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Abstract: Recent years have substantially broadened our view on the pathogenesis of multiple
sclerosis [MS]. While earlier concepts focused predominantly on T lymphocytes as the key

cell type to mediate inflammatory damage within central nervous system (CNS) lesions,
emerging evidence suggests that B lymphocytes may play a comparably important role both
as precursors of antibody-secreting plasma cells and as antigen-presenting cells (APCs])

for the activation of T cells. With greater appreciation of this pathogenic B-cell function in

MS, B-cell-directed therapies, and in particular B-cell-depleting monoclonal antibodies
targeting the CD20 molecule, have gained enormous interest over recent years. Clinical trials
demonstrated that anti-CDZ20 treatment, which depletes immature and mature B cells but
spares CD20 negative plasma cells, rapidly reduces formation of new inflammatory CNS
lesions. While these findings clearly corroborate a pathogenic contribution of B cells, recent
experimental but also clinical findings indicate that not all B cells contribute in an equally
pathogenic manner and that certain subsets may in contrast mediate anti-inflammatory
effects. In this review, we summarize current findings in support of pathogenic B-cell function
in MS, including the encouraging clinical data which derived from anti-CD20 MS trials. Further,
we review novel findings suggestive of regulatory properties of B-cell subsets which may be
collaterally abolished by pan-CD20 depletion. In conclusion, we aim to provide an outlook

on how this currently differentiating concept of pro- and anti-inflammatory B-cell function
could be harnessed to further improve safety and effectiveness of B-cell-directed therapeutic

approaches in MS.
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Introduction

B cells may contribute to multiple sclerosis (MS)
pathogenesis in more than one way; they are the
source of differentiating plasma cells which secrete
autoreactive antibodies possibly contributing to
demyelination within the inflamed central nervous
system (CNS). Earlier maturation stages as well as
memory B cells may provide specifically recog-
nized antigen to other antigen-presenting cells
(APCs), or alternatively, directly present pro-
cessed antigen in the context of constitutively
expressed major histocompatibility complex
(MHC) class II. Emerging evidence suggests that,
in addition, B cells are potent regulators of ongo-
ing immune processes capable of providing both

pro- and anti-inflammatory cytokines. In the first
part of this review, we describe these various B-cell
functions in order to provide the basis to appreciate,
but also critically evaluate current B-cell-directed
therapeutic approaches.

In the second part, we recapitulate existing clini-
cal data on the effectiveness of antibody-removing
therapeutic plasma exchange (PE) and summa-
rize the findings obtained from recent clinical MS
trials testing anti-CD20 B-cell depletion. In addi-
tion, we provide experimental and clinical data
suggesting that not all patients may equally ben-
efit from B-cell-directed therapeutic approaches
based on possible differences in MS pathogenesis,
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Figure 1. The role of B cells in multiple sclerosis. B cells act as (a) potent producers of regulating cytokines, (b)
antigen-presenting cells [APCs) for the activation of T cells and (c) precursors of antibody-secreting plasma cells.
FcR, Fc receptor; IFNy, interferon y; IL-6/10, interleukin 6/10; mAPC, myeloid APC; TNF, tumor necrosis factor.

and that not all B cells expressing CD20 may be
equally pathogenic.

Based on the emerging concept of pro- and anti-
inflammatory B-cell functions in conjunction
with the clinical data obtained to date, we lastly
discuss how these findings could be possibly uti-
lized to further ‘fine tune’ B-cell-directed thera-
peutic approaches in MS.

The role of B cells in multiple sclerosis

It is instrumental to recognize that the role of B cells
in MS is diverse. While antigen-activated B cells dif-
ferentiate into antibody-secreting plasma cells and
serve as potent APCs, naive B cells are substantially
weaker APCs and may exert anti-inflammatory
properties modulating effector function of other
immune cells. Further, it is likely that subgroups of
patients with MS differ in their extent of pathogenic
B-cell involvement; while CNS lesions in the major-
ity of individuals consistently contain B cells, plasma
cells and antibodies, other, histologically distinct
subtypes rather display a primary oligodendrocyte
dystrophy without an apparent pathogenic contribu-
tion of B cells or B-cell-derived products [LLucchinetti

et al. 2000].Which respective role(s) B cells may play
in a patient with MS could thus relate to the indi-
vidual’s B-cell repertoire, activation and maturation
status at a given time point as well as to the underly-
ing pathogenic subtype.

B cells as precursors of antibody secreting

plasma cells

Among possible pathogenic B-cell functions in MS,
the role of antibodies produced by terminally differ-
entiated plasma cells has been studied most exten-
sively [Weber ez al. 2011] (Figure 1). An oligoclonal
antibody response generated by a limited repertoire
of activated B cells remains a hallmark diagnostic
finding in the cerebrospinal fluid (CSF) [Obermeier
et al. 2008; von Budingen ez al. 2010]. Since 1942,
when these oligoclonal bands were fist described by
Kabat and colleagues [Kabat ez al. 1942], numerous
investigations attempted to identify their target anti-
gens. Some findings implicated that these antibodies
may eventually recognize components of the myelin
sheath; however no unequivocal evidence of such
CNS reactivity has been established to date. While
the occurrence of oligoclonal antibodies in the CSF
is thus tightly associated with the diagnosis of MS, it
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is still unclear whether these immunoglobulins
actively contribute to pathogenesis or progression of
the disease.

Further evidence for a role of antibodies in MS
derives from histopathological studies in which B
cells, as well as B cell-derived plasma cells and anti-
bodies are found in a majority of inflammatory CNS
plaques. Molecular analyses of B cells in brain lesions
demonstrated an accumulation of clonotypic B
cells, reflective of a restricted immune response.
Investigated sequences further showed signs of
hypermutations, indicating an ongoing and matu-
rating B-cell response to a target antigen within the
local compartment [Baranzini er al. 1999; Owens ez
al. 1998, 2001]. Following antigen recognition, B
cells mature to plasma blasts and plasma cells, which
produce large amounts of antibodies. As indicated
above, histopathological studies revealed a distinct
pattern of lesion pathology. Importantly, all lesions
of an individual patient appear to belong to one of
these subtypes [Lassmann ez al. 2001; Lucchinetti
et al. 2000]. The most frequently found pattern of
lesion pathology is characterized by significant anti-
body deposits and complement activation, suggest-
ing that the locally produced antibody response may
indeed contribute to CNS demyelination [Breij ez al.
2008].

The role of antibodies in development and pro-
gression of CNS autoimmune disease has been
intensively investigated in the animal model of
MS, experimental autoimmune encephalomyelitis
(EAE), which enables to dissect the role of
immune components in a mechanistic manner
[Steinman and Zamvil, 2006]. Similar to most
active CNS lesions in patients with MS, B cells,
plasma cells and antibodies are found in areas of
myelin breakdown in EAE [Merkler ez al. 2006].
Due to the primarily demyelinating nature of inflam-
matory CNS lesions, antigens within the myelin
sheath are the prevalent putative targets studied.
Within various candidate myelin antigens, myelin
oligodendrocyte glycoprotein (MOG) is the one
that is investigated most due to its extracellular
location on the outermost myelin lamellae [Lalive
et al. 2011].This location makes it an exposed tar-
get accessible to an initial autoimmune attack
against the intact myelin sheath. Immunization
with MOG intact protein induces fulminant EAE
in rodents and nonhuman primates, which is
associated with a robust antibody response against
MOG. Mechanistically, it is clear that these anti-
bodies alone are not capable of initiating EAE in
otherwise naive animals. However, certain studies

suggest that they may facilitate CNS damage and
promote progression of ongoing EAE [Benkhoucha
et al. 2012]. More than 20 years ago, Schluesener
and colleagues reported that intravenous adminis-
tration of a monoclonal antibody against MOG
enhanced CNS demyelination and induced
fatal relapses in a rodent disease model
[Schluesener er al. 1987]. Notwithstanding
this seminal observation, it should be noted that
the antibody was injected at a quantity that cannot
be produced endogenously. Further evidence for a
pathogenic role of antibodies in CNS autoim-
mune disease derives from experiments in B-cell-
deficient mice. Whereas B cells or antibodies are
not required when mice are immunized with the
short encephalitogenic T-cell determinant peptide
(p)35-55, B-cell-deficient mice were found to be
resistant to EAE induced by active immunization
with human recombinant MOG protein [Lyons
et al. 1999]. Reconstitution with the antigen-specific
antibody was sufficient to restore EAE susceptibility,
suggesting a crucial role for antibody-mediated anti-
gen recognition in this model [Lyons ez al. 2002]. In
order to study the role of MOG-specific antibodies
which are endogenously produced, a transgenic
mouse model was engineered to express the rear-
ranged heavy chain of a pathogenic antibody rec-
ognizing a conformational determinant of MOG.
Strikingly, these mice contained high titers of
MOG antibodies, and developed severe EAE with
greater inflammation and demyelination com-
pared with wild-type mice [Litzenburger er al.
1998]. However, it is important to note that the
MOG-recognizing antibody was not only
secreted by B-cell-derived plasma cells, but also
expressed as membrane-bound B-cell receptor
(BCR). Accordingly, the observed enhancement
of EAE severity and CNS demyelination in these
studies may indicate a pathogenic role for plasma
cell-secreted myelin-specific antibodies; alterna-
tively, although not mutually exclusive, accelerated
EAE severity may reflect a pathogenic role for
myelin-specific B cells in processing and presenta-
tion of myelin antigen to encephalitogenicT cells.

B cells as antigen-presenting cells for

activation of T cells

Besides differentiating into antibody-secreting
plasma cells, B cells may contribute to the develop-
ment and progression of CNS autoimmune disease
as APCs for activation of T cells [Weber and
Hemmer, 2010] (Figure 1). Encephalitogenic T
helper 1 (Th1) and Th17 cells are thought to play a
central role in the pathogenesis of CNS autoimmune
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disease. In general, activation of CD4* T cells
requires recognition of antigen in the context of
MHC class II molecules, which are constitutively
expressed on professional APCs, such as dendritic
cells, monocytes/macrophages but also B cells. T-cell
antigen recognition has to occur twice, once in the
periphery, which enables activated T cells to infiltrate
the CNS, and another time within the CNS, which
triggers and directs encephalitogenic T-cell effector
function. Several types of APCs may contribute to
T-cell activation in CNS autoimmune disease. They
can be generally divided into resident (CNS) and
nonresident (bone-marrow-derived) APCs. Among
resident APCs, astrocytes and parenchymal micro-
glia could potentially participate [Fontana et al.
1984; Soos et al. 1998], whereas their i vivo contri-
bution is still under debate [Stuve ez al. 2002]. In our
current understanding, nonresident, peripheral
APCs in contrast have the more important role in
initiation of CNS demyelinating disease. All sub-
types of bone-marrow-derived APCs, B cells, mac-
rophages and dendritic cells are found in EAE and
active MS lesions. In EAE, it has been demonstrated
that MHC class II restricted antigen presentation by
dendritic cells is sufficient to induce CNS autoim-
munity [Greter et al. 2005], suggesting that antigen
presentation by other APCs, resident and nonresi-
dent, is not required. However, these data do not
exclude that other APCs contribute to MHC 1II
restricted activation of T cells or even be required in
another setting. Whereas dendritic cells are the most
potent APCs for presentation of peptide antigen,
antigen-specific B cells are specialized to process and
present protein antigen which they recognize through
their BCR [Constant et al 1995a, 1995b;
Lanzavecchia, 1985; van der Veen ez al. 1992].
Hereby, they are specialized to serve as efficient
APCs for the activation of T cells, particularly
when the amount of antigen is limited [Rivera
et al. 2001]. A detailed study further elucidated
the role of B cells as APCs and the reciprocal
stimulation of B cells by activated T cells [Harp
et al. 2008]; the authors elegantly demonstrated
that activation of B cells by a combination of the
T-cell products CD40L and interleukin (IL))-4, but
not by unspecific stimuli such as a toll-like receptor
ligand and IL-2-rendered B cells capable of activat-
ing T cells in a myelin-antigen-specific manner.
These data indicate that T-cell-mediated activation
of B cells is crucial for their capability to process and
present antigen to T cells and that both populations
thereby stimulate each other in a reciprocal manner.

Recent findings suggest that this interplay between
activated B and T cells may progressively shift

into the CNS throughout the chronic disease
course of MS. This development appears to be
promoted by B-cell-fostering chemokines such as
CXCL13, BAFF and APRIL, which are paradoxi-
cally provided by the inflamed CNS itself [Mackay
et al. 2003; Krumbholz ez al. 2005; Kowarik et al.
2012]. Evidence for compartimentalized patho-
genic B-cell function was primarily derived from
the CNS histological analysis of patients at a later
stage of MS. In many, but not all cases, organized
B-cell structures which are found physiologically
solely in secondary lymphoid organs could be
identified within the CNS [Serafini ez al. 2004].
Correlation with clinical parameters further sug-
gested that these follicles, which are predomi-
nantly located within the meninges, could be
associated with a more severe secondary-
progressive disease course [Magliozzi et al. 2007].
Occurrence of such ectopic follicles is generally
suggestive of B-cell replication and activation
within the inflamed target organ. Accordingly, at a
later disease stage, pathogenic B-cell properties
may primarily relate to these meningeal B-cell
follicles and rely gradually less on infiltration of
peripherally activated B cells into the CNS. Such
disease- and stage-specific compartmentalization
of B-cell function not only further supports involve-
ment of B cells and B-cell-derived products in
development and progression of MS, but is even
more so instrumental for the intent to target path-
ogenic B-cell function throughout the chronic
course of MS therapeutically.

Cytokine-producing B-cell (subsets] with pro-

and anti-inflammatory properties

Besides acting as potent APCs and a source for
plasma cells producing CNS demyelinating anti-
bodies, B cells may regulate inflammatory processes
through provision of pro- but also anti-inflammatory
cytokines (Figure 1). On the proinflammatory side,
activated B cells produce substantial amounts of
IL-6, which is in return crucial for development of
encephalitogenic Th17 cells [Korn er al. 2008]. A
recent report suggests that IL-6 production by B
cells is a major pathogenicity factor for B cells and
that, intriguingly, B cells from patients with MS
contain a higher frequency of activated IL-6-
producing subsets [Barr ez al. 2012].

Not all B cells and B-cell subsets may, however,
unequivocally contribute to CNS autoimmune
disease in a pathogenic manner. As APCs, distinct
B-cell subsets appear to preferentially facilitate
development of pro- or anti-inflammatory T-cell
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subsets. Such functional dichotomy has been well
established for other APCs, such as dendritic cells.
In one classification, two subsets of B cells, perito-
neal Bl and conventional follicular B2 cells, can
be distinguished. They differ in respect to lineage,
location, gene expression, antibody repertoire, pro-
liferative response and immunoglobulin secretion.
B1 cells are the predominant population of B cells
in the peritoneal cavity, while they are rather rare
in secondary lymphoid organs [Hardy, 2006]. B1
cells are thought to participate in autoimmunity,
presumably through potent antigen presentation
[Sato ez al. 2004]. When used as APCs, B1 cells
indeed governed generation of Thl and Thl17
cells whereas conventional B2 cells promoted
development of induced regulatory T cells with
suppressive capacity [Zhong ez al. 2007]. These
findings highlight that, similar to subsets of
dendritic cells, B-cell subsets may be capable
of fostering development of anti-inflammatory
T cells, which may relate to their respective
expression of costimulatory molecules and
T-cell-polarizing cytokines.

Besides generation of T cells with anti-inflamma-
tory effector function, B cells may further exert
regulatory properties through provision of anti-
inflammatory IL-10. Animal models of human
autoimmunity suggest that, in particular, non-
activated, naive B cells regulate autoimmune
responses [Fillatreau er al. 2002] and control proin-
flammatory differentiation of other APCs [Moulin
et al. 2000]. A recent report suggests that devel-
opment of IL-10-producing B cells could be fur-
ther fostered by an IL-21-dependent mechanism
[Yoshizaki ez al. 2012]. In EAE, B-cell-deficient
mice failed to recover from acute EAE, suggesting
that B cells may have the ability to support recov-
ery and prevent progression to chronic or relaps-
ing CNS autoimmune disease [Wolf ez al. 1996].
In another study, mice that contained B cells una-
ble to produce IL.-10 did not recover from EAE
either. When these mice were reconstituted with
IL-10-competent B cells, they again recovered
from EAE, demonstrating that B-cell-produced
IL-10 plays a key role in recovery from an acute
attack of CNS autoimmunity [Fillatreau ez al
2002]. Accumulating evidence suggests that equiv-
alent regulatory B-cell properties exist in humans
as well [Mauri and Blair, 2010]. In a recent report,
Iwata and colleagues described a subset of IL-10-
producing B cells in healthy individuals and
patients with various autoimmune conditions.
Among the later, this regulatory B-cell subset was
also found in patients with MS. Frequency and

IL-10 production of these B cells were compara-
ble to healthy individuals [Iwata ez al. 2011].
Functionally, these regulatory B cells inhibited
tumour necrosis factor (TNF) release of mono-
cytes isolated from the identical patient, further
fueling the concept that regulatory B-cell subsets
control proinflammatory activity of other APCs.

Collectively, these findings indicate that, besides
serving as efficient APCs and a source of antibody-
secreting plasma cells, B-cell subsets regulate
autoimmune processes through fostering develop-
ment of anti-inflammatoryT cells and suppression
of proinflammatory APC activity. This scenario
epitomizes the complexity of B-cell function in
CNS autoimmune disease and highlights the pos-
sibility that unselective B-cell-directed therapeutic
approaches may collaterally eradicate pre-existing
B-cell regulation.

B-cell-directed therapeutic approaches

Plasmapheresis

Historically, plasmapheresis was the first therapeutic
strategy for treatment of MS directed specifically
against B-cell components, specifically B-cell-
derived antibodies. Mechanistically, it conceptual-
izes a possible pathogenic role of antibodies in MS
and accordingly lowers their abundance. The first
report of efficacy of therapeutic PE in MS goes back
to 1980, when Dau and colleagues evaluated this
therapeutic approach in patients with both acute and
progressive forms of MS [Dau ez al. 1980]. Since
then, several studies investigated the usefulness of
PE in progressive forms of MS, mostly as a reflection
of the general lack of therapies for these patients.
Unfortunately, none of these reports could substan-
tiate a distinct benefit of PE in these conditions
[Vamvakas er al. 1995]. In contrast, a clear clinical
benefit could be established for early treatment of
acute inflammatory CNS demyelinating disease. In
the pivotal trial of Weinshenker and colleagues, 8 out
of 19 patients undergoing an acute relapse substan-
tially improved versus 1 out of 19 in the control group
[Weinshenker ez al. 1999]. Based primarily on these
data, PE is considered a rescue therapy for steroid-
refractory relapses [Seifert ez al. 2012]. Interestingly,
the relative clinical benefit in treatment of this condi-
tion seems to vary considerably between individual
patients. A study comparing the CNS lesion subtype
and responsiveness to PE treatment revealed that
patients with the B-cell- and antibody-dominated
lesion subtype II clinically improved, whereas
patients with other subtypes failed to do so [Keegan
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et al. 2005]. While this important finding again sup-
ports the pathogenic role of antibodies in many
patients with MS, it also underscores the importance
of treating subtypes of patients with MS differently.
In an approach to identify predictive parameters
besides histology, a recent study suggests that clinical
and radiographic features, such as a lower Expanded
Disability Status Scale score and the presence of a
ring-enhancing lesion on magnetic resonance imag-
ing (MRI) scans, may predict the clinical response to
PE [Magana et al. 2011].

Anti-CD20-mediated B-cell depletion

Based on the capability of B cells to serve as
potent APCs for activation of encephalitogenic T
cells but also to develop into plasma cells secret-
ing pathogenic antibodies, substantial interest
has developed for testing B-cell depletion as a
therapeutic strategy in MS. The target molecule
of B-cell depleting antibodies is CD20, a surface
molecule that well characterizes the B-cell lineage.
CD20 is expressed throughout B-cell maturation
starting from pre B cells up to memory B cells and
is only lost upon their terminal differentiation into
plasma cells. Rituximab and its further human-
ized successor ocrelizumab are monoclonal anti-
bodies against CD20 which efficiently deplete
circulating immature and mature B cells, but
spare CD20-negative plasma cells. Effector mech-
anisms of anti-CD20 antibodies are complement
dependent or cellular cytotoxicity as well as
induction of B-cell apoptosis. Originally, rituxi-
mab was generated for the treatment of non-
Hodgkin’s B-cell lymphoma and was approved
for this indication in 1997. In 2006, anti-CD20
rituximab was also approved for the treatment of
rheumatoid arthritis refractory to TNFa blocking
agents.

Recent clinical trials testing rituximab and its suc-
cessor ocrelizumab in the treatment of MS gener-
ated encouraging results;in the initial double-blind,
placebo-controlled phase II trial rituximab-medi-
ated depletion of B cells led to a rapid decline in
newly developing gadolinium-enhancing inflam-
matory CNS lesions in patients with relapsing
remitting MS (RRMS) [Hauser ez al. 2008]. This
48-week trial included 104 patients, 69 of whom
received rituximab (a single course administered
intravenously 1000 mg on days 1 and 15), while
35 patients received placebo. While this phase II
trial was not primarily designed to generate data
on clinical effectiveness, rituximab treatment was
also associated with a significant reduction in the

number of relapses. Another double-blind, pla-
cebo-controlled phase II/III trial tested rituximab
in patients with primary progressive MS. A total
of 439 patients were enrolled who received rituxi-
mab (two infusions of 1000 mg each, 2 weeks
apart) or placebo every 24 weeks through week
96.While the primary endpoint, time to confirmed
disease progression, was not reached, B-cell deple-
tion significantly reduced lesion formation in a
subgroup of younger patients with active CNS
inflammation [Hawker ez al. 2009]. Most recently,
data on the further humanized anti-CD20 anti-
body ocrelizumab in the treatment of RRMS was
reported. This 24-week, placebo-controlled and
active comparator phase II study included 220
patients who were randomized to one of four
arms: 600 mg ocrelizumab, 2000 mg ocrelizumab
(two infusions on days 1 and 15), placebo or 30 pg
interferon Bla intramuscularly every week as an
open-label arm. Similar to the initial trial using
rituximab, ocrelizumab significantly reduced the
development of newly developing gadolinium-
enhancing CNS lesions as well as the calculated
annualized relapse rate compared with placebo and
the active interferon fla arm [Kappos et al. 2011].

Both clinical trials using rituximab or ocrelizumab
in RRMS showed a rapid effect on lesion develop-
ment. This immediate and robust effect suggests
that abolishment of cellular B-cell functions like
antigen presentation or cytokine production rather
than a secondary decline in titers of potentially
pathogenic antibodies may account for the clini-
cal effectiveness of anti-CD20 in MS. Indeed,
contrary to the initial concept, anti-CD20 treat-
ment was not even associated with a significant
reduction in immunoglobulin in these MS trials
[Hauser ez al. 2008]. To date, several preclinical
and clinical immunologic studies aimed to
address the mechanism of anti-CD20 in the treat-
ment of CNS autoimmune disease. In EAE
induced by recombinant MOG protein, the clini-
cal benefit of anti-CD20 was associated with a
reduced frequency of Th1l and Th17 cells both in
peripheral immune compartments as well as in
the CNS [Weber ez al. 2010]. In the same study it
could be demonstrated that B cells, when acti-
vated in an antigen-specific manner, can serve as
potent APCs, suggesting in conjunction that anti-
CD20 may abolish clinically relevant B-cell APC
function. These preclinical findings were paral-
leled and confirmed by human studies. In patients
with RRMS, anti-CD20 B-cell depletion similarly
diminished proliferation and proinflammatory
differentiation of peripheral T cells [Bar-Or ez al.

166

http://tan.sagepub.com

Downloaded from tan.sagepub.com at Technical University of Munich University Library on November 10, 2016


http://tan.sagepub.com/

K Lehmann-Horn, HC Kronsbein et al.

2010], again pointing towards abrogation of APC
function as the primary mechanism. Interestingly,
rituximab treatment led to a reduction of B cells,
but also of T cells within the CSF of patients
with RRMS, supporting the same hypothesis
[Cross ez al. 2006].

In a very recent study, Barr and colleagues sug-
gested that therapeutic B-cell depletion may ame-
liorate EAE by ablation of pathogenic I1-6-secreting
B cells [Barr er al. 2012]. Interestingly, the same
group showed in this study, but also in past stud-
ies [Duddy er al. 2007], that in patients with MS,
B cells are chronically activated and matured in a
proinflammatory manner. Among other param-
eters, the B cells of patients with MS produced
elevated levels of IL-6. In this context, another
promising therapeutic approach for MS and
related demyelinating disorders could be the selec-
tive inhibition of the IL-6 receptor using tocili-
zumab, a novel anti-inflammatory agent for
rheumatoid arthritis. Intriguingly, tocilizumab was
shown to impair somatic hypermutation of pre-
switch memory B cells [Muhammad ez al. 2011]
and recent case reports suggest that it may also be
effective in inflammatory CNS demyelinating dis-
orders [Araki er al. 2012]. One mechanism for
clinical benefit could refer to the fact that B-cell-
derived IL-6 in conjunction with transforming
growth factor f can promote preferential differen-
tiation of naive T cells into Th17 effector cells.
Taken together, these observations support the
assumption that antigen presentation and produc-
tion of proinflammatory cytokines, such as IL.-6,
are key pathogenic features of B cells which are
controlled by anti-CD20 treatment.

In light of the broad depletion of B cells at vari-
ous maturation stages, the number of serious side
effects associated with anti-CD20 treatment is
surprisingly low. Of course, anaphylactic reac-
tions to the antibody or its components are
potentially severe or even fatal adverse events.
The further humanized anti-CD20 antibody
ocrelizumab was generated to minimize the likeli-
hood of such an event even further in the future.
Immunologically, the approach of B-cell deple-
tion as a therapeutic strategy naturally contains
the risk of immunosuppression, while the fre-
quency of reported infectious events throughout
the relatively short MS studies reported to date
is low. Few reports indicate that anti-CD20
treatment may be associated with an increased
risk of developing progressive multifocal leukoen-
cephalopathy (PML). Although no such case has

been described in the above-mentioned clinical
trials or in an off-label setting in patients with MS,
cases of PML have occurred in patients treated
with rituximab for other indications. Carson and
colleagues recapitulated 57 HIV-negative patients
(52 patients with lymphoproliferative disorders,
two patients with systemic lupus erythemato-
sus, one patient with rheumatoid arthritis, one
patient with an idiopathic autoimmune pancyto-
penia, one patient with immune thrombocytope-
nia) who had developed PML after treatment with
rituximab in combination with other immunosup-
pressive agents [Carson ez al. 2009]. Recently,
another study reported four patients with PML
in an estimated cohort of 129,000 patients treated
with rituximab for rheumatoid arthritis, suggest-
ing an increased risk of one case in 25,000 treated
individuals with rheumatoid arthritis [Clifford ez al.
2011]. However, whether development of PML
truly refers to anti-CD20 treatment apart from
the underlying condition and cotreatment, and
whether accordingly the risk of PML is increased in
patients with MS treated with anti-CD20 remains
to be determined.

In order to better understand the beneficial but
also potentially harmful consequences of treat-
ment interfering with B cells in MS, the ‘atacicept
experience’ should be kept in mind. Here, deple-
tion of the two B-cell-fostering chemokines BAFF
and APRIL led to a counterintuitive worsening of
MS and clinical trials had to be stopped [Hartung
and Kieseier, 2010]. One plausible explanation
for this unexpected outcome could be that the
treatment primarily affected CD27-negative naive
B cells while having only little effect on memory B
cells [Genovese et al. 2011;Tak ez al. 2008]. Along
the same lines, CD20 is expressed on a wide range
of B-cell maturation stages, and accordingly,
besides depletion of pathogenic B cells, pan-CD20
bears the potential to collaterally abolish pre-
existing B-cell regulation of CNS autoimmune
disease. In this regard, a recent study demon-
strated that anti-CD20 treatment of patients with
MS or other neuroinflammatory diseases is asso-
ciated with elevated activation and increased pro-
inflammatory cytokine production by circulating
myeloid APCs [Lehmann-Horn er al. 2011]. In
EAE, such APCs lacking iz vivo B-cell regulation
displayed enhanced T-cell-polarizing properties
with a preferential development of proinflamma-
tory Thl and Th17 cells [Weber ez al. 2010].
Collectively, these findings show that not all
patients may equally benefit from the current
approach of B-cell depletion targeting CD20.
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Some patients with minor pathogenic B-cell
involvement and a preferential naive B-cell pheno-
type could theoretically even deteriorate as single
reports indicate for other inflammatory condi-
tions [Benedetti er al. 2007; Broglio and Lauria,
2005; El Fassi ez al. 2008; Renaud ez al. 2003].
Accordingly, development of criteria determin-
ing pathogenic B-cell involvement in an indi-
vidual patient prior to treatment initiation as
well as pioneering more selective depletion
strategies targeting solely B cells with patho-
genic effector function may be a therapeutically
desirable goal.

Future strategies

Recent years have greatly improved our under-
standing of how B cells participate in MS patho-
genesis. The clinical trials testing therapeutic
B-cell depletion exceeded the initial expectations
and established that B cells are key players in pro-
gression of CNS autoimmune disease. It is thus
clear that modulation of pathogenic B-cell func-
tion is an extraordinarily attractive therapeutic
goal in MS. However, it is likely that individual
patients differ in regard to pathogenic B-cell
involvement. Further, apparently not all CD20-
positive B-cell subsets play a pathogenic role and,
ideally, B-cell subsets with regulatory properties
would be spared by an improved therapeutic
approach. Notwithstanding the exciting data that
anti-CD20 brought into the world of MS in recent
years, we accordingly aim to discuss in the follow-
ing section how effectiveness and safety of this
promising approach could be further improved in
the future.

Intravitally identify patients with pathogenic

B-cell involvement

As described in detail above, MS pathogenesis is
likely more heterogeneous than previously
thought. This emerging concept is primarily
fueled by histologic analysis of CNS lesions,
which revealed that CNS lesions within one
patient are similarly composed whereas four gen-
eral subtypes of lesion can be distinguished
among different patients [Lucchinetti er al
2000]. The probably most frequent B-cell- and
antibody-dominated subtype positively responds
to therapeutic PE, while the subtypes I, III and
IV failed to do so [Keegan et al 2005].
Accordingly, individual patients may also benefit
from therapeutic B-cell depletion to a different
extent. In order to anticipate the potential gain
for an individual patient it would therefore be

instrumental to assess pathogenic B-cell involve-
ment prior to therapy initiation. In this regard,
the recent observations of Bar-Or and colleagues
in Montreal could be extraordinarily helpful;
they found that B cells from patients with MS on
average produce more proinflammatory TNF,
lympotoxin, IL-6 and less regulatory IL-10 [Barr
et al. 2012; Duddy et al. 2007]. Functionally,
these B cells fostered development of encepha-
litogenic Th17 cells. Furthermore, the ratio
between naive and memory B cells appeared to
be shifted towards a dominant proinflammatory
memory phenotype, indicating that B cells were
continuously activated. If future investigations
may further consolidate these and possible fur-
ther markers of pathogenic B-cell function in
MS, such B-cell phenotyping prior to therapy ini-
tiation could be tremendously helpful.

Targeting pathogenic B-cell function within the
central nervous system

Another promising approach to efficiently eradi-
cate pathological B-cell function while preserving
regulatory B-cell subsets may be to therapeuti-
cally target B cells within the CNS. Several findings
support the concept of a CNS compartmentalized
immune activity in MS; intrathecally located B
cells produce oligoclonal bands in the CSF.
Especially in the secondary progressive course of
the disease clonally expanded populations of B
cells in the CSF are detected [Colombo er al
2000]. Further, in cases of secondary progressive
MS, Magliozzi and colleagues found lymphoid
follicle-like structures in the meningeal compart-
ment that show germinal center formation
[Magliozzi et al. 2007].With regard to histological
and clinical parameters these follicle-like struc-
tures contain proliferating B cells, are often adja-
cent to large subpial cortical lesions and are
associated with disease progression. In secondary
progressive MS, fewer activated blood-borne
effector cells penetrate the blood-brain barrier
and inflammation seems to be trapped within the
CNS compartment [Bradl and Lassmann, 2009].
As a result, contrast enhancement in MRI scans
declines, while diffusely spread CNS inflamma-
tion continues. Taken together, throughout the
chronic course of MS, CNS inflammation may
become gradually independent of recruitment of
peripheral immune cells and, accordingly, an
effective therapy may require local targeting of
immune processes.

Anti-CD20 antibodies are well established in the
therapy of systemic but also CNS lymphoma.
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However, intravenously applied anti-CD20 may
allow only low antibody distribution to the cere-
bral compartment. While perivascular CNS B
cells may be depleted by anti-CD20 treatment
[Martin Mdel ez al. 2009], only about 0.1% of the
serum concentrations are reached within the
CSF. Studies in cynomolgus monkeys provided
pharmacokinetic data of intraventricularly admin-
istered rituximab, demonstrating high CSF con-
centrations, although with a short half life of
approximately 5 h [Rubenstein er al. 2003]. A
phase I study of intraventricular administration of
rituximab in patients with CNS lymphoma estab-
lished an antibody distribution along the cranio-
spinal axis. Similar to the findings in monkeys, the
CSF concentration rapidly declined after intrath-
ecal injection whereas serum concentrations con-
tinuously increased [Rubenstein ez al 2007].
Intrathecal monotherapy led to a reduction of
lymphoma activity as well as to remarkable clini-
cal benefit in some patients. This study as well as
several case reports revealed that intrathecal
rituximab up to a dose of 25 mg was well toler-
ated and did not show severe adverse events
[Antonini ez al. 2007; Hong ez al. 2009; Schulz et al.
2004].

Such compartment-specific depletion of CNS
B cells may provide an innovative approach in
therapy of secondary progressive MS. Ideally,
pathogenic B-cell function would be specifi-
cally targeted in the inflamed compartment
whereas the peripheral immune system includ-
ing regulatory B-cell subsets could be spared.
It remains to be determined to which degree
peripheral B cells are affected by the observed
rise of anti-CD20 concentration in the serum
following intrathecal administration. However,
simultaneous depletion of central and periph-
eral compartments could even be desirable in
light of new findings suggesting a bilateral
exchange of B cells across the blood—brain bar-
rier throughout the chronic course of MS [von
Budingen ez al. 2012]. A clinical study combin-
ing intrathecal and systemic B-cell depletion in
treatment of secondary progressive MS started
in September 2010 [ClinicalTrials.gov identi-
fier: NCT01212094].

Identify and therapeutically target pathogenic
B-cell subsets

As outlined above, the role of B cells in MS is
likely to be more heterogeneous than previously
anticipated. While accumulating evidence sug-
gests that antigen-activated B cells substantially

contribute to the development and progression of
MS, the role of naive B cells is more likely to be
regulatory in nature. In this regard, it has been
demonstrated that activated and memory B cells
in patients with MS produce proinflammatory
cytokines and foster development of Th17 cells,
while unactivated, naive B cells predominantly
release regulatory IL-10. Reflecting the same
dichotomy, anti-CD20 treatment was found to
exacerbate EAE in a setting in which B cells were
not activated, whereas depletion of activated B
cells was associated with clinical benefit [Weber
et al. 2010]. In the treatment of patients with MS
and neuromyelitis optica (NMO), anti-CD20
B-cell depletion was further associated with a
proinflammatory differentiation of monocytes,
most likely due to collateral abrogation of IL-10-
mediated B-cell regulation [Lehmann-Horn ez al.
2011]. Jointly, these data suggest that the pool of
CD20-positive B cells contains both subsets with
pathogenic and regulatory properties. Accordingly,
in order to enhance the safety and effectiveness of
B-cell depletion as a therapeutic approach in MS, it
may be instrumental to identify and dissect B-cell
subpopulations with pathogenic function from
entities with regulatory properties, which may
ultimately allow selectively abrogating pathogenic
B-cell function utilizing a more specific target.

Conclusion

The past few years substantially increased our
understanding that B cells contribute to MS patho-
genesis in many more ways than as precursors
of terminally differentiated, antibody-secreting
plasma cells. Pathogenic properties of earlier
B-cell maturation stages primarily relate to the
ability to specifically capture antigen with high
affinity via the B-cell receptor. Bound antigen can
then either be processed and presented in the
context of constitutively expressed MHC II or
transferred and provided to other APCs. In addi-
tion, antigen-activated B cells can act as potent
producers of proinflammatory cytokines promot-
ing ongoing inflammation as well as de novo devel-
opment of encephalitogenic T cells. Appreciation
of these relatively novel insights was substantially
accelerated by the pivotal clinical trials depleting
CD20-positive B cells in the treatment of MS.
The clinical effectiveness of anti-CD20 was
shown to relate primarily to abrogation of APC
function and inflammatory cytokine secretion of
B cells. Notwithstanding these encouraging and
enlightening results, recent experimental and
clinical data suggest that not all B cells may con-
tribute pathogenically, and that some B-cell subsets,
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such as naive B cells, may in contrast downregulate
ongoing inflammation in a therapeutically desira-
ble manner. These findings raise the possibility
that, based on the predominant B-cell phenotype,
individual patients may differentially benefit from
anti-CD20 therapy. Further, these observations
suggest that selective targeting of pathogenic B-cell
function while sparing regulatory B-cell proper-
ties could be advantageous. In conclusion, while
B cells turned out to be an extraordinarily attrac-
tive target in MS, we should be eager to harness
the rapidly evolving concept of B-cell subsets with
distinct functions to guide the development and
use of B cell-directed therapeutic strategies.
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