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Abstract B cells have an ever-increasing role in the
etiopathology of a number of autoimmune neurological
disorders, acting as antibody-producing cells and, most
importantly, as sensors, coordinators, and regulators of
the immune response. B cells, among other functions,
regulate the T-cell activation process through their par-
ticipation in antigen presentation and production of cy-
tokines. The availability of monoclonal antibodies or
fusion proteins against B-cell surface molecules or B-
cell trophic factors bestows a rational approach for
treating autoimmune neurological disorders, even when
T cells are the main effector cells. This review summa-
rizes basic aspects of B-cell biology, discusses the
role(s) of B cells in neurological autoimmunity, and
presents anti-B-cell drugs that are either currently on
the market or are expected to be available in the near
future for treating neurological autoimmune disorders.
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Introduction

Autoimmunity is the nonphysiological state in which immune
components not only recognize self, otherwise an important
physiological process, but also exert their actions against self.
Similarly to systemic autoimmune diseases, autoimmune neu-
rological diseases may be mediated by all elements of the
immune system, including B cells. Traditionally, most of the
work on autoimmune neurological disorders has been cen-
tered on the role of T-cell subtypes because the best studied
neuroimmunological disorder, multiple sclerosis (MS) and its
experimental model experimental allergic encephalomyelitis
(EAE), are predominately mediated by effector T cells; this is
also the case for its peripheral counterpart experimental aller-
gic neuritis. In the last few years, however, these views have
changed and the role of B cells, not only as antibody-
producing cells, but also as sensors, coordinators, and regula-
tors of the immune response has strongly emerged generating
significant clinical and research interest. B cells seem to play a
fundamental role in the pathogenesis not only of demyelinat-
ing diseases, but also in other autoimmune central nervous
system (CNS) and PNS diseases like encephalopathies, pe-
ripheral neuropathies, neuromuscular junction disorders, and
muscle diseases. A major relevant development in the field
has been the availability of new biological agents targeting B
cells or B-cell pathways, highlighting the role of B-cell auto-
immunity in the pathophysiology of neurological disorders
and offering exciting new therapeutic interventions.

This paper provides an overview of B-cell biology; ad-
dresses the role of B cells in autoimmune neurological disor-
ders, discusses the available anti-B-cell agents for the treat-
ment of autoimmune neurological disorders, and highlights
the promising new drugs currently in the offing.
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Principles of B-Cell Development and Maturation

Early Antigen-Independent B-Cell Development

In humans, following birth, the majority of B lymphocytes
develop from hematopoietic stem cells in the bone marrow.
There, during the first 2 stages of B-cell development, they
obtain their antibody specificity by sequential rearrangement
of the immunoglobulin heavy and light chains in an antigen-
independent manner [1]. At the end of the first stage, pro-B
cells, defined by the productive rearrangement and cell-
surface expression of the μIg heavy chain, enter into the pre-
B cell stage, where rearrangement of the Ig light chain occurs.
Once functional IgM molecules are expressed in the pre-B-
cell surface, these cells exit the bone marrow and migrate into
the spleen where they finalize their development by differen-
tiating from immature B cells to naïve mature follicular or
marginal-zone B cells [2].

Mature B-Cell Development: Follicular B Cells

Mature but still naïve follicular cells (also called recirculating
B cells), express both IgM and IgD isotypes and have the
ability to recirculate through the follicles of secondary lym-
phoid organs in search of their cognate antigen. Once they
encounter their antigen, the antigen is endocytosed and proc-
essed into linear peptides before being displayed on the cell
surface by major histocompatibility complex II molecules [3].

At this stage, B cells migrate to extrafollicular spaces and
interact with helper Tcells (Th cells) that have been previously
activated by antigen-presenting dendritic cells. There, Th cells
activate further B cells with high antigen affinity, via CD40L,
to produce plasmablasts and short-lived plasma cells [4, 5].
These cells produce antibodies that contribute to the formation
of immune complexes taken up by follicular dendritic cells
which then produce chemokines and attract activated B cells
back to the follicular space to initiate germinal center forma-
tion. Previously activated Th cells differentiate further under
B-cell influence to follicular Th cells (Tfh cells) and also mi-
grate towards germinal centers. At this time point, the duration
of interaction between Tfh cells and B cells at the B-cell/T-cell
zone border determines the fate of the activated B cells; if it is
long enough, they differentiate into germinal center B cells,
otherwise, they enter into the germinal center-independent
memory B-cell pool [6].

Memory B Cells: Long-lived Plasma Cells
and Plasmablasts

A number of events, highly relevant to autoimmunity, includ-
ing affinity maturation, isotype switching, and generation of B
memory cells and long-lived plasma cells, take place after a
vigorous clonal expansion of activated B cells and germinal

center creation at lymphoid follicles. In proliferating germinal
centers, B-cell affinity maturation through somatic
hypermutation of the IgV genes results in the development
of B cells with increased antigen affinity. Some of these
affinity-matured germinal center B cells terminally differenti-
ate into short-lived, circulating antigen-producing
plasmablasts or long-lived quiescent plasma cells that migrate
back to the bone marrow and maintain long-term antibody
production [7]. Another fate for affinity-matured germinal
center B cells is to exit germinal centers as memory B cells
[6]. These antigen-experienced B cells express high-affinity
antibodies and have the ability to differentiate quickly into
plasma cells upon future antigen encounters.

Long-lived memory B cells are able to mount a quick and
efficient production of antibodies upon repeated exposure to
their relevant antigen [6]. The involvement of memory B cells
in a number of autoimmune disorders has been highlighted by
the aberrant repopulation of memory B cells after B-cell de-
pletion in rheumatoid arthritis (RA) and systemic lupus ery-
thematosus (SLE) [8–11]. Of relevance to anti-B-cell therapy
is the recent observation that activated CD95+memory B cells
were found to be increased in the peripheral blood of patients
with RAwhile lower numbers at depletion time points corre-
lated with good clinical response to B-cell depletion therapy
[12].

B-Cell Markers at Various Stages of Maturation

Specific markers identify the transitional phases of B cells
from stem cells to plasma cells. Typically, CD19 is expressed
from the pre-B-cell stage to the late plasmablast stage, while
CD20 is expressed after the pre-B-cell stage. Other important
markers are CD27, which is present in the memory, late
plasmablast, and plasma cell stages, and the B-cell activating
factor (BAFF) receptor, which is present in the memory and
late plasma blast stages. Finally, CD138 is expressed only on
plasma cells (see Table 1). As we will discuss later, these
markers are very important for the development of B-cell-
specific and stage-specific therapies. Memory B cells,
plasmablasts, and long-lived plasma cells may migrate also
to the brain, prompted by specific cytokines, such as
CXCL10, CXCL12, and CXCL13, secreted from the endo-
thelial cell wall.

B-Cell Trophic Factors: BAFF, A ProlifeRation Inducing
Ligand, and Their Receptors

BAFF [of the tumor necrosis factor (TNF) family; also known
as BLyS, TALL1, and TNFSF13B] has been identified as a
factor essential for B-cell survival and maturation along with
the B-cell receptor (BCR) [13, 14]. A ProlifeRation Inducing
Ligand (APRIL) also known as TALL2 and TNFSF13A, is
also a member of the TNF family that shares only 30%
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homology with BAFF but has similar functions [15]. BAFF
and APRIL are both type II transmembrane proteins cleaved
by a furin protease to produce their soluble forms. BAFF is
expressed as a membrane-bound monomer or is cleaved to
produce active BAFF trimmers [16, 17]. Active APRIL, how-
ever, is secreted following intracellular processing in the Golgi
apparatus and is found only in its soluble form [18]. In
humans, major sources of BAFF and APRIL are neutrophils
and monocytes (macrophages and dendritic cells) and activat-
ed T cells [19–21].

BAFF binds strongly to the BAFF receptor (also known as
TNFRSF13C), transmembrane activator and cyclophilin li-
gand interactor (TACI) (also known as TNFRSF13B),
Nogo-66 receptor (also known as RTN4R), and weakly to
B-cell maturation antigen (BCMA; also known as
TNFRSF17) [22–24]. In contrast, APRIL binds strongly to
BCMA and moderately to TACI, with which it interacts to
also bind heparin sulfate proteoglycans [23, 25]. BAFF-R
expression is absent during the early stages of the B-cell lin-
eage; its expression coincides with functional BCR expression
by immature B cells in the bone marrow and is essential for B-
cell survival and maturation [13, 14, 26, 27]. TACI is mainly
expressed onmemory B cells and BCMAon plasmablasts and
plasma cells [28–30]. A number of these molecules are thera-
peutic targets, as discussed later.

Regulatory B Cells and B-Cell-Related Cytokines

In the last decade, an additional role of B cells as a negative
regulator of autoimmune responses has emerged [31]. Unlike
T regulatory cells, B regulatory cells (Bregs) are not, at least as
yet, characterized by the expression of a lineage-specific tran-
scription factor, like FOXP3, but rather by their ability to
produce a variety of anti-inflammatory signals within an in-
flammatory environment [32]. The most common way they
exert their regulatory function is by the production of interleu-
kin (IL)-10 production [33]. In healthy populations, the B cells
responsible for anti-inflammatory cytokine production (IL-10
and IL-35) are mostly naïve Bregs and regulatory plasma
Bregs; in contrast, memory B cells produce largely proinflam-
matory cytokines, like lymphotoxin and TNF-α, suggesting a
dysfunction in IL-10 production in autoimmunity [34, 35].
Another subset of Bregs in humans is the B10 cells, which
are activated by LPS and suppress TNF-α production via IL-
10 expression [36].

B Cells, B-Cell Trophic Factors, Memory B Cells,
and Bregs in Neurological Autoimmune Disorders:
Rationale for Anti-B-Cell Therapy

As already alluded to, the modern view for the role of B cells
in the immune response implicates them in antigen

presentation, antibody secretion, and optimal regulation of
T-cell activation [37]. In autoimmunity, probably the most
important effector action of B cells is the production of auto-
antibodies by plasma cells that have evaded the self-tolerance
check points [38]. Although in some neurological diseases
autoantibodies are directly pathogenic [i.e. , anti-
acetylcholine receptor (AChR) in myasthenia gravis (MG),
antimyelin-associated glycoprotein (MAG) in IgM
paraproteinemic neuropathy, anti-N-methyl-D-aspartate re-
ceptor (NMDAR) in limbic encephalitis, antiaquaporin 4
(AQP4) in neuromyelitis optica (NMO)], in most others auto-
antibodies [like those seen in paraneoplastic neuropathies,
multifocal motor neuropathy, or stiff person syndrome
(SPS)] do not exert a direct effect on self-antigens and may
only be disease markers. In these cases, it is the antibody-
independent functions of B cells, including antigen presenta-
tion, co-stimulation, cytokine production, and coordination of
T-cell functions that implicate B cells in their pathogenesis
[39].

MS and NMO

B cells are very important for MS pathogenesis, even though
their role is not yet fully elucidated. In lesions of acute and
relapsing MS, B cells and plasma cells are rare [40], although
their numbers increase as the disease progresses [41]. These
plasma cells produce immunoglobulin within the lesion and
intrathecally. This intrathecal production of antibodies is de-
tectable in the cerebrospinal fluid (CSF) and is of diagnostic
value (oligoclonal bands) [42]. Once migrated into the brain,
like in several documented cases of secondary progressive
MS, activated B cells form germinal centers, even within
intermeningeal spaces, where they follow the same differenti-
ation pathways, as if they were in the periphery. From within
these structures, B cells can stimulate plasma cells for addi-
tional in situ production of IgG. Similar structures may also be
responsible for the intrathecal IgG production in other dis-
eases where high titers of self-reactive antibodies are detected
in the CSF, for example in NMDAR encephaliltis.

Earlier studies in MS have also revealed the presence of
CD27+ IgD– memory B cells in the CSF of patients
supporting the clonal expansion of B cells within the CNS
[43]. In the peripheral blood, however, B-cell subsets, includ-
ing memory B cells, are not numerically or phenotypically
different than healthy controls [44, 45].

Bregs also play a role in NMO and MS [46–49]. Toll-like
receptor 9-mediated IL-10 production by Bregs from patients
with MS is significantly reduced compared with controls, ow-
ing to decreased Toll-like receptor 9 expression in memory B
cells [50]. Even more pronounced is the reduction of IL-10 in
patients with NMO, especially in anti-AQP4 seronegative
NMO [49]. The ratio of naïve/memory IL-10-producing Bregs
(B10 cells) is decreased in patients with MS during relapses
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compared with healthy controls [47]. In patients with NMO
the memory/regulatory B cell ratio was found to be reduced
because of a reduction in memory B cells following rituximab
treatment (a B-cell-depleting monoclonal antibody), while
Bregs were spared [51].

In EAE, B cells are also involved in the initiation of the
inflammatory lesions within the CNS with reduced disease
activity after B-cell depletion and reduction of anti-IgM anti-
bodies [52, 53]. While B-cell depletion before EAE initiation
hugely exacerbates disease symptoms, mainly because of a
lack of B10 cells, B-cell depletion with anti-CD20 antibody
dramatically suppresses EAE. The importance of B10 cells
also suppress the initiation of EAE by significantly reducing
the production of interferon-γ and TNF-α by antigen-specific
CD4+ T cells. In addition, IL-10 produced by B10 cells re-
duces antigen presentation by dendritic cells and the subse-
quent activation of CD4+ T cells [54].

Another important recent development is the re-emergence
of anti-myelin oligodendrocyte glycoprotein (MOG) antibod-
ies as markers and possible pathogenetic factors in central
demyelination. MOG-derived peptides are the most common
immunizing antigens in EAE, and MOG has long been con-
sidered as an autoantigen in MS. With advances in diagnostic
methods it was shown that these antibodies are not present in
patients with relapsing–remittingMS (RRMS) or primary pro-
gressive MS but they are mostly present in pediatric patients
with MS, in patients with acute disseminating encephalomy-
elitis, and in patients with relapsing optic neuritis [55–57].

Finally, the BAFF/APRIL system is also involved. Although
serumBAFF levels appear normal in patients withMS, involve-
ment of the BAFF/APRIL system is supported by increased
levels in the CSF of patients with MS [58], and the expression
of BAFF in MS lesions is probably produced by astrocytes that
support B-cell survival in situ [59]. Expression of BAFF/
APRIL receptors is not altered in MS sera but increased levels
of BCMA have been observed in MS lesions [60].

In NMO, a recent string of studies show that the repopula-
tion of peripheral blood by B cells, especially memory B cells,
coincides with clinical relapses [51, 61–63]. Compared with
healthy controls, patients withNMO have higher serumBAFF
levels, which further increases after rituximab treatment [62].
Although CSFAPRIL was not only increased in patients with
NMO, it was also associated with disease disability [58]. The
recent discovery that BAFF is a functional ligand of Nogo-66
receptor, which inhibits axonal growth and is overexpressed
by astrocytes in MS lesions, could potentially provide at least
1 of the missing links between immune responses and degen-
eration in CNS diseases such as MS and NMO [24, 64].

Autoimmune Polyneuropathies

In polyneuropathies including Guillain-Barré syndrome
(GBS), chronic inflammatory demyelinating polyneuropathy

(CIDP), and IgM anti-MAG antibody demyelinating neurop-
athy (anti-MAG neuropathy), B-cell involvement is supported
by a string of data. Different antiganglioside antibodies are
associated with GBS subtypes and some of themmay be path-
ogenic as they can induce conduction block and acute neurop-
athy [65–68]. Overall, IgG antibodies that react with GM1,
GD1a, GalNAc-GD1a, and GM1b are found in 80% of pa-
tients with axonal GBS (acute motor axonal neuropathy and
acute motor and sensory axonal neuropathy), while anti-
GQ1b antibodies are detected in >90% of patients with the
Miller–Fisher variant [65–67].

In contrast to GBS, however, no single antibody has yet
been identified as the primary causative factor in CIDP, de-
spite the compelling indirect evidence provided by the rapid
beneficial effect of plasmapheresis [65, 69]. The first indica-
tion that antibodies are involved in CIDP was the presence of
complement-fixing IgG and IgM deposits on a patient’s mye-
lin sheath [70], while the presence of a band, probably IgG, in
their CSF provided further credence [71]. Recently, albeit in
small number of patients, several autoantibodies have been
identified mainly targeting the paranodal sections of the nodes
of Ranvier [72]. The action of these antibodies against mole-
cules such as neurofascin 155, contactin-associated protein 1,
and contactin-1, which are necessary for maintaining nodal
structure, may explain the reversal of conduction block ob-
served following effective therapies such as plasmapheresis or
intravenous immunoglobulin (IVIG). Further, B cells from
patients with CIDP exhibit reduced expression of FcγRIIB,
an inhibitory receptor that prevents B cells from entering the
germinal centers to become IgG-positive plasma cells [73].
This observation, if confirmed, may further support the role
of B cells in the disease. Serum levels of BAFF are decreased
in CIDP presumably because of the presence of anti-BAFF
antibodies in the IVIG preparations used for treatment [74].

Regarding MAG/sulfoglucuronyl paragloboside-
associated neuropathy, strong evidence suggests that the anti-
bodies are causative because 1) IgM and complement are de-
posited in myelinated fibers in patients’ sural nerve biopsies
[75]; 2) the patients’ IgM recognizes the neural cell adhesion
molecule and co-localizes with MAG on the areas of the split
myelin, implicating a myelin disadhesion process induced by
the circulating anti-MAG IgM [76]; 3) in skin biopsies from
patients, there is deposition of IgM, complement, and MAG
on the intradermal myelinated fibers with a concurrent loss of
nerve fibers, suggesting IgM-induced fiber loss [76]; and 4)
corroborative data from animal models, either from
intraneural injections into peripheral nerve or from immuniza-
tion with sulfoglucuronyl paragloboside.

Patients with anti-MAG neuropathy treated with rituximab
saw clinical benefit, reduction of anti-IgM and anti-MAG an-
tibodies, and upregulation of Tregs [77, 78]. Further, patients
with anti-MAG neuropathy show substantial clonal expan-
sions of IgM memory B cells that recognized MAG antigen,
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while patients who experience clinical improvement after ri-
tuximab have lower numbers of anti-MAG memory B cells
before and after therapy, and lower somatic hypermutation
frequencies of IgM memory B cells [79].

SPS and Autoimmune Encephalopathies

Immune neurological diseases for which B-cell depletion ther-
apies are used off-label, include SPS and autoimmune enceph-
alopathies, including NMDAR encephalitis and progressive
encephalomyelitis with rigidity and myoclonus. Increased B
cell and anti-GAD65 IgG+memory B cell numbers have been
reported in SPS [80], and the hallmark of the disease is the
presence of autoreactive anti-GAD, antiamphiphysin or
antiglycine receptor antibodies [81, 82].

MG

In MG, B cells are not only involved primarily in antibody
production against neuromuscular junction antigens, but also
in antigen presentation and cytokine production, including
IL1, IL6, IL10, and TNF [83–85]. Depleting or suppressing
B-cell function may therefore restore immune balance. BAFF
levels are also relevant, as they have been found to be in-
creased in active disease [86].

Inflammatory Myopathies

The role of B cells is also important in diseases with a pro-
nounced inflammatory component such as inflammatory my-
opathies, including polymyositis (PM) and inclusion body
myositis, characterized not only by clonally expanded CD8+
cytotoxic T cells invading muscle fibers but also by B-cell
infiltrates and plasma cells, probably connected with autoan-
tibody production [87, 88]. Also, BAFF transcription has been
found to be significantly upregulated in both PM (14-fold) and
inclusion bodymyositis (21-fold) comparedwith healthy sam-
ples [89]. In 2 other autoimmune myopathies, dermatomyosi-
tis (DM) and necrotizing autoimmune myositis, complement
activation and B-cell expansions with more specific antibody
production are prominent, making them more suitable myop-
athy subsets for anti-B-cell therapy [90]. It is therefore com-
pelling that B-cell-depleting therapies using anti-CD20 mono-
clonal antibodies have been quite promising [91–95].

Experience with B-Cell-Targeted Treatments
in Neuroimmunological Disorders: Present
and Future

A number of drugs, monoclonal antibodies, or fusion protein,
targeting the B-cell system, affecting B-cell survival, or caus-
ing B-cell depletion in a selective manner, are already being

employed for autoimmune diseases and malignancies. These
include drugs for chronic lymphocytic leukemia
(ofatumumab, alemutuzumab, rituximab), non-Hodgkin lym-
phoma (rituximab), SLE (belimumab), RA resistant to
disease-modifying antirheumatic drugs (rituximab,
etanercept, tocilizumab), polyangiitis (rituximab), and pediat-
ric arthritis (etanercept, tocilizumab). Concurrently, a number
of clinical trials have been completed or are ongoing further
evaluating these types of therapies for the treatment of auto-
immune neurological disorders.

Targeting BAFF or APRIL or their receptors can affect B-
cell proliferation and survival, resulting in decreased numbers
of B cells in lymphoid tissue and the circulation. A drug that
targets soluble BAFF is the humanized monoclonal antibody
belimumab, approved for SLE (Fig. 1) [96]. This treatment
affects the differentiation of B cells into antibody-producing
cells and might be efficient in diseases where antibodies have
a proven pathogenetic role, especially when they are being
produced primarily in the periphery, for example in MG. A
phase II study of belimumab in both AChR and muscle-
specific tyrosine kinase (MuSK)-positive MG is now in prog-
ress (NCT01480596).

Atacicept is a fusion protein that prevents BAFF and
APRIL from binding to TACI and is thought to impair selec-
tively mature B cells and plasma cells with less impact on
progenitor cells and memory B cells. Though promising, this
drug was tried in MS without success. A possible explanation
for its inefficacy insinuates that a reduction of serum immu-
noglobulin caused by atacicept could disrupt nonspecific Fc-
receptor blockade, which, as suggested by IVIG treatment,
could have a therapeutic benefit [97]. In addition, as BLyS is
believed to be involved in the differentiation of Bregs, its
targeting by atacicept might tip the balance of Bregs that pro-
duce anti-inflammatory IL-10 in favor of conventional B-cells
[97].

Drugs that can directly achieve B-cell depletion are direct-
ed against the CD19, CD20, and CD22 antigens that coat B
cells. CD19 is a transmembrane protein physically associated
with BCR, and functions to potentiate BCR signaling [98]. A
humanized anti-CD19 IgG1 antibody [99], MEDI-551, is cur-
rently being trialed in MS (NCT01585766); in animal models
this drug was more efficient compared than rituximab in in-
ducing longer-lasting B-cell depletion (Fig. 1). CD22 is a
member of the sialoadhesin subclass of the immunoglobulin
superfamily and binds sialic acid residues. It plays a role in
BCR-induced cell death and B-cell survival in the periphery
[100]. Epratuzumab is a humanized IgG1 monoclonal anti-
body that targets CD22 but no data are yet available for neu-
rological autoimmunity.

The most commonly used monoclonal antibodies are di-
rected against CD20, a cell surface glycoprotein (297 amino
acids, 33–37 kD) of as-yet-unknown function. CD20 is widely
expressed in all stages of B-cell development except in early
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pre-B cells and terminally differentiated plasma cells. B cells
targeted via CD20 are affected by 3 main cytotoxic mecha-
nisms; antibody-dependent cell cytotoxicity involving the Fcγ
receptors (FcγRs), complement-dependent cytotoxicity
(CDC), and directly induced cellular apoptosis. Anti-CD20
monoclonal antibodies can be categorized into 2 types de-
pending on their binding properties and mechanism of action.
Type I antibodies include the most commonly used rituximab,
ofatumumab, and ocrelizumab. Type II antibodies include
tositumomab and obinutuzumab (Fig. 1). Type I monoclonals
permit CD20 accumulation in lipid rafts, have a full CD20
binding capacity, and a high potential for inducing CDC. In
contrast, type II monoclonals do not permit CD20 accumula-
tion, have a half-maximal CD20 binding capacity (only half as
many antibodies bind per B cell compared with type I), and

low or no potential for CDC. Owing to a different binding
topology of type I antibodies compared with type II, type I
CD20 antibody complexes are swiftly internalized and de-
graded, resulting in reduced effector cell recruitment and an-
tibody half-life (Fig. 2). Because type II monoclonals internal-
ize less rapidly into target B cells, their action via the FcγRIIb
is prolonged and therefore they are able to induce a much
higher antibody-dependent cellular cytotoxicity as they are
able to recruit monocytes, neutrophils, and dendritic cells for
longer [101].

Several other anti-CD20 molecules are under development
or currently in trial in the oncology field, primarily for chronic
lymphocytic leukemia. These include ocaratuzumab, which is
a type I, third-generation humanized Fab- and Fc-engineered
IgG1 antibody with increased ability to mediate antibody-

Type I
ie Rituximab

FcγRIIb activation

CD20 Internalization

FcγRIIb

Lipid raft

Type II
ie Obinutuzumab

FcγRIIb

No FcγRIIb activation
No CD20 Internalization

Fig. 2 Proposed model for the binding properties of type I and type II
anti-CD20monoclonal antibodies. Antibodies like rituximab (type I) may
bind simultaneously to CD20 and FcγRIIb, which promote

internalization of CD20 in the lipid rafts. Antibodies like obinutuzumab
allegedly bind solely to the CD20 tetramer, which does not lead to
internalization, therefore prolonging antibody action (adapted from [101])

Fig. 1 Monoclonal antibodies or fusion proteins against B-cell targets.
The figure highlights several B-cell molecules and their receptors, which
are targeted by several different monoclonal antibodies or fusion proteins
currently in the market or in clinical trials. APRIL = A Proliferation
Inducing Ligand; BAFF = B-cell-activating factor; BAFF-R = B-cell-
activating factor receptor; BCMA = B-cell-maturation antigen; CTLA4

= cytotoxic T-lymphocyte antigen 4; LTβR = lymphotoxin-β receptor;
LTβR-Ig = antilymphotoxin-β receptor antibody; MHC-II = major
histocompatibility complex class II; TACI = transmembrane activator
and calcium modulator and cyclophilin ligand interactor; TCR = T-cell
receptor (adapted from [69])
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dependent cellular cytotoxicity [102, 103]. Another available
antibody is veltuzumab, also a type I antibody, which is struc-
turally and functionally different from rituximab and has en-
hanced binding avidities and a stronger effect on CDC than
rituximab. These drugs, among others, constitute future ther-
apeutic options for neurological autoimmunity [102, 103].

Rituximab is a mouse/human chimeric anti-CD20 anti-
body, which effectively depletes B cells, sparing early pre-/
pro-B cells and late plasma cells. Depletion of a small subset
of CD20+ T cells in patients with MS treated with rituximab
has also been reported [104]. The effectiveness of rituximab
therapy depends on efficient depletion of noncirculating B
cells and is associated with qualitative immunological chang-
es that indicate reconfiguration of B-cell memory through
sustained reduction of autoreactive clonal expansions and B-
cell repopulation characterized by the predominance of IL10-
producing Bregs [51, 79]. Rituximab remains detectable with-
in the CSF after intravenous application for up to 24 weeks.
Furthermore, levels of rituximab in the CSF correlate signifi-
cantly with the integrity of the blood–CSF barrier [105].

Rituximab, although off-label, is a highly effective treat-
ment of MS, especially RRMS resistant to approved regimes.
An earlier open-label, phase II clinical trial of rituximab re-
ported depletion of B cells in the CSF, which was also asso-
ciated with a reduction in T cells [106]. Phase II, double-blind
trials of rituximab in RRMS reported significantly reduced
inflammatory brain lesions and an apparent reduction in an-
nualized relapse rates (ARR) without any serious adverse
events [107, 108]. Patients treated with rituximab had reduced
total and new gadolinium-enhancing lesions for up to
48 weeks post-treatment and significantly lower number of
relapses up to week 24 comparedwith placebo-treated patients
[108].

The use of very low-dose rituximab infusions in RRMS
was investigated in an open-label, proof-of-concept study.
They reported that a single 100-mg infusion of rituximab ad-
equately depletes peripheral B cells for at least 6 weeks, is well
tolerated, and reduces clinical relapses [109]. Rituximab com-
bined with mitoxantrone or as an add-on therapy in patients
with relapsing MS refractory to standard injectable disease-
modifying therapies showed reduction of gadolinium-
enhanced lesion numbers and of ARR [110, 111]. Moreover,
long-term depression of CD19+/CD27+ memory B cells was
found, associated with the prolonged effectiveness of combi-
nation therapy of rituximab and mitoxantrone [111].

A randomized, double-blind, placebo-controlled trial of ri-
tuximab treatment in patients with primary progressive MS
reported that, despite a lack of significant differences in the
primary end point, selective B-cell depletion may affect dis-
ease progression in younger patients, particularly those with
inflammatory lesions [112].

There is currently a large amount of evidence supporting
the effectiveness of rituximab in treating NMO, but no clinical

trials have been conducted. Open-label studies reported a sig-
nificant reduction in relapse rate and subsequent stabilization
or improvement in disability as measured by expanded dis-
ability status scale scores [63, 113–117]. Despite improving
relapse rates and reducing disease activity reduced AQP4–IgG
titers are not consistently associated with clinical improve-
ment, even after long-term B-cell depletion [118]. In the larg-
est cohort thus far, of 100 patients with NMO treated with
rituximab, a 96% reduction of ARR compared with
prerituximab treatment was noted [119]. This study also re-
ported the association of the FCGR3A-F allele with the risk of
relapse and insufficient memory B-cell depletion during ritux-
imab treatment [119].

However, despite the remission rates after rituximab thera-
py seen in 2/3 patients [120], it is clear that not all patients
improve. It also remains uncertain why a number of relapses
occur close to the initiation of rituximab treatment [62, 118,
121, 122]. It has been observed that BAFF levels increase at
the beginning of rituximab treatment and before the therapeu-
tic depletion of CD27+ memory B cells takes place; this prob-
ably explains the increase in AQP4–IgG titers that is some-
times observed [62, 118, 121]. However, it is unclear whether
these raises contribute to relapses because antibody titers do
not correlate with disease activity [62, 118, 121]. A recent case
series of patients with NMO treated with rituximab reported
that 6/17 patients experienced relapses within the first week of
rituximab initiation [122]. Interestingly, these patients also
had relapses shortly before treatment initiation, and both pre-
and post-treatment relapses affected the same site [122]. It is
possible that the increase in proinflammatory cytokines in-
duced soon after treatment, superimposed on a partly repaired
blood–brain barrier, may lead to enhanced inflammation and
disease relapse.

In contrast to the large amount of evidence for the use of
rituximab for the treatment of adult patients with neurological
autoimmune diseases the evidence for pediatric/juvenile cases
is limited and less consistent. Still, rituximab was reported to
be a highly effective treatment in an adolescent female with
severe MS [123]. Two cases of pediatric patients with NMO
were also treated successfully with rituximab, with good tol-
erability [117]. In a case series of rituximab treatment of re-
fractory pediatric autoimmune diseases, the efficacy of ritux-
imab was variable, ranging from complete remission to inef-
ficacy [124]. However, Beres et al. [125] reported a case series
of pediatric patients with central demyelinating disease, in-
cluding RRMS, secondary progressive MS, and NMO that
82% experienced reduction of relapses after initiating rituxi-
mab without serious infusion reactions or infections.

Case reports have provided evidence that rituximab could
be helpful in patients with SPS [126, 127]. Rituximab effec-
tively treated SPS, even in cases with complications, such as
dysthyroid ophthalmopathy and respiratory failure [128–130].
In a most recent report of a case study, rituximab in
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combination with tizanidine improved SPS along with the
immunomodulatory effect previously caused by benzodiaze-
pines [131]. Despite these encouraging results, rituximab
failed to show increased efficacy in a controlled trial [132].

Rituximab has been tried in some patients with MG whose
disease was difficult to manage with the conventional thera-
pies. Fourteen patients with refractory generalized MG, 6
AChR-positive and 8 MuSk-positive, who did not respond to
various treatments, responded, without side effects, to rituxi-
mab given at 375 mg/m2 every week for 1 month; sustained
clinical improvement was observed in all patients, as well as a
reduction of conventional immunotherapies up to 93.8% after
the third cycle of rituximab treatment [133]. It is interesting
that patients with AChR+ and MuSk+ MG appear to respond
differently to rituximab treatment. Although all patients show
at least some improvement after rituximab treatment, this has
been reported to be more long lasting and coincides with
higher reduction of antibody titers, even after the cessation of
rituximab treatment, chiefly in patients with MuSk+MG [133,
134]. However, a recent meta-analysis further supporting the
use of rituximab in patients with refractory MG does not sta-
tistically confirm these differences and reports an overall re-
sponse rate 83.9% [135]. A multi-center controlled study with
rituximab in mysthenia gravis is currently ongoing.

Also encouraging is the evidence provided by case reports
and open-label studies for the effectiveness of rituximab in the
treatment of inflammatory myopathies, reporting response rates
of up to 75% [95]. In a small open-label study of patients with
DM treated with rituximab, major clinical improvement, with
muscle strength increasing over baseline by 36–113%, was re-
ported. Rituximab was well tolerated, with no treatment-related
severe or serious adverse events, and return of symptoms coin-
cided with the return of B cells [94]. In another study of juvenile
DM (48 patients) and adult PM (75 patients) a few indicators,
including the presence of antisynthetase and anti-Mi-2 antibod-
ies, and lower disease damage, strongly predict, as claimed by
the authors, clinical improvement [91]. In a placebo-controlled
study involving 200 patients, at week 8 there was no difference
between the placebo group and the rituximab group, and on the
basis of the study design, the results were not significant; how-
ever, at week 44, when all the patients had received rituximab,
83% met the definition of improvement [136].

The most common adverse effects of rituximab involve
infusion-associated reactions, and despite their high rate they
are mostly mild-to-moderate. Some clinicians advocate the
use of corticosteroids and histamine antagonists prior to infu-
sion, but our experience with large number of patients does
not find this to be necessary. Overall, it is recommended to
stop all antihypertensive agents at the day of infusion as ritux-
imab can cause hypotension. Patients who experience symp-
tomatic hypotension during the infusion respond well to an
interruption of infusion for 30–60min and restarting at a lower
initial rate of not more than one-half of the previous rate. Other

relatively common infusion-related reactions are influenza-
like symptoms such as fever, rigors, and headache. Anaphy-
lactic or skin reactions can occur rarely but respond well to
intravenous methylprednisolone and interruption of infusion.
The most severe and usually fatal adverse effect of rituximab
treatment, and other lymphocyte-depleting drugs, is progres-
sive multifocal leukoencephalopathy (PML), which is caused
by the JC polyoma virus. A reduction in B-cell numbers in
brain tissue may be an important contributing factor in the
pathogenesis of CNS infections [137]. Although this is a very
rare complication in treating neurological diseases, the seri-
ousness of PML and its high mortality rate dictate regular
monitoring of patients receiving rituximab for any new or
worsening neurological symptoms or signs that might be sug-
gestive of PML. In these rare occasions, suspension of further
dosing is necessary until PML exclusion [138–140].

Biomarkers of Clinical Response to B-Cell-Depletion
Therapies

Although rituximab is actively used for treating many autoim-
mune neurological diseases, a useful, easy-to-use biomarker
of response to treatment is lacking. In many cases, treatment
efficiency correlates with peripheral B-cell depletion and es-
pecially effective depletion of the CD20+CD27+ memory B
cells [78]. In a small number of patients with anti-MAG neu-
ropathy, following clinical improvement, reamplification of
CD20+CD27 memory B-cell numbers appears to coincide
with rising IgM levels [78]. In the same study, the patients
showing no clinical improvement after rituximab were distin-
guished from the clinical responders by a higher load of clonal
IgM memory B-cell expansions before and after therapy as
well as by persistence of clonal expansions, despite efficient
peripheral B-cell depletion, and by lack of substantial changes
in somatic hypermutation frequencies of IgM memory B cells
[79]. However, these results were based on a very small num-
ber of patients. Close monitoring of CD19+ B-cell depletion
and reconstitution thereafter could provide a tool for relapse
prevention and timely treatment, while further improving the
benefit–risk ratio of treatment [63]. B-cell repopulation after
B-cell depletion with rituximab in patients with NMO was
characterized by the predominance of Bregs and restored the
pretreatment disturbed balance between regulatory and mem-
ory B cells back to an advantageous state [51]. Of relevance,
repeated treatment with rituximab on an individualized dosing
schedule by monitoring of CD19+CD27+memory B cells has
been proposed for NMO and could have the potential to serve
as a clinical tool for personalized therapy, if evaluated pro-
spectively in a large number of patients [141].

It is therefore conceivable that monitoring Bregs pre- and
post-treatment, along with memory B cells, could provide a
comprehensive way of evaluating efficacious therapy in neu-
rological autoimmune diseases, especially where cases of
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prolonged remission after rituximab treatment have been re-
ported [142]. Also, the finding that very low doses of intra-
thecal rituximab may rapidly deplete peripheral blood CD19+
B cells (as shown in progressive MS), suggests that knowing
the B-cell subtypes in different compartments may provide
guidance in planning the need for follow-up treatments
[143] . A proof-of-pr inc ip le s tudy repor ted that
preamplification CD19 mRNA quantification had higher sen-
sitivity in detecting peripheral blood CD19+ cells than flow
cytometry [144], which could further improve the detection of
residual CD19+ cells. Another study advocates the use of
FcγRIIIA polymorphisms as potential biomarkers for re-
sponse to rituximab, as shown in anti-MAG neuropathy
[145]. Finding more sensitive and specific biomarkers will
be important in determining the frequency of infusions needed
to prevent relapses or inducing long-lasting remissions, and
lead to personalization of B-cell-depletion therapies.

Ocrelizumab is a recombinant humanized monoclonal anti-
CD20 antibody representing the humanized version of rituxi-
mab. Four clinical trials for its use in RA and 1 for its use in
SLE were terminated early because at doses beneficial for the
patients there was an increased incidence of serious infections
[146–151]. In contrast, encouraging results have been pub-
lished for its potential therapeutic effects in MS. In a phase
II, randomized, placebo-controlled, multicenter trial for the
treatment of RRMS, ocrelizumab was significantly superior
to placebo in reducing disease activity, as measured by a de-
crease in gadolinium-enhancing magnetic resonance imaging
lesions, and reduction of ARR without significant serious ad-
verse effects, serious infections, or the development of antihu-
man antibodies [152]. With great attention to safety, 4 phase
II/III clinical trials of ocrelizumab in RRMS and primary pro-
gressive MS are underway (NCT01412333, NCT01194570,
NCT00676715, NCT01765361).

Ofatumumab (Arzerra; Novartis Oncology, Basel, Switzer-
land) is a fully humanized anti-CD20 monoclonal antibody
that also targets CD20. It targets different CD20 epitopes com-
pared to rituximab, binding not only the large loop of CD20,
but also the small loop closer to the B-cell membrane. As a
result, B-cell lysis is more effective. In a randomized, double-
blind, placebo-controlled phase II clinical trial of ofatumumab
in RRMS, ofatumumab treatment was associated with pro-
found selective reduction of CD19+ B cells, and suppression
of both T1 and T2magnetic resonance imaging lesions, but no
significant changes in expanded disability status scale scores,
multiple sclerosis functional composite (MSFC) scores, and
no not increase the number of serious adverse events were
reported [153]. In 2 reported cases, 1 of which was pediatric
opsoclonus–myoclonus syndrome, ofatumumab was well tol-
erated, resulting in neurological improvement for at least
6 months with concurrent reduction of autoantibodies titers
and elimination of CSF B-cell expansion [154, 155]. Another
randomized, double-blind, placebo-controlled phase II study

investigating the safety and efficacy of a subcutaneous formu-
lation of ofatumumab in the treatment of RRMS was complet-
ed in June 2015 and the results are pending (NCT01457924).

Obinutuzumab (GAZYVA; Genentech, San Francisco,
CA, USA) is a CD20-directed cytolytic antibody approved
in combination with chlorambucil for the treatment of patients
with previously untreated chronic lymphocytic leukemia. It is
a type II antibody and, as previously discussed, has increased
efficiency in B-cell depletion in chronic lymphocytic leuke-
mia compared with type I anti-CD20 antibodies. Future use in
autoimmune neurological conditions should include MS and
NMO in which rituximab, a type I antibody, has already been
used with good results.

The New Era of Biological Therapeutics

Novel therapies that specifically target elements of the im-
mune system, B cells, T cells, and various receptors have
revolutionized the field of immunotherapies, constituting a
paradigm shift from previous generation therapies that sup-
pressed or modulated the immune system indiscriminately.
These specific therapies, often developed for hematological
malignancies, have found their niche in the effective manage-
ment of difficult neurological diseases. As new data emerge,
almost on a daily basis, regarding the pathophysiology of
autoimmune neurological diseases, clinicians are becoming
more and more able to select the most appropriate therapy
for treating a specific disease. Innovative research in the field
of neurotherapeutics not only aims to develop more potent
drugs, that is, drugs that eliminate more efficiently a particular
cell population or are better tolerated and safer, but also aims
at identifying specific biomarkers informative for selecting
and monitoring the most appropriate therapy. In the field of
B-cell therapies future research will focus on drugs that may
also target plasma cells or drugs that may not affect Bregs.
How these indices correlate to clinical improvement on a
single-patient basis will be very useful for tailor-made thera-
pies. The exciting news with current experience is that in
many cases where anti-B-cell therapy is effective, the im-
provement seems long-lasting like that seen in MuSK-
positive MG.

Required Author Forms Disclosure forms provided by the authors are
available with the online version of this article.
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