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Abstract. It is well known that B lymphocytes differentiate into plasma cells that produce antibodies. B cells also perform
a number of less well-known roles including antigen presentation, regulation of T cells and innate immune cells, cytokine
production, and maintenance of subcapsular sinus macrophages. Given that there is clear evidence of inflammation in
Parkinson’s disease (PD) both in the central nervous system and in the periphery, it is almost certain that B lymphocytes are
involved. This involvement is likely to be complicated given the variety of roles B cells play via a number of distinct subsets.
They have received less attention to date than their counterparts, T cells, and monocytes. B lymphocytes are decreased in
PD overall with some limited evidence that this may be driven by a decrease in regulatory subsets. There is also evidence
that regulatory B cells are protective in PD. There is evidence for a role played by antibodies to alpha-synuclein in PD with
a possible increase in early disease. There are many exciting potential future avenues for further exploration of the role of
B lymphocytes including improving our understanding of the role of meningeal and calvarial (skull bone marrow) based
B cells in health and disease, the use of larger, well phenotyped clinical cohorts to understand changes in peripheral and

cerebrospinal fluid B cells over time and the potential application of B cell targeted therapies in PD.
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AN INTRODUCTION TO B
LYMPHOCYTES

B lymphocytes perform a variety of roles as
part of the adaptive immune system with complex
interactions with other branches of the innate and
adaptive immune systems. Recent evidence sug-
gests that immune cells including B lymphocytes
are likely to interact with the central nervous sys-
tem in complex ways via the meningeal lymphatic
[1, 2] system and via more recently described chan-
nels in the skull bone marrow that allow egress of
calvarial immune cells including B lymphocytes [3,
4]. These discoveries suggest that B lymphocytes
are likely to be involved with the inflammation in
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Parkinson’s disease (PD) in complex ways, both cen-
trally and peripherally, and are potentially a relevant
target for disease modifying therapies.

It is now relatively well established that B lym-
phocytes are reduced in PD [5-8], as this has been
replicated across a number of studies (although not
in all) but the mechanism behind this observation
remains unclear. Scott et al. showed that B cells were
also reduced in transgenic alpha-synuclein mouse
models of PD suggesting that this may be related
to alpha-synuclein pathology [9]. It is also possi-
ble that this represents migration of B cells to other
compartments (e.g., the cerebrospinal fluid (CSF) or
meninges) or alternatively the end result of chronic
stimulation.

To get a clearer understanding of these and other
observations, it is necessary to first review B cell
development and function to appreciate that their role
in PD is likely to be complex as their functions are
diverse.
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Fig. 1. Overview of B cell development and maturation.

B LYMPHOCYTE DEVELOPMENT

B lymphocytes are derived from a common lym-
phoid progenitor in the bone marrow. At the pre-B
cell stage, the nascent IgM molecule is only found
in the cytoplasm, moving to the cell surface in the
immature B lymphocyte to form the B cell recep-
tor (BCR). These cells then leave the bone marrow
as transitional B lymphocytes to circulate in the
blood to secondary lymphoid tissues (the spleen and
lymph nodes mainly but also mucosal tissues, Peyer’s
patches and possibly the meninges) where they differ-
entiate into naive, follicular (circulating or in lymph
nodes) or marginal zone B cells (in the spleen) [10].
Chemokine and cytokine gradients drive subsequent
movement of B cells back into circulation (e.g.,
sphingosine-1-phosphate) or back into lymph nodes
or germinal centers (e.g., CXCL13). Figure 1 gives
a broad overview of this process, showing the major
developmental points, from an immature B cell to a
transitional B cell (which is also one of the B cell
subsets that produces the regulatory cytokine IL10)
(figure and summary modified from Clatworthy et
al. [11]). Subsequently, the B cell may become a
follicular B cell, where upon encountering antigen
and costimulatory signals from follicular T helper
cells (Tth) (including CD40L/CD40, ICOS/ICOSL,
and CD28/CDS86), it can enter the germinal center
reaction where, via a process of clonal selection and

somatic hypermutation, more specific high affinity
antibodies are generated to the antigen (with subse-
quent class switching from IgM to IgG, IgA, or IgG).
The B cells then either differentiate into long lived
plasma cells (homing back to bone marrow) or to
memory B cells which retain the capacity to recognize
antigen and proliferate in response to re-challenge
for decades (at least in humans) [11]. The roles of B
lymphocytes in central nervous system (CNS) disease
more generally are reviewed elsewhere [12, 13].

B LYMPHOCYTE FUNCTIONS

B lymphocytes are usually defined by their ability
to produce antibodies following terminal differen-
tiation to plasma cells. B lymphocytes also secrete
cytokines such as IL6 and tumor necrosis factor
(TNF) [14] which result in activation of IL-17 pro-
ducing T helper 17 cells or interferon-vy secreting type
1 T helper cells. B lymphocytes can also regulate
T cells and the innate response (via production of
largely anti-inflammatory cytokines IL10 and IL35
from so called ‘B10° or regulatory B cells) [15-18],
they can act as antigen presenting cells [19] and reg-
ulate subcapsular sinus macrophages in lymph nodes
[20]. More recently, meningeal B lymphocytes have
been described in the dural lymphatics draining the
brain [1] where they are the predominant immune cell
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[21]. B lymphocytes are also implicated in linking the
gut with the brain: in mouse models of disseminated
fungal infection B lymphocytes are ‘trained’ in the
gut and home to the meninges to protect the brain
[22]. Blocking meningeal drainage in mouse models
of PD also leads to worsening pathology [2].

The inhibitors, or “regulatory” B cells provide
a brake on immune activation. Unlike their well
described counterparts, T regulatory cells, they are
not defined by a single transcription factor (FoxP3
in the case of Tregs) and work via several different
pathways to inhibit either T cell or innate immune
activation. There are an increasing number of B cell
subsets and markers that have been described as reg-
ulatory B cells (which act via several pathways in
additional to IL10). In mice, the most commonly
used surface markers are CD1d and CD5, but stud-
ies have also described IL10 producing, marginal
zone B cells, TIM-1+ B cells, plasmablasts, plasma
cells (also acting via IL-35) PDL1hi cells (acting
via PDL1). In humans, the IL10 producing subset
is usually identified by an immature transitional sub-
set (CD27-) CD24hi CD38hi (acting via PDL1 or
IL10), or as B10 cells CD24hi, CD27+ (IL10) but
also as being CD25hi, CD71hiCD73lo (acting via
both IL10 and IgG4) (markers in both humans and
mice are reviewed in Mauri and Menon [23]). As
one might expect, deficiencies of regulatory B cells
in mouse models and human disease are associated
with increased severity of autoimmune or inflamma-
tory diseases (e.g., systemic lupus erythematosus and
rheumatoid arthritis) while offering some protection
from infection [18, 23].

ANTIBODIES IN PARKINSON’S DISEASE

Many studies to date have now looked for dis-
ease specific antibodies in PD, mainly focusing on
alpha-synuclein. Approximately 30% of neurons in
the substantia nigra were bound by IgG in a post-
mortem study [24]. The Fc (or constant) portion of
IgG is capable of binding to Fc receptors (both acti-
vating and inhibitory) which are present on microglia,
astrocytes, oligodendrocytes, and even neurons in the
CNS [25]. Immunoglobulins also initiate the classi-
cal complement cascade via C1q [26]. It is therefore
mechanistically plausible that antibodies to alpha-
synuclein (or other disease relevant proteins) could
contribute to CNS inflammation associated with dis-
ease progression. A meta-analysis and systematic
review by us in 2018 suggested that there was weak

evidence for increased serum antibodies in early dis-
ease (within the first 6 years) but noted significant
heterogeneity across studies including wide varia-
tion in disease stage, age, clinical parameters, and
the types of antibodies measured [27]. These ini-
tial studies were largely aimed at finding disease
biomarkers rather than exploring pathophysiology.
More recent studies have taken a more sophisti-
cated approach [28] looking at IgG subtypes (1-4) as
well as IgM antibodies against alpha-synuclein find-
ing more complex signatures that differed between
multiple systems atrophy (MSA) and PD (both alpha-
synucleinopathies) and also noting that most of the
previous studies did not discriminate between high
affinity and low affinity antibodies. The former are
likely to be the result of a T cell dependent germi-
nal center reaction following engagement of the BCR
with its cognate antigen (in this case alpha-synuclein
in a pathological state). Low affinity antibodies are
more likely to result from T independent processes
(e.g., activation of B cells by molecular patterns via
toll-like receptors or via the BCR) and be produced
by ‘innate like’ B cells (known as B1 cells which
have mainly been described in mice) (possible mech-
anisms are reviewed in more detail in Scott et al.
[27]). The same authors also recently looked at pro-
dromal PD and MSA, finding that there is an increase
in anti-alpha-synuclein total IgG (including high and
low affinity antibodies) in prodromal PD compared
to MSA and healthy controls, driven by a relative
increase in IgG1 alpha-synuclein antibodies [29]. At
the same time, they describe an overall decrease in the
high affinity antibodies in prodromal disease, noting
that this occurs at an early prodromal stage (>4 years)
in PD. They make a similar observation in established
disease, noting that there is an overall decrease in
high affinity antibodies in PD and MSA [28]. They
also find similar decreases in all IgG subtypes in the
CSF of PD patients [30].

Consistent with their work, we have also found
increased alpha-synuclein antibodies in prodromal
PD patients at high risk of conversion to PD [9]
(but did not find these antibodies in early PD
patients). There is therefore some evidence that
alpha-synuclein antibodies may play a pathological
role. It is, however, unclear where in the disease pro-
cess this is most relevant and what role is played by
different antibody subtypes with varying affinities for
different alpha-synuclein epitopes.

It has also been suggested that the antibodies
could be protective, playing a role in clearance of
pathological proteins (rather than just contributing to
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inflammation). Currently trials of therapeutic anti-
bodies are underway with the hypothesized mech-
anism being improved clearance of pathological
extracellular alpha-synuclein (reviewed in Cas-
tonguay et al. [31]). One possible mechanism for
this is via neuronal uptake of unbound antibody via
FcyRI which is present on the neuronal cell sur-
face. This could then stimulate degradation within
the cell. Alternatively, alpha-synuclein fragments in
complex with immunoglobulin could be internalized
by microglia via FcyRIII [31]. In line with this idea,
Li et al. showed recently that some alpha-synuclein
antibodies derived from patients were able to inhibit
seeding of alpha-synuclein in vitro (and that this
was epitope dependent). These same mechanisms are
likely to be at play with naturally produced antibodies
although the effects may be more complex depend-
ing on the concentration and subtype of the antibody
(which affects which downstream Fc receptors are
engaged, for example, as some Fc receptors are high
affinity whilst others are low affinity and they can
be either inhibitory or excitatory [32]). It is interest-
ing to note that at least one candidate for therapeutic
vaccination (ABBV-0805) uses the IgG4 molecule to
avoid the more extensive complement binding seen
with IgG1 as well as weaker engagement with Fcy
receptors [33].

The results of phase II antibody trials are therefore
eagerly awaited. If early trials fail to show efficacy
this may be due to a number of factors including the
choice of IgG subtype, the affinity of the antibod-
ies for alpha-synuclein, the epitopes that they bind
and the resulting activation of other, possibly off tar-
get effects, such as complement activation. Patient
factors such as disease stage are also likely to be
relevant.

The role of antibodies to alpha-synuclein and the
downstream pathways involved is therefore in need
of further more sophisticated investigation, looking to
understand disease pathogenesis rather than an overly
simplistic search for biomarkers.

ANTIBODY INDEPENDENT FUNCTIONS
OF B LYMPHOCYTES

It is only very recently that studies have looked
at B cell subsets in PD. Li et al. found that B
lymphocyte proliferation was reduced in patients
compared to controls and that proportions of regu-
latory B lymphocytes (transitional B lymphocytes)
were also reduced while proportions of B lympho-
cytes producing pro-inflammatory cytokines were

increased [8]. They also found that T follicular helper
cells were reduced in patients. This study was done
across two cohorts with most of their findings repli-
cated in both cohorts. They conclude that there are
aberrant T follicular:B lymphocyte interactions with
a shift in the B cell compartment to a more pro-
inflammatory phenotype. Similarly, Yan et al. showed
a decrease in circulating naive B cells in PD patients
compared to controls with an associated increase in
‘non-switched memory’ (CD27+IgD+) and ‘double
negative’ (CD27-IgD-) B cells [34]. These changes
were associated with an increase in pro-inflammatory
T-cells (including IFN+y producing CD8 T cells, IL17
producing Th 7 CD4+ cells and IL4 producing Th2
T cells). The CD27+IgD+ ‘non-switched’ memory
cells are thought to be part of an early inflamma-
tory response (being likely to home to lymph nodes
to take part in a germinal center reaction) [35].
Double negative B cells have been associated with
aging and senescence and are thought to produce
increased levels of pro-inflammatory cytokines [36].
They also found that the B cells produced more
TNF-a in vitro [34]. TNF-a has recently been estab-
lished as a relevant CSF biomarker predicting PD in
a cohort of LRRK?2 carriers (comparing symptomatic
versus non-symptomatic) along with decreased lev-
els of total alpha-synuclein and increased levels of
oligomeric alpha-synuclein [37]. Further work to
establish the source of TNF-a in the CSF is required
butit could be hypothesized that this is derived at least
partially from B lymphocytes. Lastly they showed
that there was also a decrease in circulating CXCR3+
memory B cells: these cells respond to chemotaxic
signals from CXCR3 to migrate to secondary lym-
phoid organs and this may include the meninges.

There is one published study looking at peripheral
B cell phenotypes in PD by using single cell sequenc-
ing rather than flow cytometry (although only with 8
patients and 6 controls with minimal clinical informa-
tion) [38]. They found decreased naive and increased
memory B cells and increased IgG and IgA B cells
as well as clonal expansion of memory B cells with
upregulation of MHC class II and transcription acti-
vator protein- 1, both of which are involved in antigen
presentation. This again suggests that B cells are play-
ing arole in activating T cells (by presenting antigen,
likely alpha-synuclein fragments).

We have also described decreased B lympho-
cytes, particularly in patients at high risk of an early
dementia [9], and we showed a protective effect of
transitional B cells within a patient cohort: higher
proportions of these regulatory cells were associated
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with better motor outcomes. Like previous stud-
ies above, we also found that B lymphocytes from
PD patients produced more cytokine in vitro than
controls. Finally, in a 6-OHDA mouse model of
dopaminergic cell death we showed that knocking out
B cells (either genetically or with a monoclonal anti-
body) lead to worse outcomes. Our study added to the
existing literature by showing a protective effect of
B lymphocytes, in particular the transitional or regu-
latory B lymphocytes, within a patient cohort (rather
than just showing a difference between patients and
control). This finding is consistent with other studies
showing a protective effect of T regulatory cells in
PD [39, 40].

These recent manuscripts are relatively consistent
in their description of a more pro-inflammatory state
in the B cell compartment in PD but remain limited
by a lack of longitudinal data confirming their role in
disease progression. There is also a focus on periph-
eral blood lymphocytes which give little information
about the phenotypes or behavior of B lymphocytes
in other relevant compartments such as the CSF,
meninges, or lymphoid tissue, and no studies to date
have attempted to correlate imaging based measures
of neuroinflammation with peripheral blood pheno-

typing.

FUTURE PERSPECTIVES

There is a clear need now for larger longitu-
dinal studies in clinically well-phenotyped cohorts
using data driven approaches (e.g., single cell RNA
sequencing) to identify whether changes in the
B lymphocyte compartment are associated with
neuroinflammation (using imaging biomarkers) and
shifts in other immune cell populations. Adequately
powered studies addressing this question should be
able to identify relevant pathways for intervention.

We also need a more sophisticated understanding
of the role of alpha-synuclein antibodies in PD, again
using longitudinal cohorts to identify changes over
time. This also requires robust assays looking not only
at IgG subtypes but also at IgA and IgM antibodies in
both serum and CSF and potentially looking at down-
stream targets such as Fc receptors on peripheral and
CSF immune cells to understand the consequences
of changes in antibodies titers across CSF blood
compartments. Differentiating between high and low
affinity antibodies may also help to explain some of
the differences in the literature as these are likely
to arise due to separate processes (germinal center

reactions in the case of high affinity antibodies and
via T independent mechanisms such as engagement
of toll like receptors by alpha-synuclein in the case of
low affinity receptors). It would be helpful to establish
whether the presence of these antibodies is associ-
ated with markers of neuroinflammation or disease
progression or whether they are playing a role in
clearance of pathological proteins and at what stage
in disease they are most relevant. The field needs to
more away from a very simplistic biomarker-based
approach (looking for a simple diagnostic biomarker
in cross-sectional studies) to attempting to understand
the mechanisms of disease.

We are only at the beginning of understanding the
role of the relatively newly described B cell niches in
the meninges and the skull bone marrow [13]. Most of
the work to date in this area has been carried out using
mouse models. Additional animal work is required to
demonstrate the role of B cells in these niches in mod-
els of PD. The biggest future challenge is to work out
how to demonstrate the relevance of these findings in
clinical populations by combining neuroimaging and
clinico-pathological correlations using postmortem
tissue from patients who have been phenotyped in
life. Animal models would then be required to find
out whether we can change disease outcomes by alter-
ing the behavior of B cells (and other immune cells)
in these niches in order to identify approaches to take
forward into clinical trials. There are a large num-
ber of existing drugs that target B lymphocytes with
subsequent downstream effects on other immune cell
types and there is therefore the potential to take these
into trials once appropriate targets have been clearly
demonstrated.

Lastly, despite the title of this review, it does not
makes sense to study B lymphocytes on their own.
They need to be studied in the complex context of the
immune system where both effectors and inhibitors
interact in a fine balance across different anatomical
niches and have differing effects at different disease
stages.
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