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Abstract
B cells have an ever-increasing role in the etiopathology of a number of autoimmune neurological disorders, acting as antigen-
presenting cells facilitating antibody production but also as sensors, coordinators, and regulators of the immune response. In 
particular, B cells can regulate the T cell activation process through their participation in antigen presentation, production 
of proinflammatory cytokines (bystander activation or suppression), and contribution to ectopic lymphoid aggregates. Such 
an important interplay between B and T cells makes therapeutic depletion of B cells an attractive treatment strategy. The 
last decade, anti-B cell therapies using monoclonal antibodies against B cell surface molecules have evolved into a rational 
approach for successfully treating autoimmune neurological disorders, even when T cells seem to be the main effector cells. 
The paper summarizes basic aspects of B cell biology, discusses the roles of B cells in neurological autoimmunities, and 
highlights how the currently available or under development anti-B cell therapeutics exert their action in the wide spectrum 
and immunologically diverse neurological disorders. The efficacy of the various anti-B cell therapies and practical issues on 
induction and maintenance therapy is specifically detailed for the treatment of patients with multiple sclerosis, neuromyelitis-
spectrum disorders, autoimmune encephalitis and hyperexcitability CNS disorders, autoimmune neuropathies, myasthenia 
gravis, and inflammatory myopathies. The success of anti-B cell  therapies in inducing long-term remission in IgG4 neuro-
autoimmunities is also highlighted pointing out potential biomarkers for follow-up infusions.
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Introduction

Autoimmunity is the non-physiological state where immune 
components exert their actions against self. Similar to sys-
temic autoimmune diseases, autoimmune neurological 
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 centered on 
the role of T cell subtypes because investigators had focused 
on multiple sclerosis, the commonest neuroimmunological 
disorder, and its experimental model experimental allergic 

encephalomyelitis (EAE), which is predominately mediated 
by effector T cells; this is also the case for its peripheral 
counterpart experimental allergic neuritis. In the past few 
years, however, these views have changed and the role of B 
cells, not only as antibody-producing cells but also as sen-
sors, coordinators, and regulators of the immune response, 
has strongly emerged generating significant clinical and 
research interest. It has now become evident that B cells play 
a fundamental role in the pathogenesis not only of demyeli-
nating diseases but also in other autoimmune CNS and PNS 
diseases like encephalopathies, peripheral neuropathies, 
neuromuscular junction disorders, and muscle diseases. A 
major relevant development in the field has been the avail-
ability of new biological agents targeting B cells or B cell 
pathways, highlighting the role of B cell autoimmunity in 
the pathophysiology of neurological disorders and offering 
exciting new therapeutic interventions.

This paper provides a brief overview of B cell biology, 
addresses the role of B cells in autoimmune neurological dis-
orders, and discusses the anti-B cell agents, either currently 
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on the market and most of them approved for the treatment 
of autoimmune neurological disorders, or in ongoing trials. 
The uniqueness of IgG4-related neuro-autoimmunities and 
the evolving concept that anti-B cell agents are the most 
rewarding therapies in providing long-term remissions are 
specifically highlighted.

A Personal Historical Perspective on Anti‑B 
Cell Therapy in Neurology

Witnessing the evolution of B cell therapy in neurology has 
been an impressive success story thanks to the contribu-
tions of  many esteemed colleagues and friends. When we first  
reviewed the topic in 2006 for the parent journal of Neuro-
therapeutics, there was no anti-B cell therapy approved or 
any controlled study published in any neurological disease; 
the field was however viewed as highly promising for the 
future of autoimmune neurology based on small uncon-
trolled series [1]. It was just 2 years later that ongoing con-
trolled studies with rituximab were discussed [2, 3] with the 
very first, pioneering controlled study in multiple sclerosis 
(MS) published the same year by Houser et al. [4]. Since 
then, the field has progressed with an impressively gallop-
ing pace. Even in the previous review on B cell therapies 
for this journal 5 years ago [5], although several controlled 
studies had been conducted, there was still no approved 
anti-B cell agent for neurology. In just 6 years since then, 
we have now 5 drugs (6 with the anti-complement agent 
eculizumab) approved for various neurological autoimmune 
diseases while rituximab, the original anti-CD20 agent and 
its generic FDA-approved biosimilar (Truxima), dominate 
the field as the main off-label anti-B cell drugs worldwide. 
In addition, B cell neuroimmunobiology has dramatically 
advanced. The paper is not only highlighting this progress 
but also provides an updated view of the present and the 
immediately upcoming future.

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 stages of B cell development, they 
obtain their antibody specificity by sequential rearrangement 
of the immunoglobulin (Ig) heavy (H-chain)- and light-chain 
(L-chain) V(D)J genes in an antigen-independent manner 
(Fig. 1) [6, 7]. Once V(D)J recombination is complete and 
functional IgM molecules are expressed οn the immature 
B cell surface, these cells exit the bone marrow, enter the 

peripheral B cell compartment, and migrate to the lymphoid 
organs where they finalize their development by differenti-
ating from immature B cells to mature naïve follicular or 
marginal-zone B cells [8]. In parallel, two tolerance check-
points remove autoreactive B cells and prevent them from 
entering the peripheral naïve B cell pool; the first is a cen-
tral tolerance checkpoint that removes the early immature 
autoreactive B cells in the bone marrow, and the second 
is a peripheral tolerance checkpoint that removes the new 
emigrant autoreactive B cells in the periphery [9].

Mature B Cell Development—Follicular B cells

Mature naïve follicular cells (also called re-circulating B 
cells) express both IgM and IgD isotypes and have the abil-
ity to re-circulate through the follicles of secondary lym-
phoid organs in search of their cognate antigen. Once they 
encounter it, the antigen is endocytosed and processed into 
linear peptides before being displayed on the cell surface by 
MHC-II molecules [10].

At this stage, B cells migrate to extrafollicular spaces 
and interact with helper T cells (Th) and antigen-presenting 
dendritic cells (Fig. 2). There, Th cells further activate B 
cells with high antigen affinity, via CD40L, to differentiate 
into plasmablasts (short-lived plasma cells) [11, 12]. Plas-
mablasts are of practical significance in neurologic therapeu-
tics because (a) they produce antibodies that form immune 
complexes, which are taken up by follicular dendritic cells 
resulting in the production of chemokines and the attraction 
of activated B cells back to the follicular space to initiate 
germinal center formation and (b) they are targeted, either 
directly or indirectly, by the available anti-B cell monoclonal 
antibodies (mAbs) suppressing disease activity as discussed 
later. Previously activated Th cells differentiate further under 
B cell influence into T follicular helper cells (Tfh) and also 
migrate 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 germi-
nal center B cells; otherwise, they enter into the germinal 
center–independent memory B cell pool [13].

Memory B Cells: Long‑Lived Plasma Cells 
and Plasmablasts

A number of events, highly relevant to neuro-autoimmunity,  
including affinity maturation, isotype switching, gen-
eration of memory B 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 
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affinity. Affinity-matured germinal center B cells termi-
nally differentiate into long-lived, quiescent plasma cells 
that migrate back to the bone marrow and maintain long-
term antibody production [14]. Another fate for affinity-
matured germinal center B cells is to exit germinal cent-
ers as memory B cells. These antigen-experienced B cells 
express high-affinity surface antibodies (B cell receptors 
(BCRs)) and have the ability to quickly differentiate into 
efficient plasma cells upon future cognate antigen encoun-
ters [13]. The involvement of memory B cells in a number 
of autoimmune disorders has been highlighted by the fact 
that repopulation of the B cell compartment after B cell 
depletion with memory B cells (as opposed with transi-
tional, naive B cells) correlates with breakthrough disease 
activity or reemergence of antibodies, as shown in Myas-
thenia Gravis [15], anti-MAG neuropathy [16], rheumatoid 
arthritis (RA), and pemphigus [17–21].

CD Markers of B Cells at Various Stages 
of Maturation Relevant to Anti‑B Cell Therapies

Specific markers identify the phases of B cell differentia-
tion from stem cells to plasma cells. Typically, CD19 is 
expressed from the pro-B cell stage till the late plasmablast 
stage, while CD20 is expressed after the pro-B cell stage. 
Other important markers are CD27, which is present in 
most memory B cells (with the exception of double negative 
CD27-IgD-B cells), late plasmablast and plasma cell stages, 
and CD138, expressed only on plasma cells (Fig. 1). The 
presence of these markers is instrumental in understanding 
the development of B cell–specific and stage-specific thera-
pies, appreciating the duration of a beneficial effect, or serv-
ing as potential biomarkers denoting the need for repeat ther-
apy. Memory B cells, plasmablasts, and long-lived plasma  
cells may also migrate to the brain prompted by specific 

Fig. 1  B cell CD markers. The B cell maturation process involves two 
phases of differentiation—an antigen-independent process in the bone 
marrow, where V(D)J recombination takes place, and an antigen-
dependent process that occurs in secondary and tertiary lymphoid tis-
sue. Specific CD (cluster of differentiation) markers such as CD19, 

CD20, CD27, and CD138 are helpful for distinguishing different mat-
uration phases, including pro- and pre-B cells, immature and mature 
naïve B cells, memory B cells, plasmablasts and plasma cells [From 
Dalakas MC (1)]
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chemokines, such as CXCL10, CXCL12, and CXCL13, 
secreted from the endothelial cell wall. Of note, CXCR5 
on B cells typically binds CXCL13 expressed in B cell fol-
licles [22].

B Cell Trophic Factors: BAFF, APRIL, and Their 
Receptors

BAFF (B cell activating factor of the tumor necrosis factor  
(TNF) family), also known as BLyS, TALL1, TNFSF13B,  
has been identified as a factor essential for B cell survival 
and maturation along with the BCR [23, 24]. APRIL (A 

ProlifeRation Inducing Ligand), also known as TALL2 and 
TNFSF13A, is also a member of the TNF family that shares 
30% homology with BAFF and has similar functions [25]. 
BAFF and APRIL are both type II transmembrane proteins 
cleaved by a furin protease to produce their soluble forms 
[26, 27]. Major sources of BAFF and APRIL in humans 
are neutrophils and monocytes (macrophages and dendritic 
cells) and activated T cells [28–30]. BAFF binds strongly to 
BAFF-R (BAFF-receptor, also known as TNFRSF13C), to 
TACI (transmembrane activator and cyclophilin ligand inter-
actor, also known as TNFRSF13B), NGR (Nogo-66 recep-
tor, also known as RTN4R), and weakly to BCMA (B cell 

Fig. 2  Differentiation of B cells in response to a T cell–depend-
ent antigen. Responding naïve B cells enter the T cell zone of the 
lymph node (upper left), where their differentiation is facilitated by 
cytokines and the encounter of the antigen on follicular dendritic cells 
(FDCs). The antigen activates the B cell receptor, is taken up, and 
presented to Tfh cells through the B cell MHC-II. This initial, extra-
follicular pathway gives rise to short-lived plasmablasts that enter the 
periphery, and germinal center (GC)–independent memory B cells. In 
a second phase, activated B cells enter the GC dark zone, where they 
somatically mutate and clonally expand (therefore termed centro-
blasts). B cell cycle between the dark and the light zones (where they 

are termed centrocytes). The dynamic cycle of the GC allows centro-
cytes that entered the light zone to be chosen based on the affinity 
of their BCRs to the antigen. Low-affinity B cells that are not pre-
senting antigen on their BCRs will eventually become apoptotic and 
die. B cells that do present the antigen receive help from Tfh through 
CD40L and IL21 survival signals. The end-products of the GC reac-
tion are memory B cells, and long-lived plasma cells. GC memory B 
cells will enter the periphery and re-enter the GC upon BCR stimula-
tion. LLPCs exit the GC and find a survival niche, typically the bone 
marrow (Figure created with BioRender.com)
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maturation antigen, also known as TNFRSF17) [31–33]. In 
contrast, APRIL binds strongly to BCMA and moderately to 
TACI [32, 34]. BAFF-R expression is absent during the very 
early stages of the B cell lineage; its expression coincides 
with functional BCR expression by immature B cells in the 
bone marrow and is essential for B cell survival and matura-
tion [23, 24, 35, 36]. TACI is mainly expressed on memory 
B cells and plasma cells as well as some CD27 cells and 
BCMA on some activated B cells, plasmablasts, and plasma 
cells [37–39]. Both TACI and BCMA also exist in soluble 
forms [40, 41]. Although a number of these molecules have 
been the target of anti-B cell therapies as discussed later, the 
results are overall unimpressive or disappointing not only in 
autoimmune neurological diseases like MS and myasthenia 
gravis (MG), but also in rheumatologic autoimmunities.

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 from the 
study of murine models, and is currently being explored in 
humans [42, 43]. Unlike regulatory T cells (Tregs), regula-
tory B cells (Bregs) are not, at least yet, characterized by 
the expression of a lineage-specific transcription factor (like 
FOXP3 in Tregs) but rather by their ability to produce a 
variety of anti-inflammatory signals within an inflamma-
tory environment [44], mainly IL-10 [45]. Interestingly,  
IL-10 also plays a central role in the IgG4 subclass-switch [46].  
In humans, the B cells responsible for anti-inflammatory 
cytokine production (IL-10) have been found to be mostly 
naïve B cells [47] expressing CD19, 20, 21, 22, 24, 27, 38, 
and 40 [48]. In mice, anti-inflammatory IL-10 and IL-35 
can be produced by IgM + plasma cells [49] and gut-derived 
IgA plasma cells that migrate to the brain during EAE ame-
liorating its severity [50]. Of relevance, stool IgA-bound 
bacteria are decreased in MS patients during relapse [50]. 
Notably, memory B cells from MS patients often produce 
pro-inflammatory cytokines such as lymphotoxin, TNF-α, 
and GM-CSF [47, 49, 51].

B Cell Involvement in Neurological 
Autoimmune Disorders and B Cell–Targeted 
Therapies

As mentioned earlier, the main role of B cells in the immune 
response implicates them in complement activation, antigen 
presentation, antibody secretion, and cytokine production 
(Fig. 3) [52]. In autoimmunity, an important effector action 
of B cells is the production of autoantibodies by plasma 
cells that have evaded the self-tolerance checkpoints [53]. 
Although in some neurological diseases autoantibodies 
against surface antigens are directly pathogenic (e.g. the 

acetylcholine receptor (AChR) in MG, some synaptic anti-
gens like the N-methyl-d-aspartate receptor (NMDAR) in 
NMDAR-encephalitis, aquaporin-4 (AQP4) in neuromyelitis 
optica (NMO)), in others (like those seen in paraneoplastic 
neuropathies, multifocal motor neuropathy (MMN), or Stiff-
Person Syndrome (SPS)), autoantibodies directed against 
intracellular antigens do not exert a direct pathogenic effect 
and may only be disease markers. In these cases, either the 
pathogenic antibody has not yet been identified or it is the 
antibody-independent functions of B cells, including anti-
gen presentation, co-stimulation, cytokine production, and 
coordination of T cell functions, that can implicate B cells 
in the pathogenesis [3]. Accordingly, several agents target-
ing B cells have been successfully applied in neurological 
disorders as summarized in Table 1.

Multiple Sclerosis

Evidence of B Cell Involvement

In MS, no single, disease-characterizing pathogenic 
autoantibody has been identified to date. Although histori-
cally viewed as a T cell–mediated disease due to focus-
ing on T cells in the CNS lesions and influenced by HLA 
DRB1*15:01-associated genetic risk or transfer of experi-
mental autoimmune encephalomyelitis by encephalitogenic 
T cells, B cells have now evolved as important contributors 
to the pathogenesis of the disease as supported by several 
fundamental observations. First, a diagnostic hallmark of 
MS has been the presence of oligoclonal bands in the CSF 
and intrathecal IgG (but also to a lesser degree IgM and IgA) 
synthesis [54–56]. Second, B cells can be present in MS 
lesions and further, in several documented cases of primary 
and primarily secondary progressive MS (SPMS), activated 
B cells form meningeal germinal centers, where they follow 
the same differentiation pathways as in secondary lymphoid 
tissue [57], as depicted in Fig. 3. Although intrathecal immu-
noglobulin production and meningeal B cell follicles, as well 
as lesional deposition of immunoglobulin and complement, 
are not unique to MS, they do unambiguously support B cell 
involvement as discussed below [22, 58, 59]. Finally, B cells 
are necessary for marmoset EAE [60].

Several investigations have examined the nature of B cells 
and immunoglobulins in patients with MS. In CSF, B cells 
amount 5% of lymphocytes (whereas CD3 T cells ~ 70%), 
and a significant fraction of B cells are memory B cells and 
CD138 + CD19 + short-lived plasmablasts, whereas frank 
plasma cells are rarer [61]. Analysis of the CSF BCR rep-
ertoire and peptidome has shown significant overlap sug-
gesting that oligoclonal bands are produced by CSF B cells 
[55]. Further, recombinant antibodies produced from CSF 
and lesional B cells were shown to target various intracel-
lular antigens [62]. Analysis of the BCR repertoire of B cells 
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from MS lesions, CSF, cervical lymph nodes, and peripheral 
blood has clearly shown the presence of related clones in all 
compartments [55, 63, 64]. Importantly, based on mutational 
analysis, B cells of the cervical lymph nodes were ancestral 
to lesional B cells.

In the peripheral blood, B cell subsets including memory 
B cells were not consistently numerically different compared 
to healthy controls [65–68]. Functional analyses however 
have shown that B cells of MS patients can produce less of  
the regulatory cytokine IL-10  but more of the pro-inflammatory  
GM-CSF, lymphotoxin α, TNF-α, and IL-6 [47, 51,  
67, 69–71]. In relation to the BAFF/APRIL system, sev-
eral studies point towards BAFF levels being normal in the  
serum of MS patients compared to controls and decreased in 
the CSF, although others found significantly increased lev-
els [72–76]. In B cell–containing MS lesions, however, the 
expression of BAFF is upregulated in astrocytes proximal 

to BAFF-R-expressing immune cells. In addition, expres-
sion of BCMA (but not BAFF-R and TACI) is upregulated 
in MS lesions compared to the normal brain (54). Interest-
ingly, BAFF may agonistically activate the Nogo receptor, 
which is upregulated in MS lesional astrocytes and micro-
glia/macrophages [77] but can also be found on neurons and 
B cells [33, 78, 79]. This interaction may result in inhibition 
of axonal growth and potentially provide at least one of the 
missing links between immune responses and degeneration 
in MS patients.

B Cell–Targeted Therapies in Multiple Sclerosis

The first B cell agent applied in MS was rituximab, a 
chimeric mouse/human anti-CD20 mAb that effectively 
depletes peripheral blood (but not lymphnode) B cells and 
a small subset of CD20 + T cells; it spares early pre-/pro-B 

Fig. 3  B cell functions in autoimmune neurological disorders. (A) 
Production of antibodies that cause tissue damage either via comple-
ment activation or antibody-dependent cell-mediated cytotoxicity. (B) 
Antigen presentation, which can result in clonal expansion of cyto-
toxic T cells and cytokine production. (C) Production of proinflam-
matory cytokines, such as IL-6, TNF, and GM-CSF, which can acti-
vate macrophages and enhance tissue damage. (D) De novo formation 

and maintenance of ectopic germinal centers in the intermeningeal 
spaces (neolymphogenesis). Abbreviations: Fc, constant fragment;  
BCR, B cell receptor; TCR, T cell receptor; MHC, major histocom-
patibility complex; GM-CSF, granulocyte macrophage-colony- 
stimulating factor; IL, interleukin; LTβR, lymphotoxin-β receptor; LTβ,  
lymphotoxin-β; TNF, tumor necrosis factor [from Dalakas MC (1-3]
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cells and late plasma cells [1–3, 5, 80]. Notably,  CD20dim 
T cells can be found in all lymphatic organs; they are often 
 CD8+ and some of them can be myelin-specific [80–82]. Cer-
ebrospinal fluid B cells seem to be less affected by peripheral 
rituximab administration [83–85], although the drug itself 
can be detected in a very low concentration (up to 1000 times 
smaller than in the periphery) beyond the BBB [86].

Phase 1 and 2 trials of rituximab in RRMS reported 
significantly reduced inflammatory brain lesions and a 
significant reduction in annualized relapse rates without 
significant serious adverse events [4, 87]. A phase 3 trial 
of rituximab in patients with primary progressive multiple 
sclerosis (PPMS) reported that, despite lack of significant 
differences in the primary endpoint, selective B cell deple-
tion may affect disease progression in younger patients, 
particularly those with inflammatory lesions [88]. Two 
identical phase 3 trials of ocrelizumab, a fully human-
ized anti-CD20 antibody, in RRMS confirmed the great 
benefit of CD20 depletion with a reduction in relapse rate, 
disability progression, and an impressive 94% reduction 
of active MRI lesions compared to interferon beta-1α 
[89]. In a phase 3 PPMS trial, ocrelizumab was moder-
ately effective in halting disability progression but total 
differences were driven, as in the case of rituximab, by 

the effect on MRI activity [90]. A 1-year, phase 2 trial 
of ublituximab, a novel chimeric anti-CD20 antibody tar-
geting a distinct (in comparison to rituximab and ocreli-
zumab) CD20 epitope (Fig. 4), in 45 patients with RRMS 
showed promising results with 74% of patients achieving 
no evidence of disease activity [91]. Finally, two identi-
cal phase 3 trials of ofatumumab, a fully humanized anti-
CD20 mAb administered subcutaneously, in patients with 
RRMS and SPMS with disease activity, showed a signifi-
cantly decreased relapse rate, disability progression, MRI 
activity, and neurofilament light-chain levels, compared to 
teriflunomide [92]. Of note, ofatumumab targets different 
CD20 epitopes compared to rituximab, ocrelizumab, and 
ublituximab binding not only the large loop of CD20 but 
also the small loop closer to the B cell membrane (Fig. 4). 
As a result, B cell lysis is likely more effective.

Collectively, CD20 B cell depletion has become the main-
stay of high efficacy therapy of MS, achieving an almost 
total control of MRI activity. CD20 depletion, although 
more immunosuppressive than natalizumab, an α4 integrin 
blocker that is also highly effective in RRMS [93], carries 
a far smaller risk of PML, with only 10 cases reported in 
the ~ 200,000 patients with MS that have received ocreli-
zumab post marketing. Of those, 9 were carry-over cases 

Table 1  Anti-B cell therapeutics in autoimmune neurological diseases

MS multiple sclerosis, AQP4 aquaporin 4, NMOSD neuromyelitis optica spectrum disorders, MOGAD myelin-oligodendrocyte glycoprotein-
associated disease, AE autoimmune encephalitis, NMDAR N-methyl-d-aspartate receptor, MG myasthenia gravis, CIDP chronic inflammatory 
demyelinating polyneuropathy, DM dermatomyositis, PM polymyositis, SPS stiff-person syndrome, MAG myelin-associated glycoprotein, CD 
cluster of differentiation, IL interleukin, FcR constant fragment receptor, BTK Bruton tyrosine kinase

Agent Target Clinical efficacy

(text in brackets denotes supporting evidence)
Rituximab CD20 MS (phase II), NMOSD (large series), MOGAD (case series), AE (large series in NMDAR AE)

MG (large series), Ab-mediated CIDP (series), DM (phase II), PM (phase II),
(SPS and MAG neuropathy: controlled studies did not reach significance but clinical data sup-

port efficacy in 40% of patients)
Ocrelizumab CD20 MS (FDA-approved for MS)
Ofatumumab CD20 MS (FDA-approved for MS)
Ublituximab CD20 MS (phase II)
Obinutuzumab CD20 (Case reports in MAG neuropathy)
Obexelimab CD19 and FcRIIb Not tried
Inebilizumab CD19 MS (phase I), NMOSD (phase II/III, FDA-approved for NMO-SD)

Under investigation in NMDA encephalitis (NCT04372615)
Bortezomib Plasma cells AQP4 NMOSD (series)
Daratumumab CD38 AE (cases)
Efgartigimod FcRn MG (FDA-approved for MG)
Satralizumab IL-6R NMOSD (phase III, FDA-approved for NMO-SD)
Tocilizumab IL-6R NMOSD (series), MOGAD (series), NMDAR encephalitis
Evobrutinib BTK MS (phase II)
Tolebrutinib BTK MS (phase II)
Fenebrutinib BTK Under investigation in MS (NCT04586023, NCT04544449)
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with previous use of natalizumab and fingolimod, while in 
one, a 78-year-old patient with MS and low absolute lym-
phocyte count prior to treatment initiation, this was likely 
due to immune senescence [94]. These observations have 
lent support to the practice applied in some centers of per-
forming a lumbar puncture prior to the switch from natali-
zumab to rituximab in order to exclude subclinical PML. 
In contrast to natalizumab, discontinuation of CD20 B cell 
depletion therapy is not associated with rebound disease 
activity [95].

Dosage of CD20 depleting agents is the subject of an 
ongoing debate, particularly  for long-term treatment.  A 
very low dose (10 mg) of rituximab administered intrathe-
cally can almost completely deplete CD20 B cells in the 
periphery [96], while a 100-mg iv infusion adequately 
depletes peripheral B cells for at least 6 weeks [97]. Standard 
regimens such as rituximab 1000 mg on days 1 and 15 and 
month 6 (adopted from rheumatoid arthritis) [98], or ocreli-
zumab 300 mg on days 1 and 15 and 600 mg every 6 months 
for 2 years (as applied in the phase 3 trial), usually deplete 
peripheral B cells between 6 and 12 months without at first 
affecting total IgG or antibody titers, e.g., against tetanus 
[99–101]. Administering 500 mg of rituximab whenever B 
cells or CD27 memory B cells rise above 1% is followed by 
some  to determine the need for repeat dosing [100, 102]. 
As the effect of CD20 B cell depletion on disease activ-
ity may last longer than the biological effect on peripheral 
B cells, the pressure for  close follow-up repeat dosing is 
not high [101]. Repeated dosing eventually lowers total IgG 

(increasing susceptibility for infection) [103, 104] and may 
affect a longer depletion of B cells. This dictates the need to 
monitor IgG serum levels before each follow-up infusion. 
Further, because dosing was not weight-adapted in the phase 
3 ocrelizumab trial in PPMS, a post hoc analysis showed 
that patients who received doses higher in milligrams per 
kilogram of body weight showed less progression; this has 
sparked the initiation of high-dose ocrelizumab trials in both 
RRMS and PPMS (NCT04548999 and NCT04544436). 
Although B cell depletion therapies have been combined 
with other agents in lymphoma and in some MS patients 
with mitoxantrone and copaxone, CD20 depletion in MS 
and other neurological autoimmunities is used in isolation, 
a practice we also endorse for safety.

In addition to CD20 mAbs, B cell depletion can also be 
achieved with the targeting of CD19, a surface marker slightly 
more broadly expressed on the surface of B cells, both towards 
immature B cells and towards antibody-secreting cells [3]. 
One such humanized and afucosylated antibody is inebili-
zumab, which has been administered to patients with relaps-
ing MS in the context of a dose- and route-finding, phase 1 
trial. Importantly, the trial showed that CD20 B cell depletion 
was more long-lasting compared to anti-CD20 agents, with 
repopulation beginning at 36 weeks (later for higher doses and 
iv vs. sc route); further, inebilizumab administration trended 
towards reduced Gd-enhancing and new T2 lesions with an 
acceptable safety profile [105].

Bruton tyrosine kinase inhibitors (BTKIs) primarily tar-
get B cells but also microglia, the cells implicated in chronic 

Fig. 4  Binding sites of therapeutic CD20 monoclonal antibodies 
(mAbs). The human CD20 molecule consists of intracellular, trans-
membrane, and extracellular domains. The latter comprise two loops, 
a small and a bigger one. Different mAbs target different extracellular 

epitopes. Ofatumumab binds both loops; rituximab, ocrelizumab, ofa-
tumumab, and ublituximab are type I antibodies, meaning that they 
can bind FcRIIb with their constant part and are therefore subject to 
internalization in contrast to obinutuzumab, the only type II mab
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active lesions and potentially in disease progression, a fea-
ture of MS not adequately controlled with CD20 depletion. 
In addition, BTKIs have the advantage of being oral agents 
and CSF-penetrant. Two dose-finding, phase 2 trials in MS 
have already been performed and multiple phase 3 trials are 
underway. A phase 2 trial of evobrutinib in patients with 
relapsing MS has shown significant reduction of contrast-
enhancing MRI lesions at weeks 12 to 24 (although still 
detectable) and decrease of the annualized relapse rate com-
pared to DMF [106]. Similarly, a phase 2 trial of tolebru-
tinib in patients with relapsing MS has shown a significant 
reduction of contrast-enhancing lesions at week 12; both 
evobrutinib and tolebrutinib were safe with no deaths or life-
threatening adverse events [107].

Atacicept is a dimerized soluble TACI receptor fused 
to an Fc that competes with endogenous TACI, BAFF-R, 
and BCMA for BAFF and APRIL binding [41]. Atacicept 
improved SLE and RA, at least at the highest administered 
dose, but led to increased disease activity in MS at all doses 
despite decreasing immunoglobulin levels and mature naïve 
B cell counts, suggesting lack of pathogenic immunoglobu-
lins in MS [108]. The reasons for the detrimental effect of 
atacicept include decrease of non-specific Fc blockade by 
immunoglobulins (in contrast, IVIg that upregulates FcRIIb 
is minimally, if any, effective in MS), elimination of B regu-
latory cells in the naïve B cell fraction (although these are 
also eliminated by CD20 depletion), disruption of BAFF-
mediated Breg induction, and a stimulated increase of patho-
genic memory B cells [41, 109, 110].

Neuromyelitis Optica

Evidence of B Cell Involvement

In AQP4-NMO and -NMO spectrum disorders (NMOSDs), 
the implication of B cells in the pathophysiology of the 
disease is clearer than that in MS because of the presence 
of pathogenic, disease-characterizing, antibodies against 
AQP4. Analysis of serum and CSF AQP4 titers points to 
lack of intrathecal synthesis of AQP4 Abs [111]; cases of 
isolated CSF AQP4 Ab-positivity are very rare [112]. In 
addition, an experimental model with peripheral adminis-
tration of a monoclonal AQP4 antibody has shown CNS 
entry of the antibody despite an intact BBB [113]. However, 
AQP4-specific plasmablasts have been located in the CSF 
[114] and shown to be related to peripheral blood plasma-
blasts and memory B cells [115, 116]. This is relevant to 
anti-B cell mAbs because they do not enter the CNS to a 
significant degree, in contrast to small molecules such as 
BTKIs that easily do.

Several lines of evidence implicate IL-6, a Th2 
cytokine that promotes germinal center formation and 
antibody-secreting cell survival in AQP4-NMOSD. First, 

IL-6 m-RNA was significantly increased in all areas exam-
ined in an autopsied AQP4-NMOSD patient, particularly the 
optic nerve [117]. Second, patient-derived peripheral plas-
mablasts cultured in the presence of IL-6 have been shown to 
produce AQP4 autoantibodies [118]. Third, IL-6 is signifi-
cantly elevated in a fraction of NMOSD patients [119–121]. 
Among the other B cell–related mediators, primarily BAFF, 
but also APRIL, have been found increased in the CSF of 
most NMO patients [72, 122, 123]. In the periphery, a single 
study reported a low proportion of IL-10-producing regula-
tory B cells in AQP4-NMO patients compared to healthy 
donors [123].

Anti‑B Cell Efficacy

There is currently a large amount of evidence supporting 
the effectiveness of rituximab in treating AQP4-NMO but 
no clinical trials have been conducted. Open label studies 
report significant reduction in relapse rate although in some 
patients relapses may occur, even in the absence of B cells 
[124–130]. It is not uncommon for a relapse to occur shortly 
after rituximab initiation, prompting prednisone treatment 
for the first month. Despite improving relapse rates and 
reducing disease activity, AQP4-IgG titers are not consist-
ently reduced even after long-term B cell depletion, point-
ing to the presence of long-lived plasma cells [131, 132]. 
In a cohort of 100 NMO patients treated with rituximab, a 
96% reduction of annualized relapse rate compared to pre-
rituximab treatment was noted [133].

Because up to 24% patients do not respond to rituximab 
[124], alternative therapeutic approaches targeting B cells 
have been explored. Since AQP4 antibodies need comple-
ment to exert pathogenicity [134], complement therapy with 
eculizumab has been shown to be very effective leading to 
an FDA-approved indication, but with prohibitive cost due 
to frequent dosing [135]. Additionally, a trial of 600 mg (on 
days 1 and 15) of inebilizumab, the CD19 mAb, in combi-
nation with 20 mg of prednisone for 14 days followed by a 
7 day taper vs. placebo demonstrated significant efficacy in 
NMO patients (93% with AQP4 antibodies); in 197 days of 
follow-up, 21 of 174 (12%) treated patients relapsed vs. 22 of 
56 (39%) in the placebo group [136]. As with CD20 deple-
tion, a few patients did suffer relapses (optic neuritis and 
myelitis) under treatment despite successful B cell depletion.

A third therapeutic strategy, indirectly affecting B cell 
functions, includes agents targeting IL-6 or its receptor. In a 
phase 3 trial of satralizumab, a humanized mAb that binds 
both the soluble and the membrane-bound IL-6 receptor, 
30% of patients with NMOSD (65–72% AQP4 antibody-
positive) experienced relapses while on satralizumab 
monotherapy vs. 50% of patients receiving placebo mono-
therapy (p = 0.018) [137]. Moreover, in a case series of 8 
NMO patients (6 AQP4-positive) with highly active disease 
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activity despite treatment with rituximab, administration 
of tocilizumab, a humanized anti-IL-6 receptor antibody, 
resulted in relapse control in all patients [138]. Similarly, in 
a series of 4 AQP4-NMO patients, good clinical control was 
achieved in all patients [139]. Refractory NMO cases have 
also been treated with the proteasome inhibitor bortezomib, 
an agent originally used against antibody production in mul-
tiple myeloma. In a case series of 5 AQP4-NMO patients 
resistant to previous immunotherapy (in 2 cases rituximab), 
bortezomib resulted in relapse control during the 1 year of 
follow-up in 4 of 5 treated patients, along with reduction of 
AQP4 titer, CD19 B cells, and CD138 plasma cells [140]. 
Neuropathy, a common adverse effect with bortezomib, was 
not reported.

Myelin Oligodendrocyte Glycoprotein Antibody–
Related Disease

Myelin oligodendrocyte glycoprotein (MOG) anti-
body–related disease (MOGAD) has emerged from the body 
of NMOSD as a separate disease entity, because patients 
harboring MOG and AQP4 autoantibodies differ signifi-
cantly [141]. Although pathogenicity of MOG antibodies 
is debated [134, 142], they do target a surface molecule in 
contrast to nonpathogenic autoantibodies targeting intracel-
lular antigens. The pathogenicity of MOG autoantibodies 
is likely different in patients with high MOG autoantibody 
titers compared to patients with low titers [112, 142], which 
translates into potential pathogenicity of MOG-specific B 
cells. In children with monophasic acute demyelinating syn-
drome, which is often associated with MOG autoantibodies, 
CSF analysis has revealed IL-6 elevations that correlate with 
MOG antibody titer; moreover, CSF elevations of IFN-γ, 
IL-17, and IL-10 were also noted in a minority of patients 
[143]. A multiplexed analysis of 32 cytokines in the CSF 
of pediatric MOGAD patients showed that not only IL-6, 
but many cytokines, especially IFN-γ, TNF-α, G-CSF, GM-
CSF, IL-17, BAFF, APRIL, IL-1, and IL-10, were elevated 
compared to patients with MOG-negative demyelinating 
disease and controls [144].

Controlled therapeutic trials in MOGAD, as in all rare 
disorders, are hard to perform. Case series data indicate that 
CD20 B cell depletion can be effective in MOGAD; however, 
refractory cases occur more frequently than in AQP4 NMO 
and relapses can be seen in up to 50% of patients (n = 121) 
despite efficient B cell depletion [124, 145, 146]. Anti-IL-6 
therapy with tocilizumab in small case series of 3 and 10 
patients has shown that treated patients remained relapse-
free for an average of 23 to 28 months [139, 147]. Common 
side effects included neutropenia, low platelet count, and 
liver enzyme elevations apart from infections (https:// www. 
ema. europa. eu/ en/ docum ents/ produ ct- infor mation/ roact 
emra- epar- produ ct- infor mation_ en. pdf). Special note should 

be given to the observations that in uncontrolled series IVIg 
is particularly effective in MOGAD, especially in children, 
and it is currently the preferred therapy in patients who 
exhibit more than one relapse [148].

Autoimmune Encephalitis

Over the past 10 years, several pathogenic or potentially 
pathogenic autoantibodies against surface synaptic pro-
teins of the CNS have been linked to specific clinical 
presentations that fall within the general category of auto-
immune encephalitis [149]. Accordingly, autoreactive, 
antigen-specific B cells are directly involved in the dis-
ease pathogenesis with evidence of intrathecal synthesis 
of autoantibodies and presence of antigen-specific B cells 
in the CSF in the more common subtypes of NMDAR and 
LGI-1 encephalitis [150–152]. Although recurrences can 
rarely occur, in the majority of NMDAR and LGI-1 cases, 
the disease is monophasic.

As in MOGAD, rarity of the disease makes controlled 
therapeutic trials difficult. In a case series of 14 patients with 
inadequate response to first-line immunotherapy (steroids, 
IVIg, and PLEX), clinical outcomes with second-line immu-
notherapy (rituximab plus cyclophosphamide) were favora-
ble with 70% reaching a modified Rankin scale (mRS) of < 2 
at 6 months [153]. Similarly, in a case series of 8 pediatric 
refractory NMDAR patients, rituximab monotherapy led to 
an mRS of < 2 in 60% [154]; this has been also our experi-
ence with 2 pediatric patients. It should be noted however 
that cyclophosphamide, although seemingly effective, car-
ries a high risk of affecting reproductive ability that should 
be taken into account when treating young patients. In a large 
case series of 78 consecutive NMDAR-positive patients, a 
combined steroid, IVIg, rituximab, and tocilizumab regimen 
was overall advantageous compared to a steroid, IVIg, and 
rituximab regimen (and teratoma removal whenever appli-
cable in both arms) [155]. Of note, a trial of CD19 deple-
tion with inebilizumab in NMDAR encephalitis is currently 
ongoing (NCT04372615). In other antibody-positive auto-
immune encephalitis with autoantibodies against surface and 
extracellular proteins or paraneoplastic antibodies targeting 
intracellular components, rituximab can be effective [131, 
156]. Interestingly, the anti CD38 antibody daratumumab, 
targeting antibody-secreting cells (but also non-B cells such 
as monocytes and NK cells), has been effective in isolated, 
severe cases of autoimmune encephalitis with autoantibodies 
to caspr2 and NMDAR [157, 158].

Chronic Autoimmune Polyneuropathies

In chronic autoimmune polyneuropathies including 
chronic inflammatory demyelinating polyneuropathy 
(CIDP), Multifocal Motor Neuropathy (MMN), and IgM 
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anti-myelin-associated glycoprotein antibody demyelinat-
ing neuropathy (anti-MAG neuropathy), B cell involvement 
is supported by several pieces of evidence. Different anti-
ganglioside and glycolipid antibodies, most often associated 
with GBS subtypes, may be pathogenic as they can induce 
conduction block and acute neuropathy [159–162]. Overall, 
IgG antibodies that react with GM1, GD1a, GalNAc-GD1a, 
and GM1b are found in 80% of patients with axonal GBS 
(AMAN and AMSAN), while anti-GQ1b antibodies are 
detected in more than 90% of patients with the Miller-Fisher 
variant. Anti-GM1 antibodies are also detected in 50% of 
MMN patents.

In contrast to GBS, however, no single antibody has yet 
been identified as the primary causative factor in CIDP, the 
most common chronic autoimmune neuropathy, in spite of 
the compelling indirect evidence provided by the beneficial 
effect of plasmapheresis [159, 163]. The first indication 
that antibodies are involved in CIDP was the presence of 
complement-fixing IgG and IgM deposits on the patient’s 
peripheral nerves and myelinated fibers [164]  while the pres-
ence of an IgG band in their CSF provided further credence 
[165]. Exception to the absence of pathogenic autoantibod-
ies in CIDP  is the patients with autoimmune nodopathies 
comprising 10% of CIDP patients that harbor specific anti-
bodies of IgG4 subclass targeting paranodal antigens at the 
nodes of Ranvier [166]. These antibodies, directed against 
paranodal antigens, such as neurofascin-155, CASPR1, and 
contactin-1, which are necessary for maintaining nodal struc-
ture,  induce conduction block by affecting protein–protein 
interaction and cell adhesion [167, 168]. B cells from CIDP 
patients exhibit reduced expression of FcγRIIB, an inhibi-
tory receptor that prevents B cells from entering the ger-
minal centers to become IgG-positive plasma cells [169]. 
This observation further supports the role of B cells in the 
disease. Finally, serum levels of BAFF were found decreased 
in CIDP, although this may be confounded by the presence 
of anti-BAFF antibodies in the IVIg preparations that these 
patients had received for therapy.

Regarding MAG-associated neuropathy, strong evi-
dence suggests that the antibodies are causative because 
(a) IgM and complement are deposited in myelinated fib-
ers in patients’ sural nerve biopsies [170]; (b) the patients’ 
IgM co-localizes with MAG on the areas of the split myelin 
implicating a myelin disadhesion process induced by the 
circulating anti-MAG IgM [171]; (c) in skin biopsies from 
the patients, there is deposition of IgM, complement, and 
MAG on the intradermal myelinated fibers with a concur-
rent loss of nerve fibers suggesting IgM-induced fiber loss 
[171]; and (d) of corroborative data from animal models, 
either from intraneural injections into peripheral nerve or 
from immunization with sulfoglucuronyl paragloboside, a 
glycolipid cross-reactive with MAG [172].

In terms of treatment, CD20 depletion has been applied 
in CIDP [173] but no controlled studies have been con-
ducted. Anti-B cell depletion therapy with rituximab is how-
ever especially successful in CIDP patients with paranodal 
antibodies which are of IgG4 subclass, as discussed below 
[174, 175]. Patients with anti-MAG neuropathy treated with 
rituximab have seen clinical benefit, reduction of anti-IgM 
and anti-MAG antibodies, and Treg upregulation [16, 176]. 
Two controlled trials however have not shown statistically 
significant results due to variability of the clinical pheno-
type [16, 177]. Nevertheless, experience indicates that 40% 
of these patients respond to rituximab, which is the treat-
ment of choice as these patients do not respond to IVIg, 
PLEX, and steroids [178]. Further mechanistic investiga-
tions have shown that patients with anti-MAG neuropathy 
harbor substantial clonal expansions of IgM memory B cells 
that recognize MAG, while patients who do not experience 
clinical improvement after rituximab have higher numbers 
of clonal anti-MAG memory B cells before and after ther-
apy and lower somatic hypermutation frequencies of IgM 
memory B cells [179]. Obinutuzumab, an anti-CD20 anti-
body that targets a different epitope than the other anti-CD20 
mAbs, as depicted in Fig. 4, is also resistant (in contrast to 
rituximab) to internalization by B cells through FcRIIbeta, 
thereby achieving more effective depletion in theory [5]. 
Obinutuzumab was tried in 2 anti-MAG-positive patients 
unresponsive to rituximab and was ineffective in our hands 
[180]; however, others found some benefit [181]. In MMN, 
rituximab can be effective in anecdotal series of patients 
insufficiently responding to IVIg.

Stiff‑Person Syndrome and Progressive 
Encephalomyelitis with Rigidity and Myoclonus

In stiff-person syndrome (SPS) and SPS-spectrum disorders 
(SPS-SD) as well as patients with progressive encephalomy-
elitis with rigidity and myoclonus (PERM), B cell involve-
ment is supported by the presence of seemingly nonpatho-
genic antibodies against glutamic acid decarboxylase [182, 
183], an intracellular antigen, or by the likely pathogenic 
antibodies against the glycine receptor [184].  In addi-
tion, both memory B cells and bone marrow plasma cells 
specific for GAD have been shown to be present in patients 
with SPS and have the ability to produce GAD antibod-
ies upon non-specific stimulation (memory cells) but also 
without stimulation (plasma cells) [185, 186]. Case reports 
have provided evidence that rituximab can help patients 
with stiff-person syndrome [187, 188]. In the largest con-
trolled study we have conducted, however, rituximab was 
not statistically effective because of a strong placebo effect 
but 35% of patients clinically improved and some of them 
with impressive benefits [189]. Rituximab still remains 
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a treatment option in SPS patients unresponsive to IVIg;  
further, in a recent case series, rituximab improved some SPS 
patients [190].  Rituximab has been also effective in a gly-
cine receptor antibody-positive PERM patient of ours [191]. 
This patient, hospitalized in the ICU for 12 months, requir-
ing mechanical ventilation and being IVIg-unresponsive,  
impressively improved after rituximab infusion to the point 
of being able to walk and be discharged; interestingly, 
improvement was associated with significant reduction of 
the glycine receptor antibodies in his serum and disappear-
ance from the CSF.

Myasthenia Gravis

In myasthenia gravis (MG), B cells are primarily involved in 
antibody production against the AChR (primarily IgG1 sub-
class antibodies) and muscle-specific kinase (MuSK, primar-
ily IgG4 subclass antibodies) [192, 193] but potentially also 
in antigen presentation given their BCR specificity and T cell 
involvement [194–197]. One distinguishing feature between 
the AChR and MuSK subtype is that the autoantibody- 
producing cells tend to be short-lived in MuSK and long-
lived in AChR MG [131]. In addition, BAFF levels have 
been found increased in active disease [198]. Because of the 
central role of B cells in the pathophysiology of the disease, 
depleting or suppressing B cell function can restore immune 
balance and result in clinical improvement.

Rituximab has been tried in patients with MG whose 
disease was difficult to manage with the conventional 
therapies. In MuSk MG, with autoantibodies being of the 
IgG4 subclass, a pronounced and long-lasting remission is 
characteristic, coinciding with reduction or even disappear-
ance of antibody titers [99, 199, 200] due to depletion of 
MuSK autoantibody-producing short-lived plasma cells. In 
AChR MG, several case series support a benefit of rituxi-
mab [200–203]. A relatively small phase 2 trial failed to 
meet the primary endpoint, mostly due to study design 
(NCT02110706). In a recent, important, large prospective 
study of 72 generalized MG patients [204] with new-onset 
disease, early treatment led to early remission without the 
need for any maintenance therapies; the patients treated at 
a later time also improved having fewer relapses and not 
requiring rescue therapy for at least 24 months. The fact that 
rituximab can induce early remission if used early without 
the need for long-term maintenance treatment has significant 
implications in clinical practice especially in the context of 
being safer than the conventional immunosuppressants. A 
phase 2 trial of the BAFF antagonist belimumab, an agent 
already approved for the treatment of SLE, was negative in 
MG [205]. In contrast, a phase 3 trial of the complement 
antagonist eculizumab met all the secondary endpoints and 
the antibody was approved for the treatment of refractory 
MG [206]. Similar has been the effect of efgartigimod, an 

FcRn inhibitor, which by enhancing the catabolism of all 
IgG, including the circulating AChR antibodies, led to sig-
nificant clinical improvement in a large phase III clinical 
trial [206]; this study has now led to FDA approval. These 
last two drugs that target AChR antibodies and their func-
tion may change the treatment algorithm in MG patients in 
the near future, if economics is not a practical issue [200].

Inflammatory Myopathies

In all the main categories of inflammatory myopathies 
(dermatomyositis (DM), necrotizing autoimmune myosi-
tis (NAM) and inclusion body myositis (IBM), B cells and 
plasma cells are present in muscle tissues [3, 207, 208]. 
Immunoglobulins are also deposited on endomysial capil-
laries in DM and complement is activated in DM and NAM 
[209]. It is however important to note that the inflammatory 
infiltrates consists of other immune cells as well, such as 
CD8 T cells in IBM and macrophages in NAM. A second 
argument for the involvement of B cells in the mechanism of 
inflammatory myopathies is the presence of autoantibodies, 
although not pathogenic, targeting intracellular molecules. It 
is therefore compelling that B cell–depleting therapies using 
anti-CD20 mAbs have been quite promising [210, 211].

Specifically, evidence provided by case reports and open 
label studies for the effectiveness of rituximab in the treat-
ment of inflammatory myopathies is encouraging, report-
ing up to 75% response rates [212]. In a study of juvenile 
DM (48 patients) and adult PM (75 patients), a few indica-
tors including the presence of antisynthetase and anti-Mi-2 
antibodies and lower disease damage  might predict, as 
claimed by the authors, clinical improvement after rituximab 
treatment [210]; the inclusion however of 75 patients with 
PM, which is a very rare disease -if it exists-is of concern. 
Finally, in a study of 200 DM/PM patients that were rand-
omized to rituximab early and rituximab late, there was no 
difference between the groups; however, at week 44, when 
all the patients had received rituximab, 83% met the defini-
tion of improvement [213].

Autoimmune Neurological Disorders with IgG4 
Antibodies

The main IgG4 antibody–mediated neurological disorders 
(IgG4-ND) include MuSK myasthenia; CIDP with nodal/
paranodal antibodies to Neurofascin-155, contactin-1/
caspr-1 or pan-neurofascins; anti-LGI1 and CASPR2-
associated limbic encephalitis, Morvan syndrome, or neu-
romyotonia; and possibly anti-IgLON5-spectrum CNS 
disease [214]. These disorders are distinct due to unique 
functions of IgG4 antibodies which exert pathogenic effects 
on their targeted antigens by blocking enzymatic activity 
or disrupting protein–protein interactions affecting signal 
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transduction pathways. In contrast to IgG1 subclass, the 
IgG4 antibodies do not largely activate complement or 
bind to inhibitory FcγRIIb receptor and cannot engage in 
cross-linking of the targeted antigen with immune complex 
formation and endocytosis. Because the IgG4 antibodies 
do not trigger inflammatory processes, the conventional 
anti-inflammatory therapies, especially with IVIg and ster-
oids, are ineffective or not sufficiently effective in inducing 
short-term or long-term remissions [214, 215]. Data from 
large series of patients with MuSK-myasthenia and CIDP 
with nodal/paranodal antibodies indicate that these patients 
robustly respond to B cell depletion therapy with rituxi-
mab which, by targeting memory B cells and some IgG4-
producing CD20-positive short-lived plasmablasts, exerts 
long-lasting clinical remissions. Similar benefits are noted 
in a small anectodal series of patients with anti-LGI1 and 
CASPR2-associated limbic encephalitis. In IgG4-ND, other 
anti-B cell agents that target CD19/20, especially those 
that concurrently activate the inhibitory FcγRIIb receptors 
(which IgG4 antibodies cannot bind to) thereby affecting 
functional blockade of CD19 without cell lysis such as 
obexelimab, can be even more beneficial as proposed in 
IgG4-related disease (NCT02725476) [214, 215].

Biomarkers of Clinical Response to B Cell 
Depletion Therapies

Although CD20 depletion is actively used for treat-
ing many autoimmune neurological diseases, a useful, 
easy-to-use biomarker of response to treatment is lack-
ing. The biological effect is typically monitored by flow 
cytometric assessment of the CD19 B cell count, with the 
rationale being that the mAb used for the count should 
not have potentially overlapping epitopes with the thera-
peutic antibody. As with other drugs such as interferons, 
natalizumab, and anti-TNF agents, anti-drug antibodies 
can develop and correlate with incomplete B cell deple-
tion [216]. In many cases, treatment efficiency correlates 
with peripheral B cell depletion and effective depletion of 
the CD20 + CD27 + (IgD-) memory B cells in particular 
[217], which is mostly currently used to monitor the need 
for the next infusion [217]. In a small number of patients 
with anti-MAG neuropathy, clinical improvement with 
rituximab appears to coincide with the reduction in total 
and MAG IgM, possibly attributed to depletion of memory 
cell precursors of short-lived antibody secreting cells [16]. 
The same is true for MuSK MG [99, 218]. In the MAG 
study, the patients showing no clinical improvement after 
rituximab were distinguished from 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 decrease in somatic hypermutation frequencies 
of IgM memory B cells [179]. These results were however 
based on a small number of patients. In a study of pem-
phigus patients (which harbor IgG4 autoantibodies against 
desmoglein), significant and prolonged clinical response to 
rituximab was observed in the majority of patients and was 
connected to a persistently high proportion of transitional, 
IL-10-secreting naïve B cells in the reconstituted B cell 
fraction [17]. Similar relative elevations of transitional B 
cells have been observed in NMO patients treated with 
rituximab [219]. On the other hand, rituximab failed to 
restore B cell tolerance defects despite clinical response 
in three out of three patients with type 1 diabetes [220].

In AQP4 NMO, where a relapse is more likely to result 
in a permanent deficit than in MS and disease activity is 
more likely to return with B cell repopulation—in particu-
lar memory B cell repopulation [101, 124]—close moni-
toring of CD19 + and CD19 + CD27 + B cell depletion and 
reconstitution is used as a tool for relapse prevention and 
timely treatment,  further improving the treatment benefit-
risk ratio [125]. Several studies showing that the repopu-
lation of peripheral blood by B cells, especially memory 
B cells, coincides with clinical relapses support the prac-
tice of close CD19 + and CD19 + CD27 + memory B cell 
monitoring by flow cytometry in these patients [124, 125, 
217, 219, 221, 222]. In MOGAD, however, few relapses 
are connected to memory B cell reappearance, so their 
monitoring does not seem to be consistently helpful [124]. 
Furthermore, relapses in MOGAD can occur in several 
cases under complete B cell depletion [146].

Overall, it is conceivable that monitoring transitional/
regulatory B cells pre- and post-treatment along with mem-
ory B cells could provide a comprehensive way for evalu-
ating efficacious therapy. In addition, genetic markers such 
as FcγRIIIA polymorphisms in anti-MAG neuropathy and 
FCGR3A polymorphisms in NMO or generally studying the 
B cell receptor repertoire may prove to be of value [133, 223, 
224]. 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. In IgG4 neu-
rological diseases, the depletion or reappearance of the noted 
pathogenic IgG4 antibodies—not the total IgG4 level—seems 
to be an easy, highly promising, biomarker as proposed [214].

The New Era of B Cell‑Biological 
Therapeutics

Novel therapies that specifically target elements of the 
immune system, B cells, T cells, and various receptors have 
revolutionized the field of immunotherapies constituting 
a paradigm shift from previous generation therapies that 
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suppressed or modulated the immune system indiscrimi-
nately [200]. These specific therapies, often developed for 
hematological malignancies, have found their niche in the 
effective management of difficult-to-treat neurological dis-
eases. As new data emerge, almost on a daily basis, regard-
ing the pathophysiology of autoimmune neurological dis-
eases, clinicians are becoming increasingly 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, i.e., drugs that eliminate 
more efficiently a particular cell population or that are better 
tolerated and safer, but also to identify specific biomarkers 
informative for selecting and monitoring the most appropri-
ate therapy. In the field of B cell therapeutics, the progress 
made has been impressive with more than 4 drugs already 
approved and others in the offing. Future research should 
focus on drugs that may also target antibody secreting cells, 
drugs that may not affect B regulatory cells, and drugs that 
selectively deplete pathogenic, antigen-specific B cells. 
Anti-B cell agents like obexelimab, a bispecific antibody 
that targets both CD19 and FcγRIIB, are especially attractive 
because they functionally inhibit B cells [214].   Importantly, 
how these indices correlate to clinical improvement on a 
single patient basis will be very useful for the tailor-made 
therapies of precision medicine.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13311- 022- 01196-w.

RequiredAuthor Forms  Disclosure forms provided by the authors are 
availablewith the online version of this article.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Dalakas MC. B cells in the pathophysiology of autoimmune 
neurological disorders: a credible therapeutic target. Pharmacol 
Ther. 2006;112:57–70.

 2. Dalakas MC. Invited article: inhibition of B cell functions: impli-
cations for neurology. Neurology. 2008;70:2252–60.

 3. Dalakas MC. B cells as therapeutic targets in autoimmune neu-
rological disorders. Nat Clin Pract Neurol. 2008;4:557–67.

 4. Hauser SL, Waubant E, Arnold DL, et al. B-cell depletion with 
rituximab in relapsing-remitting multiple sclerosis. N Engl J 
Med. 2008;358:676–88.

 5. Alexopoulos H, Biba A, Dalakas MC. Anti-B-cell therapies in 
autoimmune neurological diseases: rationale and efficacy trials. 
Neurotherapeutics. 2016;13:20–33.

 6. Eibel H, Kraus H, Sic H, et al. B cell biology: an overview. Curr 
Allergy Asthma Rep. 2014;14:434.

 7. Meffre E, Casellas R, Nussenzweig MC. Antibody regulation of 
B cell development. Nat Immunol. 2000;1:379–85.

 8. Pieper K, Grimbacher B, Eibel H. B-cell biology and develop-
ment. J Allergy Clin Immunol. 2013;131:959–71.

 9. Wardemann H. Predominant autoantibody production by early 
human B cell precursors. Science. 2003;301:1374–7.

 10. Weinstein E, Peeva E, Putterman C, et al. B-cell biology. Rheum 
Dis Clin North Am. 2004;30:159–74.

 11. Kitano M, Moriyama S, Ando Y, et al. Bcl6 protein expression 
shapes pre-germinal center B cell dynamics and follicular helper 
T cell heterogeneity. Immunity. 2011;34:961–72.

 12. O’Connor BP, Vogel LA, Zhang W, et al. Imprinting the fate of 
antigen-reactive B cells through the affinity of the B cell receptor. 
J Immunol. 2006;177:7723–32.

 13. Kurosaki T, Kometani K, Ise W. Memory B cells. Nat Rev Immu-
nol. 2015;15:149–59.

 14. Nutt SL, Hodgkin PD, Tarlinton DM, et al. The generation of antibody-
secreting plasma cells. Nat Rev Immunol. 2015;15:160–71.

 15. Lebrun C, Bourg V, Bresch S, et al. Therapeutic target of memory 
B cells depletion helps to tailor administration frequency of ritux-
imab in myasthenia gravis. J Neuroimmunol. 2016;298:79–81.

 16. Dalakas MC, Rakocevic G, Salajegheh M, et  al. Placebo-
controlled trial of rituximab in IgM anti-myelin-associated 
glycoprotein antibody demyelinating neuropathy. Ann Neurol. 
2009;65:286–93.

 17. Colliou N, Picard D, Caillot F, et al. Long-term remissions of 
severe pemphigus after rituximab therapy are associated with 
prolonged failure of desmoglein B cell response. Sci Transl 
Med. 2013;5:175ra30.

 18. Anolik JH, Barnard J, Owen T, et al. Delayed memory B cell 
recovery in peripheral blood and lymphoid tissue in systemic 
lupus erythematosus after B cell depletion therapy. Arthritis 
Rheum. 2007;56:3044–56.

 19. Dass S, Rawstron AC, Vital EM, et al. Highly sensitive B cell 
analysis predicts response to rituximab therapy in rheumatoid 
arthritis. Arthritis Rheum. 2008;58:2993–9.

 20. Palanichamy A, Barnard J, Zheng B, et al. Novel human transi-
tional B cell populations revealed by B cell depletion therapy. 
J Immunol. 2009;182:5982–93.

 21. Roll P, Dorner T, Tony HP. Anti-CD20 therapy in patients 
with rheumatoid arthritis: predictors of response and B cell 
subset regeneration after repeated treatment. Arthritis Rheum. 
2008;58:1566–75.

 22. Lee DSW, Rojas OL, Gommerman JL. B cell depletion 
therapies in autoimmune disease: advances and mechanistic 
insights. Nat Rev Drug Discov. 2021;20:179–99.

 23. Moore PA, Belvedere O, Orr A, et al. BLyS: member of the 
tumor necrosis factor family and B lymphocyte stimulator. Sci-
ence. 1999;285:260–3.

 24. Schneider P, MacKay F, Steiner V, et al. BAFF, a novel ligand 
of the tumor necrosis factor family, stimulates B cell growth. 
J Exp Med. 1999;189:1747–56.

 25. Hahne M, Kataoka T, Schroter M, et al. APRIL, a new ligand 
of the tumor necrosis factor family, stimulates tumor cell 
growth. J Exp Med. 1998;188:1185–90.

 26. Cachero TG, Schwartz IM, Qian F, et al. Formation of virus-
like clusters is an intrinsic property of the tumor necrosis factor 

704 P. Stathopoulos, M. C. Dalakas

https://doi.org/10.1007/s13311-022-01196-w
http://creativecommons.org/licenses/by/4.0/


1 3

family member BAFF (B cell activating factor). Biochemistry. 
2006;45:2006–13.

 27. Liu Y, Xu L, Opalka N, et al. Crystal structure of sTALL-1 reveals a 
virus-like assembly of TNF family ligands. Cell. 2002;108:383–94.

 28. Lavie F, Miceli-Richard C, Ittah M, et al. B-cell activating 
factor of the tumour necrosis factor family expression in blood 
monocytes and T cells from patients with primary Sjogren’s 
syndrome. Scand J Immunol. 2008;67:185–92.

 29. Moreaux J, Legouffe E, Jourdan E, et al. BAFF and APRIL 
protect myeloma cells from apoptosis induced by interleukin 
6 deprivation and dexamethasone. Blood. 2004;103:3148–57.

 30. Suzuki K, Setoyama Y, Yoshimoto K, et al. Effect of interleukin-2 
on synthesis of B cell activating factor belonging to the tumor 
necrosis factor family (BAFF) in human peripheral blood mono-
nuclear cells. Cytokine. 2008;44:44–8.

 31. Bossen C, Cachero TG, Tardivel A, et al. TACI, unlike BAFF-
R, is solely activated by oligomeric BAFF and APRIL to sup-
port survival of activated B cells and plasmablasts. Blood. 
2008;111:1004–12.

 32. Day ES, Cachero TG, Qian F, et al. Selectivity of BAFF/BLyS 
and APRIL for binding to the TNF family receptors BAFFR/
BR3 and BCMA. Biochemistry. 2005;44:1919–31.

 33. Zhang L, Zheng S, Wu H, et al. Identification of BLyS (B 
lymphocyte stimulator), a non-myelin-associated protein, as a 
functional ligand for Nogo-66 receptor. The Journal of neuro-
science : the official journal of the Society for Neuroscience. 
2009;29:6348–52.

 34. Ingold K, Zumsteg A, Tardivel A, et al. Identification of pro-
teoglycans as the APRIL-specific binding partners. J Exp Med. 
2005;201:1375–83.

 35. Mihalcik SA, Huddleston PM, Wu X, et al. The structure of the 
TNFRSF13C promoter enables differential expression of BAFF-
R during B cell ontogeny and terminal differentiation. J Immu-
nol. 2010;185:1045–54.

 36. Yan M, Brady JR, Chan B, et al. Identification of a novel recep-
tor for B lymphocyte stimulator that is mutated in a mouse 
strain with severe B cell deficiency. Current biology : CB. 
2001;11:1547–52.

 37. Lougaris V, Gallizzi R, Vitali M, et al. A novel compound het-
erozygous TACI mutation in an autosomal recessive common 
variable immunodeficiency (CVID) family. Hum Immunol. 
2012;73:836–9.

 38. O’Connor BP, Raman VS, Erickson LD, et al. BCMA is essential 
for the survival of long-lived bone marrow plasma cells. J Exp 
Med. 2004;199:91–8.

 39. Martinez-Gallo M, Radigan L, Almejun MB, et  al. TACI 
mutations and impaired B-cell function in subjects with 
CVID and healthy heterozygotes. J Allergy Clin Immunol. 
2013;131:468–76.

 40. Laurent SA, Hoffmann FS, Kuhn P-H, et al. γ-secretase directly 
sheds the survival receptor BCMA from plasma cells. Nat Com-
mun. 2015;6:7333.

 41. Hoffmann FS, Kuhn P-H, Laurent SA, et al. The immunoregula-
tor soluble TACI Is released by ADAM10 and reflects B cell 
activation in autoimmunity. J.I. 2015;194:542–552.

 42. Yanaba K, Bouaziz J-D, Haas KM, et al. A regulatory B cell 
subset with a unique CD1dhiCD5+ phenotype controls T cell-
dependent inflammatory responses. Immunity. 2008;28:639–50.

 43. Rosser EC, Mauri C. Regulatory B cells: origin, phenotype, and 
function. Immunity. 2015;42:607–12.

 44. van de Veen W, Stanic B, Yaman G, et al. IgG4 production is 
confined to human IL-10-producing regulatory B cells that sup-
press antigen-specific immune responses. J Allergy Clin Immu-
nol. 2013;131:1204–12.

 45. Mauri C, Menon M. The expanding family of regulatory B cells. 
Int Immunol. 2015.

 46. Jeannin P, Lecoanet S, Delneste Y, et al. IgE versus IgG4 pro-
duction can be differentially regulated by IL-10. J Immunol. 
1998;160:3555–61.

 47. Duddy M, Niino M, Adatia F, et al. Distinct effector cytokine 
profiles of memory and naive human B cell subsets and implica-
tion in multiple sclerosis. J Immunol. 2007;178:6092–9.

 48. Iwata Y, Matsushita T, Horikawa M, et al. Characterization of 
a rare IL-10–competent B-cell subset in humans that parallels 
mouse regulatory B10 cells. Blood. 2011;117:530–41.

 49. Shen P, Roch T, Lampropoulou V, et al. IL-35-producing B cells 
are critical regulators of immunity during autoimmune and infec-
tious diseases. Nature. 2014;507:366–70.

 50. Rojas OL, Pröbstel A-K, Porfilio EA, et al. Recirculating intes-
tinal IgA-producing cells regulate neuroinflammation via IL-10. 
Cell. 2019;176:610-624.e18.

 51. Li R, Rezk A, Miyazaki Y, et al. Proinflammatory GM-CSF–
producing B cells in multiple sclerosis and B cell depletion 
therapy. Sci Transl Med. 2015;7.

 52. Miyagaki T, Fujimoto M, Sato S, Regulatory B cells in human 
inflammatory and autoimmune diseases: from mouse models to 
clinical research. Int Immunol. 2015.

 53. Tussiwand R, Bosco N, Ceredig R, et  al. Tolerance check-
points in B-cell development: Johnny B good. Eur J Immunol. 
2009;39:2317–24.

 54. Brändle SM, Obermeier B, Senel M, et al. Distinct oligoclonal 
band antibodies in multiple sclerosis recognize ubiquitous self-
proteins. Proc Natl Acad Sci USA. 2016;113:7864–9.

 55. Obermeier B, Mentele R, Malotka J, et al. Matching of oligo-
clonal immunoglobulin transcriptomes and proteomes of cer-
ebrospinal fluid in multiple sclerosis. Nat Med. 2008;14:688–93.

 56. Villar LM, Casanova B, Ouamara N, et al. Immunoglobulin 
M oligoclonal bands: biomarker of targetable inflammation in 
primary progressive multiple sclerosis: IgM Oligoclonal Bands 
in PPMS. Ann Neurol. 2014;76:231–40.

 57. Serafini B, Rosicarelli B, Magliozzi R, et  al. Detection of 
ectopic B-cell follicles with germinal centers in the menin-
ges of patients with secondary progressive multiple sclerosis. 
Brain Pathol. 2004;14:164–74.

 58. Lucchinetti C, Brück W, Parisi J, et al. Heterogeneity of mul-
tiple sclerosis lesions: implications for the pathogenesis of 
demyelination. Ann Neurol. 2000;47:707–17.

 59. Barnett MH, Parratt JDE, Cho E-S, et al. Immunoglobulins 
and complement in postmortem multiple sclerosis tissue. Ann 
Neurol. 2009;65:32–46.

 60. Kap YS, van Driel N, Blezer E, et al. Late B cell depletion with 
a human anti-human CD20 IgG1κ monoclonal antibody halts 
the development of experimental autoimmune encephalomy-
elitis in marmosets. J.I. 2010;185:3990–4003.

 61. Cepok S, Rosche B, Grummel V, et al. Short-lived plasma 
blasts are the main B cell effector subset during the course of 
multiple sclerosis. Brain. 2005;128:1667–76.

 62. Willis SN, Stathopoulos P, Chastre A, et al.  Investigating 
the antigen specificity of multiple sclerosis central nervous 
system-derived immunoglobulins. Front Immunol. 2015;6.

 63. Stern JNH, Yaari G, Vander Heiden JA, et al. B cells pop-
ulating the multiple sclerosis brain mature in the drain-
ing cervical lymph nodes. Science Translational Medicine 
2014;6:248ra107–248ra107.

 64. Palanichamy A, Apeltsin L, Kuo TC, et al. Immunoglobulin 
class-switched B cells form an active immune axis between 
CNS and periphery in multiple sclerosis. Sci Transl Med. 
2014;6.

 65. Harp CT, Ireland S, Davis LS, et al. Memory B cells from a 
subset of treatment-naive relapsing-remitting multiple sclero-
sis patients elicit CD4(+) T-cell proliferation and IFN-gamma 

705Evolution of Anti-B Cell Therapeutics in Autoimmune Neurological Diseases



1 3

production in response to myelin basic protein and myelin oli-
godendrocyte glycoprotein. Eur J Immunol. 2010;40:2942–56.

 66. Niino M, Hirotani M, Miyazaki Y, et al. Memory and naive 
B-cell subsets in patients with multiple sclerosis. Neurosci Lett. 
2009;464:74–8.

 67. Knippenberg S, Peelen E, Smolders J, et al. Reduction in IL-10 
producing B cells (Breg) in multiple sclerosis is accompanied by 
a reduced naïve/memory Breg ratio during a relapse but not in 
remission. J Neuroimmunol. 2011;239:80–6.

 68. Michel L, Chesneau M, Manceau P, et al. Unaltered regulatory 
B-cell frequency and function in patients with multiple sclerosis. 
Clin Immunol. 2014;155:198–208.

 69. Hirotani M, Niino M, Fukazawa T, et al. Decreased IL-10 pro-
duction mediated by Toll-like receptor 9 in B cells in multiple 
sclerosis. J Neuroimmunol. 2010;221:95–100.

 70. Guerrier T, Labalette M, Launay D, et al. Proinflammatory B-cell 
profile in the early phases of MS predicts an active disease. Neu-
rol Neuroimmunol Neuroinflamm. 2018;5:e431.

 71. Bar-Or A, Fawaz L, Fan B, et al. Abnormal B-cell cytokine 
responses a trigger of T-cell-mediated disease in MS? Ann Neu-
rol. 2010;67:452–61.

 72. Wang H, Wang K, Zhong X, et al. Cerebrospinal fluid BAFF 
and APRIL levels in neuromyelitis optica and multiple sclerosis 
patients during relapse. J Clin Immunol. 2012;32:1007–11.

 73. Puthenparampil M, Federle L, Miante S, et al. BAFF Index and 
CXCL13 levels in the cerebrospinal fluid associate respectively 
with intrathecal IgG synthesis and cortical atrophy in multiple 
sclerosis at clinical onset. J Neuroinflammation. 2017;14:11.

 74. Braun T, Juenemann M, Dornes K, et al. BAFF serum and CSF 
levels in patients with multiple sclerosis and infectious nervous 
system diseases. Int J Neurosci. 2020;1–6.

 75. Ragheb S, Li Y, Simon K, et al. Multiple sclerosis: BAFF and 
CXCL13 in cerebrospinal fluid. Mult Scler. 2011;17:819–29.

 76. Puthenparampil M, Miante S, Federle L, et al. BAFF is decreased 
in the cerebrospinal fluid of multiple sclerosis at clinical onset. 
J Neuroimmunol. 2016;297:63–7.

 77. Satoh J-I, Onoue H, Arima K, et al. Nogo-A and nogo recep-
tor expression in demyelinating lesions of multiple sclerosis. J 
Neuropathol Exp Neurol. 2005;64:129–38.

 78. Bakhuraysah MM, Theotokis P, Lee JY, et al. B-cells expressing 
NgR1 and NgR3 are localized to EAE-induced inflammatory 
infiltrates and are stimulated by BAFF. Sci Rep. 2021;11:2890.

 79. Kurihara Y, Iketani M, Ito H, et al. LOTUS suppresses axon 
growth inhibition by blocking interaction between Nogo 
receptor-1 and all four types of its ligand. Mol Cell Neurosci. 
2014;61:211–8.

 80. Palanichamy A, Jahn S, Nickles D, et al. Rituximab efficiently 
depletes increased CD20-expressing T cells in multiple sclerosis 
patients. J.I. 2014;193:580–586.

 81. Schuh E, Berer K, Mulazzani M, et al. Features of human CD3 
+ CD20 + T cells. J.I. 2016;197:1111–1117.

 82. Sabatino JJ, Wilson MR, Calabresi PA, et al. Anti-CD20 therapy 
depletes activated myelin-specific CD8 + T cells in multiple scle-
rosis. Proc Natl Acad Sci USA. 2019;116:25800–7.

 83. Monson NL, Cravens PD, Frohman EM, et al. Effect of rituxi-
mab on the peripheral blood and cerebrospinal fluid B cells in 
patients with primary progressive multiple sclerosis. Arch Neu-
rol. 2005;62:258–64.

 84. Piccio L, Naismith RT, Trinkaus K, et al. Changes in B- and 
T-lymphocyte and chemokine levels with rituximab treatment 
in multiple sclerosis. Arch Neurol. 2010;67.

 85. Ramwadhdoebe TH, van Baarsen LGM, Boumans MJH, et al. 
Effect of rituximab treatment on T and B cell subsets in lymph 
node biopsies of patients with rheumatoid arthritis. Rheumatol-
ogy. 2019;58:1075–85.

 86. Petereit H, Rubbert-Roth A. Rituximab levels in cerebrospinal 
fluid of patients with neurological autoimmune disorders. Mult 
Scler. 2009;15:189–92.

 87. Bar-Or A, Calabresi PA, Arnold D, et al. Rituximab in relapsing-
remitting multiple sclerosis: a 72-week, open-label, phase I trial. 
Ann Neurol. 2008;63:395–400.

 88. Hawker K, O’Connor P, Freedman MS, et  al. Rituximab in 
patients with primary progressive multiple sclerosis: results of 
a randomized double-blind placebo-controlled multicenter trial. 
Ann Neurol. 2009;66:460–71.

 89. Hauser SL, Bar-Or A, Comi G, et al. Ocrelizumab versus inter-
feron Beta-1a in relapsing multiple sclerosis. N Engl J Med. 
2017;376:221–34.

 90. Montalban X, Hauser SL, Kappos L, et al. Ocrelizumab versus 
placebo in primary progressive multiple sclerosis. N Engl J Med. 
2017;376:209–20.

 91. Fox E, Lovett-Racke AE, Gormley M, et al. A phase 2 multi-
center study of ublituximab, a novel glycoengineered anti-CD20 
monoclonal antibody, in patients with relapsing forms of multiple 
sclerosis. Mult Scler. 2021;27:420–9.

 92. Hauser SL, Bar-Or A, Cohen JA, et al. Ofatumumab versus terif-
lunomide in multiple sclerosis. N Engl J Med. 2020;383:546–57.

 93. Luna G, Alping P, Burman J, et  al. Infection risks among 
patients with multiple sclerosis treated with fingolimod, natali-
zumab, rituximab, and injectable therapies. JAMA Neurol. 
2020;77:184–91.

 94. Hauser SL, Kappos L, Montalban X, et al. Safety of ocreli-
zumab in patients with relapsing and primary progressive mul-
tiple sclerosis. Neurology. 2021. https:// doi. org/ 10. 1212/ WNL. 
00000 00000 012700.

 95. Juto A, Fink K, Al Nimer F, et  al.  Interrupting rituximab 
treatment in relapsing-remitting multiple sclerosis; no evi-
dence of rebound disease activity. Mult Scler Relat Disord. 
2020;37:101468.

 96. Studer V, Rossi S, Motta C, et al. Peripheral B cell deple-
tion and central proinflammatory cytokine reduction following 
repeated intrathecal administration of rituximab in progressive 
Multiple Sclerosis. J Neuroimmunol. 2014;276:229–31.

 97. Nielsen AS, Miravalle A, Langer-Gould A, et al. Maximally 
tolerated versus minimally effective dose: the case of rituximab 
in multiple sclerosis. Mult Scler. 2012;18:377–8.

 98. Edwards JCW, Szczepanski L, Szechinski J, et al. Efficacy of 
B-cell-targeted therapy with rituximab in patients with rheu-
matoid arthritis. N Engl J Med. 2004;350:2572–81.

 99. Diaz-Manera J, Martinez-Hernandez E, Querol L, et al. Long-
lasting treatment effect of rituximab in MuSK myasthenia. 
Neurology. 2012;78:189–93.

 100. Barra ME, Soni D, Vo KH, et al. Experience with long-term 
rituximab use in a multiple sclerosis clinic. Multiple Scle-
rosis Journal - Experimental, Translational and Clinical. 
2016;2:205521731667210.

 101. Honce JM, Nair KV, Sillau S, et al. Rituximab vs placebo 
induction prior to glatiramer acetate monotherapy in multiple 
sclerosis. Neurology. 2019;92:e723–32.

 102. Schwake C, Gold R. Severe pneumonia with formation of a 
pulmonary cavity associated with long-term rituximab therapy 
in multiple sclerosis. Neurol Res Pract. 2020;2:30.

 103. van VOLLENHOVEN RF, Emery P, Bingham CO, et  al. 
Longterm safety of patients receiving rituximab in rheumatoid 
arthritis clinical trials. J Rheumatol. 2010;37:558–67.

 104. Keystone E, Fleischmann R, Emery P, et al. Safety and efficacy 
of additional courses of rituximab in patients with active rheu-
matoid arthritis: an open-label extension analysis. Arthritis 
Rheum. 2007;56:3896–908.

706 P. Stathopoulos, M. C. Dalakas

https://doi.org/10.1212/WNL.0000000000012700
https://doi.org/10.1212/WNL.0000000000012700


1 3

 105. Agius MA, Klodowska-Duda G, Maciejowski M, et al. Safety 
and tolerability of inebilizumab (MEDI-551), an anti-CD19 
monoclonal antibody, in patients with relapsing forms of mul-
tiple sclerosis: results from a phase 1 randomised, placebo-
controlled, escalating intravenous and subcutaneous dose 
study. Mult Scler. 2019;25:235–45.

 106. Montalban X, Arnold DL, Weber MS, et al. Placebo-controlled 
trial of an oral BTK inhibitor in multiple sclerosis. N Engl J 
Med. 2019;380:2406–17.

 107. Reich DS, Arnold DL, Vermersch P, et al. Safety and effi-
cacy of tolebrutinib, an oral brain-penetrant BTK inhibi-
tor, in relapsing multiple sclerosis: a phase 2b, randomised, 
double-blind, placebo-controlled trial. The Lancet Neurology. 
2021;20:729–38.

 108. Kappos L, Hartung H-P, Freedman MS, et al. Atacicept in multi-
ple sclerosis (ATAMS): a randomised, placebo-controlled, double-
blind, phase 2 trial. The Lancet Neurology. 2014;13:353–63.

 109. Lühder F, Gold R. Trial and error in clinical studies: lessons from 
ATAMS. The Lancet Neurology. 2014;13:340–1.

 110. Isenberg D, Gordon C, Licu D, et al. Efficacy and safety of ataci-
cept for prevention of flares in patients with moderate-to-severe 
systemic lupus erythematosus (SLE): 52-week data (APRIL-SLE 
randomised trial). Ann Rheum Dis. 2015;74:2006–15.

 111. Jarius S, Franciotta D, Paul F, et al. Cerebrospinal fluid antibod-
ies to aquaporin-4 in neuromyelitis optica and related disorders: 
frequency, origin, and diagnostic relevance. J Neuroinflamma-
tion. 2010;7:52.

 112. Stathopoulos P, Chastre A, Waters P, et  al. Autoantibodies 
against neurologic antigens in nonneurologic autoimmunity. J.I. 
2019;202:2210–2219.

 113. Hillebrand S, Schanda K, Nigritinou M, et  al. Circulating 
AQP4-specific auto-antibodies alone can induce neuromy-
elitis optica spectrum disorder in the rat. Acta Neuropathol. 
2019;137:467–85.

 114. Bennett JL, Lam C, Kalluri SR, et al. Intrathecal pathogenic 
anti-aquaporin-4 antibodies in early neuromyelitis optica. Ann 
Neurol. 2009;66:617–29.

 115. Kowarik MC, Astling D, Gasperi C, et al. CNS Aquaporin-
4-specific B cells connect with multiple B-cell compartments 
in neuromyelitis optica spectrum disorder. Ann Clin Transl 
Neurol. 2017;4:369–80.

 116. Ayzenberg I, Kleiter I, Schröder A, et al. Interleukin 6 receptor 
blockade in patients with neuromyelitis optica nonresponsive 
to anti-CD20 therapy. JAMA Neurol. 2013;70:394–7.

 117. Almekhlafi MA, Clark AW, Lucchinetti CF, et al. Neuromyeli-
tis optica with extensive active brain involvement: an autopsy 
study. Arch Neurol. 2011;68:508–12.

 118. Chihara N, Aranami T, Sato W, et al. Interleukin 6 signaling 
promotes anti-aquaporin 4 autoantibody production from plas-
mablasts in neuromyelitis optica. Proc Natl Acad Sci U S A. 
2011;108:3701–6.

 119. Uchida T, Mori M, Uzawa A, et al. Increased cerebrospinal 
fluid metalloproteinase-2 and interleukin-6 are associated with 
albumin quotient in neuromyelitis optica: their possible role on 
blood–brain barrier disruption. Mult Scler. 2017;23:1072–84.

 120. Kimura A, Takemura M, Saito K, et al. Increased cerebrospi-
nal fluid progranulin correlates with interleukin-6 in the acute 
phase of neuromyelitis optica spectrum disorder. J Neuroim-
munol. 2017;305:175–81.

 121. Uzawa A, Mori M, Masuda H, et al. Interleukin-6 analysis 
of 572 consecutive CSF samples from neurological disor-
ders: a special focus on neuromyelitis optica. Clin Chim Acta. 
2017;469:144–9.

 122. Vaknin-Dembinsky A, Brill L, Orpaz N, et  al. Preferential 
increase of B-cell activating factor in the cerebrospinal fluid 

of neuromyelitis optica in a white population. Mult Scler. 
2010;16:1453–7.

 123. Quan C, Yu H, Qiao J, et al. Impaired regulatory function and 
enhanced intrathecal activation of B cells in neuromyelitis optica: 
distinct from multiple sclerosis. Mult Scler. 2013;19:289–98.

 124. Durozard P, Rico A, Boutiere C, et  al. Comparison of the 
response to rituximab between myelin oligodendrocyte gly-
coprotein and aquaporin-4 antibody diseases. Ann Neurol. 
2020;87:256–66.

 125. Radaelli M, Moiola L, Sangalli F, et al. Neuromyelitis optica 
spectrum disorders: long-term safety and efficacy of rituximab 
in Caucasian patients. Mult Scler. 2015.

 126. Bedi GS, Brown AD, Delgado SR, et al. Impact of rituximab on 
relapse rate and disability in neuromyelitis optica. Mult Scler. 
2011;17:1225–30.

 127. Cree B, a. C, Lamb S, Morgan K, et al. An open label study 
of the effects of rituximab in neuromyelitis optica. Neurology. 
2005;64:1270–2.

 128. Ip VH, Lau AY, Au LW, et al. Rituximab reduces attacks in 
Chinese patients with neuromyelitis optica spectrum disorders. 
J Neurol Sci. 2013;324:38–9.

 129. Jacob A, Weinshenker BG, Violich I, et al. Treatment of neu-
romyelitis optica with rituximab: retrospective analysis of 25 
patients. Arch Neurol. 2008;65:1443–8.

 130. Mahmood NA, Silver K, Onel K, et al. Efficacy and safety of 
rituximab in pediatric neuromyelitis optica. J Child Neurol. 
2011;26:244–7.

 131. Zografou C, Vakrakou AG, Stathopoulos P. Short- and long-lived 
autoantibody-secreting cells in autoimmune neurological disor-
ders. Front Immunol. 2021;12:686466.

 132. Gredler V, Mader S, Schanda K, et al. Clinical and immunologi-
cal follow-up of B-cell depleting therapy in CNS demyelinating 
diseases. J Neurol Sci. 2013;328:77–82.

 133. Kim S-H, Jeong IH, Hyun J-W, et al. Treatment outcomes with 
rituximab in 100 patients with neuromyelitis optica: influence of 
FCGR3A polymorphisms on the therapeutic response to rituxi-
mab. JAMA Neurol. 2015;72:989.

 134. Saadoun S, Waters P, Bell BA, et al. Intra-cerebral injection 
of neuromyelitis optica immunoglobulin G and human com-
plement produces neuromyelitis optica lesions in mice. Brain. 
2010;133:349–61.

 135. Pittock SJ, Berthele A, Fujihara K, et al. Eculizumab in aqua-
porin-4–positive neuromyelitis optica spectrum disorder. N Engl 
J Med. 2019;381:614–25.

 136. Cree BAC, Bennett JL, Kim HJ, et al. Inebilizumab for the treat-
ment of neuromyelitis optica spectrum disorder (N-MOmentum): 
a double-blind, randomised placebo-controlled phase 2/3 trial. 
The Lancet. 2019;394:1352–63.

 137. Traboulsee A, Greenberg BM, Bennett JL, et al. Safety and effi-
cacy of satralizumab monotherapy in neuromyelitis optica spec-
trum disorder: a randomised, double-blind, multicentre, placebo-
controlled phase 3 trial. The Lancet Neurology. 2020;19:402–12.

 138. Ringelstein M, Ayzenberg I, Harmel J, et al. Long-term therapy 
with interleukin 6 receptor blockade in highly active neuromy-
elitis optica spectrum disorder. JAMA Neurol. 2015;72:756.

 139. Rigal J, Pugnet G, Ciron J, et al. Off-label use of tocilizumab in neu-
romyelitis optica spectrum disorders and MOG-antibody-associated 
diseases: a case-series. Mult Scler Relat Disord. 2020;46:102483.

 140. Zhang C, Tian D-C, Yang C-S, et al. Safety and efficacy of bort-
ezomib in patients with highly relapsing neuromyelitis optica 
spectrum disorder. JAMA Neurol. 2017;74:1010.

 141. Kitley J, Waters P, Woodhall M, et al. Neuromyelitis optica spec-
trum disorders with aquaporin-4 and myelin-oligodendrocyte 
glycoprotein antibodies: a comparative study. JAMA Neurol. 
2014;71:276.

707Evolution of Anti-B Cell Therapeutics in Autoimmune Neurological Diseases



1 3

 142. Spadaro M, Winklmeier S, Beltrán E, et al. Pathogenicity of 
human antibodies against myelin oligodendrocyte glycoprotein: 
MOG antibody pathogenicity. Ann Neurol. 2018;84:315–28.

 143. Horellou P, Wang M, Keo V, et al. Increased interleukin-6 cor-
relates with myelin oligodendrocyte glycoprotein antibodies in 
pediatric monophasic demyelinating diseases and multiple scle-
rosis. J Neuroimmunol. 2015;289:1–7.

 144. Kothur K, Wienholt L, Tantsis EM, et al. B Cell, Th17, and 
neutrophil related cerebrospinal fluid cytokine/chemokines are 
elevated in MOG antibody associated demyelination. PLoS One. 
2016;11:e0149411. [Meinl E, editor].

 145. in cooperation with the Neuromyelitis Optica Study Group 
(NEMOS), Jarius S, Ruprecht K, et al. MOG-IgG in NMO and 
related disorders: a multicenter study of 50 patients. Part 2: epi-
demiology, clinical presentation, radiological and laboratory 
features, treatment responses, and long-term outcome. J Neuro-
inflammation. 2016;13:280.

 146. Whittam DH, Cobo-Calvo A, Lopez-Chiriboga AS, et al. Treat-
ment of MOG-IgG-associated disorder with rituximab: 
an international study of 121 patients. Mult Scler Relat 
Disord. 2020;44:102251.

 147. Elsbernd PM, Hoffman WR, Carter JL, et  al.  Interleukin-6 
inhibition with tocilizumab for relapsing MOG-IgG associated 
disorder (MOGAD): a case-series and review. Mult Scler Relat 
Disord. 2021;48:102696.

 148. Hacohen Y, Wong YY, Lechner C, et al. Disease course and 
treatment responses in children with relapsing myelin oligoden-
drocyte glycoprotein antibody–associated disease. JAMA Neurol. 
2018;75:478.

 149. Dalmau J, Graus F. Antibody-mediated encephalitis. N Engl J 
Med. 2018;378;840–851. [Ropper AH, editor].

 150. Kreye J, Wenke NK, Chayka M, et al. Human cerebrospinal 
fluid monoclonal N -methyl-D-aspartate receptor autoan-
tibodies are sufficient for encephalitis pathogenesis. Brain. 
2016;139:2641–52.

 151. Dalmau J, Armangué T, Planagumà J, et  al. An update on 
anti-NMDA receptor encephalitis for neurologists and psy-
chiatrists: mechanisms and models. The Lancet Neurology. 
2019;18:1045–57.

 152. Kornau H-C, Kreye J, Stumpf A, et al. Human cerebrospinal fluid 
monoclonal LGI1 autoantibodies increase neuronal excitability. 
Ann Neurol. 2020;87:405–18.

 153. Kong S-S, Chen Y-J, Su I-C, et al. Immunotherapy for anti-
NMDA receptor encephalitis: experience from a single center in 
Taiwan. Pediatr Neonatol. 2019;60:417–22.

 154. Dou X, Li D, Wu Y, et al. Efficacy and safety of rituximab in Chi-
nese children with refractory anti-NMDAR encephalitis. Front 
Neurol. 2020;11:606923.

 155. Lee W-J, Lee S-T, Shin Y-W, et al. Teratoma removal, steroid, 
IVIG, rituximab and tocilizumab (T-SIRT) in anti-NMDAR 
encephalitis. Neurotherapeutics. 2020.

 156. Lee W-J, Lee S-T, Byun J-I, et al. Rituximab treatment for auto-
immune limbic encephalitis in an institutional cohort. Neurology. 
2016;86:1683–91.

 157. Ratuszny D, Skripuletz T, Wegner F, et al. Case report: daratu-
mumab in a patient with severe refractory anti-NMDA receptor 
encephalitis. Front Neurol. 2020;11:602102.

 158. Scheibe F, Ostendorf L, Reincke SM, et al. Daratumumab treat-
ment for therapy-refractory anti-CASPR2 encephalitis. J Neurol. 
2020;267:317–23.

 159. Dalakas MC. Pathogenesis of immune-mediated neuropathies. 
Biochim Biophys Acta. 2015;1852:658–66.

 160. Kusunoki S, Kaida K. Antibodies against ganglioside complexes 
in Guillain-Barre syndrome and related disorders. J Neurochem. 
2011;116:828–32.

 161. Willison HJ, Yuki N. Peripheral neuropathies and anti-glycolipid 
antibodies. Brain : a journal of neurology. 2002;125:2591–625.

 162. Yuki N, Hartung HP. Guillain-Barre syndrome. N Engl J Med. 
2012;366:2294–304.

 163. Dalakas MC. Advances in the diagnosis, pathogenesis and treat-
ment of CIDP. Nat Rev Neurol. 2011;7:507–17.

 164. Dalakas MC, Engel WK. Immunoglobulin and complement 
deposits in nerves of patients with chronic relapsing polyneu-
ropathy. Arch Neurol. 1980;37:637–40.

 165. Dalakas MC, Houff SA, Engel WK, et  al. CSF ‘monoclo-
nal’ bands in chronic relapsing polyneuropathy. Neurology. 
1980;30:864–7.

 166. Stathopoulos P, Alexopoulos H, Dalakas MC. Autoimmune anti-
genic targets at the node of Ranvier in demyelinating disorders. 
Nat Rev Neurol. 2015;11:143–56.

 167. Manso C, Querol L, Mekaouche M, et al. Contactin-1 IgG4 
antibodies cause paranode dismantling and conduction defects. 
Brain. 2016;139:1700–12.

 168. Manso C, Querol L, Lleixà C, et al. Anti–neurofascin-155 IgG4 
antibodies prevent paranodal complex formation in vivo. J Clin 
Investig. 2019;129:2222–36.

 169. Tackenberg B, Jelcic I, Baerenwaldt A, et al. Impaired inhibitory 
Fcgamma receptor IIB expression on B cells in chronic inflam-
matory demyelinating polyneuropathy. Proc Natl Acad Sci USA. 
2009;106:4788–92.

 170. Monaco S, Bonetti B, Ferrari S, et al. Complement-mediated 
demyelination in patients with IgM monoclonal gammopathy 
and polyneuropathy. N Engl J Med. 1990;322:649–52.

 171. Lombardi R, Erne B, Lauria G, et al. IgM deposits on skin nerves 
in anti-myelin-associated glycoprotein neuropathy. Ann Neurol. 
2005;57:180–7.

 172. Ilyas AA, Gu Y, Dalakas MC, et al. Induction of experimental 
ataxic sensory neuronopathy in cats by immunization with puri-
fied SGPG. J Neuroimmunol. 2008;193:87–93.

 173. Muley SA, Jacobsen B, Parry G, et al. Rituximab in refractory 
chronic inflammatory demyelinating polyneuropathy. Muscle 
Nerve. 2020;61:575–9.

 174. Delmont E, Brodovitch A, Kouton L, et al. Antibodies against 
the node of Ranvier: a real-life evaluation of incidence, clinical 
features and response to treatment based on a prospective analy-
sis of 1500 sera. J Neurol. 2020;267:3664–72.

 175. Querol L, Rojas-García R, Diaz-Manera J, et al. Rituximab in 
treatment-resistant CIDP with antibodies against paranodal pro-
teins. Neurol Neuroimmunol Neuroinflamm. 2015;2:e149.

 176. Campagnolo M, Ferrari S, Dalla Torre C, et al. Polyneuropathy 
with anti-sulfatide and anti-MAG antibodies: clinical, neuro-
physiological, pathological features and response to treatment. J 
Neuroimmunol. 2015;281:1–4.

 177. Leger J-M, Viala K, Nicolas G, et al. Placebo-controlled trial of 
rituximab in IgM anti-myelin-associated glycoprotein neuropa-
thy. Neurology. 2013;80:2217–25.

 178. Svahn J, Petiot P, Antoine J-C, et al. Anti-MAG antibodies in 202 
patients: clinicopathological and therapeutic features. J Neurol 
Neurosurg Psychiatry. 2018;89:499–505.

 179. Maurer MA, Rakocevic G, Leung CS, et al. Rituximab induces 
sustained reduction of pathogenic B cells in patients with 
peripheral nervous system autoimmunity. J Clin Investig. 
2012;122:1393–402.

 180. Rakocevic G, Martinez-Outschoorn U, Dalakas MC. Obinutuzumab, 
a potent anti–B-cell agent, for rituximab-unresponsive IgM anti-MAG 
neuropathy. Neurol Neuroimmunol Neuroinflamm 2018;5:e460.

 181. Briani C, Visentin A, Salvalaggio A, et al. Obinutuzumab, a new 
anti-CD20 antibody, and chlorambucil are active and effective 
in anti-myelin-associated glycoprotein antibody polyneuropathy. 
Eur J Neurol. 2019;26:371–5.

708 P. Stathopoulos, M. C. Dalakas



1 3

 182. Dalakas MC, Li M, Fujii M, et al. Stiff person syndrome: quanti-
fication, specificity, and intrathecal synthesis of GAD65 antibod-
ies. Neurology. 2001;57:780–4.

 183. Dalakas MC, Fujii M, Li M, et al. The clinical spectrum of anti-
GAD antibodypositive patients with stiff-person syndrome. Neu-
rology. 2000;55(10):1531–5.

 184. Carvajal-González A, Leite MI, Waters P, et al. Glycine recep-
tor antibodies in PERM and related syndromes: characteristics, 
clinical features and outcomes. Brain. 2014;137:2178–92.

 185. Rizzi M, Knoth R, Hampe CS, et al. Long-lived plasma cells and 
memory B Cells produce pathogenic anti-GAD65 autoantibodies 
in stiff person syndrome. PLoS One. 2010;5:e10838. [Zimmer J, 
editor].

 186. Thaler FS, Thaller AL, Biljecki M, et al. Abundant glutamic acid 
decarboxylase (GAD)-reactive B cells in gad-antibody-associated 
neurological disorders: GAD-Reactive B Cells. Ann Neurol. 
2019;85:448–54.

 187. Bacorro EA, Tehrani R. Stiff-person syndrome: persistent eleva-
tion of glutamic acid decarboxylase antibodies despite success-
ful treatment with rituximab. Journal of clinical rheumatology : 
practical reports on rheumatic & musculoskeletal diseases. 
2010;16:237–9.

 188. Lobo ME, Araujo ML, Tomaz CA, et al. Stiff-person syndrome 
treated with rituximab. BMJ Case Reports. 2010;2010.

 189. Dalakas MC, Rakocevic G, Dambrosia J, et al. A double-blind, 
placebo-cotrolled study of rituximab in patients with stiff-person 
syndrome (SPS). Ann Neurol. 2017;82(2):271–77.

 190. Zdziarski P. A case of stiff person syndrome: immunomodulatory 
effect of benzodiazepines: successful rituximab and tizanidine 
therapy. Medicine. 2015;94:e954.

 191. Magira EE, Alexopoulos H, Charitatos E, et al. Progressive 
encephalomyelitis with rigidity and myoclonus (PERM): bru-
cellosis as a possible triggering factor and long-term follow-up 
therapy with rituximab. Ther Adv Neurol Disord. 2016;9:69–73.

 192. Lindstrom JM. Acetylcholine receptors and myasthenia. Muscle 
Nerve. 2000;23:453–77.

 193. Hoch W, McConville J, Helms S, et al. Auto-antibodies to the 
receptor tyrosine kinase MuSK in patients with myasthenia gravis 
without acetylcholine receptor antibodies. Nat Med. 2001;7:365–8.

 194. Cao Y, Amezquita RA, Kleinstein SH, et al. Autoreactive T 
cells from patients with myasthenia gravis are characterized by 
elevated IL-17, IFN-γ, and GM-CSF and diminished IL-10 pro-
duction. J.I. 2016;196:2075–2084.

 195. Cohen-Kaminsky S, Delattre RM, Devergne O, et al. High IL-6 
gene expression and production by cultured human thymic epi-
thelial cells from patients with myasthenia gravis. Ann N Y Acad 
Sci. 1993;681:97–9.

 196. Huang D, Pirskanen R, Hjelmstrom P, et al. Polymorphisms in 
IL-1beta and IL-1 receptor antagonist genes are associated with 
myasthenia gravis. J Neuroimmunol. 1998;81:76–81.

 197. Huang YM, Kivisakk P, Ozenci V, et al. Increased levels of cir-
culating acetylcholine receptor (AChR)-reactive IL-10-secreting 
cells are characteristic for myasthenia gravis (MG). Clin Exp 
Immunol. 1999;118:304–8.

 198. Ragheb S, Lisak R, Lewis R, et al. A potential role for B-cell 
activating factor in the pathogenesis of autoimmune myasthenia 
gravis. Arch Neurol. 2008;65:1358–62.

 199. Keung B, Robeson KR, DiCapua DB, et al. Long-term benefit 
of rituximab in MuSK autoantibody myasthenia gravis patients. 
J Neurol Neurosurg Psychiatry. 2013;84:1407–9.

 200. Dalakas MC. Immunotherapy in myasthenia gravis in the era of 
biologics. Nat Rev Neurol. 2019;15:113–24.

 201. Robeson KR, Kumar A, Keung B, et al. Durability of the rituxi-
mab response in acetylcholine receptor autoantibody-positive 
myasthenia gravis. JAMA Neurol. 2017;74:60–6.

 202. Illa I, Diaz-Manera J, Rojas-Garcia R, et al. Sustained response 
to rituximab in anti-AChR and anti-MuSK positive myasthenia 
gravis patients. J Neuroimmunol. 2008;201–202:90–4.

 203. Di Stefano V, Lupica A, Rispoli MG, et al. Rituximab in AChR 
subtype of myasthenia gravis: systematic review. J Neurol Neu-
rosurg Psychiatry. 2020;91:392–5.

 204. Brauner S, Eriksson-Dufva A, Hietala MA, et al. Comparison 
between rituximab treatment for new-onset generalized myasthe-
nia gravis and refractory generalized myasthenia gravis. JAMA 
Neurol. 2020;77:974–81.

 205. Hewett K, Sanders DB, Grove RA, et al. Randomized study of 
adjunctive belimumab in participants with generalized myasthe-
nia gravis. Neurology. 2018;90:e1425–34.

 206. Howard JF, Utsugisawa K, Benatar M, et al. Safety and efficacy 
of eculizumab in anti-acetylcholine receptor antibody-positive 
refractory generalised myasthenia gravis (REGAIN): a phase 3, 
randomised, double-blind, placebo-controlled, multicentre study. 
The Lancet Neurology. 2017;16:976–86.

 207. Dalakas MC, Hohlfeld R. Polymyositis and dermatomyositis. 
Lancet. 2003;362:971–82.

 208. Preuße C, Goebel HH, Held J, et al. Immune-mediated necrotiz-
ing myopathy is characterized by a specific Th1-M1 polarized 
immune profile. Am J Pathol. 2012;181:2161–71.

 209. Dalakas MC. Inflammatory muscle diseases. N Engl J Med. 
2015;372:1734–1747. [Longo DL, editor].

 210. Aggarwal R, Bandos A, Reed AM, et al. Predictors of clinical 
improvement in rituximab-treated refractory adult and juvenile 
dermatomyositis and adult polymyositis. Arthritis Rheumatol. 
2014;66:740–9.

 211. Chung L, Genovese MC, Fiorentino DF. A pilot trial of rituximab 
in the treatment of patients with dermatomyositis. Arch Derma-
tol. 2007;143:763–7.

 212. Rios Fernandez R, Callejas Rubio JL, Sanchez Cano D, et al. 
Rituximab in the treatment of dermatomyositis and other inflam-
matory myopathies. A report of 4 cases and review of the litera-
ture. Clin Exp Rheumatol. 2009;27:1009–16.

 213. Oddis CV, Reed AM, Aggarwal R, et al. Rituximab in the treat-
ment of refractory adult and juvenile dermatomyositis and 
adult polymyositis: a randomized, placebo-phase trial. Arthritis 
Rheum. 2013;65:314–24.

 214. Dalakas M. IgG4-mediated neurological autoimmunities: under-
standing pathogenicity of IgG4, ineffectiveness of IVIg and long-
lasting benefits of anti-B cell therapies. Neurol Neuroimmunol 
Neuroinflamm. 2021;9:e1116.

 215. Dalakas MC. Update on intravenous immunoglobulin in neu-
rology: modulating neuro-autoimmunity, evolving factors on 
efficacy and dosing and challenges on stopping chronic IVIg 
therapy. Neurotherapeutics. 2021.

 216. Dunn N, Juto A, Ryner M, et al. Rituximab in multiple sclerosis: 
frequency and clinical relevance of anti-drug antibodies. Mult 
Scler. 2018;24:1224–33.

 217. Kim S-H. Repeated treatment with rituximab based on the 
assessment of peripheral circulating memory B cells in patients 
with relapsing neuromyelitis optica over 2 years. Arch Neurol. 
2011;68:1412.

 218. Stathopoulos P, Kumar A, Nowak RJ, et al. Autoantibody-producing 
plasmablasts after B cell depletion identified in muscle-specific kinase 
myasthenia gravis. JCI Insight. 2017;2:e94263.

 219. Quan C, ZhangBao J, Lu J, et al. The immune balance between 
memory and regulatory B cells in NMO and the changes of the 
balance after methylprednisolone or rituximab therapy. J Neuro-
immunol. 2015;282:45–53.

 220. Chamberlain N, Massad C, Oe T, et al. Rituximab does not reset 
defective early B cell tolerance checkpoints. J Clin Investig. 
2015;126:282–7.

709Evolution of Anti-B Cell Therapeutics in Autoimmune Neurological Diseases



1 3

 221. Kim S-H, Huh S-Y, Lee SJ, et al. A 5-year follow-up of rituximab 
treatment in patients with neuromyelitis optica spectrum disor-
der. JAMA Neurol. 2013;70:1110–7.

 222. Pellkofer HL, Krumbholz M, Berthele A, et  al. Long-term 
follow-up of patients with neuromyelitis optica after repeated 
therapy with rituximab. Neurology. 2011;76:1310–5.

 223. Vander Heiden JA, Stathopoulos P, Zhou JQ, et al. Dysregulation of 
B cell repertoire formation in myasthenia gravis patients revealed 
through deep sequencing. J Immunol. 2017;198:1460–73.

 224. Stork AC, Notermans NC, van den Berg LH, et al. Fcgamma 
receptor IIIA genotype is associated with rituximab response in 
antimyelin-associated glycoprotein neuropathy. J Neurol Neuro-
surg Psychiatry. 2014;85:918–20.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

710 P. Stathopoulos, M. C. Dalakas


	Evolution of Anti-B Cell Therapeutics in Autoimmune Neurological Diseases
	Abstract
	Introduction
	A Personal Historical Perspective on Anti-B Cell Therapy in Neurology
	Principles of B Cell Development and Maturation
	Early Antigen-Independent B Cell Development
	Mature B Cell Development—Follicular B cells
	Memory B Cells: Long-Lived Plasma Cells and Plasmablasts
	CD Markers of B Cells at Various Stages of Maturation Relevant to Anti-B Cell Therapies
	B Cell Trophic Factors: BAFF, APRIL, and Their Receptors
	Regulatory B Cells and B Cell–Related Cytokines

	B Cell Involvement in Neurological Autoimmune Disorders and B Cell–Targeted Therapies
	Multiple Sclerosis
	Evidence of B Cell Involvement

	B Cell–Targeted Therapies in Multiple Sclerosis
	Neuromyelitis Optica
	Evidence of B Cell Involvement
	Anti-B Cell Efficacy

	Myelin Oligodendrocyte Glycoprotein Antibody–Related Disease
	Autoimmune Encephalitis
	Chronic Autoimmune Polyneuropathies
	Stiff-Person Syndrome and Progressive Encephalomyelitis with Rigidity and Myoclonus
	Myasthenia Gravis
	Inflammatory Myopathies
	Autoimmune Neurological Disorders with IgG4 Antibodies

	Biomarkers of Clinical Response to B Cell Depletion Therapies
	The New Era of B Cell-Biological Therapeutics
	RequiredAuthor Forms  
	References


