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ABSTRACT
Multiple sclerosis (MS) is an infl ammatory disease induced by autoimmune processes. Their understanding 
has resulted in an introduction of biological agents to its treatment. Interferon beta and glatiramer acetate have 
been in clinical practice for more than 20 years. Nowadays, novel biologics, which target molecules involved in 
immunopathological processes more specifi cally have entered the scene. They are represented by monoclo-
nal antibodies binding to molecules VLA4 (natalizumab), CD20 (ocrelizumab), CD52 (alemtuzumab) or alpha 
subunit of IL-2 receptor (daclizumab) or by small molecules such as those modulating the receptors involved in 
regulation of lymphocyte migration (fi ngolimod, ozanimod) or in induction of lymphopenia by apoptosis (dimethyl 
fumarate, cladribine). In the article, we shortly describe their effi cacies, adverse reactions and perspectives of 
a future development in MS biologics. A treatment of neuromyelitis optica by monoclonal antibodies (rituximab, 
aquaporumab) is given too (Tab. 1, Fig. 2, Ref. 71). Text in PDF www.elis.sk.
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Multiple sclerosis (MS) is an infl ammatory disease in which 
the myelin sheaths around the axons of the brain and spinal cord 
are damaged, leading to demyelination and scarring as well as 
to a broad spectrum of signs and symptoms. It is caused by an 
autoimmune response to self-antigens in a genetically susceptible 
individual induced by unknown environmental factors (1). Clini-
cal manifestations are heterogeneous depending on the anatomical 
location of infl ammatory lesions. The clinical course is defi ned 
either as being relapsing-remitting, which represents around 60 
% of prevalent cases, or progressive (primary if progression starts 
from the very onset or secondary if it begins after a preceding 
relapsing-remitting phase). An initial acute episode of neuro-
logical disturbance that is suggestive of MS but does not fulfi l 
diagnostic criteria is defi ned as a clinically isolated syndrome 
(CIS). Neuromyelitis optica was previously considered to be a 
variation of MS. Now it represents an independent disease, in 
which a person’s own immune system attacks the optic nerves and 
spinal cord (2). 

The aetiology of MS is still unknown; however, there is strong 
evidence of an autoimmune pathogenesis sustained by migration 
of peripheral T and B cells into the CNS where they react against 
myelin or neuronal antigens resulting in induction and maintenance 
of infl ammation. Autoimmune/infl ammatory processes cause de-
myelination, axonal loss, and ultimately neuronal death (1, 3, 4).

Current disease-modifying therapies (DMTs) for MS approved 
by the European Medicine Agency (EMA) and Food and Drug 
Administration (FDA) in the USA include interferon beta 1a 
and interferon 1b, glatiramer acetate, mitoxantrone, natalizumab, 
fi ngolimod, terifl unomide, dimethyl fumarate, cladribine, and 
alemtuzumab. In addition, azathioprine and cyclophosphamide 
are considered to be off-label drugs or approved in some coun-
tries for MS treatment and in some cases also methotrexate and 
rituximab. All mentioned agents act by modulating the immune 
system at various levels and with different mechanisms of action. 

The aim of this review is to describe the mechanism of action 
of those biological agents, which have been used in the 2nd and 
3rd lines of MS treatment in clinical practice and some of those in 
clinical trials (emerging MS therapies) (Tab. 1). Generally, avail-
able DMTs have a favourable impact on relapsing-remitting MS, 
while they have no signifi cant benefi t in progressive MS.

Natalizumab (NTZ) is a humanised IgG4 monoclonal anti-
body (mAb), which targets the adhesive molecule VLA4 (alpha 
4/beta 1 integrin), its alpha 4 subunit, on membrane of T cells 
(Fig. 1). The result is the blockade of VLA4 binding to its part-
ner molecule VCAM1 on the surface of endothelial cells (5). 
The monoclonal antibodies thus prevent T cells from sticking 
to the endothelium and subsequent transmigration to the brain 
with subsequent attenuation of CNS infl ammation. Since 2006, 
natalizumab has been used for the second line therapy of patients 
suffering from the relapsing-remitting form of MS (RRMS). It is 
highly effective and results in a signifi cant decrease in rates of 
both relapse and disability accumulation, as well as marked de-
crease in MRI evidence of disease activity (6, 7). However, the 
progressive multifocal leucoencephalopathy (PML) can develop in 
some patients while its incidence is approximately 1:1,000. PML 
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is a demyelinating disease of CNS due to the polyomavirus John 
Cunningham (JCV) reactivation; its pathological activity results in 
oligodendrocytes destruction and can lead to fatal consequences. 
JCV infection is species-specifi c and is only found in humans. 
Primary infection with the virus usually occurs in early life and it 
is frequently asymptomatic; then JCV presumably remains latent 
in various tissues (8, 9). Patients previously treated by immuno-
suppressive drugs or those who are treated by NTZ for more than 
24 months are more probable to develop this complication (10, 
11). Recently, the anti-JCV antibody levels in serum have been 
identifi ed as a further risk of natalizumab-associated PML (12). 
In these conditions, discontinuation of NTZ treatment is recom-
mended. After NTZ cessation, the activity of the disease returns 
to pre-treatment levels. However, some patients can experience 
severe clinical and radiological worsening – they develop the im-
mune reconstitution infl ammatory syndrome (IRIS). It develops 
some days or weeks after discontinuation of NTZ therapy with 

20 % of mortality. IRIS is characterised by a massive infi ltration 
of lymphocytes to the brain and an intensive immune response to 
viral antigens and infl ammation. Excessive infl ammation destroys 
both, the infected and healthy neurons and glial cells (13, 14).

Beside the risk of PML, other circumstances can lead to the 
decision to stop NTZ therapy, such as incomplete effi cacy, toler-
ability matters, or patient preference for oral therapies. However, 
the discontinuation can induce a new fl are up of the disease in 
some patients. It is more severe as common relapse seen in patients 
without previous treatment. The return of disease (the “rebound” 
phenomenon) probably refl ects an increased permeability of the 
blood–brain barrier with the consequent massive transfer of acti-
vated lymphocytes from peripheral blood to CNS. The rebound rate 
varies among studies between 10 % and 30 % of patients and oc-
curs frequently within the 3–6 months after NTZ withdrawal (15).

Fingolimod (FTY720) is an oral disease-modifying drug 
for the treatment of RRMS and it is a drug of the second line of 
therapy. Its fi rst approval was in the USA in 2010, followed by 
approval in Europe and Japan in 2011. 

Fingolimod, a chemical derivative of myriocin from the fun-
gus Isaria sinclairii, shares structural similarities with sphingosine 
1-phosphate (S1P). It is a natural phospholipid known to regulate 
a wide variety of fundamental functions including cell survival, 
cytoskeletal rearrangements, and cell motility (16). S1P mediates 
its specifi c functions by binding to its receptors (S1P1-S1P5). For 
instance, S1P1 is required in lymphocytes for their egress from 
the thymus and secondary lymphoid organs, acting by allowing 
them to respond to the high concentrations of S1P that are present 
in the blood and other body fl uids (17). 

Fingolimod becomes phosphorylated by sphingosine kinases, 
and the phosphorylated form (fi ngolimod-P) acts as an agonist 
on 4 of 5 known S1P receptors (all but S1P2) (16). On lympho-
cytes, fi ngolimod-P, by binding to S1P1, induces its irreversible 
internalisation and in this way prevents the egress of activated T 
cells from the secondary lymphoid organs. Thus, treatment with 
fi ngolimod results in selective and reversible sequestration of T 
cells from the blood and spleen into secondary lymphoid organs, 
thereby preventing the migration of infl ammatory cells toward 
sites of infl ammation (16, 18).

Naïve T and B cells settle in the peripheral lymphoid or-
gans because of their expression of chemokine receptor CCR7.

 Drug Trademark  Mechanism of action
IFN-β 
Glatiramer acetate

BETAFERON®
COPAXONE®

Inhibition of the induction and proliferation of autoreactive T cells

Natalizumab TYSABRI® Blockade of transmigration of autoreactive T cells into the CNS
Fingolimod
Ozanimod GILENYA® Prevention of egress of CD4+ & CD8+ T cells, and B cells from secondary lymphoid tissues

Dimethyl fumarate TECFIDERA® Lymphopenia caused by depletion of CD8+ and CD4+ cells + neuroprotective effects
Cladribine LEUSTATIN® Depletion to B cells, less of T cells
Alemtuzumab LEMTRADA® Depletion of CD4+ & CD8+ T cells, B cells, NK cells, and monocytes
Rituximab
Ocrelizumab

RITUXAN®
OCREVUS™

Depletion of CD20+ B cells and attenuation of antibody independent proinfl ammatory B cell 
functions

Daclizumab ZINBRYTA® Expansion in CD56bright NK cells; inhibition of activated T-cell proliferation

Tab. 1. Mechanisms of action of contemporary and emerging MS therapies.

Fig. 1. The biochemical structure of integrins. Integrins are heterodi-
meric transmembrane molecules consisting of a larger alpha chain and 
a smaller beta chain. The beta chain within the same integrin family 
is the same; the alpha chain differs from one member to another, e.g. 
α1/β1, α2/β1, α3/β1 etc. They mediate cell-cell and cell-extracellular 
matrix interactions.
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The interaction between the chemokine receptor CCR7, expressed 
on lymphocytes with its cognate ligands CCL19 and CCL21, ex-
pressed on high endothelial venules (HEV) is essential for effective 
migration of T and B cells across HEV into lymph nodes. Central 
memory T cells (TCM) express the lymph node homing receptor, 
CCR7, too (CCR7+CD45RA-). Fingolimod-P prevents the egress 
of CCR7-positive naïve T cells and TCM cells from lymph nodes. 
However, it does not block the egress of CCR7-negative effector 
memory T cells (TEM), which are a distinct subpopulation of T cells 
that are important for immune surveillance (18, 19).

B cells express S1P receptors, and naïve and memory B cells 
express CCR7 too. The egress of B cells from lymph nodes is 
S1P1-dependent. Fingolimod reduces the expression of S1P re-
ceptors on B cells through receptor internalisation. Therefore, 
fi ngolimod may alter the egress of B cells from lymph nodes as 
well as from the spleen. However, it affects more CD4+ T cells 
than B cells (20, 21).

Fingolimod easily passes through the blood–brain barrier 
(BBB) where it might modulate the activity of CNS cells. In fact, 
the recent studies show that fi ngolimod has direct effects in CNS, 
and these non-immune mechanisms probably also play a role in 
preventing the progression of MS (21).

Sphingosine 1-phosphate receptors are expressed over a broad 
range of tissues (22). Thus, fi ngolimod might cause adverse effects 
in a variety of tissues and organs. The most common side effects 
are headache, fatigue, bradycardia and atrioventricular (AV) block; 
macular oedema and skin cancer have also been reported (23, 24). 
As mentioned afore, fi ngolimod does not affect effector memory T 
cells (TEM) function the fact of which implies that patients should 
not suffer from infections. Nevertheless, infections have been re-
ported, including dissemination of herpes zoster virus infection 
(VZV), herpes simplex virus encephalitis and B cell lymphoma 
associated with Epstein–Barr virus (EBV) infection (25, 26).

Progressive multifocal leucoencephalopathy can develop in 
some patients treated by fi ngolimod too, however, its occurrence 
rate (1:10,000) is substantially lower compared to that in natali-
zumab-treated patients (27) (despite extensive use over two de-
cades, there has been no report of PML with either interferon-β or 
glatiramer acetate). Withdrawal of fi ngolimod treatment can also 
lead to clinical and radiological worsening similar to that seen after 
natalizumab cessation because of the development of the immune 
reconstitution infl ammatory syndrome (28, 29).

In patients suffering from MS activity despite treatment with 
IFN-β or glatiramer acetate, clinicians often switch therapy to ei-
ther natalizumab or fi ngolimod. Some studies, however, suggest 
that switching to natalizumab is more effective than switching to 
fi ngolimod in reducing the relapse rate and short-term disability 
burden (30).

To bypass adverse effects of fi ngolimod and to preserve its pos-
itive properties, new small molecules were successfully searched 
for. One of them, ozanimod seems to meet desired expectations. 
Ozanimod is a novel, oral, selective, small-molecule that targets 
S1P1 and S1P5. Unlike fi ngolimod, ozanimod does not need 
phosphorylation for its activity. Ozanimod has a half-life of 19 
hrs, allowing for a once-daily dosing; it causes a dose-dependent 

decrease in circulating lymphocyte counts, but with rapid lym-
phocyte recovery after discontinuation of treatment because of 
its short half-life. Ozanimod was well tolerated in the phase II of 
clinical trials (31). Researchers recorded no notable cardiovascular, 
pulmonary, ophthalmic, infectious, or malignancy-related adverse 
events, including no cases of macular oedema. Based on these 
positive results, the phase 3 RADIANCE trial began in December 
2013; its results will be available next year (31). 

Except fi ngolimod there are other two drugs belonging to orally 
administered drugs, namely dimethyl fumarate and cladribine. 

Dimethyl fumarate (DMF), the methyl ester of fumaric acid, 
is a new agent that was recently (2013) approved by FDA and EMA 
for the management of relapsing forms of multiple sclerosis. Being 
an orally available agent with a favourable safety profi le, DMF 
has become one of the most commonly prescribed disease-mod-
ifying agents in the USA and Europe. DMF induces apoptosis of 
T cells. It was greater for CD8+ vs CD4+, as well as for memory 
vs naive, and conventional vs regulatory T-cell subsets (32). In 
addition, DMF infl uenced dendritic cells by a reduction in their 
IL-12 and IL-23 synthesis. This attenuation of myeloid antigen-
presenting cells in turn reduced the differentiation of CD4+ Th 
cells into proinfl ammatory Th1 and Th17 cells, and increased the 
expression of the Th2 cytokine IL-4 (33). A potential neuroprotec-
tive role of DMF has been postulated and is currently thought to 
be mediated by its action on nuclear factor NRF-2 in astrocytes, 
oligodendrocytes, and neurons. The binding of NRF-2 to its target 
genes leads to a transcription of ROS (reactive oxygen species) 
protective genes (34). 

DMF-induced lymphopenia, especially a severe one can result 
in PML development; however this complication is very rare (35).

Cladribine is a purine analogue (2-chloro-2’-deoxyadenosine) 
that mimics the nucleoside adenosine. Its metabolites are resistant 
to deamination by adenosine deaminase and their accumulation 
results in death of cells (36). Cladribine is activated only by lym-
phocytes; a non-activated form is removed quickly from all other 
cells. Nowadays, it has been used as a medication to treat hairy 
cell leukaemia. However, because of its ability to target prefer-
entially the lymphocytes, it can selectively suppress the immune 
system too; its administration to patients results in a depletion of 
B cells and to a lesser extent it depletes also T cells. It has a posi-
tive effect on the treatment of MS patients, like fi ngolimod, how-
ever with fewer adverse effects. The tolerability of oral cladribine 
in doses tested in MS seems to be very good (37). In June 2017, 
EMA recommended marketing authorisation for patients with 
highly active relapsing MS.

Monoclonal antibodies targeting CD52 molecule, alemtuzum-
ab, represents the third line of MS therapy. T and B cells, natural 
killer (NK) cells, dendritic cells, monocytes, granulocytes express 
CD52, however not haematopoietic precursors. The biological 
role of CD52 seems to be in its participation in cell activation, 
at least in T cells. CD52 cross-linking triggers their activation by 
inducing similar intracellular tyrosine phosphorylation events as 
employed by T cell receptor-mediated signalling. Furthermore, 
CD52 can serve as a co-stimulatory molecule involved in induc-
tion of Treg cells (38, 39). 
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The treatment with alemtuzumab produces a very rapid and 
almost complete depletion of CD52-bearing cells in circula-
tion, mediated by antibody-dependent cell mediated cytotoxicity 
(ADCC) (40, 41). After depletion, repopulation of immune cells 
takes place differently. Monocytes return to normal values within 
three months; B cell counts return to baseline numbers also by 
three months and are then even increased to about 124 % of pre-
treatment levels; an enrichment in regulatory B cells accompanies 
this increase too. T cell counts recover much slower, as the deple-
tion of CD4+ cells lasts a median of 61 months and that of CD8+ 
cells lasts 30 months. The swift rise of B cells counts may explain 
a tendency of the alemtuzumab-treated patients to develop some 
autoimmune disorders. Graves’ disease and autoimmune throm-
bocytopenia belong to the most severe ones (42, 43). 

The treatment of MS patients with relapsing-remitting forms 
of the disease with alemtuzumab has signifi cantly reduced the risk 
of relapse and accumulation of disability. These facts suggested 
that not only does it reduce the disease activity due to the im-
mune cell-depleting effect, but it also can perform other positive 
effects. Indeed, it induced the production of neurotrophic factors 
in autoreactive T cells providing the CNS with a neuroprotective 
effect. It was shown that lymphocytes derived from alemtuzum-
ab-treated MS patients produced enhanced amounts of brain-de-
rived neurotrophic factor (BDNF) and ciliary neurotrophic factor 
(CNTF) upon antigen-specifi c stimulation with myelin basic pro-
tein (MBP) (44, 45).

Alemtuzumab possesses a potential risk of PML induction, 
however no cases of PML have been observed connected with its 
use till now (27).

Alemtuzumab and natalizumab are highly effective immu-
notherapies for multiple sclerosis. Both seem to have similar ef-
fects on annualised relapse rates in RRMS. Alemtuzumab seems 
superior to fi ngolimod in mitigating the relapse activity and na-
talizumab seems superior to alemtuzumab in enabling recovery 
from disability (46). 

The last decennium has brought the development of new bio-
logical agents that can modulate the MS disease processes, and 
we are now witnessing many trials to verify their modes of action, 
benefi ts, and adverse reactions. Among them are novel monoclonal 
antibodies, especially those targeting CD20 and CD25 molecules. 

Anti-CD20 monoclonal antibodies bind to B cells and de-
stroy them by activation of the complement system or killer cells. 
The rationale behind the decrease in B cells for MS (and other 
autoimmune disorders) treatment is based on their other biologi-
cal functions, not only those connected with the production of 
antibodies. B cells belong to antigen-presenting cells too. They 
express HLA class II molecules and engulfed protein antigens, 
previously bound to their immunoglobulin receptors, are then sub-
sequently processed and bound to their grooves. The presentation 
of the “HLA-molecule – peptide” complex to T cells follows and 
by receiving costimulatory signals, T cells are activated (47, 48). 
By the destruction of B cells, anti-CD20 mAb reduce their number 
and so downregulate their ability to interact with autoreactive T 
cells, which results in attenuation of autoimmune processes. Con-
currently, a cytokine profi le in the microenvironment is changing 

in support of the induction and expansion of Treg cells (49–51). 
Why was CD20 molecule selected? The relatively easy answer 
is as follows: CD20 is expressed on B cell lineage from the pre-
B cell to the memory B cell stage, but not on plasma cells (52). 

There are three different types of anti-CD20 mAb (they bind to 
different epitopes of the molecule) used for the treatment of MS, 
namely rituximab, ofatumumab, and ocrelizumab. Rituximab and 
ofatumumab destroy B cells by the complement system activation, 
whereas ocrelizumab by antibody-dependent cell mediated cyto-
toxicity (ADCC), which is more advantageous as no proinfl amma-
tory fragments result from the complement activation. Furthermore, 
the created apoptotic bodies are immediately engulfed by macro-
phages, also without any signs of infl ammation induction (38). 

Rituximab is a chimeric monoclonal antibody. It is used for 
the treatment of different lymphomas, rheumatoid arthritis (RA) 
and antineutrophil cytoplasmic antibody (ANCA)-associated vas-
culitis. In MS, the clinical trials showed good tolerability and a 
signifi cant reduction in lesions (53). Despite these promising ef-
fects, there are no further phase III trials necessary for regulatory 
approval. Instead, clinical research is focused on newer genera-
tion of anti-CD20 mAbs, ocrelizumab and ofatumumab. However, 
rituximab has still its place in the treatment of neuromyelitis op-
tica. It decreases the attack frequency and severity of the disease; 
however, it does not remove attacks (54).

Ocrelizumab is a humanised IgG1 antibody with decreased 
immunogenicity. It binds to a different but overlapping epitopes 
than rituximab. Ocrelizumab was approved in the USA in March 
2017 for the treatment of patients with RRMS or primary progres-
sive MS; currently, it is awaiting its approval for these indications 
in the European Union. Three pivotal, randomised, multinational 
phase III trials have demonstrated the effi cacy of ocrelizumab in 
patients with MS. Studies showed better effi ciency compared to 
IFN-β 1a. Among ocrelizumab recipients, the most commonly 
occurring adverse events included upper and lower respiratory 
tract infections (however, the treatment was not associated with 
an increased risk of serious infections), infusion-related reactions, 
skin infections and herpes virus-associated infections. Rarely ma-
lignancy, especially breast carcinoma can develop (53, 55).

Ofatumumab is a fully humanised anti-CD20 monoclonal 
antibody. Its binding affi nity to CD20 is higher compared to ritux-
imab. It is currently approved for the treatment of chronic lym-
phatic leukaemia. Concerning MS, two Phase II clinical trials were 
performed. They showed signifi cant reduction of gadolinium-
enhanced lesions. No further details on potential Phase III trials 
are available yet (53, 56).

Daclizumab is a humanised monoclonal antibody that binds 
to the alpha-chain of IL-2 receptor (CD25), thus effectively block-
ing the formation of its high-affi nity form (Fig. 2). Because the 
high-affi nity IL-2 receptor signalling promotes the expansion of 
activated T cells, daclizumab was designed as a therapy that se-
lectively inhibits T-cell activation and received approval as an 
add-on therapy to a standard immunosuppressive regimen for 
the prevention of acute allograft rejection in renal transplantation 
(57). Based on its mechanism of action, daclizumab represented 
an ideal therapy for T cell-mediated autoimmune diseases too and 
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was subsequently tested in the treatment of infl ammatory uveitis 
and MS. In both of them, it signifi cantly inhibited target organ 
infl ammation. Subsequent studies of mechanisms of its action in 
MS resulted rather in a surprise; except for an inhibition of T-cell 
proliferation and production of cytokines, it had expanded and 
activated immunoregulatory CD56bright NK cells, which gained 
access to the brain parenchyma and killed autologous activated 
T cells (58–60).

The production of original anti-CD25 monoclonal antibodies 
under the trademark Zenapax was discontinued by 2010 and new 
ones, called DAC HYP, were developed. They share identical 
amino acids sequences with the original Zenapax preparations, 
but a different production process resulted in a different glycosyl-
ation pattern of molecules (58). Phases II and III of clinical trials 
demonstrated that monthly subcutaneous injections of DAC HYP 
in patients with RRMS led to a signifi cant reduction in annualised 
relapse rate and decreased the number of gadolinium-enhanced 
lesions on brain magnetic resonance imaging. The treatment with 
DAC HYP had effi cacy superior to that with weekly injections of 
INF-β 1a. However, the rates of infection, rash, and abnormali-
ties on liver-function testing were higher with DAC HYP than 
with interferon (61–63). In 2016, FDA and EMA approved DAC 
HYP for subcutaneous administration for the treatment of patients 
with MS. Its position in clinical practice is going to evolve over 
the next few years.

Neuromyelitis optica (NMO) is characterised by selective se-
vere optic nerve and spinal cord infl ammation. Previously, NMO 
used to be considered a specifi c clinical manifestation of MS; 
however, since the late 1990s, it is taken as an independent clini-
cal entity. In its immunopathogenesis, autoantibodies targeting 
aquaporin 4 play a paramount role (64). However, there are pa-

tients suffering from similar clinical manifestations and still are 
anti-AQP4 antibodies negative; instead, they possess autoanti-
bodies targeting myelin oligodendrocyte glycoprotein (MOG) 
(65). These two overlapping clinical syndromes are now included 
into the syndrome called neuromyelitis optica spectrum disorder 
(NMOSD) (66). Aquaporin 4 IgG-associated NMOSD is an im-
mune astrocytopathy with lytic and non-lytic clinical consequences 
to astrocytes. Conversely, MOG IgG associated NMOSD appears 
to target myelin and not the astrocytes (67).

The therapy for both AQP4 seropositive and AQP4 seronega-
tive patients must avoid MS-disease-modifying drugs; beta inter-
ferons, natalizumab, fi ngolimod, and alemtuzumab may aggravate 
NMOSD. Glatiramer-acetate appears to be ineffective. The most 
commonly used treatments include the oral drugs azathioprine 
and mycophenolate mofetil (MMF) and intravenous anti-CD20 
monoclonal antibody rituximab (54, 66). 

The better understanding of NMOSD immunopathogenesis 
has allowed trying other candidate immunotherapies such as eculi-
zumab, a monoclonal antibody that targets C5 of the terminal com-
ponent of the complement system activation (68), tocilizumab, 
an anti-IL-6 receptor monoclonal antibody (69), inebilizumab, an 
anti-CD19 monoclonal antibody and others (70). Special attention 
is paid to non-pathogenic monoclonal anti-AQP4 antibody, aqua-
porumab, which binds to AQP4, thereby blocking pathogenic au-
toantibody binding to AQP4 (71). The treatment of NMOSD has 
not yet been rigorously established on the basis of clinical trials 
(66), but the future will surely bring the resolution. 

The European Medicines Agency recommends an immediate 
suspension and recall of the daclizumab (ZINBRYTA®) from the 
treatment of MS. Its decision is based on 12 reports of serious in-
fl ammatory brain disorders worldwide, including encephalitis and 
meningoencephalitis. Three of those cases led to patient deaths. 
Moreover, Zinbryta may also be linked to severe immune reac-
tions affecting several other organs (https://www.fi ercepharma.
com/pharma/ema-suspends-recalls-abbvie-and-biogen-s-doomed-
ms-drug-zinbryta.
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