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1 | INTRODUCTION

| TaoJin! | Jie Zhu'?

Abstract

Neuromyelitis optica spectrum disorder (NMOSD) is a rare autoimmune inflammatory
demyelinating disorder of the central nervous system (CNS), which is a severely disa-
bling disorder leading to devastating sequelae or even death. Repeated acute attacks
and the presence of aquaporin-4 immunoglobulin G (AQP4-IgG) antibody are the typ-
ical characteristics of NMOSD. Recently, the phase Il trials of the newly developed
biologicals therapies have shown their effectiveness and good tolerance to a certain
extent when compared with the traditional therapy with the first- and second-line
drugs. However, there is still a lack of large sample, double-blind, randomized, clini-
cal studies to confirm their efficacy, safety, and tolerability. Especially, these drugs
have no clear effect on NMOSD patients without AQP4-1gG and refractory patients.
Therefore, it is of strong demand to further conduct large sample, double-blind, ran-
domized, clinical trials, and novel therapeutic possibilities in NMOSD are discussed

briefly here.
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about half of the patients had severe pain, which seriously affected

the quality of life of patients.“”7

Neuromyelitis optica spectrum disorder (NMOSD) is an autoimmune
inflammatory demyelinating disorder of the central nervous system
(CNS). NMOSD mainly affects the optic nerve and spinal cord®? and
its lesions also involve the brain stem and cerebrum in most cases by
repeated brain attacks, manifesting as optic neuritis, myelitis, and
certain brain and brainstem syndromes.4 NMOSD is a severely dis-
abling disorder leading to devastating sequelae, such as permanent
blindness or paralysis or even death.?* Simultaneously, NMOSD pa-
tients are complicated with severe persistent neuropathic pain, and

The epidemiological investigations show that NMOSD is consid-
ered as a rare disorder and worldwide prevalence was low with 0.3-
0.5-4.4/100,000 population®? estimating global pooled prevalence
with 1.82 per 100,000 people.’ Blacks have the highest prevalence,
followed by Asians, and whites have the lowest, suggesting vary-
ing prevalence seen in different racial populations.“'11 In the general
population, the incidence of NMOSD ranged from 0.053 to 0.4 per
100,000 per year and both the incidence and prevalence of NMOSD

were different worldwide.*®
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Previously, it was difficult to identify and diagnose NMOSD due
to its intricate clinical and neuroimaging manifestations, which were
indistinguishable from multiple sclerosis (MS). Excitingly, the autoanti-
bodies that target the aquaporin-4 (AQP4) water channel protein were
discovered and evidenced to have pathogenic potential for neuromy-
elitis optica (NMO) in 2004,'2*2 providing a better way to identify and
diagnose NMOSD based on the presence of AQP4 immunoglobulin
G (AQP4-1gG).%* There is growing evidence that the pathogenic fac-
tor, AQP4-1gG antibody in serum and cerebrospinal fluid (CSF), has
been observed in about 70% of NMOSD patients only.>” However,
20-40% clinically diagnosed NMOSD patients still lack detectable
AQP4-1gG.*®Y? Thus, another autoantibody of NMOSD, myelin oli-
godendrocyte glycoprotein (MOG)-IgG, has also been proposed as a
candidate biomarker for NMOSD in AQP4-1gG-seronegative patients,
named as MOG-IgG-associated disease (MOGAD).20 Moreover, both
MOGAD and NMOSD are responsible for clinically distinct subsets
of optic neuritis (ON).2%?2 Usually, when compared NMOSD AQP4-
1gG seropositive with AQP4-1gG seronegative/MOG-IgG positive, it
exhibited a different pathological mechanism, but the latter showed a
similar clinic and a better prognosis.'® Based on NMOSD's new diag-
nostic criteria, NMOSD is stratified by serostatus into NMOSD with
AQP4-1gG and without AQP4-1gG, and combined with the necessary
requirements and the core clinical characteristics.?>%? It is also re-
quired to detect MOG-1gG in NMOSD patients without AQP4-IgG to
determine or exclude MOGAD. However, it is still difficult to correctly
diagnose NMOSD without AQP4-1gG/MOG-IgG relying on the clini-
cal and imaging manifestations so far.?® This brings challenges to the
diagnosis of NMOSD and need to be carefully differentiated from MS,
MOGAD, and other demyelinating diseases in the CNS.2

Majority of AQP4-1gG is produced in peripheral lymphoid tis-
sues, so the levels of AQP4-IgG in serum are much higher than in
CSF. AQP4-IgG contributes to the pathogenesis of NMOSD through
activating complement and promoting disruption of astrocytic
membranes and blood-brain barrier (BBB) causing dysfunction of
brain water movement, resulting in a series of pathophysiological
changes.24 However, not all NMOSD patients have the pathogenic
AQP4-1gG,2>?¢ which raises a question whether AQP4-IgG is the
unique pathogenic factor for NMOSD. Therefore, the pathogenesis
of NMOSD may be multifactorial and is more complex than a simple
pathogenic AQP4-IgG would suggest, which remains unclear.

So far, all efforts made in the treatments of NMOSD with tar-
geting the pathogenic factor, AQP4-IgG, and its related molecules
have obtained a remarkable progress and success in therapy of some
cases. Unfortunately, these therapies for NMOSD are limited and
only partially effective in most cases. Thus, it is crucial to study and
explore the effective treatment methods and medicines in NMOSD.
In the present review, we summarized briefly the therapeutic out-
comes in NMOSD patients during the last decade and analyzed the
effects and adverse events of these drugs in different races and
populations. Since current advent of novel treatments provided
promising medications for the treatment of NMOSD, we discussed
the potential therapeutic effects with novel medications in NMOSD
and further research is needed to develop treatment guidelines.

2 | CURRENT THERAPIES IN NMOSD

At present, several drugs with different mechanisms and targets
have been applied in clinic for therapy of NMOSD patients, which
have been recommended as the first-line therapy with glucocor-
ticoids, azathioprine (AZA), and rituximab (RTX), as well as the
second-line therapy with other immunosuppressive drugs, such as
methotrexate, mycophenolate mofetil (MMF), and mitoxantrone in
NMOSD.?728 However, MMF is also recommended as the first-line
therapy in NMOSD by some groups.zg*29

Now the major progress in treatment of NMOSD is developing
the exciting new biological therapies, such as inebilizumab and ocre-
lizumab targeting B cells, anti-interleukin-6 (IL-6) receptor antibodies
(tocilizumab and satralizumab), and complement inhibitor (eculi-
zumab), which bring hope and dawn to treat NMOSD.>27:28:30-33 4
date, nevertheless, there is no approved therapy or curative treat-
ments in NMOSD.>?” Standard or traditional treatments with the
first- and second-line therapies in most patients with NMOSD could
prevent acute attacks and maintain remission. However, the stan-
dard treatments were ineffective in both patients with AQP4-IgG
seronegative and the refractory patients. Currently, the consensus
is that the goals of treatment of NMOSD are as follows: (1) reliev-
ing relapse-related symptoms; (2) preventing disease relapse and
keeping stable condition; and (3) symptomatic treatment. In recent
years, our research work has been focusing on NMOSD,%*%8 and our
therapeutic view is alleviating the acute symptoms and preventing
the relapses of NMOSD, the two key objectives of the therapeutic
approach for NMOSD. Additionally, the role of follow-up monitoring
of AQP4-1gG in the disease should be conducted. The therapeutic
strategy in NMOSD is presented in Figure 1.

2.1 | The first-line therapy in NMOSD

The drugs of the first-line therapy in NMOSD include glucocor-
ticoids, plasmapheresis, and immunosuppressants, such as RTX,
MMF, and AZA, which have been evidenced effectively in treatment
of some NMOSD patients with AQP4-1gG seropositive, manifesting
in improved clinical symptoms and lowering the risk of relapse at

varying degrees.

2.1.1 | Glucocorticoids

Glucocorticoids as the first-line and basic therapy in NMOSD has
been widely applied in clinic for treatment of NMOSD for a long
time. Glucocorticoids pulse therapy was frequently used at the
acute phase of NMOSD, subsequently glucocorticoids as a basic
therapy combated with other immunosuppressants applied in the
phases of remission and relapse of NMOSD. A study of Taiwan
showed that 96 NMOSD patients treated with glucocorticoids com-
bated with immunosuppressants at the acute phase for long-term
therapy were followed up for more than 2 years, displaying poor



SHI ET AL 983
CNS Neuroscience & Therapeutics _Wl LEY
CNS .
Neuron Oligodendrocyte
Macrophage . Brain
Eosinophils SIY;?:;I;(ZSS -
Neutrophils el
P Radicals
- 4 . N Spine
CytotoiICIty Astrocyte////_. ) w__, ) »
Eculizumab s 4/,// E (
B AQP4 : :
Complement \ protein \
BBB @ @ ® [ J ( J [ J [ J [ J ( J @ @ ®
. IL-17 .
Blocking IL23/IL17 IL-23 5 PP Glucocorticoids
/Th17 pathwa e amage
patay Lo BBB
Thi7cells g _—>—
AL IL-6 Tocilizumab AQP4- X
+ e /[0S s > Injury
AZA — IgG
CIL6R Satralizumab Therapy targets
human IgG - py targ
‘ T cells / ——— Process or promote
First-line thera
Methotrexate AP‘\ t‘ Memory B cells py
Cyclophosphamide i
Y APC / Plasma cells Second-line therapy
CD2 New biologicals therapy
Immature B cells
Peripheral circulation ,29 Novel insights
Inebilizumab RTX HSCT 9

FIGURE 1 New biological therapies in NMOSD. Interleukin-6 (IL-6) as a T-cell-derived cytokine induced B lymphocyte differentiation into
immunoglobulin (IgG)-producing plasma cells, which also regulates the differentiation of native CD4+ T cells into pathogen-specific effector
T-helper cell 17 (Th17) that release both IL-17 and I1L-23 and increase the permeability of blood-brain barrier (BBB).mé’107 Then, aquaporin-4
(AQP4)-1gG produced from the peripheral lymphoid tissues passes BBB and enters the central nervous system (CNS) binding to the AQP4
proteins expressed on astrocytes, afterwards the complex can active the complement damaging and promoting disruption of astrocytic
membranes and BBB, causing dysfunction of brain water movement, as well as recruiting inflammatory cells like macrophages, neutrophils,
and eosinophils entering into the CNS. The inflammatory cells could release proteases, cytokines, and radicals that further injure CNS
parenchymal, optic nerve, and blood vessels. Astrocyte damage leads to loss of support for oligodendrocytes and neurons, which ultimately
leads to loss of myelin sheath. Several drugs with different mechanisms and targets have been applied in clinic for therapy of NMOSD
patients, which have been recommended as the first-line therapy with glucocorticoids and immunosuppressants, such as azathioprine (AZA),
mycophenolate mofetil (MMF), and rituximab (RTX). Usually, when glucocorticoids pulse therapy failed in NMOSD, plasmapheresis (PP) and
human IgG were chosen as the second option for therapy of the acute NMOSD. The second-line therapy includes other immunosuppressive
drugs, such as methotrexate and cyclophosphamide. Now the major progress in treatment of NMOSD is developing the exciting new
biologicals, such as anti-AQP4-IgG agents (inebilizumab as a targeting CD19 antibody), anti-IL-6 receptor antibodies (tocilizumab and
satralizumab), and complement inhibitor (eculizumab). Other novel insights into therapeutic possibilities in NMOSD include targeting Th17
cells and blocking IL23/1L17/Th17 pathway and stem cell therapies, etc. Abbreviations: APC: Antigen-presenting cells; AQP4: Aquaporin-4;
AZA: Azathioprine; BBB: Blood-brain barrier; CNS: Central Nervous System; HSCT: Hematopoietic stem cell transplantation; I1gG:
Immunoglobulin G; IL-6: Interleukin-6; IL-6R: Interleukin-6 receptor; MMF: Mycophenolate mofetil; NMOSD: Neuromyelitis optica spectrum
disorders; PP: Plasmapheresis; RTX: Rituximab; Th17: T-helper cell 17

visual prognosis.39 The effect of glucocorticoids alone on NMOSD treated by glucocorticoids pulse therapy and PP add-on, the visual

is beyond proof because most of the clinical trials in NMOSD used acuity of the patients was remarkably improved, which is a clinical
glucocorticoids combated with immunosuppressants. feature of NMOSD with repeated vision impairment.>® Compared
with monotherapy with glucocorticoids, PP add-on treatment was
obviously effective in restoring vision and improving the prognosis

2.1.2 | Plasmapheresis after NMOSD relapses. 384243
So far the efficacy of plasmapheresis (PP) in NMOSD has not been
2.1.3 | Immunosuppressants of the first-line therapy

in NMOSD

proofed by large sample, randomized, controlled trials,*® despite re-
ports of successful therapeutic cases in MNOSD.*! Usually, when
glucocorticoids pulse therapy failed in NMOSD, PP and human im-
munoglobulin (IgG) were chosen as the second option for therapy of
the acute NMOSD. It has been reported that in 15 NMOSD patients

The efficacy of these immunosuppressants as the first-line therapy
in NMOSD during 3 years after NMOSD onset was observed in a
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recent study, in which 136 NMOSD patients were treated by RTX,
MMF, and AZA, respectively. Treatment with RTX was obviously ef-
fective compared with MMF in improving clinical symptoms and re-
ducing disease activity and the risk of relapse, which was irrelevant
to the antibody levels. There was no difference between treatment
with RTX and AZA %8

RTX has long been considered a first-line treatment in NMOSD
through its effect with depleting CD20 B cells.?” D20 molecule as a
cell surface antigen expresses on pre-B cells, mature and memory B
cells, but not on the earliest B-cell precursors or on plasma cells.**
RTX has been recommended for clinic application in multiple clinic
observations* via depleting CD20 B cells to decline the pathogenic
antibody production, thereby alleviating the symptoms of disease. A
study with 73 Italian NMOSD patients treated by RTX showed that
RTX declined relapse rate and neurologic disability, however, did not
either affect the frequencies of autoreactive B cells or reset defec-
tive early B-cell tolerance checkpoints.*® It is noteworthy that treat-
ment with RTX in NMOSD patients with AQP4-1gG seropositive can
prevent disease relapses effectively during more than 1.5 years,
indicating that RTX can be recommended to maintain therapy in
NMOSD patients with AQP4 antibody.*

Another clinical trial in 23 NMOSD patients treated with RTX
was conducted for more than 40 months and AQP4-IgG positive was
found in 78% of the patients. RTX therapy significantly reduced the
number of relapses in 91% cases, and annualized relapsed rate (ARR).
The mean expanded disability status scale score (EDSS) also declined
from 4.8 to 3.9. The results showed that RTX was well tolerated, and
infections were main adverse events in 65.2% of cases, which indi-
cated RTX effectiveness and safety in patients with NMOSD.*®

A clinical observation in Korea reported that before RTX treat-
ment, 9 of 12 NMOSD pregnant patients had pregnancy-related
attack, however, after initiation of RTX therapy, only in 5 of 21
pregnancies attack occurred, which implied that RTX could decline
and prevent pregnancy-related attack before pregnancy.49 A total
of 100 Korean patients received repeated RTX treatment during
a median of 67 months, afterwards follow-up for more than 5 and
7 years, respectively. The results displayed an increasing number of
patients and duration of exposure and maintained good efficacy and
safety of RTX.>® However, most studies regarding the therapeutic
effects of RTX on NMOSD were placebo controlled. Therefore, it
is necessary to conduct a large sample of other therapeutic agents
control studies.

Similarly, AZA and MMF decreased the risk of relapses and dis-
ability progression in 206 NMOSD patients with AQP4-IgG seropos-
itive in another clinical investigation.51 Importantly, the treatments
with these immunosuppressants in NMOSD should last for 5 years
at least.>?

A recent prospective cohort study enrolling 281 Chinese
NMOSD patients has revealed that both AZA and MMF evidently
declined the risk of disability and relapse, resulting in NMOSD prog-
ress delay through assessing the effects of the first-line immuno-
therapies over a long period of time.?® Another Chinese research
group also reported that AZA, MMF, and lower dosages of RTX

(100 mg RTX intravenous injection, once per week for 4 consecu-
tive weeks) remarkably relieved the clinical symptoms in NMOSD
patients with AQP4-1gG seropositive and obviously lowed ARR.>
At the same time, their study investigated the impact of these drugs
on AQP4-1gG and side effects. The results showed MMF and lower
dosages of RTX declined AQP4-IgG titers and side effects signifi-
cantly compared to AZA.>* Additionally, clinical trial demonstrated
that RTX at lower dosage reduced the counts of CD19 B cells more
effective than other dosages.54

In a clinic trail with the first-line therapy in NMOSD, 198 NMOSD
patients receiving treatment with AZA, MMF, or cyclophosphamide
(CTX) (n = 119, 38, and 41, respectively) were cotreated with oral
prednisone. The results showed that (1). The good first-line thera-
peutic option was MMF; and (2). If AZA’s side effects were tolerable,
AZA was also the first-line drugs worth applying.55

However, there were some defects and shortcomings in these
studies, since some drugs, such as RTX that is dominant and given
first line as relapse prevention therapy in most advanced nations,
and others have not been widely used in Mainland China clinics due
to several reasons, thus the studies on evaluations of the efficacy of
the first-line or the second-line therapies in NMOSD were limited.
Because RTX is too expensive, its application in middle- and low-
income countries has been restricted.

Previously, we also conducted the clinical trials applying the
first-line therapy in NMOSD at Neuroscience Center, Department
of Neurology of The First Hospital of Jilin University, in which it
enrolled about more than 100 patients with NMOSD per year. Our
results showed that glucocorticoids pulse therapy was effective to
improve symptoms at acute phase in most NMOSD patients, and
early application of glucocorticoids combined with AZA or MMF
maintaining therapy declined the relapse rate clearly. Our findings
further strengthened the evidence that early treatments with MMF
and AZA could obviously diminish disease relapse and disability, and

benefited patients.

2.2 | The second-line therapy in NMOSD

2.21 | Methotrexate and cyclophosphamide

Methotrexate has been also recommended as a common drug
in NMQOSD. A small sample size study reported that methotrex-
ate treatment was started as an initial long-term immunosuppres-
sant in NMOSD patients. After 18 months of treatment, ARR in
methotrexate-treated group was significantly decreased, suggest-
ing methotrexate being safe and effective as a single long-term im-
munosuppressant in NMOSD.*® The similar findings have been also
observed in NMOSD patients treated with methotrexate in other
studies.”” As a few groups suggested, if NMOSD patients were
failed by other treatments, methotrexate may be recommended as a
therapeutic option in NMOSD patients due to its stabilization of dis-

55-57

ability and good tolerance, which needs further study to confirm

because the studies came from a small clinical sample size.
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Intravenous cyclophosphamide therapy in NMOSD was effective
in both acute and chronic phases of NMOSD and cyclophosphamide
combined with intravenous methylprednisolone or with PP was valu-
able therapeutic modality.”® However, when NMOSD patients treated
with AZA and MMF showed serious side effects or could not tolerate
AZA and MMF, cyclophosphamide was a good therapeutic choice.>

Although AZA and cyclophosphamide effectively reduced re-
lapses in both NMOSD and NMOSD with connective tissue disease
(CTD), cyclophosphamide was superior to AZA for declining relapses
in patients of NMOSD with CTD through investigating 65 NMOSD
patients with CTD in a retrospective study.” In serial studies, totally
631 patients with NMOSD were followed up from 12 to 40 months
to evaluate the efficacy and tolerance of immunosuppressants ther-
apy. The results showed that the efficacy of RTX was superior to
AZA in NMOSD, while patients were most tolerant to MMF and
worst tolerance for cyclophosphamide therapy.60

In short, there are some defects and deficiencies in the above
studies on the second-line therapy in NMOSD. The main problem is
the lack of large sample, randomized, long-term clinical researches.
Thus, the large sample, randomized, clinical studies are needed
to make the correct conclusions to guide clinical treatments in
NMOSD.

2.3 | New biological therapies in NMOSD

In recent years, the studies of NMOSD have speeded up the break-
through development of potentially new biological therapies in
NMOSD. These new biologicals are promising and have emerged
in the form of targeting B-cell (inebilizumab and ocrelizumab, the
anti-CD19 and CD20 antibodies, respectively), anti-IL-6 receptor
antibodies (tocilizumab and satralizumab), complement inhibitors
(eculizumab), etc., which have been started to investigate their ef-
fectiveness and advent events in NMOSD via clinical trials in the
randomized large samples. The clinical trial results evidenced that
these new biological therapies successfully improved clinic symp-
toms, reduced the risk of disease relapse and had good tolerance
in most NMOSD patients, especially in the patients with AQP4-IgG
positivity. However, in most clinical trials of new immunosuppres-
sants are studied controlling with placebo, which makes it impossible
to compare the efficacy of these new immunosuppressants with ex-
isting clinical first- and second-line drugs in NMOSD.

2.3.1 | Targeting B cells

As mentioned above, AQP4-IgG is a pathogenic factor and has been
found in 70% NMOSD patients.*>*” Generally, B-cell subpopulation
with CD19(int), CD27(high), and CD38(high) phenotypes produced
AQP4-1gG in NMOSD patients and obviously enhanced in the pe-
ripheral blood during relapse of disease.®! There's no doubt that B
cells had contributed to the pathogenesis of NMOSD, which has

confirmed by the growing evidence.®?¢3

2.3.2 | Inebilizumab
Inebilizumab is an anti-CD19, B-cell-depleting antibody that has
been studied in a multicenter, consisting of 99 clinics or hospitals
in 25 countries, which passed a double-blind, randomized placebo-
controlled phase 2/3.° In the study, there were 230 participants in
total: 174 were treated with inebilizumab and 56 with placebo. The
rates of general adverse events were 72% and 73% in inebilizumab
group and placebo group, respectively. While the rates of serious
adverse events were 5% in inebilizumab group and 9% in placebo
group, the outcome provided the evidence that inebilizumab is a po-
tential biological to treat NMOSD patients with lowing the risk of at-
tack and disability of disease and safety when compared to placebo
group. 56465

Ocrelizumab is a novel, anti-CD20 B-cell-depleting antibody
through deleting CD20 B cells to decrease AQP4-IgG production,
however, it preserves the capacity for B-cell reconstitution and pre-
exists humoral immunity.®® Ocrelizumab has been applied in clinic
for treatment of NMOSD and MS; so far, the studies of ocrelizumab
in NMOSD are relatively few and most studies focused on its thera-
peutic effect on MS.%% A total of 12 pregnant women with NMOSD
received RTX/ocrelizumab 12 months before or during pregnancy.
The results showed that 1 of 12 (8.3%) patients at least 6 months
postpartum follow-up experienced a relapse. Therefore, more re-
searches of ocrelizumab on pregnancy outcomes and risks need to
be investigated and it is also necessary to conduct the clinical study

on ocrelizumab’s effects in a large sample size.’

2.3.3 | ANTI-IL-6 receptor antibodies

In recent years, two anti-IL-6 receptor antibodies, tocilizumab (TCZ)
and satralizumab, with the potential therapeutical effects have
been studied in active NMOSD. IL-6 involved in the pathophysiol-
ogy of NMOSD has been confirmed by the clinical and preclinical
data.32%870 A multicenter, randomized, phase 2 trial has been con-
ducted at six hospitals in China and 118 patients with NMOSD were
enrolled, of whom 59 were treated with TCZ and AZA, respectively.
Compared to AZA, TCZ was an evidently safe and effective ther-
apy to prevent relapses of NMOSD.%! In addition, a retrospective
study in NMOSD patients treated with TCZ at Toulouse University
Hospital was analyzed. All seven patients treated with TCZ, who
were at active phase of NMOSD and suffered from the severe side
effects caused by other immunosuppressant treatments, were re-
lapse free during TCZ treatment period. Their result indicated that
TCZ seemed effective in patients with refractory NMOSD.”*

A meta-analysis collected the relevant studies published prior to
May 2020 from the PubMed, Cochrane Library, and clinicaltrials.gov
databases to investigate the efficacy and safety of TCZ in NMOSD.
The results showed that all 89 NMOSD patients treated with TCZ
had significantly lower ARR and a close association between pro-
portion of relapse-free NMOSD and TCZ treatment was found. Also,
the side effects in MNOSD patients treated with TCZ were mild,
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recommending application of TCZ therapy in NMOSD, which is safe
and effective.®®¢’

Blocking IL-6 signaling with TCZ has been demonstrated as ef-
fective to treat patients with refractory NMOSD.”? Especially, TCZ
could obviously reduce pain severity in two trials and fatigue scores
in patients with NMOSD refractory to standard drugs in a trial.”?
Lotan et al. investigated 12 NMOSD patients treated by subcutane-
ous TCZ at least for 6 months and found that the effectiveness of
subcutaneous TCZ treatment was similar to intravenous administra-
tion in NMOSD, which was a more convenient at-home administra-
tion.”® The evidence suggested that TCZ may be a promising drug to
prevent acute onset in NMOSD patients.”?

In 2020, satralizumab, as a humanized monoclonal antibody, be-
came the third compound entering the US market to treat NMOSD
by targeting IL-6 receptor. In a phase 3 trial, NMOSD patients treated
with subcutaneous or intravenous satralizumab monotherapy had a
lower risk of relapse than placebo group on the primary endpoint
of the relapse rate. The reason is due to satralizumab targeting IL-6
receptors, adding to basic immunosuppressant treatment showed
that relapse time was longer than placebo group. But satralizumab
did not show effectiveness to relieve pain and fatigue in NMOSD.”*
However, the occurrence of adverse events in both satralizumab and
TCZ treatments was mild and comparable to AZA and placebo group,
indicating satralizumab has good safety and efficacy.”® Additionally,
the clinical trials with satralizumab were conducted in both AQP4-
lgG-seropositive and -seronegative patients. Unfortunately, the re-
sults in the AQP4 IgG-seronegative subgroup did not reveal a lower
risk of relapse, suggesting that satralizumab was ineffective proba-
bly in such patients.®? Satralizumab is a potentially valuable treat-
ment drug in NMOSD patients with AQP4-1gG seropositive.3>74

In short, therapy with TCZ and satralizumab, anti-IL-6 receptor
antibodies in NMOSD, achieved the promising results. In order to
further confirm the therapeutic effect of TCZ and satralizumab on

NMOSD, it is necessary to conduct randomized, larger-scale trials.

2.3.4 | Complement inhibitor (Eculizumab)
The inflammation and astrocytic injury in the CNS are mainly through
complement activation after binding of AQP4-IgG autoantibody in
NMOSD, which is considered a determinant pathogenic factor.3%7°
To date, eculizumab, a terminal complement inhibitor, has been
approved by US, EU, and Japan to treat AQP4 IgG-seronegative
NMOSD.

One hundred and forty-three NMOSD patients participated in
a randomized, double-blind, time-to-event trial for treatment with
intravenous eculizumab or placebo. AQP4 IgG-positive NMOSD
treated with eculizumab displayed an obviously lower risk of relapse
than the patients treated with placebo; unfortunately, eculizumab
treatment did not impact disability progression.3®7¢ However, an in-
consistent result was seen in a study from the same group, in which
14 NMOSD patients receiving eculizumab not only significantly
showed lowed attack frequency but also improved neurological

disability in active NMOSD.”® Thus, it is deserving and necessary
to conduct further investigations in larger samples and randomized
studies.®>””

During eculizumab treatment period, the levels of serum C3 and
C4 in patients did not change; nevertheless, 50% hemolytic com-
plement (CH50) level clearly reduced without deterioration of the
disease, suggesting that it is possible to monitor eculizumab efficacy
via detection of serum CH50 level and CH50 may be a biomarker of
eculizumab treatment.””

Eculizumab has been proofed to be useful in therapy of intrac-
table NMOSD through the clinical trials described as the above.
However, Paul et al. called on clinicians alerting to the risk of
eculizumab-induced infections, such as meningococcal infection
during eculizumab treatment process.”® The same therapeutic effi-
cacy of eculizumab was also found in another investigating study,
however, an opposite finding was noted that eculizumab therapy did
not appear to clearly increase serious infections.”

During the past 6 years, several key worldwide studies on
NMOSD treatments with new biological antibodies, including ine-
bilizumab, satralizumab, and eculizumab, have been launched based
on their unique therapeutic effects and mechanisms. All of the trials
were double-masked and placebo-controlled studies that showed
a clear benefit with each approach. To date, the roles of these an-
tibodies targeting and depleting B cells (rituximab, inebilizumab,
and ocrelizumab) or blocking IL-6 signaling (tocilizumab and satral-
izumab) or complement inhibitor (eculizumab) have been confirmed
to have superior efficacy in diminishing NMOSD activity and inhib-
iting disability progression compared to placebo. In head-to-head
studies, rituximab and tocilizumab were also superior to AZA.”°
Simultaneously, all these antibodies have evidence to show good
safety and tolerance with a lower rate of adverse events. However,
the therapeutic effects of these antibodies appeared only in AQP4-
IgG-seropositive patients, not in AQP4-IgG-seronegative patients,
indicating therapeutic response different in two groups.®° Despite
this, these antibodies have been demonstrated to be effective and
promising therapeutic interventions in NMOSD.8!

3 | NOVEL INSIGHTS INTO THERAPEUTIC
POSSIBILITIES IN NMOSD

The first- and second-line therapies as well as recent developed new
biological agents in NMOSD patients with AQP4-IgG seronegative
showed no clear therapeutic effect. Also some refractory patients
with AQP4-1gG seropositive did not respond to these treatments
well. Although these new biological agents, such as satralizumab and
inebilizumab, have obtained the positive results in the phase lll, they
still have some defects and deficiencies, such as small sample size
and lack of long-term data. Thus, it is necessary to further confirm
the effectiveness and safety of the biological agents in treatment
NMOSD through conducting more clinic trails in the near future. At
the same time, it is a strong need to develop new target-specific mol-
ecules related to the pathogenicity of NMOSD and it also requires
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development of diverging therapeutic demands for AQP4-IgG-

seronegative patients.

3.1 | Targeting Th17 cells and blocking IL23/1L17/
Th17 pathway

Previous studies have found that pathogenic AQP4-lgG can par-
ticipate in the pathogenesis of NMOSD by activating complement,
inducing inflammation, and destroying the BBB. However, the lat-
est study found that some NMOSD patients do not have AQP4-1gG,
which suggests that there may be other pathogenic factors con-
tributed to the occurrence of the disease. Among these pathogenic
factors, T-helper 17 (Th17) cells may be a crucial factor that cause
the pathology in NMOSD. Based on the recent findings, it has been
evidenced that elevated IL-6 and IL-17 are associated with severe
disability of NMOSD and lower levels of IL.-6 and IL-17 were found
in patients after anti-CD20 therapy.®? Additionally, higher propor-
tion of Th17 cells and higher levels of IL-17 as well as its related
cytokines, IL-6, IL-21, and IL-23 in both CSF and plasma were ob-
served in NMOSD than in the control group in a meta-analysis with
38 trials, indicating that Th17 cells and IL-17 might play a pathogenic
role in development of NMOSD and related to disease severity.8384
However, it is still unclear whether Th17 cells are the pathogenic
cells in NMOSD without AQP4-IgG, which requires further study.
Th17 cells can produce the proinflammatory cytokines IL-17 and IL-
23, and both of them can promote the differentiation of Th17 cells to
drive autoimmune response and inflammation in several disorders,
including NMOSD. IL23/IL17/Th17 pathway may be a central hub to
NMOSD development and a key therapeutic target,®>%¢ especially
IL23/1L17/Th17 pathway, which may be involved in the pathogenesis
of NMOSD without AQP4-1gG. A better understanding of the roles
of Th17 cells, IL-17, and IL-23 in NMOSD can provide new knowl-
edge and help explore the promising and novel treatment strategy.
Therefore, Th17 cells and IL-17 may be new targets for therapy in
NMOSD, particularly in NMOSD patients with AQP4-IgG seron-
egative.ss'g"J Furthermore, an increased Th2-related cytokines IL-25,
IL-31, and IL-33 were observed in NMOSD. There was an associa-
tion between serum level of IL-33 in acute phase and past attacks,
while lower serum level of IL-35 was related to disease severity of
NMOSD, which calls for conducting further studies to find more
new therapeutic targets in NMOSD.8788

3.2 | Stem cell therapy

The pluripotent stem cells derived from different tissues are a prom-
ising therapeutic approach to restore the damaged CNS functions
since the stem cells can enhance self-renewal or self-replication abil-
ity. Stem cell therapy was successful to improve motor functions in
several animal models of Parkinson's disease® and spinal cord in-
jury.(’o'91 Stem cell therapy has beneficial effects on recovery from
CNS injury, but the mechanisms of action remain not entirely clear.

Autologous hematopoietic stem cell transplantation (AHSCT)
has been applied in treatment of MS, which is considered as a recon-
stitution form of immunotherapy, or a myeloablative and lymphoab-
lative form of immunotherapy. In a recent study, three NMOSD
patients received AHSCT with cyclophosphamide, rabbit antithymo-
cyte globulin, and RTX and followed up for 25 years. The outcome
showed that AHSCT seemed safe and effective with two patients
showing improvement in disease activity and disability.”?

In a prospective cohort study, 11 NMOSD patients with AQP4
1gG positive, 1 NMOSD without AQP4 IgG, and 1 NMOSD AQP4
IgG positive after cyclophosphamide treatment were enrolled.
Unselected peripheral blood stem cells were transplanted to 13
patients and median follow-up was nearly 5 years. The outcome
showed that 80% patients were relapse free without any immuno-
suppression for more than 5 years post-transplant with hematopoi-
etic stem cell transplantation.93

One study also reported that a patient with NMOSD who under-
went autologous peripheral hematopoietic stem cell transplantation
(APHSCT) was followed up for 12 months with reduce the frequency
of attacks and improvement in disability.”* Strikingly, two NMOSD
patients with severe forms received APHSCT were observed AQP4-
IgG disappearance, sustained clinical remission, and radiological im-
provement as well as rebuilt of naive immune system.”? The curative
and adverse effects of AHSCT on NMOSD were evaluated in 27 stud-
ies from the following databases (PubMed, Web of Science, Medline,
EMBASE, Cochrane, and Google Scholar) and in a meta-analysis with
31 NMOSD patients before December 2019.” The results showed
that AHSCT treatment resulted in long-term effect on NMOSD pa-
tients with a high safety.” Fifteen NMOSD patients received a single
intravenous infusion of autologous bone marrow-derived mesenchy-
mal stem cells (MSCs) for 12 weeks for evaluation of the safety and
efficacy of MSCs in NMOSD. The results demonstrated that MSC
treatment for NMOSD patients was safe and effective in diminish-
ing the relapse frequency and neurological disability for 2 years. The
conclusion was that MSC treatment benefits NMOSD patients.”®
Strikingly, the treatment with autologous stem cell transplantations
in late-stage refractory NMOSD patients led to seroconversion from
AQP4-1gG seropositivity to negativity without relapses.w'98

Recently, Ceglie et al. summarized the therapeutic effects of he-
matopoietic stem cell transplantation (HSCT), including both autol-
ogous and allogeneic HSCT on NMOSD. They proposed that HSCT
can induce tolerance to autoantigens and need to further explore
graft versus autoimmunity effects, which will warrant to extend clin-

ical trials to investigate this promising therapeutic option.”’

3.3 | Individualized therapy

Individualized management and therapy in NMOSD patients are es-
sential and should be considered based on the above comprehen-
sive studies and descriptions. Previous broad immunosuppression in
NMOSD and now shifting to tailored treatments should to be prom-
ising efficient.”’? First, individualized therapy must be expanded to
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choose more treatments, including the new developed biologicals,
since current effective treatments in acute attack of NMOSD re-
sulted in complete recovery about 30% of attacks onIy.loo’101 We
suggest that it should not be restricted to only use the first-line or
second-line traditional drugs in NMOSD, we should based on the
patient's response to treatment, including the efficacy, safety and
tolerability of drugs, other drugs with different curative mechanisms
might be considered to apply first.

In NMOSD patients, in whom AQP4 IgG is not a dominant patho-
genic autoantigen, the blockers of 1L23/IL17/Th17 pathway may be
conducted in clinical trials after receiving a permission to explore the
role of the blockers in the pathogenesis of NMOSD without AQP4-
IgG and understanding their therapeutic efficacy, which is a bit fur-
ther away on the horizon probably. At the same time, it is necessary to
detect anti-MOG antibody in NMOSD patients without AQP4-1gG, so
that the NMOSD patients with MOG-IgG can be treated accordingly.

Individualized therapy in NMOSD patients might also use com-
bination therapy with PP and other therapies to maximize the thera-
peutic effect of their respective drugs, while minimizing side effects
and adverse events. Other potential strategies, such as inducing
immune tolerance via oral or nasal way, modulating T- and B-cell
functions, as well as inventing DNA vaccination, for individualiza-

65102104 Fina|ly, a question needs to be

tion have been investigating.
answered in the near future, that is, when and whether long-term
therapy in NMOSD should be ceased in lack of disease activity?

One issue worthy of attention is that we should monitor the
titers of AQP4-1gG in order to observe the efficacy of the applied
therapies and also further investigate the nexus between the levels
of AQP4-IgG and clinical severity and remission. In addition, there
may be other molecules and factors involved in the pathogenesis of
NMOSD, such as B-lymphoid tyrosine kinase (BLK), and the poly-
morphism and mRNA gene expression of BLK may have impact on
the sensitivity of NMOSD, therefore, it also needs to be further
studied in the future.1%

4 | CONCLUSION

The latest advances in immunology, pathology, pharmacology and
other disciplines have enabled us to have a deeper understanding
of NMOSD, and also opened a new era of NMOSD treatment. On
the basis of standard treatment, the amazing novel therapeutic bio-
logicals with diverse curative targets and mechanisms have started
to be applied in order to treat NMOSD patients and finally emerge
as effective and promising therapeutic interventions. However, the
efficacy of the novel therapeutic biologicals is still limited due to lack
of large clinical data to confirm. Therefore, it is necessary to con-
tinue conducting clinical trials and developing new effective drugs
for treatment of NMOSD in the near future.
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