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ABSTRACT

Multiple sclerosis (MS) is a chronic, immune-mediated disease of the central nervous system (CNS) that affects both white and gray matter. Although it has been
traditionally considered as a T cell mediated disease, the role of B cell in MS pathology has become a topic of great research interest. Cortical lesions, key feature of
the progressive forms of MS, are involved in cognitive impairment and worsening of the patients’ outcome. These lesions present pathognomonic hallmarks, such as:
absence of blood-brain barrier (BBB) disruption, limited inflammatory events, reactive microglia, neurodegeneration, demyelination and meningeal inflammation. B
cells located in the meninges, either as part of diffuse inflammation or as part of follicle-like structures, are strongly associated with cortical damage. The function of
CD20-expressing B cells in MS is further highlighted by the success of specific therapies using anti-CD20 antibodies. The possible roles of B cells in pathology go
beyond their ability to produce antibodies, as they also present antigens to T cells, secrete cytokines (both pathogenic and protective) within the CNS to modulate T
and myeloid cell functions, and are involved in meningeal inflammation. Here, we will review the contributions of B cells to the pathogenesis of meningeal
inflammation and cortical lesions in MS patients as well as in preclinical animal models.

1. Introduction

Multiple sclerosis (MS) is a chronic immune-mediated disease of the
central nervous system (CNS) that affects both white and gray matter of
unknown aetiology. The anatomopathology of the disease is character-
ized by neuroinflammation, demyelination and axonal degeneration,
leading to loss of functions in the CNS, which depends on the location of
the lesions (Lassmann, 2013; Miller et al., 2008). It is a heterogeneous
disease that displays different clinical phenotypes, including episodes
with periods of relapse and remission of symptoms known as “Relapsing
Remitting MS” (RRMS), which can progress to a secondary progressive
form, “Secondary Progressive MS” (SPMS) (Lublin et al., 2014). How-
ever, some other patients experience a persistent progression of symp-
toms from the disease onset, called “Primary Progressive MS” (PPMS).
Cortical lesions are key features of both PPMS and SPMS and they also
were found in early MS (Calabrese and Castellaro, 2017; Lucchinetti
et al., 2011). These lesions present absence of BBB disruption, limited
inflammatory events, reactive microglia, neurodegeneration, demye-
lination and meningeal inflammation (Silva and Ferrari, 2018). Cortical
lesions are clinically pertinent because they are considered responsible
for cognitive impairment and worsening of disease outcome (Calabrese

et al., 2012a; Nelson et al., 2011; Roosendaal et al., 2009).

Although MS was previously considered to be a T cell-mediated
disease, the role of B cells has recently become a central issue in its
pathogenesis. B cells are found in the meninges either as part of diffuse
inflammation or forming part of follicle-like structures, which are
strongly associated with cortical damage (Magliozzi et al., 2010).
Additionally, Magliozzi et al., 2007 described the presence of Epstein
Barr Virus (EBV) in brain-infiltrating B cells and plasma cells in the
majority of MS forms, including cortical pathology, demonstrating that
EBV contributes to B-cell dysregulation in cortical MS (Bar-Or et al.,
2020; Magliozzi et al., 2013). Therefore, B cells are being pointed out as
suitable targets for the development of new therapeutic agents (Rah-
manzadeh et al., 2018; Sellebjerg et al., 2020).

This review will provide an overview of B cell function in both MS
patients and animal models of the disease. We will explore the contri-
bution of B cells to the pathogenesis of cortical lesions, including their
role in antigen presentation, antibody production and cytokine
secretion.
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2. Role of B cells in MS

The recent success of specific therapies targeting B cells has brought
attention to their role in MS pathology. Besides to their classical role in
antibody production, B cells present other functions relevant for MS:
they activate T cells via antigen presentation, they secrete pathogenic
and/or protective cytokines that modulate both T and myeloid cells in
the CNS and they act as a reservoir for EBV infection.

B cells are very efficient antigen-presenting cells (APCs) as they can
present protein antigens at low concentrations due to the high affinity of
neuroantigens for B cell receptors (BCR). B cells are able to recognize
and internalize soluble antigens and conformational epitopes, present-
ing them on their surface alongside the major histocompatibility com-
plex class II (MHCII), ready to be recognized by T cells (Harp et al.,
2008). Peripheral B cells can present myelin antigens, such as myelin
oligodendrocyte glycoprotein (MOG) and myelin basic protein (MBP), to
T cells, leading to their activation. Activated T cells, in turn, migrate into
the CNS inducing the destruction of myelin sheaths, as observed in MS
patients (Jelcic et al., 2018; Michel et al., 2015). The APCs promote T
cell proliferation, differentiation into T helper 1 and 17 cells (Th1l and
Th17) and cytokine production (Gharibi et al., 2019; Weber et al.,
2010).

During the antigen presentation process, co-stimulatory molecules in
the surface of both B and T cells are necessary to induce activation,
expansion and differentiation of CNS-specific pathogenic T cells. In fact,
B cells from MS patients present a higher expression of co-stimulatory
molecules CD86 and CD80 compared to healthy controls (Fraussen
et al., 2016; Genc et al., 1997). The interaction between co-stimulatory
molecules CD40-CD40L enhances B-T cell collaboration by upregulating
MHCII and cell adhesion molecule expression, which leads the activa-
tion of NF-xB pathways, thus activating B cell proliferation and, subse-
quently, antibody and cytokine production. Memory B cells from RRMS
patients increase their proliferation in response to CD40 binding,
compared to those from healthy donors (Ireland et al., 2012). Moreover,
elevated levels of phosphorylated NF-kB (p-P65) after CD40 stimulation
were described in RRMS and SPMS patients compared to healthy con-
trols (Chen et al., 2016).

B cells also have the capacity to differentiate into antibody secreting
plasm cells. In MS, these cells are responsible for the production of
intrathecal G and M immunoglobulins (IgG and IgM, respectively),
which constitute the oligoclonal bands (OCB) in patients. The IgG OCBs
have been reported in the cerebrospinal fluid (CSF) of 90% of MS pa-
tients, regardless of the disease phenotype. The presence of IgG OCBs is
associated with a more active inflammatory disease in PPMS patients
(Villar et al., 2014). On the other hand, IgM OCBs are found in 30-40%
of the cases. Intrathecal synthesis of lipid-specific IgM OCBs predicts a
more aggressive disease course in RRMS patients. In addition, the
presence of IgM OCBs in the CSF of patients predicts earlier second
relapse, more relapses and increased disability (Villar et al., 2005).

Besides OCBs, other antibodies have also been implicated in MS
pathogenesis, among them, a group of myelin fragment-binding anti-
bodies found within tissue phagocytes (Genain et al., 1999; Prineas and
Graham, 1981). The most common demyelinating lesion pattern
(Pattern II) is characterized by prominent deposition of these antibodies
as well as complement (Lucchinetti et al., 2000). Even though glyco-
lipids, axonal and glial proteins and viruses have been suggested as
targets of these antibodies, the specific antigens recognized by them are
still unknown (Blauth et al., 2015; Krumbholz et al., 2012).

Interestingly, B cells have a dual role in MS progression. In fact,
based on their cytokine profile, B cells are capable of both enhancing or
downregulating the immune response in MS. They can exert a pro-
inflammatory role by secreting interleukin (IL)-6, IL-2, IL-15, tumor
necrosis factor (TNF)-a, granulocyte-monocyte colony stimulating factor
(GM-CSF) and lymphotoxin (LT)-a. IL-6-expressing B cells are involved
in the differentiation of Th17 responses, which contribute to disease
progression in both MS and experimental autoimmune
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encephalomyelitis (EAE) (Barr et al., 2012). B cells from mice with EAE
secreted high levels of IL-6 and mice with IL-6 deficiency exhibited an
attenuated version of the disease (Barr et al., 2012). IL-6 secreted by B
cells enhance both T cell proliferation and Th17 cell responses in vitro
(Barr et al., 2010; Lampropoulou et al., 2008). Conversely, B cells can
also secrete anti-inflammatory cytokines, such as IL-10 and IL-35 (Li
et al., 2015a; Li et al., 2015b). Notably, pro-inflammatory IL-6 induces
the differentiation of IL-10-secreting regulatory B cells, probably as a
self-regulatory mechanism to prevent excessive inflammation (Rosser
et al., 2014).

IL-1p, TNF-a, and GM-CSF expression by B cell lines derived from MS
patients significantly correlate with disability, according to the
expanded disability status scale (EDSS). Moreover, B cells from patients
with the progressive forms of MS produce more TNF-o and LTa than
those from RRMS patients (Stein et al., 2018). In addition, GM-CSF
expressed by B cells activates myeloid cells and, in turn, regulates the
generation of regulatory IL-10-expressing B cells in vitro (Li et al.,
2015b). Moreover, GM-CSF knockout mice are resistant to EAE induc-
tion, demonstrating that GM-CSF is required for inducing chronic tissue
damage (Duncker et al., 2018; McQualter et al., 2001). In humans, the
subset of B cells that secrete GM-CSF also express high levels of TNF-o
and IL-6 (Li et al., 2015b). All the aforementioned cytokines, chemo-
kines and LTs expressed by B cells have been involved in the formation
follicle-like meningeal structures of MS patients (Corsiero et al., 2016).

The regulatory function of B cells is associated to the expression of
anti-inflammatory cytokines, such as IL-10, IL-35, TGF-f. In a model of
chronic EAE, the regulatory and protective functions of B cells were
mediated through IL-10 production (Thi Cuc et al., 2019). Moreover,
MOG-immunized knockout mice selectively lacking IL-10-producing B
cells, failed to recover from EAE (Fillatreau et al., 2002). IL-35, an
anti-inflammatory cytokine of the IL-12 family, produced by B cells,
plays an important role in the recovery from the EAE, probably either by
inhibiting the immune response or, through the induction of IL-10 by
regulatory B cells with concomitant suppression of Th17 response (Kang
et al., 2020; Wang et al., 2014) (summarized in Fig. 1). EAE transgenic
mice with TGF-f1-deficient B cells demonstrated an earlier onset of the
disease and exacerbation of the susceptibility to the disease caused by
downregulating encephalitogenic Th1/17 response (Bjarnadottir et al.,
2016).

2.1. Role of B cells in cortical MS pathology

2.1.1. Cortical and meningeal MS pathology

Primary demyelinating cortical plaques are specific to MS as they
cannot be found in any other chronic neuroinflammatory disorder
(Fischer et al., 2013).

The classification of the cortical lesions is based on the distribution of
the demyelinating areas along the cortical layers: (a) type I or leuko-
cortical, located in the deeper layers of the gray matter as well as in the
adjacent white matter; (b) type II or intracortical, small demyelinating
lesions located within the cortex and mostly adjacent to blood vessels;
(c) type III or subpial, located on the outermost layer of the cortex, close
to the pia mater; and (d) type IV or pancortical, distributed throughout
the cortex (Dutta and Trapp, 2007; Lucchinetti et al., 2011).

Despite the detailed descriptions available for gray matter pathology,
the mechanisms that trigger cortical injury remain unresolved. The first
possibility is that the neurodegeneration is primarily originated within
the white matter and from there it induces and propagates cortical pa-
thology an anterograde or retrograde manner (Choi et al., 2012; Haider
et al., 2016; Lassmann, 2012). The second possibility is that meningeal
inflammation is the one responsible of triggering cortical injury.

The relationship between cortical damage and meningeal inflam-
mation has been extensively described and has been linked to cortical
pathology and a worse clinical prognosis in the progressive forms of MS
(Choi et al., 2012; Howell et al., 2011; James et al., 2020; Magliozzi
et al., 2007; Magliozzi et al., 2010). The entrance of peripheral immune
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cells into the CNS could be explained by the ““two-step’” model,
described by Russi and Brown, 2015 (Russi and Brown, 2015). Ac-
cording to this model, the “first wave” includes the immune surveillance
of the CNS, where peripheral T cells circulate from the periphery to-
wards the choroid plexus. These cells enter into the ventricles through
the blood-CSF barrier of the choroid plexus and eventually reach the
subarachnoid space of the meninges. The “second wave” involves the
interaction between T cells and APCs loaded with myelin antigens,
which triggers T-cell reactivation in the meninges and promotes the
influx of peripheral leukocytes into the CNS with the subsequent loss of
local BBB integrity. Thus, this second wave of inflammatory cells me-
diates demyelination and neuronal damage (Axtell and Steinman, 2009;
Bartholomaus et al., 2009; Ransohoff, 2009; Reboldi et al., 2009; Wol-
burg and Paulus, 2010). The progression of cortical pathology associated
with meningeal inflammation was demonstrated throughout the stages
of MS, with subpial lesions during the earlier stages and deeper lesions in
the later stages of the disease, (Magliozzi et al., 2010; Mainero et al.,
2015).

In clinical practice, the in vivo visualization of cortical lesions re-
mains technically challenging because of the low sensitivity of con-
ventional MRI technique for unequivocal detection of these lesions
(Jonkman et al., 2015; Klaver et al., 2015). Distinct MRI techniques have
been developed to improve cortical lesion detection, including double
inversion recovery, phase-sensitive inversion recovery,
magnetization-prepared rapid acquisition with gradient echo sequences
and a combination of magnetization-prepared two rapid gradient echo
and T2* weighted imaging at 7T (Beck et al., 2018; Favaretto et al.,
2015; Nelson et al., 2007; Sethi et al., 2012). Leptomeningeal pathology
can also be visualized through brain MRI using post-contrast 3T FLAIR,
in which the leakage of gadolinium into the CSF is suggested as an in-
direct marker of meningeal inflammation in MS (Absinta et al., 2015).
The presence of this leptomeningeal contrast enhancement in 3T MRIs
has also been associated with cortical atrophy progression, measured
over a 5 year period (Zivadinov et al., 2017) and physical disability
(Makshakov et al., 2017). However, the presence of this leakage is not
specific for MS and is seen in other CNS diseases as well (Absinta et al.,
2017). Currently used imaging techniques still require further research
in order to improve the current understanding of MS pathology and
eventually develop more specific treatments.

2.1.2. Role of B cells in cortico- meningeal MS pathology: evidence from
animal models
Since MS is a heterogeneous disease and samples from patients are
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usually scarce, the development of animal models is crucial for inves-
tigating the function of B cells in this pathology. Although animal
models are unable to replicate the full complexity of MS pathology, they
have contributed to the knowledge of pathological processes of the
disease, as well as to the development of therapeutic drugs for its
treatment (Bjelobaba et al., 2018; Constantinescu et al., 2011; Kipp
et al., 2017; Silva and Ferrari, 2018). Of all the available animal models,
EAE has been the one that dominated the field of preclinical research of
MS over the last 70 years. EAE can be induced by active immunization
using myelin-derived proteins, such as myelin oligodendrocyte glyco-
protein (MOG), or peptides in adjuvant or by passive transfer of acti-
vated myelin-specific CD4+ T lymphocytes (Robinson et al., 2014). The
major concern about MOG-EAE is that it mimics a patients’ disease now
called “MOG antibody-associated inflammatory demyelinating disease”,
which differs from MS. EAE is mediated by CD4+ T cells, and the human
MS disease is mediated by CD8+ T cells and B cells (Lassmann, 2019). In
conclusion, most EAE models are mainly focused on T cell reaction, with
no especial focus on B cells.

In order to study the role of B cells, new EAE models based on specific
antigen induction, have been created. The first one was based on the
immunization of B6 mice with human MOG (hMOG), which induced a
severe and chronic course of the disease with CNS meningeal and peri-
vascular inflammatory infiltration with presence of B cells (Boyden
et al., 2020; Kuerten and Angelov, 2008; Oliver et al., 2003). Another
model was achieved by immunizing C57BL/6 mice with a combination
of myelin basic protein (MBP) and three hydrophilic loops of proteolipid
protein (PLP), named MP4. These mice presented a large number of
infiltrated B cells into both brain and spinal cord, most of which were
aggregated forming tertiary lymphoid organs in association with
CXCL13+ and CD10+ cells (Kuerten et al., 2008).

Here, we will focus on the data regarding the role of B cells in cortical
lesions and the associated meningeal inflammation. The extensive data
available related to spinal cord and peripheral response are out of the
scope of this manuscript.

The molecules involved in the functional organization of B cell re-
sponses within lymphoid follicles were studied in SJL mice immunized
with PLP139 151 peptides. Magliozzi and colleagues, demonstrated that
CXCL13, a chemokine involved in B cell recruitment, and the B cell
activating factor of the tumor necrosis factor family (BAFF), essential for
proliferation and maturation of B cells, are induced in the CNS of mice
with relapsing-remitting and chronic-relapsing EAE. Additionally, the
authors demonstrated the presence of follicle-like structures with B cells
and CXCL13+ follicular dendritic cells located within the meninges
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during the inflammatory process (Magliozzi et al., 2004). LTa1p2 and its
receptor were upregulated in mice at the onset of EAE induced by
PLPy39 151. LTalp2 is member of the TNF-a family expressed on the
surface of B and T cells that induces the expression of lymphoid che-
mokines (among them, CXCL13). Systemic and local blockage of the
interaction of LT with its receptor inhibited EAE, impaired the formation
of ectopic follicles in the meninges, diminished T and B cell infiltration
and prevented the secretion of the chemokines CXCL10 and CXCL13
(Columba-Cabezas et al., 2006).

EAE induced with MOGss.55 peptide in mice showed the presence of
B and T cells in the meninges of EAE animals compared with saline
controls. Leptomeningeal inflammation in EAE-MOG brains was visu-
alized by MRI on a 9.4T scanner with gadolinium as a contrast agent,
demonstrating that leptomeningeal enhancement due to inflammation
in EAE brains correlated with the presence of CD45+ T cells, CD19+ B
cells and a cluster of Ibal+ microglial cells (Pol et al., 2019). The
treatment with anti-CD20 demonstrated to delay the neurodegeneration
in grey matter, along with improving the severity of the disease in
hMOG;.125 EAE mice (Pol et al., 2020). Anti-CD20 therapy diminished
the proliferation of microglia in the isocortex and depleted
CD19-expressing B cells in peripheral blood (Pol et al., 2020).

Even though most of the EAE models have been developed in mice, a
model of T cell-driven EAE was developed in the common marmoset.
Marmosets immunized with the MOGs4.5¢ peptide in incomplete
Freund’s adjuvant presented CD20+ cells in neocortical lesions (t Hart
et al., 2017). Depletion of B cells using a monoclonal antibody against
human CD20 suppressed the pathological processes and symptoms of
EAE in both cortical and white matter lesions by preventing the acti-
vation of pathogenic Th17-producing cytotoxic T cells and by reducing
mRNA levels of IL-17, IL-6, IFN-y and TNF-a in peripheral blood
(Jagessar et al., 2012; Kap et al., 2010; Merkler et al., 2006; Pomeroy
et al., 2005; Vidaurre et al., 2014). However, when EAE was induced by
immunization with recombinant rat MOG in marmoset, the number of B
cells in the meninges adjacent to subpial cortical demyelination areas
was unaltered compared to control animals. Even though the number of
meningeal B cells remained low and unaltered, the meninges of EAE
marmosets showed a significant increase of meningeal T cells associated
with subpial demyelinated cortex (Kramann et al., 2015).

Another model of progressive MS, Theiler’s murine encephalomy-
elitis virus (TMEV), is characterized by the accumulation of B cells and
the production of antibodies in both the CNS and the ectopic lymphoid
follicles during CNS inflammation (DiSano et al., 2019b; Gerhauser
et al., 2019). These B cells localize in the meninges and the perivascular
space with minimal evidence of secondary lymphoid organ formation.
During the chronic phase of the disease, the lymphoid structures secrete
antibodies, B cell-related cytokines and trophic factors (DiSano et al.,
2019a). In addition, CSF of TMEV-infected mice has higher levels of
CXCL13, CXCL12, and CCL19 along with an intact BBB, which demon-
strates the synthesis of B cell-related chemokines within the CNS. The
presence of these molecules cannot be observed in a relapsing model of
EAE, suggesting a potentially important role of these chemokines in the
chronic progressive phase of demyelinating diseases (DiSano et al.,
2019b; Pachner et al., 2011). Interestingly, B-cell depletion in the
Theiler’s virus model of MS caused exacerbation of the pathology of the
TMEV by worsening the early encephalitis and causing a faster pro-
gression of disability (Gilli et al., 2015).

Interestingly, CD20 antibody-mediated B cell depletion before EAE
induction exacerbated disease symptoms by increasing the T cell influx
into the CNS, probably because of the depletion of specific regulatory
B10 producing CD1dhiCD5+ cell subset (Matsushita et al., 2008).

Recently, some models of cortical pathology developed in rats
described the presence of meningeal B cells. A focal cortical model
induced by the long-term expression of IL-1f in the cortex showed le-
sions with demyelination, neurodegeneration and meningeal inflam-
mation along with presence of follicle-like structures including CD20+ B
cells (Gardner et al., 2013; Silva et al., 2018). Other models of subpial
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demyelination set up in a subclinical EAE model of MOG-immunized
dark agouti rats injected with TNF-a and IFN-y in the subarachnoid
space, demonstrated the presence of meningeal inflammation with
CD79a+ B cells located in discrete clusters. In this model, B cells were
also extended to the cortical lesions (Gardner et al., 2013; James et al.,
2020).

2.1.3. Role of B cells in cortico-meningeal MS pathology: evidence from
patient’s studies

The first study about meningeal infiltrates described the presence of
lymphoid follicle-like structures containing CD20+ B cells, CD3+ T
cells, CD138+ plasma cells and a network of follicular CD21+/CD35+
dendritic cells producing CXCL13, similar to a germinal center forma-
tion, in the meninges of SPMS patients (Serafini et al., 2004). In addi-
tion, these follicle-like structures served as sites for intrathecal
subarachnoid antibody production and the sequestration and presenta-
tion of autoantigens (Magliozzi et al., 2007; Serafini et al., 2004). The
presence of these structures indicates that B cell maturation can be
sustained locally within the CNS and contribute to the establishment of a
compartmentalized humoral immune response.

B cell follicles were detected in the meninges entering the cerebral
sulci in SPMS, but not in PPMS (Magliozzi et al., 2007). These cortical
and meningeal findings were observed in other SPMS cohorts as well
(Haider et al., 2016; Howell et al., 2011). SPMS patients with B cell
follicles in the meninges were younger at onset of the disease, had more
irreversible disability and an earlier death than SPMS patients without
follicles. SPMS cortical lesions associated with B cell follicles in the
meninges showed increased demyelination, microglial activation and
loss of neurites (Magliozzi et al., 2007). The presence of subpial lesions
(type II), suggested a possible pathogenic role for soluble factors
diffusing from these follicles. SPMS cortices presenting meningeal fol-
licles exhibited a “surface-in” gradient of neuronal loss in adjacent
subpial lesions and a normal-appearing gray matter (Magliozzi et al.,
2010). This “surface-in” gradient was observed as a lower density of
pyramidal neurons in layers III and V accompanied by glia limitans
damage due to astrocyte loss and an opposite gradient of increased
density of activated microglia (Magliozzi et al., 2010). Notably, these
gradients were not seen in patients without follicles.These findings have
raised the hypothesis that soluble factors, potentially released by im-
mune cells in the meninges, diffuse into the CSF and into the superficial
brain layers such as the subpial cortical tissue, contributing to the
observed gradient of pathological changes (Lisak et al., 2012; Lisak
et al., 2017). This hypothesis has been corroborated by in vitro experi-
ments. The incubation of a culture of mixed CNS neonatal rat glial cells
with the supernatant of CD40-stimulated B cells from the blood of RRMS
patients led to oligodendroglial death, together with microglial
enlargement and loss of their normal resting bipolar morphology (Lisak
et al., 2012). Additionaly, RRMS blood B cells also secrete toxic factors
that induced apoptosis in rat and human neurons in vitro (Lisak et al.,
2017). Furthermore, CSF from MS patients contain soluble mediators
that induce axonal damage and apoptosis in cultured rat neurons
(Alcazar et al., 2000; Vidaurre et al., 2014).

PPMS patients presented diffuse meningeal inflammation lacking
tertiary lymphoid structures, characterized by meningeal and peri-
vascular immune cell infiltration, composed of clusters of CD3+ T cells
and CD20+ B cells, but not Ki67+/CD20+ dividing B cells or CD35+
follicular dendritic cells (Choi et al., 2012). These patients had a more
severe clinical course and younger age at death, as well as more
meningeal inflammation associated with extensive demyelination,
microglial activation and neurite loss in the cortical gray matter (Choi
et al., 2012).

Significant meningeal inflammation and lymphoid-like structures
associated with subpial cortical lesions were found in tissue blocks from
MS patients with short disease duration (about 2 years) (Bevan et al.,
2018). In concordance with these findings, Lucchinetti and colleagues
observed a wide spectrum of cortical lesions associated with meningeal



B.A. Silva et al.

inflammation in early MS biopsy samples, similar to those seen in
samples from patients with chronic MS (Lucchinetti et al., 2011).
However, unlike cortical lesion from chronic MS patients, cortical le-
sions from early MS patients had lymphocytic and macrophagic in-
filtrates within the lesions (Lucchinetti et al., 2011).

Besides the meninges and the cortex, other compartments of the CNS,
such as the subependymal region, present B cell activity in MS. The
presence of B cells in the subependymal infiltrate was associated with
thalamic lesions in SPMS, in a similar surface-in pattern in the thalamus
as previously described for the cerebral cortex (Fadda et al., 2019).

Cortical and deep gray matter lesions can be visualized by MRI in all
MS clinical courses, including pediatric and early MS (Brown et al.,
2017; Calabrese et al., 2013; Calabrese et al., 2012b; Fadda et al., 2019;
Mainero et al., 2015). Specific CSF profiles, in combination with MRI
images, have been proposed as a marker of cortico-meningeal compro-
mise, which is considered a prognostic marker of more aggressive and
rapid progression for MS (Komori et al., 2015; Magliozzi et al., 2018).
These profiles include mainly B cell-related cytokines such as: CXCL13,
CXCL10, LTa, IL-6, and IL-10 found in postmortem MS cases and
CXCL13, TNF, IFN-y, CXCL12, IL-6, IL-8, BAFF, APRIL, LIGHT, TWEAK,
sTNFR1, sCD163, MMP2, and pentraxin III, found in MS patients at the
moment of MS diagnosis (summarized in Fig. 1). In conclusion, the
presence of these cytokines in CSF strongly correlates with increased
cortical pathology, both at the time of diagnosis and at the time of death,
in SPMS patients (Magliozzi et al., 2018).

Regarding the association between CSF and cortical lesions,
Magliozzi and colleagues demonstrated, in a longitudinal study, the first
association between CSF profile and disease activity in RRMS patients.
The presence of B cell-related molecules such as CXCL13, LIGHT and
APRIL, in the CSF of RRMS patients at the moment of diagnosis was
strongly associated with the risk of disease activity (reflected by the
occurrence of new relapses, new or enlarging white matter lesions and
disability accumulation) within the next 4 years (Magliozzi et al., 2020).
In addition, immunoassay protein and proteomic analysis of CSF from
RRMS patients demonstrated the presence of inflammatory mediators
linked to B cells, such as CXCL13, CXCL12, CXCL10, BAFF, IL-6, IL-10,
GM-CSF, and TNFa (Magliozzi et al., 2019). The correlations between B
cell-related molecules and macrophage markers such as CD163 in the
CSF could imply that infiltrating B cells might intrathecally interact with
macrophages recognizing, internalizing and retaining antigens through
the scavenger receptor CD163 (Magliozzi et al., 2019). Elevated CSF
levels of CD163, involved in the uptake and metabolism of iron, where
found in RRMS patients (Magliozzi et al., 2019). Therefore, CSF analysis
might allow the stratification of patients for designing optimal thera-
peutic approaches (Komori et al., 2015; Magliozzi et al., 2020).

Epstein-Barr virus (EBV) was proposed as a possible trigger for the
chronification of the compartmentalized immune response of progres-
sive MS because of its special tropism for B cells and its association with
the genesis of MS. The presence of EBV markers in B cells and plasma
cells has been described in the perivascular compartment of white
matter lesions and the meninges of MS brain tissue. The frequency of
EBV-harboring cells correlated with brain inflammation and CD8-+
activation (Serafini et al., 2007). Furthermore, B cells in white matter
lesions, meninges and ectopic B cell follicles were CD27+ and
co-expressed latent membrane protein 1 and latent membrane protein
2A, both EBV-encoded proteins that provide survival and maturation
signals to B cells. Moreover, BAFF is expressed in EBV-infected B cells
and ectopic B-cell follicles in acute MS lesions (Serafini et al., 2010). The
presence of EBV in cortical lesions was corroborated by Magliozzi and
colleagues, demonstrating cells of the B lineage expressing EBV-encoded
small RNA and plasma cells expressing EBV early lytic proteins (BZLF1,
BFRF1) in SPMS intracortical immune infiltrates (Magliozzi et al.,
2013). In addition, CD8+ cells, granzyme B, perforin and CD107a were
also found in those infiltrates, suggesting a cytotoxic activity related to
active immune surveillance. These findings indicate that intracortical
inflammation during MS progression may be sustained by an EBV-driven
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immunopathologic response, along with both meningeal and intra-
parenchymal inflammation, similar to that found in white matter lesions
(Magliozzi et al., 2013). Nonetheless, the relationship of other
MS-specific pathologies, e.g demyelination, with EBV infection still re-
mains unclear. In spite of the previously described data, some authors
were unable to detect the presence of EBV in B cells in the brain and CSF
of MS patients (Peferoen et al., 2010; Sargsyan et al., 2010; Torkildsen
etal., 2010; van Nierop et al., 2017; Willis et al., 2009). These discrepant
results could be based on variations in the preservation and manipula-
tion of human tissue that could affect EBV detection (Cencioni et al.,
2017).

2.2. B cell targeting therapies for Multiple Sclerosis

The systemic administration of anti-CD20 monoclonal antibodies
induces B cell depletion associated with reduction of clinical and MRI
activity and disability worsening (Li et al., 2018; von Essen et al., 2019).
All anti-CD20 therapies induce antibody-dependent cellular cytotoxicity
(Sellebjerg et al., 2020). Moreover, type 1 anti-CD20 has a
complement-mediated mechanism and type 2 induces a strong pro-
grammed cell death (Cragg et al., 2003). Rituximab is a type 1 antibody,
a chimeric IgGl anti-CD20 (Cragg et al., 2003), and was the first
anti-CD20 monoclonal antibody used for MS treatment. In RRMS pa-
tients, Rituximab was demonstrated to reduce the annualized relapse
rate and disease activity in phase II clinical trials and observational
studies, but still phase III trials have not yet been performed (Bar-Or
et al., 2008; Castillo-Trivino et al., 2013; Hauser et al., 2008; Sellebjerg
et al., 2020). In addition, in PPMS, phase II/III, a randomized control
trial for Rituximab treatment did not reach the primary endpoint of
significant reduction in time to confirmed disease progression after 96
weeks (Hawker et al., 2009).

Ocrelizumab is a humanized IgG1 antibody approved by the Food
and Drug Administration (FDA) and by the European Medicines Agency
in 2018 for both RRMS and PPMS (Sellebjerg et al., 2020). Its efficacy
and safety on RRMS patients was demonstrated in two phase III trials,
OPERA I and II (Hauser et al., 2017), resulting in a reduction of annu-
alized relapse rate, MRI activity and EDSS (Hauser et al., 2017). In PPMS
patients, Ocrelizumab significantly reduced confirmed disability wors-
ening in the ORATORIO phase III study (Montalban et al., 2017).

Ofatumumab, a fully human IgG1 type 1 monoclonal antibody, ac-
tivates the complement cascade more efficiently than others type 1 an-
tibodies and was approved in 2020 by the FDA for using in the relapsing
forms of MS (Sellebjerg et al., 2020). Its efficacy and safety was
demonstrated in phase III trials ASCLEPIOS I and II, showing a signifi-
cant reduction in the annualized relapse rates, disability worsening and
MRI activity in RRMS patients (Hauser et al., 2020).

Ublituximab is type 1 chimeric IgGl antibody which improves
antibody-dependent cellular cytotoxicity activity (Klein et al., 2013;
Sawas et al., 2017). Even though it is still being tested in an ongoing
phase III trial, a phase II study demonstrated that most of the patients
were relapse-free at week 48 without disability worsening (Fox et al.,
2020).

Finally, Bruton’s tyrosine kinase (BTK) enzyme inhibitors (such as
Evobrutinib, Fenebrutinib, and Tolebrutinib) represents another inter-
esting group of B cells targeting therapy. BTK is an essential component
of different BCR signal pathway triggered after antigen engagement,
including PI3K, MAPK and NF-kB pathways, which regulates survival,
activation, proliferation, and differentiation of B cells to antibody pro-
ducing plasma cells (Liang et al., 2018). Some of them have completed
phase IT and phase III but additional studies are still ongoing in different
phenotypes of MS (Carnero Contentti and Correale, 2020).

Concluding remarks

In recent years, the role of B cells has emerged in the field of MS
research, as it is noticeable by the increasing number of publications on
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the subject. From now on, research should focus on the interaction be-
tween B cells, T cells, myeloid cells and microglia. Much of the available
data arose from patients, including the presence of B cells in meningeal
inflammation and their role on T cell function. Nevertheless, considering
the complexity of obtaining human samples and the heterogeneity of the
patients, the development of animal models with a focus on B cells will
help to further elucidate the mechanisms underlying the role of B cells in
MS.
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