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B Cells: A Key Player in
the Pathogenesis of
Multiple Sclerosis
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Hokkaido Medical Center, Sapporo, Japan

Abstract
B cells have been implicated in the pathology of multiple sclerosis
(MS) since the initial observation of increased immunoglobulin
concentrations in the cerebrospinal fluid (CSF) of MS patients in the
1940s. CSF oligoclonal IgG bands are detectable in most MS patients,
and data on the single cell cloning of the immunoglobulin gene from B
cells obtained from MS lesions suggest antigen-driven clonal expansion
of B cells within the central nervous system (CNS). Until recently, the
main pathogenic contribution of B cells to MS has been considered to be
mediated by the production of autoantibodies specific to CNS antigens.
However, the recent successful results of B-cell depletion therapies for
MS without affecting immunoglobulin levels in serum and CSF have
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shed light on the antibody-independent activity of B cells in MS immune
pathology. Indeed, studies using animal models and human samples have
suggested that B cells mediate peripheral immune regulation of MS by
presenting antigens to T cells and by releasing anti- and/or proinflammatory cytokines. In addition, the recent identification of B cellrich follicle-like structures in meninges of patients with secondary
progressive MS suggests that the pathogenic roles of B cells also exist
within the CNS and that they contribute to subpial cortical injury, which
is currently considered an important substrate for disease progression.
Taken together, B cells can be regarded as a key player in the
pathogenesis of MS and can consequently serve as an attractive target for
therapeutic intervention. In this chapter, we review the pathogenic roles
of B cells in MS, with a focus on recent advances in the field and the
potential for future B cell-targeted therapies for MS.

Introduction
Multiple sclerosis (MS) is an inflammatory demyelinating disease of the
central nervous system (CNS) [1]. Multiple genetic and environmental factors
have been implicated in the development of MS, and a central role of
autoimmune T cell responses against the components of the CNS has been
suggested, based on the similarity between MS and experimental autoimmune
encephalomyelitis (EAE), a putative MS animal model that is mediated by
myelin protein-reactive CD4+T cells [1]. On the other hand, the role of B cells
in MS has not been clearly understood, although intrathecal production of
immunoglobulin has long been regarded as a hallmark of MS. However, the
recent successful results of B cell depleting treatment [2-4] and the
identification of follicle-like structures (FLSs) rich in B cells in the meninges
of secondary progressive MS patients [5-7] have aided the understanding of
their involvement in MS. In this chapter, we review the pathogenic roles of B
cells in MS, with a focus on recent advances in the field and the potential for
future MS therapies that target B cells.

Overview of B Cell Involvement in MS
Involvement of B cells in the pathology of MS has been recognized since
the initial observation of an increased immunoglobulin concentration in the
cerebrospinal fluid (CSF) of MS patients in the 1940s [8,9]. The detection of
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oligoclonal IgG bands in the CSF of the majority of the patients [10], the
frequent immunoglobulin gene rearrangements in B cells in the CSF, even in
the early phase of the disease [11-14], and the preferential usage of specific
VH (heavy chain variable) segments of B cells in MS lesions and CSF [15,16]
collectively suggest that B cells continue antigen-specific clonal expansion
within the CNS of MS patients. Furthermore, the correlation between the MS
disease course and markers related to B cell activities [17] (Table), as well as
epidemiological studies suggesting the involvement of Epstein-Barr virus
(EBV) in MS [18], strongly suggest the participation of B cells in MS
pathogenesis.
Table. B cell related biomarkers correlated with clinical course of MS
Conversion from CIS to CDMS
oligoclonal band

MS disease activity and progression
CSF B cells, plasma cells

MRZ reaction
oligoclonal band
CSF CXCL13 level
CSF CXCL13 level
VH4/VH2 bias
serum CXCL13 level
serum anti-myelin antibody
meningeal FLS
CIS: clinically isolated syndrome
CDMS: clinically definite MS
MRZ reaction: measles, rubella, varicella zoster virus antibodies in CSF
VH4/VH2 bias: preferential usage of specific immunoglobulin heavy chain
variable region
FLS: follicle-like structure

The main contribution of B cells to MS has long been ascribed to their
ability to produce autoantibodies specific to CNS antigens. Histological
analyses have shown antibody and complement deposition in MS lesions [1921], and antibody reactive to myelin can exacerbate demyelination when
passively transferred to animals with EAE [22-24]. Multiple myelin targets for
the autoantibodies of MS have been suggested, including myelin basic protein
(MBP), myelin oligodendrocyte glycoprotein (MOG), proteolipid protein, and
sulfatide, a glycolipid abundant in myelin [25,26].
In addition, antibodies reactive to neurons [27,28] and astrocytes [29]
have been detected in MS serum. Whether these autoantibodies have
pathological effects or whether they are detected as an epiphenomenon
remains to be clarified. Moreover, the corresponding antigens for the
antibodies produced by clonally expanded B cells in MS CNS have not been
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determined, because recombinant immunoglobulins generated from B cells in
MS CSF do not necessarily react with myelin proteins and MS brain tissue
[30,31]. On the other hand, a favorable response to plasma exchange in MS
patients with the type II histological pattern proposed by Lucchinetti et al.
[21,32], which is characterized by antibody deposition associated with
degenerating myelin within macrophages at the active edge of plaques,
suggests that autoantibodies do have pathological roles in at least a subset of
MS patients. In addition, the higher frequency of acute disseminated
encephalomyelitis (ADEM)-like initial presentation in pediatric MS patients
harboring a high anti-MBP antibody titer [33] suggests that anti-myelin
antibody may affect the clinical course of MS.
Further to these observations, the results of clinical trials of rituximab in
MS, in which depletion of B cells from the circulation resulted in the
suppression of new disease activity, indicated the active role of B cells in
peripheral immune regulation in MS [2,3]. Identification of FLSs in the
meninges of secondary progressive MS patients [5-7] has also shed light on
the role of B cells in the neurodegenerative aspect of MS. As discussed below
in detail, B cells are now regarded not only as sources of autoantibodies, but
also as important contributors to MS pathology, actively playing roles in
multiple phases and aspects of the disease.

B Cell Depletion BY Anti-CD20 Antibody in
MS
CD20 is a four membrane-spanning protein specifically expressed on Blineage cells, from pre-B cells to naïve and memory B cells, but absent from
pro-B cells and fully differentiated plasma cells [34,35]. Rituximab is an antihuman CD20 chimeric monoclonal antibody which, when administered in
vivo, rapidly depletes B cells in the circulation for up to 12 months [2,3]. It has
also been shown to remove B cells from the CSF of MS patients and CNS
perivascular spaces [36-40]. The mechanism of B cell depletion by rituximab
is considered to involve complement- or cell-mediated cytolysis and/or
apoptosis induction [35]. Rituximab, which was approved by the FDA for
treating non-Hodgkin lymphoma and rheumatoid arthritis in 1997 and 2006,
respectively, has also been shown to be effective in treating several other
autoimmune diseases, including type-1 diabetes [41], systemic lupus
erythematosus [42], idiopathic thrombocytopenic purpura [43], IgM antibody-
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associated neuropathy [44], pemphigus vulgaris [45], and idiopathic
membranous nephropathy [46].
Recent clinical trials of rituximab have shown favorable results in
relapsing-remitting (RR) MS and in a subgroup of primary progressive MS
patients. In a phase I open-label trial in RRMS patients, which involved 2
courses of rituximab injection and a 72-week follow-up, no serious adverse
effects were observed, despite clinical and radiological disease activity being
suppressed [2]. In a 48-week phase II double-blind multicenter trial in RRMS
(the HERMES trial), a significant reduction in clinical relapses and
gadolinium-enhancing lesions on magnetic resonance imaging (MRI) was
shown by a single course of rituximab injection [3]. In contrast, the results of a
rituximab trial in primary progressive MS was not satisfactory: the phase II/III
double-blind multicenter trial in primary progressive MS that lasted 96 weeks
(the OLYMPUS trial) failed to meet its primary end-point, showing no
statistically significant benefit of rituximab in slowing disease progression
[47]. However, subgroup analysis did show benefit in younger patients (<51
years) and those with gadolinium-enhancing lesions in MRI [47].
Although rituximab was initially considered to exhibit its benefit on MS
by reducing autoantibodies, studies on samples obtained from treated MS
patients suggested that this was not the main mechanism [3,37,38,40]. This is
not surprising, since rituximab does not deplete plasma cells that lack CD20
expression. Alternatively, studies suggested that rituximab suppressed MS
disease activity through the modulation of T cell activities. T cells in
peripheral blood after rituximab therapy, or those in peripheral blood
mononuclear cells depleted of B cells, showed reduced proliferation and
production of interferon (IFN)-and interleukin (IL)-17 compared with the
pretreatment baseline [48]. Furthermore, rituximab was shown to reduce the
number of T cells in the CSF [37,40]. This suppressive effect on T cell
trafficking to the CNS is believed to be related to the ability of B cells to
activate follicular dendritic cells that produce T cell-attracting chemokines.
Piccio et al. [40] found a reduction in the levels of CXC chemokine ligand
(CXCL) 13 and CC chemokine ligand (CCL) 19 in the CSF after rituximab
therapy. A suppressive effect of rituximab on T cell activity has also been
reported in other autoimmune diseases [43,49-52]. Rituximab has also been
shown to increase the number and enhance the suppressive effect of FoxP3+
regulatory T cells in systemic lupus erythematosus and idiopathic
thrombocytopenic purpura [53,54]. This effect has not been shown in MS; in
contrast, the induction of regulatory T cells was shown to be the principal role
of B cells in EAE [55-57]. These findings suggest that B cells in MS could
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modulate T cell activity and trafficking through antibody-independent
activities, and that rituximab could suppress MS by dampening this effect of B
cells on T cells.

Antibody-Independent Activities of B
Cells in MS
1. Cytokine Production
B cells can produce a variety of cytokines and growth factors, which can
regulate the differentiation of T cells, the function of myeloid cells, and the
generation of germinal centers, thereby affecting the outcome of the adaptive
immune response (Figure 1). B cells from the peripheral blood of MS patients
produce less IL-10 and more lymphotoxin (LT), tumor necrosis factor
(TNF), and IL-6 than those of healthy subjects [48,58,59]. This aberrant
cytokine profile of the B cells is suggested to contribute to the abnormal
immune responses of MS. Indeed, LT and TNF produced by MS B cells
augment T helper (Th)1 and Th17 responses in vitro [48]. The role of the B
cell-derived cytokines in regulating T cell activity in EAE is shown by B cellspecific deletion of IL-10 or IL-6, which modulate the disease and enhance or
reduce T cell responses, respectively [60,61].
The mechanism of B cell cytokine regulation, both in the diseased and the
healthy state, is not fully understood. Although B cell subsets associated with
specific cytokines have been reported, plasticity in their cytokine profile
exists, and it seems that the profile of the cytokines produced depends also on
the mode of stimulation they receive. Bar-Or and colleagues [58] showed that
human CD27-B cells (mainly naïve and transitional B cells) produce IL-10,
whereas CD27+B cells (mainly memory B cells) produce LT, TNF, and IL-6.
They also showed that CD40 signaling is important in the induction of IL-10
from B cells, whereas a combined CD40 and B cell antigen receptor (BCR)
stimulation induces LT, TNF, and IL-6 [58,62]. They also emphasized that
the profile of the B cell cytokines is dependent both on the B cell subset and
the context of stimulation.
In mice, several B cell subpopulations capable of producing IL-10 and
regulating inflammation, such as B-1 cells [63], T2-marginal zone precursor B
cells [64,65], granulocyte macrophage-colony stimulating factor (GM-CSF)
and interleukin fusion transgene (GIFT)-B cells [66], and CD1dhiCD5+ B cells
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[67], have been described. Tedder and colleagues have extensively studied the
role of CD1dhiCD5+ B cells in regulating autoimmune animal models. They
initially found that CD19-/- mice develop severe EAE with reduced levels of
IL-10 in the CNS [68], and subsequently showed that the disease exacerbation
in this strain was due to the absence of a B cell population bearing a
CD1dhiCD5+ phenotype capable of producing IL-10 [69]. This cell population,
which is a subset of memory B cells, was shown to suppress autoimmune
disease models, including EAE [70], dextran sodium sulfate-induced colitis
[71], and NZB/W mice nephritis [72] in an antigen-dependent manner. Their
detailed analysis [70,73] showed that this B cell subpopulation regulates EAE
initiation, but fails to suppress ongoing EAE, and suggested a role for this cell
population in maintaining immune homeostasis.

Lymph node and Spleen

Autoantibody

Antigen presentation
B

Pathogen derived molecules

TNF
LT
IL-6
IL-10
etc

T
Modulation of T cell function
Treg induction
Modulation of myeloid cell function

Cytokine production
Figure 1. Role of B cells in secondary lymphoid organs of MS.
B cells are considered to contribute to peripheral immune modulation of MS, mainly
by antigen presentation to T cells and by cytokine production. Cytokines secreted from
B cells can modulate T cell function, either directly or indirectly (through modulation
of myeloid cell functions). In addition, B cells are reported to induce regulatory T cells
(Tregs) by IL-10 production and/or in a cell contact-dependent manner. B cells can
differentiate into plasma cells and secrete autoantibodies. These B cell functions may
be modulated by the recognition of pathogen-derived molecules.
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Recently, a potential human equivalent of this IL-10-producing murine B
cell population has been described [74]. This memory B cell subpopulation in
the peripheral blood expresses a CD24hiCD27+ phenotype and produces IL-10
in response to combined stimulation through CD40 and the Toll-like receptor
(TLR) [74]. Intriguingly, this IL-10-producing B cell population was expanded
in the peripheral blood of MS patients. On the other hand, Mauri and
colleagues [75] showed that CD19+CD24hiCD38hi B cells, which comprise a
subpopulation of naïve or transitional B cells, produce IL-10 in response to
CD40 stimulation, and suppress IFN- and TNF- production from T cells in
IL-10- and CD80/86-dependent manners. This suppressive effect on T cells
was shown to be defective in systemic lupus erythematosus patients [75].
We have studied B cell populations related to IL-10 production in MS,
and found that naïve B cells from RRMS patients have a phenotype which is
distinct from that of healthy subjects [76], and that patients with secondary
progressive MS have a reduced frequency of CD5+B cells [77], which are
known to produce IL-10 in mice. However, because total B cell depletion, in
which the IL-10-producing B cells should also be depleted, showed a
beneficial effect on MS, the importance of these IL-10-producing B cell
subpopulations in MS is unclear. On the other hand, it is of interest to note that
most of the B cells repopulating the periphery after rituximab therapy are
CD27-B cells that are capable of producing IL-10 [58], which explains the fact
that the therapeutic effect of B cell depletion persists even after the B cell
count has recovered to the pretreatment level.
In contrast to these B cell subpopulations that produce IL-10,
information regarding the B cell subpopulations that produce inflammatory
cytokines is limited. In mice, a B cell subpopulation that produce GM-CSF
and that is involved in host defense against bacteria has been described [78]. In
humans, Li et al. 79] have identified a B cell subset capable of producing
GM-CSF and TNF reporting that this effector B cell subset is expanded in
the peripheral blood of MS patients.

2. Antigen Presentation to T Cells
B cells are capable of internalizing, processing, and presenting antigens to
T cells through the major histocompatibility complex, like other professional
antigen-presenting cells (APCs) (Figure 1). However, B cells have, by virtue
of the BCR, the unique ability to efficiently capture and concentrate even
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minute amounts of antigen. The efficient antigen-presenting property of B
cells is considered to be harmful in the context of autoimmune diseases, in
which the responding T cells have a low-affinity T cell antigen receptor (TCR)
and the antigen amount is limited.
Studies suggest that B cells in MS have an enhanced ability to induce
proinflammatory T cell responses. B cells in the CSF of patients with MS and
clinically isolated syndrome have a higher CD80 expression than healthy
controls [80,81]. B cells expressing CD80 are reported to be efficient APCs
[82]. In addition, IFN- treatment reduces CD80+B cells in peripheral blood,
which occurs concomitantly with clinical stabilization [80]. Furthermore, Harp
et al. [83] recently showed that peripheral blood memory B cells from MS
patients induced higher proliferation and IFN- production of CD4+T cells
against myelin antigens. They also showed that MS memory B cells have a
higher percentage of MBP-specific B cells than healthy controls [83].
The importance of antigen presentation by B cells in EAE has been shown
through genetically engineered animals. C57BL/6 mice carrying a TCR
transgene specific to MOG35-55 (2D2 mice), which spontaneously show mild
optic neuritis, develop severe spontaneous inflammation in both the optic
nerve and spinal cord upon co-introduction of the BCR transgene specific for
the conformational epitope of MOG [84,85]. The transgenic B cells efficiently
processed and presented MOG to transgenic T cells, resulting in T cell
proliferation and the production of IFN- and IL-17 [84,85]. Another study
conducted with MOG92-106-specific TCR transgenic SJL/J mice showed that
MOG92-106-specific transgenic T cells recruited B cells specific to MOG from
the endogenous B cell repertoire, and that these recruited B cells were required
for the development of spontaneous EAE [86].
The unique antigen-presenting property of B cells in EAE has been shown
via the different forms of the antigen used to induce the disease. Lyons et al.
[87] showed that B cells are dispensable for EAE induction through the T cell
immunodominant peptide MOG35-55, whereas B cells are required for disease
induction when native MOG protein is used for immunization. Native protein
antigen, which would be relevant to human autoimmune diseases, contain both
the T cell epitope and the conformational epitope recognized by B cells,
whereas peptide antigens are recognized mainly by T cells. In addition, Weber
et al. [88] showed that B cells in mice immunized with native MOG protein
became activated and acted as efficient APCs, promoting inflammatory Th1
and Th17 responses, whereas B cells in mice immunized with MOG35-55
peptide were not activated and did not induce inflammatory T cell
differentiation.
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3. Recognition of Pathogen-derived
Molecules
Several studies have shown that TLR signaling is important for B cell
mediation of immune regulation (Figure 1). Mice lacking MyD88 specifically
in B cells, an important adaptor molecule of TLR, were unable to recover from
EAE due to deficient IL-10 production by B cells [89]. In this study, the
bacterial component present in the adjuvant used to induce EAE was
considered to be the source of the TLR ligand [89]. The authors later
suggested that certain microbes provide the signal(s) for B cells to mediate
immune suppressive function, and linked their findings to the hygiene
hypothesis of MS [90]. Several infectious agents have been reported to induce
IL-10 in B cells through TLR signaling, and indeed, helminth infection has
been reported to be associated with reduced MS disease activity together with
increased IL-10 production from B cells [91-93].
In contrast, reduced IL-10 production from CpG DNA (a TLR9 ligand)activated B cells has been reported in MS [59]. However, since exacerbation
and remission of MS are not necessarily related to infections, the source of the
TLR ligands is not clear in MS. One possible source is the commensal
bacteria, because it was shown in mice that IL-10-producing B cells were
induced by altering the gut microflora through antibiotics [94]. The other
candidates are the endogenous damage-associated molecules [95], such as
peroxiredoxin, high-mobility group box 1 (HMBG1), heat shock proteins, and
self DNA, which can be released from MS lesions by an autoimmune attack
and which can activate TLRs [95,96]. The exact agent that triggers B cell
mediation of the immune response is an important aspect to be addressed in
future studies.

4. Meningeal Inflammation and Cortical
Injury
As mentioned above, B cells in the CSF of MS patients show evidence of
antigen-driven clonal expansion within the CNS. Although the corresponding
antigen has not been identified, these responses related to B cell maturation
take place under the support of the CNS microenvironment in MS, which
favors B cell survival [97,98]. For example, CXCL12, CXCL13, and the B
cell-activating factor of TNF family (BAFF) were found to be upregulated in
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the MS lesion and CSF [97,98]. Moreover, the recently identified FLSs in the
meninges of secondary progressive MS patients (discussed below) can provide
a scaffold for the germinal center reaction of B cells [97,99]. B cells in turn
can induce such ectopic lymphoid tissues and support the inflammation within
the CNS by the induction of follicular dendritic cells (FDCs), the production
of cytokines, and the activation of T cells [100,101] (Figure 2).

Figure 2. Role of B cells in the CNS of MS.
FLSs detected in the meninges of secondary progressive MS patients are rich in B
cells. B cells can, by provision of LT12, LT3, and TNF, induce FDCs and
contribute to the formation of FLSs [98]. B cells can activate T cells within the FLSs,
and IL-17 and podoplanin (Pdp) from activated T cells are known to induce meningeal
FLSs [99]. On the other hand, FDCs produce chemokines to further attract B cells and
T cells into FLSs [98]. This bidirectional interaction between the FDCs and
lymphocytes support the ongoing meningeal inflammation [98]. Soluble factors
produced from FLSs are considered to mediate the loss of oligodendrocytes and
neurons and activate astrocytes and microglia. Activated astrocytes can produce BAFF
and chemokines to support the CNS inflammation.
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Organized immune cell collections resembling the structure of lymph
nodes within or in the vicinity of inflamed tissue have been reported in several
autoimmune diseases and infections, and in organ transplant rejection, and are
considered to support the ongoing inflammation [100]. These ectopic FLSs
have been described in the meninges of mice with EAE [102,103] and in the
meninges of secondary progressive MS patients, in association with
underlying subpial cortical injury [5-7]. The presence of these FLSs is related
to a younger onset and a more progressive course, and, based on the gradient
of cortical neuronal loss, suggest that soluble factors released from these
structures have a pathological role in the progressive phase of MS [7]. Indeed,
an oligodendrocyte toxicity of B cell culture supernatant has been reported
[104]. Although FLSs have only been detected in secondary progressive MS
patients thus far, meningeal inflammation and underlying cortical
demyelination have also been reported in early MS [105] and in primary
progressive MS [106] patients. Whether the FLSs in secondary progressive
MS patients reflect a pathological background distinct from the meningeal
inflammation seen in early MS and primary progressive MS patients or are the
extreme of a continuous pathological spectrum between these MS subtypes is
an interesting question that remains to be clarified.
B cells have also been suggested to serve as a carrier of EBV into the CNS
of MS patients. Serafini et al. [107] reported that EBV could be detected at a
high frequency in B cells within the meninges and lesions of MS. They
suggested a model in which the inflammatory milieu caused by the CD8+T cell
response to infected B cells in the CNS of MS causes bystander damage to the
neuron. However, this observation has not been reproduced in several other
reports, and therefore the presence and the role of EBV within the CNS of MS
has not yet been determined [108].

Potential for Future MS Therapy
Targeting B Cells
The successful result of the clinical trial of rituximab has prompted
researchers to develop novel B cell-targeted therapies for MS that are safer and
more effective. Rituximab is a human and mouse chimeric antibody that can
trigger an allergic reaction and the development of anti-xenotypic antibodies
when administered to humans. Currently, humanized anti-CD20 monoclonal
antibodies (e.g., ocrelizumab [4], ofatumumab [109]), which potentially have
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less adverse effects, are under evaluation. However, B cell depletion therapy
has the potential to allow the development of opportunistic infections, such as
progressive multifocal leukoencephalopathy [110,111].
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Ofatumumab BCMA
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Plasma cell differentiation

BAFF-R
IL-6
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Atacicept

APRIL
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Figure 3. Treatment strategies targeting B cells.
In addition to anti-CD20 antibodies, other therapeutic targets are being studied in other
autoimmune diseases. However, a clinical trial of atacicept was prematurely terminated
because of an increased disease activity in the active arm
(http://www.clinicaltrials.gov/ct2/show/NCT00642902). Meanwhile, a clinical trial of
baminercept in secondary progressive MS was withdrawn by the pharmaceutical
company before enrollment (http://www.clinicaltrials.gov/ct2/show/NCT01181089).

On the other hand, the total depletion of B cells with an anti-CD20
antibody may also deplete the IL-10-producing subset of B cells. Indeed,
development of ulcerative colitis [112,113] and psoriasis [114-117] has been
reported to be associated with rituximab treatment. Furthermore, the recent
observation in an atacicept clinical trial that BAFF/a proliferation-inducing
ligand (APRIL) blockade increased MS disease activity (http://www.
clinicaltrials.gov/ct2/show/NCT00642902), suggested that anti-inflammatory
aspects of B cells do exist in MS, although the mechanism of disease
exacerbation in this study needs to be clarified. From these points of view,
novel approaches that specifically target the pro- or anti-inflammatory aspects
of B cells are being studied. These approaches include the identification of the
pathogenic B cell subset in MS [79], the selective suppression of inflammatory
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cytokines from B cells [118], and the selective expansion of IL-10-producing
B cells [119].
In addition, treatment for progressive MS by targeting B cells in the
meningeal FLSs has been considered. Combined intravenous and intrathecal
injection of rituximab (http://www.clinicaltrials.gov/ct2/show/NCT01212094)
and baminercept (http://www.clinicaltrials.gov/ct2/show/NCT01181089), a
blocker of LT receptor signaling, are the current candidates. These novel
therapeutic strategies that target the FLSs are expected to open up a new
possibility for suppressing neurodegeneration in progressive MS patients for
whom no effective treatment has been found to date. Furthermore, although
not currently under consideration in MS, therapeutic reagents targeting B cells
that could potentially be applied to MS in the future are described in Figure 3.

Conclusion
To summarize, B cells are now recognized as key players in the
pathogenesis of MS, playing roles in multiple phases (from the relapsingremitting phase to the progressive phase), and multiple aspects (peripheral
immune regulation and neurodegeneration) of the disease. This in turn
suggests that B cells may serve as an attractive target for therapeutic
intervention. Further studies are warranted to improve the efficacy and safety
of B cell depletion therapy and to develop novel treatments for progressive MS
by targeting B cells.

References
[1]
[2]

[3]

[4]

Sospedra, M., Martin, R. (2005). Immunology of multiple sclerosis.
Annu Rev Immunol, 23, 683-747.
Bar-Or, A., Calabresi, P. A. J., Arnold, D., Markowitz, C., Shafer, S.,
Kasper, L. H., et al (2008). Rituximab in relapsing-remitting multiple
sclerosis: a 72-week, open-label, phase I trial. Ann Neurol, 63, 395-400.
Hauser, S. L., Waubant, E., Arnold, D. L., Vollmer, T., Antel, J., Fox,
R. J., et al (2008). B-cell depletion with rituximab in relapsing-remitting
multiple sclerosis. N Engl J Med, 358, 676-88.
Kappos, L., Li, D., Calabresi, P. A., O'Connor, P., Bar-Or, A., Barkhof,
F., et al (2011). Ocrelizumab in relapsing-remitting multiple sclerosis: a

B Cells: A Key Player in the Pathogenesis of Multiple Sclerosis

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

89

phase 2, randomised, placebo-controlled, multicentre trial. Lancet, 378,
1779-1787.
Serafini, B., Rosicarelli, B., Magliozzi, R., Stigliano, E., Aloisi, F.
(2004). Detection of ectopic B-cell follicles with germinal centers in the
meninges of patients with secondary progressive multiple sclerosis.
Brain Pathol, 14, 164-174.
Magliozzi, R., Howell, O., Vora, A., Serafini, B., Nicholas, R., Puopolo,
M., et al (2006). Meningeal B-cell follicles in secondary progressive
multiple sclerosis associate with early onset of disease and severe
cortical pathology. Brain, 130, 1089–104.
Howell, O. W., Reeves, C. A., Nicholas, R., Carassiti, D., Radotra, B.,
Gentleman S. M., et al (2011). Meningeal inflammation is widespread
and linked to cortical pathology in multiple sclerosis. Brain, 134, 27552771.
Kabat, E. A., Moore, D.H., Landow, H. (1942). An electrophoretic
study of the protein components in cerebrospinal fluid and their
relationship to the serum proteins. J Clin Invest, 21, 571–577.
Yahr, M. D., Goldensohn, S.S., Kabat, E.A. (1954). Further studies on
the gamma globulin content of cerebrospinal fluid in multiple sclerosis
and other neurological diseases. Ann Neurol, 58, 613-24.
Walsh, M. J., Tourtellotte, W. W., Roman, J., Dreyer, W. (1985).
Immunoglobulin G, A, and M-clonal restriction in multiple sclerosis
cerebrospinal fluid and serum-analysis by two-dimensional
electrophoresis. Clin Immunol Immunopathol, 35, 313-327.
Qin, Y., Duquette, P., Zhang, Y., Talbot, P., Poole, R., Antel, J. (1998).
Clonal expansion and somatic hypermutation of VH genes of B cells
from cerebrospinal fluid in multiple sclerosis. J Clin Invest, 102, 10451050.
Baranzini, S. E., Jeong, M. C., Butunoi, C., Murray, R. S., Bernard, C.
C. A., Oksenberg, J. R. (1999). B cell repertoire diversity and clonal
expansion in multiple sclerosis brain lesions. J Immunol, 163, 51335144.
Colombo, M., Dono, M., Gazzola, P., Roncella, S., Valetto, A.,
Chiorazzi, N., et al (2000). Accumulation of clonally related B
lymphocytes in the cerebrospinal fluid of multiple sclerosis patients. J
Immunol, 164, 2782-2789.
Owens, G. P., Ritchie, A. M., Burgoon, M. P., Williamson, R. A.,
Corboy, J. R., Gilden, D. H. (2003). Single-cell repertoire analysis
demonstrates that clonal expansion is a prominent feature of the B cell

90

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Yusei Miyazaki and Masaaki Niino
response in multiple sclerosis cerebrospinal fluid. J Immunol, 171,
2725-2733.
Owens, G. P., Kraus, H., Burgoon, M. P., Smith-Jensen, T., Devlin, M.
E., Gilden, D. H. (1998). Restricted use of VH4 germline segments in
an acute multiple sclerosis brain. Ann Neurol, 43, 236-243.
Büdingen, von H. C., Kuo, T. C., Sirota, M., van Belle, C.J., Apeltsin,
L., Glanville, J., et al (2012). B cell exchange across the blood-brain
barrier in multiple sclerosis. J Clin Invest, 122, 4533-4543.
Disanto, G., Morahan, J. M., Barnett, M. H., Giovannoni, G.,
Ramagopalan, S. V. (2012). The evidence for a role of B cells in
multiple sclerosis. Neurology, 78, 823-832.
Levin, L. I., Munger, K. L., O'Reilly, E. J., Falk, K. I., Ascherio, A.
(2010). Primary infection with the Epstein-Barr virus and risk of
multiple sclerosis. Ann Neurol, 67, 824-830.
Storch, M. K., Piddlesden, S., Haltia, M., Iivanainen, M., Morgan, P.,
Lassmann, H. (1998). Multiple sclerosis: in situ evidence for antibodyand complement-mediated demyelination. Ann Neurol, 43, 45–71.
Genain, C. P., Cannella, B., Hauser, S., Raine, C. (1999). Identification
of autoantibodies associated with myelin damage in multiple sclerosis.
Nat Med, 5, 170-175.
Lucchinetti, C., Brück, W., Parisi, J., Scheithauer, B., Rodriguez, M.,
Lassmann, H. (2000). Heterogeneity of multiple sclerosis lesions:
implications for the pathogenesis of demyelination. Ann Neurol, 47,
707-717.
Schluesener, H. J., Sobel, R. A., Linington, C., Weiner, H. L. (1987). A
monoclonal antibody against a myelin oligodendrocyte glycoprotein
induces relapses and demyelination in central nervous system
autoimmune disease. J Immunol, 139, 4016-4021.
Genain, C. P., Nguyen, M. H., Letvin, N. L., Pearl, R., Davis, R. L.,
Adelman, M., et al (1995). Antibody facilitation of multiple sclerosislike lesions in a nonhuman primate. J Clin Invest, 96, 2966-2974.
Zhou, D., Srivastava, R., Nessler, S., Grummel, V., Sommer, N., Brück,
W., et al (2006). Identification of a pathogenic antibody response to
native myelin oligodendrocyte glycoproteinin multiple sclerosis. Proc
Natl Acad Sci USA, 103, 19057-19062.
Warren, K. G., Catz, I., Johnson, E., Mielke, B. (1994). Anti-myelin
basic protein and anti-proteolipid protein specific forms of multiple
sclerosis. Ann Neurol, 35, 280-289.

B Cells: A Key Player in the Pathogenesis of Multiple Sclerosis

91

[26] Ilyas A, Chen ZW, Cook SD. Antibodies to sulfatide in cerebrospinal
fluid of patients with multiple sclerosis. J Neuroimmunol, 139, 76-80.
[27] Mathey, E. K., Derfuss, T., Storch, M. K., Williams, K. R., Hales, K.,
Woolley, D. R., et al (2007). Neurofascin as a novel target for
autoantibody-mediated axonal injury. J Exp Med, 204, 2363-2372.
[28] Derfuss, T., Parikh, K., Velhin, S., Braun, M., Mathey, E., Krumbholz,
M., et al (2009). Contactin-2/TAG-1-directed autoimmunity isidentified
in multiple sclerosis patients andmediates gray matter pathology in
animals. Proc Natl Acad Sci USA, 106, 8302-8307.
[29] Srivastava, R., Aslam, M., Kalluri, S. R., Schirmer, L., Buck, D.,
Tackenberg, B., et al (2012). Potassium channel KIR4.1 as an immune
target in multiple sclerosis. N Engl J Med, 367, 115-123.
[30] Büdingen, von H. C., Harrer, M. D., Kuenzle, S., Meier, M., Goebels,
N. (2008). Clonally expanded plasma cells in the cerebrospinal fluid of
MS patients produce myelin‐specific antibodies. Eur J Immunol, 38,
2014-2023.
[31] Owens, G. P., Bennett, J.L., Lassmann, H., O'Connor, K.C., Ritchie, A.
M., Shearer, A., et al (2009). Antibodies produced by clonally expanded
plasma cells in multiple sclerosis cerebrospinal fluid. Ann Neurol, 65,
639-649.
[32] Keegan, M., König, F., McClelland, R., Brück, W., Morales, Y., Bitsch,
A., et al (2005). Relation between humoral pathological changes in
multiple sclerosis and response to therapeutic plasma exchange. Lancet,
366, 579-582.
[33] O'Connor, K. C., Lopez-Amaya, C., Gagne, D., Lovato, L., MooreOdom, N. H., Kennedy, J., et al (2010). Anti-myelin antibodies
modulate clinical expression of childhood multiple sclerosis. J
Neuroimmunol, 223, 92-99.
[34] Stashenko, P., Nadler, L. M., Hardy, R., Schlossman, S. F. (1980).
Characterization of a human B lymphocyte-specific antigen. J Immunol,
125, 1678-1685.
[35] Edwards, J. C. W., Cambridge, G. (2006). B-cell targeting in
rheumatoid arthritis and other autoimmune diseases. Nat Rev Immunol,
6, 394-403.
[36] Stüve, O., Cepok, S., Elias, B., Saleh, A., Hartung, H. P., Hemmer, B.,
et al (2005). Clinical stabilization and effective B-lymphocyte depletion
in the cerebrospinal fluid and peripheral blood of a patient with
fulminant relapsing-remitting multiple sclerosis. Arch Neurol, 62, 16201623.

92

Yusei Miyazaki and Masaaki Niino

[37] Cross, A. H., Stark, J. L., Lauber, J., Ramsbottom, M. J., Lyons, J. A.
(2006). Rituximab reduces B cells and T cells in cerebrospinal fluid of
multiple sclerosis patients. J Neuroimmunol, 180, 63-70.
[38] Petereit, H. F., Moeller-Hartmann, W., Reske, D., Rubbert, A. (2007).
Rituximab in a patient with multiple sclerosis - effect on B cells, plasma
cells and intrathecal IgG synthesis. Acta Neurol Scand, 117, 399-403.
[39] Martin, M., Cravens, P. D., Winger, R., Kieseier, B. C., Cepok, S.,
Eagar, T. N., et al (2009). Depletion of B lymphocytes from cerebral
perivascular spaces by rituximab. Arch Neurol, 66, 1016-1020.
[40] Piccio, L., Naismith, R. T., Trinkaus, K., Klein, R. S., Parks, B. J.,
Lyons, J. A., et al (2010). Changes in B- and T-lymphocyte and
chemokine levels with rituximab treatment in multiple sclerosis. Arch
Neurol, 67, 707-714.
[41] Pescovitz, M. D., Greenbaum, C. J., Krause-Steinrauf, H., Becker, D. J.,
Gitelman, S. E., Goland, R., et al (2009). Rituximab, B-lymphocyte
depletion, and preservation of beta-cell function. N Engl J Med, 361,
2143-2152.
[42] Tanaka, Y., Yamamoto, K., Takeuchi, T., Nishimoto, N., Miyasaka, N.,
Sumida, T., et al (2007). A multicenter phase I/II trial of rituximab for
refractory systemic lupus erythematosus. Mod Rheumatol, 17, 191-197.
[43] Stasi, R., Del Poeta, G., Stipa, E., Evangelista, M. L., Trawinska, M. M.,
Cooper, N., et al (2007). Response to B-cell depleting therapy with
rituximab reverts the abnormalities of T-cell subsets in patients with
idiopathic thrombocytopenic purpura. Blood, 110, 2924-2930.
[44] Dalakas, M.C., Rakocevic, G., Salajegheh, M., Dambrosia, J. M., Hahn,
A. F., Raju, R., et al (2009). Placebo-controlled trial of rituximab in IgM
anti-myelin-associated glycoprotein antibody demyelinating neuropathy.
Ann Neurol, 65, 286-293.
[45] Ahmed, A. R., Spigelman, Z., Cavacini, L. A., Posner, M. R. (2006).
Treatment of pemphigus vulgaris with rituximab and intravenous
immune globulin. N Engl J Med, 355, 1772-1779.
[46] Remuzzi, G., Chiurchiu, C., Abbate, M., Brusegan, V., Bontempelli, M.,
Ruggenenti, P. (2002). Rituximab for idiopathic membranous
nephropathy. Lancet, 360, 923-924.
[47] Hawker, K., O'Connor, P., Freedman, M. S., Calabresi, P. A., Antel, J.,
Simon, J., et al (2009). Rituximab in patients with primary progressive
multiple sclerosis Results of a randomized double-blind placebocontrolled multicenter trial. Ann Neurol, 66, 460-471.

B Cells: A Key Player in the Pathogenesis of Multiple Sclerosis

93

[48] Bar-Or, A., Fawaz, L., Fan, B., Darlington, P. J., Rieger, A., Ghorayeb,
C., et al (2010). Abnormal B-cell cytokine responses. A trigger of Tcell-mediated disease in MS? Ann Neurol, 67, 452-461.
[49] Sfikakis, P. P., Boletis, J. N., Lionaki, S., Vigklis, V., Fragiadaki, K. G.,
Iniotaki, A., et al. Remission of proliferative lupus nephritis following B
cell depletion therapy is preceded by down-regulation of the T cell
costimulatory molecule CD40 ligand An open-label trial. Arthritis
Rheum, 52, 501-513.
[50] Tokunaga, M., Saito, K., Kawabata, D., Imura, Y., Fujii, T.,
Nakayamada, S., et al (2007). Efficacy of rituximab (anti-CD20) for
refractory systemic lupus erythematosus involving the central nervous
system. Ann Rheum Dis, 66, 470-475.
[51] Eming, R., Nagel, A., Wolff-Franke, S., Podstawa, E., Debus, D., Hertl,
M. (2008). Rituximab exerts a dual effect in pemphigus vulgaris. J
Investig Dermatol, 128, 2850-2858.
[52] van de Veerdonk, F. L., Lauwerys, B., Marijnissen, R. J., Timmermans,
K., Di Padova, F., Koenders, M. I., et al (2011). The anti-CD20
antibody rituximab reduces the Th17 cell response. Arthritis Rheum, 63,
1507-1516.
[53] Sfikakis, P. P., Souliotis, V. L., Fragiadaki, K.G., Moutsopoulos, H. M.,
Boletis, J. N., Theofilopoulos, A. N. (2007). Increased expression of the
FoxP3 functional marker of regulatory T cells following B cell depletion
with rituximab in patients with lupus nephritis. Clin Immunol, 123, 66–
73.
[54] Stasi, R., Cooper, N., Del Poeta, G., Stipa, E., Evangelista, M. L.,
Abruzzese, E., et al. (2008). Analysis of regulatory T-cell changes in
patients with idiopathic thrombocytopenic purpura receiving B celldepleting therapy with rituximab. Blood, 112, 1147-1150.
[55] Mann, M. K., Maresz, K., Shriver, L. P., Tan, Y., Dittel, B. N. (2007). B
cell regulation of CD4+CD25+ T regulatory cells and IL-10 via B7 is
essential
for
recovery
from
experimental
autoimmune
encephalomyelitis. J Immunol, 178, 3447-3456.
[56] Carter, N. A., Vasconcellos, R., Rosser, E. C., Tulone, C., MunozSuano, A., Kamanaka, M., et al (2011). Mice lacking endogenous IL10-producing regulatory B cells develop exacerbated disease and
present with an increased frequency of Th1/Th17 but a decrease in
regulatory T Cells. J Immunol, 186, 5569-5579.
[57] Ray, A., Basu, S., Williams, C. B., Salzman, N. H., Dittel, B.N. (2012).
A novel IL-10-independent regulatory role for B cells in suppressing

94

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]
[66]

[67]

[68]

Yusei Miyazaki and Masaaki Niino
autoimmunity by maintenance of regulatory T cells via GITR ligand. J
Immunol, 188, 3188-3198.
Duddy, M., Niino, M., Adatia, F., Hebert, S., Freedman, M., Atkins, H.,
et al (2007). Distinct effector cytokine profiles of memory and naive
human B cell subsets and implication in multiple sclerosis. J Immunol,
178, 6092-6099.
Hirotani, M., Niino, M., Fukazawa, T., Kikuchi, S., Yabe, I., Hamada,
S., et al. (2010). Decreased IL-10 production mediated by Toll-like
receptor 9 in B cells in multiple sclerosis. J Neuroimmunol, 221, 95100.
Fillatreau, S., Sweenie, C. H., McGeachy, M. J., Gray, D., Anderton, S.
M. (2002). B cells regulate autoimmunity by provision of IL-10. Nat
Immunol, 3, 944-950.
Barr, T. A., Shen, P., Brown, S., Lampropoulou, V., Roch, T., Lawrie,
S., et al. B cell depletion therapy ameliorates autoimmune disease
through ablation of IL-6-producing B cells. J Exp Med, 209, 1001-1010.
Duddy, M., Alter, A., Bar-Or, A. (2004). Distinct profiles of human B
cell effector cytokines: a role in immune regulation? J Immunol, 172,
3422-3427.
O'Garra, A., Stapleton, G., Dhar, V., Pearce, M., Schumacher, J., Rugo,
H., et al (1990). Production of cytokines by mouse B cells: B
lymphomas and normal B cells produce interleukin 10. Int Immunol, 2,
821-832.
Evans, J. G., Chavez-Rueda, K. A., Eddaoudi, A., Meyer-Bahlburg, A.,
Rawlings, D. J., Ehrenstein, M. R., et al. (2007). Novel suppressive
function of transitional 2 B cells in experimental arthritis. J Immunol,
178, 7868-7878.
Mauri, C., Bosma, A. (2012). Immune regulatory function of B cells.
Annu Rev Immunol, 30, 221-241.
Rafei, M., Hsieh, J., Zehntner, S., Li, M., Forner, K., Birman, E., et al.
(2009). A granulocyte-macrophage colony–stimulating factor and
interleukin-15 fusokine induces a regulatory B cell population with
immune suppressive properties. Nat Med, 15, 1038-1045.
DiLillo, D. J., Matsushita, T., Tedder, T. F. (2010). B10 cells and
regulatory B cells balance immune responses during inflammation,
autoimmunity, and cancer. Ann NY Acad Sci, 1183, 38-57.
Matsushita, T., Fujimoto, M., Hasegawa, M., Komura, K., Takehara, K.,
Tedder, T. F., et al. (2006). Inhibitory role of CD19 in the progression

B Cells: A Key Player in the Pathogenesis of Multiple Sclerosis

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

95

of experimental autoimmune encephalomyelitis by regulating cytokine
response. Am J Pathol, 168, 812-821.
Yanaba, K., Bouaziz, J. D., Haas, K. M., Poe, J. C., Fujimoto, M.,
Tedder, T. F. (2008). A regulatory B cell subset with a unique
CD1dhiCD5+ phenotype controls T cell-dependent inflammatory
responses. Immunity, 28, 639-650.
Matsushita, T., Yanaba, K., Bouaziz, J. D., Fujimoto, M., Tedder, T. F.
(2008). Regulatory B cells inhibit EAE initiation in mice while other B
cells promote disease progression. J Clin Invest, 118, 3420-3430.
Yanaba, K., Yoshizaki, A., Asano, Y., Kadono, T., Tedder, T. F., Sato,
S. (2011). IL-10-producing regulatory B10 cells inhibit intestinal injury
in a mouse model. Am J Patho, 178, 735-743.
Watanabe, R., Ishiura, N., Nakashima, H., Kuwano, Y., Okochi, H.,
Tamaki, K., et al. (2010). Regulatory B cells (B10 cells) have a
suppressive role in murine Lupus: CD19 and B10 cell deficiency
exacerbates systemic autoimmunity. J Immunol, 184, 4801-4809.
Matsushita, T., Horikawa, M., Iwata, Y., Tedder, T. F. (2010).
Regulatory B cells (B10 cells) and regulatory T cells have independent
roles in controlling experimental autoimmune encephalomyelitis
initiation and late-phase immunopathogenesis. J Immunol, 185, 22402252.
Iwata, Y., Matsushita, T., Horikawa, M., DiLillo, D. J., Yanaba, K.,
Venturi, G. M., et al. (2011). Characterization of a rare IL-10-competent
B-cell subset in humans that parallels mouse regulatory B10 cells.
Blood, 117, 530-541.
Blair, P. A., Noreña, L. Y., Flores-Borja, F., Rawlings, D. J., Isenberg,
D. A., Ehrenstein, M. R., et al (2010). CD19+CD24hiCD38hi B cells
exhibit regulatory capacity in healthy individuals but are functionally
impaired in systemic lupus erythematosus patients. Immunity, 32, 129140.
Niino M, Hirotani M, Miyazaki Y, Sasaki H (2009). Memory and naïve
B-cell subsets in patients with multiple sclerosis. Neurosci Lett, 464, 7478.
Niino M, Fukazawa T, Minami N, Amino I, et al (2012). CD5-positive
B cell subsets in secondary progressive multiple sclerosis. Neurosci
Lett, 523, 56-61.
Rauch, P. J., Chudnovskiy, A., Robbins, C. S., Weber, G. F., Etzrodt,
M., Hilgendorf, I., et al (2012). Innate response activator B cells protect
against microbial sepsis. Science, 335, 597-601.

96

Yusei Miyazaki and Masaaki Niino

[79] Li, R., Miyazaki, Y., Galleguillos Goiry, L., Lawrie, S., Rajesekharan,
S., Bar-Or, A. (2012). A novel GM-CSF+TNFahighIL-6highIL-10- human
B cell subset is abnormally increased in patients with multiple sclerosis.
11th International Congress of Neuroimmunology (ISNI).
[80] Genç, K., Dona, D. L., Reder, A. T. (1997). Increased CD80+ B cells in
active multiple sclerosis and reversal by interferon b-1b therapy. J Clin
Invest, 99, 2664-2671.
[81] Sellebjerg, F., Jensen, J., Ryder, L. P. (1998). Costimulatory CD80 (B71) and CD86 (B7-2) on cerebrospinal fluid cells in multiple sclerosis. J
Neuroimmunol, 84, 179-187.
[82] Bar-Or, A., Oliveira, E. M. L., Anderson, D. E., Krieger, J. I., Duddy,
M., O'Connor, K. C., et al (2001). Immunological memory: contribution
of memory B cells expressing costimulatory molecules in the resting
state. J Immunol, 167, 5669-5677.
[83] Harp, C.T., Ireland, S., Davis, L. S., Remington, G., Cassidy, B.,
Cravens, P. D., et al (2010). Memory B cells from a subset of treatmentnaïve relapsing-remitting multiple sclerosis patients elicit CD4+ T-cell
proliferation and IFN-γ production in response to myelin basic protein
and myelin oligodendrocyte glycoprotein. Eur J Immunol, 40, 29422956.
[84] Bettelli, E., Baeten, D., Jäger, A., Sobel, R. A., Kuchroo, V. K. (2006).
Myelin oligodendrocyte glycoprotein–specific T and B cells cooperate
to induce a Devic-like disease in mice. J Clin Invest, 116, 2393-2402.
[85] Krishnamoorthy, G., Lassmann, H., Wekerle, H., Holz, A. (2006).
Spontaneous opticospinal encephalomyelitis in a double-transgenic
mouse model of autoimmune T cell/B cell cooperation. J Clin Invest,
116, 2385-2392.
[86] Pollinger, B., Krishnamoorthy, G., Berer, K., Lassmann, H., Bösl, M.
R., Dunn, R., et al (2009). Spontaneous relapsing-remitting EAE in the
SJL/J mouse: MOG-reactive transgenic T cells recruit endogenous
MOG-specific B cells. J Exp Med, 206, 1303-1316.
[87] Lyons, J. A., San, M., Happ, M. P., Cross, A. H. (1999). B cells are
critical to induction of experimental allergic encephalomyelitis by
protein but not by a short encephalitogenic peptide. Eur J Immunol, 29,
3432-3439.
[88] Weber, M. S., Prod'homme, T., Patarroyo, J. C., Molnarfi, N., Karnezis,
T., Lehmann-Horn, K., et al (2010). B-cell activation influences T-cell
polarization and outcome of anti-CD20 B-cell depletion in central
nervous system autoimmunity. Ann Neurol, 68, 369-383.

B Cells: A Key Player in the Pathogenesis of Multiple Sclerosis

97

[89] Lampropoulou, V., Hoehlig, K., Roch, T., Neves, P., Gómez, E. C.,
Sweenie, C. H., et al (2008). TLR-activated B cells suppress T cellmediated autoimmunity. J Immunol, 180, 4763-4773.
[90] Fillatreau, S., Gray, D., Anderton, S. M. (2008). Not always the bad
guys: B cells as regulators of autoimmune pathology. Nat Rev Immunol,
8, 391-397.
[91] Correale, J., Farez, M. (2007). Association between parasite infection
and immune responses in multiple sclerosis. Ann Neurol, 61, 97–108.
[92] Correale, J., Farez, M., Razzitte, G. (2008). Helminth infections
associated with multiple sclerosis induce regulatory B cells. Ann Neurol,
64, 187-199.
[93] Correale, J., Farez, M. (2009). Helminth antigens modulate immune
responses in cells from multiple sclerosis patients through TLR2dependent mechanisms. J Immunol, 183, 5999-6012.
[94] Ochoa-Repáraz, J., Mielcarz, D. W., Haque-Begum, S., Kasper, L. H.
(2010). Induction of a regulatory B cell population in experimental
allergic encephalomyelitis by alteration of the gut commensal
microflora. Gut Microbes, 1, 103-108.
[95] Chen, G. Y., Nuñez, G. (2010). Sterile inflammation: sensing and
reacting to damage. Nat Rev Immunol, 10, 826–37.
[96] Shichita, T., Hasegawa, E., Kimura, A., Morita, R., Sakaguchi, R.,
Takada, I., et al (2012). Peroxiredoxin family proteins are key initiators
of post-ischemic inflammation in the brain. Nature, 18, 911-917.
[97] Corcione, A., Casazza, S., Ferretti, E., Giunti, D., Zappia, E., Pistorio,
A., et al (2004). Recapitulation of B cell differentiation in the central
nervous system of patients with multiple sclerosis. Proc Natl Acad Sci
USA, 101, 11064-11069.
[98] Krumbholz, M., Theil, D., Derfuss, T., Rosenwald, A., Schrader, F.,
Monoranu, C. M., et al (2005). BAFF is produced by astrocytes and upregulated in multiple sclerosis lesions and primary central nervous
system lymphoma. J Exp Med, 201, 195-200.
[99] Harp, C., Lee, J., Lambracht-Washington, D., Cameron, E., Olsen, G.,
Frohman, E., et al (2007). Cerebrospinal fluid B cells from multiple
sclerosis patients are subject to normal germinal center selection. J
Neuroimmunol, 183, 189-199.
[100] Neyt, K., Perros, F., GeurtsvanKessel, C. H., Hammad, H., Lambrecht,
B. N. (2012). Tertiary lymphoid organs in infection and autoimmunity.
Trends Immunol, 33, 297-305.

98

Yusei Miyazaki and Masaaki Niino

[101] Peters, A., Pitcher, L. A., Sullivan, J. M., Mitsdoerffer, M., Acton, S. E.,
Franz, B., et al (2011). Th17 cells induce ectopic lymphoid follicles in
central nervous system tissue inflammation. Immunity, 35, 986-996.
[102] Columba-Cabezas, S., Serafini, B., Ambrosini, E., Aloisi, F. (2003).
Lymphoid chemokines CCL19 and CCL21 are expressed in the central
nervous system during experimental autoimmune encephalomyelitis:
implications for the maintenance of chronic neuroinflammation. Brain
Pathol, 13, 38-51.
[103] Magliozzi, R., Columba-Cabezas, S., Serafini, B., Aloisi, F. (2004).
Intracerebral expression of CXCL13 and BAFF is accompanied by
formation of lymphoid follicle-like structures in the meninges of mice
with relapsing experimental autoimmune encephalomyelitis. J
Neuroimmunol, 148, 11-23.
[104] Lisak, R. P., Benjamins, J. A., Nedelkoska, L., Barger, J. L., Ragheb, S.,
Fan, B., et al. (2012). Secretory products of multiple sclerosis B cells
are cytotoxic to oligodendroglia in vitro. J Neuroimmunol, 246, 85-95.
[105] Lucchinetti, C. F., Popescu, B. F. G., Bunyan, R. F., Moll, N. M.,
Roemer, S. F., Lassmann, H., et al (2011). Inflammatory cortical
demyelination in early multiple sclerosis. N Engl J Med, 365, 21882197.
[106] Choi, S. R., Howell, O. W., Carassiti, D., Magliozzi, R., Gveric, D.,
Muraro, P. A., et al (2012). Meningeal inflammation plays a role in the
pathology of primary progressive multiple sclerosis. Brain, 135, 29252937.
[107] Serafini, B., Rosicarelli, B., Franciotta, D., Magliozzi, R., Reynolds, R.,
Cinque, P., et al (2007). Dysregulated Epstein-Barr virus infection in the
multiple sclerosis brain. J Exp Med, 204, 2899-2912.
[108] Lassmann, H., Niedobitek, G., Aloisi, F., Middeldorp, J. M., the
NeuroproMiSe EBV Working Group. (2011). Epstein-Barr virus in the
multiple sclerosis brain: a controversial issue--report on a focused
workshop held in the Centre for Brain Research of the Medical
University of Vienna, Austria. Brain, 134, 2772-2786.
[109] Sorensen, P. S., Drulovic, J., Havrdova, E., Lisby, S., Graff, O.,
Shackelford, S. (201). Magnetic resonance imaging (MRI) efficacy of
ofatumumab in relapsing-remitting multiple sclerosis (RRMS) – 24week results of a phase II study. 26th Congress of the European
Committee for Treatment and Research in Multiple Sclerosis
(ECTRIMS), 2010.

B Cells: A Key Player in the Pathogenesis of Multiple Sclerosis

99

[110] Fleischmann, R. M. Progressive multifocal leukoencephalopathy
following rituximab treatment in a patient with rheumatoid arthritis.
Arthritis Rheum, 60, 3225-3228.
[111] Clifford, D. B., Ances, B., Costello, C., Rosen-Schmidt, S., Andersson,
M., Parks, D., et al (2011). Rituximab-associated progressive multifocal
leukoencephalopathy in rheumatoid arthritis. Arch Neurol, 68, 11561164.
[112] El Fassi, D., Nielsen, C. H., Kjeldsen, J., Clemmensen, O., Hegedüs, L.
(2008) Ulcerative colitis following B lymphocyte depletion with
rituximab in a patient with Graves’ disease. Gut, 57, 714-715.
[113] Ardelean, D. S., Gonska, T., Wires, S., Cutz, E., Griffiths, A., Harvey,
E., et al (2010). Severe ulcerative colitis after rituximab therapy.
Pediatrics, 126, e243-246.
[114] Dass, S., Vital, E. M., Emery, P. (2007). Development of psoriasis after
B cell depletion with rituximab. Arthritis Rheum, 56, 2715-2718.
[115] Mielke, F., Schneider-Obermeyer, J., Dörner, T. (2007). Onset of
psoriasis with psoriatic arthropathy during rituximab treatment of nonHodgkin lymphoma. Ann Rheum Dis, 67, 1056-1057.
[116] Guidelli, G. M., Fioravanti, A., Rubegni, P., Feci, L. (2012). Induced
psoriasis after rituximab therapy for rheumatoid arthritis: a case report
and review of the literature. Rheumatol Int, published online (DOI
10.1007/s00296-012-2581-3).
[117] Thomas, L., Canoui-Poitrine, F., Gottenberg, J. E., Economu-Dubosc,
A., Medkour, F., Chevalier, X., et al (2012). Incidence of new-onset and
flare of preexisting psoriasis during rituximab therapy for rheumatoid
arthritis: Data from the French AIR registry. J Rheumatol, 39, 893-898.
[118] Miyazaki, Y., Misirliyan, H., Moore, C., Li, R., Farooqi, N., Solis, M.,
et al (2012). microRNAs and abnormal regulation of pro- inflammatory
B cell cytokines in MS patients: the novel miR-132-surtuin-1 axis. 11th
International Congress of Neuroimmunology (ISNI).
[119] Yoshizaki, A., Miyagaki, T., DiLillo, D. J., Matsushita, T., Horikawa,
M., Kountikov, E. I., et al (2012). Regulatory B cells control T-cell
autoimmunity through IL-21-dependent cognate interactions. Nature,
491, 264-268.

