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Abstract

Growing evidence indicates that B cells play a key role in the pathogenesis of multiple sclerosis (MS). B cells occupy distinct
central nervous system (CNS) compartments in MS, including the cerebrospinal fluid and white matter lesions. Also, it is now
known that, in addition to entering the CNS, B cells can circulate into the periphery via a functional lymphatic system. Data
suggest that the role of B cells in MS mainly involves their in situ activation in demyelinating lesions, leading to altered pro- and
anti-inflammatory cytokine secretion, and a highly effective antigen-presenting cell function, resulting in activation of memory or
naive T cells. Clinically, B cell-depleting agents show significant efficacy in MS. In addition, many disease-modifying therapies
(DMTs) traditionally understood to target T cells are now known to influence B cell number and function. One of the earliest
DMTs to be developed, glatiramer acetate (GA), has been shown to reduce the total frequency of B cells, plasmablasts, and
memory B cells. It also appears to promote a shift toward reduced inflammation by increasing anti-inflammatory cytokine release
and/or reducing pro-inflammatory cytokine release by B cells. In the authors’ opinion, this may be mediated by cross-reactivity
of B cell receptors for GA with antigen (possibly myelin basic protein) expressed in the MS lesion. More research is required
to further characterize the role of B cells and their bidirectional trafficking in the pathogenesis of MS. This may uncover novel
targets for MS treatments and facilitate the development of B cell biomarkers of drug response.

B cells play a key role in the pathogenesis of multiple Multiple sclerosis (MS) is a chronic inflammatory disorder
sclerosis (MS); this likely involves their activation within of the central nervous system (CNS) that is characterized
lesions, leading to altered cytokine secretion and a pre- by demyelination and loss of axons and neurons, leading to
dominant inflammatory environment. acceleration of brain volume loss [1-4]. These pathophysi-

ological changes result in neurological, physical, cognitive,
and psychological impairments [5]. MS is an immune-
mediated disease that predominantly involves the adaptive
immune system, although cells of the innate immune system

The therapeutic effect of glatiramer acetate (GA) appears
to be mediated, in part, by activation of B cells, which
results in a shift toward reduced inflammation.

One possible explanation is that this involves cross- (e.g., natural killer cells, dendritic cells, and astrocytes) are
reactivity of B cell receptors for GA with antigen(s) also implicated [6, 7].
expressed in MS lesions. The key cells of the adaptive immune system are T lym-

phocytes (T cells) and B lymphocytes (B cells). Histori-
cally, T cells have been considered the main drivers in the

>4 Timothy L. Vollmer pathogenesis of MS. This was supported by observations
timothy.vollmer@ucdenver.edu including the higher number of T cells than B cells in MS
1 lesions [8, 9] and the transfer of experimental autoimmune
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model of MS—to naive recipient animals by T cells [10,
11]. However, it is now understood that B cells play a piv-
otal role throughout the course of MS [12]. Most recently,
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robust efficacy in patients with MS [13]. This, in turn, has
prompted a re-examination of the mechanism of action of
disease-modifying therapies (DMTs) traditionally thought
to target T cells [14, 15].

In this review, we provide an overview of the evidence
for the role of B cells in the pathogenesis of MS, and evalu-
ate the preclinical and clinical data implicating B cells in
the mechanism of action of one of the earliest DMTs to be
developed for MS—glatiramer acetate (GA).

2 The Brain and the Immune System
in Multiple Sclerosis (MS)

Historically, the brain was thought to be immunoprivi-
leged, based on its isolation from the immune system by
the blood-brain barrier (BBB), its perceived lack of lym-
phatic drainage, and the immunocompetence of microglia,
an innate immune cell within the CNS [16]. In this context,
MS was viewed as a peripherally driven disease, whereby
peripherally activated immune cells gained access to the
CNS via a compromised BBB [17]. B cells were thought to
mature in the periphery before migrating to the CNS via one
or more cerebrovascular pathways: via the choroid plexus
into the cerebrospinal fluid (CSF) (across the blood—CSF
barrier); via the parenchymal vessels into the perivascular
space (across the BBB); or via the post-capillary venules into
the subarachnoid and Virchow—Robin spaces (also across the
BBB) [18]. The transmigration of B cells across the BBB,
like that of T cells, is thought to be mediated by chemokines
and adhesion molecules [18-20]. Once inside the CNS,
B cells undergo clonal expansion and somatic hypermutation
in ectopic lymphoid follicles, which are generally identified
in the subarachnoid space near the meninges [21-23].
Several observations have since altered these fundamen-
tal concepts. In 2012, it was demonstrated for the first time
that B cell trafficking between the periphery and CNS could
be bidirectional [24]. Three years later, it was reported that
the CNS does have a functional lymphatic system [25, 26].
This transports CSF and lymphocytes mainly into the deep
cervical nodes [26, 27]. Immunohistochemical analyses have
demonstrated that the meningeal lymphatic fluid contains
both B and T cells, indicating that it provides a novel route
for trafficking lymphocytes, including antigen-carrying
B cells [28], out of the CNS [18, 26, 29]. B cell populations
move back into the circulation via the thoracic duct, circulate
to the brain, and then cross the BBB (e.g., via the post-cap-
illary venules), leading to new inflammation that character-
izes MS [18]. These B cells infiltrate the brain parenchyma,
circulate in the CSF, populate ectopic lymphoid follicles in
the subarachnoid space, and transit back to the peripheral
lymphoid compartment [18]. It has also been suggested that
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effector B cells (and T cells) may be ‘imprinted’” with CNS-
specific trafficking programs in the cervical lymph nodes to
allow them to target CNS antigens [27].

Another concept that has evolved in recent years relates
to the site of clonal expansion of B cells. It is now clear
that this can take place in the periphery, CNS, or cervical
lymph nodes [12]. In one study, which examined paired
CNS and cervical lymph node autopsy tissue samples from
five patients with MS, the founding clones and much of the
subsequent maturation appeared to take place in the cervi-
cal lymph nodes [30]. It has been suggested that this could
provide a mechanism for epitope spreading, a phenomenon
whereby the antigenic target of the CNS inflammatory attack
shifts over time as injury exposes additional epitopes [12].

3 The Role of B Cells in MS

Historically, MS has been viewed as an autoimmune con-
dition regulated predominantly by T cells activated in the
periphery, most likely via molecular mimicry or bystander
activation [28]. Thus, the pathophysiology of MS was
thought to involve suppression of regulatory (anti-inflam-
matory) T cells and subsequent expansion of the autoreac-
tive (pro-inflammatory) T helper cell (Th) types Thl and
Th17 [31]. However, evidence for a key role for B cells has
been accumulating over recent years, from both animal and
human studies. This includes the localization of B cells in
specific CNS compartments in MS, including the CSF, and
in post-mortem brain and lesion samples (Table 1).

The most recent evidence for B cell involvement has
been generated by clinical trials of B cell-depleting thera-
pies (rituximab, ocrelizumab, and ofatumumab), which have
shown significant reductions in inflammatory lesions and
clinical endpoints (relapses and MS-related disability in
relapsing-remitting MS [RRMS] and disability progression
in primary-progressive MS [PPMS]) [13, 17]. Although it
has been shown that a subset of T cells express CD20, and
that anti-CD20 therapies deplete this subset [45-47], such
T cells constitute only 3-5% of circulating T cells in humans
[48] and any therapeutic effects of their depletion has yet to
be determined [49].

As a consequence of the results of studies of B cell-
depleting therapies, the mechanism of action of more estab-
lished DMTs thought to target T cells has been re-evaluated
in light of the emerging importance of B cells in the patho-
genesis of MS [14, 15, 17]. Indeed, a number of DMTs,
including alemtuzumab [50], daclizumab [51], fingolimod
[52, 53], dimethyl fumarate [54], cladribine [55], and GA
(see Sect. 4), have now been shown to exert an effect on
B cells.

B cells have a number of functions within the immune
system that could contribute to the tissue damage that



Glatiramer Acetate and B Cells in Multiple Sclerosis

1041

Table 1 Evidence supporting the role of B cells in the pathogenesis of multiple sclerosis

Biological data

Oligoclonal bands are present in the CSF of >90% of patients with MS throughout the disease stages [12, 32]

Brain-reactive B cells have been identified in the blood of some patients with MS [33, 34]; patients who display brain-reactive B cell responses
both directly ex vivo and after polyclonal stimulation have a higher risk of subsequent relapses [33]

Gene expression data show that peripheral B cells are activated in the blood of patients in the early stage of acute optic neuritis, a common

manifestation of MS [35]

B cell populations from some patients with MS include antigen autoreactive B cells that can stimulate T cell proliferation via antigen presenta-

tion [17, 36]

B cell epitope spreading contributes to disease development and progression in experimental autoimmune encephalomyelitis [37]

Pathological data

B cells persist in the inflamed CNS in MS and occupy distinct CNS compartments, including the CSF and white matter lesions, and among

meningeal immune cell collections [12]

Immunoglobulin and activated complement components have been associated with demyelinating lesions in patients with MS [38]
Anti-myelin antibodies have been found within phagocytic cells in lesions of patients with MS [12]
B cell-rich lymphoid follicles have been found in the meninges of some patients (approximately 40-50%) with secondary-progressive MS [39, 40]

Clinical data

Anti-CD20 therapy has been shown to significantly reduce inflammatory lesions and clinical endpoints (relapses in patients with relapsing-
remitting MS and clinical progression in those with primary-progressive MS) [41-44]
Other disease-modifying therapies with proven efficacy in relapsing-remitting MS have retrospectively been shown to have effects on B cells [14]

CNS central nervous system, CSF cerebrospinal fluid, MS multiple sclerosis

characterizes MS. These include antibody production, anti-
gen presentation, cytokine release, and release of factors that
contribute to the formation and/or maintenance of persisting
immune cell aggregates in the meninges (Fig. 1) [12, 17, 56].

3.1 Antibody Production

In autoimmune conditions, autoreactive B cells can be acti-
vated to produce autoantibody-secreting plasmablasts via
both T cell-dependent and T cell-independent pathways [57].
For example, T cell-independent activation of B cells can
be mediated by Toll-like receptors on B cells [58], which
enhances antibody production and other B cell functions,
including antigen presentation and cytokine production [59].
T cell-independent activation of B cells can also be mediated
by B cell-activating factor (BAFF) [60], which is produced
by astrocytes and serum levels of which are elevated in a
number of immune disorders, including MS [58]. Activation
of receptors for BAFF results in the survival of plasmab-
lasts generated from memory B cells by preventing apoptosis
of immunoglobulin (Ig)-secreting cells, leading to a cycle
of continuous antibody-mediated inflammation and tissue
destruction [58, 61, 62].

A role for autoreactive, pathological antibodies in the
pathophysiology of MS has been widely investigated. Cen-
tral to this line of research is the presence of oligoclonal
(Ig) bands in the CSF, a hallmark diagnostic finding in MS
[56]. However, no single specific antigen has been identi-
fied as being recognized by these intrathecal antibodies [63]
and it remains unclear whether they actively contribute to

the pathogenesis of MS [56]. In addition, histopathologi-
cal analysis of demyelinating lesions from patients with MS
show that only a subset contain Ig and activated comple-
ment at sites of active myelin destruction [38, 64]. Further-
more, B cell-depleting agents do not decrease class-switched
antibody-producing plasma cells and, thus, total IgA or
IgG plasma concentrations are not reduced [28, 36, 4143,
65]. This is not surprising as the target of B cell-depleting
agents—CD20—is not present on plasma cells [36, 66].
Finally, rituximab has been reported to have no consistent
effect on IgG concentrations or oligoclonal band numbers
in the CSF of patients with MS [66]. Taken together, these
data indicate that it is unlikely that antibodies secreted from
B cells play a major role in the pathogenesis of MS.

3.2 Antigen Presentation

B cells act as highly efficient antigen-presenting cells
(APCs), provided that antigen is first specifically recog-
nized, internalized, and processed before being presented
to T cells via major histocompatibility complex (MHC) [67].
This leads to activation of T cells [56] and it is plausible
that this contributes to the pathogenesis of MS. Indeed, it
has been shown that memory B cells from some patients
with RRMS elicit CD4+ T cell proliferation in response to
myelin antigens [36], suggesting that memory B cells may
be involved in the pathogenesis of MS. However, disease
activity does not appear to be related to CD4 counts [68].
In addition, anti-thymocyte globulin (an antibody against
human T cells) and therapies targeting CD3 or CD4 have
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Fig. 1 Roles of effector and regulatory B cells in MS. B cells can
modulate inflammation by a presenting antigen to effector T cells
(which produce pro-inflammatory Th cells) or anti-inflammatory
Tregs; b producing antibodies, which stimulate complement activa-
tion when in contact with antigen; and ¢ producing pro-inflammatory
and anti-inflammatory cytokines. In MS, there is a shift in the bal-
ance, with pro-inflammatory effects in the CNS predominating, lead-
ing to demyelination. There is also evidence of ongoing activation
and clonal expansion of B cells in ectopic lymphoid follicles (d) in
the CNS in MS. The mechanism of action of GA is thought to involve
a shift toward reduced inflammation by increasing anti-inflammatory

not proven effective in MS [69-75]. This suggests that the
antigen-presenting activity of peripheral B cells may not be
central to their pathogenic role in MS; instead, they may
proliferate in situ when they come into contact with their
target antigen, as demonstrated in MS plaques [12]. Alter-
natively, their pathogenicity may not depend on an interac-
tion with pre-existing memory T cells in the circulation,
as memory B cells are capable of inducing naive T cells to
mature into memory T cells in the absence of other com-
petent APCs [76]. In addition, under certain conditions,
memory B cells can function independently of T cells, as
discussed in Sect. 3.1.
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cytokine release and/or reducing pro-inflammatory cytokine release
from B cells (1). In the authors’ opinion, the most likely sequence
of events is that GA activates B cells in the periphery (2) and fol-
lowing entry to the CNS, these GA-specific B cells are reactivated,
resulting in secretion of anti-inflammatory cytokines, which results in
bystander suppression of disease activity. For further information and
supporting references, please see the text. CNS central nervous sys-
tem, GA glatiramer acetate, /FN interferon, /L interleukin, MS multi-
ple sclerosis, TGF transforming growth factor, Th T helper cell, TNF
tumor necrosis factor, Treg regulatory T cell

3.3 Cytokine Production

The most likely mechanisms by which B cells play a role in
the pathogenesis of MS are the production of pro-inflamma-
tory cytokines and the support of an inflammatory environ-
ment, which includes activated astrocytes that can produce
pro-inflammatory cytokines, including tumor necrosis factor
(TNF), and induce nitric oxide synthase activity, leading to
increased nitric oxide production [77]. Activated B cells can
produce both pro-inflammatory cytokines (e.g., interferon
[IFN]-y, TNF-a, and interleukin [IL]-6) and anti-inflamma-
tory cytokines (e.g., IL-10 and transforming growth factor-f)
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[17, 56]. It has been shown that B cells from patients with
MS show aberrant pro-inflammatory cytokine responses to
stimuli, including increased release of IFN-y and TNF-«
[17]. It has been suggested that this contributes, at least in
part, to new relapsing MS disease via bystander activation
of disease-relevant pro-inflammatory T cells, although it is
acknowledged that pro-inflammatory cytokines have multi-
ple functions in different pathological contexts [78]. Secre-
tion of TNF-a by B cells can also stimulate astrocytes to
produce BAFF, which, in turn, amplifies B cell-dependent
autoimmunity [77, 79]. These data suggest that there may
be a reciprocal interaction between B cells and astrocytes in
the pathogenesis of MS. This is an interesting observation
given that astrogliosis is one of the pathological hallmarks
of MS [6].

The role of regulatory B cells—which foster an anti-
inflammatory environment via their interaction with regu-
latory T cells and APCs—in the pathogenesis of MS is cur-
rently unclear [17]. Some, but not all, studies have shown
that B cells from patients with MS have a reduced capacity
to secrete IL-10 and that patients with MS have a lower pro-
portion of IL-10-producing regulatory B cells than healthy
individuals without MS [17].

3.4 Meningeal Infiltrates

B cell-rich infiltrates in the meninges may form ectopic lym-
phoid follicles, such that B cell maturation can be sustained
locally within the CNS, thus forming an immunocompetent
niche [39]. These B cell follicles, which have been found in
patients with secondary-progressive MS (SPMS), are asso-
ciated with meningeal inflammation that correlates with
gray matter cortical demyelination and an accelerated clini-
cal course [22, 39, 80]. As B cell follicles have been found
adjacent to subpial cortical lesions, it has been suggested
that soluble factors diffusing from the follicles play a patho-
genic role in SPMS [39]. Further evidence for the production
of toxic factors by B cells in patients with MS comes from
the observation that, unlike B cells from control subjects,
those from patients with MS can (under ex vivo condi-
tions) induce the death of neurons and oligodendrocytes via
secreted factors [81]. The cytotoxicity was independent of Ig
and multiple cytokines and was not complement mediated,
but involved apoptosis. The identity of the secreted factors
has yet to be determined, but they are primarily > 300 kDa
in size, and potential candidates are proteins, lipids, and/or
microRNAs present in extracellular vesicles and exosomes
[81].

Unlike SPMS, B cell follicles do not appear to be present
in PPMS [39, 82], although there are significant sampling
biases due to the rarity of tissue samples from patients with
early MS and PPMS. There are significant clusters of T and
B cells in the meninges of patients with PPMS and diffuse

meningeal inflammation is thought to play a role in the
pathogenesis of cortical gray matter lesions, as well as in
an increased rate of clinical progression in this MS pheno-
type [82]. Meningeal inflammation has also been detected in
patients with RRMS; although this is to a lesser extent than
observed in patients with progressive disease, it neverthe-
less indicates that such inflammation is not exclusively a late
phenomenon [83]. Furthermore, the presence of inflamma-
tion was associated with patient age and disease severity
[84], suggesting that it may not differ between phenotypes
when these factors, along with disease duration, are taken
into account. Interestingly, in a recent study using ultra-
high-field magnetic resonance imaging (MRI) in 29 patients
with MS (21 of whom had RRMYS), 26 (90%) had at least
one focus of leptomeningeal enhancement [85], implying a
greater prevalence of inflammation than detected previously
with less sensitive MRI techniques and histological studies.

4 Glatiramer Acetate (GA): B Cell-Mediated
Mechanisms

GA has traditionally been viewed as a T cell-targeting agent.
Its beneficial effects were thought to reflect induction of GA-
specific T cells, resulting in a shift of the T cell balance
from a dominant pro-inflammatory phenotype (Th1/Th17)
to an anti-inflammatory phenotype (Th2/T regulatory cells)
[86—-88]. However, emerging data indicate that GA also tar-
gets B cells, as summarized in Table 2 and discussed in more
detail in Sects. 4.1-4.6.

4.1 B Cell Antigen Presentation of GA

Jackson et al. [69] conducted a series of experiments using
B cells from mice and from patients with MS, demonstrating
that GA binds directly to murine and human B cell recep-
tors (BCRs). When B cells from mice that were wild-type,
MHC I-deficient, MHC II-deficient, or BCR-transgenic for
hen-egg lysozyme were incubated with fluorochrome-con-
jugated GA, most of the observed GA binding was due to
a specific interaction with the BCR. After binding to BCRs
in cells from mice, GA was shown to be internalized and
then presented by MHC II, with subsequent activation of
purified murine CD4+ T cells. These data indicate that
B cells act as APCs for GA [69]. Furthermore, the efficacy
of GA in EAE is abrogated in mice with transgenic BCRs,
indicating that the interaction of GA with BCRs is central
to its mechanism of action [69]. It has also been shown that
GA may bind directly to MHC II, without internalization and
processing [110, 111]; as GA is composed of a mixture of
peptides of varying lengths, this is more likely to occur for
smaller peptides. However, a role for such non-specific bind-
ing is not supported by data showing that GA is ineffective
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Table 2 Published studies of glatiramer acetate and B cell-mediated mechanisms

References

Humans/rodent Key finding

Full publications
Bakshi et al. [89]
Basile et al. [86]

Begum-Haque et al. [90]

Begum-Haque et al. [91]

Bomprezzi et al. [92]

Brenner et al. [93]

Carrieri et al. [94]
Dooley et al. [15]

Farina et al. [95]

Ireland et al. [65]

Ireland et al. [96]

Jackson et al. [69]

Kala et al. [97]

Karussis et al. [98]

Mice
Humans

Mice

Mice

Mice/humans

Humans

Humans

Humans

Humans

Humans

Humans

Humans/mice

Mice

Humans

Increased proliferation and activation of immune cells including T and B cells

Development of anti-GA antibodies, with isotype switching from IgG1 to IgG4
during long-term GA treatment

GA treatment of mice with EAE biased B cell cytokine production from pro-inflam-
matory (IL-6, IL-12, and TNF-a) to anti-inflammatory (IL-4, IL-10, and IL-13)
GA downregulated expression of BAFF and APRIL

Transfer of GA-conditioned B cells to mice with EAE led to:

Increased production of immunoregulatory (anti-inflammatory) cytokines

Reduced CNS inflammation

Reduced expression of chemokine receptors associated with trafficking of inflamma-
tory cells into the CNS

Increased BDNF, which has been shown to regenerate and repair damaged neural
tissue

Mice with EAE: marked increase in GA-specific IgE and IgG1 antibody responses;
these may have contributed to the improved symptoms and reduced mortality
observed

Patients with RRMS: significant increase in GA-specific IgG4 antibodies but not
GA-specific IgE, IgG1, IgG2, or IgG3; increase in IgG4 not associated with clinical
outcomes

All treated patients developed anti-GA antibodies

IgG1 antibody concentrations were 2- to 3-fold higher than those of IgG2, indicating
that Th2 responses were involved in mediating the clinical effect of GA

GA treatment induced a specific and significant decrease of circulating CD19+
B cells in patients with RRMS

Some evidence of effect of GA on B cells (BAFF increased), but no changes in
proportions of B cells

18 of 20 GA-treated patients with MS had low but significant titers of GA-reactive
IgG4 antibodies, a finding that is consistent with GA-mediated induction of Th2-
like regulatory T cells

In vitro exposure to GA of naive or memory B cells from patients with MS did not
influence B cell proliferation or production of IL-6 (pro-inflammatory cytokine) or
IL-10 (anti-inflammatory cytokine)

B cells obtained from patients with MS treated with GA failed to proliferate in
response to high-dose CD40 ligand when combined with additional activation
stimuli

GA treatment also:

Restored IL-10 production

Transiently reduced IL-6 production (in a subset of patients)

Reduced the total frequency of B cells, plasmablasts, and memory cells
Increased the number of naive B cells

Elevated IgG and IgM production

There was a direct interaction between GA and human and murine BCRs inducing
B cell activation

BCR recognition of GA was required for efficacy in EAE

B cells served as an antigen-presentation source for GA

GA reduced concentrations of the pro-inflammatory cytokines IL-6 and TNF-a in
50% of purified B cell samples from patients with MS

Purified B cells from GA-treated mice:

Had increased production of IL-10

Suppressed EAE in recipient mice; this effect was attenuated in recipient mice that
were B cell deficient

Following long-term treatment with GA, all patients developed GA-reactive IgG1,
1gG2, 1gG4, and IgA antibodies

Comparing short- and long-term treatment:

There was no change in the concentrations of IgG1, IgA, or IgG4

1gG2 decreased
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Table 2 (continued)

References

Humans/rodent Key finding

Rovituso et al. [99]

Rovituso et al. [100]

Sellebjerg et al. [101]

Sellner et al. [102]

Teitelbaum et al. [103]

Humans

Humans

Humans

Humans

Humans

Congress abstracts (from 2011 onwards)

Begum-Haque et al. [104]

Begum-Haque et al. [105]

Criscuolo et al. [106]

Begum-Haque et al. [107]

Hertzenberg et al. [108]

Héusler et al. [109]

Mice

Mice

Humans

Mice

Mice

Mice

B1 cells were depleted (vs. healthy controls) in untreated patients, and in GA-, IFN-,
and natalizumab-treated patients with MS

Patients with RRMS treated with GA were subdivided into B cell responders
(brain-specific B cells present in the blood) and non-responders (brain-specific
B cells absent)

The presence of brain-specific B cells in the blood correlated with responsiveness to
GA

GA treatment resulted in the development of IgG and IgG4 anti-GA antibodies dur-
ing the first months of treatment
Antibody concentrations were not correlated with clinical or MRI disease activity

GA treatment was associated with decreased expression of the adhesion molecule
ICAM-3 on the surface of B cells in patients with RRMS

GA did not alter the expression of other B cell surface adhesion molecules (ICAM-1,
LFA-1, and VLA-4)

Patients with MS treated with GA developed anti-GA antibodies, with a peak
at 3 months and a gradual decrease to concentrations just above baseline from
12 months

GA treatment downregulated osteopontin expression on B cells and CD44+ cells in
EAE

This was associated with a decrease in expression of IL-17 (pro-inflammatory) and
a concomitant rise in the expression of the anti-inflammatory cytokines IL-10 and
IL-13

Expression of B (and T) regulatory phenotypes was increased in GA-treated EAE
mice

IL-10 was increased and IFN-y was decreased

GA-conditioned B cells had a significant downregulatory effect on chemokines
CXCR4 and CXCRS, and on TLR9 expression in the spleen

There was no change in VLA-4 expression on regulatory B or T cells

GA targeted B cells in RRMS

Data from gene-set enrichment analysis suggested that it may inhibit activation and/
or maturation of B cells by blocking ion channels known to be essential for cell
proliferation

In vitro, addition of GA to bone marrow cells from EAE mice significantly decreased
osteopontin and IFN-y expression

In vivo, GA treatment in EAE mice led to an increased production of immunoregula-
tory cytokines (IL-10, IL-13), elevated BDNF expression in the CNS, and reduced
CNS inflammation

Anti-CD20 exacerbated disease severity and altered the cytokine profile of myeloid
APC (more TNF, less IL-10) in EAE induced by MOG p35-55

Anti-CD20 reduced development of myelin-specific T cells and ameliorated disease
severity despite a similar pro-inflammatory differentiation of myeloid APCs in
MOG-induced EAE

GA treatment reversed the pro-inflammatory APC differentiation and improved EAE

GA treatment ameliorated MOG p35-55-induced EAE; this was mediated, in part, by
reduced IL-6 secretion by B cells

GA reversed the exacerbation of MOG p35-55-induced EAE by anti-CD20, which
was mediated by regulatory B cell properties

GA prolonged the improvement in MOG-protein-induced EAE seen with anti-CD20
after anti-CD20 was stopped

APC antigen-presenting cell, APRIL a proliferation-inducing ligand, BAFF B cell activating factor, BCR B cell receptor, BDNF brain-derived
neurotrophic factor, CNS central nervous system, CXCR C-X-C chemokine receptor, EAE experimental autoimmune encephalomyelitis, GA glat-
iramer acetate, I[CAM intercellular adhesion molecule, /FN interferon, /g immunoglobulin, /L interleukin, LFA lymphocyte function-associated
antigen, MOG myelin oligodendrocyte glycoprotein, MRI magnetic resonance imaging, MS multiple sclerosis, RRMS relapsing-remitting multi-
ple sclerosis, Th T helper cell, TLR Toll-like receptor, TNF tumor necrosis factor, VLA-4 very late antigen (integrin a4f1)
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or has inconsistent effects in other autoimmune conditions
[112—-114] (Joel Kaye, unpublished data).

The presentation of GA (by memory and naive B cells)
to ex vivo T cells from patients with RRMS has been shown
to induce inflammatory cytokine secretion in only a small
number of samples [36]. Instead, it has been suggested that
memory cells contribute to the expansion of regulatory
T cells in patients being treated with GA [36].

While the present review focuses on the effects of GA
on B cells, there is also evidence to suggest that GA has an
effect on myeloid-derived APCs; for further information see
Prod’homme and Zamvil [115].

4.2 Effect of GA on the Amount of Circulating B Cells

GA alters the profile of circulating B cells in patients with MS.
It has been shown to reduce the total frequency of B cells (as
a percentage of all lymphocytes), plasmablasts, and memory
cells (as a percentage of all CD19+ B cells) in patients with
RRMS [96]. GA treatment has also been shown to induce a
specific and significant decrease in circulating CD19+ B cells,
although the investigators acknowledged that the specific
B cell subsets affected (pro- or anti-inflammatory) remain to
be established [94]. GA increased the number of naive B cells
in patients with RRMS [96], while B1 cells [99] and serum
IgG concentrations seemed to be unaffected [17].

It is also interesting to note that GA has been shown to
downregulate the B cell survival factors BAFF and a pro-
liferation-inducing ligand (APRIL), potentially leading to
apoptosis of autoreactive B cells [90]. Expression of these
cytokines is associated with EAE and MS progression, and
the investigators suggested that their downregulation con-
tributes to the therapeutic benefits of GA [90].

4.3 GA and Antibody Production

Almost all patients treated with GA generate non-neutral-
izing anti-GA (IgG) antibodies [86, 92, 93, 98, 101, 103].
The predominant IgG isotype varies between studies and
may change over time (see Table 2), but several studies have
shown a persistent increase in IgG4 antibodies [86, 92, 101],
which do not activate complement or bind to the Fc recep-
tor on effector cells [86]. These findings are consistent with
a shift to Th2 responses, as anti-inflammatory cytokines
regulate isotype switching to IgG4 in plasma cells [92]. It
is notable, however, that anti-GA antibody concentrations
do not appear to correlate with clinical outcomes [92, 101].

4.4 Effect of GA on Cytokine Production by B Cells
in Humans

Several studies have shown that GA alters cytokine produc-
tion by B cells. More specifically, GA appears to promote
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a shift toward reduced inflammation by increasing anti-
inflammatory cytokine release and/or reducing the release
of pro-inflammatory cytokines.

In the clinical setting, Jackson et al. [69] evaluated the
effect of GA on the secretion of a range of cytokines from
purified B cells from treatment-naive patients with MS.
They demonstrated reduced concentrations of the pro-
inflammatory cytokines IL-6 and TNF-a in 50% of the
samples, with no consistent alteration in other cytokines
[69]. In another study evaluating cytokine production by
B cells from GA-treated patients with MS, GA was
found to restore the ability of B cells to produce IL-10
(anti-inflammatory) and to reduce the secretion of
lymphotoxin-a [96]. Taken together with the results for
antigen presentation described in Sect. 4.1, these data
suggest that the mechanism of action of GA on B cells
includes the presentation of GA to peripheral T cells in
the context of an anti-inflammatory cytokine setting [69].
More specifically, it is the authors’ opinion that GA-spe-
cific B cells enter the brain during the acute inflamma-
tion that characterizes MS; these B cells bind to myelin
basic protein (MBP) or another CNS antigen, promoting
bystander suppression of disease activity by activating
B cells to produce anti-inflammatory cytokines that inhibit
the cells driving MS. In this context, it is interesting to
note that GA is not effective in animal models of lupus
[113], has shown inconsistent outcomes in animal mod-
els of rheumatoid arthritis [114] (Joel Kaye, unpublished
data), and was not effective in humans with neuromyelitis
optica [112], suggesting its mechanism of action may be
specific to MS pathophysiology.

4.5 The Role of B Cells in the Effect
of GA in Experimental Autoimmune
Encephalomyelitis in Mice

Studies have shown that when purified B cells are trans-
ferred from GA-treated mice to recipient mice with EAE,
EAE is suppressed [69, 91, 97]. In mice that received GA-
treated B cells, the onset and extent of disease presentation
were significantly reduced compared with controls [91];
these mice also had substantially fewer neurological defi-
cits [97].

Furthermore, the beneficial effects of GA were attenu-
ated in B cell-deficient animals [97], suggesting that B cells
are important for the protective effects of GA in EAE. The
beneficial effects of GA in this context are thought to reflect
a bias toward an anti-inflammatory environment [90, 97]. In
agreement with the data in humans, EAE mice treated with
GA demonstrated increased production of anti-inflammatory
cytokines (IL-4, IL-10, and IL-13) by B cells and reduced
production of pro-inflammatory cytokines (IL-6, IL-12, and
TNF-a) [90].
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4.6 Other Effects of GA on B Cells

Ireland et al. [96] evaluated whether B cells from patients
with MS receiving GA were functionally distinct from those
of treatment-naive patients by exposing peripheral B cells
from both sets of patients to stimulatory conditions that
would induce the major pathways of B cell activation. They
observed a lack of proliferative responses to high-dose CD40
ligand combined with other activation signals in B cells from
patients receiving GA therapy [96]. The investigators sug-
gested that GA may alter pathways that are important for
integrating these signals with other functional pathways
modulated by GA.

MS is associated with increased concentrations of certain
cell-bound adhesion molecules on immune cells, including
B cells, facilitating their extravasation into the CNS [102].
GA has been shown to reduce concentrations of these mol-
ecules on immune cells, including intercellular adhesion
molecule-3 on B cells [102]. However, Sellner et al. [102]
highlighted that, although these alterations may contribute
to the efficacy of GA, the time course of the changes (which
were most pronounced after 6 months) and their non-selec-
tive nature suggest that they are secondary to other immu-
noregulatory phenomena.

5 Summary and Future Perspectives

Evidence has been accumulating in recent years to support
a central role for B cells in the pathogenesis of MS. Indeed,
current data on the role of B cells fulfill eight of nine stand-
ard criteria for establishing causality [116]. Of course, the
immunopathogenesis of MS is highly complex, with recipro-
cal interactions between immune cell populations and poten-
tially glia (e.g., astrocytes) within the CNS; it is therefore
difficult to dissect the roles of specific subsets. Neverthe-
less, the demonstration of a robust effect of B cell-depleting
therapies in patients with MS provides evidence of the cen-
tral role of B cells. The extent to which this is mediated
by autoreactive antibodies is unclear, as no single antigen
has been identified; studies of cell culture supernatants from
B cell polyclonal stimulation cultures for anti-CNS antibody
arrays have shown a large range of antibody responses (Ste-
fanie Kuerten, unpublished data). Furthermore, evidence of
antibody deposition in MS plaques only occurs in a sub-
set of patients with MS [38, 64] and the B cell-depleting
therapy rituximab, which is effective for treating MS, does
not reduce antibody levels in the CSF [66]. It is more likely
that B cells are involved in the development of inflammatory
MS lesions via in situ activation in the MS plaque leading to
alterations in pro- and anti-inflammatory cytokine secretion.
It remains to be established whether specific B cell subsets
play a specific role, or if the role of B cells differs between

patients, changes over the course of MS, or varies according
to the MS phenotype. Recently, the role of memory B cells
as a target for DMTs has been highlighted [14, 117] and
Baker et al. [14] have proposed that memory B cell deple-
tion may represent a common, unifying mechanism of action
for DMTs [14]. Interestingly, it has been suggested that the
secretion of functionally diverse cytokines by B cells may
play a role in determining MS disease phenotypes [118].
In addition, it has been shown that a subgroup of patients
with MS display brain-reactive B cell responses that may be
associated with clinical relapse [33]; the clinical relevance
of this observation is not yet clear.

GA is a widely used DMT, the mechanism of action of
which has been investigated mainly in the context of T cells.
However, as summarized in the current article, it has now
been shown to have a number of effects on B cells, which
may underlie its efficacy in terms of reducing inflammatory
lesions and relapse rates [119]. We speculate that these may
include activation of GA-specific BCRs by cross-reactivity
with antigen (possibly MBP) expressed in the acute MS
lesion, leading to bystander suppression and possibly acti-
vation of other inhibitory T cell or B cell pathways. Thus,
GA combines a mechanism of action that involves B cells,
with a well-established and favorable safety profile [120].
Interestingly, patients with RRMS treated with GA can
be subdivided into B cell responders and non-responders,
based on the presence or absence of brain-specific B cells
in the blood [100]. The presence of these cells has been cor-
related with responsiveness to GA [100], suggesting that,
in the future, they may act as a marker by which to identify
treatment responders. Another interesting area of research
is the use of GA following rituximab induction therapy, on
the basis that it may induce new B cell-dependent regula-
tory circuits as the B cell population recovers from induc-
tion. Results from a small study in patients with relapsing
MS suggest that this approach may provide superior effi-
cacy compared with GA monotherapy [121]. Perhaps the
most intriguing area for further research is development
of the potential effect of GA on regulatory B cells, which
are stimulated in the periphery before entering the CNS to
be activated within MS plaques. This raises the possibility
of developing similar CNS antigens (possibly combined
with an appropriate adjuvant) with a similar mechanism of
action, which enhance the clinical effects but maintain the
safety profile of GA.

6 Conclusion
In summary, the recent identification of lymphatic connec-

tions between the subarachnoid space and the deep cervical
lymph nodes, and evidence of clonally related B cells in
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both the CNS and these lymph nodes suggest the presence
of a specific brain to lymph node circuit for B cells in MS.
This will require further investigation and may represent
another target for future MS therapeutics. Other important
advances include the demonstration that most approved
DMTs for MS, including GA, have effects on B cells that
may explain at least part of their efficacy. The converging
lines of evidence suggest that B cells should be a key tar-
get of future research into both the causes and treatment
of MS.
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