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Abstract: Multiple sclerosis (MS) is an inflammatory disease of the central nervous system (CNS)
known for the manifestation of demyelinated lesions throughout the CNS, leading to neurodegen-
eration. To date, not all pathological mechanisms that drive disease progression are known, but
the clinical benefits of anti-CD20 therapies have put B cells in the spotlight of MS research. Besides
their pathological effects in the periphery in MS, B cells gain access to the CNS where they can
contribute to disease pathogenesis. Specifically, B cells accumulate in perivascular infiltrates in the
brain parenchyma and the subarachnoid spaces of the meninges, but are virtually absent from the
choroid plexus. Hence, the possible migration of B cells over the blood–brain-, blood–meningeal-, and
blood–cerebrospinal fluid (CSF) barriers appears to be a crucial step to understanding B cell-mediated
pathology. To gain more insight into the molecular mechanisms that regulate B cell trafficking into
the brain, we here provide a comprehensive overview of the different CNS barriers in health and
in MS and how they translate into different routes for B cell migration. In addition, we review
the mechanisms of action of diverse therapies that deplete peripheral B cells and/or block B cell
migration into the CNS. Importantly, this review shows that studying the different routes of how B
cells enter the inflamed CNS should be the next step to understanding this disease.
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1. Multiple Sclerosis

Multiple sclerosis (MS) is an inflammatory disease of the central nervous system (CNS)
with a heterogeneous clinical presentation. MS most often starts in young adults; young
women are particularly more prone to develop the disease [1]. MS is characterized by
the manifestation of demyelinated lesions (or plaques) throughout the CNS, which can be
visualized with magnetic resonance imaging (MRI) [1,2]. The main pathological hallmarks
of MS are widespread immune cell infiltration, loss of myelin, glial activation, neuro-axonal
degeneration, and blood–brain barrier (BBB) dysfunction. Generally, MS is categorized
into three clinical subtypes: relapsing-remitting MS (RRMS), secondary progressive MS
(SPMS), and primary progressive MS (PPMS) [3]. About 85–95% of MS cases start as
RRMS [4], where episodes of neurological dysfunction are followed by periods of remission.
During a relapse, typical clinical symptoms are optic neuritis, sensory disturbances, motor
impairment, and cognitive defects. After 10–20 years, approximately 80% of RRMS cases
develop SPMS. In SPMS, neurological dysfunction can worsen without periods of remission.
Moreover, 5–15% of MS cases develop PPMS where neurological deficits progress gradually
without remission from the onset of the disease [5].

MS is thought to be initiated by autoreactive CD8+ and CD4+ T cells and B cells that
infiltrate the brain and spinal cord by crossing distinct CNS barriers [5]. These leukocytes
generate abnormal responses against CNS autoantigens, such as myelin proteins [6]. This
inflammation and the damage to the myelin layer enwrapping axons it causes leads to
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demyelination and neuronal dysfunction and loss [7]. Histologically, lesions can be dif-
ferentiated by their localization in white matter (WM) or grey matter (GM) and by their
inflammatory status. Generally, early WM lesions are more inflammatory than GM lesions
and have highly inflamed endothelial cells, which facilitate the migration of peripheral
immune cells over the BBB into the CNS [8]. These active WM lesions, which are predomi-
nant in RRMS, are characterized by massive infiltration and accumulation of blood-derived
immune cells. In contrast, the histological hallmarks that dominate progressive MS are
extensive cortical pathology (brain atrophy, widespread demyelination, synapsis loss, etc.)
with less inflammatory lesions and the less apparent breakdown of the BBB [9], and chronic
active WM lesions that slowly expand [10,11].

There are various experimental animal models to study MS, of which, experimental
autoimmune encephalitis (EAE) is the most commonly used. In EAE, the animals are
immunized with CNS antigens, such as myelin proteins (e.g., myelin basic protein (MBP)
or myelin oligodendrocyte glycoprotein (MOG)), thereby inducing an autoimmune re-
sponse [12]. Most of our knowledge about the breakdown of the CNS barriers and the
subsequent infiltration of peripheral immune cells in MS comes from EAE experiments or
in vitro experiments using different cell lines that mimic the different CNS barriers.

The unknown cause, the complexity of MS, and the consequent lack of research
models that accurately mimic the full scale of the disease have made it difficult to find a
cure or a preventive treatment. Current disease-modifying treatments (DMT) are mostly
immunosuppressive and/or immunomodulatory, which target inflammation and reduce
the frequency and severity of the new inflammatory lesions. Therefore, these drugs are
especially effective during RRMS. Despite the development of various novel DMTs in the
last decades, limited therapeutic options are nowadays available to halt disease progression
in the chronic phase of the disease. Recently, a monoclonal antibody against B cells
(ocrelizumab) showed clinical benefits in a subset of PPMS patients, highlighting the role
of B cells in the pathogenesis of MS [13].

The first indication that B cells contribute to MS was the detection of oligoclonal
bands (OCB) in the cerebrospinal fluid (CSF) and, consequently, early studies on the role
of B cells in MS focused solely on antibodies [14]. More recently, studies with anti-CD20
therapies have shown that B cell depletion significantly decreases disease activity without
any changes in the OCB pattern or levels of immunoglobulins [2]. Thus, there is growing
evidence that the role of B cells in MS extends well beyond the secretion of antibodies.
Lately, B cell research in MS has shifted more towards their role in T cell and glial cell activa-
tion, cytokine secretion, and antigen presentation [15]. In the brains of MS patients, B cells
have been found to accumulate, particularly in the perivascular and subarachnoid spaces
of SPMS patients [16,17], which correlates well with local demyelination and neurodegen-
eration [18]. Hence, migration of B cells over the CNS barriers appears to be a crucial step
in MS pathology. Studying the route of B cell entry into the brain and how the inflamed
CNS milieu can sustain B cell survival is a crucial next step to better understanding the
progression of this disease. In this review, we address the roles of different CNS barriers
in MS pathology and how these barriers are involved in B cell migration. Moreover, we
discuss how different MS therapies can impair B cell infiltration into the brain and how
that relates to different clinical outcomes in MS.

2. Immune Cell Trafficking across the Different CNS Barriers

Limited numbers of peripheral immune cells can migrate into CNS compartments
during homeostasis to act as sentinels in the surveillance of the CNS, whereas under neu-
roinflammatory conditions, a multitude of cells crosses the CNS barriers. Extravasation of
cells from the blood into the tissue is a multi-step process. In general, the immune cell is
apprehended from the bloodstream by selectins (e.g., E-selectin, P-selectin) located on en-
dothelial cells, which interact with leukocyte glycoproteins, such as P-selectin glycoprotein
ligand-1 (PSGL-1). This weak and transient interaction results in the tethering and rolling
of the immune cell along the vessel wall [19]. Subsequent firm adhesion of the leukocyte to
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the inflamed endothelial cells halts the immune cell, which is mediated by cellular adhesion
molecules (CAMs), such as immunoglobulin family members, cadherins, or integrins. For
example, leukocytes express integrins, such as lymphocyte function-associated 1 (LFA-1)
or very late activation antigen-4 (also known as α4β1 or VLA-4) that respectively bind
to endothelial vascular cell adhesion molecule 1 (VCAM-1) and intercellular adhesion
molecule 1 (ICAM-1) [19]. Other examples of endothelial CAMs are the melanoma cell
adhesion molecule (MCAM) and activated leukocyte cell adhesion molecule (ALCAM) [20].
Chemokines are also essential regulators of the transendothelial migration of immune
cells since they enhance the affinity of leukocyte integrins to bind strongly to endothelial
CAMs [21,22]. Following this firm adhesion, leukocytes can cross the endothelium via
paracellular or transcellular migration [23].

Three types of CNS barriers have been described through which immune cells can
infiltrate the brain. A large bundle of research focused on the BBB, while fewer studies
paid attention to the blood–meningeal barrier (BMB) and the blood–CSF barrier (BCSFB) in
the choroid plexus (Figure 1). Together, these barriers protect the brain from peripheral
damage and control the movement of molecules and cells from the periphery into the CNS.
Although the three barriers share some features, their localization and anatomy can help
understand how they differentially shape the CNS compartments.

2.1. Blood–Brain Barrier in Health and MS

The microvasculature of the brain parenchyma has several unique properties, creating
a tightly regulated barrier known as the BBB. The BBB consists of unique continuous non-
fenestrated cerebral endothelial cells (BECs) tightly connected by tight (TJ) and adherens
junction (AJ) complexes. The barrier function of the BECs is further supported by the inter-
action with astrocyte endfeet, pericytes, neighboring microglia, and a continuous basement
membrane. Altogether, this structure is called the neurovascular unit (Figure 1a) [24,25].

The junctional complexes TJ and AJ are connected to the cytoskeleton and can alter the
morphology of the endothelium. These dynamic structures change depending on the local
microenvironment and can also activate intracellular signaling pathways. Well-known TJ
proteins of the brain endothelium are occludin, claudins, and junctional adhesion molecules
(JAMs), while vascular endothelial cadherin (VE-cadherin) and platelet endothelial cell
adhesion molecule 1 (PECAM-1 or CD31) are part of the AJs [24–28]. In addition, these
complexes regulate the polarization of BECs by differentiating between apical and basal
domains. Moreover, BECs express specific polarized transporters that allow the active
transport of essential molecules and waste products [24–28]. Pericytes are contractile cells
that regulate cerebral blood flow by interacting physically with BECs. In the neurovascular
unit, pericytes are situated in between the BECs and astrocyte endfeet (Figure 1a) [29]. The
astrocyte endfeet interact with the brain endothelium creating the glia limitans, which
regulate the blood (and ion) flow and volume that passes through the capillaries [30,31].
Another component of this unit is the basement membrane. Astrocytes and BEC can
secrete fibrous proteins or proteoglycans and generate this extracellular matrix, which
maintains the structure of the neurovascular unit. In addition, it modulates BBB function
and permeability since matrix proteins can influence the expression of TJs [32]. Finally,
microglia are the CNS-resident immune cells involved in the homeostasis and protection of
the CNS against pathogens or damage. Microglial processes can take over the coverage of
pericytes or astrocytes on BECS and physically interact with the endothelium [33,34].

BBB dysfunction is one of the early key hallmarks of MS pathogenesis. Peripheral
immune cells and CNS-resident cells (e.g., microglia or astrocytes) induce inflammation in
BECs by secreting pro-inflammatory cytokines, such as tumor necrosis factor-α (TNF-α)
or interferon-γ (INF-γ) [35]. This neuroinflammation associates with several molecular
changes. (1) Inflamed BECs increase the presentation and secretion of chemokines and
(2) enhance the expression of CAMs, which promote leukocyte transendothelial migration,
also called diapedesis [20]. (3) This inflammatory state further modifies the structure
and location of TJ and AJ, leading to a mesenchymal state and thereby increasing BBB
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permeability [36]. Consequently, leukocytes, such as B and T cells, cross the inflamed
endothelium more easily. Immune cells can then stay in the perivascular spaces to create
the perivascular immune aggregates characteristics of MS, but also later cross the glia
limitans to infiltrate the brain parenchyma. Furthermore, in MS, these perivascular spaces
are enlarged [37,38]. Once within the CNS, activated lymphocytes propagate a cascade
of neuroinflammatory reactions leading to disease onset and progression and associated
clinical symptoms [39,40].
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2.2. Blood–CSF Barrier in Health and MS

The BCSFB is located in the choroid plexus in each of the brain ventricles. The choroid
plexus is responsible for producing the CSF, supplying nutrients to the brain, clearing
toxic molecules, and, thereby, maintaining brain homeostasis. It is a highly vascularized
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tissue and, consequently, a door for peripheral immune cell migration into the CSF. The
architecture of the choroid plexus consists of a vascularized stroma surrounded by a layer
of cuboidal epithelial cells (Figure 1b). The choroid plexus epithelium presents apical
villi to increase the flux of solutes and water from the blood to the CSF. Moreover, apical
motile cilia contribute to the CSF flow throughout the ventricular system [41]. The CSF
contains compounds that help the CNS to develop and function normally, including water,
ions, glucose, growth factors, amino acids, lipids, and hormones, among others [42]. Most
of these components are imported from the blood or produced by the choroid plexus
epithelium [41].

The choroid plexus stroma is abundantly populated by immune cells, mostly antigen-
presenting cells [43,44], which guarantee immunosurveillance for the maintenance of a
healthy brain. In contrast to most BECs, the choroid plexus endothelial cells are fenestrated
and have higher constitutive expressions of ICAM-1 and P- and E-selectin [45,46] and lower
amounts of TJ (Figure 1b) [47]. Hence, the choroid plexus capillaries allow easy immune
trafficking to the choroid plexus stroma. Instead, the blood–CSF barrier is mainly formed
by the choroid plexus epithelial cells. As a highly polarized barrier, the basal side of the
epithelium interacts with the stroma, while the CSF-facing apical side is tightly connected
with TJ, which hinders the migration of immune cells.

As a model system, the human cell line of choroid plexus epithelial cells (HIBCPP)
is frequently used. While the HIBCPP cell line expresses ICAM-1, we found no evidence
for the expressions of ICAM-1 or VCAM-1 in choroid plexus epithelial cells in healthy
humans, only on the endothelial cells of the choroid plexus [43,45,48]. This suggests that
other adhesion molecules might be involved in the transepithelial migration to guarantee
immunosurveillance in healthy humans. Of note, the HIBCPP cell line comes from a
human choroid plexus papilloma and the results obtained from this research model should
be carefully considered [48]. Interestingly, both ICAM-1 and VCAM-1 are constitutively
expressed on choroid plexus epithelial cells in mice, but not on the fenestrated endothelial
cells [49]. Furthermore, the localization of ICAM-1 on the apical side of the epithelium
suggests that it can be involved in cellular migration from the ventricular CSF to the stroma,
as was shown in mice [50]. This process may be related to the reactivation of T cells and
CSF monitoring and is thought to occur at a much lower rate than the infiltration into the
CNS via the BBB [50,51]. Hence, the choroid plexus epithelium might allow a bi-directional
migration of immune cells between blood and CSF in health.

In the early stages of MS, the choroid plexus has been described as an immunological
niche for T cell activation in response to peripheral inflammation [51]. In EAE, pathogenic
Th17 cells infiltrate through the choroid plexus via upregulation of CCR6 [52]. At the same
time, choroid plexus epithelial cells in mice and humans express CCL20, a chemotactic
signal for pathogenic Th17 cells [52]. Accordingly, human Th17 cells preferentially migrate
through the cell line HIBCPP compared to other CD4+ T cell subsets [50]. Additionally, in
EAE, there is increased expression of ICAM-1 in the epithelium of the choroid plexus [53].
Hence, it might be an important route of immune cell migration in MS. Furthermore, pa-
tients with MS had enlarged choroid plexi than the controls [54], which could be explained
by the accumulation of leukocytes and/or edema [44].

In progressive phases of MS, the choroid plexus expresses low levels of the TJ claudin-
3 compared to choroid plexus tissue from control donors [55], inflammation becomes
chronic, and unknown triggers (such as hypoxia) may sustain the upregulation of adhesion
molecules and chemokines [43,56]. Interestingly, B cells and plasma cells are virtually
absent in the choroid plexus from control and MS donors, suggesting that the BCSFB is not
the preferred route of entry for those cells in MS [43]. Furthermore, the choroid plexus may
become an “educational gate” [44,57,58] and shift to selective recruitment of suppressive
immune cells as seen with a specific accumulation of CD56bright NK cells in MS [57].
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2.3. Blood–Meningeal Barrier in Health and MS

The meninges consist of three layers of connective tissue that wrap the brain parenchyma:
pia mater, arachnoid mater, and dura mater (Figure 1c) [58]. The structural role of the meninges
is to structurally protect the CNS by anchoring the brain to the skull and preventing side-
to-side movement of the brain and spinal cord injury [59]. The meninges also serve as an
additional barrier to control the movement of molecules and cells between the periphery and
the CNS [60].

The dura mater is the outer membrane located adjacent to the skull. It consists of
two epithelial layers of dense collagen fibers [61,62]. The outermost layer is called the
periosteal layer and is tightly adhered to the skull cap [61]. Internally attached to the
periosteal layer is the meningeal layer. Nerves, arteries, veins, and lymphatic vessels run
between the two dural layers similar to peripheral tissue [60]. There is no strict barrier
between the blood vessels and the dura mater because dural vessels are fenestrated, thereby
allowing the transport of small molecules to move the blood to the dura mater [61,63,64].
Furthermore, at the dural venous sinuses, there is a unique communication interface
between the CNS and the immune system. While there is a low expression of TJ claudin-5
and occludin in the dural endothelial cells, the high expression of VCAM-1 and ICAM-1
in these cells together with the presence of dural lymphatics suggests that the dura mater
might be an important site for immunological surveillance [63]. This is illustrated by the
presence of different immune cell subtypes in the dural sinuses, including macrophages,
dendritic cells, neutrophils, innate lymphoid cells, T cells, and B cells [64–66]. The subdural
meninges comprise the arachnoid and pia mater, and in combination, they are often called
leptomeninges as they are structurally connected [67]. Directly attached to the meningeal
dural mater layer is the arachnoid mater, a translucent multilayer of dense leptomeningeal
cells [62]. The outer layer of the arachnoid mater is joined by TJs and desmosomes and
expresses efflux pumps forming an impermeable barrier for molecules and cells similar to
the BBB [62,68]. In between the arachnoid mater and pia mater lies the subarachnoid space
(SAS), which is filled with CSF that can be reabsorbed to the systemic circulation or lymph
nodes through arachnoid granulations and villi and the meningeal-dural sinuses [69]. Thus,
the arachnoid barrier controls the passage of CSF from the SAS into the dura mater and the
entry of immune cells and molecules derived from dural arteries into the SAS [62]. Within
the SAS, strands of collagen covered by a layer of leptomeningeal cells, called subarachnoid
trabeculae, connect the inner layer of the arachnoid mater to the pia mater [67]. The
leptomeningeal cells enclosing the subarachnoid trabeculae create a continuous cellular
monolayer over the pia mater. This layer of leptomeningeal cells is connected by gap
junctions, including connexins 26 and 43, which serve as semipermeable membranes for
solutes [62,68,70]. The pia mater, the innermost layer of the meninges, houses blood vessels
that penetrate the brain parenchyma and will form part of the BBB (Figure 1c).

Various vessels run through the leptomeninges and are suspended by the subarachnoid
trabeculae [62]. To enter the SAS from a meningeal vessel, a cell or molecule has to cross
the blood–meningeal barrier, which is composed of a layer of non-fenestrated endothelial
cells connected by TJ and the pia mater [61,71,72]. While the meningeal EC characteristics
remain in great part unknown, this barrier differs slightly from the features of BBB by
lacking pericytes and the astrocytic endfeet [72,73]. Additionally, meningeal ECs have a
higher constitutive expression of CAMs. In contrast to BECs, meningeal ECs express high
levels of ICAM-1, even in a non-inflammatory environment [46], which may make vessels
more permissive for immune cell transmigration in healthy states.

Initially, the meningeal barrier was thought to only provide physical protection to
the CNS. However, it was recently shown that leptomeninges may be structures of im-
mune cell reactivation before infiltrating the brain parenchyma under inflammation [16,18].
These lymphoid-like structures are called ectopic/tertiary lymphoid follicles that consist
of aggregates of antigen-presenting cells (APC), T cells, and B cells. These structures are
often present in chronic-progressive MS [16]. Autoimmunity is likely to be re-initiated in
the meninges through the reactivation of reactive T cells by APCs in these ectopic lym-
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phoid follicles. Progressive MS patients with these structures are characterized by a faster
progression of the disease and earlier onset of neurological disability [74,75].

Under inflammatory conditions, lymphocytes and myeloid cells can easily cross the
BMB as the meningeal blood vessels are permeable [61,73,76]. Hence, these vessels are
primary entry sites for immune cells into the SAS [72]. In the animal model EAE, activated
T cells adhere to the leptomeninges once they have migrated across leptomeningeal vessels.
Non-activated T cells can be observed in the CSF, where they can exert immune surveillance
or they are removed from the CNS through drainage of the CSF [77]. Previous studies
in EAE showed how T cells and dendritic cells enter the leptomeningeal space before
the onset of CNS inflammation [78]. This might suggest that migration across the BMB
occurs earlier than over the BBB. This process could be mediated by P-selectin, which is
upregulated before other endothelial adhesion molecules in the meninges and choroid
plexus [79]. Moreover, meningeal inflammation also occurred in the early stages of MS
before the emergence of white matter lesions [80], and it was frequently close to gray matter
lesions, BBB damage, and cortical demyelination [75,80]. Thus, the entry of immune cells
to the CNS cortex is likely to be preceded by infiltration of the meninges via the meningeal
blood vessels.

The importance of the route of entry across the BMB has also been demonstrated with
CXCR7 inhibitor-treated EAE animals. This inhibitor reduced leukocyte trafficking from
the leptomeningeal vessels into the SAS and decreased the extent of parenchymal leukocyte
infiltrates [81]. Furthermore, VCAM-1 is expressed under normal conditions in the human
meninges and its expression is increased in the meninges of MS patients [82]. Altogether,
these results indicate that the BMB represents an essential structure regulating the entry
of immune cells to the CNS and that the meningeal compartment plays an active role in
neuroinflammatory diseases, such as MS.

3. B Cell Migration across CNS Barriers

To date, B cells are now recognized as important cellular mediators in the pathogen-
esis of MS. Although the molecular pathways that mediate T cell migration are greatly
understood, relatively little is known about how different B cell subsets gain access to the
CNS. The different subsets and their route of migration are reviewed below.

3.1. B Cell Development and Function

In brief, B cells develop from hematopoietic stem cells in the bone marrow, initially as
pro-B cells and then pre-B cells. B cells undergo immunoglobulin gene rearrangement to
become immature B cells and mature in the periphery. Mature naïve B cells will encounter
an antigen during an immune response and will become activated. They will differentiate
into short-lived plasma cells or germinal center B cells. The germinal centers are also the
sites in which B cells undergo immunoglobulin class switch recombination. After engaging
with an antigen in the germinal centers, B cells will proliferate and eventually differentiate
into long-lived memory and/or plasma cells (Figure 2) [83,84].
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B cells are key mediators of adaptive immunity; their functions in MS have been
reviewed extensively in the past years and are out of the scope of this review [15,85,86]. In
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essence, B cells are known for their antibody production. However, they are also antigen-
presenting cells and can shape the responses of other immune cells. Furthermore, B cells
produce both pro-inflammatory and anti-inflammatory cytokines and this secretion is
altered in MS. Moreover, B cells are likely contributors to the formation of ectopic lymphoid
follicles as seen in the meninges of SPMS patients [15,85,86].

3.2. B Cells in CNS Immunosurveillance

The first study, suggesting a role of B cells in the surveillance of healthy human brains,
found low levels of these lymphocytes within the brain displaying an activated pheno-
type (CD20+ CD23+ cells). These B cells were sporadically observed in the parenchyma
throughout the healthy brain and no perivascular B cells were found [87]. An extremely
high ratio of 19,000:1 CD19+ cells was observed when comparing the B cell numbers in
peripheral blood and CSF, respectively [45]. In mice, B cells are mostly abundant during
brain development, contributing to oligodendrogenesis and myelination, but not so much
in adulthood [88,89]. Interestingly, the migration of B cells across the BBB of healthy rats
depends on the presence of antigens within the brain. Infusion of a T-dependent protein
antigen using a brain parenchymal catheter led to the recruitment of B cells and antibody
production, regardless of having an intact BBB [90]. This also showed that peripheral B
cells can detect antigens behind a closed BBB and antigen-specific B cells can respond to
this antigen within the brain. Thus, the detected small amount of B cells relative to T cells
in the brain/CSF and the lack of migration without antigens challenge whether B cells
actually infiltrate the CNS in health.

3.3. B Cell Locations in MS

In MS, B cells have been found in different CNS compartments, including in meninges,
normal-appearing white matter, white matter lesions, the cortex, and the CSF [91]. Within
the CNS and the CSF, B cells share properties of a post-germinal center, antigen-experienced,
and class-switched B cells [92,93]. Indeed, analysis of the antibody and B cell receptor reper-
toire indicated that several clonally expanded B cells overlapped between the blood, CSF,
meningeal aggregates, and parenchyma infiltrates, although many clones were exclusive to
each compartment [94–97].

Clonal B cells in the periphery and the different brain compartments in MS are evidence
that B cells can traffic across the different CNS barriers. However, little is known about the
mechanisms of B cell migration across these barriers and how this trafficking depends on
the expressions of different CAMs or chemokines by BECs, meningeal endothelial cells,
and choroid plexus epithelial cells; and whether different B cell subsets might have a
preferential barrier to migrate across.

3.4. B Cell Migration across BBB

In the first studies on B cell migration, B cells and CD8+ T cells seemed to adhere more
efficiently to rat brain microvascular endothelial cells than CD4+ T cells while CD4+ T cells
migrate faster across endothelial cells [98,99]. However, contradictory results were found
where B cells migrated more efficiently across human brain endothelial cells than CD3+ T
cells from the same individuals [100]. These experiments clearly show that each immune
cell type might have a different selective adhesion capacity to brain endothelial cells and
further research is required to elucidate the migratory capacity of different lymphocytes.

Endothelial cells of the BBB in MS lesions upregulate VCAM-1 and ICAM-1 at the sites
of B cell infiltration. Of note, VCAM-1 seemed to be higher-expressed in chronic MS lesions
while ICAM-1 was present more uniformly in all lesion types [101]. In addition, circulating
B cells constitutively express their respective counterreceptors VLA-4 and LFA-1 [100,101].
This suggested that B cells might use these CAMs to migrate into the CNS (Figure 3).

Blocking VLA-4 on B cells reduced B cell migration across human BECs, whereas
antibodies against VCAM-1 did not inhibit migration [100,102]. This suggested that VLA-
4/VCAM-1 interaction might not be necessary for transendothelial B cell migration and
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that VLA-4 might be using another endothelial ligand to allow B cell migration. Indeed,
studies indicate that this ligand was fibronectin, an extracellular matrix protein involved in
BBB integrity [100]. Blocking ICAM-1 also reduced B cell migration in vitro, although the
effect was less pronounced as seen with VLA-4 blockage [100,102].

Biomolecules 2022, 12, x FOR PEER REVIEW 12 of 26 
 

 

Figure 3. Schematic representation of B cell migration across the different CNS barriers in multiple 

sclerosis. 
Figure 3. Schematic representation of B cell migration across the different CNS barriers in multiple
sclerosis.



Biomolecules 2022, 12, 800 10 of 24

In an animal model of EAE, in which both B and T cells were required for pathology,
specific deletion of VLA-4 on B cells reduced the recruitment of B cells, Th17 cells, and
macrophages into the CNS, which resulted in a modest but significant reduction of the
clinical symptoms. VLA-4 deletion did not modify peripheral B cell or T cell activation,
indicating that the results were due to the selective blockage of B cells into the CNS [103].
As expected, these results were not replicated in a T-cell dependent EAE model after
α4-integrin deletion in B cells, which together with integrin β1 forms VLA-4. In this
model, B cell infiltration into the CNS was reduced but the clinical symptoms did not
improve [104]. In a similar experimental set-up with α4-integrin deletion, more severe EAE
was associated with the absence of regulatory B cells (Breg) in the CNS, indicating that
VLA-4 was required for Breg infiltration into the brain [105]. Recent research shows that
dopamine signaling increased the expression of α4-integrin in vitro on mice CD21+ CD23+

IgM+ Bregs cells [106]. These data confirm that VLA-4 is needed for Breg tropism in the
CNS. Taken together, there are controversial data in mice regarding the effect of VLA-4 on
B cell migration and positive outcomes, but it is clear that VLA-4 is important for B cells to
cross brain endothelial cells in vitro and that its blockage is beneficial in MS, as seen with
natalizumab, an anti-VLA-4 blocking antibody therapy.

Another molecule that has been studied in B cell migration is L-selectin, which is
involved in the rolling step before crossing the endothelial cells. When depleting L-selectin
in EAE, perivascular infiltrates with B cells were still found in the CNS, suggesting that
L-selectin is likely not involved in transendothelial B cell migration in EAE [107].

Recent work shows the involvement of ALCAM in B cell migration in the CNS.
ALCAM was initially described as a co-stimulatory molecule forming immune synapses
between T cells and antigen-presenting cells [108]. Now we know that around 50% of CD19+

B cells express ALCAM and that activated B cells in MS upregulate this molecule [102].
Interestingly, both ALCAM+ and ALCAM- B cells in mice co-express other CAMs, such as
ICAM-1, VLA-4, and CD11a, but in humans, only ALCAM+ B cells co-express them [102].
This again pinpoints differences between mice and humans. Reduced disease severity
was observed upon ALCAM blockage, which suggested a role of ALCAM in immune cell
transmigration. Indeed, antibodies against ALCAM reduced the adherence of CD19+ B
cells to human brain endothelial cells and their migration in vitro by around 40%. Thus,
blocking ALCAM was not enough to completely prevent B cell migration, suggesting that
other molecules are required in this process [102].

Regarding B cell subsets, memory B cells adhere more effectively to ICAM-1 and
VCAM-1 compared to naïve B cells in health [109]. In MS lesions, mostly switched memory
B cells are present in the perivascular space, but also a perivascular accumulation of naïve
B cells has been observed [110]. Switched memory B cells have also been shown to infiltrate
further into the parenchyma of active lesions [110,111], although this was observed in a
case with a severe rebound after natalizumab treatment. The fact that switched memory B
cells are found further away from vessels might indicate that these cells may have migrated
first or that naïve B cells could differentiate into switched memory B cells within the
CNS parenchyma [96,112]. Interestingly, plasma cell numbers increased in active lesions
after blockage of VLA-4 in natalizumab-treated patients [113]. Furthermore, natalizumab
treatment reduced B cell migration but did not stop it completely [114]. Thus, blocking
VLA-4 did not completely prevent the infiltration of immune cells in the brain. It would be
interesting to study if plasma cells are not affected by VLA-4 blockage or if specific subsets
of B cells can migrate across the BBB and differentiate into plasma cells in the lesion.

Overall, data show that more than one cellular adhesion molecule is needed for B cell
recruitment into the CNS parenchyma; that there are marked differences in this process
between mouse and human data, and that different B cell subsets might use different
mechanisms to cross the BBB.
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3.5. B Cell Migration across BCSFB

Immune cell entry into the CNS via the choroid plexus requires the initial infiltration
from the peripheral circulation in the choroid plexus stroma, and the second step of
transepithelial diapedesis from the choroid plexus stroma into the CSF. The choroid plexus
contribution to immune cell migration into the CNS might be lower than that of the BBB [50].
This is in part because the choroid plexus epithelium might form a tighter barrier than
the BBB [50]. However, certain immune cell populations may be more prone to migrate
through the BCSFB relative to the BBB, and CSF chemokines can act as additional cues to
attract immune cells into the CNS. Furthermore, we need to be aware of the differences
observed in in vitro models compared with human tissue. In MS brains, the choroid plexus
does not appear to be an important niche for B cells and/or plasma cells since they are
rarely observed there [43,44].

A recent paper showed that unstimulated CD19+ B cells migrate scarcely across
the human cell line HIBCPP and that this process required various chemokines, such as
CXCL12 and/or CXCL13 [115]. These chemokines are known to regulate B cell migration
into lymphoid tissue and also attract B cells to inflamed CNS sites [16,21]. Interestingly,
MS patients have increased levels of CXCL12 and CXCL13 in the CSF, and B cell and
plasmablasts numbers in the CSF correlate well with the concentration of CXCL13 in the
CSF [74,116]. After migration, CD19+ B cells increased the expression of chemokines, but
no differences were found in LFA-1 and VLA-4 before and after migration [115]. It would
be interesting to block ICAM-1 and/or VCAM-1 in the HIBCPP cell line, to confirm their
role in B cell migration across this model. CD27+IgD- class-switched memory cells from MS
donors crossed the cell line HIBCPP in higher numbers than controls. However, migrated
B cells were still in low numbers and no differences were observed between MS patients
with active disease or clinical remission [115].

We recently showed (with a high dimensional single-cell approach) that while B cells
are increased in the blood, the percentage of B cells out of the CD45+ immune population
is very low in the choroid plexus of MS donors [57]. Of note, we could observe a slightly
higher percentage of T-bet+ B cells in the choroid plexus of the control brains, although it
was non-significant [57]. This could be explained by an increase of age-associated B cells,
which are known to express T-bet+, as similarly seen in the brains of aged mice [89,117].

Different subsets of B cells increase in the CSF of MS patients, including class-switched
memory B cells, short-lived plasmablasts, and some possible germinal center B cells [112,118,119].
These subsets were not found in the choroid plexus of progressive MS donors. This could in-
dicate that the choroid plexus might not be an important route for B cell recruitment and that
other routes, such as the meninges, might be better niches for B cell infiltration and persistence
in this phase of the disease (Figure 3). This can be supported by previous research showing how
clonally-expanded B cells from the meningeal compartment of progressive MS can be detected
in the CSF and parenchymal infiltrates [94]. Of note, we cannot rule out the fact that the choroid
plexus might be an important barrier in relapsing-remitting MS but further research is needed
to confirm if that is the case.

3.6. B Cell Migration across BMB

The meninges seem to be an important location in the pathogenesis of MS as immune
cells might enter the meninges even before infiltrating the brain parenchyma and auto-
immunity is likely to be reinitiated in the meninges through reactivation of reactive T
cells by APCs in follicle-like structures [16,18,78,79]. Since the meninges are the primary
collection site for B cells in MS and the number of B cells increases during MS progression
and associates with pathology [17], their migration across the BMB is a crucial process, but
the mechanism remains largely unknown.

Overall, B cells migrate more effectively across meningeal endothelial cells than
BECs [102]. This suggests that the endothelial cells of the meninges allow for more B cell
migration than endothelial cells from the BBB. Different integrins have been hypothesized
to be involved in this process, such as VLA-4 and LFA-1 since T cells use them to attach to
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the leptomeninges after egressing from the leptomeningeal vessels [77]. The importance
of VLA-4 has also been highlighted by a study showing that VLA-4 is involved in the
accumulation of B cells in the meninges during neuroinflammation in EAE. Neutrophils,
which traffic into the CNS first via the chemokine receptor CXCR2, coordinate B cell
recruitment into the meninges in a VLA-4-dependent manner [120]. In addition, blocking
antibodies against ALCAM, ICAM-1, or VCAM-1 in primary human meningeal endothelial
cells reduced B cell migration by around 20%, 40%, and 60%, respectively. This confirms
that these three molecules are all involved in B cell recruitment into the leptomeninges
but the interaction between VCAM-1 and VLA-4 might be the most important one for
B cell migration (Figure 3) [102]. In meningeal follicle-like structures, B cells can exhibit
germinal center activity [121] and interact with follicular dendritic cells to become memory
B cells. Interestingly, this interaction involves the adhesion of VLA-4 and LFA-1 with the
respective ligands ICAM-1 and VCAM-1 on dendritic cells [122]. Therefore, these cell
adhesion molecules are not only involved in adhesion and migration but also the activation
and differentiation of B cells. It would be intriguing to study if B cell interaction with
meningeal endothelial cells provides the same activation and differentiation of B cells.

In paired blood and CSF MS samples, CD19+IgD+CD27− naïve B cells were more
abundant in the blood while CD19+IgD+CD27+ memory B cells accumulated in the CSF. Inter-
estingly, CD19+CD38highCD77+ centroblasts—a population present in secondary lymphoid
organs—were only found in the CSF of MS patients [112]. Centroblasts from ectopic lymphoid
follicles may differentiate from circulating naïve B cells and/or from memory B cells that have
migrated into the CNS [123]. It is tempting to speculate that since there are fewer naïve B cells
in the CSF, these CSF centroblasts might derive from migrated memory B cells. Thus, memory
B cells may migrate into the meninges and generate the appropriate environment for B cell
differentiation into centroblasts, forming these ectopic lymphoid follicles. Using both bulk and
single RNA sequencing in paired blood and CSF MS samples, it was shown that naïve blood-
derived B cells, in comparison with the CSF, express higher levels of ITGAM. ITGAM codes
for the Mac-1 gene and Mac-1 is known to be involved in immune cell migration [124,125]. In
contrast, unswitched memory B cells, plasmablasts, and plasma cells decreased the expression
of the ITGA4 gene—α4 integrin—in CSF compared to blood [124,126]. This suggests that
these cells in the blood use VLA-4 to migrate into the CSF, maybe via the BMB, and once there,
its expression is lost. Targeting VLA-4 might not affect plasma cell migration into the CNS via
the BBB [113], yet it would be interesting to study if this also holds for plasma cell migration
across the BMB.

In the experimental animal model of opticospinal encephalomyelitis co-expressing
MOG-specific TCR and BCR, ablation of ITGA4 on B cells reduced meningeal B cell num-
bers. Ectopic lymphoid follicles were still present but showed a decreased volume due
to reduced numbers of B cells. Interestingly, after two months, the disease burden and
mortality were higher in these animals compared to controls without ablation of ITGA4.
This could be explained by the fact that one-third of the B cells in ectopic lymphoid folli-
cles produce the anti-inflammatory cytokines IL-10 and IL-35 [127]. In contrast, in EAE
mice with a selective B cell VLA-4 deficiency, the decrease of meningeal B cells also re-
duced EAE susceptibility. Other effector leukocytes, such as infiltrating macrophages
and T cells—especially Th17 cells—were also reduced in the meninges [103]. Notably, in
EAE, Th17 cells within the meningeal compartment express the transcription factor Bcl6,
which is involved in the production of B cells supporting cytokines. This might create
an ideal microenvironment for B cell tropism, differentiation of B cells into follicular B
cells, and immunoglobulin class switching, thereby controlling meningeal lymphoid tissue
formation [128]. In sum, meningeal B cells comprise a heterogeneous cell population with
both cytotoxic and immune regulatory functions. Further research is needed to gain more
insight into the functional role of meningeal B cells and to what extent they differentiate
into various subsets in the meningeal compartment

The chemokines CXCL12 and, especially, CXCL13, are involved in the recruitment of B
cells into the CNS and play a central role in the formation of lymphoid follicle-like structures
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in the leptomeninges [16,21,116]. Since CXCL13 is strongly associated with intrathecal
immunoglobulin synthesis and composition of cells in MS lesions, it has been suggested
to use CXCL13 levels in CSF as a predictor for B cell depletion therapy outcome [129].
However, in CXCL13-deficient EAE mice, the disease course neither changed nor was
there any effect on B cell infiltration to the spinal cords. This suggested that CXCL13 is
dispensable for B cell migration in this experimental model or at least for B cell migration
in the spinal cord [130]. This may be plausible as many other chemokines might be
involved in the recruitment of B cells into the CNS. For instance, CXCL10 attracts both T
cells and antibody-secreting cells (ASC) to inflamed CNS sites [131]. Moreover, human
BECs constitutively secrete CCL2, and B cells contain mRNA transcripts of the CCL2
receptors and antibodies targeted against CCL2 selectively inhibited transendothelial B cell
migration [100]. Hence, more research needs to be performed to see which chemokines are
primarily responsible for B cell recruitment into the meninges during MS.

In MS, B cells can migrate across the BMB to reside in the leptomeninges, but recently
it was shown that B cells infiltrate from the skull bone marrow into the dura of healthy
mice [89]. The calvaria is a hematopoietic region located in the cranial bones, which contains
specialized vascular channels [132] that allow B cells to migrate from the bone marrow to
the dura to mature locally [89]. This infiltration and B cell development might be facilitated
via the interaction of the receptor CXCR4 on B cells and the expression of CXCL12 from dura
fibroblast-like cells [89]. In there, autoreactive immature B cells against CNS antigens, such
as MOG, are negatively selected and are thereby specifically eliminated from the meninges.
As such, meninges can behave as a regulatory reservoir to eliminate autoreactive B cells and
allow the correct homeostatic B cell development [133,134]. Interestingly, in healthy young
mice, dural B cells did not clonally overlap with circulating B cells, suggesting that most
meningeal B cells originated from the calvarial bone marrow. However, in healthy aged
mice, 30% of the dural B cells were clonally present in the blood, indicating that these B
cells have migrated from the periphery [89]. Whether meningeal B cell migration from both
blood and calvarial bone marrow occurs in progressive MS is still unknown. Further studies
are needed to understand how autoreactive B cells against CNS antigens are surviving in
the meninges and if they preferentially migrate from the periphery or skull bone marrow.
At the same time, B cells can exit the leptomeninges via dural lymphatic vessels and drain
towards the cervical lymph nodes [89], where they can encounter antigens and undergo
affinity maturation [95,135]. Interestingly, the presence of clonally expanding B cells in the
CNS and draining cervical lymph nodes could suggest a bidirectional migration between
these compartments [95]. However, the (molecular) mechanisms that drive this migration
from the leptomeninges toward the lymphatic vessels are currently unknown.

In conclusion, recent research has shown that ALCAM, ICAM-1, and VLA-4 are
involved in the transmigration of B cells across the human BMB and in animal models
of MS. VLA-4 seems to be an essential integrin for B cell migration across the meningeal
endothelial cells with the help of different chemokines. However, as the meninges are an
ideal environmental niche for B cells in MS, it is difficult to speculate how different B cell
subsets might employ different migration mechanisms. It is also unknown how or if the
first autoreactive B cell arrived in the leptomeninges during health from the skull bone
marrow or during the disease from the periphery.

4. Effects of MS Therapies on B Cell Migration

Knowing that the localization of B cells and the molecular players involved in B cell
migration into the CNS is important from a therapeutical point of view, we now focus
on how several MS therapeutics that are approved or in late-stage development affect B
cell migration.

4.1. Sphingosine 1-Phosphate Receptor Agonists or Modulators

Fingolimod is a sphingosine 1-phosphate (S1P) receptor agonist that blocks lympho-
cyte egress from the lymph nodes into the circulation. Different cells, such as lymphocytes
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and neural cells, express S1P receptors. There are five different receptors and fingolimod
lacks activity on one of them (S1P2). S1P is present in a gradient of low concentrations in
the lymph nodes and high concentrations in blood, thereby attracting cells that express its
receptor into the blood (mechanisms reviewed elsewhere [136]). Fingolimod binds with
high affinity to S1P receptors, particularly S1P1 receptors, inducing their internalization
and making them unresponsive to S1P. Consequently, fingolimod potentially sequesters
encephalitogenic lymphocytes in the lymph nodes [137].

Fingolimod decreases the ratio of peripheral non-class-switched and class-switched
memory B cells to naïve cells. Furthermore, it increases peripheral transitional, regulatory
B cell subsets, as well as plasma cells [114,138–140]. Interestingly, this drug decreases
ICAM-1+ B cells, which could indicate reduced antigen presentation capabilities and/or
reduced migration across the CNS barriers [138]. However, regulatory B cells from MS
patients treated with fingolimod displayed increased migratory capacity across a human
BEC cell line and this was accompanied by an increased ratio of regulatory B cells in
the CSF of MS patients. [141]. This could either suggest that fingolimod is involved in
regulatory B cell differentiation or that S1P receptors are not important for preventing the
migration of this subset. Although without statistical significance, fingolimod-treated B
cells tended to migrate in fewer numbers across the cell line HIBCPP than untreated B
cells [115]. Remarkably, the elevated frequency of clonal B cell groups between blood and
CSF in fingolimod-treated patients suggests that B cell migration might not be affected [114].
Furthermore, fingolimod treatment has little effect on the number of B cells in the CSF [142].
Treatment of fingolimod at the beginning of EAE reduced the number of B cell infiltrates in
the parenchyma, but in chronic EAE, fingolimod did not affect the maintenance of B cell
aggregates in perivascular areas from the cerebellum [143]. Whether fingolimod affects the
formation of ectopic lymphoid follicles in the meninges is still unknown.

Siponimod is a novel next-generation S1P receptor modulator that might be useful for
the treatment of the progressive phases of MS [144]. It particularly binds to S1P1 and S1P5
receptors [145]. This small molecule can also cross the BBB and reach the CNS parenchyma
as well as the meninges, thereby it could block lymphocyte migration to the meningeal
compartment. Siponimod reduced EAE severity and halted the formation of meningeal
ectopic lymphoid follicles [146]. It is still under debate if the reduction of this meningeal
compartmentalized inflammation is enough to reduce the clinical symptoms of progressive
MS, or if in the case of siponimod, other secondary effects have roles. For instance, with S1P
receptor modulators, T and B cells shift toward a more regulatory phenotype [147], which
could act both in the periphery but also centrally by inhibiting meningeal inflammation.

4.2. Cladribine

Cladribine (1-chlorodeoxyadenosine, 2-CdA) is a purine adenosine analog that is
activated intracellularly when phosphorylated by deoxycytidine kinase (DCK). The triphos-
phorylated form disrupts DNA synthesis and repair, thereby inducing cellular death.
In most cells, this form is inactivated via dephosphorylation with the phosphatase 5′-
nucleotidase. However in lymphocytes, especially B cells, the ratio kinase to phosphatase is
high and, consequently, they accumulate cladribine phosphates. Consequently, cladribine
preferentially depletes the lymphocyte populations (mechanism reviewed at [148]).

Cladribine quickly eliminates peripheral B cells, especially class-switched and unswitched
memory B cells [149,150]. Notably, germinal center B cells and memory B cells exhibit high
levels of DCK [149], which suggests that they are potentially vulnerable to cladribine. This
can lead to long-term loss of memory B cells in the blood since they repopulate slowly from
lymphoid tissues [151]. It would be interesting to study if meningeal B cells also have higher
DCK activity and if they could be specifically targeted. Untreated MS patients have a higher
percentage of ICAM-1+ CD19+, LFA-1+ CD19+, and PSGL-1+ CD19+ B cells. Notably, after
two years of treatment with cladribine, these B cell populations declined to similar values as
healthy controls [151]. This suggests that cladribine not only quickly depletes memory B cells,
but that in the long run, it might have an effect on B cell migration across the CNS barriers.
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4.3. Natalizumab

Natalizumab is a monoclonal antibody that targets CD49d—the subunit α4 of
VLA-4—thereby blocking its binding to VCAM-1 on endothelial cells (reviewed in [152]).

Natalizumab treatment elevated the frequencies of different B cell subsets, such as pre-
B cells, mature B cells, transitional B cells, and memory B cells in the blood [114,115,153–156].
However, natalizumab also decreased peripheral plasmablast frequency in both progressive
MS and RRMS. Interestingly, in healthy donors, plasmablasts have a higher expression of
CD49d in comparison with other B cell subsets [154]. In one study, natalizumab-treated
MS patients did not contain plasmablasts in the CSF [154], whereas, in another study,
natalizumab treatment resulted in increased plasmablasts and plasma cell numbers in the
CSF [113]. Furthermore, plasma cells are still present in brain lesions after natalizumab
treatment, suggesting that other CAMs might be involved in the migration of plasma cells
or that recently migrated B cells can persist locally and differentiate into plasmablasts and
plasma cells regardless of natalizumab treatment.

Progressive multifocal leukoencephalopathy (PML) is a rare demyelinating disease
caused by John Cunningham polyomavirus (JCV). This infection commonly occurs in
childhood and afterward, the virus remains latent, often in lymphoid organs [157]. Im-
munosuppressive treatments for MS, such as natalizumab, can lead to either reactivation
of the virus or facilitating the mobilization of the virus into the CNS, which leads to acute
and severe demyelination. Interestingly, the occurrence of PML may be related to B cell
trafficking as B cells may become a viral reservoir and candidates to mobilize the virus
in the CNS [158,159]. It has been suggested that blocking α4 integrin might increase the
number of peripheral JCV-infected B cells coming from the bone marrow, thus, facilitating
PML development [160].

Targeting VLA-4 has been very useful to study immune cell migration in vitro and in
animal experiments as shown in previous sections of this review. All the cited literature
shows how VLA-4 is an important factor involved in B cell migration across different CNS
barriers [100,102]. Current studies of natalizumab now also suggest that different B cell
subsets might use different molecular pathways to cross these CNS barriers.

4.4. Ocrelizumab

Ocrelizumab is a novel humanized anti-CD20 monoclonal antibody approved for
treating RRMS and PPMS patients. By binding to CD20, ocrelizumab depletes B cells by
complement-dependent lysis and/or antibody-dependent cytotoxicity [161].

Within weeks, ocrelizumab depletes almost all CD19+ B cells, especially naïve and
memory B cells, except pro-B cells, and antibody-secreting cells, such as plasmablasts [162,163].
Ocrelizumab also removes peripheral CD20+ T cells [164], which are T cells that have acquired
CD20 via trogocytosis while interacting with antigen-presenting B cells [165]. Some have
speculated that depletion of CD20+ T cells explains the success of anti-CD20 therapies in MS,
but this is out of the scope of this review [166,167]. Interestingly, B cells are also reduced in
the CSF after ocrelizumab treatment [168], which can indicate that there is reduced B cell
migration across CNS barriers or that ocrelizumab can deplete B cells within the CNS.

The animal model 2D2xTh leads to spontaneous development of EAE with meningeal
lymphoid follicles but does not require B cells for pathology. Depleting peripheral B cells
before the EAE onset did not halt the production of these follicles nor reduce clinical
severity [169]. Depleting peripheral B cells after the onset of EAE also did not affect the
number or size of the meningeal follicles. However, in-depth studies showed that one-third
of the meningeal B cells were reduced [169]. The authors could not evaluate whether this
depletion was due to a reduction of B cell trafficking or whether the antibody could go
inside the meninges and start depleting B cells.

The opticospinal encephalomyelitis mouse model also develops spontaneous EAE
and both T and B cells express MOG-specific antigen receptors [127]. Treatment with
anti-CD20 antibodies at the pre-symptomatic phase reduced disease severity [127], which,
in comparison with the animal model 2D2xTh, suggests that B cells might have antigen-
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presenting functions before the onset of the disease. Interestingly, anti-CD20 antibodies did
not abrogate the formation of meningeal lymphoid follicles, although they were smaller
than the ones in untreated animals. B cell depletion after the onset of symptoms neither
modulated disease progression nor reduced the area of meningeal lymphoid follicles [127],
indicating that meningeal-resident B cells might be resistant to anti-CD20 therapies. Hence,
once B cells have trafficked into the intrathecal compartment—leptomeningeal or CNS
parenchymal—anti-CD20 therapies might be less effective. Furthermore, targeting all
CD20+ B cells has collateral effects since regulatory B cells can normalize EAE and their
depletion is pathogenic for EAE [127,170]. Further research is needed to complete our
understanding of the effects of anti-CD20 antibodies on B cell migration and survival
behind the CNS barriers, and for this, new suitable animal models are needed. The chronic
meningeal inflammation (CMI) animal model could be a suitable option to study in detail
B cell migration in the meninges and the effect of anti-CD20 therapies [17,171].

4.5. BTK Inhibitors

Bruton tyrosine kinase (BTK) translocates from the cytosol to the cell membrane when
an antigen binds to the B cell receptor (BCR). Afterward, BTK activates a pathway involved
in BCR signaling and differentiation and survival of B cells (reviewed in [172]). BTK
inhibitors (BTKi) are small molecules that have been recently researched for the treatment
of MS [173]. Interestingly, BTKi can also cross the BBB [174].

Currently, the effect of BTKi on the phenotype of peripheral B cells in MS patients
remains to be studied. BTKi might differentially modify various B cell subsets, such
as memory B cells, which are important for the disease. In EAE, BTKi did not reduce
the frequency of B cells in the blood, spleen, or lymph nodes, but it ameliorated EAE
disease severity and reduced B cell and T cell infiltrates in the brain parenchyma [175].
Most importantly, only follicular B cells were reduced in numbers in the blood, spleen,
and lymph nodes, and reduced the expression of activation markers involved in antigen
presentation. It would be interesting to study if CAMs might also be decreased since BTKi
inhibited B cell activation [175]. Since BTKi seems to particularly affect follicular B cells
and their activation, further research is needed to study if BTKi affects the formation of
meningeal lymphoid follicles. If so, combining, in time, anti-CD20 therapies with BTKi
could provide benefits by targeting B cell trafficking into the CNS, and once they are behind
these barriers, targeting their function.

5. Conclusions

Some of the most effective MS drugs are either depleting peripheral B cells—especially
memory B cells—or blocking their transmigration into the CNS. Therefore, B cells have
been in the spotlight of MS research for the past decade. While most studies have addressed
the different functions of B cells in health and disease, it is surprising to note the virtual
absence of CNS B cells in healthy states and specific compartments in the brains of MS
patients, such as the choroid plexus. This is of special importance when compared with
other immune cell subsets, such as T cells, known for their immunological surveillance and
presence in almost every compartment of the CNS.

For a long time, the migrational mechanisms of B cells have been extrapolated from
the vast knowledge of T cell trafficking into the brain via the BBB. However, knowing
the different brain locations of these immune cells and the complexities of the immune
system, and the different CNS barriers, it is easy to speculate that B and T cells use
different migrational pathways for each CNS barrier. Furthermore, in this review, we have
pinpointed how these CNS barriers differ in health and MS. We are convinced that a better
understanding of the migratory process of B cells into the CNS would ultimately aid in the
development of more refined therapies for MS and eventually stop its progression.



Biomolecules 2022, 12, 800 17 of 24

Author Contributions: C.R.-M. and H.E.d.V. conceived the study. C.R.-M., S.R.-L. and J.A. wrote the
manuscript. C.R.-M. designed the figures. M.E.W., J.v.H. and H.E.d.V. provided valuable scientific
input and supervised and critically reviewed the study. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Dutch MS Research Foundation (MS18-358) to H.E.d.V.
and (MS20-1106) to M.E.W.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data and materials supporting the results of the present study are
available in the published article.

Acknowledgments: The authors want to acknowledge the members of the Single-cEllga group for
providing scientific input for the title, the general manuscript, and figures.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Compston, A.; Coles, A. Multiple sclerosis. Lancet 2008, 372, 1502–1517. [CrossRef]
2. Filippi, M.; Bar-Or, A.; Piehl, F.; Preziosa, P.; Solari, A.; Vukusic, S.; Rocca, M.A. Multiple sclerosis. Nat. Rev. Dis. Primers 2018,

4, 43. [CrossRef] [PubMed]
3. Lublin, F.D.; Reingold, S.C.; Cohen, J.A.; Cutter, G.R.; Sørensen, P.S.; Thompson, A.J.; Wolinsky, J.S.; Balcer, L.J.; Banwell, B.;

Barkhof, F.; et al. Defining the clinical course of multiple sclerosis: The 2013 revisions. Neurology 2014, 83, 278–286. [CrossRef]
[PubMed]

4. Weinshenker, B.G.; Bass, B.; Rice, G.P.; Noseworthy, J.; Carriere, W.; Baskerville, J.; Ebers, G.C. The natural history of multiple
sclerosis: A geographically based study. I. Clinical course and disability. Brain 1989, 112, 133–146. [CrossRef]

5. Dendrou, C.A.; Fugger, L.; Friese, M.A. Immunopathology of multiple sclerosis. Nat. Rev. Immunol. 2015, 15, 545–558. [CrossRef]
6. Steinman, L. Multiple sclerosis: A coordinated immunological attack against myelin in the central nervous system. Cell 1996, 85,

299–302. [CrossRef]
7. Steinman, L. Multiple sclerosis: A two-stage disease. Nat. Immunol. 2001, 2, 762–764. [CrossRef]
8. Minagar, A.; Alexander, J.S. Blood-brain barrier disruption in multiple sclerosis. Mult. Scler. J. 2003, 9, 540–549. [CrossRef]
9. van Horssen, J.; Brink, B.P.; de Vries, H.E.; van der Valk, P.; Bø, L. The Blood-Brain Barrier in Cortical Multiple Sclerosis Lesions.

J. Neuropathol. Exp. Neurol. 2007, 66, 321–328. [CrossRef]
10. Calvi, A.; Carrasco, F.P.; Tur, C.; Chard, D.T.; Stutters, J.; De Angelis, F.; John, N.; Williams, T.; Doshi, A.; Samson, R.S.; et al.

Association of Slowly Expanding Lesions on MRI With Disability in People With Secondary Progressive Multiple Sclerosis.
Neurology 2022, 98, e1783–e1793. [CrossRef]

11. Luchetti, S.; Fransen, N.L.; van Eden, C.G.; Ramaglia, V.; Mason, M.; Huitinga, I. Progressive multiple sclerosis patients show
substantial lesion activity that correlates with clinical disease severity and sex: A retrospective autopsy cohort analysis. Acta
Neuropathol. 2018, 135, 511–528. [CrossRef] [PubMed]

12. Constantinescu, C.S.; Farooqi, N.; O’Brien, K.; Gran, B. Experimental autoimmune encephalomyelitis (EAE) as a model for
multiple sclerosis (MS). J. Cereb. Blood Flow Metab. 2011, 164, 1079–1106. [CrossRef] [PubMed]

13. Montalban, X.; Hauser, S.L.; Kappos, L.; Arnold, D.L.; Bar-Or, A.; Comi, G.; De Seze, J.; Giovannoni, G.; Hartung, H.-P.; Hemmer,
B.; et al. Ocrelizumab versus Placebo in Primary Progressive Multiple Sclerosis. N. Engl. J. Med. 2017, 376, 209–220. [CrossRef]
[PubMed]

14. Lourenco, P.; Shirani, A.; Saeedi, J.; Oger, J.; Schreiber, E.W.; Tremlett, H. Oligoclonal bands and cerebrospinal fluid markers in
multiple sclerosis: Associations with disease course and progression. Mult. Scler. J. 2012, 19, 577–584. [CrossRef]

15. Cencioni, M.T.; Mattoscio, M.; Magliozzi, R.; Bar-Or, A.; Muraro, P.A. B cells in multiple sclerosis–from targeted depletion to
immune reconstitution therapies. Nat. Rev. Neurol. 2021, 17, 399–414. [CrossRef]

16. Serafini, B.; Rosicarelli, B.; Magliozzi, R.; Stigliano, E.; Aloisi, F. Detection of Ectopic B-cell Follicles with Germinal Centers in the
Meninges of Patients with Secondary Progressive Multiple Sclerosis. Brain Pathol. 2004, 14, 164–174. [CrossRef]

17. van Olst, L.; Rodriguez-Mogeda, C.; Picon, C.; Kiljan, S.; James, R.E.; Kamermans, A.; van der Pol, S.M.A.; Knoop, L.; Michailidou,
I.; Drost, E.; et al. Meningeal inflammation in multiple sclerosis induces phenotypic changes in cortical microglia that differentially
associate with neurodegeneration. Acta Neuropathol. 2021, 141, 881–899. [CrossRef]

18. Magliozzi, R.; Howell, O.; Vora, A.; Serafini, B.; Nicholas, R.; Puopolo, M.; Reynolds, R.; Aloisi, F. Meningeal B-cell follicles in
secondary progressive multiple sclerosis associate with early onset of disease and severe cortical pathology. Brain 2006, 130,
1089–1104. [CrossRef]

19. Luster, A.D.; Alon, R.; Von Andrian, U.H. Immune cell migration in inflammation: Present and future therapeutic targets. Nat.
Immunol. 2005, 6, 1182–1190. [CrossRef]

http://doi.org/10.1016/S0140-6736(08)61620-7
http://doi.org/10.1038/s41572-018-0041-4
http://www.ncbi.nlm.nih.gov/pubmed/30410033
http://doi.org/10.1212/WNL.0000000000000560
http://www.ncbi.nlm.nih.gov/pubmed/24871874
http://doi.org/10.1093/brain/112.1.133
http://doi.org/10.1038/nri3871
http://doi.org/10.1016/S0092-8674(00)81107-1
http://doi.org/10.1038/ni0901-762
http://doi.org/10.1191/1352458503ms965oa
http://doi.org/10.1097/nen.0b013e318040b2de
http://doi.org/10.1212/WNL.0000000000200144
http://doi.org/10.1007/s00401-018-1818-y
http://www.ncbi.nlm.nih.gov/pubmed/29441412
http://doi.org/10.1111/j.1476-5381.2011.01302.x
http://www.ncbi.nlm.nih.gov/pubmed/21371012
http://doi.org/10.1056/NEJMoa1606468
http://www.ncbi.nlm.nih.gov/pubmed/28002688
http://doi.org/10.1177/1352458512459684
http://doi.org/10.1038/s41582-021-00498-5
http://doi.org/10.1111/j.1750-3639.2004.tb00049.x
http://doi.org/10.1007/s00401-021-02293-4
http://doi.org/10.1093/brain/awm038
http://doi.org/10.1038/ni1275


Biomolecules 2022, 12, 800 18 of 24

20. Weiss, N.; Miller, F.; Cazaubon, S.; Couraud, P.-O. The blood-brain barrier in brain homeostasis and neurological diseases. Biochim.
Biophys. Acta Biomembr. 2009, 1788, 842–857. [CrossRef]

21. Krumbholz, M.; Theil, D.; Cepok, S.; Hemmer, B.; Kivisäkk, P.; Ransohoff, R.M.; Hofbauer, M.; Farina, C.; Derfuss, T.;
Hartle, C.; et al. Chemokines in multiple sclerosis: CXCL12 and CXCL13 up-regulation is differentially linked to CNS immune
cell recruitment. Brain 2005, 129, 200–211. [CrossRef] [PubMed]

22. Stein, J.V.; Nombela-Arrieta, C. Chemokine control of lymphocyte trafficking: A general overview. Immunology 2005, 116, 1–12.
[CrossRef] [PubMed]

23. Schnoor, M.; Alcaide, P.; Voisin, M.-B.; van Buul, J.D. Crossing the Vascular Wall: Common and Unique Mechanisms Exploited by
Different Leukocyte Subsets during Extravasation. Mediat. Inflamm. 2015, 2015, 1–23. [CrossRef] [PubMed]

24. Zarekiani, P.; Pinto, H.N.; Hol, E.M.; Bugiani, M.; de Vries, H.E. The neurovascular unit in leukodystrophies: Towards solving the
puzzle. Fluids Barriers CNS 2022, 19, 1–19. [CrossRef] [PubMed]

25. de Wit, N.; Vanmol, J.; Kamermans, A.; Hendriks, J.; de Vries, H. Inflammation at the blood-brain barrier: The role of liver X
receptors. Neurobiol. Dis. 2017, 107, 57–65. [CrossRef]

26. Zlokovic, B.V. The Blood-Brain Barrier in Health and Chronic Neurodegenerative Disorders. Neuron 2008, 57, 178–201. [CrossRef]
27. Daneman, R. The blood-brain barrier in health and disease. Ann. Neurol. 2012, 72, 648–672. [CrossRef]
28. Liebner, S.; Dijkhuizen, R.M.; Reiss, Y.; Plate, K.H.; Agalliu, D.; Constantin, G. Functional morphology of the blood–brain barrier

in health and disease. Acta Neuropathol. 2018, 135, 311–336. [CrossRef]
29. Hall, C.N.; Reynell, C.; Gesslein, B.; Hamilton, N.B.; Mishra, A.; Sutherland, B.A.; O’Farrell, F.M.; Buchan, A.M.; Lauritzen, M.;

Attwell, D. Capillary pericytes regulate cerebral blood flow in health and disease. Nature 2014, 508, 55–60. [CrossRef]
30. Mathiisen, T.M.; Lehre, K.P.; Danbolt, N.C.; Ottersen, O.P. The perivascular astroglial sheath provides a complete covering of the

brain microvessels: An electron microscopic 3D reconstruction. Glia 2010, 58, 1094–1103. [CrossRef]
31. Howarth, C. The contribution of astrocytes to the regulation of cerebral blood flow. Front. Neurosci. 2014, 8, 103. [CrossRef]

[PubMed]
32. Reed, M.J.; Damodarasamy, M.; Banks, W.A. The extracellular matrix of the blood-brain barrier: Structural and functional roles in

health, aging, and Alzheimer’s disease. Tissue Barriers 2019, 7, 1651157. [CrossRef] [PubMed]
33. Ronaldson, P.T.; Davis, T.P. Regulation of blood–brain barrier integrity by microglia in health and disease: A therapeutic

opportunity. J. Cereb. Blood Flow Metab. 2020, 40, S6–S24. [CrossRef]
34. Haruwaka, K.; Ikegami, A.; Tachibana, Y.; Ohno, N.; Konishi, H.; Hashimoto, A.; Matsumoto, M.; Kato, D.; Ono, R.;

Kiyama, H.; et al. Dual microglia effects on blood brain barrier permeability induced by systemic inflammation. Nat. Commun.
2019, 10, 1–17. [CrossRef]

35. Ortiz, G.G.; Pacheco-Moisés, F.P.; Macías-Islas, M.Á.; Flores-Alvarado, L.J.; Mireles-Ramírez, M.A.; González-Renovato, E.D.;
Hernández-Navarro, V.E.; Sánchez-López, A.L.; Alatorre-Jiménez, M.A. Role of the Blood–Brain Barrier in Multiple Sclerosis.
Arch. Med. Res. 2014, 45, 687–697. [CrossRef]

36. Troletti, C.D.; Fontijn, R.D.; Gowing, E.; Charabati, M.; van Het Hof, B.; Didouh, I.; Van Der Pol, S.M.A.; Geerts, D.; Prat, A.;
Van Horssen, J.; et al. Inflammation-induced endothelial to mesenchymal transition promotes brain endothelial cell dysfunction
and occurs during multiple sclerosis pathophysiology. Cell Death Dis. 2019, 10, 1–13. [CrossRef]

37. Man, S.; Ubogu, E.E.; Ransohoff, R.M. Inflammatory Cell Migration into the Central Nervous System: A Few New Twists on an
Old Tale. Brain Pathol. 2007, 17, 243–250. [CrossRef] [PubMed]

38. Granberg, T.; Moridi, T.; Brand, J.S.; Neumann, S.; Hlavica, M.; Piehl, F.; Ineichen, B.V. Enlarged perivascular spaces in multiple
sclerosis on magnetic resonance imaging: A systematic review and meta-analysis. J. Neurol. 2020, 267, 3199–3212. [CrossRef]

39. Miller, E. Multiple Sclerosis, in Neurodegenerative Diseases; Ahmad, S.I., Ed.; Springer US: New York, NY, USA, 2012; pp. 222–238.
40. Gold, R.; Linington, C.; Lassmann, H. Understanding pathogenesis and therapy of multiple sclerosis via animal models: 70 years

of merits and culprits in experimental autoimmune encephalomyelitis research. Brain 2006, 129, 1953–1971. [CrossRef]
41. Redzic, Z.B.; Segal, M.B. The structure of the choroid plexus and the physiology of the choroid plexus epithelium. Adv. Drug

Deliv. Rev. 2004, 56, 1695–1716. [CrossRef]
42. Spector, R.; Snodgrass, S.R.; Johanson, C.E. A balanced view of the cerebrospinal fluid composition and functions: Focus on adult

humans. Exp. Neurol. 2015, 273, 57–68. [CrossRef] [PubMed]
43. Vercellino, M.; Votta, B.; Condello, C.; Piacentino, C.; Romagnolo, A.; Merola, A.; Capello, E.; Mancardi, G.L.; Mutani, R.;

Giordana, M.T.; et al. Involvement of the choroid plexus in multiple sclerosis autoimmune inflammation: A neuropathological
study. J. Neuroimmunol. 2008, 199, 133–141. [CrossRef] [PubMed]

44. Rodríguez-Lorenzo, S.; Konings, J.; van der Pol, S.; Kamermans, A.; Amor, S.; van Horssen, J.; Witte, M.E.; Kooij, G.; de Vries, H.E.
Inflammation of the choroid plexus in progressive multiple sclerosis: Accumulation of granulocytes and T cells. Acta Neuropathol.
Commun. 2020, 8, 9. [CrossRef] [PubMed]

45. Kleine, T.O.; Benes, L. Immune surveillance of the human central nervous system (CNS): Different migration pathways of immune
cells through the blood–brain barrier and blood–cerebrospinal fluid barrier in healthy persons. Cyton. Part A J. Int. Soc. Anal.
Cytol. 2006, 69, 147–151. [CrossRef] [PubMed]

46. Kivisäkk, P.; Mahad, D.J.; Callahan, M.K.; Trebst, C.; Tucky, B.; Wei, T.; Wu, L.; Baekkevold, E.S.; Lassmann, H.;
Staugaitis, S.M.; et al. Human cerebrospinal fluid central memory CD4+ T cells: Evidence for trafficking through choroid plexus
and meninges via P-selectin. Proc. Natl. Acad. Sci. USA 2003, 100, 8389–8394. [CrossRef] [PubMed]

http://doi.org/10.1016/j.bbamem.2008.10.022
http://doi.org/10.1093/brain/awh680
http://www.ncbi.nlm.nih.gov/pubmed/16280350
http://doi.org/10.1111/j.1365-2567.2005.02183.x
http://www.ncbi.nlm.nih.gov/pubmed/16108812
http://doi.org/10.1155/2015/946509
http://www.ncbi.nlm.nih.gov/pubmed/26568666
http://doi.org/10.1186/s12987-022-00316-0
http://www.ncbi.nlm.nih.gov/pubmed/35227276
http://doi.org/10.1016/j.nbd.2016.09.015
http://doi.org/10.1016/j.neuron.2008.01.003
http://doi.org/10.1002/ana.23648
http://doi.org/10.1007/s00401-018-1815-1
http://doi.org/10.1038/nature13165
http://doi.org/10.1002/glia.20990
http://doi.org/10.3389/fnins.2014.00103
http://www.ncbi.nlm.nih.gov/pubmed/24847203
http://doi.org/10.1080/21688370.2019.1651157
http://www.ncbi.nlm.nih.gov/pubmed/31505997
http://doi.org/10.1177/0271678X20951995
http://doi.org/10.1038/s41467-019-13812-z
http://doi.org/10.1016/j.arcmed.2014.11.013
http://doi.org/10.1038/s41419-018-1294-2
http://doi.org/10.1111/j.1750-3639.2007.00067.x
http://www.ncbi.nlm.nih.gov/pubmed/17388955
http://doi.org/10.1007/s00415-020-09971-5
http://doi.org/10.1093/brain/awl075
http://doi.org/10.1016/j.addr.2004.07.005
http://doi.org/10.1016/j.expneurol.2015.07.027
http://www.ncbi.nlm.nih.gov/pubmed/26247808
http://doi.org/10.1016/j.jneuroim.2008.04.035
http://www.ncbi.nlm.nih.gov/pubmed/18539342
http://doi.org/10.1186/s40478-020-0885-1
http://www.ncbi.nlm.nih.gov/pubmed/32014066
http://doi.org/10.1002/cyto.a.20225
http://www.ncbi.nlm.nih.gov/pubmed/16479603
http://doi.org/10.1073/pnas.1433000100
http://www.ncbi.nlm.nih.gov/pubmed/12829791


Biomolecules 2022, 12, 800 19 of 24

47. Strazielle, N.; Ghersi-Egea, J.-F. Choroid Plexus in the Central Nervous System: Biology and Physiopathology. J. Neuropathol. Exp.
Neurol. 2000, 59, 561–574. [CrossRef]

48. Redzic, Z.B. Studies on the human choroid plexus in vitro. Fluids Barriers CNS 2013, 10, 10. [CrossRef]
49. Steffen, B.J.; Breier, G.; Butcher, E.C.; Schulz, M.; Engelhardt, B. ICAM-1, VCAM-1, and MAdCAM-1 are expressed on choroid

plexus epithelium but not endothelium and mediate binding of lymphocytes in vitro. Am. J. Pathol. 1996, 148, 1819–1838.
50. Nishihara, H.; Soldati, S.; Mossu, A.; Rosito, M.; Rudolph, H.; Muller, W.A.; Latorre, D.; Sallusto, F.; Sospedra, M.; Martin, R.; et al.

Human CD4+ T cell subsets differ in their abilities to cross endothelial and epithelial brain barriers in vitro. Fluids Barriers CNS
2020, 17, 1–18. [CrossRef]

51. Strominger, I.; Elyahu, Y.; Berner, O.; Reckhow, J.; Mittal, K.; Nemirovsky, A.; Monsonego, A. The Choroid Plexus Functions as a
Niche for T-Cell Stimulation Within the Central Nervous System. Front. Immunol. 2018, 9, 1066. [CrossRef]

52. Reboldi, A.; Coisne, C.; Baumjohann, D.; Benvenuto, F.; Bottinelli, D.; Lira, S.A.; Uccelli, A.; Lanzavecchia, A.; Engelhardt, B.;
Sallusto, F. C-C chemokine receptor 6-regulated entry of TH-17 cells into the CNS through the choroid plexus is required for the
initiation of EAE. Nat. Immunol. 2009, 10, 514–523. [CrossRef] [PubMed]

53. Engelhardt, B.; Wolburg-Buchholz, K.; Wolburg, H. Involvement of the choroid plexus in central nervous system inflammation.
Microsc. Res. Tech. 2001, 52, 112–129. [CrossRef]

54. Ricigliano, V.A.G.; Morena, E.; Colombi, A.; Tonietto, M.; Hamzaoui, M.; Poirion, E.; Bottlaender, M.; Gervais, P.; Louapre, C.;
Bodini, B.; et al. Choroid Plexus Enlargement in Inflammatory Multiple Sclerosis: 3.0-T MRI and Translocator Protein PET
Evaluation. Radiology 2021, 301, 166–177. [CrossRef] [PubMed]

55. Kooij, G.; Kopplin, K.; Blasig, R.; Stuiver, M.; Koning, N.; Goverse, G.; van der Pol, S.M.A.; Hof, B.V.H.; Gollasch, M.;
Drexhage, J.A.R.; et al. Disturbed function of the blood–cerebrospinal fluid barrier aggravates neuro-inflammation. Acta Neu-
ropathol. 2013, 128, 267–277. [CrossRef]

56. Rodríguez-Lorenzo, S.; Francisco, D.M.F.; Vos, R.; Hof, B.V.H.; Rijnsburger, M.; Schroten, H.; Ishikawa, H.; Beaino, W.;
Bruggmann, R.; Kooij, G.; et al. Altered secretory and neuroprotective function of the choroid plexus in progressive multi-
ple sclerosis. Acta Neuropathol. Commun. 2020, 8, 1–13. [CrossRef]

57. Rodríguez-Lorenzo, S.; van Olst, L.; Rodriguez-Mogeda, C.; Kamermans, A.; van der Pol, S.M.A.; Rodríguez, E.; Kooij, G.;
de Vries, H.E. Single-cell profiling reveals periventricular CD56bright NK cell accumulation in multiple sclerosis. eLife 2022, 11,
e73849. [CrossRef]

58. Nabeshima, S.; Reese, T.S.; Landis, D.M.D.; Brightman, M.W. Junctions in the meninges and marginal glia. J. Comp. Neurol. 1975,
164, 127–169. [CrossRef]

59. Decimo, I.; Fumagalli, G.; Berton, V.; Krampera, M.; Bifari, F. Meninges: From protective membrane to stem cell niche. Am. J. Stem
Cells 2012, 1, 92–105.

60. Rua, R.; McGavern, D.B. Advances in Meningeal Immunity. Trends Mol. Med. 2018, 24, 542–559. [CrossRef]
61. Benakis, C.; Llovera, G.; Liesz, A. The meningeal and choroidal infiltration routes for leukocytes in stroke. Ther. Adv. Neurol.

Disord. 2018, 11, 1756286418783708. [CrossRef]
62. Weller, R.O.; Sharp, M.M.; Christodoulides, M.; Carare, R.O.; Møllgård, K. The meninges as barriers and facilitators for the

movement of fluid, cells and pathogens related to the rodent and human CNS. Acta Neuropathol. 2018, 135, 363–385. [CrossRef]
[PubMed]

63. Rustenhoven, J.; Drieu, A.; Mamuladze, T.; de Lima, K.A.; Dykstra, T.; Wall, M.; Papadopoulos, Z.; Kanamori, M.; Salvador, A.F.;
Baker, W.; et al. Functional characterization of the dural sinuses as a neuroimmune interface. Cell 2021, 184, 1000–1016. [CrossRef]

64. Jordão, M.J.C.; Sankowski, R.; Brendecke, S.M.; Locatelli, G.; Tai, Y.-H.; Tay, T.L.; Schramm, E.; Armbruster, S.; Hagemeyer, N.;
Gross, O.; et al. Single-cell profiling identifies myeloid cell subsets with distinct fates during neuroinflammation. Science 2019,
363, eaat7554. [CrossRef] [PubMed]

65. Mrdjen, D.; Pavlovic, A.; Hartmann, F.J.; Schreiner, B.; Utz, S.G.; Leung, B.P.; Lelios, I.; Heppner, F.L.; Kipnis, J.; Merkler, D.; et al.
High-Dimensional Single-Cell Mapping of Central Nervous System Immune Cells Reveals Distinct Myeloid Subsets in Health,
Aging, and Disease. Immunity 2018, 48, 380–395. [CrossRef] [PubMed]

66. Fitzpatrick, Z.; Frazer, G.; Ferro, A.; Clare, S.; Bouladoux, N.; Ferdinand, J.; Tuong, Z.K.; Negro-Demontel, M.L.; Kumar, N.;
Suchanek, O.; et al. Gut-educated IgA plasma cells defend the meningeal venous sinuses. Nature 2020, 587, 472–476. [CrossRef]
[PubMed]

67. Coureuil, M.; Lécuyer, H.; Bourdoulous, S.; Nassif, X. A journey into the brain: Insight into how bacterial pathogens cross
blood–brain barriers. Nat. Rev. Genet. 2017, 15, 149–159. [CrossRef] [PubMed]

68. Engelhardt, B.; Carare, R.O.; Bechmann, I.; Flügel, A.; Laman, J.D.; Weller, R.O. Vascular, glial, and lymphatic immune gateways
of the central nervous system. Acta Neuropathol. 2016, 132, 317–338. [CrossRef] [PubMed]

69. Lun, M.P.; Monuki, E.S.; Lehtinen, M.K. Development and functions of the choroid plexus–cerebrospinal fluid system. Nat. Rev.
Neurosci. 2015, 16, 445–457. [CrossRef]

70. Spray, D.; Moreno, A.; Kessler, J.; Dermietzel, R. Characterization of gap junctions between cultured leptomeningeal cells. Brain
Res. 1991, 568, 1–14. [CrossRef]

71. Barshes, N.; Demopoulos, A.; Engelhard, H.H. Anatomy and Physiology of the Leptomeninges and CSF Space. Leptomeningeal
Metastases 2005, 125, 1–16. [CrossRef]

http://doi.org/10.1093/jnen/59.7.561
http://doi.org/10.1186/2045-8118-10-10
http://doi.org/10.1186/s12987-019-0165-2
http://doi.org/10.3389/fimmu.2018.01066
http://doi.org/10.1038/ni.1716
http://www.ncbi.nlm.nih.gov/pubmed/19305396
http://doi.org/10.1002/1097-0029(20010101)52:1&lt;112::AID-JEMT13&gt;3.0.CO;2-5
http://doi.org/10.1148/radiol.2021204426
http://www.ncbi.nlm.nih.gov/pubmed/34254858
http://doi.org/10.1007/s00401-013-1227-1
http://doi.org/10.1186/s40478-020-00903-y
http://doi.org/10.7554/eLife.73849
http://doi.org/10.1002/cne.901640202
http://doi.org/10.1016/j.molmed.2018.04.003
http://doi.org/10.1177/1756286418783708
http://doi.org/10.1007/s00401-018-1809-z
http://www.ncbi.nlm.nih.gov/pubmed/29368214
http://doi.org/10.1016/j.cell.2020.12.040
http://doi.org/10.1126/science.aat7554
http://www.ncbi.nlm.nih.gov/pubmed/30679343
http://doi.org/10.1016/j.immuni.2018.01.011
http://www.ncbi.nlm.nih.gov/pubmed/29426702
http://doi.org/10.1038/s41586-020-2886-4
http://www.ncbi.nlm.nih.gov/pubmed/33149302
http://doi.org/10.1038/nrmicro.2016.178
http://www.ncbi.nlm.nih.gov/pubmed/28090076
http://doi.org/10.1007/s00401-016-1606-5
http://www.ncbi.nlm.nih.gov/pubmed/27522506
http://doi.org/10.1038/nrn3921
http://doi.org/10.1016/0006-8993(91)91373-9
http://doi.org/10.1007/0-387-24199-x_1


Biomolecules 2022, 12, 800 20 of 24

72. Kipnis, J. Multifaceted interactions between adaptive immunity and the central nervous system. Science 2016, 353, 766–771.
[CrossRef] [PubMed]

73. Lyon, J.G.; Mokarram, N.; Saxena, T.; Carroll, S.L.; Bellamkonda, R.V. Engineering challenges for brain tumor immunotherapy.
Adv. Drug Deliv. Rev. 2017, 114, 19–32. [CrossRef] [PubMed]

74. Bevan, R.; Evans, R.; Griffiths, L.; Watkins, L.M.; Rees, M.I.; Magliozzi, R.; Allen, I.; McDonnell, G.; Kee, R.; Naughton, M.; et al.
Meningeal inflammation and cortical demyelination in acute multiple sclerosis. Ann. Neurol. 2018, 84, 829–842. [CrossRef]

75. Howell, O.W.; Reeves, C.A.; Nicholas, R.; Carassiti, D.; Radotra, B.; Gentleman, S.M.; Serafini, B.; Aloisi, F.; Roncaroli, F.;
Magliozzi, R.; et al. Meningeal inflammation is widespread and linked to cortical pathology in multiple sclerosis. Brain 2011, 134,
2755–2771. [CrossRef]

76. Shechter, R.; London, A.; Schwartz, M. Orchestrated leukocyte recruitment to immune-privileged sites: Absolute barriers versus
educational gates. Nat. Rev. Immunol. 2013, 13, 206–218. [CrossRef] [PubMed]

77. Schläger, C.; Körner, H.; Krueger, M.; Vidoli, S.; Haberl, M.; Mielke, D.; Brylla, E.; Issekutz, T.; Cabañas, C.; Nelson, P.J.; et al.
Effector T-cell trafficking between the leptomeninges and the cerebrospinal fluid. Nature 2016, 530, 349–353. [CrossRef] [PubMed]

78. Barkauskas, D.S.; Dorand, R.D.; Myers, J.T.; Evans, T.A.; Barkauskas, K.J.; Askew, D.; Purgert, R.; Huang, A.Y. Focal transient CNS
vessel leak provides a tissue niche for sequential immune cell accumulation during the asymptomatic phase of EAE induction.
Exp. Neurol. 2015, 266, 74–85. [CrossRef]

79. Carrithers, M.D.; Visintin, I.; Kang, S.J.; Janeway, C.A., Jr. Differential adhesion molecule requirements for immune surveillance
and inflammatory recruitment. Brain 2000, 123, 1092–1101. [CrossRef]

80. Lucchinetti, C.F.; Popescu, B.F.G.; Bunyan, R.F.; Moll, N.M.; Roemer, S.F.; Lassmann, H.; Brück, W.; Parisi, J.E.; Scheithauer, B.W.;
Giannini, C.; et al. Inflammatory Cortical Demyelination in Early Multiple Sclerosis. N. Engl. J. Med. 2011, 365, 2188–2197.
[CrossRef]

81. Cruz-Orengo, L.; Holman, D.W.; Dorsey, D.; Zhou, L.; Zhang, P.; Wright, M.; McCandless, E.E.; Patel, J.R.; Luker, G.D.;
Littman, D.R.; et al. CXCR7 influences leukocyte entry into the CNS parenchyma by controlling abluminal CXCL12 abundance
during autoimmunity. J. Exp. Med. 2011, 208, 327–339. [CrossRef]

82. Allavena, R.; Noy, S.; Andrews, M.; Pullen, N. CNS Elevation of Vascular and Not Mucosal Addressin Cell Adhesion Molecules
in Patients with Multiple Sclerosis. Am. J. Pathol. 2010, 176, 556–562. [CrossRef] [PubMed]

83. Nagasawa, T. Microenvironmental niches in the bone marrow required for B-cell development. Nat. Rev. Immunol. 2006, 6,
107–116. [CrossRef] [PubMed]

84. Laidlaw, B.J.; Cyster, J.G. Transcriptional regulation of memory B cell differentiation. Nat. Rev. Immunol. 2020, 21, 209–220.
[CrossRef] [PubMed]

85. Häusser-Kinzel, S.; Weber, M.S. The Role of B Cells and Antibodies in Multiple Sclerosis, Neuromyelitis Optica, and Related
Disorders. Front. Immunol. 2019, 10, 201. [CrossRef] [PubMed]

86. Lehmann-Horn, K.; Kronsbein, H.C.; Weber, M.S. Targeting B cells in the treatment of multiple sclerosis: Recent advances and
remaining challenges. Ther. Adv. Neurol. Disord. 2013, 6, 161–173. [CrossRef]

87. Anthony, I.C.; Crawford, D.H.; Bell, J.E. B lymphocytes in the normal brain: Contrasts with HIV-associated lymphoid infiltrates
and lymphomas. Brain 2003, 126, 1058–1067. [CrossRef]

88. Tanabe, S.; Yamashita, T. B-1a lymphocytes promote oligodendrogenesis during brain development. Nat. Neurosci. 2018, 21,
506–516. [CrossRef]

89. Brioschi, S.; Wang, W.-L.; Peng, V.; Wang, M.; Shchukina, I.; Greenberg, Z.J.; Bando, J.K.; Jaeger, N.; Czepielewski, R.S.;
Swain, A.; et al. Heterogeneity of meningeal B cells reveals a lymphopoietic niche at the CNS borders. Science 2021, 373, eabf9277.
[CrossRef]

90. Knopf, P.M.; Harling-Berg, C.J.; Cserr, H.F.; Basu, D.; Sirulnick, E.J.; Nolan, S.C.; Park, J.T.; Keir, G.; Thompson, E.J.; Hickey, W.F.
Antigen-dependent intrathecal antibody synthesis in the normal rat brain: Tissue entry and local retention of antigen-specific B
cells. J. Immunol. 1998, 161, 692–701.

91. Lucchinetti, C.; Brück, W.; Parisi, J.; Scheithauer, B.; Rodriguez, M.; Lassmann, H. Heterogeneity of multiple sclerosis lesions:
Implications for the pathogenesis of demyelination. Ann. Neurol. 2000, 47, 707–717. [CrossRef]

92. Owens, G.P.; Ritchie, A.M.; Burgoon, M.P.; Williamson, R.A.; Corboy, J.R.; Gilden, N.H. Single-Cell Repertoire Analysis
Demonstrates that Clonal Expansion Is a Prominent Feature of the B Cell Response in Multiple Sclerosis Cerebrospinal Fluid.
J. Immunol. 2003, 171, 2725–2733. [CrossRef] [PubMed]

93. Qin, Y.; Duquette, P.; Zhang, Y.; Talbot, P.; Poole, R.; Antel, J. Clonal expansion and somatic hypermutation of V(H) genes of B
cells from cerebrospinal fluid in multiple sclerosis. J. Clin. Investig. 1998, 102, 1045–1050. [CrossRef] [PubMed]

94. Lovato, L.; Willis, S.N.; Rodig, S.J.; Caron, T.; Almendinger, S.E.; Howell, O.; Reynolds, R.; O’Connor, K.C.; Hafler, D.A. Related
B cell clones populate the meninges and parenchyma of patients with multiple sclerosis. Brain 2011, 134, 534–541. [CrossRef]
[PubMed]

95. Stern, J.N.H.; Yaari, G.; Heiden, J.A.V.; Church, G.; Donahue, W.F.; Hintzen, R.Q.; Huttner, A.J.; Laman, J.D.; Nagra, R.M.;
Nylander, A.; et al. B cells populating the multiple sclerosis brain mature in the draining cervical lymph nodes. Sci. Transl. Med.
2014, 6, 248ra107. [CrossRef] [PubMed]

http://doi.org/10.1126/science.aag2638
http://www.ncbi.nlm.nih.gov/pubmed/27540163
http://doi.org/10.1016/j.addr.2017.06.006
http://www.ncbi.nlm.nih.gov/pubmed/28625831
http://doi.org/10.1002/ana.25365
http://doi.org/10.1093/brain/awr182
http://doi.org/10.1038/nri3391
http://www.ncbi.nlm.nih.gov/pubmed/23435332
http://doi.org/10.1038/nature16939
http://www.ncbi.nlm.nih.gov/pubmed/26863192
http://doi.org/10.1016/j.expneurol.2015.02.018
http://doi.org/10.1093/brain/123.6.1092
http://doi.org/10.1056/NEJMoa1100648
http://doi.org/10.1084/jem.20102010
http://doi.org/10.2353/ajpath.2010.090437
http://www.ncbi.nlm.nih.gov/pubmed/20035048
http://doi.org/10.1038/nri1780
http://www.ncbi.nlm.nih.gov/pubmed/16491135
http://doi.org/10.1038/s41577-020-00446-2
http://www.ncbi.nlm.nih.gov/pubmed/33024284
http://doi.org/10.3389/fimmu.2019.00201
http://www.ncbi.nlm.nih.gov/pubmed/30800132
http://doi.org/10.1177/1756285612474333
http://doi.org/10.1093/brain/awg118
http://doi.org/10.1038/s41593-018-0106-4
http://doi.org/10.1126/science.abf9277
http://doi.org/10.1002/1531-8249(200006)47:6&lt;707::AID-ANA3&gt;3.0.CO;2-Q
http://doi.org/10.4049/jimmunol.171.5.2725
http://www.ncbi.nlm.nih.gov/pubmed/12928426
http://doi.org/10.1172/JCI3568
http://www.ncbi.nlm.nih.gov/pubmed/9727074
http://doi.org/10.1093/brain/awq350
http://www.ncbi.nlm.nih.gov/pubmed/21216828
http://doi.org/10.1126/scitranslmed.3008879
http://www.ncbi.nlm.nih.gov/pubmed/25100741


Biomolecules 2022, 12, 800 21 of 24

96. Palanichamy, A.; Apeltsin, L.; Kuo, T.C.; Sirota, M.; Wang, S.; Pitts, S.J.; Sundar, P.D.; Telman, D.; Zhao, L.Z.; Derstine, M.; et al.
Immunoglobulin class-switched B cells form an active immune axis between CNS and periphery in multiple sclerosis. Sci. Transl.
Med. 2014, 6, 248ra106. [CrossRef] [PubMed]

97. Von Büdingen, H.-C.; Kuo, T.C.; Sirota, M.; van Belle, C.J.; Apeltsin, L.; Glanville, J.; Cree, B.A.; Gourraud, P.-A.; Schwartzburg, A.;
Huerta, G.; et al. B cell exchange across the blood-brain barrier in multiple sclerosis. J. Clin. Investig. 2012, 122, 4533–4543.
[CrossRef] [PubMed]

98. Pryce, G.; Male, D.K.; Sarkar, C. Control of lymphocyte migration into brain: Selective interactions of lymphocyte subpopulations
with brain endothelium. Immunology 1991, 72, 393–398. [PubMed]

99. Pryce, G.; Dos-Santos, W.L.; Male, D. An assay for the analysis of lymphocyte migration across cerebral endothelium in vitro.
J. Immunol. Methods 1994, 167, 55–63. [CrossRef]

100. Alter, A.; Duddy, M.; Hebert, S.; Biernacki, K.; Prat, A.; Antel, J.P.; Yong, V.W.; Nuttall, R.K.; Pennington, C.J.; Edwards, D.R.; et al.
Determinants of Human B Cell Migration Across Brain Endothelial Cells. J. Immunol. 2003, 170, 4497–4505. [CrossRef]

101. Cannella, B.; Raine, C.S. The adhesion molecule and cytokine profile of multiple sclerosis lesions. Ann. Neurol. 1995, 37, 424–435.
[CrossRef]

102. Michel, L.; Grasmuck, C.; Charabati, M.; Lécuyer, M.-A.; Zandee, S.; Dhaeze, T.; Alvarez, J.I.; Li, R.; Larouche, S.;
Bourbonnière, L.; et al. Activated leukocyte cell adhesion molecule regulates B lymphocyte migration across central ner-
vous system barriers. Sci. Transl. Med. 2019, 11, eaaw0475. [CrossRef] [PubMed]

103. Lehmann-Horn, K.; Bs, S.A.S.; Bernard, C.C.; Sobel, R.A.; Zamvil, S.S. B-cell very late antigen-4 deficiency reduces leukocyte
recruitment and susceptibility to central nervous system autoimmunity. Ann. Neurol. 2015, 77, 902–908. [CrossRef] [PubMed]

104. Hussain, R.Z.; Cravens, P.D.; Miller-Little, W.A.; Doelger, R.; Granados, V.; Herndon, E.; Okuda, D.T.; Eagar, T.N.; Stüve, O.
α4-integrin deficiency in B cells does not affect disease in a T-cell–mediated EAE disease model. Neurol. Neuroimmunol.
Neuroinflammation 2019, 6, e563. [CrossRef] [PubMed]

105. Lehmann-Horn, K.; Sagan, S.A.; Winger, R.C.; Spencer, C.M.; Bernard, C.C.; Sobel, R.A.; Zamvil, S.S. CNS accumulation of
regulatory B cells is VLA-4-dependent. Neurol. Neuroimmunol. Neuroinflammation 2016, 3, e212. [CrossRef]

106. Prado, C.; Osorio-Barrios, F.; Falcón, P.; Espinoza, A.; Saez, J.J.; Yuseff, M.I.; Pacheco, R. Dopaminergic stimulation leads B-cell
infiltration into the central nervous system upon autoimmunity. J. Neuroinflammation 2021, 18, 292. [CrossRef]

107. Grewal, I.S.; Foellmer, H.G.; Grewal, K.D.; Wang, H.; Lee, W.P.; Tumas, D.; Janeway, C.A.; Flavell, R.A. CD62L Is Required on
Effector Cells for Local Interactions in the CNS to Cause Myelin Damage in Experimental Allergic Encephalomyelitis. Immunity
2001, 14, 291–302. [CrossRef]

108. Zimmerman, A.W.; Joosten, B.; Torensma, R.; Parnes, J.R.; van Leeuwen, F.N.; Figdor, C.G. Long-term engagement of CD6 and
ALCAM is essential for T-cell proliferation induced by dendritic cells. Blood 2006, 107, 3212–3220. [CrossRef]

109. Camponeschi, A.; Gerasimcik, N.; Wang, Y.; Fredriksson, T.; Chen, D.; Farroni, C.; Thorarinsdottir, K.; Ottsjö, L.S.; Aranburu, A.;
Cardell, S.; et al. Dissecting Integrin Expression and Function on Memory B Cells in Mice and Humans in Autoimmunity. Front.
Immunol. 2019, 10, 534. [CrossRef]

110. Ramaglia, V.; Sheikh-Mohamed, S.; Legg, K.; Park, C.; Rojas, O.L.; Zandee, S.; Fu, F.; Ornatsky, O.; Swanson, E.C.; Pitt, D.; et al.
Multiplexed imaging of immune cells in staged multiple sclerosis lesions by mass cytometry. eLife 2019, 8, e48051. [CrossRef]

111. Machado-Santos, J.; Saji, E.; Tröscher, A.R.; Paunovic, M.; Liblau, R.; Gabriely, G.; Bien, C.G.; Bauer, J.; Lassmann, H. The
compartmentalized inflammatory response in the multiple sclerosis brain is composed of tissue-resident CD8+ T lymphocytes
and B cells. Brain 2018, 141, 2066–2082. [CrossRef]

112. Corcione, A.; Casazza, S.; Ferretti, E.; Giunti, D.; Zappia, E.; Pistorio, A.; Gambini, C.; Mancardi, G.L.; Uccelli, A.; Pistoia, V.
Recapitulation of B cell differentiation in the central nervous system of patients with multiple sclerosis. Proc. Natl. Acad. Sci. USA
2004, 101, 11064–11069. [CrossRef] [PubMed]

113. Häusler, D.; Akgün, K.; Stork, L.; Lassmann, H.; Ziemssen, T.; Brück, W.; Metz, I. CNS inflammation after natalizumab therapy for
multiple sclerosis: A retrospective histopathological and CSF cohort study. Brain Pathol. 2021, 31, e12969. [CrossRef] [PubMed]

114. Kowarik, M.C.; Astling, D.; Lepennetier, G.; Ritchie, A.; Hemmer, B.; Owens, G.P.; Bennett, J.L. Differential Effects of Fingolimod
and Natalizumab on B Cell Repertoires in Multiple Sclerosis Patients. Neurotherapeutics 2020, 18, 364–377. [CrossRef] [PubMed]

115. Haas, J.; Rudolph, H.; Costa, L.; Faller, S.; Libicher, S.; Würthwein, C.; Jarius, S.; Ishikawa, H.; Stump-Guthier, C.;
Tenenbaum, T.; et al. The Choroid Plexus Is Permissive for a Preactivated Antigen-Experienced Memory B-Cell Subset in Multiple
Sclerosis. Front. Immunol. 2021, 11, 3624. [CrossRef]

116. Kowarik, M.C.; Cepok, S.; Sellner, J.; Grummel, V.; Weber, M.S.; Korn, T.; Berthele, A.; Hemmer, B. CXCL13 is the major
determinant for B cell recruitment to the CSF during neuroinflammation. J. Neuroinflammation 2012, 9, 93. [CrossRef]

117. Rubtsova, K.; Rubtsov, A.V.; Cancro, M.; Marrack, P. Age-Associated B Cells: A T-bet–Dependent Effector with Roles in Protective
and Pathogenic Immunity. J. Immunol. 2015, 195, 1933–1937. [CrossRef]

118. Cepok, S.; Rosche, B.; Grummel, V.; Vogel, F.; Zhou, D.; Sayn, J.; Sommer, N.; Hartung, H.-P.; Hemmer, B. Short-lived plasma
blasts are the main B cell effector subset during the course of multiple sclerosis. Brain 2005, 128, 1667–1676. [CrossRef]

119. Schafflick, D.; Xu, C.A.; Hartlehnert, M.; Cole, M.; Schulte-Mecklenbeck, A.; Lautwein, T.; Wolbert, J.; Heming, M.; Meuth, S.G.;
Kuhlmann, T.; et al. Integrated single cell analysis of blood and cerebrospinal fluid leukocytes in multiple sclerosis. Nat. Commun.
2020, 11, 247. [CrossRef]

http://doi.org/10.1126/scitranslmed.3008930
http://www.ncbi.nlm.nih.gov/pubmed/25100740
http://doi.org/10.1172/JCI63842
http://www.ncbi.nlm.nih.gov/pubmed/23160197
http://www.ncbi.nlm.nih.gov/pubmed/2026446
http://doi.org/10.1016/0022-1759(94)90074-4
http://doi.org/10.4049/jimmunol.170.9.4497
http://doi.org/10.1002/ana.410370404
http://doi.org/10.1126/scitranslmed.aaw0475
http://www.ncbi.nlm.nih.gov/pubmed/31723036
http://doi.org/10.1002/ana.24387
http://www.ncbi.nlm.nih.gov/pubmed/25712734
http://doi.org/10.1212/NXI.0000000000000563
http://www.ncbi.nlm.nih.gov/pubmed/31086806
http://doi.org/10.1212/NXI.0000000000000212
http://doi.org/10.1186/s12974-021-02338-1
http://doi.org/10.1016/S1074-7613(01)00110-8
http://doi.org/10.1182/blood-2005-09-3881
http://doi.org/10.3389/fimmu.2019.00534
http://doi.org/10.7554/eLife.48051
http://doi.org/10.1093/brain/awy151
http://doi.org/10.1073/pnas.0402455101
http://www.ncbi.nlm.nih.gov/pubmed/15263096
http://doi.org/10.1111/bpa.12969
http://www.ncbi.nlm.nih.gov/pubmed/33955606
http://doi.org/10.1007/s13311-020-00975-7
http://www.ncbi.nlm.nih.gov/pubmed/33258072
http://doi.org/10.3389/fimmu.2020.618544
http://doi.org/10.1186/1742-2094-9-93
http://doi.org/10.4049/jimmunol.1501209
http://doi.org/10.1093/brain/awh486
http://doi.org/10.1038/s41467-019-14118-w


Biomolecules 2022, 12, 800 22 of 24

120. Harp, C.R.P.; Archambault, A.S.; Cheung, M.; Williams, J.; Czepielewski, R.S.; Duncker, P.C.; Kilgore, A.J.; Miller, A.T.; Segal, B.M.;
Kim, A.H.J.; et al. Neutrophils promote VLA-4–dependent B cell antigen presentation and accumulation within the meninges
during neuroinflammation. Proc. Natl. Acad. Sci. USA 2019, 116, 24221–24230. [CrossRef]

121. Lehmann-Horn, K.; Wang, S.-Z.; Sagan, S.A.; Zamvil, S.S.; Von Büdingen, H.-C. B cell repertoire expansion occurs in meningeal
ectopic lymphoid tissue. JCI Insight 2016, 1, e87234. [CrossRef]

122. Koopman, G.; Keehnen, R.M.; Lindhout, E.; Newman, W.; Shimizu, Y.; Van Seventer, A.G.; De Groot, C.; Pals, S.T. Adhesion
through the LFA-1 (CD11a/CD18)-ICAM-1 (CD54) and the VLA-4 (CD49d)-VCAM-1 (CD106) pathways prevents apoptosis of
germinal center B cells. J. Immunol. 1994, 152, 3760–3767. [PubMed]

123. Zhang, Y.; Garcia-Ibanez, L.; Toellner, K.-M. Regulation of germinal center B-cell differentiation. Immunol. Rev. 2016, 270, 8–19.
[CrossRef] [PubMed]

124. Ramesh, A.; Schubert, R.D.; Greenfield, A.L.; Dandekar, R.; Loudermilk, R.; Sabatino, J.J., Jr.; Koelzer, M.T.; Tran, E.B.; Koshal, K.;
Kim, K.; et al. A pathogenic and clonally expanded B cell transcriptome in active multiple sclerosis. Proc. Natl. Acad. Sci. USA
2020, 117, 22932–22943. [CrossRef] [PubMed]

125. Hyun, Y.-M.; Choe, Y.H.; Park, S.A.; Kim, M. LFA-1 (CD11a/CD18) and Mac-1 (CD11b/CD18) distinctly regulate neutrophil
extravasation through hotspots I and II. Exp. Mol. Med. 2019, 51, 1–13. [CrossRef] [PubMed]

126. Lanz, T.V.; Brewer, R.C.; Ho, P.P.; Moon, J.-S.; Jude, K.M.; Fernandez, D.; Fernandes, R.A.; Gomez, A.M.; Nadj, G.-S.;
Bartley, C.M.; et al. Clonally expanded B cells in multiple sclerosis bind EBV EBNA1 and GlialCAM. Nature 2022, 603, 321–327.
[CrossRef] [PubMed]

127. Mitsdoerffer, M.; Di Liberto, G.; Dötsch, S.; Sie, C.; Wagner, I.; Pfaller, M.; Kreutzfeldt, M.; Fräßle, S.; Aly, L.; Knier, B.; et al.
Formation and immunomodulatory function of meningeal B cell aggregates in progressive CNS autoimmunity. Brain 2021, 144,
1697–1710. [CrossRef] [PubMed]

128. Hartlehnert, M.; Börsch, A.-L.; Li, X.; Burmeister, M.; Gerwien, H.; Schafflick, D.; Heming, M.; Lu, I.-N.; Narayanan, V.;
Strecker, J.-K.; et al. Bcl6 controls meningeal Th17–B cell interaction in murine neuroinflammation. Proc. Natl. Acad. Sci. USA
2021, 118, e2023174118. [CrossRef]

129. Alvarez, E.; Piccio, L.; Mikesell, R.J.; Trinkaus, K.; Parks, B.J.; Naismith, R.T.; Cross, A.H. Predicting optimal response to B-cell
depletion with rituximab in multiple sclerosis using CXCL13 index, magnetic resonance imaging and clinical measures. Mult.
Scler. J. Exp. Transl. Clin. 2015, 1, 2055217315623800. [CrossRef]

130. Rainey-Barger, E.K.; Rumble, J.M.; Lalor, S.J.; Esen, N.; Segal, B.M.; Irani, D.N. The lymphoid chemokine, CXCL13, is dispensable
for the initial recruitment of B cells to the acutely inflamed central nervous system. Brain Behav. Immun. 2011, 25, 922–931.
[CrossRef]

131. Muzio, L.; Cavasinni, F.; Marinaro, C.; Bergamaschi, A.; Bergami, A.; Porcheri, C.; Cerri, F.; Dina, G.; Quattrini, A.; Comi, G. Cxcl10
enhances blood cells migration in the sub-ventricular zone of mice affected by experimental autoimmune encephalomyelitis. Mol.
Cell. Neurosci. 2010, 43, 268–280. [CrossRef]

132. Herisson, F.; Frodermann, V.; Courties, G.; Rohde, D.; Sun, Y.; Vandoorne, K.; Wojtkiewicz, G.R.; Masson, G.S.; Vinegoni, C.;
Kim, J.; et al. Direct vascular channels connect skull bone marrow and the brain surface enabling myeloid cell migration. Nat.
Neurosci. 2018, 21, 1209–1217. [CrossRef] [PubMed]

133. Wang, Y.; Chen, D.; Xu, D.; Huang, C.; Xing, R.; He, D.; Xu, H. Early developing B cells undergo negative selection by central
nervous system-specific antigens in the meninges. Immunity 2021, 54, 2784–2794. [CrossRef] [PubMed]

134. Schafflick, D.; Wolbert, J.; Heming, M.; Thomas, C.; Hartlehnert, M.; Börsch, A.-L.; Ricci, A.; Martín-Salamanca, S.; Li, X.;
Lu, I.N.; et al. Single-cell profiling of CNS border compartment leukocytes reveals that B cells and their progenitors reside in
non-diseased meninges. Nat. Neurosci. 2021, 24, 1225–1234. [CrossRef] [PubMed]

135. Li, X.; Qi, L.; Yang, D.; Hao, S.; Zhang, F.; Zhu, X.; Sun, Y.; Chen, C.; Ye, J.; Yang, J.; et al. Meningeal lymphatic vessels mediate
neurotropic viral drainage from the central nervous system. Nat. Neurosci. 2022, 25, 577–587. [CrossRef] [PubMed]

136. Scott, L.J. Fingolimod: A review of its use in the management of relapsing-remitting multiple sclerosis. CNS Drugs 2011, 673–698.
[CrossRef]

137. Groves, A.; Kihara, Y.; Chun, J. Fingolimod: Direct CNS effects of sphingosine 1-phosphate (S1P) receptor modulation and
implications in multiple sclerosis therapy. J. Neurol. Sci. 2013, 328, 9–18. [CrossRef]

138. Blumenfeld, S.; Staun-Ram, E.; Miller, A. Fingolimod therapy modulates circulating B cell composition, increases B regulatory
subsets and production of IL-10 and TGFβ in patients with Multiple Sclerosis. J. Autoimmun. 2016, 70, 40–51. [CrossRef]

139. Nakamura, M.; Matsuoka, T.; Chihara, N.; Miyake, S.; Sato, W.; Araki, M.; Okamoto, T.; Lin, Y.; Ogawa, M.; Murata, M.; et al.
Differential effects of fingolimod on B-cell populations in multiple sclerosis. Mult. Scler. J. 2014, 20, 1371–1380. [CrossRef]

140. Claes, N.; Dhaeze, T.; Fraussen, J.; Broux, B.; Van Wijmeersch, B.; Stinissen, P.; Hupperts, R.; Hellings, N.; Somers, V. Compositional
Changes of B and T Cell Subtypes during Fingolimod Treatment in Multiple Sclerosis Patients: A 12-Month Follow-Up Study.
PLoS ONE 2014, 9, e111115. [CrossRef]

141. Grützke, B.; Hucke, S.; Gross, C.; Herold, M.V.B.; Posevitz-Fejfar, A.; Wildemann, B.T.; Kieseier, B.C.; Dehmel, T.; Wiendl, H.;
Klotz, L. Fingolimod treatment promotes regulatory phenotype and function of B cells. Ann. Clin. Transl. Neurol. 2015, 2, 119–130.
[CrossRef]

http://doi.org/10.1073/pnas.1909098116
http://doi.org/10.1172/jci.insight.87234
http://www.ncbi.nlm.nih.gov/pubmed/7511659
http://doi.org/10.1111/imr.12396
http://www.ncbi.nlm.nih.gov/pubmed/26864101
http://doi.org/10.1073/pnas.2008523117
http://www.ncbi.nlm.nih.gov/pubmed/32859762
http://doi.org/10.1038/s12276-019-0227-1
http://www.ncbi.nlm.nih.gov/pubmed/30967528
http://doi.org/10.1038/s41586-022-04432-7
http://www.ncbi.nlm.nih.gov/pubmed/35073561
http://doi.org/10.1093/brain/awab093
http://www.ncbi.nlm.nih.gov/pubmed/33693558
http://doi.org/10.1073/pnas.2023174118
http://doi.org/10.1177/2055217315623800
http://doi.org/10.1016/j.bbi.2010.10.002
http://doi.org/10.1016/j.mcn.2009.11.008
http://doi.org/10.1038/s41593-018-0213-2
http://www.ncbi.nlm.nih.gov/pubmed/30150661
http://doi.org/10.1016/j.immuni.2021.09.016
http://www.ncbi.nlm.nih.gov/pubmed/34626548
http://doi.org/10.1038/s41593-021-00880-y
http://www.ncbi.nlm.nih.gov/pubmed/34253922
http://doi.org/10.1038/s41593-022-01063-z
http://www.ncbi.nlm.nih.gov/pubmed/35524140
http://doi.org/10.2165/11207350-000000000-00000
http://doi.org/10.1016/j.jns.2013.02.011
http://doi.org/10.1016/j.jaut.2016.03.012
http://doi.org/10.1177/1352458514523496
http://doi.org/10.1371/journal.pone.0111115
http://doi.org/10.1002/acn3.155


Biomolecules 2022, 12, 800 23 of 24

142. Kowarik, M.C.; Pellkofer, H.L.; Cepok, S.; Korn, T.; Kumpfel, T.; Buck, D.; Hohlfeld, R.; Berthele, A.; Hemmer, B. Differential effects
of fingolimod (FTY720) on immune cells in the CSF and blood of patients with MS. Neurology 2011, 76, 1214–1221. [CrossRef]
[PubMed]

143. Bail, K.; Notz, Q.; Rovituso, D.M.; Schampel, A.; Wunsch, M.; Koeniger, T.; Schropp, V.; Bharti, R.; Scholz, C.-J.; Förstner, K.U.; et al.
Differential effects of FTY720 on the B cell compartment in a mouse model of multiple sclerosis. J. Neuroinflammation 2017, 14, 148.
[CrossRef] [PubMed]

144. Kappos, L.; Bar-Or, A.; Cree, B.A.C.; Fox, R.J.; Giovannoni, G.; Gold, R.; Vermersch, P.; Arnold, D.L.; Arnould, S.; Scherz, T.; et al.
Siponimod versus placebo in secondary progressive multiple sclerosis (EXPAND): A double-blind, randomised, phase 3 study.
Lancet 2018, 391, 1263–1273. [CrossRef]

145. Goodman, A.D.; Anadani, N.; Gerwitz, L. Siponimod in the treatment of multiple sclerosis. Expert Opin. Investig. Drugs 2019, 28,
1051–1057. [CrossRef]

146. Brand, R.M.; Diddens, J.; Friedrich, V.; Pfaller, M.; Radbruch, H.; Hemmer, B.; Steiger, K.; Lehmann-Horn, K. Siponimod Inhibits
the Formation of Meningeal Ectopic Lymphoid Tissue in Experimental Autoimmune Encephalomyelitis. Neurol. Neuroimmunol.
Neuroinflammation 2021, 9, e1117. [CrossRef]

147. Kinzel, S.; Weber, M.S. B Cell-Directed Therapeutics in Multiple Sclerosis: Rationale and Clinical Evidence. CNS Drugs 2016, 30,
1137–1148. [CrossRef]

148. Baker, D.; Pryce, G.; Herrod, S.S.; Schmierer, K. Potential mechanisms of action related to the efficacy and safety of cladribine.
Mult. Scler. Relat. Disord. 2019, 30, 176–186. [CrossRef]

149. Ceronie, B.; Jacobs, B.M.; Baker, D.; Dubuisson, N.; Mao, Z.; Ammoscato, F.; Lock, H.; Longhurst, H.J.; Giovannoni, G.; Schmierer,
K. Cladribine treatment of multiple sclerosis is associated with depletion of memory B cells. J. Neurol. 2018, 265, 1199–1209.
[CrossRef]

150. Stuve, O.; Soerensen, P.S.; Leist, T.; Giovannoni, G.; Hyvert, Y.; Damian, D.; Dangond, F.; Boschert, U. Effects of cladribine tablets
on lymphocyte subsets in patients with multiple sclerosis: An extended analysis of surface markers. Ther. Adv. Neurol. Disord.
2019, 12, 1756286419854986. [CrossRef]

151. Mamani-Matsuda, M.; Cosma, A.; Weller, S.; Faili, A.; Staib, C.; Garçon, L.; Hermine, O.; Beyne-Rauzy, O.; Fieschi, C.;
Pers, J.-O.; et al. The human spleen is a major reservoir for long-lived vaccinia virus–specific memory B cells. Blood 2008,
111, 4653–4659. [CrossRef]

152. Rudick, A.R.; Sandrock, A. Natalizumab: α4-integrin antagonist selective adhesion molecule inhibitors for MS. Expert Rev.
Neurother. 2004, 4, 571–580. [CrossRef] [PubMed]

153. Traub, J.W.; Pellkofer, H.L.; Grondey, K.; Seeger, I.; Rowold, C.; Brück, W.; Husseini, L.; Häusser-Kinzel, S.; Weber, M.S.
Natalizumab promotes activation and pro-inflammatory differentiation of peripheral B cells in multiple sclerosis patients.
J. Neuroinflammation 2019, 16, 228–229. [CrossRef] [PubMed]

154. Henriksen, A.C.; Ammitzbøll, C.; Petersen, E.R.; McWilliam, O.; Sellebjerg, F.; von Essen, M.R.; Christensen, J.R. Natalizumab
differentially affects plasmablasts and B cells in multiple sclerosis. Mult. Scler. Relat. Disord. 2021, 52, 102987. [CrossRef]
[PubMed]

155. van Langelaar, J.; Rijvers, L.; Janssen, M.; Wierenga-Wolf, A.F.; Melief, M.J.; Siepman, T.A.; de Vries, H.E.; Unger, P.A.;
van Ham, S.M.; Hintzen, R.Q.; et al. Induction of brain-infiltrating T-bet-expressing B cells in multiple sclerosis. Ann. Neurol.
2019, 86, 264–278. [CrossRef] [PubMed]

156. Krumbholz, M.; Meinl, I.; Kümpfel, T.; Hohlfeld, R.; Meinl, E. Natalizumab disproportionately increases circulating pre-B and B
cells in multiple sclerosis. Neurology 2008, 71, 1350–1354. [CrossRef]

157. Sabath, B.F.; Major, E.O. Traffic of JC Virus from Sites of Initial Infection to the Brain: The Path to Progressive Multifocal
Leukoencephalopathy. J. Infect. Dis. 2002, 186, S180–S186. [CrossRef]

158. Chapagain, M.L.; Nerurkar, V.R. Human Polyomavirus JC (JCV) Infection of Human B Lymphocytes: A Possible Mechanism for
JCV Transmigration across the Blood-Brain Barrier. J. Infect. Dis. 2010, 202, 184–191. [CrossRef]

159. Durali, D.; de Goër de Herve, M.G.; Gasnault, J.; Taoufik, Y. B Cells and Progressive Multifocal Leukoencephalopathy: Search for
the Missing Link. Front. Immunol. 2015, 6, 241. [CrossRef]

160. Ransohoff, R.M. “Thinking without thinking” about natalizumab and PML. J. Neurol. Sci. 2007, 259, 50–52. [CrossRef]
161. Lamb, Y.N. Ocrelizumab: A Review in Multiple Sclerosis. Drugs 2022, 82, 323–334. [CrossRef]
162. Baker, D.; Pryce, G.; James, L.K.; Marta, M.; Schmierer, K. The ocrelizumab phase II extension trial suggests the potential to

improve the risk: Benefit balance in multiple sclerosis. Mult. Scler. Relat. Disord. 2020, 44, 102279. [CrossRef] [PubMed]
163. Fernández-Velasco, J.I.; Kuhle, J.; Monreal, E.; Meca-Lallana, V.; Meca-Lallana, J.; Izquierdo, G.; Gascón-Giménez, F.; Sainz de la

Maza, S.; Walo-Delgado, P.E.; Maceski, A.; et al. Effect of Ocrelizumab in Blood Leukocytes of Patients With Primary Progressive
MS. Neurol. Neuroimmunol. Neuroinflammation 2021, 8, e940. [CrossRef] [PubMed]

164. Gingele, S.; Jacobus, T.L.; Konen, F.F.; Hümmert, M.W.; Sühs, K.-W.; Schwenkenbecher, P.; Ahlbrecht, J.; Möhn, N.; Müschen, L.H.;
Bönig, L.; et al. Ocrelizumab Depletes CD20+ T Cells in Multiple Sclerosis Patients. Cells 2019, 8, 12. [CrossRef]

165. Ochs, J.; Nissimov, N.; Torke, S.; Freier, M.; Grondey, K.; Koch, J.; Klein, M.; Feldmann, L.; Gudd, C.; Bopp, T.; et al. Proinflamma-
tory CD20+ T cells contribute to CNS-directed autoimmunity. Sci. Transl. Med. 2022, 14, eabi4632. [CrossRef]

166. Quendt, C.; Ochs, J.; Häusser-Kinzel, S.; Häusler, D.; Weber, M.S. Proinflammatory CD20 + T Cells are Differentially Affected by
Multiple Sclerosis Therapeutics. Ann. Neurol. 2021, 90, 834–839. [CrossRef] [PubMed]

http://doi.org/10.1212/WNL.0b013e3182143564
http://www.ncbi.nlm.nih.gov/pubmed/21464424
http://doi.org/10.1186/s12974-017-0924-4
http://www.ncbi.nlm.nih.gov/pubmed/28738885
http://doi.org/10.1016/S0140-6736(18)30475-6
http://doi.org/10.1080/13543784.2019.1676725
http://doi.org/10.1212/NXI.0000000000001117
http://doi.org/10.1007/s40263-016-0396-6
http://doi.org/10.1016/j.msard.2019.02.018
http://doi.org/10.1007/s00415-018-8830-y
http://doi.org/10.1177/1756286419854986
http://doi.org/10.1182/blood-2007-11-123844
http://doi.org/10.1586/14737175.4.4.571
http://www.ncbi.nlm.nih.gov/pubmed/15853576
http://doi.org/10.1186/s12974-019-1593-2
http://www.ncbi.nlm.nih.gov/pubmed/31733652
http://doi.org/10.1016/j.msard.2021.102987
http://www.ncbi.nlm.nih.gov/pubmed/33984651
http://doi.org/10.1002/ana.25508
http://www.ncbi.nlm.nih.gov/pubmed/31136008
http://doi.org/10.1212/01.wnl.0000327671.91357.96
http://doi.org/10.1086/344280
http://doi.org/10.1086/653823
http://doi.org/10.3389/fimmu.2015.00241
http://doi.org/10.1016/j.jns.2006.04.011
http://doi.org/10.1007/s40265-022-01672-9
http://doi.org/10.1016/j.msard.2020.102279
http://www.ncbi.nlm.nih.gov/pubmed/32645640
http://doi.org/10.1212/NXI.0000000000000940
http://www.ncbi.nlm.nih.gov/pubmed/33408167
http://doi.org/10.3390/cells8010012
http://doi.org/10.1126/scitranslmed.abi4632
http://doi.org/10.1002/ana.26216
http://www.ncbi.nlm.nih.gov/pubmed/34516013


Biomolecules 2022, 12, 800 24 of 24

167. Skripuletz, T.; Gingele, S.; Jacobs, R. Role of CD20+ T cells in multiple sclerosis: Implications for treatment with ocrelizumab.
Neural Regen. Res. 2020, 15, 663–664. [CrossRef]

168. Bar-Or, A.; Bennett, J.; Von Budingen, H.; Carruthers, R.; Edwards, K.; Fallis, R.; Fiore, D.; Gelfand, J.; Giacomini, P.;
Greenberg, B.; et al. B Cells, T Cells and Inflammatory CSF Biomarkers in Primary Progressive MS and Relapsing MS in the
OBOE (Ocrelizumab Biomarker Outcome Evaluation) Trial (1635). Neurology 2020, 94, 1635.

169. Brand, R.M.; Friedrich, V.; Diddens, J.; Pfaller, M.; de Franchis, F.R.; Radbruch, H.; Hemmer, B.; Steiger, K.; Lehmann-Horn, K.
Anti-CD20 Depletes Meningeal B Cells but Does Not Halt the Formation of Meningeal Ectopic Lymphoid Tissue. Neurol.
Neuroimmunol. Neuroinflammation 2021, 8, e1012. [CrossRef]

170. Matsushita, T.; Yanaba, K.; Bouaziz, J.-D.; Fujimoto, M.; Tedder, T.F. Regulatory B cells inhibit EAE initiation in mice while other B
cells promote disease progression. J. Clin. Investig. 2008, 118, 3420–3430. [CrossRef]

171. James, R.E.; Schalks, R.; Browne, E.; Eleftheriadou, I.; Munoz, C.P.; Mazarakis, N.D.; Reynolds, R. Persistent elevation of
intrathecal pro-inflammatory cytokines leads to multiple sclerosis-like cortical demyelination and neurodegeneration. Acta
Neuropathol. Commun. 2020, 8, 66. [CrossRef]

172. García-Merino, A. Bruton’s Tyrosine Kinase Inhibitors: A New Generation of Promising Agents for Multiple Sclerosis Therapy.
Cells 2021, 10, 2560. [CrossRef] [PubMed]

173. Syed, S.; Yonkers, N.; LaGanke, C.; Honeycutt, W.D.; Traboulsee, A.; Wynn, D.; Wray, S.; Wallstroem, E.; Dukovic, D.; Turner, T.
Efficacy and safety of tolebrutinib in patients with highly active relapsing MS: Subgroup analysis of the phase 2b study (2260).
Neurology 2021, 96, 2260.

174. Goldwirt, L.; Beccaria, K.; Ple, A.; Sauvageon, H.; Mourah, S. Ibrutinib brain distribution: A preclinical study. Cancer Chemother.
Pharmacol. 2018, 81, 783–789. [CrossRef] [PubMed]

175. Torke, S.; Pretzsch, R.; Häusler, D.; Haselmayer, P.; Grenningloh, R.; Boschert, U.; Brück, W.; Weber, M.S. Inhibition of Bruton’s
tyrosine kinase interferes with pathogenic B-cell development in inflammatory CNS demyelinating disease. Acta Neuropathol.
2020, 140, 535–548. [CrossRef] [PubMed]

http://doi.org/10.4103/1673-5374.266913
http://doi.org/10.1212/NXI.0000000000001012
http://doi.org/10.1172/JCI36030
http://doi.org/10.1186/s40478-020-00938-1
http://doi.org/10.3390/cells10102560
http://www.ncbi.nlm.nih.gov/pubmed/34685540
http://doi.org/10.1007/s00280-018-3546-3
http://www.ncbi.nlm.nih.gov/pubmed/29476222
http://doi.org/10.1007/s00401-020-02204-z
http://www.ncbi.nlm.nih.gov/pubmed/32761407

	Multiple Sclerosis 
	Immune Cell Trafficking across the Different CNS Barriers 
	Blood–Brain Barrier in Health and MS 
	Blood–CSF Barrier in Health and MS 
	Blood–Meningeal Barrier in Health and MS 

	B Cell Migration across CNS Barriers 
	B Cell Development and Function 
	B Cells in CNS Immunosurveillance 
	B Cell Locations in MS 
	B Cell Migration across BBB 
	B Cell Migration across BCSFB 
	B Cell Migration across BMB 

	Effects of MS Therapies on B Cell Migration 
	Sphingosine 1-Phosphate Receptor Agonists or Modulators 
	Cladribine 
	Natalizumab 
	Ocrelizumab 
	BTK Inhibitors 

	Conclusions 
	References

