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Abstract

Multiple sclerosis (MS) is an autoimmune disease of the central nervous system
(CNS) characterized by peripheral immune cell infiltration into the brain and
spinal cord, demyelination, glial cell activation, and neuronal damage. Currently
there is no cure for MS, however, available disease-modifying agents minimize
inflammation in the CNS by various mechanisms. Approved drugs lessen severity
of the disease and delay disease progression, however, they are still suboptimal as
patients experience adverse effects and varying efficacies. Additionally, there is
only one disease-modifying therapy available for the more debilitating,
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progressive form of MS. This chapter focuses on the presently-available thera-
peutics and, importantly, the future directions of MS therapy based on preclinical
studies and early clinical trials. Immunosuppression in other neurological
disorders including neuromyelitis optica spectrum disorders, myasthenia gravis,
and Guillain-Barré syndrome is also discussed.
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1 Introduction

Multiple sclerosis (MS) is a chronic, demyelinating autoimmune disease of the
central nervous system (CNS), affecting approximately 2.5 million people world-
wide (Reich et al. 2018; Trapp and Nave 2008). The condition affects females more
often than males (Reich et al. 2018; Dendrou et al. 2015) and though the etiology is
still poorly understood, it is thought that both genetic and environmental factors play
a causative role in the development of MS (Reich et al. 2018; Hauser and Oksenberg
2006). Clinical symptoms of the disease include disturbances in motor function,
vision, and speech, fatigue, acute/chronic pain, and in severe cases, paralysis and
cognitive impairment. Symptoms are caused by multifocal lesions in the brain and
spinal cord that consist of inflammation, demyelination, blood-brain barrier (BBB)
breakdown, peripheral immune cell infiltration, reactive gliosis, loss of
oligodendrocytes, and axonal degeneration (Dutta and Trapp 2011; Trapp and
Nave 2008).

MS is a heterogeneous condition consisting of different presentations and varying
disease courses. Despite this, MS has been broadly categorized into subtypes:
approximately 85% of patients are diagnosed with relapsing-remitting MS
(RRMS) where symptomatic flare-ups, or relapses, are followed by periods of
varying degrees of recovery. In majority of RRMS cases (~80%), patients progress
to experience gradual worsening of relapses and fewer periods of recovery, termed
secondary progressive MS (SPMS). A smaller fraction of patients experience
progressing symptoms from the time of disease onset, a pattern recognized as
primary progressive MS (PPMS). And yet another small subset of patients experi-
ence benign MS, where relapses are mild compared to RRMS and SPMS does not
develop (Trapp and Nave 2008; Ransohoff et al. 2015; Hemmer et al. 2002).

As expected by the heterogeneity of its presentation and various forms, MS is
defined by pathological alterations involving numerous cells types, both immune
and non-immune. The primary pathological hallmarks of MS are areas of demyelin-
ation (referred to as “plaques” or “lesions”) in the white and gray matter of the brain
and/or spinal cord. Demyelination is mediated by both innate and adaptive immune
cells. Though the CNS is normally considered an “immune-privileged” site due to
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the multicellular vascular blood-brain barrier (BBB), disruption of the BBB is
apparent in all clinical subtypes of MS. This disruption allows peripheral immune
cells to infiltrate the brain/spinal cord tissue.

T and B lymphocytes seem to be selectively recruited to the CNS by myelin
autoantigens in MS and various hypotheses exist as to what triggers this recruitment.
A CNS intrinsic model hypothesizes that events within the CNS result in the release
of autoantigens into the periphery. On the other hand, an extrinsic model suggests
that a peripheral insult, such as a system infection, leads to an aberrant immune
response against myelin (Thompson et al. 2018).

Historically, MS has been considered a primarily T-cell-mediated disease with
both CD4+ and CD8+ T cells present in MS lesions. CD4+ T helper cells typically
predominate in acute lesions, whereas CD8+ cytotoxic T cells are found in chronic
plaques (Chitnis 2007). B cells, on the other hand, are only recently becoming
recognized as drivers of MS pathology. B cells produce antibodies that recognize
various myelin epitopes and can also serve as antigen-presenting cells (APCs),
communicating with T cells (Sospedra 2018). B cells can polarize T helper cells
by secreting cytokines. Specifically, B-cell production of interleukin-6 (IL-6) seems
to drive the autoimmune process by inhibiting the conversion of conventional T cells
into regulatory T cells (Tregs) which are capable of immune suppression (Korn et al.
2008).

Cells of the innate immune system also infiltrate the CNS. Studies in MS animal
models have implicated blood-derived monocytes as drivers of MS pathology,
though it has been difficult to dissect their roles compared to the CNS resident
innate immune cells, microglia. Both cells have been characterized to possess both
harmful and beneficial functions as they can both secrete inflammatory cytokines
and chemokines, but they can also produce growth factors and phagocytose myelin
debris, a major obstacle to remyelination (Kotter et al. 2006). Studies on MS brain
samples have shown that activated microglia in plaque regions express high levels of
major histocompatibility complex class II (MHC II) molecules, suggestive of
increased and active antigen presentation, stimulating the adaptive immune system
and worsening the disease process (Boyle and McGeer 1990; Zhang et al. 2011;
Raivich and Banati 2004). Other studies in animal models have suggested that the
infiltrating monocyte-derived macrophages are the main drivers of pathology (Ajami
et al. 2011; Yamasaki et al. 2014).

Although MS is probably the most well-recognized autoimmune disease of the
CNS, there are several other neurological conditions with an autoimmune compo-
nent, requiring pharmacological immunosuppression. Here, we discuss both current
strategies to dampen the autoimmune response in MS as well as other neurological
conditions, including neuromyelitis optica spectrum disorders (NMOSD), myasthe-
nia gravis (MG), and Guillain-Barré syndrome. Importantly, we highlight potential
future immunosuppressive therapies that may further improve the clinical treatment
of MS.
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2 Current Strategies to Promote Immunosuppression
in Multiple Sclerosis

Therapeutic management of MS currently relies on immunomodulation to dampen
the autoimmune response occurring in the CNS. Available disease-modifying
therapies (DMTs) can be sorted into broad classifications based upon their mecha-
nism of immunosuppression: (1) pleiotropic immunomodulators, (2) drugs
interfering with DNA synthesis and repair, (3) reagents that sequester peripheral
leukocytes, and (4) reagents that deplete immune cells. There are also non-DMTs
that are commonly used to control relapses in RRMS. Corticosteroids, such as high-
dose intravenous methylprednisolone, are the first line of treatment for acute symp-
tomatic exacerbations. A recent study reported that oral administration of high-dose
methylprednisolone was similar in efficacy and safety compared to the intravenous
route (Le Page et al. 2015). Orally administered medications are favorable not only
for patient convenience, but also because phobia of needles, impaired dexterity, and
reactions at injection sites often result in poor patient compliance (Mohr et al. 2001).
In this section, we will discuss currently approved DMTs based upon their
mechanisms of immune suppression (Fig. 1).

2.1 Pleiotropic Immunosuppressants

The first DMT, recombinant interferon-f (IFN-f), is a pleiotropic drug and remains a
leading therapeutic option for RRMS since its approval by the United States Food
and Drug Administration (FDA) in 1993. Its availability to patients marked a
significant milestone in MS therapy as it was the first time the disease was viewed
as treatable (Ransohoff et al. 2015). Different forms of the drug are now available
including IFN-B1b (Betaseron, Betaferon, Extavia) and IFN-fla (Avonex, Rebif,
Plegridy), though IFN-B1b was the first to be studied and approved. In the first
multicenter study of 372 RRMS patients, IFN-f1b was shown to reduce annual
relapse rate by ~30% (Paty and Li 1993). Recently, an 11-year clinical study showed
that early treatment with IFN-f1b in patients with clinically isolated syndrome (CIS;
suggestive of a first MS attack) resulted in long-term benefits (Hartung et al. 2019).
The recombinant cytokine binds the heterodimeric, multi-subunit IFN-f receptor
(IFNAR1 and IFNAR?2), resulting in Janus Activated Kinase-Signal Transducer and
Activator of Transcription (JAK-STAT) signaling and its pleiotropic effects are the
result of transcriptional effects on hundreds of genes (Hojati et al. 2016). The most
prominent immunosuppressive actions of IFN-f include inhibition of T-cell activa-
tion through decreased expression of MHCII and co-stimulatory molecules,
increased apoptosis of autoreactive T cells, and reduction in the stimulatory capacity
of B cells (Dhib-Jalbut and Marks 2010). A cytokine shift has also been observed
upon IFN-f treatment, inhibiting Thl pro-inflammatory cytokines and promoting
release of Th2 anti-inflammatory cytokines (Ersoy et al. 2005).

There are patients, however, who do not respond well to IFN-f and exhibit either
severe side effects or no improvement in disease activity. Another pharmacological
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option became available in 1997 with the approval of glatiramer acetate (GA;
Copaxone), a synthetic copolymer of amino acids analogous to an epitope of myelin
basic protein (MBP). Interestingly, GA was discovered when Teitelbaum and
colleagues sought to produce a synthetic antigen capable of inducing experimental
autoimmune encephalomyelitis (EAE), the primary animal model of
MS. Surprisingly, rather than inducing disease, GA protected against EAE induction
(Teitelbaum et al. 1971). In clinical trials, GA reduced the relapse rate and was
relatively well-tolerated in humans (Johnson et al. 1995; Comi et al. 2009). It also
displayed comparable efficacy to IFN-f formulations. A major mechanism of action
of GA is the induction of apoptosis in CD4+ T cells, and a recent study in RRMS
patients suggests that this is a biomarker of optimal treatment response (Boziki et al.
2019). GA was shown to increase the number of anti-inflammatory monocytes and
immunosuppressive Tregs, maintaining these effects over a decade of GA adminis-
tration (Spadaro et al. 2017).

Dimethyl fumarate (DMF, Tecfidera), another pleiotropic drug, was approved as
a first-line treatment for RRMS in 2013. DMF activates the transcription factor,
nuclear factor (erythroid-derived 2)-like 2 (Nrf2), which is responsible for
maintaining cellular redox homeostasis. When transported to the nucleus, Nrf2
induces expression of antioxidants and detoxifying enzymes (Ma 2013). DMF also
modulates Nrf2-independent pathways. For instance, the agent suppresses NF-kB
signaling, resulting in the reduction of inflammatory cytokines and induction of Th2,
anti-inflammatory phenotypes (Gillard et al. 2015). Importantly, a recent study
reported persistent changes in both the innate and adaptive immune system in MS
patients after 12 months of DMF treatment, observing a decrease in effector memory
T cells, memory B cells, and expression of antigen presentation molecules (Montes
Diaz et al. 2018).

2.2 Drugs Interfering with DNA Synthesis/Repair

Mitoxantrone (Novantrone) was initially approved as an antineoplastic agent as it
globally disrupts DNA synthesis through inhibition of type II topoisomerase
(Shenkenberg and Von Hoff 1986). Mitoxantrone is generally immunosuppressive,
and is only prescribed in cases of rapidly worsening MS. Although a multicenter
study of patients with severe and worsening RRMS or progressive MS showed that
mitoxantrone did reduce progression of disability (Hartung et al. 2002), its use in MS
has dramatically decreased due to severe side effects, such as cardiac toxicity and
acute leukemia (Capobianco et al. 2008), and the approval of less dangerous
medications.

Teriflunomide (Aubagio) is an oral inhibitor of dihydroorotate dehydrogenase
(DHODH), a mitochondrial enzyme necessary for de novo pyrimidine synthesis.
Inhibition of this enzyme limits availability of pyrimidines in proliferating T and B
cells, reducing the number of autoreactive lymphocytes available to cross the BBB
(Claussen and Korn 2012). Three large phase III trials showed that 7-14 mg of
teriflunomide decreased annual relapse rates and MRI disease activity, which
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resulted in the approval of the drug in 2004 (O’Connor et al. 2011). A more recent
9-year follow-up study showed that long-term treatment remains efficacious and is
well-tolerated in patients (O’Connor et al. 2016).

Cladribine (Mavenclad), a synthetic chlorinated deoxyadenosine analog, is the
most recent drug approved by the FDA for MS. Cladribine is taken up by cells, and
undergoes several phosphorylation steps to produce the active compound,
2-chlorodeoxyadenosis 5'-triphosphate (2-CdATP). 5'-nucleotidases in most cells
degrade 2-CdATP, however, lymphocytes have lower levels of these enzymes and
higher levels of deoxycytidine kinase (DCK), the enzyme responsible for cladribine
phosphorylation. This ultimately results in intracellular accumulation of 2-CdATP
selectively in lymphocytes, and the active compound becomes incorporated into
DNA, leading to strand breaks and cell death (Leist and Weissert 2011; Baker et al.
2019). In comparison with monoclonal antibodies that deplete B cells, such as
ocrelizumab and rituximab, cladribine’s mode of action results in a more gradual
depletion (Montalban et al. 2017; Baker et al. 2019). A recent study showed that
after 20 days of oral treatment, CD19+ B cells and CD8+ T cells return to baseline
levels, and patients maintain no clinical or MRI disease activity. Further, monocyte
and neutrophil numbers remain intact resulting in less risk of opportunistic infections
(Comi et al. 2019).

2.3 Reagents That Sequester Peripheral Leukocytes

Fingolimod (FTY720; Gilenya), which reduces CNS inflammation by limiting
lymphocytes in the periphery, was the first oral medication for RRMS patients.
Approved by the FDA in 2010, fingolimod is a sphingosine-1-phosphate (S1P)
receptor antagonist that prevents T- and B-cell egress from lymph nodes, reducing
the number of autoreactive lymphocytes in the CNS. A phase III study reported that
oral treatment with fingolimod for 12 months was superior to intramuscular IFN-f1a
in terms of annualized relapse rate and MRI disease activity (Cohen et al. 2010).
Natalizumab (Tysabri) is a humanized monoclonal antibody against the o4
subunit of the very late antigen 4 (VLA4) integrin expressed on leukocytes. Block-
age of this cell adhesion protein functions to prevent lymphocyte migration into the
CNS as it blocks interaction with vascular-cell adhesion molecule 1 (VCAM-1) on
vascular endothelial cells in the brain and spinal cord (Ransahoff 2007).
Natalizumab was studied as both a monotherapy and an IFN-f therapy. Both
phase III clinical trials took place over the course of 2 years and included only
RRMS patients. As a monotherapy, natalizumab reduced relapse rate and
gadolinium-enhancing lesions on MRI at year 2 by 92% (Polman et al. 2006).
When natalizumab was administered to patients on IFN-f, who had at least one
relapse during the past year of treatment, the combination of the drugs was observed
to be significantly more effective than interferon alone (Rudick et al. 2006). The use
of natalizumab is limited by the occurrence of progressive multifocal
leukoencephalopathy (PML), a fatal brain infection, and current studies are
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attempting to establish biomarkers to predict the risk of PML in MS patients
(Schwab et al. 2013, 2016).

24 Reagents Depleting Immune Cells

Ocrelizumab (Ocrevus) is an anti-CD20 antibody, acting to deplete CD20-
expressing B cells. The approval of this agent was groundbreaking in the field of
MS therapeutics as it was the first drug to show efficacy for patients with PPMS
(Mulero et al. 2018). A phase III placebo-controlled trial of 732 PPMS patients
reported that those receiving ocrelizumab displayed lower rates of progression
(assessed clinically and by MRI) compared to the placebo group (Montalban et al.
2017). The remarkable results of the anti-CD20 therapy have renewed interest in the
role of B cells in MS pathology, as MS has historically been considered a primarily
T-cell-mediated disease.

Alemtuzumab (Lemtrada), a humanized monoclonal antibody targeting CD52 on
lymphocytes, monocytes, granulocytes, and natural killer (NK) cells induces rapid
lymphopenia through antibody-dependent cellular cytotoxicity (ADCC). Clinical
studies showed that infusion of alemtuzumab decreased annualized relapse rate,
reduced disability progression, and reduced MRI disease activity. Further, it was
observed to be superior to IFN-B1a therapy (Coles et al. 2012; Cohen et al. 2012).
The most common adverse effect is secondary autoimmunity, most typically involv-
ing the thyroid gland. A long-term follow-up study confirmed that alemtuzumab
stabilizes disease in patients with highly active RRMS (Tuohy et al. 2015).

Daclizumab (Zinbryta) is a humanized monoclonal antibody against the CD25
subunit of the interleukin-2 (IL-2) receptor, highly expressed on activated T cells.
This results in functional impairment of the T cells. Daclizumab treatment results in
a decrease in circulating CD4+ and CD8+ T cells and expansion of CD56”€"
natural killer (NK) cells, which is considered an immunoregulatory NK cell popula-
tion due to cytokine profiles and expansion during states of immune tolerance
(Bielekova et al. 2006). Daclizumab approved in 2016 is prescribed only to patients
who are refractory to at least two first-line treatments (Baldassari and Rose 2017).
Interestingly, a phase II study that added daclizumab therapy on to IFN-f treatment
found that the combination may more effectively reduce disease activity compared
to IFN-f alone (Wynn et al. 2010).

3 Looking Ahead: The Future of Imnmunosuppressive
Therapies for Multiple Sclerosis

Though there has been truly amazing progress in the field of MS therapeutics over
the past decade, the limitations of currently available agents justify continued
research efforts to improve treatment options for patients. Available
immunotherapies are variable in their efficacies, often produce adverse effects, and
ultimately are unable to prevent disease progression. Although there is an abundance
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of preclinical, and some clinical, focus on addressing these limitations by studying
agents capable of promoting remyelination and repair, here, we will focus solely on
innovative approaches to improve therapies that modulate the immune system
in MS.

3.1 Targeting B Cells

Recently, B cells have gained attention as an exciting and potentially more effective
therapeutic target in various subtypes of MS due to the success of ocrelizumab, and
other B-cell-targeted antibodies in clinical trials (namely, rituximab and
ofatumumab). Other agents that modulate B cells by various mechanisms are likely
to enter the clinic and be approved in the coming years.

Early clinical studies have reported positive results in RRMS patients treated with
Bruton’s tyrosine kinase (BTK) inhibitors. BTK, a non-receptor tyrosine kinase,
regulates B-cell function, playing a central role in B-cell receptor (BCR) signaling.
BTK signaling pathways also modulates myeloid cells. BTK inhibitors have been
available in recent years for the treatment of B-cell leukemias/lymphomas (Liang
et al. 2018). Now, newer and more selective inhibitors have been developed and are
currently being investigated in not only B-cell malignancies, but also in autoimmune
settings, such as rheumatoid arthritis and MS (Zhang et al. 2018). A phase II clinical
trial reported that after 24 weeks of once daily oral treatment with 75-mg of the BTK
inhibitor, evobrutinib, RRMS patients displayed decreased gadolinium-enhancing
lesions on T-weighted MRI compared to patients receiving placebo (Montalban
et al. 2019). A phase III study has been posted to compare evobrutinib’s effective-
ness to the current first-line treatment, IFN-Bla (NCT04032171).

Another B-cell-directed therapeutic target under investigation is B-cell-activated
factor (BAFF). BAFF is a member of the tumor necrosis factor family which
promotes B-cell development and survival. It has been observed to be elevated in
the cerebrospinal fluid (CSF) of MS patients (Ragheb et al. 2011) as well as
accumulate in inflammatory demyelinating brain lesions (Krumbholz et al. 2005).
A humanized recombinant fusion protein, Atacicept, was developed to block both
BAFF and a proliferation-inducing ligand (APRIL), which is also involved in B-cell
differentiation and maturation signaling. After preclinical work showing a decrease
in mature B cells (Gross et al. 2001), a phase II trial also showed that Atacicept
treatment did reduce serum immunoglobulin and number of circulating mature B
cells in RRMS patients, however, there was an unexpected increase in relapses. The
cellular and symptomatic effects did revert to that of the placebo group after
discontinuation of the drug, illustrating reversibility of the mechanism (Kappos
et al. 2014). VAY736, a humanized monoclonal antibody against one of the
receptors for BAFF (BAFF-R) has also been evaluated in RRMS patients in a
phase II trial, however, results are not yet posted (NCT02038049).
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3.2 Stem Cell Therapies

Hematopoietic stem cells (HSCs) are the primary stem cell population of the bone
marrow, capable of giving rise to all types of blood cells. Hematopoietic stem cell
transplantation (HSCT) has long been used as a method to treat hematological
malignancies, but only in the early 1990s was it considered for use in MS patients
after pivotal preclinical studies (Karussis et al. 1992, 1993). It is important to note
that stem cell transplant is a high-risk procedure with aggressive immunoablation to
extinguish pathogenic immune cells and “reset” the immune system with only HSCs.
Typically, a patient’s own HSCs are employed (autologous HSCT; aHSCT)
(Karussis and Petrou 2018).

A multicenter phase II trial showed that aHSCT in MS patients with poor
prognosis (both RRMS and SPMS subtypes) led to long-lasting remission in the
majority of patients with no DMT regimen. Further, there was significant neurologi-
cal improvement as the rate of brain atrophy decreased to that of healthy aging
controls (Atkins et al. 2016). A larger-scale study also reported that approximately
half of the patients undergoing HSCT did not exhibit neurological progression
5 years post-transplant. Successful outcomes were associated with younger age, an
RRMS subtype, and fewer previous immunotherapies (Muraro et al. 2017). Though
small, a recent study in Sweden showed that five out of ten patients exhibited
sustained remission 10 years after aHSCT, and the investigators suggested that
MS was “resolved” (characterized by normalized intrathecal IgG production and
CSF neurofilament light levels) in three out of the five patients (Tolf et al. 2019).
Though exciting results continue to be obtained, the risks of the procedure remain a
concern and thus, development of new, safer protocols is required to consider this a
standard therapy.

Mesenchymal stem cells (MSCs) are another cell therapy currently explored for
severe cases of MS. MSCs are stromal precursor cells which, in the bone marrow,
function to support hematopoiesis and display highly anti-inflammatory properties,
inhibiting lymphocyte and APC function and modulating T-regulatory cells
(Karampera et al. 2003; Corcione et al. 2006; Di Ianni et al. 2008; Beyth et al.
2005). In preclinical studies using the EAE model, MSC transplant therapy is
reported to not only be anti-inflammatory, but also neuroprotective, supporting
remyelination of damaged axons (Kassis et al. 2008; Zappia et al. 2005). In clinical
studies of MS patients, bone marrow-derived MSC administration was observed to
be generally well-tolerated, but small sample sizes limited conclusions concerning
efficacy of the treatment (Yamout et al. 2010; Bonab et al. 2012). Recently, the
Mesenchymal Stem cells for Multiple Sclerosis (MESEMS) study group published
their protocol for a larger-scale phase I/II study that aims to evaluate the safety and
activity of intravenous autologous bone marrow-derived MSCs in patients with
RRMS, SPMS, and PPMS (Uccelli et al. 2019). Additionally, studies have evaluated
the safety and efficacy MSC-derived neural progenitors, which were shown to be
neurotrophic and immunoregulatory. A phase I trial of MSC-derived neural
progenitors administered intrathecally to patients with progressive MS showed that
the treatment was well-tolerated with only minor adverse events occurring. Further,
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evidence of clinical disability trended towards improvement following treatment
(Harris et al. 2018).

4 Immunosuppressants for Other Neurologic Disorders
4.1 Neuromyelitis Optica Spectrum Disorders

Neuromyelitis optica spectrum disorders (NMOSD) is a group of relapsing
neuroinflammatory diseases distinct from MS in its pathophysiology and thus, the
approach to immunosuppression also differs (though there are some commonalities).
Progression is rare in NMOSD, but relapses are very severe and characterized by
complete vision loss and/or extreme motor/sensory dysfunctions as a result of
inflammatory lesions formation in the spinal cord (Wingerchuk and Weinshenker
2003). NMOSD is typically distinguished from other CNS autoimmune disorders by
the presence of an IgG autoantibody against the water channel, aquaporin 4 (AQP4)
(Papadopoulos and Verkman 2012), though not all patients are anti-AQP4 positive.
First-line therapy for acute relapse of NMOSD is comprised of corticosteroid
treatment (typically high-dose intravenous methylprednisolone). Plasma exchange
is the next option for progressive or refractory conditions (Kleiter et al. 2018).
NMOSD relapses are disabling with patients rarely experiencing full recovery,
therefore, at least 5 years of maintenance immunotherapy is standard, with the intent
of preventing relapses and accumulation of disability (Patterson and Goglin 2017).
Chronic low-dose corticosteroids are one option to prevent NMOSD attacks,
usually in combination with another immunosuppressive. However, long-term use
of corticosteroids often results in adverse effects such as hyperglycemia, hyperten-
sion, and osteoporosis (Kleiter and Gold 2016). Azathioprine, a purine antagonist
that acts to inhibit DNA synthesis, has been found to be effective in long-term
treatment of NMOSD (either with or without prednisone), more so than steroid
therapy alone (Costanzi et al. 2011; Mandler et al. 1998; Bichuetti et al. 2010).
Another option is mycophenolate mofetil, a drug that is indicated for psoriasis and
renal transplant rejection, but is also often employed in NMOSD as well.
Mycophenolate mofetil is a prodrug, the active metabolite being mycophenolic
acid, which inhibits lymphocyte proliferation by preventing guanosine nucleotide
biosynthesis (Mealy et al. 2014; Jacob et al. 2009). Mitoxantrone, previously
discussed above as a therapeutic option for MS, has also been observed to be
beneficial, reducing the annualized relapse rate in the first year of treatment in
patients with highly relapsing NMOSD (Kim et al. 2011b). Interestingly the first-
line therapy for MS, IFN-f, as well as the DMTs natalizumab and fingolimod,
exacerbate NMOSD (Shimizu et al. 2008; Kleiter et al. 2012; Min et al. 2012).
B-cell depletion has become an obvious therapeutic strategy due to the presence
of AQP4 autoantibodies in majority of NMOSD patients. Cree et al. showed that six
out of eight patients were relapse-free after one year of treatment with rituximab, an
anti-CD20 antibody (Cree et al. 2005). Other studies have confirmed the safety and
efficacy of rituximab treatment with a modified protocol; rather than the standard
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fixed maintenance therapy with rituximab every 6 months, the investigators only
retreated with rituximab after determining whether the frequency of CD27+ memory
B cells in peripheral blood of NMOSD patients exceeded 0.05% for the initial
2 years of treatment, and 0.1% thereafter. They observed a reduction in relapse
rate and improvement of disability (Kim et al. 2011a, 2013). A more recent report
assessed long-term (>7 years) treatment of NMOSD patients with the aforemen-
tioned treatment regimen. It was concluded that this long-term, modified approach
was beneficial as no patients experienced serious side effects, there was a 97%
reduction in annualized relapse rate compared to fixed treatment, memory B-cell
population remained low, and unnecessary treatments with rituximab were avoided
through the monitoring protocol (Kim et al. 2019).

Stem cell therapies are also under investigation for the treatment of severe,
refractory NMOSD. A small study of two patients reported disappearance of anti-
AQP4 antibodies, reduction of spinal cord lesions, and clinical remission 3-years
post-allogeneic HSCT. Interestingly, the patients from this study had previously
undergone aHSCT, indicating that allogeneic stem cell transplant may be more
effective than autologous (Greco et al. 2014). A phase II/III trial is currently
recruiting NMOSD patients to test an aggressive, investigational aHSCT procedure
after conditioning with rituximab, cyclophosphamide, and antithymocyte globulin, a
rabbit polyclonal antibody to deplete lymphocytes (NCT03829566).

4.2 Myasthenia Gravis

Myasthenia gravis (MG) is an autoimmune disease of the neuromuscular junction in
which autoantibodies interfere with nerve-muscle communication. Patients typically
test positive for anti-acetylcholine receptor (AChR) antibodies. Of those who are
negative for AChR autoantibodies, ~40% will harbor antibodies for muscle-specific
tyrosine kinase (MuSK) (Tandan et al. 2017). Autoimmune disruption in nerve-
muscle conduction manifests as muscle fatigue and weakness in MG patients. As
with MS and NMOSD, the initial treatment is typically corticosteroids to suppress
inflammation; however, long-term use is limited by adverse effects (Gotterer and Li
2016) and most patients do require long-term immunosuppression to remain in
remission.

Both azathioprine and mycophenolate mofetil are commonly prescribed to MG
patients, as well as NMOSD, as previously discussed. An important 1998
randomized, double-blind trial compared prednisolone alone with prednisolone
plus azathioprine in MG patients. Here, they found that the addition of azathioprine
to corticosteroid treatment was able to reduce the maintenance dose of prednisolone,
reduce side effects, and reduce relapses over the course of 3 years (Palace et al.
1998). Mycophenolate mofetil was first reported to be rapidly effective in a case
study of a 26-year-old MG patient whose symptoms were previously difficult to
manage with other immunosuppressants (Hauser et al. 1998). A few years after the
publication of this case report, a retrospective study reported efficacy, but a more
delayed onset of action of mycophenolate mofetil in MG patients. The investigators
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believe that since mycophenolate mofetil inhibits purine synthesis (preventing
proliferation of lymphocytes), it does not kill pre-existing autoreactive lymphocytes,
thus, the gradual death of the activated cells prior to treatment is what shows initial
symptomatic improvement (Chaudhry et al. 2001).

Cyclosporine and tacrolimus (FK506), both calcineurin inhibitors which inhibit
T-cell function by blocking the synthesis of interleukin-2 (IL-2) and interferon, are
also often administered in MG cases as long-term immunosuppressants, allowing
tapering/discontinuation of corticosteroids. However, cyclosporine use is often
discontinued due to adverse effects, most often nephrotoxicity, that occur over
time (Ciafaloni et al. 2000). Although tacrolimus is more well-tolerated in compari-
son with cyclosporine, there are still incidences of side effects (Nagaishi et al. 2008;
Minami et al. 2011).

Eculizumab was recently approved by the FDA for MG after a phase III trial
(REGAIN) that showed that, though the agent didn’t significantly improve the
primary endpoint of MG-“Activities of Daily Living” Score, it did decrease
exacerbations, need for rescue therapy, and hospital admissions. Eculizumab is a
monoclonal antibody against the complement protein, C5, preventing formation of
the terminal complement complex, C5b-9 (Howard et al. 2017).

Expectedly rituximab, as an off-label therapy, has also been observed to benefit
patients with MG by depleting B cells and thus, decreasing levels of autoantibodies.
A recent systematic retrospective analysis of the safety and efficacy of rituximab in
MG patients reported that the agent was safe and effective for both AChR- and
MuSK-positive MG patients, with a more robust response evident in the MuSK
subset. Though, this study was unable to conclude what an optimal rituximab
treatment regimen was comprised of due to the limitations associated with the
reviewed case reports (Tandan et al. 2017). Another recent retrospective study
assessed the long-term efficacy and safety of repeated treatments with low-dose
rituximab in patients with severe, refractory MG. Here, it was reported that the
repeated low-dose treatments, as guided by circulating CD19+ B-cell repopulation,
was an effective therapy for difficult-to-manage MG (Choi et al. 2019). Further, a
large nationwide study in Austria reported rituximab to be safe, rapidly efficacious,
and provide the greatest benefits in MuSK-positive MG patients (Topakian et al.
2019). Rituximab is not without limitations, however, as severe adverse events,
notably the development of PML, can occur.

4.3 Guillain-Barré Syndrome

Guillain-Barré syndrome (GBS) is an acute autoimmune disease resulting in demy-
elination of the peripheral nerves. It is characterized by immunoglobulin and
complement-mediated attack on axons, as well as T cell and macrophage infiltration
of peripheral nerves. Autoantibodies against gangliosides are often present in the
serum of GBS patients and bind to Schwann cell surfaces, nodes of Ranvier, and
peripheral axons (Ang et al. 2004). Patients experience rapid (on the scale of weeks),
progressive weakness of the limbs, most often bilaterally, and with or without
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involvement of respiratory muscles. It is believed that GBS is caused by infection,
which induces an aberrant immune response against the peripheral nerves (Hughes
and Cornblath 2005). In particular, there is an abundance of evidence drawing an
association between Campylobacter jejuni infection and the development of GBS
(Ang et al. 2004). Though the majority of patients improve without immunotherapy,
it is believed that early immunosuppression can reduce disease severity and facilitate
a quick recovery. Plasma exchange was the first therapy to show efficacy in a 1985
randomized trial (Group 1985) and is now considered the gold standard treatment
(Hughes and Cornblath 2005), with randomized clinical trials and large-scale studies
supporting its use (Chevret et al. 2017). There have been a number of clinical studies
showing that intravenous immunoglobulin (IVIG) is effective as well (Hughes et al.
2014; Van der Meche 1992). In contrast to the previously discussed
neuroinflammatory diseases, corticosteroids are ineffective in GBS (Hughes et al.
2016). Unfortunately, treatments to completely prevent (or reverse) lingering dis-
ability are still lacking, and the development of improved therapies is critical.

5 Conclusion

This review highlights current as well as potential up-and-coming immunosuppres-
sive strategies for neurologic conditions. The past decade has been truly remarkable
in availability of novel immunomodulatory options for patients with MS and other
neuroinflammatory diseases. Though a number of drugs are now approved for MS,
there is still a critical need for the characterization and development of agents that are
capable of suppressing the immune system while limiting adverse effects. Further,
the largest unmet need in the field of MS therapeutics is modulating the immune
system to halt or, more ideally, reverse disease progression. Additionally, as evident
by the more limited therapies available for NMOSD, MG, and GBS, these conditions
are all in need of more therapeutic options for patients who experience severe,
refractory disease. Overall, however, current immunosuppressive regimens have
enabled the treatment of these disabling neurologic autoimmune diseases, in most
cases slowing progression and improving the patients’ quality of life. There is no
doubt these strategies will continue to be refined, and new immunosuppressive
approaches will be available in the future to enhance outcomes for these patients.
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