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B cells were originally identified through studies search-
ing for the cellular source of antibodies, which led to the 
discovery of antibody-​secreting plasma cells and, even-
tually, their precursors, the B cells. Similarly, the study 
of B cells in the context of central nervous system (CNS) 
disorders has often started as a result of antibody detec-
tion in cerebrospinal fluid (CSF) or at sites of injury. The 
first indication that B cells could contribute to multiple 
sclerosis (MS) was the detection of antibodies in CSF1. 
The study of the antigenic targets of these antibodies 
led to the discovery of the autoimmune diseases neuro
myelitis optica (NMO) and myelin oligodendrocyte 
glycoprotein (MOG) antibody-​associated disorder and 
their designations as separate entities from MS. Many 
other autoimmune encephalitides have been discovered, 
such as anti N-​methyl-​d-aspartate receptor (NMDAR) 
encephalitis, wherein antibodies target various neuronal 
proteins and contribute to these disorders1. Antibodies 
may also influence neurodegenerative processes in 
Parkinson disease and Alzheimer disease1 as well as  
in CNS infections2.

The notion that B cells can contribute to CNS pathol-
ogy independently of antibody production was first 
hinted at in MS, where the depletion of CD20+ B cells 
was shown to be an effective treatment3. This was an 
unexpected result as B cells represent a minor popula-
tion of immune cells in the CNS during MS and, as we 
will discuss in this review, are not appreciably found in 
the CNS parenchyma at sites of damage but are instead 
found behind barriers of entry into the CNS. Since this 

discovery, the study of how B cells contribute to CNS 
immunity and pathology independently of antibody 
production and from a distance are a growing field 
of study. There are still many unanswered questions 
regarding whether B cells contribute to these disorders 
from within or outside the CNS, which B cell subsets 
are responsible for promoting pathology and repair, and 
what mechanisms B cells use to influence CNS pathol-
ogy. In this Review, we will focus specifically on the role 
of B cells within the CNS, covering their representation 
and localization in health and CNS disorders. We review 
how B cells enter and persist in the CNS and what effec-
tor functions they use to promote pathology with a par-
ticular focus on MS as the vast amount of relevant data 
has come from the MS field. These discussions empha-
size B cells as important regulators of CNS responses in 
both homeostasis and disease.

A refresher on B cells
For a thorough refresher on B cell immunology, we 
suggest reading the reviews cited here and in Fig. 1 as 
we will only cover basic B cell immunology. Mature  
B cells are those that have completed development. 
They are broadly separated into antigen-​experienced or 
antigen-​inexperienced (naive) B cells. Naive B cells can 
be further differentiated into B1 B cells, follicular B cells 
(also known as B2 B cells) and marginal zone B cells. Naive 
B cells are recruited to participate in immune responses 
through B cell receptor (BCR) stimulation initiated by 
antigen binding in combination with co-​stimulatory 

B1 B cells
A subset of mature B cells with 
limited B cell receptor diversity 
predominantly found within 
the peritoneal and pleural 
cavities that typically 
differentiates directly into 
plasma cells, forming few 
memory cells.

Follicular B cells
A subset of mature B cells,  
also known as B2 B cells, that 
represents the majority of  
B cells in the body and are 
commonly found within all 
lymphoid organs.

Marginal zone B cells
A subset of mature B cells with 
limited B cell receptor diversity 
that is predominantly found  
in the marginal zone of the 
spleen and which typically 
differentiates directly into 
plasma cells but can also 
generate memory cells.
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signalling or in combination with T cell help to induce 
a T cell-​dependent immune response4 (Fig. 1). The 
products of T cell-​dependent immune responses are 
differentiated B cell subsets such as memory B cells,  
T-​bet+ memory B cells and plasma cells.

B cells contribute to immunity through antibody 
production, antigen presentation and production of 
secreted products. When antibodies bind their tar-
gets, they can initiate antibody-​dependent cellular 
cytotoxicity, complement-​dependent cytotoxicity or 
phagocytosis5. Antigen presentation is a process wherein 
B cells endocytose antigens, then process and load 
them onto MHC class II molecules to present to CD4+ 
T cells. Antigen presentation by B cells is essential in 
maintaining germinal centres and to activate and polar-
ize CD4+ T cell responses. Another major mechanism 
employed by B cells to affect immune responses is the 
secretion of pro-​inflammatory and anti-​inflammatory 
cytokines. Regulatory B (Breg) cells generally pro-
duce anti-​inflammatory cytokines while antigen-​ 
experienced B cells generally secrete pro-​inflammatory  
cytokines3.

Where are B cells in the healthy CNS?
Before immune cells can enter the CNS parenchyma, 
they must first pass through restrictive barriers of the 
post-​capillary venules (blood–brain barrier (BBB)), 
meninges (blood–meningeal barrier) and choroid 
plexus (blood–CSF barrier). Here, we provide a brief 

description of how these barriers interact with immune 
cells; for more in-​depth descriptions see refs6,7.

Post-​capillary venules in the CNS are surrounded 
by a thick extracellular matrix with barrier properties 
maintained by endothelial cells, pericytes, astrocytes, 
microglia and neurons; this barrier retains immune cells 
around the blood vessel in areas known as Virchow–
Robin spaces8. The meninges is separated into the 
dura mater that is in contact with the skull, arachnoid 
mater and the innermost pia mater that overlies the 
parenchyma7. Blood vessels are present in the subarach-
noid space of the meninges where immune cells can 
migrate across these blood vessels into the subarach-
noid space and CSF. Directly associated with the pia 
mater, astrocyte end-​feet maintain the glial limitans, a 
barrier that prevents immune cell entry into the paren-
chyma. During inflammation, immune cells may be able 
to cross the pia mater to enter the CNS parenchyma7 
although this process is incompletely described. Immune 
cells entering the choroid plexus first extravasate across 
capillaries to enter the choroid plexus stroma; they then 
cross the choroid plexus epithelial cell barrier to enter 
the CSF6.

In mice, B cells are rarely found in the healthy CNS 
parenchyma and are only found in small numbers in 
CSF, the choroid plexus and the subdural meninges. 
However, B cells are constitutively present in the dural 
meninges and represent ~15–30% of the total CD45hi 
cells in this location9–11. The vast majority of B cells in 
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Fig. 1 | T cell-dependent B cell differentiation. T cell-​dependent B cell 
differentiation is initiated when B cells engage with their antigen through their 
B cell receptor (BCR) and a cognate T cell response is activated (left side of 
figure). Activated B cells and T cells then move to the border of the B cell follicle 
and T cell zones by modifying their expression of chemokine receptors119 and 
form cognate pairs through physical interactions. These interactions can induce 
B cell class-​switch recombination to change their initial IgD and IgM isotypes 
to IgG, IgA or IgE120. These interactions drive the differentiation of mostly IgM+ 
low-​affinity memory B cells, low-​affinity plasmablasts, and pre-​germinal centre 

B cells that re-​enter the B cell follicle with T follicular helper cells to seed a new 
germinal centre4. The germinal centre is composed of germinal centre B cells,  
T follicular helper cells and supportive cells, such as follicular dendritic  
cells, that organize and maintain the germinal centre environment4. In the 
germinal centre, T follicular helper cells induce somatic hypermutation 
in germinal centre B cells and direct them to differentiate into high-​affinity 
short-​lived and high-​affinity long-​lived plasma cells and into T-​bet– or T-​bet+ 
memory B cells4,12. Memory B cells can then later participate in an immune 
response if they are re-​exposed to antigen (secondary germinal centre).

Germinal centre B cells
This subset of activated B cells 
is an intermediate stage of 
differentiation and is the 
precursor of higher-​affinity 
memory B cells and  
plasma cells.

Memory B cells
A subset of B cells that is 
antigen experienced and  
has reacquired a quiescent 
phenotype and can participate 
in secondary immune 
responses, or sometimes  
refers to activated B cells that 
retain an activated phenotype.

T-​bet+ memory B cells
A subset of memory  
B cells that expresses the 
transcription factor T-​bet 
whose numbers tend to 
increase with age as well as  
in autoimmune disorders  
and viral infections.

Plasma cells
Terminally differentiated B cells 
that produce large amounts of 
antibodies and are short-​lived 
unless they find a survival  
niche allowing long-​term 
maintenance.
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the dura meninges are B2 B cells and a large fraction of 
these are immature B cells generated in the skull’s bone 
marrow10,11. Most mature CNS B cells are naive IgM+ 
cells10 with unmutated BCRs although there are some 
IgA+ B cells11. Furthermore, B cells in the CNS are mainly 
tissue resident cells that were generated locally10,11. The 
capacity of peripheral B cells to take up residence in 
the healthy CNS is limited in young mice but increases 
as mice age and this increase is primarily due to 
age-​associated B cells — whose phenotype overlaps with 
T-​bet+ B cells12 — accumulating in the brain10. In young 
animals IgA+ plasma cells dominate the meninges13 but, 
as mice age, IgG+ and IgM+ plasma cells become more 
common10. Of note, the population of IgA+ plasma cells 
found in the healthy CNS is partially derived from IgA+ 
plasma cells that are generated in the gut13.

In humans, B cells and plasma cells are rarely found in 
the parenchyma of the healthy CNS although small num-
bers are reported14,15. They are present in low numbers 
in perivascular spaces14–16 and more frequently found in 
the meninges16, particularly in the dura mater11,13. B cells 
can be detected in healthy CSF in humans; however, few 
plasma cells are found, corresponding with the low levels 
of antibody seen in CSF17,18.

B cells in neurological conditions
B cells can be recruited to the CNS as a result of CNS 
infection13 and even due to sleep disruption19. Indeed, in 
many neurological conditions, increased levels of IgM, 
IgA and IgG are seen in CSF17. Here, we review B cells in 
the context of CNS cancers, infections of the CNS and 
autoimmune disorders affecting the CNS finally focusing 
on MS. The locations of B cells and plasma cells in these 
disorders are summarized in Supplementary Table 1.

Cancers of the CNS. Glioblastoma is a deadly tumour 
that arises within the CNS. The immune cell composi-
tion of glioblastoma predominantly consists of microglia 
and macrophages, while B cells and T cells are present 
in small numbers in these tumours. By flow cytometry, 
0.66% of the immune cells found in glioblastoma are  
B cells20. In meningiomas, which are tumours that form 
in the meninges, B cell frequencies are highly variable 
but, on average, they represent 0.03% of all cells in the 
tumour21. Cancers of the CNS also include those that 
have metastasized from extra-​cranial locations. Patients 
with B cell lymphomas can have metastasis to the CNS22, 
which present as solid tumours of B cells retained 
within the meninges or perivascular spaces or as dif-
fuse tumours that spread through the parenchyma22. 
Whether B cells promote or suppress tumour growth 
likely depends on the types of B cells in the tumour. 
Glioblastoma promotes the conversion of B cells into 
Breg cells that sustains tumorigenicity23. However, in the 
right inflammatory environment, B cells can elicit an 
anti-​glioblastoma immune response24.

CNS infections. Many patients infected with coronavirus 
disease 2019 (COVID-19) develop signs of neurological 
dysfunction with evidence of pathology ongoing in the 
CNS25. Single-​cell sequencing-​based studies have either 
found no evidence of B cell and plasma cell expansion 

in CSF26 or have reported expansion27 of these popu-
lations in patients with neurological manifestations of 
COVID-19.

CNS pathology induced by coronaviruses is not 
unique to COVID-19, as many other coronaviruses, 
including the original severe acute respiratory syn-
drome virus and Middle East respiratory syndrome28 
virus, drive pathology within the CNS. In mouse models 
of CNS coronavirus infection, peripheral plasmablasts, 
memory B cells and naive B cells29 are recruited into the 
CNS. Plasma cells enter the parenchyma, where they 
can contribute to localized antibody production that 
is associated with protection from infection30, whereas 
naive B cells stay within the perivascular and menin-
geal compartments31. Thus, the mouse models of CNS 
coronavirus infection support a protective role of B cells 
entering the CNS.

Evidence of B cells playing a protective role from 
within the CNS is also seen in other CNS-​trophic 
viral and bacterial infections. In these conditions, 
virus-​specific or bacteria-​specific antibodies are pro-
duced within CSF and the parenchyma of infected CNS 
tissue where antibodies are presumed to contribute to 
viral and/or bacterial clearance2,32,33.

Autoimmune diseases. B cells have a major role in con-
tributing to immune responses through their capacity to 
secrete antibodies. However, the secretion of antibodies 
can be detrimental in certain circumstances as exempli-
fied by the autoimmune CNS disorders NMO (which 
is associated with anti-​aquaporin 4 antibodies), anti-​
NMDAR encephalitis (associated with anti-​NMDAR 
antibodies) and MOG antibody-​associated disorder1.  
B cells and plasma cells within the CNS may also con-
tribute to neuropsychiatric forms of systemic lupus ery-
thematosus based on studies in animal models34 and also 
on the finding that oligoclonal bands of immunoglobu-
lin are detected in the CSF of 26.5% of patients with sys-
temic lupus erythematosus who have neuropsychiatric 
manifestations35.

There is evidence of antibody production from clon-
ally expanded plasma cells within the CSF of patients 
with NMO or with anti-​NMDAR encephalitis36,37. 
Nonetheless, only patients with anti-​NMDAR encephali-
tis show a concentration of pathogenic antibodies within 
the CNS and, in patients with MOG antibody-​associated 
disorder and patients with NMO, most autoreactive anti-
bodies are produced peripherally1,36. Indeed, unlike in 
patients with MS, where oligoclonal bands of immuno-
globulin are consistently detected in CSF, only 15–30% of 
patients with NMO have oligoclonal bands of immuno
globulin in CSF, suggesting that plasma cell expansion in 
the CSF of patients with NMO is not robust1.

B cells in MS
MS is an inflammatory and degenerative disease of the 
CNS where oligodendrocytes and neurons are lost in 
white and grey matter leading to the accumulation of 
neurological deficits. The progression of MS is broadly 
separated into a relapsing–remitting MS (RRMS) phase, 
in which neurological deficits manifest and recede, 
and a phase of secondary progressive MS (SPMS; if 

Regulatory B (Breg) cells
This subset of B cells 
suppresses inflammation 
through the secretion of 
anti-​inflammatory proteins or 
through physical interactions.

Plasmablasts
The precursor to plasma cells 
that has begun to produce 
antibodies but also retains 
some features of B cells, such 
as surface B cell receptor and 
MHC class II expression,  
and is still proliferating.
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progression follows RRMS) or primary progressive MS 
(PPMS), wherein neurological disability accumulates 
with minimal periods of recovery. Monoclonal anti-
bodies that deplete CD20+ B cells are highly effective in 
treating the relapsing phase of MS and, in some patients, 
also the progressive forms of MS3. Although B cells can 
contribute to MS pathology from the periphery38, there 
is considerable evidence that B cells enter CNS barrier 
regions to participate in CNS pathology.

Locations of B cells in the CNS of patients with MS. 
MS lesions can be broadly segregated into grey matter 
lesions, where the cortical locations are often associated 

with meningeal inflammation, and white matter lesions. 
The latter can be active lesions filled with immune cells, 
mixed active–inactive lesions that have an actively demy-
elinating rim associated with macrophage/microglia  
and a demyelinated immunologically inactive centre, 
or inactive demyelinated lesions (Fig. 2). Active and 
mixed active–inactive lesions can be further subdivided 
into demyelinating and post-​demyelinating based on 
whether myelin proteins are present or absent within 
macrophage/microglia, respectively. We encourage the 
reader to follow the recent consensus39 on the nomencla-
ture of MS lesions that addresses the ambiguities of old 
naming conventions present in older papers.
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In patients with MS, B cells and plasma cells in the 
CNS are primarily found in the meninges and perivas-
cular locations but they are also present in the paren-
chyma in small numbers40–42 (Fig. 2). There is preliminary 
evidence of B cells entering the choroid plexus in MS43 
but this requires confirmation. B cells and plasma cells 
are also expanded in the CSF from patients with MS rel-
ative to that from healthy humans44,45, especially during 
periods of active disease where class-​switched B cells 
and plasma cells clonally expand46. B cells are also 1–3 
times more prevalent in the CSF of patients with RRMS 
relative to those with progressive MS47,48.

Based on post-​mortem studies, meningeal and 
perivascular B cell aggregates are highly variable in MS, 
where they can be nearly absent in the lesions of some 
patients or dominate the lesions of others15. Meningeal 
and perivascular B cells are more numerous in RRMS and  
SPMS relative to PPMS, whereas plasma cells are more 
prevalent in progressive over RRMS14,15. B cells are more 
common in the parenchyma and perivascular spaces of 
active lesions relative to mixed active–inactive or inac-
tive lesions whereas plasma cells are common in mixed 
active–inactive or inactive lesions14,15,49,50. Both B cells 
and plasma cells are rare in normal-​appearing white 
matter14,49,50.

Cortical lesions associated with meningeal inflam-
mation often have B cells that largely remain in the 
meninges15. In one study using high resolution MRI 
analysis of patients with MS, meningeal inflammation 
was found in ~33% of patients with progressive MS and 
in ~19% of patients with RRMS51, although the specific 
percentages can vary between studies. Meningeal B cell 
inflammation can be diffuse or extensive, the latter 
often associated with large ‘follicle-​like’ structures42. 
These structures are referred to as follicle-​like due to 
their resemblance to B cell follicles in secondary lym-
phoid organs, and they are characterized by separate 
zones of B cells and T cells and by large numbers of 
associated plasma cells42,52 (Fig. 2). As the resemblance 
of these structures to follicles remains controversial, 
we will refer to them as B cell aggregates. Based on 
post-​mortem histology studies, the frequency of B cell 
aggregates in SPMS is estimated to be ~40%16,40,52. Similar 
studies in PPMS found that ~30% of PPMS have B cell 
aggregates although these meningeal aggregates do not 
achieve the same levels of organization seen in SPMS41,52. 
A similar frequency of B cell aggregates between MS 

subtypes is found in spinal cords of patients with MS 
although B cell aggregates are less common than in the 
brain42. Generally, patients that have one B cell aggregate 
in their brain are more likely to have additional B cell 
aggregates throughout their CNS42,52.

B cell invasion of the CNS in patients with MS or in 
animal models of experimental autoimmune enceph-
alomyelitis (EAE) has been studied in sufficient detail 
to provide an overview of the specific B cell subsets 
encountered in the CNS (Supplementary Table 2).

Association of B cells with MS lesions. An important 
question is whether the B cells in the CNS of patients 
with MS are contributing to disease directly or whether 
they are simply bystanders attracted to the CNS by the 
inflammatory environment. Suggesting an active role, 
patients that have a CSF immune cell repertoire biased 
towards B cells and plasma cells over other immune cell 
types show faster disease progression53. When compar-
ing cortical lesions that do or do not have B cell aggre-
gates in post-​mortem samples, individuals with B cell 
aggregates are more likely to have transitioned earlier to 
being wheelchair-​bound and to have died earlier in both 
PPMS and SPMS16,40,41,52,54. In a study of SPMS autopsies 
with or without B cell aggregates in the meninges, there 
is a strong correlation between the presence of B cell 
aggregates and cortical demyelination54. When menin-
geal inflammation is not segregated by the presence 
of B cell aggregates in patients with SPMS, there is an 
inconsistent and weak correlation between the degree of 
meningeal immune cell infiltration and cortical demyeli-
nation, suggesting that B cell aggregates are the primary 
locations driving cortical demyelination41,52. Meningeal 
B cell aggregates may also be associated with demyeli-
nation in adjacent white matter42,49,55,56; however, this 
relationship has not been found in all studies52,54.

B cell aggregates are also associated with pronounced 
local neuronal damage57. Biopsies taken from patients 
during early MS or following clinically isolated syn-
drome (which is the first manifestation of a demyelinat-
ing event) suggest that meningeal inflammation, either 
diffuse or concentrated in density in the meninges, is 
associated with demyelination in the cortex but that 
neuronal loss is only seen underneath dense aggregates 
in the meninges of subpial lesions57,58. Similar results 
have also been seen in post-​mortem studies comparing 
patients with SPMS with or without B cell aggregates41,52 
and this damage can even extend to the spinal cord42. 
Neuronal loss typically occurs in a gradient from the 
upper layers of the cortex and progresses inwards54 
and is associated with apoptotic markers in neurons58. 
Indeed, the presence of B cell aggregates in the meninges 
is associated with faster cortical thinning54. This gradient 
of damage emanating away from the meningeal B cell 
aggregates suggests that B cells are secreting factors 
that diffuse into the surrounding CNS parenchyma and 
either directly damage CNS cells or may indirectly injure 
them by promoting inflammatory polarization of micro-
glia as iNOS+ TNF+ phagocytes are found in proximity 
to B cell aggregates54. Nonetheless, while prominent 
meningeal inflammation is associated with the upregu-
lation of inflammatory cytokines locally and within CSF, 

Fig. 2 | Locations of B cells in multiple sclerosis lesions. Depictions of lesions are 
approximations of the average number of B cells relative to T cells and macrophage/
microglia in the meninges and in grey and white matter lesions. B cell and plasma  
cell populations are expanded in the cerebrospinal fluid (CSF) of patients with  
multiple sclerosis but only represent 0.5–11% and 0.25–12% of total immune cells, 
respectively32,44,48,121. Grey matter lesions can be split into those that have diffuse B cell 
infiltration or the formation of large collections of B cells in B cell aggregates in the 
meningeal space that typically form at the bottom of sulci16,40–42,52. Relative to diffuse  
B cells in the meningeal space, B cell aggregates are associated with increased infiltration 
of macrophages, T cells and some plasma cells into the central nervous system parenchyma, 
grey matter demyelination and proximal microglial activation41,42,52,54,55,58. In white matter 
lesions, B cells and plasma cells are commonly found in the perivascular spaces of post-​
capillary venules but are rarely found in the parenchyma15. Plasma cells are found in the 
same locations as B cells but are more likely to enter the parenchyma of the central 
nervous system than B cells regardless of the lesion type14,15.
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it is also associated with increased expression of IL-10 in 
both MS59 and EAE60. Thus, while B cell aggregates are 
associated with worse pathology, some components may 
also inhibit inflammation.

B cell aggregates may also affect the recruitment of 
other cell types into the parenchyma of the CNS. The 
parenchyma and small vessels in the cortex of areas 
associated with B cell aggregates are seen to have more 
CD8+ T cells, B cells, macrophages and plasma cells, par-
ticularly in the upper layers of the cortex16,54,55 (Fig. 2). 
CD4+ T cells and macrophages also accumulate in the 
meninges associated with B cell aggregates16,55.

Although the relevance of B cells in white matter 
inflammation is less well researched, one study found 
that the absence of B cells from white matter lesions 
is associated with slower and less severe disease pro-
gression, reduced T  cell infiltration into lesions, 
lower incidence of mixed active–inactive lesions, and 
reduced incidence and intensity of oligoclonal bands50. 
Furthermore, another study that separated white mat-
ter lesions by the presence or absence of IgM or IgG 
deposits found that there is more B cell and plasma cell 
infiltration into white matter lesions when immuno
globulins are present, particularly for lesions containing 
IgG deposits49. Indeed, IgG deposition in lesions is asso-
ciated with increased B cell and plasma cell infiltration 
into perivascular spaces, the parenchyma of the lesion, 
and increased B cell influx into the meninges near the 
lesion. Thus, B cells and plasma cells in white matter 
lesions contribute to MS pathology.

Recruitment and survival in the CNS
Much of what is known of B cell recruitment into 
the CNS comes from the MS literature. B cells can be 
recruited through the BBB, meningeal barriers and cho-
roid plexus. Each of these sites differs with respect to 

structure but the overall process of moving from blood 
into these locations proceeds similarly (Fig. 3). Below, we 
will outline the mechanisms B cells use to pass through 
these barriers. Of note, T helper 17 (TH17) cells play 
an important role in opening the BBB and creating an 
environment for B cells to persist in the CNS, adding 
another layer of complexity to CNS B cell recruitment 
and persistence beyond what is discussed here61.

Rolling stage of B cell recruitment. Mice with genetic 
deletion of L-​selectin (also known as CD62L), used 
by B cells to enter lymph nodes, show no deficiency 
of B cell infiltration into the CNS in the EAE model62. 
Indeed, B cells in the CNS of animals with EAE have 
low levels of L-​selectin expression63 and the ligands for  
L-​selectin are not well represented in EAE or MS 
lesions64; this suggests that L-​selectin is not important 
for B cell recruitment into the CNS. One factor known to 
affect the rolling stage is the adhesion molecule ALCAM, 
which is upregulated on activated B cell subsets in MS65. 
ALCAM-​deficient B cells roll at a faster rate on activated 
endothelial cells in vitro and ALCAM-​blocking antibod-
ies reduce disease severity and B cell recruitment into 
the CNS in mice with EAE65. Nonetheless, deletion of 
this single molecule does not completely prevent rolling 
on the endothelium, suggesting that other molecules 
affect the rolling stage of B cell recruitment.

Chemokines associated with B cell entry. Several chemo
kines associated with B cell migration have been studied 
in MS and EAE, including CXC-​chemokine ligand 10 
(CXCL10), CXCL12, CXCL13, CC-​chemokine ligand 19 
(CCL19) and CCL21. Each of these is known to affect 
specific B cell subsets and have different patterns of 
expression in MS lesions (Supplementary Table 3). 
Three other chemokines associated with B cell entry 
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Fig. 3 | Mechanisms of B cell recruitment into the CNS. Immune cells are recruited into the central nervous system (CNS) 
by first rolling along the lumen of the blood vessel and being activated by locally produced cytokines. Activation of B cells, 
including by chemokines found on endothelial cells, then induces conformational changes in integrins, allowing high 
affinity interactions and firm tethering to the vessel; this enables cells to migrate across the endothelial cell layer into CNS 
barriers such as the perivascular space6,7. Although this process is not fully understood in the context of B cell entry into 
the CNS, several molecules shown in the boxes are known to affect their migration into the CNS at distinct stages whereas 
other molecules remain contentious or inadequately studied. CXCL, CXC-​chemokine ligand; CCL, CC-​chemokine ligand.
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into the CNS based on in vitro studies are CCL20, IL-8 
(also known as CXCL8) and CCL2 (refs66,67); however, 
in vivo evidence of a role for these chemokines is lacking 
in MS or EAE. Additionally, CC-​chemokine receptor 5 
(CCR5) is overexpressed on CSF B cells in MS46 but it 
is unknown whether this affects B cell migration into  
the CNS.

Integrins and cell adhesion molecules. B cells express sev-
eral integrins and cell adhesion molecules that facilitate 
their entry into the CNS. ALCAM promotes B cell dia-
pedesis across brain endothelial cells65. Other important 
molecules are the integrin LFA1 and its cell adhesion 
molecule ligand ICAM1, both of which are upregulated 
on activated B cells in MS65. Blocking ICAM1 reduces 
human B cell migration across brain endothelial cell 
layers in culture65,66 but there is no in vivo evidence 
supporting this.

The best characterized molecule affecting B cell 
trafficking into the CNS is VLA4. This integrin is 
expressed highly on activated B cells in EAE and MS65,68 
and is needed for B cells to cross brain endothelial cells 
in vitro65,66. In mouse models, deletion of VLA4 on 
B cells reduces B cell recruitment into the CNS69,70 and 
leads to reduction of EAE severity in B cell-​dependent 
EAE70. Nonetheless, the effects of VLA4 blockade on 
EAE severity could be due to inhibition of peripheral  
B cell activation69. Blocking VLA4 in patients with MS 
is known to affect memory B cell trafficking3 leading 
to the concentration of memory B cells in blood corre-
sponding with therapeutic benefit68. In contrast, treating 
patients with MS with anti-​VLA4 antibodies led to no 
changes in B cell and plasma cell numbers in CSF, and 
biopsies of white matter lesions showed slight elevations 
in plasma cell density71. Overall, the mouse data strongly 
supports the idea that VLA4 affects B cell recruitment 
into the CNS whereas the human data suggests that 
some but not all B cell types are affected.

Antigen-​specificity in recruitment. Activated T cells, 
regardless of their antigen specificity, are recruited to 
the CNS; however, only the T cells that encounter their 
antigen in the CNS are retained at this site in large num-
bers over time72. In the context of inflammation, B cells 
are recruited to the CNS in an antigen-​independent 
manner that does not appear to follow the same rules as 
T cell recruitment72. Similarly, plasma cells specific for 
ovalbumin protein, rotavirus and non-​self-​antigens can 
be recruited into the CNS during EAE73,74 and can even 
persist as long-​lived cells73. Thus, specificity for an anti-
gen within the CNS is not explicitly required for B cells  
to take up residence in the CNS.

B cell survival in the CNS. The primary factors that influ-
ence B cell survival are BAFF and APRIL, both of which 
are available in MS lesions (Supplementary Table 3).  
Mature B cells are dependent on BAFF and, as they 
commit to plasma cell differentiation, they become 
increasingly more dependent on APRIL75,76. In contrast, 
memory B cells are much less dependent on survival 
factors relative to other B cell subsets76. Beyond BAFF 
and APRIL, astrocytes make undefined survival factors 

that promote the survival of B cells77. Plasma cell survival 
is enhanced by fibronectin and hypoxic conditions75, 
which can be found in MS lesions.

Another important factor that influences B cell 
and plasmablast survival in the CNS is their interac-
tion with T cells. Both activated B cells and plasma-
blasts are susceptible to cell death but can be rescued 
by CD4+ T cell help78. These interactions are likely to 
occur given that autoreactive T cell clones derived from 
the CNS of patients with MS induce the proliferation 
of autoreactive B cells, suggesting that they form stable 
interactions38. Furthermore, invasion of the CNS by 
T follicular helper cells in EAE is associated with B cell 
population expansion in the CNS79. Thus, B cell–T cell 
interactions are likely important in maintaining B cells 
in the CNS.

B cell recruitment and survival in other CNS diseases. 
CXC-​chemokine receptor 3 (CXCR3) expression by 
plasma cells is associated with plasma cell entry into 
the CNS in NMO80 and viral encephalomyelitis30. 
Additionally, the CXCR3 ligands, CXCL10 and 
CXCL9, are upregulated in the CNS during viral 
encephalomyelitis30. In B cell lymphoma and in the 
healthy CNS, CXCL12 is expressed highly on the blood 
vessel endothelium, resulting in B cell recruitment 
into perivascular spaces81. However, CXCL12 also pro-
motes egress from perivascular spaces unless coun-
tered by astrocyte-​derived CCL19, which results in  
B cell accumulation in perivascular spaces and entrance 
to the parenchyma. Notably, the same study showed 
that increased expression of VCAM1 and ICAM1 on 
the blood endothelium in itself is not sufficient for  
B cell retention in the CNS. Many B cell lymphomas also 
express IL-15 that can induce the expression of CXCR3 
and PSGL1, a selectin that can influence the rolling stage 
of recruitment, further promoting CNS recuitment82.

Despite high expression of the B cell survival factor 
receptors BAFF-​R, BCMA and TACI by B cell lympho-
mas, there is no increase in BAFF expression in the CNS 
during CNS lymphoma relative to healthy CNS tissue83. 
By contrast, in a mouse model of CNS viral infection, 
there is evidence of increased BAFF and APRIL expres-
sion within the CNS84. Thus, in combination with the 
data from the MS literature, inflammation in the CNS 
is likely needed to induce increased expression of these 
survival factors.

B cell functions in MS lesions
B cells as direct mediators of damage. Antibodies con-
tribute to the pathology of MS lesions and in animal 
models through several different mechanisms, includ-
ing opsonization, initiation of complement deposition, 
facilitating B cell and T cell activation, and antibody-​
dependent cellular cytotoxicity (Fig. 4). Of note, there is 
currently no consistently identified autoantigen target 
for antibodies in MS85 although antibodies are seen in 
MS lesions.

Some patients with MS have what are referred to as 
‘pattern II lesions’, which have antibody and comple-
ment deposits in white matter86, providing the potential 
of formation of a membrane attack complex that can be 

T follicular helper cells
A subset of CD4+ T cells 
characterized by the expression 
of the transcriptional repressor 
Bcl6 and the chemokine 
receptor CXCR5 allowing  
these cells to co-​localize with  
B cells and promote their 
differentiation through physical 
interactions.
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destructive (Fig. 4). Individual lesions within the same 
patient can differ, with some lesions having IgM or IgG 
deposits but not others87. Most active, mixed active– 
inactive and inactive lesions have either IgM or IgG 
deposits, with IgG being more common87. Various anti-
body isotypes are detected in MS lesions and each has 
typical deposition patterns. IgG and IgM are found in 
lesions in proximity to demyelinated axons, degrad-
ing myelin and myelin debris, dying cells, and within 
macrophages49,87,88. Both IgM and IgG have been asso-
ciated with oligodendrocytes in lesions, normal appear-
ing white matter, and in newly forming lesions87,88. IgA 
is reported in lesions typically bound to axons and 
vasculature89. However, it remains unclear whether the 
pathology of these lesions is driven by CNS-​derived or 

peripherally produced antibodies as therapeutic plasma 
exchange that removes circulating serum antibodies ben-
efits these subjects90. In favour of CNS-​produced anti-
bodies contributing to antibody deposition, antibodies 
from the CSF of patients with RRMS or with progressive 
MS bind human cerebellum sections91. Similar results 
have been produced using cloned antibodies derived 
from single B cells, plasma cells or antibodies from CSF92 
albeit not in all studies93,94. Thus, the question of whether 
antibodies are pathogenic in MS is equivocal.

Another possibility that has been highlighted more 
recently is that B cells may be contributing to MS in a 
non-​conventional manner: through the production of 
pathogenic microvesicles or exosomes. The evidence 
for this comes from results showing that large secreted 
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Fig. 4 | Direct and indirect mechanisms that B cells use to affect multiple 
sclerosis pathology. B cells can directly damage the central nervous system 
(CNS) using secreted molecules, including exosomes that induce death in 
oligodendrocytes and neurons, through unknown mechanisms (top left panel). 
Antibodies directly contribute to multiple sclerosis pathology by facilitating 
T cell reactivation in CNS barriers, promoting their migration into the 
parenchyma122, and by promoting the deposition of complement on myelin86 
to enhance myelin phagocytosis88,123, membrane attack complex formation on 
myelin86, and the enhanced activation of B cell immune responses124 (top right 
panel). B cells can indirectly affect CNS pathology by inducing the 
differentiation of autoreactive T helper 1 (TH1) cell and TH17 cell responses in 
the periphery and within the CNS, in part through CD80 and CD86 

upregulation (bottom left panel). However, B cells can also inhibit T cell 
responses through expression of PDL1 (not depicted). B cell-​derived secreted 
cytokines also affect CNS pathology (bottom right panel): GM-​CSF promotes 
macrophage-​driven pathology102; IL-6 enhances plasma cell differentiation and 
survival, T follicular helper (TFH) cell differentiation, and TH17 polarization125,126. 
Lymphotoxin-​α (LTα) is important for organizing large clusters of B cells in the 
meninges and for the formation of ‘follicle-​like’ structures61. TNF and IFNγ are 
associated with microglial cell activation and neuron and oligodendrocyte 
death105–107. TGFβ1 and IL-35 reduce T cell proliferation and inflammatory T cell 
polarization and promote regulatory T (Treg) cell responses112,114. IL-10 affects 
T cells similarly111,117 but also alters macrophage polarization and may promote 
remyelination127. ROS, reactive oxygen species.
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particles from B cells induce death in cultured oligo-
dendrocytes and neurons95,96, which was attributed to 
secreted exosomes95 (Fig. 4). Currently, there is no obvi-
ous mechanism by which these exosomes are inducing 
cell death in their targets or evidence to show whether 
exosomes are produced by B cells in the CNS in vivo.

B cells indirectly promote CNS damage. In patients with 
MS and in animals with EAE, it is likely that B cells in the 
CNS can promote injury indirectly by supporting T cell 
responses through physical interactions15,38,42,63 given 
the close association of T cells and B cells in perivas-
cular and meningeal compartments (Fig. 4). In EAE, 
B cells in both the periphery and the CNS upregulate 
the co-​stimulatory molecule CD80, suggesting that 
they are primed for interaction with T cells63,97. Indeed, 
autoantigen-​driven B cell–T cell interactions influence 
the incidence and induction of relapses, timing of dis-
ease onset, and chronicity of EAE79,97–99. These inter-
actions primarily influence TH1 cell and/or TH17 cell 
polarization of CD4+ T cells and induce waves of T cell 
infiltration into the CNS from the periphery and within 
the CNS79,97,98,100.

The above is consistent with a recent study showing 
that memory B cells induce autoreactive T cell expansion 
in patients with MS during remission periods, ultimately 
activating these T cells to enter the brain and reactivat-
ing them again within the CNS38. Inflammatory mem-
ory B cell subsets that highly express the co-​stimulatory 
molecules CD80 and CD86 concentrate within the CSF 
of patients with MS, suggesting that B cells in the CNS 
are primed to interact with T cells44,68,101. This is partially 
explained by inflammatory astrocytes producing soluble 
factors that promote the expression of CD86 on B cells77. 
Overall, there is considerable evidence for a pathogenic 
role for B cell and T cell interactions in MS and EAE.

Another emerging and important role for B cells 
in MS is their capacity to make pro-​inflammatory 
cytokines that can modify the inflammatory envi-
ronment to activate cells such as macrophages and/or 
microglia and T cells. There is evidence of peripheral 
B cells expressing several inflammatory cytokines in MS, 
including GM-​CSF, TNF, IL-6 and lymphotoxin-​α102–104; 
CSF B cells are known to make lymphotoxin-​α and 
TNF103,104 although data on GM-​CSF and IL-6 are not 
available. These cytokines can modulate CNS damage 
and the immune response through several mechanisms 
summarized in Fig. 4.

Of note, TNF is expressed highly in cortical lesions 
associated with IFNγ59, particularly in those with B cell 
aggregates105. Bulk RNA sequencing of meningeal 
B cell aggregate-​associated grey matter lesions sug-
gest that an imbalance of TNF-​mediated death signal-
ling occurs through increased expression of TNFR1 
(which induces cell death) over that of TNFR2 (which 
induces survival pathways)106. In EAE, forced expres-
sion or injection in the subarachnoid space of TNF and 
IFNγ leads to enhanced EAE induction characterized 
by a gradient of microglial cell activation and neu-
ronal loss and associated with demyelination emanat-
ing away from cortical lesions105,107 reminiscent of MS. 
Temporally, TNF and IFNγ induce an initial expansion 

of inflammatory microglia that directly associate and 
phagocytose pre-​synapse proteins108. Later, the micro-
glial numbers contract to the density of healthy controls 
and microglia lose some of their inflammatory polari-
zation, become more ramified and are associated with 
increased neuronal loss. Similar observations were made 
analysing cortical lesions of MS patients108. Of note, 
T-​bet+ memory B cells can produce IFNγ12 and, thus,  
B cells could be self-​sufficient in driving TNF-​mediated 
and IFNγ-​mediated CNS pathology.

The damage dealt by pro-​inflammatory cytokines 
may be balanced by regulatory cytokines produced by 
Breg cells though several mechanisms (Fig. 4). Regulatory 
roles for B cells are exemplified in B cell-​deficient or 
B cell-​depleted mice that develop worse EAE than mice 
with full B cell repertoires109,110. The anti-​inflammatory 
cytokines IL-10 (refs74,110,111), TGFβ1 (refs112,113) and 
IL-35 (ref.114) have all been found to be made by subsets 
of Breg cells in either EAE or MS. Additionally, Breg cells 
can also inhibit T cell responses through physical inter-
actions using PD-​L1 (ref.115). Although Breg cells mod-
ulate EAE, it is not clear whether these cells act in the 
periphery or within the CNS. In support of Breg cells 
working within the CNS, IL-10+ plasma cells are seen 
in active/mixed active–inactive MS lesions15 and IL-10 
is inducible in some B cells from EAE spinal cords116. 
Moreover, in one EAE study, ~30% of B cells in menin-
geal B cell aggregates express mRNA for either IL-10 or 
IL-35 (ref.60). In contrast, others have found that large 
numbers of IL-10-​producing plasmablasts are seen in 
lymph nodes that drain the site of immunization in EAE 
but IL-10-​expressing B-​lineage cells are not seen in the 
CNS of EAE111,117. Furthermore, preventing B cells from 
accessing these lymph nodes abolished the capacity of 
Breg cells to suppress EAE117. One population that clearly 
enters the CNS in MS and EAE are IL-10+ gut-​derived 
IgA+ plasma cells that suppress EAE severity18,74. Thus, 
there is a clear role for regulatory B cells in MS but 
whether the primary site of inhibition is within the CNS 
or in the periphery remains unanswered.

B cell functions in other CNS disorders
The entry of B cell lymphomas into the CNS is some-
times associated with local damage but, more often, it 
is not associated with any damage, suggesting that the 
presence of B cells in the CNS, even in large numbers, 
is not necessarily enough to induce pathology22. Even 
when B cell lymphomas are associated with damage, it 
is likely that a prior insult to the CNS led to the upreg-
ulation of chemokines that promote B cell recruitment 
rather than the B cells being directly pathogenic22,81. 
Thus, B cell entry into the CNS is insufficient to induce 
CNS pathology, suggesting that a trigger is needed to 
convert B cells to an injurious state.

The most commonly studied mechanism for B cells 
to induce CNS damage is through the production of 
autoantibodies. An example of this is seen in NMO, 
where anti-​AQP4 antibodies induce astrocyte death 
and destruction of CNS barriers by removing astrocyte 
endfeet1. Antibody deposition leads to complement dep-
osition, antibody-​dependent cellular cytotoxicity and 
enhanced T cell immunity. In MOG antibody-​associated 
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disorder, antibodies induce demyelination emanating 
away from blood vessels in affected tissues1. In lesions, 
antibodies are associated with complement deposition, 
complement-​dependent cytotoxicity, macrophages 
containing myelin and T cells. In contrast to these more 
inflammatory disorders, anti-​NMDAR encephalomyeli-
tis is driven by IgG4 antibodies that are not associated 
with complement deposition or antibody-​dependent 
cellular cytotoxicity but, instead, it is likely that these 
antibodies affect the crosslinking and internalization of 
NMDAR1. Thus, inflammation is not always required for 
B cells to be pathogenic. Autoantibody-​driven pathol-
ogy is also seen in patients with COVID-19. While 
virus-​specific antibodies and BCRs are detected among 
plasma cells and B cells in CSF, many of these cells are 
also reactive against CNS antigens27. Thus, in addition 
to autoimmune diseases, viral infection can trigger 
secondary autoimmunity in the CNS.

Gaps of knowledge and new directions
We have discussed the diversity of B cells found in the 
brain in both health and disease as well as where to 
locate them. It is clear that B cells are present in the CNS 
in many disorders and that they affect disease outcomes. 
However, there are still many gaps in our understanding 
of precisely how these B cells contribute to disease and 
where B cells and plasma cells are located in the CNS 
during these conditions. Even in MS, where B cells have 
been studied in detail, there are remaining uncertainties 
regarding the localization of specific subsets of B cells in 
CNS lesions or whether particular B cell subsets exist 

in the CNS. Precisely which mechanisms B cells use to 
mediate CNS outcomes also remain unclear. Answers 
to these questions are needed to define which subsets of 
B cells should be targeted to overcome CNS pathology 
and which subsets confer benefits in the CNS.

In the context of MS, several mechanisms have been 
suggested to explain how B cells contribute to MS. 
Here, we have highlighted that B cells interact with 
T cells to promote T cell pathology and that several 
types of secreted B cell products, including cytokines, 
extracellular vesicles and antibodies, may all contrib-
ute to MS pathology. What is not clear is the degree to 
which these various mechanisms are active within the 
CNS versus the periphery and which subsets of B cells 
primarily use these disease mechanisms to promote 
pathology. It has also been noted that, while B cell infil-
tration into the CNS in MS is associated with CNS dam-
age, this is not universally true of all CNS conditions22. 
Currently, it is not clear if there is a specific trigger that 
converts B cells into pathogenic entities or whether 
their diverse roles are simply due to the chronicity of 
conditions or other factors. It is also clear that the gut 
microbiome can regulate B cell functions in the CNS118 
but this is poorly defined. A better understanding of 
how B cells differ in the various conditions discussed 
herein would be of great benefit to understand the 
mechanisms that B cells use to promote neurodegener-
ation or neuroprotection and could potentially unlock 
needed therapeutic targets.
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