
Citation: Saitakis, G.; Chwalisz, B.K.

Treatment and Relapse Prevention of

Typical and Atypical Optic Neuritis.

Int. J. Mol. Sci. 2022, 23, 9769.

https://doi.org/10.3390/

ijms23179769

Academic Editors: Neil R. Miller and

Rongkung Tsai

Received: 22 July 2022

Accepted: 18 August 2022

Published: 29 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Review

Treatment and Relapse Prevention of Typical and Atypical
Optic Neuritis
George Saitakis 1,2 and Bart K. Chwalisz 1,3,*

1 Division of Neuro-Ophthalmology, Department of Ophthalmology, Massachusetts Eye & Ear Infirmary,
Harvard Medical School, Boston, MA 02115, USA

2 Athens Eye Hospital, 166 75 Athens, Greece
3 Department of Neurology, Massachusetts General Hospital, Harvard Medical School, 15 Parkman Street,

Suite 835, Boston, MA 02114, USA
* Correspondence: bchwalisz@mgh.harvard.edu; Tel.: +1-617-724-3646

Abstract: Optic neuritis (ON) is an inflammatory condition involving the optic nerve. Several impor-
tant typical and atypical ON variants are now recognized. Typical ON has a more favorable prognosis;
it can be idiopathic or represent an early manifestation of demyelinating diseases, mostly multiple
sclerosis (MS). The atypical spectrum includes entities such as antibody-driven ON associated with
neuromyelitis optica spectrum disorder (NMOSD) and myelin oligodendrocyte glycoprotein antibody
disease (MOGAD), chronic/relapsing inflammatory optic neuropathy (CRION), and sarcoidosis-
associated ON. Appropriate and timely diagnosis is essential to rapidly decide on the appropriate
treatment, maximize visual recovery, and minimize recurrences. This review paper aims at presenting
the currently available state-of-the-art treatment strategies for typical and atypical ON, both in the
acute phase and in the long-term. Moreover, emerging therapeutic approaches and novel steps in the
direction of achieving remyelination are discussed.
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1. Introduction

Optic neuritis (ON) is an inflammatory condition involving the optic nerve but is
far from being a uniform condition, and several important variants are now recognized
that can be stratified into typical and atypical forms. Typical, ON usually manifests in
young adults, especially women, between 18 and 45 years of age, and can be idiopathic
or represent an early manifestation of demyelinating diseases, mostly multiple sclero-
sis (MS). The atypical spectrum includes entities such as neuromyelitis optica spectrum
disorder (NMOSD), myelin oligodendrocyte glycoprotein antibody disease (MOGAD),
chronic/relapsing inflammatory optic neuropathy (CRION), and sarcoidosis-associated
ON, and in all of these, the clinical presentation, visual prognosis, and recurrence risk differ
from typical ON. Importantly, optimal treatment approaches are also not uniform, making
it essential to more accurately differentiate these entities based not only on their clinical
presentation but also their pathogenesis. We will discuss currently available state-of-the art
therapeutic strategies for typical and atypical ON, both in terms of acute treatment with
regard to long-term relapse prevention. Moreover, emerging therapeutic approaches and
novel steps in the direction of achieving remyelination are discussed.

2. Typical Optic Neuritis

Optic neuritis (ON) is an inflammatory condition involving the optic nerve, manifested
usually in young adults, especially women, between 18 and 45 years of age [1]. The majority
of the cases are idiopathic, but ON can be associated with demyelinating diseases, most
commonly multiple sclerosis (MS). Optic neuritis represents one of the most frequent
phenotypes of MS relapse, and occurs as the first demyelinating event in about one out

Int. J. Mol. Sci. 2022, 23, 9769. https://doi.org/10.3390/ijms23179769 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms23179769
https://doi.org/10.3390/ijms23179769
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-9918-1742
https://doi.org/10.3390/ijms23179769
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23179769?type=check_update&version=1


Int. J. Mol. Sci. 2022, 23, 9769 2 of 40

of three MS patients [2]. MS is characterized by the presence of plaques that form in
the CNS in combination with inflammation, demyelination, axonal injury, and axonal
loss. The plaques are located primarily in the white matter of the brain, spinal cord,
and optic pathways, but there is also involvement in the gray matter [3,4]. Depending
on their stage of development, they contain varying proportions of immune cells and
immunoreactive substances [5]. Plaques are expressed in all forms of MS, but vary over
time quantitatively and qualitatively, showing a profound heterogeneity in the structure and
immunopathological patterns of demyelination and oligodendrocyte pathology between
relapsing-remitting and progressive forms of MS [6]. MS likely represents a T-cell-mediated
autoimmune disorder with a predominance of CD8+ cells. The dominant theory is that
inflammatory lesions in MS consist mainly of CD8+ and CD4+ T cells, and activated
microglia and macrophages [7,8]. There is evidence regarding the suppression of functions
that restricts CD4+ T-cell responses, and the tissue-damaging role of CD8+ T cells is reported
to co-localize with axonal pathology [9,10]. Experiments in humanized transgenic mice
showed that the specific interaction of CD8+ T cells with target cells requires MHC-I
expression, which is tightly regulated in neurons and MHC-I molecules, only in response
to danger signals such as pro-inflammatory cytokines IFN-γ or TNF-α [9]. However, the
role of B cells has also become apparent, as evidenced, for instance, by the effectiveness of
B cell inhibition as an MS disease-modifying therapy (DMT).

3. Pathophysiology of ON

In the acute phase, ON pathology is characterized by optic nerve abnormalities and
inflammatory demyelination. More specifically, predominant T cell, B cell, and glial cell
activation within the nerve increases pro-inflammatory cytokines, leading to the activation
of microglia and monocyte-derived macrophages, and further recruitment of CD4− and
CD8+ T cells [11]. The subsequent inflammation leads to demyelination, reactive gliosis,
and axonal death [12]. Pro-inflammatory cytokines and cytotoxic factors target myelin-
producing oligodendrocytes (OLGs) and oligodendrocyte precursor cells (OPCs), causing
apoptosis and exacerbating axonal demyelination [13–16]. Mature OLGs that survive de-
myelination are unable to produce new myelin sheaths. Remyelination, therefore, requires
the migration and regeneration of oligodendrocytes from OPCs [17].

It is worth noting that the acute inflammatory lesions of the afferent visual pathway
cause retrograde degeneration of retinal ganglion cells (RGCs). It has been demonstrated
that RGC loss is associated with a reduction in post-synaptic proteins and neurite projec-
tions, and with persistent microglia and astroglia activation in the inner retina with high
levels of iNOS (inducible nitric oxide synthase), IL (interleukin)-1α, TNF (tumor necrosis
factor)-α, and C1q (complement component 1q) [15]. Thus, the development of therapeutic
agents should focus on anti-inflammatory, anti-apoptotic, and remyelinating mechanisms
to achieve neuroprotection and neuro-regeneration in the optic nerve and retina.

4. Acute Treatment of Typical Optic Neuritis/Clinically Isolated Syndrome

In general, MS is characterized by its tendency for recurrence in proximity to a pre-
viously affected site, as has been observed radiologically [18,19] and confirmed in post-
mortem pathological studies [20]. Lotan et al. showed that in MS, recurrent episodes of
ON tend to attack the same optic nerve that was affected before [21]. Similar findings come
from a 2011 study [22]. Potential explanations for the recurrent nature of ON in MS is the
disruption of the blood–brain barrier during the initial insult and antigenic change and
expansion, leading to epitope spreading as a pathogenic event leading to a chronic CNS
demyelinating disease [23].

Based on the presence of prominent immunologic activity in the pathologic samples
of MS patients and oligoclonal bands in the CSF of most MS patients, it has been suggested
that the disease is an immune-mediated disorder [6,24–26]. However, there are alternative
theories claiming that MS is not a homogenous condition, thus not fulfilling the criteria
of an autoimmune disease [27–29]. Much effort has been invested in identifying the
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autoantigen(s) against which the oligoclonal bands are directed, so far without success. It
is believed that the inflammatory attack is not an outcome of an immune response directed
against a specific auto-antigen. Thus, in MS, unlike NMOSD and MOG antibody disease,
the immune response may be nonspecific and triggered by tissue changes induced by the
previous attack.

Corticosteroid use has traditionally been the common approach for the treatment of
ON, with the first implementation dating back to the 1950s [30]. Data from the United
States demonstrate that the majority of ophthalmologists and neurologists in the 1980s
used to treat their patients with optic neuritis with standard oral doses of corticosteroids,
despite the lack of convincing evidence of efficacy [30,31]. The Optic Neuritis Treatment
Trial (ONTT) was the first multicenter, randomized, collaborative clinical trial of ON [30,31].
Fifteen centers in the United States participated in the ONTT, recruiting 457 patients
between 1 July 1988 and 30 June 1991. Patients were enrolled who had acute unilateral
optic neuritis with visual symptoms lasting 8 days or less, aged between 18 and 45 years,
with no previous history of optic neuritis in the affected eye, no evidence of associated
systemic disease other than MS, and no previous treatment with corticosteroids for MS or
optic neuritis [31]. The mean age of patients at study entry was 32 years, 77% of patients
were women, and 85% identified as white. The participants were randomized either to be
treated with oral prednisone (1 mg/kg daily for 14 days), intravenous methylprednisolone
(250 mg every 6 h for 3 days) followed by oral prednisone (1 mg/kg daily for 11 days), or
oral placebo. Each regimen was followed by a short oral dosage taper consisting of 20 mg
of prednisone (or placebo) on day 15 and 10 mg of prednisone (or placebo) on days 16 and
18 [29,30]. In general, steroid treatment was well tolerated, with only minor adverse effects
(sleep disturbance, mild mood change, upset stomach, facial flushing, mild weight gain),
except for a case of acute transient depression and another patient that suffered from acute
pancreatitis. Patients were evaluated in seven follow-up visits during the first 6 months,
at 1 year, then yearly through 1997, in 2001 through 2002, and finally in 2006. According
to the study design, the primary outcome for the treatment group comparison was set at
6 months.

The study findings demonstrated that the natural course of visual functions after
an episode of typical optic neuritis, either treated or untreated, is one of a rapid visual
recovery beginning within 2 weeks after the onset of symptoms, with most of the recovery
often taking place after 4 to 6 weeks, and further slow recovery over several months,
even up to 1 year [2]. In almost all patients, regardless of the treatment group and initial
severity of visual losses, some improvement began within the first 30 days [2,30]. Of
clinical relevance, recurrences of optic neuritis occurred more commonly in patients treated
with oral prednisolone alone; within 2 years from diagnosis, the probability of recurrence
in either eye was almost 2-fold higher in the low-dose prednisone group (30%) than in
either the placebo group (14%) or the high-dose intravenous group (16%) [30–33]. The
ONTT showed that vision recovered faster in the intravenous group than in the other
groups, although the difference among the three groups had faded by 30 days. However, at
6 months, qualitative features such as contrast sensitivity, visual field, and color vision were
still slightly better in the intravenous group. By contrast, the prednisone group compared
with the placebo group demonstrated no significant differences in the rate of recovery or
the 6-month outcome for any aspect of the visual function. At the 6-month point, patients
in all three treatment groups had a median visual acuity of 20/16, and fewer than 1 out of
10 patients had a visual outcome of 20/50 or worse. At the 1-year follow-up, there was no
statistically significant difference in visual function among the groups. Visual acuity was
20/40 or better in 95% of the placebo group, 94% of the intravenous steroid group, and 91%
of the oral steroid group at 1 year. After 15 years, 72% of the eyes affected with optic neuritis
had visual acuity of ≥20/20, and 66% of the patients had ≥20/20 acuity in both eyes [1].
A 2015 Cochrane Systematic Review also reported the failure of intravenous steroids to
improve vision outcomes in ON [34]. The ONTT also found that among the 389 patients
without a diagnosis of clinically probable or definite MS at study entry, the intravenous
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steroid group showed a lower rate of development of clinically definite MS within the
first 2 years (7.5%) than did the placebo (16.7%) or prednisone (14.7%) groups, but this
apparent protective effect was not sustained at 3 years [30]. By 5 years, the treatment had
no significant effect on the development of MS. Most of the aforementioned intravenous
treatment group benefits on the development of MS were observed in patients with brain
findings on the magnetic resonance imaging (MRI) at baseline, because the rate of MS
among patients without baseline MRI lesions was so low that therapeutic efficacy could
not be determined.

Some potential limitations of the trial include the definition of symptom onset (timed
from the visual loss but not from the onset of pain), inclusion of possible MOG cases, the
validity of the primary outcome measure of high-contrast visual acuity, and the lack of
pharmacokinetic data (making it difficult to develop a plausible biological explanation
for as to why oral vs. intravenous corticosteroids should be harmful compared with
intravenous corticosteroids). In addition, the long interval between the onset of symptoms
and initiation of treatment in ONTT (up to 8 days) leaves open the possibility that a “critical
time window” may have been missed, and that more vision loss could be prevented if
treatment was initiated in the early inflammatory phase (within 48 h) [35,36]. Experimental
evidence supports such a critical time window for treatment initiation in optic neuritis,
as it has been shown that inflammation of the optic nerve precedes demyelination and
axonal degeneration by about 2 days, and irreversible damage to the axonal cytoskeleton
occurs within 5–7 days [35,37]. Indeed, a retrospective study demonstrates significant
improvement in both functional and structural outcomes in patients with relapsing ON
when treatment is initiated early [38].

The current standard of care for typical optic neuritis, still based on the results of the
ONTT, is either no treatment in mild cases or the administration of intravenous steroids
to accelerate visual recovery [30,39,40]. A proton pump inhibitor may also be given to
prevent peptic ulcers. There is no role for low-dose oral prednisone [31]. This reasoning is
consistent with a Cochrane meta-analysis as well [41].

Since the publication of the ONTT, other studies have shown that high-dose oral
corticosteroids and high-dose IV methylprednisolone are bioequivalent, and have simi-
lar effects on MRI outcomes and clinical MS relapse [2]. Morrow et al., in 2018, showed
in a single-blind randomized clinical trial that the efficacy of high-dose oral steroids is
bioequivalent to and shows no inferiority to intravenous steroids. More specifically, 55 par-
ticipants were randomized to either methylprednisolone sodium succinate (1000 mg, IV)
daily for 3 days or oral prednisone (1250 mg) daily for 3 days. Improvements in vision
were noticed at 1 month and at 6 months [2]. Compliance with this oral regimen has been
previously shown to be very high [2]. Similar results were cited by the COPOUSEP trial
in France [42]. In addition, a Cochrane review in 2008 compared the efficacy of the two
forms of steroid administration and found them to be equally effective. Studies have also
shown that intravenous dexamethasone in a dose of 200 mg/day had comparable efficacy
to 1 g/day of intravenous methylprednisolone, and has the advantage of low costs and
fewer side effects [39]. Intramuscular or subcutaneous adrenocorticotropic hormones are
also approved for the treatment of ON- and MS-related relapses [40].

Intravenous immunoglobulin (IVIg) has a potential role in the management of acute
optic neuritis, though evidence is limited, and the agent is typically reserved for the
treatment of patients with steroid-refractory ON. IVIg may cause rash, fever, and, rarely,
aseptic meningitis, thrombosis, hemolysis, and renal dysfunction [39]. In general, plasma
exchange (PLEX) is typically favored over IVIg to manage MS relapses that are not re-
sponsive to steroid treatments. PLEX is associated with a number of potential side effects
including myocardial infarction, arrhythmia, hemolysis, central line placement risk, and
death in a small percentage of patients [43]. More recently, high-dose cyclophosphamide
(50 mg/kg per day for 4 consecutive days, followed by a granulocyte-colony-stimulating
factor 6 days after completion) was evaluated in nine patients with aggressive RRMS as
a rescue treatment for acute fulminant relapses. Potential side effects of the short-term
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high-dose cyclophosphamide monotherapy in patients with MS include neutropenia and
infection [40,44].

5. Long-Term Treatment: Immune Prophylaxis against Optic Neuritis
Relapses/Progression to Multiple Sclerosis
5.1. Mechanisms of Action in Interferon β in MS and Optic Neuritis

Interferons (IFNs) have been recruited as a potential therapeutic option for MS based
on their immunomodulatory and antiproliferative properties [45]. It is believed that IFNs
act via several overlapping mechanisms such as the down-regulation of the major histo-
compatibility complex (MHC) class II expression present on the antigen-presenting cells,
the induction of T-cell production of interleukin 10 (IL-10), and thus a shift in the balance
toward anti-inflammatory T helper (Th)-2 cells, and the inhibition of T-cell migration as a
result of a blockade of metalloproteases and adhesion molecules [46] (Figure 1: a synopsis
of IFN mechanisms of action).

Figure 1. Molecular Mechanisms of Action of Interferon β [45].

The actions of IFNs are mediated through transcriptional factors and subsequent gene
regulation. The major route in which IFN-β produces its effect is by activating the Janus
kinase (JAK) signal transducers and activators of the transcription (STAT) pathway. More
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specifically, IFN-β binding to the type I IFN receptor causes phosphorylation of STAT1
and STAT2 and the formation of STAT1-STAT2 heterodimers, which translocate to the
nucleus, bind the IFN-stimulated response element (ISRE), and modulate the expression
of ISRE-regulated genes [47]. It has been demonstrated that the cellular response to IFNs
is complex and results in changes in the expression of more than 500 genes representing
∼0.5% of the human genome [48]. Rizzo et al., focusing on the pivotal role of B cells in
MS immunopathology, investigated the mechanism of B-cell apoptosis. The up-regulation
of mechanisms that require FAS-receptor/TACI (transmembrane activator and CAML
interactor) signaling and the production of apoptotic markers such as Annexin-V and
caspase-3 were shown as specific inducers of B-cell apoptosis [49].

5.2. Glatiramer Acetate (GA)

The mechanism of action of GA has long been an enigma. GA has well-established im-
munomodulatory properties, promoting the expansion of anti-inflammatory and regulatory
Th2 and Treg cells and inducing the release of neurotrophic factors. Using various geneti-
cally modified mouse strains, as well as human monocytes, Molnarfi et al. showed that GA
inhibited the TRIF-dependent pathway, resulting in a reduction in IFN-β production [50]
(Figure 2). This observation is consistent with the earlier demonstration that STAT1 phos-
phorylation is reduced upon activation in type II monocytes [51]. These findings provide a
key anti-inflammatory mechanism connecting innate and adaptive immune modulation
in GA therapy. Animal studies have also shown that GA-reactive Th2 cells migrate to the
CNS and accumulate at the site of active lesions. Thus, GA-reactive T cells provide the
effector arm in treatment. However, GA treatment influences both innate and adaptive
immune compartments, and it is now recognized that antigen-presenting cells (APCs) are
the initial cellular targets for GA, and it is the modulation of the APC compartment to
anti-inflammatory (M2) phenotypes that leads to an expansion in regulatory Th2 and Treg
cells. In addition, the anti-inflammatory (M2) APCs induced following treatment with
GA are responsible for the induction of anti-inflammatory T cells that contribute to its
therapeutic benefit [52]. Mechanisms of action of GA that promote immunomodulation
and neuroprotection are not mutually exclusive, and several may contribute to the efficacy
of the drug (Figure 3).

Figure 2. Cont.
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Figure 2. Glatiramer Acetate Modulates Type I Interferon production [50].

Figure 3. Anti-inflammatory Mechanisms Induced by Glatiramer Acetate [52].

5.3. Treatment of Clinically Isolated Syndromes

In this article, we are reviewing some of the trials that specifically addressed clinically
isolated syndromes such as optic neuritis. These are mostly older trials. We will not cover
all multiple sclerosis treatments in detail, but acknowledge that several newer DMTs for
MS have class I evidence for MS, and have approval for treatment of both MS and CIS. This
evidence (and the FDA approval of these medications) is based on MS trials, not specifically
CIS/optic neuritis trials, and will not be reviewed in detail. Thus, in clinical practice, a
number of additional MS medicines may be used for high-risk CIS patients, likely with
good efficacy, although they were not specifically investigated in the CIS situation. It is
beyond the scope of this review to discuss all such treatment options.

The goal of MS treatment is to delay the onset of additional clinical relapses and
possibly long-term disability. The first opportunity to initiate disease-modifying therapy in
patients with MS may actually be when they are in the clinically isolated syndrome (CIS)
stage, i.e., before conversion to clinically definite MS (CDMS). Since 1993, when interferon
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beta-1b was approved for MS, a growing number of disease-modifying therapies (DMTs)
have become available. The goal of DMTs is to decrease the frequency of clinical relapses,
lessen the number of new and active multiple sclerosis lesions on MRI, and, in the long
term, to slow the progression of neurologic impairment. Since the approval of natalizumab
as the first highly active DMT, the ultimate goal of “no evidence of disease activity” (NEDA)
has become attainable for many patients. While the treatment of MS is beyond the scope of
this review, the evidence for initiating MS DMTs after CIS is discussed.

Most DMTs approved for MS are also approved for the treatment of CIS. However,
only a few DMTs have specifically been evaluated in clinical trials to treat CIS (including
ON) and to delay the onset of clinically definite MS, including interferons and glatiramer
acetate [53–58]. In all trials, the patients who received the active drug developed a second
neurologic manifestation (definite multiple sclerosis) less frequently, and (if at all) at a later
time, than those given the placebo. Even after a second episode, treated patients had a
significantly lower annual rate of relapse for the duration of the follow-up period. Neuro-
logic impairment was generally relatively mild and not significantly different between the
two groups.

Interferons and glatiramer acetate have been approved for the treatment of CIS,
including ON with two or more inactive typical lesions of multiple sclerosis on MRI.
CHAMPS (Controlled High-Risk Subjects Avonex Multiple Sclerosis Prevention Study) was
a randomized, double-blind trial involving 383 patients with an initial, acute monosymp-
tomatic demyelinating event—unilateral ON, incomplete transverse myelitis (TM), or
brainstem/cerebellar—and at least 2 silent T2 lesions on brain MRI [59]. The patients were
randomized to weekly intramuscular interferon β-1a (IFN-b1a) or a placebo. The treatment
group experienced a 44% reduction in the rate of development of CDMS compared with
the placebo group over 3 years of follow-ups. There were statistically significant beneficial
effects on all MRI parameters for the treatment group, including a decrease in T2 lesion
development, gadolinium-enhancing lesions, and T2 lesion volume. The 10-year follow-up
showed that patients treated immediately after their first episode had a significantly lesser
chance of experiencing a second attack compared to those who had delayed treatment.
Based on these results, FDA extended its approval of intramuscular IFN-b1a to include pa-
tients with CIS deemed to be at high risk for MS. The most common side effects associated
with interferons are flu-like symptoms, including myalgia, fever, fatigue, headache, chills,
nausea, vomiting, pain, and asthenia [59].

The PRISM (Prevention of Relapses and Disability by Interferon β-1a Subcutaneously
in Multiple Sclerosis) trial assessed the efficacy of interferon (IFN)-β1a compared to the
placebo, in dosages of 22 µg and 44 µg given subcutaneously in relapsing-remitting MS
patients; both treatment groups had fewer relapses [60]. The Early Treatment of Multiple
Sclerosis (ETOMS) trial showed that weekly subcutaneous IFN-β1a reduced the conversion
to CDMS over 2 years to 34% vs. 45% for the placebo; a post hoc analysis found that
the treatment group had a reduced rate of brain atrophy compared with those on the
placebo [61]. The BENEFIT (Betaseron in Newly Emerging Multiple Sclerosis for Initial
Treatment) study included patients with a single neurologic event and at least 2 clinically
silent MRI lesions; in a 24-month study period, the standard dose of IFN-β1 was seen to
reduce the risk of MS by 50%. Furthermore, open-label extension studies from the original
CHAMPS and BENEFIT cohorts have suggested a possible long-term benefit from the early
initiation of disease modifying treatments [62]. The CHAMPIONS (Controlled High-Risk
Avonex Multiple Sclerosis Prevention Study in Ongoing Neurologic Surveillance) trial
concluded that a delay in treatment by up to 3 years after a first clinical demyelinating
attack could lead to an earlier time for CDMS but did not show a long-term effect on the
development of new MRI T2-weighted lesions or long-term disability [63]. The REFLEX
(REbif FLEXible dosing in early MS) trial evaluated 517 patients with CIS and at least two
clinically silent T2 lesions on brain MRI. At two years, the probability of MS diagnosed by
the McDonald criteria was significantly lower with subcutaneous interferon β-1a 44 mcg
dosed either three times a week or once a week (63 and 76 percent, vs. 86 percent for the



Int. J. Mol. Sci. 2022, 23, 9769 9 of 40

placebo). In the subsequent extension phase of the trial, all patients (n = 403) received
interferon β-1a. At five years, the group assigned to interferon β-1a treatment in the
placebo-controlled phase (i.e., early treatment) continued to have a reduced probability of
conversion to MS and fewer new MRI lesions compared with the group whose treatment
was delayed for up to two years [64–66].

Glatiramer acetate is an immunomodulator used to reduce relapse frequency in
relapsing–remitting multiple sclerosis [39]. The PreCISe (Early GA Treatment in Delaying
Conversion to CDMS in Participants Presenting with a Clinically Isolated Syndrome) trial
showed a reduced conversion to CDMS (25%) in patients treated with 20 mg of glatiramer
acetate subcutaneously daily compared to 43% for the placebo [63].

Teriflunomide also reduces the risk of progression to multiple sclerosis, as has been
shown in the TOPIC (Teriflunomide Vs. Placebo in Patients With First Clinical Symptom
of Multiple Sclerosis) trial, where 618 adults with a CIS were randomly assigned in a
1:1:1 ratio for treatment with 14 mg of oral teriflunomide daily, 7 mg of teriflunomide
daily, or the placebo for up to 108 weeks, with a median treatment duration of over
70 weeks. The agent reduced the risk of relapse-defining CDMS at both the 14 mg dose
and the 7 mg dose. The exact mechanisms by which teriflunomide works in MS are not
established; it is an oral dihydroorotate dehydrogenase inhibitor that interferes with de
novo synthesis of pyrimidines and thus inhibits the proliferation of rapidly dividing cells
such as autoreactive T and B cells [64]. The most common adverse effects of teriflunomide
were elevated alanine aminotransferase (ALT) levels, diarrhea, hair thinning, paresthesia,
and upper respiratory tract infections. Teriflunomide is associated with increased risk for
hepatotoxicity and teratogenicity and should not be given to patients with liver disease
or women who are pregnant. Full immunization coverage is required prior to treatment
initiation [53–55,67]. In addition, intravenous immune globulin and minocycline have been
studied for the treatment of CIS or the first demyelinating event, but are not established as
effective [56–58].

The early treatment of CIS is not favored by all experts. The decision whether to initiate
treatment for CIS has to consider that not all patients go on to develop any additional
relapses or lesions, and that the evidence base showing that the early treatment of CIS will
prevent long-term disability is very limited. Patients should be informed of the potential
benefits, risks, and uncertainties, and participate in decision making [62]. However, once a
diagnosis of CDMS is made, the early initiation of treatment is recommended.

6. Emerging Therapeutic Approaches
6.1. Remyelination/Recovery from Optic Neuritis

After an acute episode of optic neuritis, GCL complex loss may start as early as 8 days
after onset, and RNFL thinning has been reported as early as after 1 month, predicting optic
atrophy at month 6. Recovery from relapses in MS patients involves remyelination of white
matter and optic nerve lesions after the recruitment and differentiation of oligodendrocyte
precursors from the lesion perimeter, but it is limited by axonal degeneration and glial scar-
ring, which are observed even at the earliest stages of the disease. The currently available
DMTs have neither neuroprotective effects nor the potential to enhance remyelination; thus,
a crucial therapeutic gap exists. Recently, the effectiveness of the sphingosine-1 phosphate
receptor (S1PR) modulator fingolimod in promoting remyelination after a first unilateral
episode of acute optic neuritis was evaluated in a phase 2 study [68]. Since S1PR are
required for lymphocytes to exit lymphatic follicular structures, fingolimod exerts immune
modulation by sequestering pathogenic T- and B-cells from the blood stream. Importantly,
S1PR are also present on neurons, astrocytes, and oligodendrocytes, as well as resident
and CNS-invading myeloid cells, where they were shown to mediate neuroprotective
and pro-regenerative effects in preclinical studies [68]. Fingolimod readily crosses the
blood–brain barrier. Fingolimod was associated with a better recovery from unilateral optic
neuritis compared to treatment with IFN-β 1b, and could have a role as an early treatment
by promoting remyelination, preventing astrogliosis, and preserving axons [68].
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Recent prospective studies have evaluated novel therapeutic approaches for neuropro-
tection and remyelination in acute optic neuritis. In 2017, opicinumab, a human monoclonal
antibody against leucine-rich repeat and immunoglobulin domain-containing neurite out-
growth inhibitor receptor-interacting protein-1 (anti-LINGO-1), was investigated in the
RENEW trial as a potential remyelinative therapy in acute ON [69,70]. It was hypothe-
sized that the agent would enhance remyelination by directly promoting the proliferation
and differentiation of oligodendrocyte precursors. LINGO-1 blockade has no detectable
immunomodulatory effects. Treatment with opicinumab produced no significant change
in the visual evoked potential (VEP) latency at 24 weeks (a measure of remyelination) in
the intention-to-treat population; however, significant improvements in VEP latency delay
were observed at 24 and 32 weeks in the prespecified per-protocol patient population. Since
anti-LINGO-1 treatment had no differential effect on anatomic measures of optic nerve
fiber loss, i.e., retinal nerve fiber layer (RNFL) or ganglion cell complex (GCC) thickness in
either the intention-to-treat or per-protocol patient population at 24 weeks (with a mean
delay of 24 days between ON onset and the start of treatment), the authors suggested that
therapeutic windows may be longer for remyelination compared to axonal neuroprotection.
The antiepileptic and proposed neuroprotectant phenytoin, studied in a Phase 2 random-
ized controlled trial, was shown to decrease RNFL loss in acute ON; however, no effect on
visual outcomes or VEPs was found [69,70].

As a promising emerging therapy, mesenchymal stem cell (MSC) therapy has been
suggested to be capable of stimulating both the remyelination and neuroprotection of axons
in other neuro-degenerative diseases and in animal models of ON. In addition, cell-free
approaches utilizing extracellular vesicles (EVs) produced by MSCs are considered to be a
viable alternative to the transplantation of stem cells. EVs secreted by living cells mainly in-
clude exosomes and microvesicles. MSCs are amongst the largest cellular producers of EVs.
Recent studies have shown that EVs can accommodate intracellular communication and act
as modulators of cellular immunity, cancer biology, and regeneration/remyelination. Impor-
tantly, EVs can pass through the blood–brain barrier (BBB), making them suitable for CNS
treatment. EVs exhibit anti-inflammatory and neuroprotective effects in multiple animal
models of neuro-degenerative diseases and in rodent models of MS [1,71–73]. In particular,
MSC-derived EVs are involved in a wide variety of physiological processes including
the inhibition of natural killer cells, B cells, and mitogen-activated T cells, moderating
microglia and macrophage polarization and reducing oxidative stress. In addition, they
show the potential of tissue regeneration and myelin membrane biogenesis [74]. Studies in
experimental autoimmune encephalomyelitis (EAE) mice have yielded evidence that EVs
attenuate neuroinflammation and demyelination by reducing and downregulating T-cells
(Tregs, CD4+), macrophages, astrocytes, and microglia. The immunomodulatory effect may
be mediated by promoting a shift in microglial phenotypes from M1 (pro-inflammatory) to
M2 (anti-inflammatory) [75]. MSC-EVs may also promote axon remyelination by protecting
oligodendrocytes and their precursor cells from damage caused by immune cells [76].

MicroRNAs appear to mediate most EV effects. The pathology of MS is influenced
by histone modifications and gene regulation via microRNAs [77,78]. MicroRNAs me-
diate post-transcriptional gene silencing and are involved in cellular activities including
proliferation, differentiation, and migration, as well as disease initiation and disease pro-
gression [77,78], Figure 4. A series of studies in MS patients and animal models demonstrate
that various types of microRNA (microRNA-219, microRNA-125a-3p, mir-27a) may be
involved in the regulation of oligodendrocytes [79]. Exosomes or viral vectors can play
a role as carriers of miRNAs to therapeutically regulate MS pathology. In addition, the
overexpression of proteins that modulate exosomal miRNA gene expression profiles have
the potential to improve the therapeutic effects of exosomes [77,78].
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Figure 4. Key Cells involved in Remyelination and relevant miRNAs [77].

6.2. Atypical Optic Neuritis

Atypical Optic Neuritis includes entities in the demyelination diseases’ spectrum
such as ON associated with neuromyelitis optica spectrum disorder (NMOSD), which is
associated with aquaporin 4 antibodies (AQP4), and myelin oligodendrocyte glycoprotein
antibody disease (MOGAD), which is associated with myelin oligodendrocyte glycoprotein
(MOG) antibodies. These diseases differ from typical and MS-related ON in clinical features,
visual morbidity, and therapeutic approaches.

6.3. NMOSD

In 2004, the discovery of a pathogenic NMO-associated IgG antibody, targeting the
water channel membrane protein aquaporin-4 (AQP4), was an important milestone in
differentiating NMO from MS [80]. AQP4 is highly concentrated on astrocyte end feet in
the CNS. All NMO lesions show a widespread and early loss of AQP4 immunoreactivity,
in contrast to MS lesions, where AQP4 immunoreactivity is often increased [81,82]. The
binding of AQP4-ab to astrocyte AQP4 channels triggers classical complement cascade
activation, followed by granulocyte, eosinophil, and lymphocyte infiltration, culminating
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in injury first to astrocytes then to oligodendrocytes, and demyelination, neuronal loss, and
neurodegeneration [83]. In humans, AQP4 monomers are expressed in astrocytes in two
isoforms: M1-AQP4 and M23-AQP4. Both isoforms have identical extracellular domain
residues, but M1-AQP4 has 22 more amino acids at the cytoplasmic N terminus. However,
AQP4-ab binding to the ectodomain of astrocytic AQP4 has isoform-specific outcomes.
M1-AQP4 is completely internalized, whereas M23-AQP4 resists internalization and is
aggregated into larger-order orthogonal arrays of particles (OAPs), a process facilitated by
M1-AQP4 deficiency [84]. Alterations in OAPs are required for NMO-IgG to recognize con-
formational AQP4 epitopes, as well as for the binding of the complement component C1q to
clustered AQP4-ab [85,86]. CNS lesions in NMOSD patients are characterized by IgG, IgM,
and complement deposits with a rosette pattern, most prominent around vessels, as well as
cellular infiltrates of granulocytes (neutrophils and eosinophils) macrophages/microglia
and T cells. The key feature is AQP4 loss on astrocytes. In certain lesions however, other
typical astrocytic markers, such as glial fibrillary acidic protein (GFAP) and S-100β, are still
detectable, indicating AQP4 loss precedes astrocyte death. Ultimately, the preservation or
secondary loss of neurons and the associated demyelination will depend on disease severity.
Demyelination affects both gray and white matter, sometimes with necrosis, cavitation,
and thickened, hyalinized vessels. Thus, the autoimmune response in NMOSD primarily
affects astrocytes and is initiated by the autoantibody-mediated loss of AQP4 [87].

The visual outcome after NMOSD-ON is less favorable compared to MS-ON and
MOGAD, supported by an increased thinning of RNFL and GCL complex in NMOSD
cases [44,88]. Therefore, early and aggressive treatment is appropriate in the acute phase
of NMOSD-ON. The ONTT did not enroll any NMOSD patients, and its findings are not
applicable to NMOSD-ON. Given the devastating nature of NMOSD-ON, no treatment
is not an option, and steroids alone may be insufficient in many cases [88]. Given the
recurrent nature and devastating morbidity of relapses, disease-modifying therapy should
be instituted early after the diagnosis of NMOSD is established [88,89].

6.4. Acute NMOSD Relapses

Relapses are usually treated with 1 g of high-dose IV methylprednisolone (IVMP)
daily for 3–7 days, followed by oral steroid tapering. The likelihood of complete visual
recovery increases when IVMP is administered within 5 days of the onset of NMOSD
ON [36]. However, Kleiter et al. demonstrated, in their analysis of NMOSD optic neuritis,
an incomplete efficacy of IVMP, as only 33% of patients achieved complete remission [90].
Furthermore, repeated courses of IV steroids only reduced the number of non-responders.
Patients with optic neuritis and concurrent myelitis had an even worse prognosis [90].

IVIg and PLEX are immunomodulatory therapies that may offer additional benefits
for acute optic neuritis treatment in NMOSD. Clinical trials have suggested a range of po-
tential improvements in visual functions from 45–55%; however, due to their retrospective
design, they failed to define criteria for the optimal use or timing of PLEX [46]. There was
also mostly no distinct interval between the completion of IVMP and the institution of
PLEX, rendering debatable whether clinical improvement results from PLEX induction
or from delayed IVMP effects. Features such as male sex, lower baseline disability, rapid
initiation of treatments, and shorter relapse durations have been associated with a greater
response to PLEX. According to one study, 50% of patients with poor visual recovery
after high-dose intravenous steroids (<20/200 or less) recovered a visual acuity of at least
20/30, with a mean time to PLEX initiation of 30 days [91]. The reasoning for this treat-
ment in NMOSD is based on the fact that most of the astrocyte and neural destruction is
caused by the deposition of AQP4-IgG and the subsequent complement activation. PLEX
removes circulating antibodies, complements, and cytokines from the blood, which may
shorten the action of antibodies and lessen further inflammation and necrosis [92]. Some
retrospective studies of NMOSD have shown that the very early concurrent initiation
of PLEX or immunoadsorption with corticosteroids during acute relapses may improve
outcomes [90,93–95]. However, even delayed PLEX therapy may still be a reasonable
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treatment option for patients with acute refractory ON [89]. PLEX may be accompanied by
serious side effects such as hypotension, infection, hypocalcemia, and coagulopathy [93].
In addition, several authors have described the use of monthly or yearly PLEX sessions to
avoid relapses in NMOSD patients. It seems that the removal of the humoral autoimmunity,
in addition to the modulation of cellular inflammation by IVMP, may increase the interval
between relapses [96–98].

Immunoadsorption represents an alternative form of therapeutic apheresis, currently
not approved in the United States. It uses modified membranes to achieve the selective
removal of antibodies from plasma, allowing for the removal of the pathogenic autoan-
tibodies while sparing other plasma proteins, therefore eliminating the need for protein
replacement and potentially minimizing complications. Immunoadsorption has been
reported to benefit steroid refractory ON and NMOSD-ON [93].

As an additional therapeutic solution, in a retrospective study of 10 NMOSD patients
unresponsive to IVMP, IVIg was effective in 50% of patients [87]. Recently, a retrospective
study demonstrated the superiority of high-dose IVMP plus IVIgG treatment compared to
a high dose of IVMP alone [99].

When the aforementioned interventions fail to salvage visual functions, immunosup-
pression with intravenous cyclophosphamide may represent an avenue of final resort. A
subset of NMSOD patients with acute TM seem to have benefited from this treatment [100].
Outside of case reports, no clinical studies have been published on the response of severe
ON to intravenous cyclophosphamide, and the treatment is not without risk.

6.5. NMOSD Relapse Prevention

In contrast to MS, in NMOSD, functional decline and the development of disability
are related primarily to relapses [101]. After acute stabilization, the early institution of long-
term preventative and maintenance immunosuppressive therapies is needed to minimize
permanent visual and neurologic disability [101]. So far, no standard management has been
agreed upon for first-line treatment or treatment switching [87]. Since June 2019, there are
now three new monoclonal antibodies FDA-approved for treating AQP4-Ab-seropositive
NMOSD patients, targeting three different disease pathways, based on efficacy in phase
III randomized controlled trials. Prior to this, the most commonly used conventional
maintenance/disease modifying therapies were rituximab, azathioprine, and mycophe-
nolate mofetil (MMF) used off label. 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 [102].
Low-dose corticosteroids have not been systematically studied but are frequently used,
either as maintenance therapy or as an add-on to conventional immunosuppressants [103].
There is also a level 2 recommendation for hematopoietic stem cell transplantation (HSCT)
in refractory courses (106, 107, CAMPUS; NCT04064944).

Azathioprine and MMF are agents with broad immunosuppressive properties which
have been used, based on retrospective studies or uncontrolled case series published
before 2019, as effective first-line treatments for NMOSD, either as a monotherapy or in
conjunction with low-dose corticosteroids [103]. The agents have demonstrated efficacy,
with a significant reduction in the annual relapse rate and the stabilization or improvement
of EDSS scores [87]. For full biologic effects to be observed, AZA and MMF require at least
4–6 months of treatment, rendering oral steroid co-administration advisable to provide
an immunosuppressive bridge from treatment onset [101]. In contrast to rituximab, the
immunomodulatory effects of AZA and MMF are mediated by the rather unselective
suppression of fast-dividing immune cells [104]. Retrospective comparisons among these
agents are subject to confounding by indication and other biases and have produced
mixed results.

MMF is a noncompetitive inhibitor of inosine monophosphate dehydrogenase, an en-
zyme essential for de novo synthesis of the purine nucleotide guanosine-5′-monophosphate,
which inhibits the proliferation of lymphocytes [105–107]. MMF is a semi-synthetic deriva-
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tive of mycophenolic acid (MPA), which is the active metabolite of MMF. MPA acts as
a selective noncompetitive inhibitor of inosine 5-monophosphate dehydrogenase type
II, which is a rate-limiting enzyme in the de novo synthesis of guanine ribo- and 2-
deoxyribonucleotides. MPA has a mean terminal half-life of 17 h and has been shown to pre-
vent the production of interferon gamma (INF-γ), lipopolysaccharide-induced interleukin-
6 (IL-6), and oxidative stress [108]. At a cellular level, MPA depletes the guanosine
pool in lymphocytes and inhibits T- and B-cell proliferation/transendothelial migration,
macrophage activation, dendritic cell functioning, and immunoglobulin production [109].

AZA is a prodrug form of 6-mercaptopurine (6-MP), which was first introduced in
clinical practice in the 1960s for kidney transplantation to prevent immunological rejection.
The agent is converted non-enzymatically to 6-MP, which is metabolized in the liver to the
active metabolite 6-thioinosinic acid and works as a purine antagonist that gives negative
feedback on purine metabolism and inhibits DNA and RNA synthesis. Its action results in
the inhibition of T-cell activation, a reduction in antibody production, and a decrease in the
levels of circulating monocytes and granulocytes [110].

Among the benefits of AZA treatment are the convenient oral administration and the
affordability of the agent compared to rituximab [106]. Recently, data from 150 NMOSD
patients treated with AZA showed that 69% had no accumulation of disability after a 5-year
follow-up [111]. A retrospective study evaluating 103 AQP4-IgG-seropositive NMOSD
patients demonstrated that 89% of patients had a significant reduction in median ARR from
1.5 to 0, 61%, remained relapse-free at a median follow-up of 18 months, and neurological
functions improved or stabilized in 78% of patients with azathioprine treatment [106].
Unfortunately, treatment was discontinued in the last follow-up for 46% of patients due to
side effects in 62% (increased liver enzymes and pancytopenia). Many patients discontinue
AZA over time, raising the concern of poor tolerability [106]. Common side effects include
bone marrow suppression with consequent pancytopenia and hepatitis, and viral infections.
Intolerance is not uncommon as well. More rarely, pancreatitis and severe gastrointestinal
disturbances can occur [106]. An increased risk of malignancies has been shown, with
lymphoma development in 3% of patients in a large NMOSD series [107]. Patients on
AZA should be monitored regularly with complete blood count, liver, and renal function
tests [106].

MMF seems effective in doses of 1750 mg to 2000 mg per day and may be used in
conjunction with prednisone [107]. In 2009, Jacob et al. showed in a case series of 24 pa-
tients with NMOSD the effectiveness of the agent. The median dose of MMF was set at
2000 mg per day for a median duration of 27 months. A total of 79% had an improvement
in ARR, and disability was stabilized or improved in 91%. One died of disease complication
during follow-up, and 25% had to discontinue MMF treatment due to side effects including
headache, constipation, easy bruising, anxiety, hair loss, diarrhea, abdominal pain, and
leukopenia [112]. More recently, a study reported 50.7% of patients experience a relapse on
MMF, 59.7% continued on MMF, and 83% showed a stabilization or improvement in their
disability at the most recent follow-up [113]. In addition, among 28 patients treated at the
Mayo Clinic and the Johns Hopkins Hospital with MMF, failure rate was 36%, similar to that
of rituximab and better than for azathioprine [114]. Case series and a meta-analysis suggest
that the efficacy of mycophenolate mofetil is comparable to rituximab, and mycophenolate
mofetil was more tolerable in meta-analyses [107,114]. Known adverse effects of MMF
include an increased risk of lymphoma in transplanted patients and nonmelanoma skin car-
cinomas, infections (viral and bacterial), gastrointestinal symptoms (ulcers, hemorrhages),
and cytopenia [106,114]. Teratogenicity represents a major concern with the need for con-
traception in young female patients in their reproductive age, as congenital malformations
have been reported in 26% of live births, and the risk of first-trimester pregnancy loss is
45% in exposed patients [114]. Figures 5 and 6 demonstrate the mechanisms of action of
agents utilized in the treatment of NMOSD.
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Figure 5. Pharmacological Effects of the drugs used in NMOSD [115].

Figure 6. Cont.
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Figure 6. Current and Emerging Therapeutic Strategies for NMO [116].

Methotrexate is a folate derivative which inhibits dihydrofolate reductase and nu-
cleotide synthesis. Traditionally, it has been used in weekly oral doses in the treatment
of autoimmune diseases such as rheumatoid arthritis and Crohn’s disease. The evidence
for methotrexate in NMOSD comes from small observational studies, the largest of which
included 14 AQP4-IgG-seropositive patients followed for a median of 21.5 months, demon-
strating an improvement in ARR ranging from 64% to 100%, and a relapse freedom in 22%
to 75% of patients [108,114]. Patients should be monitored for bone marrow suppression
and liver functioning. The most common side effects are bone marrow suppression and
impaired liver functions, while rare, serious complications include pneumonitis, aplastic
anemia, and opportunistic infections. Methotrexate is a teratogen.

Alternative broad-spectrum immunosuppressive agents include mitoxantrone, cy-
clophosphamide, cyclosporine A, and tacrolimus. A systematic review in 2019 identified
8 studies with 117 NMOSD patients treated with the agents [117]. The majority of the stud-
ies reported a significant improvement 6 months to 5 years following treatment in terms of
ARR [117]. Mitoxantrone is a topoisomerase II inhibitor impairing DNA repair, resulting
in a drop in B and T cells. A comparison study of NMOSD treatments demonstrated the
inferiority of mitoxantrone to rituximab and azathioprine/prednisolone with regard to the
relapse rate [118]. Mitoxantrone has been associated with severe adverse events, such as
dose-limiting cardiotoxicity and an increased risk of acute myeloid leukemia, especially
in patients having received a cumulative dose greater than 60 mg/m2 [107]. Cyclophos-
phamide is an alkylating agent that crosslinks guanine bases in DNA. There is controversy
with regard to its effectivity in NMOSD patients. Data from Brazil showed relapses in six
out of seven patients treated with pulse doses of cyclophosphamide [119]. In contrast, a
recent retrospective study of 41 patients treated for a median of 13.6 months reported a
median ARR drop from 0.7 to 0.0 [120]. Mitoxantrone and cyclophosphamide are terato-
genic. A report in 2013 of nine seropositive NMOSD patients treated with Cyclosporine A
showed a decrease in ARR from 2.7 to 0.4 [113]. Cyclosporine A is a calcineurin inhibitor
that binds to cyclophilins, resulting in the inhibition of the translocation of transcription
factors, leading to a reduced transcriptional activation of several cytokines and ultimately
to reduced T cell proliferation [106]. Potential side effects include hypertension, nephro-
toxicity, tremor, opportunistic infections, and increased hair growth. Tacrolimus is also
a calcineurin inhibitor, which reduces peptidyl-prolyl isomerase activity by binding to
immunophilin FKBP-12 and leads to the inhibition of T lymphocyte signal transduction and
IL-2 transcription. It is an orally administered agent, widely used in organ transplantation
and systemic autoimmune diseases. A Chinese retrospective study of 25 patients with
NMOSD treated with 2 to 3 mg/d of tacrolimus, and concomitant prednisone in 60% of
patients, found that tacrolimus decreased the ARR by 86% and improved the EDSS from
4.5 pretreatment to 2.3 at the last follow-up [121]. In addition, another study in Japan of pa-
tients with NMOSD showed that the initiation of prednisolone followed by tapering doses
of prednisolone and tacrolimus in 25 patients, dosed with 1 to 6 mg/d, achieved relapse
freedom in 92%, with relapses only seen in patients with subtherapeutic serum concentra-
tions [107]. Serious side effects associated with the use of the agent include severe infections
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and malignancies. Hyperglycemia, diabetes mellitus, hyperkalemia, nephrotoxicity, and
tremors have been also described [107,121].

A potential role for long-term intermittent IVIg in preventing relapses in NMOSD
has been suggested, as there is evidence that IVIg is effective in reducing the relapse
rate and improving neurological disability in NMOSD patients. One case series treated
8 NMOSD patients (2 seropositive) with IVIg (0.7 g/kg/day for 3 days, 4–21 infusions per
patient) for a mean duration of 19 months, demonstrating a remarkable decrease in the
mean ARR and the EDSS score as well. In addition, a study where IVIg (0.4 g/kg/day
for 5 days, then 0.4–1.0 g/kg/day every 2 to 3 months) was given to six NMOSD patients
(4 seropositive) for an extended mean duration of 4 years confirmed the favorable results
in terms of median ARR improvement, while 50% of the patients were relapse-free at a
4-year-follow-up. In conclusion, IVIg could be considered a safe alternative in NMOSD
patients with repeated infections from immunosuppressant therapy; however, controlled
trials are required to confirm efficacy [106].

Rituximab has been used to prevent relapse in NMOSD on an off-label basis for more
than 15 years [102]. The agent is recommended as a first-line maintenance treatment of
NMOSD in the 2010 guidelines from the European Federation of Neurological Societies
and the 2014 recommendations of the Neuromyelitis Optica Study Group [122]. It is a
chimeric monoclonal antibody that rapidly leads to marked CD20+ B cell depletion via
complement-mediated and cell-mediated cytotoxicity. In addition, there is evidence that
rituximab in AQP4-IgG-seropositive patients leads to a predominance of B regulatory cells
after therapy [58]. B cell depletion lasts, on average, 6–9 months [106]. A meta-analysis
in 2016 on 25 studies re-demonstrated the efficacy and safety of Rituximab in NMOSD
patients regarding the annual relapse rate (ARR) and qualitative indices [102]. Importantly,
a prospective study of 100 NMOSD with a long follow up of 7 years showed that 94% of
patients experienced a significant reduction in ARR, and 70% were relapse-free while on
rituximab [123]. In comparative studies, rituximab has shown its superiority to AZA and
MMF in decreasing annual relapse rates and relapse severity as well as preventing new
relapses [87,103]. A common therapeutic approach is the administration of an induction
dose of 1000 mg of rituximab once or repeated twice 2 weeks apart, followed by a fixed
a fixed regimen of 1000 mg of rituximab every 6 months [124]. Alternative approaches
include a dosing regimen based on body mass index, administering 375 mg/m2 per week
for 4 weeks, or an individualized dosing scheme on the basis of CD19+ lymphocytes
reemergence [102].

It is worth noting that in Japan, rituximab for NMOSD has been covered by insurance
from June 2022. Recently, Tahara et al. conducted the RIN-1 study in Japan, the first
multicenter, randomized double-blind placebo-controlled Phase III time-to-event clinical
trial of rituximab in NMOSD [125]. AQP4-antibody-positive patients with an EDSS of 7.0
or less were randomized 1:1 to receive either rituximab intravenously (375 mg/m2 of body
surface for week 1 to 4, then 1000 mg i.v. at week 24, 26, 48, and 50) or with a matching
placebo and concomitant oral prednisolone, which was tapered over the study’s duration
of 72 weeks. No other immunosuppressants were allowed. None of the patients treated
with rituximab relapsed, in contrast to 37% on the placebo [125].

In long-term rituximab therapy, however, 15–45% of patients continue to have relapses.
This may potentially be related to the early repopulation of B cells, or to the sequestration
of tissue-resident B cells outside the blood stream [126]. Alternative theories include the
presence of neutralizing antibodies against rituximab, polymorphisms in the FCGR3A-F
allele, and CNS compartmentalization of pathogenic B cells that may also interfere with
effective B cell depletion by the agent [102].

Rituximab use can result in the development of hypogammaglobulinemia in a signifi-
cant portion of patients (20–65%), especially with prolonged therapy, and an increased risk
for severe infections, including herpes zoster, tuberculosis, and recurrent sino-pulmonary
and urinary tract infections [127]. Hepatitis B, active tuberculosis, and other severe in-
fections need to be excluded or treated before the initiation of treatment. In cases of
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severe hypogammaglobulinemia, an inadequate response to vaccines, and/or frequent
or severe infections, the supplementation of IVIG 400 mg/kg every 4 weeks targeting
a serum level 9 of 800–1000 is recommended [127,128]. Infusion reactions are common
and can usually be managed by pretreatment with intravenous steroids, antihistamine,
and slow infusion [107]. In addition, there have been rare cases of progressive multifocal
leukoencephalopathy (PML) following rituximab therapy in rheumatoid arthritis, but none
has been reported in NMOSD [129].

Tocilizumab is a humanized monoclonal antibody against the IL-6 receptor, which
has been approved for the treatment of rheumatoid arthritis, giant cell arteritis, juvenile
idiopathic arthritis, and cytokine release syndrome; however, it is not FDA licensed for
NMOSD [130]. The rationale for tocilizumab use in NMOSD is based on the involvement
of IL-6 in the pathophysiology of disease [130,131]. IL-6 promotes an increased bloodbrain
barrier permeability with the infiltration of proinflammatory cytokines and antibodies into
the CNS and the survival of a plasmablast population responsible for secreting anti-AQP4
antibodies, leading to increased AQP4-IgG production in vitro and ex vivo [130,131]. IL-6
represents the only cytokine that is found in higher levels in the serum and the cerebrospinal
fluid of patients with NMOSD compared with MS controls [107,130].

A series of case reports has documented the effectiveness of tocilizumab in NMOSD,
including patients refractory to rituximab, since 2013 [107]. For example, three patients with
aggressive AQP4-IgG-seropositive NMOSD uncontrolled by other immunosuppressants
and completely CD19-depleted by rituximab, when switched to tocilizumab, showed an
ARR decrease from 3.0 to 0.6, though without improvement in clinical disability [106].
In addition, a pilot study with seven NMOSD patients who had experienced multiple
relapses in the preceding year on immunosuppressants and corticosteroids, and were
treated consequently with intravenous tocilizumab, reported a fall in mean ARR from 2.9 to
0.4, with five of seven participants achieving relapse freedom for at least 1 year. In another
observational study of eight patients treated with tocilizumab as an add-on therapy for
NMOSD, it showed remarkable effectivity in reducing the relapses by 90% compared with
the baseline [107,130]. In 2019, a study of 12 NMOSD patients treated with subcutaneous
tocilizumab also demonstrated the effectiveness of agent 37. Potential side effects of
tocilizumab include a modest increase in lipoproteins, bowel perforation, and a higher risk
of neutropenia and infections, such as tuberculosis, invasive fungal infections, and bacterial
infections, the latter mainly with concomitant methotrexate. However, opportunistic
infections are less likely to occur in NMOSD compared to rheumatoid arthritis [107,130].

In 2020, the TANGO trial was the first head-to-head prospective, randomized com-
parison study between an established and new therapeutic agent in NMOSD. It was a
phase 2, open label, time-to-event study in China that compared the safety and efficacy of
tocilizumab and azathioprine in NMOSD patients [132]. The tocilizumab group included
59 patients (85% AQP4 seropositive), and the azathioprine group 59 patients (90% AQP4
seropositive). Tocilizumab was administered at 8 mg/kg IV every 4 weeks, with concomi-
tant immunosuppressive coverage for the first 12 weeks of treatment. Azathioprine was
given initially, at an oral dose of 25 mg daily and increased by 25 mg per day to a target of
2–3 mg/kg/day, with immunosuppressives for the first 6 months of treatment. Analysis of
the primary outcome of the time to first relapse favored tocilizumab over azathioprine, with
a median of 78.9 weeks for tocilizumab vs. 56.7 weeks for azathioprine. Relapse occurred
in 14% of the tocilizumab group and 47% of the azathioprine group. In the subgroup
analysis of patients with concomitant autoimmune diseases, 9% in the tocilizumab group
and 35% in the azathioprine group relapsed. In contrast, no differences were noticed in
the risk of relapse among patients without concomitant autoimmune diseases. Regarding
disability progression at 3 months, tocilizumab demonstrated a more favorable profile
compared to azathioprine (8% vs. 25%) [132]. Furthermore, AQP4-IgG levels dropped
by 50% in the tocilizumab group and remained unchanged in the azathioprine group. In
seronegative patients, relapse occurred in 22% with tocilizumab and 50% of patients on
azathioprine. Overall, adverse events were equally frequent, but some serious adverse
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events including the elevation of alanine transferase and upper respiratory and urinary
tract infections were more common in the azathioprine group compared to tocilizumab.
There was one death in each group, but neither death was treatment-related [132]. The
authors concluded that tocilizumab significantly reduced the risk of relapse compared with
azathioprine in NMOSD, proposing the agent as a potentially effective and safe treatment
for relapse prevention in NMOSD [107,132].

MS Therapies. It is worth noting that some agents used in MS such as interferon,
natalizumab, and fingolimod have been shown to not benefit or have a detrimental impact
in AQP4-antibody-positive NMOSD. More specifically, IFN-β increases the relapse rate
and promotes severe exacerbations, possibly by increasing the production of BAFF and
IL-17 [133]—Figure 7. In addition, natalizumab, an antibody against very late antigen 4,
has been reported to have no effect or to worsen disease activity in NMOSD patients either
seropositive or seronegative. The proposed mechanisms of exacerbation involve florid
active demyelination, severe neutrophilic and eosinophilic infiltrates, and severe astrocyte
loss. The increase in the numbers of peripheral proinflammatory T cells or eosinophils can
lead to eosinophil migration to the CNS, resulting in a surge in lesion formation or the
stabilization of AQP4-specific bone marrow plasma cells. Furthermore, oral fingolimod
has the potential to accelerate NMO disease activity; fulminant disease may develop early
on after the initiation of therapy. A theory similar to natalizumab has been suggested,
with fingolimod promoting bone marrow egress of eosinophils, triggering enhanced lesion
activity and AQP4-IgG production.

Figure 7. INF-I and TH17 pathogenicity [133].

6.6. FDA-Approved Disease-Modifying Therapies for NMOSD

Eculizumab is a humanized monoclonal IgG2/IgG4-hybrid antibody targeting C5,
which inhibits cleavage and thus prevents the release of pro-inflammatory C5a and the
involvement of C5b (the terminal complement component) in the membrane attack complex
(MAC). Consequently, eculizumab could have dual action downregulating adaptive and
innate immune responses either through C5a in the periphery (decreasing the chemotaxis
of leukocytes to the inflammatory sites) or through C5b on astrocytes in the CNS [134].
Pathological analyses in NMOSD patients with acute lesions have shown both the early and
specific involvement of the CNS vasculature and the crucial role of the complement in patho-
genesis, demonstrating extensive, perivascular complement activation [130]. Eculizumab
has been approved by the FDA as a treatment to prevent relapse in AQP4-IgG-seropositive
adults with NMOSD since 2019, followed by the European Union and Japan. Of note,
all patients who are to start eculizumab must receive the meningococcal vaccination at
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least 2 weeks before the first dose, since blocking the complement system increases the
risk of infection with encapsulated bacteria. However, meningococcal vaccines do not
fully protect against meningococcal disease, and concomitant antibiotic therapy can be
considered [87,135]. Additional limitations on the widespread use of the agent include the
frequent dosage scheme of bimonthly intravenous infusions and the high cost [87].

The efficacy of eculizumab in the prevention of relapse in NMOSD was initially
suggested in 2013 by an open-label phase II trial of 14 AQP4-IgG-seropositive NMOSD
patients with a highly active disease (55 attacks in 2 previous years in total). A total of
12 patients were relapse-free, and none progressed, 2 patients had possible attacks during
twelve months on eculizumab, whereas 5 relapsed within five months after withdrawal.
One patient who had received prior immunization suffered meningococcal sepsis and sterile
meningitis during the treatment, and another one a fatal myocardial infarction (deemed
unrelated) during follow-up. The PREVENT trial in 2019 was a phase 3, randomized,
double-blind, placebo-controlled, time-to-event study of 143 AQP4-seropositive patients
with NMOSD with EDSS less than or equal to 7 and a highly active disease (at least
two relapses in the prior year or three in the prior 24 months) who were randomized 2:1
to eculizumab 900 mg, IV weekly × 4 doses followed by 1200 mg every 2 weeks or a
placebo [136]. Patients were allowed to continue their prior immunosuppressive therapies,
which occurred in 76% of cases. Patients who had been recently treated with rituximab,
mitoxantrone, IVIg, and prednisone >20 mg per day, or were suffering from active bacterial
infections, were excluded from the trial. Forty-six patients had previously used rituximab,
which was stopped within three months before inclusion. In addition, all of the participants
were vaccinated against Neisseria meningitidis before receiving treatment. The primary
endpoint was the first adjudicated relapse. Given the uncertainty of when the final relapse
would occur, the sponsor terminated the trial after 23 of the predefined 24 adjudicated
relapses. Clinical relapse occurred in 3% of patients in the eculizumab group and 43% of
patients in the non-eculizumab group, resulting in a 94% relative-risk reduction. In a subset
analysis of patients who were on concomitant immunosuppression, 4% of the eculizumab
group and 54% of the non-eculizumab group of patients experienced a relapse. However,
there was no significant difference in disability progression. One patient on eculizumab and
azathioprine died from pulmonary empyema, with cultures yielding Peptostreptococcus
micros and Streptococcus intermedius [137]. During the open-label extension trial involving
137 patients, serious adverse events were reported in 36% of treated patients, including two
cases of sepsis and one case of Neisseria gonorrheae infection, but no deaths. Furthermore,
there was a higher rate of upper respiratory tract infections and headache in the eculizumab
arm, but there were no cases of meningococcal infection [107].

Inebilizumab was the first B-cell-depleting agent to be approved by the FDA for the
treatment of AQP4-IgG-seropositive NMOSD patients in June 2020. Prior to this, B cell de-
pletion with the anti-CD20 agent rituximab had been used for off-label NMOSD treatment.
However, rituximab does not deplete plasmablasts, which do not express CD20 [102,124].
Inebilizumab is an afucosylated humanized IgG1κ, anti-CD19 monoclonal antibody that
directly binds CD19 with high affinity on the surface of B cells, which demonstrates dual
action on B cell depletion through antibody-dependent cellular cytotoxicity and antibody-
dependent cellular phagocytosis. Cytotoxicity specifically is enhanced via the process
of afucosylation, which leads to a dramatic increase in the affinity of inebilizumab for
FcγRIIIA, a receptor that mediates antibody-dependent cytotoxicity. CD19 expression on
B cells begins at the pro-B stage. The wider expression of CD19 compared to CD20 on
cells that constitute the B-cell lineage allows inebilizumab to target a broader range of
pathogenic B cells not being targeted by anti-CD20 agents. Additionally, CD19-positive
plasmablasts circulating in the peripheral blood of individuals with NMOSD may produce
AQP4-IgG antibodies [138].

The N-Momentum trial (2019) was a phase 2/3, randomized, double-blind, placebo-
controlled, time-to-event study of AQP4-seropositive and AQP4-seronegative patients with
NMOSD. A total of 230 adults with active NMOSD were enrolled, defined as at least one
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attack requiring treatment the year before enrollment or two attacks in 2 years and an
EDSS of 8 or less [139]. A total of 91% of the participants were women with a mean age
of 43, and 92% of the patients were seropositive for AQP4 antibody. Exclusion criteria
included treatment with rituximab or other B-cell-depleting agents within the previous
6 months, previously receiving a bone marrow transplant or T cell vaccination therapy,
IVIg within the previous 1 month, natalizumab, cyclosporin, methotrexate, mitoxantrone,
cyclophosphamide, tocilizumab, or eculizumab within the previous 3 months, or previous
alemtuzumab or total lymphoid irradiation. About 70% of participants had had prior expo-
sure to disease-modifying therapies. Patients were randomized 3:1 into the inebilizumab
group (74–92% seropositive) or placebo group (56–93% seropositive). Interestingly, of the
17 AQP4-seronegative patients, 7 had antibodies against MOG. The patients were treated
with 300 mg of inebilizumab IV or a placebo on days 1 and 15. Furthermore, all partici-
pants were given 20 mg of prednisone daily or an equivalent dose of other glucocorticoids
between days 1 and 14, and then tapered through day 21 to minimize the risk of relapse
at treatment initiation. Patients were not concomitantly treated with other immunosup-
pressive therapies. In the active group, a maintenance dose of 300 mg of inebilizumab was
administered every 26 weeks. The double-blinded period lasted up to 197 days, until a new
NMOSD attack, or until the termination of enrollment. All patients were thereafter offered
open-label therapy. Because of a clear demonstration of efficacy, enrollment was stopped
before reaching the target of 252 patients and 67 adjudicated attacks. Relapse occurred in
12% in the inebilizumab arm and in 39% in the placebo group (73% relative risk reduction).
In the subgroup analysis of patients who were AQP4 seropositive, relapse occurred in 11%
in the inebilizumab group and in 42% in the placebo group (hazard ratio 0.23). Due to the
sample’s inequality regarding seronegative patients among groups (only four participants
were randomized to the placebo arm), efficacy could not be interpreted in the seronegative
subset. Of note, the trial also confirmed that the efficacy of inebulizumab was consistent
across the clinical presentations of myelitis and optic neuritis domains [138–140].

The secondary endpoints remarkably showed that patients treated with inebilizumab
had a significantly reduced likelihood to experience optic neuritis compared to the placebo
arm (10 patients in each group); however, there were no differences in changes in the
low-contrast visual acuity binocular score from the baseline among the groups. Addi-
tionally, the treated arm demonstrated a considerable reduction in the numbers of B cells
(less than 10% of baseline) and the maintenance of low counts during the trial. The im-
munological effects of inebulizumab were observed within 4 weeks after the initiation
of treatment. Furthermore, among AQP4-seropositive patients, fewer had a statistically
significant worsening of their EDSS score. The inebilizumab arm also had lower numbers
of cumulative active MRI lesions and NMOSD-related hospitalizations compared with the
placebo [139–141]. Serious adverse events were similar among both the inebulizumab (9%)
and placebo groups (5%); however, 2% of patients on the agent developed transient grade
3 neutropenia. There were no malignancies observed during the study. No death occurred
during the placebo-controlled phase, but two patients died during the open-label phase.
The first one was initially randomized on the placebo and passed away by respiratory
insufficiency after a severe NMOSD attack preceded by pneumonia, and his death was con-
sidered unrelated to the treatment. The second patient, originally receiving inebilizumab,
developed new neurological symptoms (weakness, aphasia, neurological decline, seizures)
9 days after receiving the maintenance dose. MRI showed new large lesions in white and
grey matter, considered not representative for progressive multifocal leukoencephalopathy
(PML), although one of three PCR tests on CSF was positive for JC virus, and brain biopsy
was not performed; ultimately, the possibility that the death was treatment-related could
not be excluded [140,141].

Inebilizumab is contraindicated for patients with active hepatitis B and active or un-
treated latent tuberculosis. Inebilizumab can also cause hypogammaglobulinemia, resulting
in recurrent or serious opportunistic infections, which may require the discontinuation of
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the treatment or IVIg administration. Additionally, B-cell-depleting therapies in general are
associated with an increased risk for malignancy and infection, including PML [107,138].

Satralizumab is a humanized IgG2 monoclonal antibody which binds membrane-
bound or soluble interleukin 6-receptors, preventing the IL-6-induced inflammatory cas-
cade. The pharmacokinetics of the agent have been optimized compared to its pre-
decessor via an enhanced “antibody-recycling” process allowing for a longer half-life
than tocilizumab. Satralizumab is designed to dissociate, pH-dependently, from the
satralizumab-IL6-R complex within the endosome and to be recycled for repeated antigen
binding in the peripheral blood, extending the interval of re-administration. Satralizumab
is the third and most recent agent (2020) approved by the FDA for the treatment of adult
patients with AQP4-IgG-seropositive NMOSD, including by self-injection [103,142,143]. In
Japan, the agents are licensed for the treatment of both adults and children. Satralizumab
is administered subcutaneously at weeks 0, 2, and 4, and then monthly, with instructions
on withholding treatment in the event of an active infection, elevated liver enzymes, or
neutropenia, and is contraindicated in patients with hepatitis B and active or untreated
latent tuberculosis [107,144].

The safety and efficacy of satralizumab were evaluated in the SAkuraSky and SAkuraS-
tar trials, phase III, randomized, double-blind, placebo-controlled, time-to-event studies of
AQP4-seropositive (70%) and AQP4-seronegative patients (30%) with NMOSD [142,143]. In
the SAkuraSky trial, patients on prior immunosuppressive therapies continued these treat-
ments at stable doses (rituximab was excluded). In the SAkuraStar trial, the investigators
compared only satralizumab monotherapy to the placebo without the use of concomi-
tant immunosuppressive therapies. The therapeutical approach was either 120 mg of
satralizumab subcutaneously or the placebo 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 an EDSS score
of 6.5 or less. In contrast, the SAkuraStar trial only included adults with the same prereq-
uisites needed to be met. For both trials participants were excluded if they had received
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 in the past [142,143].

In the SakuraSky trial, a total of 83 patients were recruited (7 adolescents), random-
ized 1:1 to the satralizumab (41 patients) and to the placebo (42 patients) arms, with a
median treatment duration of 107.4 weeks and 32.5 weeks, respectively. The primary
endpoint was the first protocol-defined relapse in a time-to-event analysis. The major
secondary endpoints were the change from the baseline to week 24 in the visual analogue
scale (VAS) pain score and the Functional Assessment of Chronic Illness Therapy-Fatigue
(FACITF) score. Relapse occurred in 20% in the satralizumab group and 43% in the placebo
group; the percentages of patients free from relapse at 48 weeks was 89% and 66% in
the satralizumab and placebo groups, respectively, and 78% and 59% at 96 weeks. In
addition, the subgroup analysis revealed that 11% of AQP4-seropositive NMOSD patients
(55 cases) in the satralizumab arm experienced relapses compared to 43% in the placebo
group, while among 28 seronegative patients, relapse occurred in 36% and 43% in the
satralizumab and placebo groups, respectively. Based on the subgroup analysis, it has
been suggested that satralizumab reduces the risk of relapse compared to the placebo in
AQP4-IgG-seropositive patients, but there was insufficient evidence to prove the agent’s
effectivity in the seronegative participants. Regarding the secondary outcomes, no signif-
icant differences were found in either the VAS pain score or the FACIT-F score. Of note,
in the satralizumab and the placebo arms, serious side effects occurred at similar percent-
ages (17–21%). Injection-related reactions were more frequent in the satralizumab group
(12% vs. 5%).
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In the SAkuraStar trial, patients were randomized 2:1 to the satralizumab monotherapy
or placebo. A similar efficacy was demonstrated, with a significant reduction in the time to
the first relapse and relapse risk in AQP4-IgG-seropositive NMOSD patients with an active
disease. Relapse occurred in 30% of the satralizumab group and 50% of the placebo arm,
with subgroup analysis showing 22% of seropositive patients treated with satralizumab
relapsing compared to 57% in the placebo group. In the AQP4-seronegative subgroup, the
percentages of relapse were 46% and 33%, respectively. No significant benefit was found
on secondary outcome measures of pain or fatigue. Comparably to SAkuraSky, 19% of
satralizumab-treated and 16% of placebo-treated NMOSD patients experienced adverse
events, with injection reactions in 5% and 16%, respectively. In general, satralizumab
showed a favorable safety profile in both studies, as no anaphylactic reactions, opportunistic
infections, or deaths occurred. Only one patient in the SAkuraStar trial discontinued
treatment due to pneumonia.

6.7. Emerging Therapeutic Strategies

A series of agents are currently under investigation for the prevention of disease
activity in NMOSD.

Ublituximab is a third-generation chimeric IgG1 monoclonal antibody with high
affinity to the Fcy receptor IIIa (FCyRIIIA), an epitope on CD20-positive B-cells which
is not targeted by rituximab, and a depleting larger number of B-cells [103,145]. Ubli-
tuximab allows for shortening the infusion duration and lowering doses compared to
other anti- CD20 monoclonal antibodies and demonstrates enhanced antibody-dependent
cellular cytotoxicity (ADCC) activity, while complement-dependent cytotoxicity (CDC) is
retained [87,146]. In 2019, ublituximab was investigated in five AQP4-seropositive patients
in a pilot safety study, phase Ib, as a novel add-on therapy in acute relapses of NMOSD
(ON or TM) [92]. The agent was administered once in a 450 mg dose intravenously within
5 days of relapse onset as a concomitant treatment to high-dose intravenous corticosteroids
(1000 mg per day on days 1–5). There were no severe adverse effects, and in three patients,
EDSS improved at a 90 d follow-up. Two patients exhibited relapses within three months
due to an insufficient depletion of B-cells [146].

Furthermore, BAT4406F is another potentially effective agent that is a fully humanized
anti-CD20 monoclonal antibody to be investigated in a phase I RCT on safety, tolerabil-
ity, and pharmacokinetics in NMOSD patients (NCT04146285). It will be administered
via intravenous infusions, following an open-label dose escalation [37]. Additional po-
tential B-cell-mediated therapeutic approaches that could be leveraged in the treatment
of NMOSD include chimeric antigen receptor (CAR) T cell therapy, belimumab (an in-
hibitor of B lymphocyte stimulator (BLyS)), and several anti-CD20 monoclonal antibodies,
such as ocrelizumab, ofatumumab, and obinutuzumab [104,147]. Telitacicept is a recom-
binant transmembrane activator and calcium modulator and cyclophilin ligand interactor
fusion antibody acting by inhibiting both BLyS and proliferation-inducing ligands. In
2021, the agent was approved for the treatment of systemic lupus erythematosus, sub-
cutaneously given weekly (160 mg), after showing efficacy and safety in a pivotal phase
2b trial (NCT02885610). An ongoing phase 3 randomized, placebo-controlled study is
currently evaluating telitacicept in AQP4-ab-positive NMOSD patients without recent
immunosuppressive treatment (NCT03330418, [107,148]).

Bortezomib is a 26S proteasome inhibitor, FDA-approved for the treatment of mul-
tiple myeloma. The agent depletes plasma cells and is being evaluated in a range of
autoantibody-driven neurologic autoimmune diseases, including myasthenia gravis and
anti-NMDA-receptor encephalitis. Bortezomib was investigated in patients with highly
relapsing NMOSD as an add-on medication in a small open-label study of five AQP4-
Ab-positive Chinese women who had at least two relapses in the previous 6 months or
three relapses throughout their life despite treatment with various immunosuppressants
including prednisolone, azathioprine, rituximab, or cyclophosphamide (NCT02893111).
The participants received four cycles of subcutaneous bortezomib at a dosage of 1 mg/m2



Int. J. Mol. Sci. 2022, 23, 9769 24 of 40

of body surface area on days 1, 4, 8, and 11 per cycle, followed by a 10-day treatment-free
interval with concomitant oral steroid or azathioprine. Four out of five patients were
relapse-free during a one-year follow-up. Side effects were mild and transient; however,
long-term outcome and safety profiles were not reported. No patient experienced further
neurological deterioration at the end of the study, and the median EDSS scores reduced
from 5.5 at baseline to 3.5 after a 1-year follow-up, associated with an improvement in the
pain scale. Furthermore, treatment significantly decreased serum AQP4 antibody titers,
precursor B cell counts, peripheral blood CD19+ B cells, and mainly, CD138+ plasma
cells. The findings suggest a promising role of bortezomib as an escalating approach in
highly active NMOSD cases refractory to or intolerant of current immunosuppressants
by depleting long-lived plasma cells. Phase 2 has been completed, but results are not yet
available [87]. Importantly, the potentially unfavorable side effect profile of the agent is
a matter of concern, as bortezomib is possibly associated with a rebound in plasma cell
activity with an overshooting production of autoantibodies after cessation of the drug. In
addition, it frequently induces peripheral neuropathy [103,149].

Subcutaneous injection of batoclimab (HBM9161) is being evaluated in NMOSD. It is
a human monoclonal antibody that targets FcRn and accelerates the degradation of IgG,
reducing total IgG levels in the blood (including pathological IgG). Based on its suggested
anti-lgG properties, it is expected to rapidly reduce AQP4-IgG levels when administered
with IVMP. The agent is injected subcutaneously at a dose of 340 mg or 680 mg weekly
for a period of 4 weeks, and is being evaluated in a phase 1, open-label dose exploration
study of NMOSD patients experiencing relapses (NCT04227470). Furthermore, a new study
comparing thw efficacy and safety of immunoadsorption and PLEX for acute relapses of
refractory NMOSD (CAMPUS; NCT04064944) has been announced, but is not recruiting
yet [87].

Imlifidase, an IgG-degrading bacterial enzyme, is another agent that could be effective
in AQP4-seropositive NMOSD. It mediates the cleavage of IgG molecules into Fab and
Fc segments. The concept was conceived based on promising results from animal models
of NMOSD, which have demonstrated that the transformation of AQP4 antibodies into
inactive antibodies by the microbial-mediated deglycosylation of IgG heavy chains may
have a role in NMOSD therapeutic armamentarium. Leveraging the same strategy of
downregulating pathogenic autoantibodies, the potential effectivity of rozanolixizumab
and efgartigimod could be suggested. These agents constitute inhibitors of neonatal Fc
receptors (FcRn), crucial for antibody stability [150].

Bruton’s tyrosine kinase (BTK) is an enzyme that plays a crucial role both in B cell
development by transmitting intracellular signals from the pre-B cell receptor, and in the Fc-
receptor-mediated activation of myeloid cells. It promotes antigen recognition via antibody-
mediated opsonization. In contrast to the typical CD20 monoclonal antibodies, BTK
inhibitors inactivate B cells without causing prolonged and repeated B cell depletion, thus
lowering the risk for serious opportunistic infections. BTK inhibitors are being developed
as therapeutic agents for MS, with promising findings from phase 2 clinical trials, while
phase 3 trials are underway. An open-label phase 2 trial will be starting soon to evaluate
the efficacy and safety of the agent SHR1459 (Bruton’s Tyrosine Kinase Inhibitor), orally
administered, in preventing relapses in NMOSD (NCT04670770) [87,151].

Bevacizumab is an anti-angiogenic compound, and more specifically, a monoclonal
immunoglobulin that targets vascular endothelial growth factor (VEGF), that has been
widely used for the treatment of retinal diseases. VEGF-neutralizing antibodies such as
bevacizumab have the potential to restore BBB integrity, as antibodies targeting brain
microvascular endothelial cells (BMEC) are believed to induce disruption of the BBB
mediated by VEGF, leading to pathogenic AQP4 antibodies entering into the central nervous
system. Of note, anti-BMEC antibodies were found in the sera of 10/14 NMO patients, but
were absent in MS and healthy controls [102,152]. Data on its efficacy as an add-on agent
for treatment of ON and/or TM in NMOSD come from a phase 1b trial where bevacizumab
proved to be effective and safe in 10 patients, with none requiring escalation to PLEX after
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high-dose IVMP plus IV bevacizumab. The suggested approach is the infusion of 10 mg/kg
intravenously at the onset of exacerbation and, if needed, a subsequent dose during the
plasma exchange phase [107].

Ravulizumab is a second-generation monoclonal antibody targeting C5 and blocking
its activation, thus inhibiting C5 cleavaging into fragments C5a and C5b. It is derived
from eculizumab and was designed to provide prolonged therapy intervals by utilizing
the “Ab-recycling” approach. The agents show increased affinity for the neonatal receptor
FcRn, and rapid endosomal dissociation of the ravulizumab-C5 complex allows lysosomal
degradation of C5 while recycling ravulizumab to the vascular space through the FcRn 66.
Ravulizumab has an extended serum half-life (3 to 4 folds) compared to its predecessor.
Based on evidence of non-inferiority to eculizumab derived from two large phase III trials
in patients with paroxysmal nocturnal hemoglobinuria, the agent was approved by the FDA
and EMA for use in adult patients. Ravulizumab is administered every 2 months. Since
December 2019, a phase 3, external, placebo-controlled, open-label, multicenter study of
ravulizumab efficacy and safety in AQP4-Ab-positive NMOSD patients has been underway
(NCT04201262) [153–155].

Alternative ways to target the complement cascade are being explored based on
evidence that blockage of the C1 component prevents the formation of proinflammatory
anaphylatoxins C3a and C3b while preserving the lectin pathway, which is important for
neutralizing encapsulated bacteria. Indeed, in animal models, C1qmab, a monoclonal
antibody against C1q components, effectively reduced complement-dependent cytotoxicity.
In addition, an open label, phase 1b trial which investigated the C1 esterase inhibitor as a
concomitant therapy to steroids for the management of acute NMOSD relapses showed
favorable results regarding safety and effectivity, with 90% of patients returning to their
baseline EDSS score [102].

Granulocyte-targeting strategies have also been considered in NMOSD treatment, as
animal models suggest that granulocytes mediate NMO pathogenesis, and neutrophils and
eosinophils are highly prevalent in NMOSD lesions. It is suggested that neutrophil entry
into the CNS is an early step in the formation of NMOSD lesions. Blocking neutrophil
elastase, a proteolytic, highly destructive enzyme that triggers the production of inflamma-
tory cytokines, helps reduce neutrophil entrance into the brain. Sivelestat is a neutrophil
elastase inhibitor which is being investigated in acute NMO relapses. In a mouse model of
experimental autoimmune encephalomyelitis, the agent reduced ADCC. Phase I/II clinical
trials were discontinued for various reasons. Sivelestat has already been approved in Japan
and Korea for ARDS treatment [156].

NPB-01 IVIg (400 mg/kg/day for 5 consecutive days) is being investigated for its
potential role in NMOSD mediated by the inactivation of auto-reactive T-cells. However,
a phase 2 RCT in AQP4-ab-positive NMOSD patients did not improve responses when
added to IVMP, but detailed results are not available.

Cetirizine, a second-generation H1 antagonist that stabilizes eosinophil degranulation,
was investigated in a small open label add-on pilot study and showed a decrease in ARR in
NMO patients at a 1-year follow-up; however, no significant difference in EDSS scores were
observed [157]. Cetirizine was administered orally at 10 mg each day. Another potential
consideration for use in NMOSD is anti-IL-5 agents, which deplete eosinophils [158].

Aquaporumab is a recombinant monoclonal antibody derived from clonally expanded
mouse CSF plasma cells with a point mutation in the area that codes for effector Fc IgG
functioning. The agent constitutes a targeted non-immunosuppressive therapy that binds
AQP4 with high-affinity cells, displacing AQP4-Ab from binding. The Fc portion of aquapo-
rumab specifically aims at disabling AQP4-Ab from triggering CDC or ADCC downstream
mechanisms. A study in a mouse model of NMO has showed that aquaporumab prevented
the formation of new NMO lesions through steric competition with pathologic AQP4
antibodies [159]. Recently, Duan et al. described AQmab, which has an eightfold increased
binding affinity to the AQP4 receptor compared to aquaporumab [147].
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Another idea worth noting would be the induction of immune tolerance to the au-
toantigen by vaccination, as the majority of NMOSD patients have underlying AQP4
autoimmunity with the autoantigen clearly defined.

6.8. Cell-Based Therapies

Cell-based therapies are gaining momentum as promising treatments in the armamen-
tarium against severe autoimmune diseases, such as refractory NMOSD and MOGAD,
aiming at either the depletion of autoreactive effector cells or the modulation of autoreactive
T and B cell responses, resulting in the restoration of tolerance. Various cellular treatment
approaches have been investigated in NMOSD and occasionally in MOGAD as well, in-
cluding autologous hematopoietic stem cell transplantation (HSCT) and chimeric antigen
receptors (CAR)-T cell, tolerogenic dendritic cell, and mesenchymal stem cell treatment.
The therapies have entered early-stage clinical trials or have been used as a rescue treatment
in treatment-refractory or highly aggressive cases. Progress in the field is slowed down by
the rarity of the diseases, the shortage of biomarkers able to predict long term outcomes
and effectiveness, challenges in the manufacturing of cellular products, and the lack of
adequate animal models that mirror the human disease [160].

Hematopoietic Stem Cell Transplantation (HSCT) in NMOSD and MOGAD is aimed
at achieving the elimination of the dysfunctional immune system with high-dose chemother-
apy and rebuilding through hematopoietic stem cell infusion in order for long-term remis-
sion to be achieved. Autologous Stem Cell Transplantation (AHSCT) is preferred as it
avoids graft-versus-host reactions. Complications of AHSCT include neutropenic fever,
serious infections, electrolyte abnormalities, blood pressure fluctuations, and the emergence
of new autoimmune diseases, including myasthenia gravis and hyperthyroidism. Mortality
associated with the therapy has improved significantly over the last several decades and
is now around 0.2% [160]. The first case report of an autologous stem cell transplantation
in a 23-year-old severely affected patient with refractory NMOSD was published in 2010.
In a 12-month follow-up, the patient remained blind, but paraparesis and dysesthesia
remitted [161].

Results of the two largest studies of AHSCT in NMOSD patients were discrepant,
possibly due to the choice of conditioning regimen [162,163]. The European Registry
retrospective AHSCT study included 16 patients with NMOSD refractory to immuno-
suppressants, with 10% remaining relapse-free and 48% with progression-free survival at
5 years, but the study did not use rituximab. Eighty percent of initially seropositive patients
remained seropositive throughout the study. In contrast, in a US-based clinical trial that
included 13 patients (11 AQP4-IgG-seropositive and 1 with neuropsychiatric SLE), all partic-
ipants followed the same therapeutic approach treatment, consisting of cyclophosphamide,
rituximab, anti-thymocyte globulin, and plasmapheresis. Eighty-three percent of patients
were relapse free at 5 years off all immunosuppressants. Furthermore, at 1 and 5 years after
transplant, improved scores in the EDSS and in the Neurological Rating scale were recorded.
Interestingly and importantly, 9 of 11 AQP4-seropositive patients in the US study serocon-
verted to being AQP4-seronegative after HSCT, and all of them remained relapse-free at the
last follow-up despite the fact that two regained AQP4-seropositive status within 2 years of
transplant. The two patients who remained AQP4-seropositive throughout the study were
the ones who had clinical relapses. In addition, complement-activating and cell-killing
ability was lost in six of seven patients. The possibility of prolonged drug-free remission
with conversion to AQP4-IgG seronegativity following nonmyeloablative hematopoietic
stem cell transplantation warrants further study. Each study recorded one death (patient
with coexisting SLE in the US trial due to SLE complications) [162,163].

A recent meta-analysis in 2020 including the aforementioned three studies evaluated
31 NMOSD patients in total who underwent AHSCT [164]. Cumulative progression-free
survival was 76% during a follow-up period between 2 and 13 years. Treatment-related
mortality was 0%. Despite the promising results, a number of patients had persisting AQP4
antibodies and relapsed within 5, and the optimal conditioning regimen remains to be de-



Int. J. Mol. Sci. 2022, 23, 9769 27 of 40

termined as well [110] Based on these findings, the European Bone Marrow Transplantation
(EBMT) Autoimmune Diseases Working Party (ADWP) issued guidelines recommending
the use of AHSCT in NMOSD as a clinical option, with grade II evidence, in therapy-
refractory patients [104].

Only a few patients treated with allogeneic HSCT (alloHSCT) have been
reported [105,165]. AlloHSCT has the potential for a more profound immunotherapeutic
effect, eliminating all autoreactive lymphocytes by allogeneic donor T lymphocytes. In
addition to the increased risk of morbidity and mortality after alloHSCT, there are reports
of the development of immune-mediated peripheral and central nervous system diseases,
including a case of MOGAD after alloHSCT in haematological patients [105,165]. Due
to limited clinical evidence, alloHSCT in NMO was classified as developmental by the
EBMT-ADWP and is currently not recommended as a clinical option [104].

One phase Ib, open-label, multiple-ascending-doses, single-center clinical trial was
conducted recently in Spain, evaluating the efficacy and safety autologous of tolerogenic
peptide-loaded dendritic cells (DC) in 4 AQP4+ NMOSD patients [166]. The tolerogenic
phenotype of DC was induced by the addition of dexamethasone; DC from NMOSD
patients were stimulated with seven myelin peptides and AQP4. Three doses of tolerogenic
DC were administered intravenously at week 0, 2, and 4 at progressively increasing doses,
and all patients received concomitant treatment with rituximab [3] or mycophenolate [1].
All patients remained clinically stable, no relapses occurred, and the tolerogenic DC-based
therapy proved to be safe. Immunological analysis demonstrated a trend of decreased T
cell proliferation, a significant increase in Interleukin-10 production, and an upregulation
of type 1 regulatory T (Tr1) cells, findings confirmatory of tolerance induction [166].

Another cell-based therapeutic approach is the employment of chimeric antigen
receptors (CAR), proteins carrying both an antigen-binding and a T-cell-activating function,
allowing T cells to target a specific protein. B cell targeting using CAR-T cell therapy is
being investigated mainly in the treatment of hematological malignancies, but there is also
an emerging interest in the field of autoimmunity, where dysregulated B cell activation
leads to an antibody-mediated targeting of healthy body tissue. Breaking the immune
tolerance towards autoreactive immune cells induces the cytotoxic death of these specific
cells, which may downregulate the immune overactivation driving autoimmunity. Indeed,
recent promising results come from a murine model of SLE [160]. In the field of NMOSD,
an open-label phase I clinical trial is currently underway, utilizing B cell maturation antigen
(BCMA) CAR-T cell therapy in patients with refractory AQP4-IgG-seropositive NMOSD
(ClinicalTrials.gov NCT04561557). Twelve NMOSD patients will be enrolled and receive
BCMA CAR-T cells following lymphodepletion with cyclophosphamide and fludarabine.
Primary outcome measures include the incidence of dose-limiting toxicities and adverse
events. The concentration of AQP4-IgG titers in the serum 3 months after infusion and
the CAR-T cell proliferation 2 years after infusion will be studied as secondary outcome
measures, together with clinical and radiological outcomes, including the annualized
relapse rate and active MRI lesions. The first results of this clinical trial are expected by the
end of 2023 [160].

Mesenchymal stem cells (MSCs) constitute multipotent stromal progenitor cells, de-
rived from allogeneic human-umbilical-cord-derived tissue (hUC-MSC), autologous bone
marrow (bMSC), or autologous adipose tissue. Among the beneficial effects of MSC
treatment are their regenerative potential, immunomodulatory properties inhibiting pro-
inflammatory cytokines, and a neuroprotective action by the secretion of neurotrophic
and survival-promoting growth factors. In the field of NMOSD, clinical trials with both
bMSC and hUC-MSC have been conducted. Compared to bMSC, hUC-MSC are easily
collectable, and although not autologous, these MSCs have a low risk for the induction of
allogeneic immune responses and consequently transplant rejection [106,118]. In a pilot
study, 15 AQP4-seropositive NMOSD patients were treated with a single intravenous
infusion of autologous bMSC, and at 2 years follow-up, favorable results were observed
regarding relapses (87% relapse-free) and disability (improvement in 40%). HUC-MSC
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in the treatment of AQP4 IgG+ NMOSD patients was first investigated in 2012 in five
cases, when the cells were administered by an intravenous and intrathecal route combined,
divided over four infusions; favorable results were found following transplantation in
terms of relapses, EDSS score, and peripheral blood B lymphocyte counts. Interestingly,
the 10-year follow up in 2020 demonstrated that four out of five treated NMOSD patients
showed reduced annual relapse occurrence compared to before treatment, with only two
patients completing the 10-year follow-up period due to the death of two patients (at-
tributed to rapid disease progression) and failure to follow up with one patient. The safety
profile was promising, with no observed long-term tumor formation or peripheral organ
disorders. The investigators concluded that hUC-MSC transplantation warrants further
clinical trials [160,167].

6.9. Remyelination

Therapeutic approaches aimed at improving regeneration and restoring functionality
are still missing. A future treatment pathway inducing remyelination or myelin repair
would be beneficial. Promoting the differentiation and proliferation of oligodendrocyte
precursor cells (OPC) to mature oligodendrocytes capable of myelination might be a key
component of the concept. Clobetasol has been shown to promote OPC differentiation in
cultured cells and to induce remyelination in mouse brains with AQP-IgG and complement-
induced injury [168].

7. Therapeutic Approach to AQP4-IgG-Seronegative NMOSD Patients

Although AQP4-ab-negative patients are considered in the 2015 NMOSD diagnostic
criteria, a large diagnostic disagreement has been reported in this subgroup of patients,
even among experts in this field, owing to the inconsistent use of the criteria. Consequently,
the diagnosis of patients who fulfil the 2015 diagnostic criteria for AQP4-IgG seronegative
NMOSD patients requires caution, and seronegative status should be confirmed with cell-
based assays, with repeat blood work at least two to three times in a period of 6–9 months.
In addition, AQP4-IgG-seronegative patients should be assayed for MOG-IgG by cell-
based assays.

There are therapeutic challenges for double-seronegative NMOSD patients (seroneg-
ative for both AQP4-IgG and MOG-IgG), as the recent randomized placebo-controlled
clinical trials of eculizumab, inebulizumab, and satralizumab either did not include such
patients (eculizumab) or failed to provide evidence that the newer agents are effective for
relapse prevention (inebulizumab and satralizumab) in this group. In the N-MOmentum
and SAkuraStar trials, which compared a placebo to inebilizumab and satralizumab, re-
spectively, AQP4-seronegative patients were included, but these trials were not sufficiently
powered to evaluate the response in this subgroup, rendering the results primarily applica-
ble to AQP4-seropositive patients.

Recently, the Spanish NMO Study Group reported that double-seronegative and AQP4-
IgG-seropositive NMOSD patients had a similar clinical outcome, while those seropositive
for MOG-IgG had a more favorable prognosis [169]. Moreover, a study in France that in-
cluded 67 patient and employed MMF as a first-line therapy concluded that the agent was
effective in relapse prevention and disability stabilization/improvement in NMOSD pa-
tients (based on 2015 diagnostic criteria), irrespective of the seropositivity status (AQP4-IgG
seropositive, MOG-IgG seropositive, or double-seronegative) [113]. In addition, another
recent multicenter retrospective study of 245 NMOSD patients found a similar efficacy of
rituximab and MMF both in AQP4-IgG-seropositive and double-seronegative NMOSD
patients [170].

7.1. MOG

The myelin oligodendrocyte glycoprotein is one of several proteins produced by
oligodendrocytes, the myelin-forming cells of the CNS. Together with other proteins such as
myelin basic protein (MBP), proteolipid protein (PLP), and myelin-associated glycoprotein
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(MAG), MOG is an essential component of oligodendrocyte surface membranes. These
glycoproteins have fundamental roles in the formation, maintenance, and disintegration of
myelin sheaths [171]. Compared to other glycoproteins MOG is only found in relatively
small amounts within myelin; however, its structure (extracellular IgV domain) and the
outmost external location on myelin sheaths make it easily accessible to the potential
antibodies and T-cell response involvement. MOG expression starts when myelination
begins and is thus a possible differentiation marker for oligodendrocyte maturation. Several
essential functions of MOG are suggested: the regulation of oligodendrocyte microtubule
stability, maintaining the structural integrity of the myelin sheath by its adhesion features,
and the mediation of interactions between myelin and the immune system [172]. In humans
and rodents, the MOG gene is located in the major histocompatibility complex (MHC)
locus. Molecules encoded by this region are found on the surfaces of cells and are involved
in antigen presentation, inflammation regulation, the complement system, and the innate
and adaptive immune responses. In addition, the gene has a certain structural similarity
to the B7-CD28 superfamily—encoded proteins are expressed on the surface of antigen-
presenting cells (APC) [173]. In addition, MOG can directly activate the classical pathway
of the complement cascade; reports from experimental studies suggest that the binding of
MOG to the C1q and C3d components can activate the complement system.

Neuropathological evidence has shown that the inflammatory infiltration in MOGAD
consists mainly of CD4+ T cells and granulocytes, in contrast to MS, where CD8+ T
cells predominate. Compared to MS, intracortical rather than leukocortical demyelinated
lesions were more common. Importantly, AQP-4 was preserved, as MOGAD is not an
astrocytopathy. Complement deposition within active lesions was observed, but not on
astrocytes or glia limitans. Contrary to expectations, MOG was not preferentially lost [174].

NMOSD and MOGAD are two antibody-mediated entities; however, both have differ-
ent targets. AQP4-ab-positive NMOSD is characterized by AQP4 loss, dystrophic astrocytes,
and the absence of cortical demyelination [87]. By contrast, MOGAD pathology is char-
acterized by the coexistence of perivenous and confluent primary demyelination, with
partial axonal preservation and reactive gliosis in the white and gray matter, and with
a particular abundance of intracortical demyelinating lesions [174]. This occurs on the
background of CD4-dominated T cells and granulocytic inflammatory infiltrates [87]. In
addition, contrary to classical AQP4-ab-positive NMOSD, in MOGAD, the expression of
AQP4 is preserved [174].

The phenotype of MOGAD is broad and includes ON, TM, and acute demyelinating
encephalomyelitis (ADEM). ON is the most common presentation in adults, whereas
ADEM is in children [175]. In MOGAD, disability appears to depend on relapses, with
severe disability being reported in 47% of adult MOGAD patients, in >70% of whom it
results from the first attack [176]. Clinical characteristics suggestive of MOGAD-ON include
recurrent ON, bilateral involvement, prominent disc edema, and longitudinally extensive
ON and/or perineural enhancement of the optic nerve on MRI [96]. Although the nadir of
vision loss is severe with MOGAD-ON, the recovery is typically better than with AQP4-IgG
ON, and, in general, MOGAD-associated demyelination has been suggested to have a
more favorable prognosis compared with AQP4-seropositive NMOSD, featuring a lower
EDSS and reduced risk of visual and motor disability. The clinical course of MOGAD can
be monophasic; however, approximately 50% of patients with MOGAD will experience a
recurrent demyelinating attack, most commonly ON [177].

Disability from both AQP4- and MOG-associated ON is accumulated by poor recovery
from attacks. Interestingly, when serum samples from 177 of 448 patients enrolled in the
ONTT were assayed for AQP4- and MOG-IgG, only four MOG-IgG-seropositive patients
were identified. Therefore, the results of the ONTT are not informative regarding the
impact of high-dose corticosteroids on visual recovery in NMOSD-ON and MOG-ON.
Importantly, the clinical course of MOGAD-ON, as in NMOSD-ON, differs from idiopathic
and MS-associated ON (where steroids do not affect the ultimate visual outcome) by being
typically briskly steroid-responsive and sometimes steroid-dependent [38].
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Treatment with corticosteroids is almost always used in acute MOGAD-ON to aid
in visual recovery, and there are limited data on the natural history without treatment.
As such, new onset diseases or acute relapses are typically treated with high-dose IV
methylprednisolone for 3–5 days. According to a European cohort, a number of patients
had an extremely rapid return to baseline within 48 h following steroid initiation [175].

Acute attacks that respond poorly to steroids can be treated with PLEX or immunoad-
sorption. Observational studies have shown that, similarly to NMOSD, a shorter time to
treatment correlated with less retinal nerve fiber layer losses and better visual outcomes [36].
Similarly to NMOSD, “time equals vision”. The optimal treatment initiation may be by day
4, but treatment even before day 7 still offers an opportunity for very good visual outcomes
in MOGAD [36].

Typically, MOGAD-ON neuritis relapses respond well to steroids, but patients are
often vulnerable to relapses on tapering or withdrawal of steroids [177]. A recurrent course
is associated with higher titers of MOG-IgG during the first months and/or maintenance
of seropositive status despite treatment [175]. In contrast, low titers or seroconversion to
negativity in the early course represent a reliable predictor of a monophasic course.

The treatment of MOGAD has been largely extrapolated from AQP4-IgG NMOSD and
is currently understandardized, still based on clinical experience and observational studies
(Class IV evidence), with no approved drugs, to date, for long-term relapse prevention in
adult patients. No phase III multicenter randomized clinical trials have been performed to
assess treatment effectiveness in MOGAD, due to difficulties related to the recent recogni-
tion and low prevalence of this disease, the wide age range, and broad clinical spectrum.
MOGAD-ON frequently recurs when patients are on no-maintenance long-term treatment,
with 80% of patients having two or more attacks over a median time of 2.9 years [176]. Prior
retrospective studies suggest that long-term immunosuppressant therapy may reduce the
frequency of recurrent attacks, while most DMTs used to treat MS have not demonstrated
usefulness in preventing relapses in MOGAD. Compared to pediatric patients, adult MO-
GAD patients may have a higher risk of relapses and a worse functional recovery as well
as a shorter median time until a second attack, supporting the use of long-term relapse
prevention treatments in adult seropositive patients with ON and/or TM.

Maintenance oral steroids at the lowest possible dose are an effective treatment
strategy in MOGAD. The Australasian and New Zealand MOG Study Group recently
showed that relapses commonly occurred with doses of <20 mg prednisone per day in
adults, and that a duration of treatment or less than 3 months was associated with a
2-fold higher risk of relapses, compared to patients treated for a longer time [175]. In
addition, the concomitant use of oral steroids as an adjunct to immunosuppressive drugs
was accompanied b ay reduced risk for relapses (5% vs. 38% on immunosuppressive
monotherapy). Some patients on maintenance low-dose prednisone alone had a relapse-
free course, indicating the efficacy of steroids in sustaining remission, but the significant
long-term metabolic and bone health-related adverse effects warrant caution. Interestingly,
a subgroup of MOGAD patients remained relapse free on no immunotherapy for a long time
after the initial treatment with steroids, to only experience a relapse after many years [175].
Another group in China demonstrated that the early tapering or discontinuation of oral
steroids within 30 days had as an outcome a relapse in 59% of patients [178]. In conclusion,
a prolonged steroid taper may reduce the chance of early relapses and provide an acceptable
maintenance option, with close monitoring during and after steroid cessation.

Based on data from a recent, large multicenter cohort of MOG-IgG-positive patients
conducted by Mayo Clinic, maintenance IVIg, at 3- or 4-week intervals, applied in 10 pa-
tients (5 pediatrics), demonstrated the lowest relapse rate (only 20% had a relapse) com-
pared to alternative immunosuppressives with a relapse rate >50% (59% for AZA, 73%
for MMF, 62% for RTX) [177]. Chen et al. suggested that IVIg effectivity in suppressing
future attacks was independent of a bias toward using IVIg in patients with a more benign
disease, and that long-term IVIg is an effective maintenance immunotherapy for patients
with MOGAD [123]. Previous small retrospective studies support these results, especially
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in children [126]. By contrast, the Australian cohort showed a higher relapse rate in three
out of seven patients receiving long-term IVIg; however, the median ARR for the cohort
was 0, and the highest relapse rate in patients treated with IVIg was the lowest among the
treatments evaluated (range 0–0.75) [175,177]. Furthermore, IVIg treatment efficacy was
shown in a large European retrospective cohort of MOG-IgG-positive patients with ON
and/or TM as a therapeutic approach after an acute relapse showing favorable results,
as 50% of patients experienced complete (or almost complete) recovery and 44% partial
recovery (measured by visual acuity and EDSS) [175].

Azathioprine and MMF seem to be effective and safe therapeutic strategies for long-
term immunosuppression in adult MOGAD patients, with failure and intolerance being
the most frequent causes for the agents’ discontinuation. The agents can be used as a
monotherapy or in combination with oral steroids.

Based on a systematic review that included 17 articles, azathioprine (2–3 mg/kg/day
divided into 2–3 doses) achieves a reduction in the mean and median ARR, as well as
the stabilization or improvement of the EDSS [179]. Azathioprine was found to have the
second lowest post-treatment ARR after IVIG, although the slightly lower pretreatment
ARR for recipients of azathioprine compared to patients receiving the other therapies could
have led to a bias. Patients on AZA were also more frequently on concomitant maintenance
prednisone. The interval between the initiation of azathioprine and the first relapse ranged
from 3 to 9 months (median of 6 months) [179,180].

Cobo-Calvo et al. recently reported a significant reduction in relapses in patients
treated with MMF in a cohort of Spanish and French adult patients with relapsing MO-
GAD [128]. Furthermore, the systematic analysis in adult MOGAD patients, showed
the efficacy of MMF (1500–3000 mg/day divided into two doses) in a total sample of
96 treated patients with the agent, regarding ARR and EDSS indices [179]. Similar promis-
ing results come from a more recent prospective study, especially in a subset of patients
with isolated ON or high MOG-IgG titers. Eighty-six percent of patients had a reduced
risk for relapse after 400 days of follow up [181]. In the Australian cohort, MMF also
appeared to be effective, but treatment failure rates were higher, and relapses were often
associated with steroid tapering, suggesting the steroid was producing the benefit in these
patients [175]. Consistent findings were derived from the Mayo Clinic as well, where MMF
use in 13 patients documented a more modest reduction in relapse rates compared to the
other immunosuppressive agents [177].

Limited data about the potential use of cyclophosphamide in MOGAD are available.
Similar to the Australian cohort, which reported 50% failure [177], in the Mayo Clinic
cohort, two of three patients had relapses during treatment with the agent [177]. Chen
et al. commented that even though the lack of apparent efficacy could be attributed to
the small total number of patients treated with IV cyclophosphamide or to the reservation
of this potent agent for the most severe and refractory cases, the findings may indicate
that cytotoxic CD8 T cells are not key effectors of MOGAD pathogenesis. Confirmatory of
the potential lack of the agent’s efficacy in MOGAD patients is the fact that when the two
patients who relapsed early on cyclophosphamide switched to rituximab, they stabilized
without further relapse [177].

Whittam et al. showed in a multicenter study of 98 patients treated with rituximab that
the agent reduces the relapse rate for MOGAD, but the benefit did not appear to be as great
as for AQP4-IgG-positive NMOSD [182]. Recently, the same group demonstrated in a study
of 71 adult MOGAD patients on rituximab a relapse rate of 42%, with a median follow-
up time of 12.7 months [183]. Interestingly, the investigators found that MOG-specific
B cells were only detected in about 60% of these patients, indicating that MOG-specific
B cells are not linked to levels of serum MOG-Abs, casting doubt on whether B-cell-
depleting treatments should be used in MOG-seropositive patients. The findings of the
aforementioned studies concur with the data derived from the systematic review, which
concluded that, similar to AQP4-ab-positive NMOSD patients, new relapses within the
few weeks after the first rituximab infusion occurred in about 30% of MOGAD patients
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despite B cell depletion, with a median time from the most recent infusion to the first
relapse of 2.6 (range: 0.6–5.8) months [183]. It has been also suggested, that in relapsing
MOG-seropositive patients needing rituximab, regular CD19 monitoring and proactively
redosing a brittle patient in the event of B-cell repopulation might reduce the incidence of
repopulation relapses, as this has been demonstrated in NMOSD [175].

Emerging therapeutic approaches which have been used successfully in the treatment
of NMOSD could also be evaluated in MOGAD. To date, tocilizumab has been used with
varied effectivity in some patients with rituximab-refractory MOGAD. Furthermore, the
NMOmetum trial, which compared inebelizumab vs. placebo administration in NMOSD
patients, also enrolled seven adult MOGAD patients, but separate outcomes for the MO-
GAD subgroup were not specifically reported [184]. Novel, future, potential treatments,
also being investigated in NMOSD include: efgartigimod, a synthetic IgG1 Fc analog, which
has shown efficacy as a substitute for IVIG in treating the IgG-mediated neuromuscular
disorder myasthenia gravis; rozalixizumab, an inhibitor of the neonatal Fc receptor; and
Bruton′s tyrosine kinase inhibitors.

7.2. Chronic Relapsing Inflammatory Optic Neuropathy

The main characteristic of patients with chronic relapsing inflammatory optic neu-
ropathy (CRION) is the rapid and excellent response to corticosteroid therapy, as well
steroid dependence, with relapses within weeks or months after the withdrawal of or a
decrease in corticosteroids [185]. CRION requires careful consideration and differentiation
from typical, demyelinating optic neuritis, since the treatment is entirely different, and the
outcome without treatment is likely to be very poor. Furthermore, the standard treatment
of typical ON is not adequate for CRION [186].

Already when CRION was first described by Kidd in 2003, the authors concluded
that treatment with corticosteroids was able to induce an abrupt and prompt relief of pain
and, at times, a complete restoration of normal visual acuity and color vision even months
after the onset of symptoms [186]. There was evidence that following steroid withdrawal,
patients tended to relapse, necessitating long-term immunosuppression, which appears
to arrest progression of the disease in the majority of cases [186]. Since then, the clinical
experience has evolved, and although CRION patients generally tend to respond well to
steroids, cumulative damage can lead to poor visual outcomes and structural changes in
RNFL and GCL complexes permanently. Indeed, a recent study showed that up to 25% of
patients can end up with a final visual acuity <20/40 [187]. Consequently, early diagnosis
and timely management are key for restoring as well as preserving vision.

For the time being, treatment recommendations are based on the activity of the disease
and the clinical experience with related disorders, as no CRION-specific formal guidelines
have been established yet. The general approach in the acute phase of the disease is the
administration of IV methylprednisolone 1 mg/kg for 3–5 days, possibly with added
IVIg or PLEX in severe cases, followed by oral steroids (1 mg/kg) with gradual tapering,
as an abrupt withdrawal of treatment may lead to the irreversible worsening of visual
acuity [185,188]. Given that relapses are common, the abrupt disruption of treatment
should be avoided, and the minimal effective glucocorticoid dose be identified. In addition,
the early initiation of a steroid-sparing immunomodulatory agent would be a reasonable
consideration given the well-known iatrogenic morbidity of glucocorticoids. Azathioprine,
rituximab, IVIg, cyclophosphamide, and methotrexate have been used for long-term and
short-term treatment in single reports [136]. Natalizumab has also been employed [185].
Of course, if MOG or AQP4 seropositivity or another connective tissue disease can be
identified, the therapeutic approach should be targeted at those disorders [188].

8. Conclusions

Typical and atypical ON follow a different natural history, rendering crucial the
timely differentiation between them. Treating typical ON primarily accelerates recovery
without any effect on the final visual outcome. However, the diagnosis of CIS such as
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ON provides the opportunity to closely monitor a patient clinically, and consider early
initiation of MS DMTs. However, more work is needed to find remyelinating and reparative
treatment approaches.

Among atypical causes of ON, NMOSD-related ON stands out in its severity. Prompt
and aggressive treatment is needed to save vision and CNS functioning. In addition, the
early initiation of relapse-prevention strategies is recommended. Slow steroid tapering and
the recruitment of additional long-term therapies should be considered for MOGAD-ON
and CRION.
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