compared to placebo without the use of
concomitant immunosuppressive therapies. Satralizumab at a dose of 120 mg
subcutaneously or placebo was administered at weeks 0, 2, and 4, and then
every 4 weeks.

Inclusion criteria for the SAkuraSky trial included adolescents (age of
at least 12 years) and adults, diagnosis of NMOSD by the 2006 criteria,
history of at least two relapses in the previous 2 years with at least one
relapse in the previous 12 months, and EDSS score of 6.5 or less. By
comparison, the SAkuraStar trial only included adults (age of at least
18 years), diagnosis of NMOSD by the 2006 criteria, history of at least
one relapse in the previous year, and EDSS score of 6.5 or less. Exclu-
sion criteria for the SAkuraSky and SAkuraStar trials included treatment
with rituximab within the previous 6 months; eculizumab or multiple
sclerosis disease-modifying therapies within the previous 6 months; anti-
CD4 agents, cladribine, or mitoxantrone within 2 years; or IL-6 targets,
alemtuzumab, total-body irradiation, or bone marrow transplantation
previously. The primary efficacy end point for both trials was time to
onset of first relapse.

In the SAkuraSky trial, relapse occurred in 20% (8/41) in the satralizumab
group and 43% (18/42) in the placebo group (hazard ratio 0.38). Further
subgroup analysis revealed that 11% (3/27) of AQP4 seropositive NMOSD
patients in the satralizumab group experienced relapses compared to 43% (12/
28) in the placebo group (hazard ratio 0.21). In AQP4 seronegative cases,
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relapse occurred in 36% (5/14) in the satralizumab group and 43% (6/14) in
the placebo group (hazard ratio 0.66).

In the SAkuraStar trial, relapse occurred in 30% (19/63) in the satralizumab
group and 50% (16/32) in the placebo group (hazard ratio 0.45). Subgroup
analysis showed that 22% (9/41) of AQP4 seropositive NMOSD patients
treated with satralizumab experienced relapses compared to 57% (13/23) in
the placebo group (hazard ratio 0.26). In the AQP4 seronegative subgroup,
relapse occurred in 46% (10/22) in the satralizumab group and 33% (3/9) in
the placebo group (hazard ratio 1.19).

Serious adverse events occurred in 17% of satralizumab-treated and 21% of
placebo-treated NMOSD patients in the SAkuraSky trial. Similarly, 19% of
satralizumab-treated and 16% of placebo-treated NMOSD patients experienced
adverse events in the SAkuraStar trial.

Comparable rates of infections were observed between the satralizumab and
placebo groups. In the SAkuraSky trial, injection-related reactions were more
frequent in the satralizumab (12%) group than in the placebo (5%) group.
There were no deaths in either clinical trial.

Therapeutic options in pregnancy

NMOSD has a large female predominance, including women of childbearing
age [81]. Disease activity can worsen during pregnancy and following delivery
[81–83]. AQP4 andMOG antigens are present in the placenta, andwomenwith
NMOSD are at increased risk of pregnancy complications [82]. Elevated estro-
gen levels during pregnancy alter Th1, Th2, and Th17 cell ratios, creating a
proinflammatory environment that impairs fetomaternal tolerance [81, 82].

Among the therapeutic options for NMOSD, methylprednisolone, rituxi-
mab, azathioprine, and IVIGmay be relatively safe for use in pregnancy but are
not without potential risks to the fetus. Glucocorticoids are associated with cleft
palate formation and low birth weight, especially with exposure during early
gestation [84]. Therefore, plasmapheresis may be preferred for a relapse during
the first trimester. Rituximab has a mildly increased risk of miscarriage and
premature birth [85, 86]. B cell depletion occurs in neonates but is typically
transient with resolution by 6 months of age [85]. Azathioprine has been
associated with cardiac septal defects, premature birth, and low birth weight
[87, 88]. IVIG has also been associated with low birth weight [89].

For patients with very severe NMOSD, tocilizumab may be considered [82].
Tocilizumab has been associated with an increased risk of miscarriage and
preterm birth [90]. It also has a slightly increased risk of fetal malformations
compared to the risk in the general population [90].

Mycophenolate mofetil has a 45% probability of spontaneous abortion and
26% incidence of major fetal malformations and, therefore, is strongly contra-
indicated during pregnancy [91]. Women taking mycophenolate mofetil
should be on effective contraception. Mycophenolate mofetil should be
stopped at least 6 weeks before planned conception [82].

The pregnancy risks of eculizumab, inebilizumab, and satralizumab need to
be investigated. Eculizumab has been safely used in pregnancy in women with
paroxysmal nocturnal hemoglobinuria, atypical hemolytic uremic syndrome,
and elevated liver enzymes and low platelet syndrome [92]. Like rituximab,
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inebilizumab is expected to cause transient B cell depletion in the newborn.
Satralizumab may be associated with an increased risk of miscarriage and
preterm birth, as has been the case for other anti-IL-6 therapies [90].

MOG-associated disease

Emerging evidence suggests that there are clinical and pathological features
unique to MOG antibody–associated disease [6, 93, 94]. MOG antibodies are
found in about 25% of seronegative NMOSD [4, 5]. However, the spectrum of
clinical presentations goes beyondNMOSD. Themost common presentation is
optic neuritis, which is frequently bilateral [93, 94]. In addition, MOG-
antibody associated disease can present with brainstem or encephalopathic
syndromes such as acute disseminated encephalomyelitis [93, 94]. The clinical
course of MOG-antibody associated disease can be monophasic, but relapsing
disease has been reported in as many as 44–88% of patients [94–99]. Com-
pared to patients with AQP4 seropositive NMOSD, MOG seropositive patients
have a lower EDSS with lower risk of visual and motor disability [100].

MOG-antibody associated disease appears to target oligodendrocytes while
preserving astrocytes and AQP4, as shown in histopathological analysis of CNS
lesions from brain biopsy samples [6]. Plasmablasts generate MOG IgG anti-
bodies, which bind to MOG on oligodendrocytes, leading to demyelination
[82]. The majority of cases have IgG1 antibodies, but IgG2, IgG3, and IgG4
antibodies can also be present [101].While our understanding of T cell function
in MOG-associated disease is limited, it is hypothesized that T follicular helper
cells may play a critical role in the inflammatory response by mediating B cell
maturation [102].

The approach to treatment is extrapolated from the management of AQP4
seropositive NMOSD [103]. MOG-associated disease appears to be highly steroid-
responsive and, in some cases, steroid-dependent [104]. As such, acute relapses are
typically treated with high-dose IV methylprednisolone for 3–5 days (Fig. 2).
Acute attacks that respond poorly to steroids can be treated with PLEX [96, 103].

The optimal disease-modifying strategy is not well established. The most
frequently used approach has been an oral prednisone taper over 1 to
12 months following high-dose IV steroids [103] (Fig. 2). There is some
evidence that persistent MOG antibody seropositivity may predict relapse
[105]. Therefore, repeating MOG antibody testing after 3–12 months may be
helpful to inform clinical decision-making regarding initiation of maintenance
immunosuppressive therapy [106].

Rituximab, azathioprine, mycophenolate mofetil, and IVIG have been
shown to decrease risk of relapse and improve disability outcomes [93,
96, 107]. In a retrospective study of 125 patients with MOG-
antibody associated disease, Cobo-Calvo et al. showed a reduction in
mean annualized relapse rate from 1.08 to 0.43 with rituximab, 1.05 to
0.43 with azathioprine, and 1.20 to 0.23 with mycophenolate mofetil,
with overall EDSS stabilization in all 3 subgroups [107]. In another
retrospective multicenter study, Chen et al. found that 74% of patients
had a relapse on mycophenolate mofetil, 61% of patients had a relapse
on rituximab, and 59% of patients had a relapse on azathioprine,
whereas only 20% of patients had a relapse on IVIG, suggesting that
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maintenance IVIG therapy may be the most efficacious of these treat-
ments [108].

Emerging therapeutic strategies

Immunotherapies used for the treatment of autoimmune and rheumatologic
conditions as well as malignancies may have therapeutic potential in NMOSD
(Table 1).

Targeting B cells
There are several anti-CD20 monoclonal antibodies, including ocrelizumab,
ofatumumab, and obinutuzumab, that could be repurposed in NMOSD (Fig.
1). Ublituximab, in particular, was investigated in an open label, safety and
proof of concept trial of 5 AQP4 seropositive patients. Ublituximab was ad-
ministered once within 5 days of high-dose corticosteroid treatment [109].
There were no severe adverse effects, and the EDSS score returned to baseline.

In addition, bortezomib, a 26S proteasome inhibitor FDA-approved for
hematological malignancies, has been shown to effectively decrease relapses,
AQP4 antibody titers, and B cell counts (especially plasma cells) in highly active
NMOSD (NCT02893111) [110]. Further potential B cell–mediated therapeu-
tics for NMOSD include chimeric antigen receptor (CAR) T cell therapy and
belimumab, an inhibitor of B lymphocyte stimulator (BLyS) [111].

Targeting AQP4 antibodies
Tradtrantip and colleagues showed that transforming pathogenic AQP4 anti-
bodies into inactive antibodies by microbial-mediated deglycosylation of IgG
heavy chain yielded positive results in animal models of NMOSD [112, 113].
This suggests that imlifidase, an IgG-degrading bacterial enzyme that cleaves
IgGmolecules into Fab and Fc segments, may be effective in AQP4 seropositive
NMOSD [114]. Immunogenicity and safety are of concern with use in the
human population. A similar therapeutic approach to downregulate pathogen-
ic autoantibodies could be considered for rozanolixizumab and efgartigimod,
inhibitors of neonatal Fc receptors (FcRn) crucial for antibody stability [115].

Aquaporumab is a recombinant monoclonal antibody derived from clon-
ally expanded mouse CSF plasma cells with a point mutation in the area that
codes for effector Fc IgG function, abolishing complement and cell-based
cytotoxicity [116, 117]. In a proof of concept study, aquaporumab prevented
formation of new NMO lesions, likely through steric competition with patho-
logic AQP4 antibodies [117]. Furthermore, Duan et al. have described AQmab,
which has an eightfold increased binding affinity to the AQP4 receptor com-
pared to aquaporumab [118].

Targeting the blood-brain barrier
Shimizu et al. demonstrated that antibodies targeting brain microvascular
endothelial cells (BMEC) were present in sera of 10/14 NMO patients, while
being absent in MS and healthy controls [119]. There is evidence that vascular
endothelial growth factor (VEGF)–neutralizing antibodies restore BBB integrity
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and anti-BMEC antibodies promote BBB disruption via VEGF, facilitating CNS
entry of pathogenic AQP4 antibodies [119, 120]. In light of these findings,
bevacizumab, a monoclonal immunoglobulin that targets VEGF, has been
considered for use in treatment of NMOSD. An open label phase 1b study
showed a favorable safety profile and 3/6 patients recovered to their baseline
EDSS [121].

Targeting the complement cascade
Blocking the C1 component of the complement cascade prevents formation of
proinflammatory anaphylatoxins C3a and C3b while preserving the lectin
pathway, which is important for neutralizing encapsulated bacteria. C1qmab, a
monoclonal antibody against C1q component, significantly reduced
complement-dependent cytotoxicity in animal models [122]. Furthermore,
Cinryze, a C1 esterase inhibitor, was shown to be safe as an add-on therapy to
steroids for management of acute NMOSD relapses in an open label, phase 1b
trial [123]. Nine of 10 patients returned to their baseline EDSS score.

Targeting granulocytes
Neutrophils and eosinophils are highly prevalent in NMOSD lesions [10, 124].
Animal models suggest that granulocytes mediate NMO pathogenesis. In par-
ticular, neutrophil entry into the CNS is an early step in the formation of NMO
lesions [125] and blocking neutrophil elastase helps reduce neutrophil entrance
into the brain [126]. As such, sivelestat, a neutrophil elastase inhibitor approved
in Japan and Korea for ARDS treatment [127], is being tested in acute NMO
relapses (UMIN000010094).

Cetirizine, a second-generation H1 antagonist, stabilizes eosinophil degran-
ulation. A small open label add-on pilot study showed a decrease in ARR in
cetirizine-treated NMO patients [128]. Anti-IL-5 agents, which deplete eosino-
phils, may also be considered for use in NMOSD [129].

Restoring immune tolerance
Autologous hematopoietic stem cell transplantation (HSCT) is used in treatment
refractory and severe autoimmune conditions to reinstitute immune tolerance
[130]. The two largest studies of HSCT in NMO included 13 and 16 patients,
respectively [131, 132]. Greco et al. used heterogenous conditioning regimens,
none of which incorporated rituximab. In contrast, Burt et al. utilized the same
regimen for all patients, which included cyclophosphamide, rituximab, anti-
thymocyte globulin, and plasmapheresis. In Greco et al.’s study, relapse-free
survival was 10% and progression-free survival was 48%, whereas in Burt
et al.’s study, relapse-free survival was 80% and progression-free survival was
90%. Nine of 11 AQP4 seropositive patients in Burt et al.’s study seroconverted
to AQP4 seronegative upon HSCT and all of them remained relapse free at last
follow-up despite the fact that two regained AQP4 seropositive status 2–4 years
after HSCT. The two patients who remained AQP4 seropositive throughout the
study were the ones who had clinical relapses. In Greco et al.’s study, 8/10 AQP4
seropositive patients remained seropositive throughout the study. There was one
death in both studies. These studies demonstrate a potential immunoablative
framework for applying HSCT in NMOSD.
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Tolerogenic DNA vaccination, autoreactive T cell vaccination, and regulatory
T cell–based therapies are other theoretical approaches for further investigation
in NMOSD [133–135]. There has also been consideration of tolerizing against
self-antigens. In a phase 1b trial, AQP4 peptide loaded autologous tolerogenic
dendritic cells were administered IV in 4 patients with NMO [136]. The proce-
dure was well tolerated, and the patients remained in remission with stable
EDSS. There was a significant increase in regulatory T cells and IL-10, an anti-
inflammatory cytokine, at 12-week follow-up.

Conclusions

NMOSD is a CNS demyelinating disorder characterized by severe clinical
relapses that can cause permanent disability. Relapses are treated with high-
dose steroids and plasmapheresis. To prevent relapses and disease progression,
patients are maintained on immunosuppressive therapies, most commonly
rituximab, azathioprine, and mycophenolate mofetil.

In recent years, the treatment landscape for NMOSD has expanded,
making therapeutic choices more complex. Landmark clinical trials have
demonstrated that eculizumab, inebilizumab, and satralizumab are effi-
cacious therapies with reasonable safety profiles for AQP4 seropositive
NMOSD. In the N-MOmentum and SAkuraStar trials, respectively,
inebilizumab and satralizumab were directly compared with placebo.
Inebilizumab was also shown to decrease disability progression. Based
on inclusion criteria for the N-MOmentum and SAkuraStar trials,
inebilizumab and satralizumab may be beneficial in patients with newly
diagnosed AQP4 seropositive NMOSD. AQP4 seronegative patients were
included, but these trials were not sufficiently powered to assess the
response in this subgroup, especially those with MOG-associated disease;
thus, findings are primarily applicable to AQP4 seropositive patients.
Moreover, limited data in these trials showed that these therapies might
not have the same therapeutic benefits in AQP4 seronegative patients.
Further studies are needed to evaluate treatment strategies for AQP4
seronegative NMOSD and MOG-associated disease. In the PREVENT
trial, eculizumab was added to baseline immunosuppressive treatments
in approximately 75% of patients with AQP4 seropositive NMOSD.
Therefore, only approximately 25% of the patient cohort represented
direct comparison to placebo. Notably, we do not yet have data com-
paring the efficacy of eculizumab, inebilizumab, and satralizumab to
one another.

Prior to FDA approval of these three new medications, in our practice, we
have used rituximab as a first-line therapy for NMOSD. Patients who have
relapsed on rituximab have been transitioned to azathioprine or mycopheno-
late mofetil. In light of the N-MOmentum and SAkuraStar trials and recent
regulatory approvals, we propose that inebilizumab and satralizumabmay also
be considered for use as first-line therapies for AQP4 seropositive NMOSD.
Based on the PREVENT trial, eculizumab may be used as an add-on therapy for
AQP4 seropositive patients who have relapses on azathioprine or mycopheno-
late mofetil. Inclusion criteria in this trial limit wider extrapolation of
eculizumab’s therapeutic effects when used as monotherapy or for newly
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diagnosed NMOSD, although it still might be reasonable to consider
eculizumab in these settings as well.

Choice of therapy will be influenced by factors including frequency and
route of administration (subcutaneous injection vs. intravenous infusion), side
effect profile, and cost. Individual patient factors, such as age, co-morbidities,
and pregnancy plans, may also weigh into the decision.

These new medications provide targeted and specific immunotherapy,
allowing for treatment by way of a variety of pathophysiologic mecha-
nisms of action. When switching between medications, some caution is
advised since the use of a disease-modifying therapy within the previous
3–6 months was one of the most commonly used exclusion criteria in the
trials.

We suspect that individualized approaches to re-dosing will be of interest in
inebilizumab administration, as has been the case for rituximab monitoring
with CD19 and particularly CD27 cell counts. Long-term safety will need to be
closely monitored once these new medications become available.

In addition to the three new, recently FDA-approvedmedications, there are a
multitude of promising treatment options on the horizon. The future is bright
as therapeutic options increase, reshaping the lives of patients with NMOSD.
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