
The central nervous system (CNS) has traditionally 
been considered an immune-​privileged site. However, 
immune cells are increasingly recognized to access the 
CNS in both health and disease. Lymphocytes can enter 
the CNS through several points, including the blood–
brain barrier (BBB), the blood–meningeal barrier and 
the blood–cerebrospinal fluid (CSF) barrier1,2. In gen-
eral, only activated lymphocytes are able to exit post-
capillary venules of the BBB into the CNS parenchyma 
and thereby enter the perivascular space. A subset of  
B cells can leave the perivascular space and enter the 
CNS parenchyma. However, under healthy steady-​state 
conditions, B cells are present in very low numbers in the 
CNS parenchyma (~0.1 cell/cm2)3 and CSF, where they 
account for less than 1% of white blood cells4. By con-
trast, in individuals with CNS inflammation, B cell num-
bers can increase by at least several orders of magnitude 
in the CNS parenchyma and perivascular spaces5 and by 
severalfold in the CSF4. Lymphocytes can also enter the 
CSF in the subarachnoid space, either by extravasation 
across subpial venules of the blood–meningeal barrier 
or by crossing the stroma and epithelium of the cho-
roid plexus (that is, the blood–CSF barrier). To reach 
the CNS parenchyma from the CSF, lymphocytes must 
cross the glia limitans, a thin barrier of astrocyte foot 
processes closely associated with the basal lamina. B cells 
and T lymphocytes are also present in non-​diseased CNS 

lymphatic vessels6, supporting their role in immune sur-
veillance. Lymphatic drainage is the primary mechanism 
of lymphocyte egress from the CNS. Lymphocytes in 
the CSF drain via nasal or meningeal lymphatic vessels, 
which ultimately drain into the cervical lymph nodes1,2,7. 
Each of these compartments can serve as a focus for 
immune pathology in CNS diseases.

B cells, in concert with T cells, constitute the adap-
tive immune system, which exhibits antigen-​specific 
memory. B cells are capable of performing a variety of 
cellular and humoral functions depending on their stage 
of differentiation and activation status (Fig. 1). For exam-
ple, B cells and their corresponding secreted antibodies 
recognize distinct antigens through a unique rearranged 
B cell receptor (BCR). Arising from haematopoietic 
stem cell precursors, naive B cells expressing IgM and 
IgD emerge from the bone marrow and circulate in the 
peripheral blood and lymphoid organs. Following BCR-​
mediated recognition of their cognate antigen, these  
B cells become activated and a subset of these acti-
vated B cells undergo a germinal centre reaction in second-
ary lymphoid tissues. In geminal centres, B cells expressing 
a specific BCR undergo clonal expansion and proliferate 
rapidly, eventually becoming CD27+ memory B cells, 
a process reviewed in detail elsewhere8. Mature, acti-
vated B cells can undergo immunoglobulin class switching,  
a T cell-​dependent process that enables them to express 
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other antibody isotypes (IgG, IgA or IgE). Class-​switched 
autoreactive B cells can be present at high frequencies in 
autoimmune CNS conditions9. Memory B cells can further 
differentiate into antibody-​secreting CD38+ plasmablasts 

or long-​lived CD138+ plasma cells (Fig. 1). The bone  
marrow is an important reservoir of plasma cells10.

Antibody production is the most widely recognized 
role of B cells. Antigen specificity is conferred by the 
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Fig. 1 | B cell lineages and functions. a | B cells originate from stem cells in 
the bone marrow and undergo B cell receptor (BCR) rearrangement and 
upregulation of CD34 and HL A-​DR cell-​surface proteins. Pre-​B cells express 
a BCR consisting of a rearranged heavy chain and a surrogate invariant light 
chain (pre-​BCR). Immature B cells begin to express IgM and exit the bone 
marrow , becoming transitional B cells, which express IgM with or without 
IgD. Naive B cells co-​express IgM and IgD, and can either remain in the 
circulation or migrate to secondary lymphoid organs. On encountering 
antigens, naive B cells undergo further differentiation to memory cells or 
plasmablasts and finally plasma cells. Each differentiation stage is 
associated with specific changes in protein expression. Although class-​
switched memory B cells are typically CD27+IgD– B cells, other memory  
B cell subtypes can be generated (including outside germinal centres), such 
as CD27+IgD+ B cells (unswitched memory cells) and CD27–IgD– B cells 
(double-​negative B cells)309. b | In lymphoid tissue, T follicular helper cells 
(TFH cells) promote activation and class switching of naive B cells through 
secretion of IL-21. c | Activated B cells can become memory B cells, some of 

which become long-​lived plasma cells. Both memory B cells and plasma cells 
produce antibodies, which bind to antigens on cellular targets and cause 
complement-​dependent cytotoxicity (CDC), antibody-​dependent cellular 
phagocytosis (ADCP) or antibody-​dependent cellular cytotoxicity (ADCC). 
ADCC mainly involves natural killer (NK) cells, but macrophages, neutrophils 
and eosinophils also participate. d | B cells present antigen to T cells through 
BCR-​mediated internalization of extracellular antigens, which are then 
processed and presented by major histocompatibility complex (MHC) 
class II molecules to T cells. Alternatively , free peptide fragments can bind 
directly to MHC class II and can be presented to T cells without the  
need for internalization and processing. e | B cells secrete a variety of 
proinflammatory cytokines, leading to type 1 T helper cell (TH1 cell) or 
IL-17-secreting T helper cell (TH17 cell) polarization. B regulatory cells  
(Breg cells) also secrete anti-​inflammatory cytokines, including IL-10  
and IL-35, which can suppress proinflammatory T cells. Beff cell, effector  
B cell; GM-​CSF, granulocyte–macrophage colony-​stimulating factor ;  
LTα, lymphotoxin-​α; TCR , T cell receptor ; TNF, tumour necrosis factor.
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rearrangement of heavy and light chain genes encoding 
the antibody’s amino-​terminal domains, whereas anti-
body isotype and effector functions are determined by 
the carboxy-​terminal Fc domain (or constant region). 
Each of the five antibody isotypes (IgM, IgD, IgG, 
IgA and IgE) binds to a unique array of Fc receptors 
expressed on different innate immune cells. Binding of 
antibodies to their target antigen promotes Fc receptor-​
mediated target cell killing by white blood cells such 
as natural killer cells, macrophages and neutrophils 
through phagocytosis or cytotoxic granule release, pro-
cesses known as antibody-​dependent cellular phago-
cytosis and antibody-​dependent cellular cytotoxicity, 
respectively (Fig. 1). IgG and IgM antibody isotypes can 
also activate the classical complement pathway, causing 
complement-​dependent cytotoxicity (CDC).

B cells can internalize and digest native antigens, and 
then present degraded peptide fragments to antigen-​
specific CD8+ and CD4+ T cells in association with 
major histocompatibility complex (MHC) class I or class 
II molecules, thereby acting as antigen-​presenting cells 
(APCs; Fig. 1). Although B cells are generally consid-
ered less efficient as APCs than are dendritic cells and 
other myeloid cells, antigen presentation by memory  
B cells is highly efficient when antigens recognized via 
the BCR are presented to T cells that recognize the same 
antigen11–13. B cells can also express co-​stimulatory mol-
ecules, such as CD80, CD86 and CD40, which promote 
the activation of proinflammatory T cells. In addition 
to antibody secretion, B cells themselves produce a 
number of cytokines14, including lymphotoxin-​α, inter-
leukin-6 (IL-6) and tumour necrosis factor (TNF), 
which promote the differentiation and activation of 
proinflammatory, interferon-​γ (IFNγ)-secreting, type 1  
T helper cells (TH1 cells) or IL-17-secreting T helper cells 
(TH17 cells) (Fig. 1). By contrast, some B cells produce 
anti-​inflammatory cytokines, such as IL-10 (refs15,16) 
and IL-35 (ref.17), and are referred to as B regulatory 
cells. Thus, B cells have the ability to either promote or 
dampen CNS inflammation.

The tremendous clinical success of B cell-​depleting 
therapies in multiple sclerosis (MS) and other auto
immune CNS diseases has underscored the importance  
of B cells in their pathogenesis. In this Review, we 
illustrate B cell functions involved in the pathogenesis 
of autoimmune CNS disorders, and discuss evidence 
that supports potential contributions of B cells to 
neurodegenerative CNS diseases.

Multiple sclerosis
MS is a chronic inflammatory demyelinating condition  
of the CNS and is the most common neurological cause of  
disability in young adults, with a prevalence greater 
than 1 in 1,00018,19. The clinical course of MS differs, but 
approximately 90% of patients present with relapsing– 
remitting MS (RRMS), in which relapses — discrete 
self-​limited episodes of neurological dysfunction — are 
followed by periods of remission. Approximately 50% 
of patients with RRMS eventually develop progressive 
disability independent of relapses20, which is commonly 
referred to as secondary progressive MS (SPMS). The 
remaining 10% of patients present with an insidious 

course, in which neurological disability worsens from 
onset without discrete relapses, referred to as primary 
progressive MS (PPMS). To what extent disease pro-
gression in PPMS and SPMS involves shared or distinct 
pathophysiological mechanisms is currently unclear.

Pathophysiology. Although B cells are now known to be 
major contributors to MS pathogenesis, MS was tradi-
tionally viewed as a predominantly T cell-​mediated auto
immune disease for several reasons. First, the MHC class II  
allele HLA-​DRB1*15:01 has been known for several dec-
ades to be the strongest genetic risk factor for MS21. MHC 
class II proteins are expressed on APCs and are required 
for antigen presentation to CD4+ T cells. Second, T cells 
greatly outnumber B cells in the lymphocytic infiltrates 
associated with MS lesions5. Third, some evidence indi-
cates a proinflammatory T cell imbalance in patients with 
MS22,23. Finally, a T cell-​centred view of MS pathogene-
sis has also been driven by research conducted in ani-
mals with experimental autoimmune encephalomyelitis 
(EAE), a myelin-​targeted CNS inflammatory condition 
that results in relapsing paralysis and demyelination24. In 
1985, myelin-​specific T cell clones were first shown to 
cause EAE24,25, which also represented the initial observa-
tion that self-​antigen-specific T cell clones could induce 
autoimmunity. In most but not all EAE models, myelin 
autoantigen-​specific T cells, but not B cells or antibodies, 
are required for induction of disease24,26,27. However, EAE 
induced by one isoform of myelin oligodendrocyte glyco-
protein (MOG) requires both MOG-​specific T cells and 
MOG-​specific B cells, reflecting a requirement for T cell 
activation via the APC function of B cells, and is referred 
to as B cell-​dependent EAE28.

The first indication that B cells might contribute 
to MS occurred decades ago with the identification of 
unique IgG fractions in the CSF29 that represented anti-
bodies produced by clonal B cell populations, which are 
referred to as oligoclonal bands. Oligoclonal bands are 
found in ~90% of all patients with MS30 and are a diag-
nostic hallmark of the disease. Intrathecal B cells were 
later confirmed as the source of the antibodies that give 
rise to oligoclonal bands31. B cell numbers are generally 
increased in the CSF of patients with MS, in particular 
in those with contrast-​enhanced lesions on MRI32, which 
are indicative of acute inflammation and BBB break-
down. The levels of antigen-​experienced, class-​switched 
memory B cells and antibody-​producing plasma cells are 
particularly elevated in the CSF (relative to their levels 
in blood) of patients with MS32. Studies of the CSF have 
therefore provided an important window into the B cell 
response in MS.

B cells can be detected in CNS lesions in early to late 
stages of MS, but are most abundant in active lesions 
of patients with RRMS compared with levels in inac-
tive lesions and in patients with progressive MS (that 
is, SPMS or PPMS)5,33. In general, B cells are enriched  
in perivascular lesions and in the subarachnoid space in  
these individuals5,34,35, but are sparsely present in the CNS 
parenchyma (Fig. 2). In 2004, ectopic lymphoid follicle-​
like structures containing CD20+ B cells, CD138+ plasma 
cells and follicular dendritic cells were identified in the 
leptomeninges of patients with SPMS35–37, challenging 

B cell receptor
(BCR). A cell-​surface 
immunoglobulin composed  
of two paired heavy (H) and 
light (L) chains. Each chain  
is generated by irreversible 
rearrangement and 
recombination of the B cell 
variable (V), diversity  
(D; heavy chain only) and 
junction (J) genes.

Germinal centre reaction
The formation of secondary 
lymphoid tissue, which is the 
site of B cell somatic 
hypermutation and isotype 
switching.

Immunoglobulin class 
switching
Also called ‘isotype class 
switching’ or ’class-​switch 
recombination’, this process 
refers to recombination of  
the immunoglobulin gene 
constant (C) region to allow 
generation of IgG, IgA or  
IgE isotypes.

Antibody isotypes
Antibodies are of five different 
isotypes: IgM, IgD, IgG, IgA  
and IgE. IgM and IgD are  
co-​expressed by naive B cells, 
whereas the other isotypes  
are expressed by antigen-​
experienced B cells. Isotype is 
determined by the constant (C) 
region of the immunoglobulin 
gene, which encodes the 
antibody Fc region and binds 
to Fc receptors on various 
immune effector cell types.
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the traditional T cell-​driven view of MS pathology. 
Similar leptomeningeal follicle-​like structures have also 
been demonstrated in B cell-​dependent EAE28,38. These 
ectopic lymphoid tissues resemble those found in other 
organ-​specific chronic inflammatory diseases, includ-
ing the synovium in rheumatoid arthritis39 and sali-
vary glands in Sjögren syndrome40. Although ectopic 
follicle-​like lymphoid structures have been described 
only in the CNS of patients with SPMS, meningeal 
aggregates of CD20+ B cells and CD3+ T cells can also 
be found in patients with RRMS or PPMS, and corre-
late with the degree of cortical demyelination41,42. The 
levels of CD138+ plasma cells are also increased (par-
ticularly in the meninges) in patients with progressive 
MS33. These findings suggest a possible pathophysio-
logical link between meningeal B cell inflammation and 
cortical pathology in all phenotypes of MS43. Several 
lines of evidence suggest that the CNS in patients with 
inflammatory diseases provides a unique environ-
ment that supports the long-​term survival of B-​lineage 
cells44,45. The level of B cell survival factors (such as TNF 
ligand superfamily member 13B, also known as BAFF 
or BLyS)46,47 and chemoattractants such as stromal cell-​
derived factor 1 (also known as C-​X-C motif chemok-
ine ligand 12 (CXCL12)) and CXCL13 (refs46,48,49) are 
increased in the inflamed CNS. Some data suggest that 
increased levels of CXCL13 in CSF correlate with a 
clinical response to B cell-​depleting therapies50.

The antigenic targets of B cells and pathogenic anti-
bodies in patients with MS remain to be identified. 
Owing to the demyelinating nature of the disease, mye-
lin is considered a putative autoantigen in MS. Despite 

extensive investigation, however, studies have yielded 
mixed results regarding whether patients with MS have 
increased levels of antibodies against myelin antigens 
(including MOG, myelin basic protein, proteolipid pro-
tein and myelin-​derived lipids)51–66 or other specific CNS 
antigens (such as inward rectifier-​type potassium chan-
nel (Kir4.1) family members, neurofascin and contactin-​
associated protein-​like 2)67–75. In the past 5 years, several 
reports have indicated that expanded populations of 
plasma cells and plasmablasts from patients with MS 
target neurons, astrocytes and oligodendrocytes, 
although the precise antigens have not yet been iden-
tified76–78. Additionally, CSF antibody reactivity against 
measles, rubella and varicella–zoster viral antigens has 
long been noted79,80. The results of at least one study 
have suggested that oligoclonal band antibodies are not 
specific for CNS proteins but instead target ubiquitous 
self-​antigens81. Collectively, these investigations suggest 
that the adaptive immune response in patients with MS 
is not directed at a single antigen or even a single CNS 
cell type. Rather, the humoral B cell response in patients 
with MS seems to be directed at a heterogeneous array 
of self-​antigens and non-​self antigens, which can differ 
greatly from one individual to another. The diversity 
of antigenic targets might be due to a combination of 
epitope spreading and secondary immune reactions to 
CNS cellular debris rather than a primary pathogenic 
response82,83. Furthermore, some data suggest that B cells  
secrete other products, besides antibodies, that are 
capable of killing oligodendrocytes and neurons84,85.

The advent of immune-​repertoire sequencing of the 
BCR from different B cell populations has provided 
important insights into the clonal characteristics of  
B cells in the blood, CSF and CNS of patients with MS. 
Sequencing of IgG from MS lesions and CSF samples 
revealed clonally expanded antibodies with preferen-
tial use of certain variable heavy (VH) chain genes86–93, 
which strongly suggests antigen-​driven clonal expan-
sion. Indeed, clonally expanded B cells in the CSF of 
patients with MS show evidence of somatic hypermutation 
indicative of localized antigen-​driven affinity matu-
ration87,89,94–96. Parenchymal lesions, meninges, CSF,  
cervical lymph nodes and blood contain partially 
clonally related IgG molecules, implying that multi
directional B cell exchange occurs between these com-
partments32,95,97–101. Importantly, clonal B cells persist 
in the CSF of patients with MS and do not seem to be 
affected by immunomodulatory therapies102.

Accumulating evidence has highlighted the impor-
tance of the antigen-​presenting function of B cells for 
T cell activation in MS (Fig. 2). Peripheral, CSF and CNS 
B cells in patients with MS express increased levels of 
T cell co-​stimulatory proteins and MHC class II mole-
cules103–105. Polymorphisms that alter the expression of 
specific gene products associated with B cell maturation 
and antigen presentation are associated with the risk 
of MS in some, but not all, patients106. MHC class II- 
restricted antigen presentation by B cells is required for 
the induction of clinical symptoms and characteristic 
pathology in models of EAE that require both B cells and  
T cells13,28,107–110. Activated B cells can present myelin  
and other CNS antigens to inflammatory autoreactive 

Fig. 2 | B cells in the immunopathogenesis of multiple sclerosis (Ms). B cells present 
antigen to T cells in peripheral secondary lymphoid tissue. Presentation of myelin-​related 
proteins is associated with the MS risk allele HL A-​DRB1*15:01. These T cells reciprocally 
activate B cells, leading to their secretion of proinflammatory cytokines, such as IL-6, 
granulocyte–macrophage colony-​stimulating factor (GM–CSF) and tumour necrosis 
factor (TNF). Activated B cells and activated T cells travel to the central nervous system 
(CNS) in various ways, including across the blood–brain barrier (BBB). Once in the 
perivascular space, these activated B and T cells interact with macrophages, and can 
then cross the glia limitans to enter the CNS parenchyma. This infiltration of autoreactive 
immune cells from the periphery to the CNS can be conceptualized as ‘outside-​in’ 
inflammation. Although T cells are abundant in the MS lesion parenchyma and 
perivascular space, most B cells are confined to the perivascular space. Microglia are the 
predominant immune cell at the leading edge of actively demyelinating lesions, which 
abuts normal-​appearing white matter (NAWM). A subset of MS lesions (often referred to 
as pattern II) involve deposition of antibody and complement. Memory B cells, T cells and 
plasma cells enter the cerebrospinal fluid (CSF) through either the blood–CSF barrier or 
the blood–meningeal barrier. B cell aggregates are found in the pia mater overlying the 
cortex in all subtypes of MS. In secondary progressive MS, ectopic follicle-​like lymphoid 
structures containing B cells, plasma cells, T cells and follicular dendritic cells are found 
along the meningeal pia mater. Antibody-​producing memory B cells and plasma cells in 
the CSF of patients with MS give rise to oligoclonal bands. Persistence of lymphocytes  
in the CNS parenchyma, meninges and CSF can be conceptualized as ‘compartmentalized’ 
inflammation. B cells in the CSF of patients with MS are clonally related to B cells in the 
periphery and in the CNS parenchyma, which suggests that communication occurs 
between these compartments (although B cells in the CSF can undergo further somatic 
hypermutation). Disease-​modifying therapies for MS (blocking arrows) mediate their 
effects largely through their actions on lymphocytes in the periphery. Anti-​CD20 
monoclonal antibodies predominantly deplete B cells, whereas anti-​CD52 monoclonal 
antibodies deplete T cells and B cells. Sphingosine 1-phosphate receptor (S1PR) 
modulation prevents egress of T cells and B cells from lymphoid tissue, resulting in 
lymphopenia. Monoclonal antibodies directed against very late antigen 4 (VL A4) block 
the transit of B cells and T cells across the BBB.

◀

Somatic hypermutation
Insertion of point mutations 
into the immunoglobulin gene 
variable (V) region, which 
increases antibody diversity 
and allows the generation of 
antibodies with high affinity for 
antigen (affinity maturation).
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T cells in MS and EAE105,111–113. In turn, T follicular helper 
cells, which promote B cell proliferation and differen-
tiation, isotype switching and antibody production in 
geminal centres (Fig. 1), have a key role in MS pathogene-
sis114–116. Thus, bidirectional B cell–T cell communication 
is crucial in both homeostasis and disease.

Treatment. The remarkable efficacy of therapies that tar-
get CD20 in patients with MS has confirmed that B cells are 
critical to MS pathogenesis. Treatment with anti-​CD20 
monoclonal antibodies, such as rituximab and ocreli-
zumab, results in the near-​complete ablation of CD20+ 
B cells in the blood, CSF117 and CNS perivascular space118 
(Fig. 2), despite limited penetration of this agent across 
the BBB. Memory (CD27+) and naive (CD27–) B cells 
are efficiently depleted following anti-​CD20 mono
clonal antibody therapy119,120. Reconstitution occurs  
ontologically (Fig. 1), initially shifting towards a primarily 
naive (CD27–) B cell phenotype120–122. Plasmablasts and 
plasma cells, the cells that produce antibodies, do not 
generally express CD20 (Fig. 1) and are thus not directly 
depleted by anti-​CD20 monoclonal antibodies.

Importantly, the clinical benefit of anti-​CD20 B cell 
depletion in MS frequently precedes reductions in total 
IgM and IgG levels, demonstrating that the initial thera-
peutic effect of anti-​CD20 treatment in MS is not due to 
a reduction in global humoral immunity122,123. In patients 
with MS, memory B cells produce elevated amounts of 
proinflammatory cytokines, including IL-6, granulocyte–
macrophage colony-​stimulating factor and TNF, and 
produce decreased amounts of anti-​inflammatory 
cytokines, such as IL-10 (refs121,124–127). The IL-6 produced 
by B cells promotes differentiation of proinflammatory 
TH17 cells28,125, whereas the granulocyte–macrophage 
colony-​stimulating factor they produce stimulates pro-
duction of proinflammatory cytokines (IL-6 and IL-12) 
by myeloid cells126. By contrast, the IL-10 produced by  
IgA-​secreting plasma cells might have a protective role 
in MS16. Following cessation of anti-​CD20 therapy,  
the reconstituting B cells exhibit reduced production of 
proinflammatory cytokines and increased production 
of IL-10 (refs125,126), consistent with an increased pro-
portion of naive B cells. Studies in animal models also 
suggest that the immunoregulatory effects of anti-​CD20 
treatment are partly associated with changes in T regula-
tory cells and monocytes128. The importance of maintain-
ing a balance between proinflammatory memory B cells 
and B regulatory cells in MS pathogenesis is highlighted 
by the failed clinical trials of atacicept, a recombinant 
fusion protein that blocks several B cell maturation and 
survival factors such as BAFF and TNF ligand super-
family member 13 (also known as APRIL)129. The ataci
cept trials in patients with MS were halted owing to 
an increase in relapses130,131, which were associated with 
increases in the levels of memory B cells132 and reductions 
in the levels of IL-10-producing B cells133.

The results of clinical trials have taught us much 
about MS pathophysiology. The most effective disease-​
modifying therapies for MS involve ablation122,134 or 
blocking the trafficking135–138 of B cells and T cells in the 
periphery, which results in a substantial reduction in new 
CNS lesion formation and associated clinical relapses. 

This observation indicates that MS relapses are medi-
ated by episodes of BBB breakdown with recruitment 
of peripheral lymphocytes and macrophages into the  
CNS, a process we refer to herein as ‘outside-​in’ immuno
pathology (Fig. 2). In comparison, disease-​modifying 
therapies for MS (including anti-​CD20 therapies) have 
a much more modest effect on the progressive phase of 
the disease139,140. This lack of efficacy is thought to be at 
least partly due to sequestration (that is, compartmental-
ization) of some pathogenic immune responses behind 
an intact BBB. Although B cell and T cell numbers are 
reduced in the CSF of rituximab-​treated patients117, the 
concentrations of rituximab in CSF are approximately 
1,000-fold lower than in blood141. In addition, oligoclonal 
bands in the CSF of patients with MS are not affected by 
treatment with anti-​CD20 monoclonal antibodies117,142. 
Aggregates of B cells in the leptomeninges of patients 
with progressive MS are linked to subpial cortical pathol-
ogy37, and this represents another CNS-​confined com-
partment that is difficult to target with current therapies 
(Fig. 2). In B cell-​dependent models of EAE, intrathecal 
administration of anti-​CD20 monoclonal antibodies par-
tially reduced levels of B cells in the meninges and CNS 
parenchyma, although this reduction did not correlate 
with clinical improvement143. Attempts have been made 
to target B cells in poorly accessible CNS compartments 
by intrathecal rituximab administration in patients with 
progressive MS; however, this treatment resulted in only 
partial and transient reductions of the levels of B cells in 
the CSF144–146 and had an unclear effect on the clinical 
course145. The ability to manipulate immune responses 
sequestered behind the BBB therefore remains an ongo-
ing therapeutic challenge in CNS inflammatory diseases 
characterized by a compartmentalized pathophysiology. 
By contrast, systemic administration of B cell-​depleting 
therapies can achieve sustained disease suppression in 
antibody-​mediated CNS disorders that are mediated pre-
dominantly by immune reactions originating outside the 
CNS, such as in neuromyelitis optica (NMO) spectrum 
disorder (NMOSD).

Neuromyelitis optica spectrum disorder
NMOSD is a rare inflammatory demyelinating disorder 
that predominantly affects the spinal cord, optic nerves 
and brainstem, and less frequently affects the brain147. 
Soon after the first reports were published in the late 
nineteenth century148,149, NMOSD was considered a 
clinical variant of MS, the most common CNS inflam-
matory demyelinating disease150. In 2004, most patients 
with NMOSD were found to have elevated serum levels 
of IgG1 antibodies, a T cell-​dependent antibody sub-
class, and it was found that these antibodies bound to 
structures adjacent to the CNS microvasculature and 
pia mater151,152. Subsequently, aquaporin 4 (AQP4),  
a membrane-​bound water channel expressed abundantly 
on astrocyte end-​feet, was identified as the target antigen 
of these antibodies (also called NMO-​IgG). Accordingly, 
NMOSD was recognized to be primarily a humoral auto-
immune disease, and was redefined as a disease entity 
distinct from MS152,153.

Although NMOSD can mimic the clinical presenta-
tion of MS, NMOSD differs from MS in its epidemiology 
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and pathogenesis. NMOSD has an estimated preva-
lence of 0.1–4.4 cases per 100,000 individuals147, more 
than 30-fold fewer than MS, and therefore has been 
designated as an orphan disease. About 85% of anti-​
AQP4-seropositive patients with NMOSD are female154, 
compared with the 3:1 female–male ratio in MS. Unlike 
patients with RRMS, who typically experience mild 
relapses with good recovery, patients with NMOSD 
have an increased frequency and severity of relapses 
with incomplete recovery and an increased likelihood 
of death147. A secondary progressive phase, which occurs 
commonly in MS, is rare in NMOSD.

Pathophysiology. NMOSD exhibits a primarily outside-​in  
immunopathology (Fig. 3). Anti-​AQP4 IgG1 antibodies 
are present in the serum of 70–90% of patients with 
NMOSD155,156 and titres are up to 1,000-fold higher 
in blood than in CSF157. CSF and peripheral B cell VH 
sequences are aligned with one another158, and CSF oligo
clonal bands are present in only 15–30% of patients with 
NMOSD147. Anti-​AQP4 IgG-​producing B cells seem to 
arise from naive autoreactive B cells owing to defects 
in central and peripheral tolerance but require somatic 
hypermutation for AQP4 binding159.

NMOSD and MS have distinct histopathologi-
cal features160. Antibody and complement deposition 
in association with astrocyte loss is a key feature of 
NMOSD lesions. Unlike MS lesions, those associated 
with NMOSD are characterized by an abundance of 
neutrophils and eosinophils, with few lymphocytes161,162 
(Fig. 3). Numbers of neutrophils, which are not detected 
in normal CSF, are elevated in the CSF of patients 
with NMOSD and are associated with elevated lev-
els of IL-17, a neutrophil-​attracting proinflammatory 
cytokine163. In addition, levels of TH17 cells are increased 
in the peripheral blood of patients with NMOSD164, and 
AQP4-specific T cells in such patients exhibit TH17 cell 
polarization165, which suggests that NMOSD is a TH17 
cell-​associated disease. This idea is further supported by 
the fact that IFNβ therapy, a common therapy for MS, 
increases relapse rates in patients with NMOSD166,167 
possibly by increasing levels of IL-17 (ref.168). The levels 
of a number of other proinflammatory cytokines are ele-
vated in the CSF in patients with NMOSD169, including 
IL-6, the level of which is elevated in the CSF during dis-
ease exacerbations170,171. IL-6 promotes the development 
and maintenance of TH17 cells172 and stimulates plasma 
cell development and antibody production173,174. These 
data provided the rationale for clinical trials of anti-​IL-6 
receptor monoclonal antibodies, such as satralizumab 
and tocilizumab, which have been shown to reduce 
relapse rates in patients with NMOSD175.

The pathogenicity of anti-​AQP4 antibodies (which 
are predominantly IgG1, a T cell-​dependent isotype) has 
been demonstrated both in vitro and in vivo. Anti-​AQP4  
IgG causes CDC in transfected cells176–179, and intra
cerebral injection of AQP4-specific IgG along with com-
plement in rodents causes demyelination resembling the 
lesions associated with NMOSD178. Peripheral admin-
istration of anti-​AQP4 IgG together with either patho
genic T cells180 or human complement promotes the 
development of NMOSD-​like CNS lesions in rodents178. 

Moreover, high-​dose systemic administration of anti-​
AQP4 IgG can directly induce CNS pathology, although 
this effect is enhanced in the presence of T cells181. 
AQP4-specific IgG also promotes antibody-​dependent 
cellular cytotoxicity182. Most data, however, indicate that 
the presence of anti-​AQP4 antibodies is not pathogenic 
in the absence of CNS inflammation.

Although AQP4 is most strongly expressed in the 
CNS, it is also present in epithelial cells in the kidney 
(collecting duct), stomach (parietal cells), airways, sali-
vary glands and skeletal muscle183. Despite rare reports 
of myositis in patients with NMOSD, peripheral organ 
damage does not typically occur, which raises the ques-
tion of why AQP4-specific IgG selectively targets the 
CNS. As described for CNS tissue injury by AQP4-
specific antibodies, cell-​mediated inflammation could 
be a prerequisite for peripheral organ damage by AQP4-
specific antibodies180,184. Another compelling explana-
tion for CNS organ selectivity is the high expression of 
complement inhibitory proteins in peripheral tissues185, 
which protects AQP4-expressing cells in the periphery 
from CDC183. Lastly, the unique organization of AQP4 
into orthogonal arrays of particles in astrocytes seems to 
influence anti-​AQP4 IgG binding and CDC186.

To date, the triggers for NMOSD remain elusive, 
although environmental factors such as gut bacteria 
have been suggested to play a crucial part187–189. One 
study reported an increased abundance of Clostridium  
perfringens in patients with NMOSD187. The ATP-​binding 
cassette transporter of C. perfringens shares sequence 
homology with AQP4 and is able to stimulate AQP4-
specific CD4+ T cells from patients with NMOSD, which 
suggests that molecular mimicry might contribute to  
the pathogenesis of NMOSD165,187,189 (Fig. 3).

Treatment. Owing to the high morbidity associated with 
NMOSD exacerbations, immunosuppressive therapy is 
typically started soon after the first attack147,190,191. Several 
immunomodulatory agents used in patients with MS, 
including IFNβ166,167, natalizumab192 and fingolimod193, 
can precipitate exacerbations of NMOSD, highlighting 
the distinct immunopathological features of these two 
diseases. The importance of complement in NMOSD 
lesion development served as the foundation for devel-
opment of the complement inhibitor eculizumab, which 
showed remarkable efficacy in clinical trials194,195 and 
became the first approved medication for NMOSD. 
B cell depletion using anti-​CD20 (refs196,197) and anti-​
CD19 (ref.198) monoclonal antibody therapies is very 
effective in NMOSD. However, despite the pathogenic 
role of AQP4-specific autoantibodies in NMOSD, thera
peutic responses following B cell-​depleting therapy do 
not necessarily correlate with reductions in peripheral 
antibody titres197,199,200, indicating that factors in addition 
to anti-​AQP4 IgG are required for mediating NMOSD 
pathophysiology201 (Fig. 3).

MOG antibody-​associated disorder
We now recognize that the clinical presentation 
and prognosis of AQP4-seronegative and AQP4-
seropositive patients with NMO frequently differ202–204. 
Anti-​MOG antibodies are rarely detected in patients 
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Fig. 3 | B cell-​mediated pathogenesis of neuromyelitis optica 
spectrum disorder (NMosD) and myelin oligodendrocyte 
glycoprotein (MoG) antibody-​associated disease. a | In the lymph 
nodes of patients with NMOSD, aquaporin 4 (AQP4)-specific B cells 
differentiate into anti-​AQP4 antibody-​secreting plasma cells generated 
through interactions with proinflammatory CD4+ T cells, such as T follicular  
helper cells (TFH cells), which are also specific for AQP4. The gut 
microbiota, such as an overabundance of Clostridium perfringens, might 
influence the development of NMOSD, possibly through molecular 
mimicry of AQP4-specific T cells. The levels of proinflammatory IL-6  
and IL-17 are increased in the periphery and cerebrospinal fluid (CSF). 
IL-6 is also important for plasma cell development. Anti-​AQP4 IgG 
antibodies, along with complement, eosinophils and neutrophils, cross 
the blood–brain barrier (BBB), where they bind to AQP4 (denoted by  
blue symbols) on astrocyte end-​foot processes. This inflammatory response 
causes an AQP4-mediated astrocytopathy that leads to secondary 
demyelination and neurological impairment. Plasmapheresis, which is 
sometimes used to treat short-​term relapse in patients with NMOSD, helps 
to clear soluble proteins, including IgG, proinflammatory cytokines and 

complement, from the blood. Several disease-​modifying therapies for 
NMOSD target B cells in the periphery (blocking arrows). Anti-​CD20 
monoclonal antibodies deplete most B cells, including memory B cells 
(but not plasma cells). Anti-​CD19 monoclonal antibodies also deplete 
anti-​AQP4 IgG-​producing plasmablasts. Anti-​IL-6 receptor (anti-​IL-6R) 
monoclonal antibodies block the proinflammatory effects of IL-6, 
including IL-6-stimulated antibody production by plasma cells. 
Complement can also be blocked through anti-​complement monoclonal 
antibodies, such as eculizumab. b | In MOG antibody-​associated spectrum 
disorder (MOGSD), MOG-​specific TFH cells promote differentiation of 
MOG-​specific B cells into anti-​MOG antibody-​secreting plasma cells 
outside the central nervous system (CNS). Upon CNS inflammation, 
thought to be caused by proinflammatory MOG-​specific T cells and 
macrophages, anti-​MOG antibodies enter the CNS and bind to MOG, 
where they cause oligodendrocyte damage and demyelination. However, 
it is not yet known whether complement participates in the pathogenesis 
of MOGSD. Steroids and plasmapheresis are used for the treatment of 
MOGSD but it is not clear whether B cell depletion is as effective  
in MOGSD as it is in NMOSD.
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with MS205–208 but have been identified in up to 50% of 
patients with AQP4-seronegative NMOSD66,209–217 and 
in 40–47% of paediatric patients with acute demyelinat-
ing encephalomyelitis205,218,219. Indeed, more diseases are 
associated with anti-​MOG antibodies than with anti-​
AQP4 antibodies. Besides causing opticospinal disease 
resembling NMOSD, anti-​MOG antibodies have been 
identified in association with atypical presentations of 
optic neuritis220, cortical encephalitis and seizures221–223, 
a leukodystrophy-​like presentation in children224 and 
meningitis with intracranial hypertension225. Currently, 
no consensus has been reached with regard to the 
nomenclature of diseases associated with anti-​MOG 
antibodies. Accordingly, given the diversity of clinical 
phenotypes, we introduce the term ‘MOG spectrum 
disorder’ (MOGSD) to refer to this group of diseases.

Pathophysiology. MOG is expressed exclusively within 
the CNS and is located on the outer lamella of the myelin 
sheath226. MOG is a well-​known autoantigen in EAE227–229. 
Histological analysis of CNS tissue samples from a lim-
ited number of anti-​MOG-seropositive patients with 
encephalitis identified numerous myelin-​filled macro
phages in areas of demyelination, with deposition of IgG  
and activated complement230,231. The composition of 
these lesions more closely resembles the most common  
MS lesion type (pattern II) than it does the lesions found 
in AQP4-seropositive patients with NMOSD232. These 
pathological findings are consistent with observations 
that anti-​MOG antibodies are typically of the IgG1 iso-
type205, which can activate complement and promote 
CDC. In animal models, the presence of anti-​MOG 
IgG alone is insufficient to elicit CNS inflammation and 
demyelination233. Despite the presence of complement in 
CNS lesions of anti-​MOG-seropositive patients, patient-​
derived anti-​MOG antibodies demonstrate a limited 

ability to initiate complement-​mediated demyelination 
either in vitro179,218,234 or in vivo in animal models235,236. 
Pathogenicity of anti-​MOG IgG in animal models has 
been demonstrated primarily when antibody transfer is 
accompanied by CNS inflammation induced by myelin-​
specific T cells28,236. These data highlight the importance 
of the cellular and humoral arms of the adaptive immune 
system in MOG antibody-​associated CNS autoim-
munity. The heterogeneity of MOGSD clinical pheno-
types might reflect, in part, differences in the relative 
contribution of MOG-​specific antibodies, complement 
and T cells.

Despite the increasing number of conditions asso-
ciated with anti-​MOG antibodies, the immune triggers 
remain largely unknown. Disease onset or relapse is 
often preceded by infections or vaccination237,238, sug-
gesting the existence of peripheral immune triggers. 
Only a minority of anti-​MOG-seropositive patients 
have detectable antibodies in CSF215,239, and most have 
a normal IgG index and no oligoclonal bands, indicat-
ing that MOGSD has an outside-​in pathophysiology 
similar to that of anti-​AQP4 NMOSD. Although MOG 
antibody-​positive patients respond to steroids and 
plasmapheresis, it is not clear that B cell depletion is as 
effective as in NMOSD238.

Anti-​N-methyl-​d-aspartate receptor encephalitis
The autoimmune encephalitides constitute a group of 
inflammatory brain diseases characterized by prominent 
neuropsychiatric symptoms associated with antibodies 
that target neuronal proteins240. Antibodies to more than 
ten CNS targets have been identified for encephalitides 
of various phenotypes (Table 1). The annual incidence of 
all types of antibody-​mediated encephalitis is approxi-
mately 5–8 cases per 100,000 (ref.240). As for acute demy-
elinating encephalomyelitis, CNS viral infections are 
well-​known causes of encephalitis241. In many patients, 
however, the cause is unknown241,242.

In 2007, Dalmau and colleagues first described an 
encephalitis syndrome characterized by memory deficits, 
psychiatric symptoms and decreased consciousness that 
occurred in young women with ovarian teratomas and was 
associated with antibodies targeting the NR1 subunit of 
N-​methyl-d-​aspartate receptors (NMDARs)243–245, a sub-
class of neuronal excitatory glutamate receptors. The prev-
alence of autoimmune encephalitis is now recognized to 
be similar to that of infectious encephalitis; anti-​NMDAR 
encephalitis, which affects predominantly children and 
young adults, is among the most common forms242.

Autoimmune encephalitis syndromes mediated by 
autoantibodies that target cell-​surface CNS antigens 
are associated with humoral immunity, such as anti-​
NMDAR encephalitis. By contrast, cytotoxic T cells, 
which recognize processed antigens, have a prominent 
role in autoimmune encephalitis syndromes associated 
with immune responses to intracellular antigens, such as 
anti-​Hu encephalitis240.

Pathophysiology. Two reported clinical conditions can 
lead to anti-​NMDAR encephalitis. More than half of 
patients with anti-​NMDAR encephalitis have a history 
of malignancy, most often young women with ovarian 

Table 1 | overview of autoantibody targets in autoimmune encephalitis syndromes

Autoantibody target clinical presentation refs

N-​Methyl-d-​aspartate receptor 
(specifically the NR1 subunit)

Psychosis, seizures, memory deficits, 
autonomic dysfunction

243–245

Leucine-​rich glioma-​inactivated 
protein 1 (LGI1)

Memory deficits, confusion, seizures 310,311

Contactin-​associated protein-​
like 2 (CASPR2)

Cognitive changes, cerebellar symptoms, 
autonomic dysfunction, insomnia, 
neuropathic pain, weight loss

311

AMPA receptor (specifically 
glutamate receptors 1 and 2)

Memory deficits, confusion, seizures 312

GABA receptors (specifically 
types A or B)

Memory deficits, confusion, seizures 313

IgLON family member 5 
(IGLON5)

Sleep disorder, bulbar symptoms, cognitive 
impairment

314

Dipeptidyl peptidase-​like 
protein 6 (DPPX)

Gastrointestinal sympoms, hyperexcitability 
(agitation, tremor, seizures, myoclonus), 
cognitive dysfunction, memory deficits

315

Glycine receptor Progressive encephalomyelitis, rigidity  
and myoclonus

316,317

Glutamic acid decarboxylase Progressive encephalomyelitis, rigidity  
and myoclonus

318

Metabotropic glutamate 
receptor 5 (MGLUR5)

Movement disorder, sleep dysfunction, 
seizures

319
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teratoma, which contains neuronal tissue that expresses 
NMDARs245. Evidence indicates that this ectopic 
NMDAR expression serves as the stimulus for NMDAR-​
specific peripheral B cell and T cell responses (Fig. 4). 

A smaller proportion of anti-​NMDAR encephalitis 
cases occur following encephalitis caused by the neuro
tropic virus herpes simplex virus 1 (HSV-1)246–248. 
Virus-​induced neuronal damage and the associated 
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Fig. 4 | Anti-​N-methyl-​d-aspartate receptor (NMDAr) encephalitis. This autoantibody-​mediated encephalitis syndrome 
is caused either by a peripheral tumour (most commonly ovarian teratoma) that ectopically expresses NMDARs (1) or by 
neuronal injury secondary to herpes simplex virus 1 (HSV-1) encephalitis (2). Tumour cells are taken up by antigen-​presenting 
cells (APCs), which activate NMDAR-​specific B cells and T cells in local draining lymph nodes. In addition, lymphocytes and 
APCs might directly infiltrate peripheral tumours, leading to local antigen-​specific immune responses within the teratoma 
(not shown). Anti-​NMDAR-specific B cells and antibodies then travel to the central nervous system (CNS). Alternatively ,  
the neuronal injury caused by HSV-1 encephalitis can release both viral and neuronal antigens, including NMDARs. As a 
result of epitope spreading, uptake of these antigens by local APCs leads to activation of NMDAR-​specific B cells and T cells 
in the CNS. The presence of autoantibodies directed against NMDARs in the CNS leads to internalization of NMDARs and 
neuronal dysfunction (central part). In both scenarios, NMDAR-​specific B cells and plasma cells are enriched in the CNS. 
Titres of anti-​NMDAR antibodies are typically higher in the cerebrospinal fluid (CSF) than in plasma, and oligoclonal bands 
are frequently present, suggesting that the autoimmune process is largely compartmentalized within the CNS. BBB,  
blood–brain barrier ; GC, germinal centre.

www.nature.com/nrn

R e v i e w s



CNS tissue inflammation presumably causes release of 
NMDARs, which trigger NMDAR-​specific T cell and  
B cell immune responses within the CNS.

Compelling clinical and laboratory evidence sup-
ports the pathogenicity of anti-​NMDAR antibodies in 
patients with anti-​NMDAR encephalitis. High titres 
of anti-​NR1 antibodies in CSF are generally correlated 
with worse clinical outcomes in affected patients249. 
However, neuronal and synaptic loss do not occur to a 
clinically significant extent in anti-​NMDAR encepha
litis, and no evidence indicates the presence of either 
CDC or antibody-​dependent cellular cytotoxicity250,251. 
Rather, the pathogenicity of anti-​NR1 antibodies seems 
to result from crosslinking of surface NMDARs, lead-
ing to their reversible internalization and subsequent 
neuronal hypofunction240,252. Anti-​NR1 antibodies 
localize to the synapses and cause a reversible decrease 
in NMDAR density in rodent antibody transfer mod-
els245,252–256. Intraventricular injection of anti-​NMDAR 
IgG from patients with anti-​NMDAR encephalitis pro-
duces memory deficits, anhedonia and depression-​like 
behaviours in mice255,257.

Numerous B cells and plasma cells are found, along 
with T cells, in perivascular and interstitial spaces in the 
CNS of patients with anti-​NMDAR encephalitis240,256,258, 
although lymphocyte levels are generally low in CNS 
parenchymal lesions250,251. Unlike in NMOSD, in which 
anti-​AQP4 antibody levels are higher in serum than in the 
CSF, anti-​NMDAR antibodies are more reliably detected 
in the CSF than in serum245,249. Clonally expanded 
NMDAR-​specific plasma cells have also been detected in 
the CSF of patients with anti-​NMDAR encephalitis256, and 
B cells in the CSF of these individuals can produce anti-​
NR1 antibodies254. Furthermore, CSF oligoclonal bands 
are also frequently detected in individuals with anti-​
NMDAR encephalitis245,258. Plasmapheresis is often inef-
fective in individuals with anti-​NMDAR encephalitis259, 
in contrast to patients with disorders such as NMOSD 
and myasthenia gravis, in which antibody production 
occurs in the periphery. Although malignancy-​associated 
NMDAR-​specific immunity is similarly triggered 
peripherally, these findings collectively highlight an 
NMDAR-​specific B cell response that becomes compart-
mentalized in the CNS in both tumour-​associated and 
virus-​associated anti-NMDAR encephalitis (Fig. 4).

Neurodegenerative diseases
Understanding how the immune system participates in 
the pathogenesis of neurodegenerative diseases, including 
Parkinson disease (PD), Alzheimer disease (AD), amyo-
trophic lateral sclerosis, frontotemporal dementia and 
some leukodystrophies, has attracted substantial interest. 
Here we focus on PD and AD, two of the most common 
CNS neurodegenerative diseases, each of which is asso-
ciated with characteristic CNS pathology. Although not 
associated with inflammation in the CSF260,261, activation 
of the innate immune system, in particular microglia, is 
strongly implicated in the pathogenesis of both PD and 
AD262,263. Whether the adaptive immune system contri
butes to these disorders is an area of active research. Here 
we review evidence supporting the potential roles of  
B cells and humoral responses in PD and AD.

Parkinson disease. PD is the second most common 
neurodegenerative disorder (after AD), and is charac-
terized by movement abnormalities, often accompanied 
by cognitive impairment. The pathological hallmark of 
PD is intracellular aggregations of α-​synuclein termed 
‘Lewy bodies’, which result in neuronal toxicity.

Indirect evidence supports the involvement of adap-
tive immunity in PD. Specific HLA variants (HLA-​
DRA and HLA-​DRB1) are associated with PD264,265, and 
α-​synuclein-specific T cells might be involved in the 
pathogenesis of PD266. By contrast, β-​synuclein-reactive 
T cells have been linked to grey matter pathology in a rat 
model of MS267. The levels of activated T cells are also 
increased in the CSF of patients with PD268, and T cells are  
detectable in the midbrains of these patients269. A potential  
role for B cells in PD is also emerging. Although B cells 
have not been detected in the brains of patients with PD269,  
deposits of IgG are found on dopaminergic neurons in 
these patients, and Lewy bodies themselves are coated 
with IgG270, which suggests that dopaminergic neurons 
might be targeted by these immunoglobulins (Fig. 5). Some 
data suggest that levels of anti-​α-synuclein antibodies are 
increased in the blood271–274 and CSF275,276 of patients with 
PD. Antibodies that target nitrated α-​synuclein are elic-
ited following injection of 1-methyl-4-phenyl-1,2,3,6-tet-
rahydropyridine (a toxin that targets dopaminergic 
neurons) into mice277, although no pathogenic role has 
been identified for such antibodies. Bulk IgG obtained 
from patients with PD caused selective dopaminergic 
neuron loss in passive transfer experiments compared 
with IgG from control individuals, although the pre-
cise specificities of the transferred IgG antibodies were 
not defined278. B cell levels might be reduced in patients 
with PD279,280, which could be linked to alterations in 
the expression of B cell-​related genes272,281. Expression 
of LRRK2 (encoding dardarin, also known as leucine-​
rich repeat serine/threonine-​protein kinase 2), a gene 
linked to familial PD, is increased in B cells in patients 
with PD282 and is associated with altered B cell function in 
mice283. Despite increasing evidence of a potential role for 
B cells in PD, it is unclear whether the observed changes 
in adaptive immunity are causal or are secondary to the 
CNS injury associated with its pathogenesis. Early clinical 
trials are under way to determine whether treatment with 
anti-​α-synuclein monoclonal antibodies benefits patients 
with PD284.

Alzheimer disease. AD is the most common type of 
dementia and presents with progressive memory loss and 
cognitive impairment that ultimately proves fatal. AD is 
characterized by extracellular amyloid-​β (Aβ) plaques, 
intracellular neurofibrillary tangles containing hyper-
phosphorylated tau and neuronal loss in the CNS grey 
matter. A prominent role for the innate immune system 
in AD has been recognized: areas of AD plaques contain 
an increased number of activated microglia containing 
intracellular Aβ262. By contrast, limited evidence sup-
ports a pathogenetic role of the adaptive immune system, 
including B cells, in AD. Certain HLA alleles, including 
HLA-​DRB1*15:01, are associated with an elevated risk of 
developing AD285. Reductions in the levels of peripheral 
B cell subsets have been detected in some patients with 
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AD286–288 and might be linked to genetic changes in these 
cells289. In addition, conflicting reports describe either 
pathogenic280 or protective281 effects of B cells in mouse 
models of AD. The increasing evidence that infections 
with herpesviruses and other pathogens might be asso-
ciated with AD is also worthy of note, and these associa-
tions could be an additional link to the adaptive immune 
system290.

Antibodies directed against Aβ or tau can be used to 
visualize their target antigens in AD brain tissue291,292, 
although little evidence suggests that these antibodies 
can cross the BBB in vivo. Reports of whether levels of 
antibodies against Aβ42 (the most aggregation-​prone 
and neurotoxic species of Aβ) in either serum or CSF 
differ between patients with AD and healthy control 
individuals have been very inconsistent286,293–296. These 
inconsistencies might be related to increased binding of 
anti-​Aβ antibodies to Aβ42 in patients with AD, which 

would lead to reductions in the levels of both free anti-
body and unbound antigen297 (Fig. 5). Such a phenom-
enon could account for the observed reduction in the 
levels of soluble Aβ42 in the CSF of patients with AD, 
which supports a potential therapeutic benefit of anti-​
Aβ antibody therapy. Indeed, intracerebral administra-
tion of anti-​Aβ antibodies in AD-​prone animals led to 
clearance of Aβ plaques, which was at least in part due 
to effects on microglia298. The presence of anti-​Aβ anti-
bodies in healthy individuals was the basis for clinical 
trials of intravenous immunoglobulin (IVIG)299, a mix-
ture of polyclonal antibodies from numerous donors, 
in patients with AD. Similarly to the results of studies 
involving purified anti-​Aβ monoclonal antibody, injec-
tion of IVIG into the CNS in animal models of AD led 
to Aβ clearance and microglial activation300. Although 
IVIG treatment did not slow cognitive decline due to 
AD in human phase III clinical trials, treated individuals 
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showed a reduction in serum Aβ42 levels compared with 
placebo-​treated patients301.

Additional immune-​based strategies have been 
attempted to clear toxic forms of Aβ in patients with 
AD. One clinical trial of Aβ immunization (that is, 
vaccination) was halted owing to the development of 
T  cell-​associated meningoencephalitis in a subset 
of patients with AD302,303. The patients who developed 
this treatment-​related complication demonstrated T cell 
immunity against Aβ, which was more common in 
patients carrying the HLA-​DRB1*15:01 allele304.

Unfortunately, clinical trials of Aβ plaque clear-
ance strategies using anti-​Aβ monoclonal antibodies 
in patients with mild-​to-moderate AD have not clearly 
led to clinical improvements305–307. These studies might 
have failed because in these participants the disease pro-
cess was too advanced for them to benefit from plaque 
clearance, or alternatively these failures might represent 
insufficient understanding of the pathophysiological 
and therapeutic relevance of the humoral response in 
AD. Collectively, the evidence for a prominent role of 
B cells in AD pathogenesis remains unsubstantiated and 
warrants further research.

Conclusions
Appreciation for the contribution of B cells to CNS 
inflammatory diseases and their potential role in  
CNS neurodegenerative diseases has grown mark-
edly. The role of B cell responses differs considerably 
between different CNS disorders. B cells can have a 
primary role in the initiation of CNS inflammation, 
such as in antibody-​mediated disorders like NMOSD 
and tumour-​associated NMDAR encephalitis. In other 
diseases, antigen release following an initial CNS injury 
leads to an antibody response that develops into CNS 
autoimmunity (that is, by epitope spreading), as occurs 
in HSV-​associated NMDAR encephalitis. Finally, unique 
populations of antibodies are present in the CSF of 
patients with MS, and the available evidence suggests that 
antibody reactivity in these patients is directed against 
a diverse array of CNS autoantigens61,76,78 and non-​
specific cellular debris81,82. Thus, the antibody response 
in MS is complex and could comprise a combination  
of pathogenic and non-​pathogenic specificities.

We have compared MS and antibody-​mediated 
neurological disorders in terms of either peripheral 
autoimmune effectors that originate outside the CNS 
(outside-​in immunopathology) or autoimmune reac-
tions confined to the CNS itself (compartmentalized 
immunopathology). However, we emphasize that these 
two paradigms are not mutually exclusive and both pro-
cesses might occur at the same time or consecutively. 
Nonetheless, it is beneficial to keep these distinctions 
in mind as they are likely to have clinical and thera-
peutic relevance. For instance, although relapses in 

patients with NMOSD can cause sustained severe neuro
logical injury, there is no evidence that these individuals 
develop a progressive neurologic decline independent 
of attacks, consistent with an outside-​in-driven process. 
True remission of NMOSD might therefore be possible 
with use of peripheral immune-​targeted therapies. By 
contrast, the compartmentalized CNS immune response 
occurring in patients with MS continues to be a major 
therapeutic challenge, as it is believed to drive cortical 
pathology and progressive disability41,42.

In the inflammatory CNS disorders in which B cells 
clearly have a pathogenic role, determining the causes of 
failure of immune tolerance is paramount for establish-
ing appropriate treatment. For example, in individuals 
with NMDAR encephalitis, peripheral tolerance can be 
broken by ectopic CNS antigen expression in an ovar-
ian teratoma. In such patients, treatment is directed at 
prompt removal of the tumour, which is adequate to 
extinguish the autoimmune process in some individu-
als. NMDAR encephalitis can also occur following HSV 
encephalitis, probably as a result of epitope spreading, 
which leads to the generation of populations of auto-
reactive B cells distinct from those that respond to 
viral antigen. In these patients, even after clearance of 
the viral antigen, further immunosuppressive therapy 
might be required to treat the secondary autoimmune 
response.

The uncertain relevance of autoantibodies in PD and 
AD highlights the need for caution in interpreting their 
potential contributions to disease. Autoantibodies can 
be generated as a secondary response to cellular injury83 
and might not contribute to pathogenesis. Changes in 
the peripheral B cell compartment in these neurodegen-
erative disorders could be related to genetic factors, but 
their biological relevance is currently unclear. Several cri-
teria must be fulfilled to establish a pathogenetic contri-
bution of B cells to these conditions. First, it is important 
to define which B cells are related to the disease process. 
Sequencing of antibodies and B cells in multiple tissues, 
such as brain, CSF and blood, could be needed to identify 
disease-​relevant clonotypes and detect disease-​specific 
compartmentalization. Second, the antigen specificity of 
those B cell clonotypes must be determined. Screening 
for reactivity to prototypic disease-​specific markers 
(such as Aβ, phosphorylated tau and α-​synuclein) as 
well as unbiased antigen discovery approaches308 should 
be informative. Third, B cell phenotyping and antibody 
transfer studies in relevant animal models can be instru-
mental in confirming the pathogenicity of candidate  
B cells and their corresponding antibodies. Further 
defining the roles of B cells using these approaches is 
expected to facilitate the development of novel therapies 
for these neurodegenerative conditions.
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