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B lymphocyte responses in Parkinson’s disease 
and their possible significance in disease 
progression
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Inflammation contributes to Parkinson’s disease pathogenesis. We hypothesized that B lymphocytes are involved in Parkinson’s dis
ease progression. We measured antibodies to alpha-synuclein and tau in serum from patients with rapid eye movement sleep behaviour 
disorder (n = 79), early Parkinson’s disease (n = 50) and matched controls (n = 50). Rapid eye movement sleep behaviour disorder 
cases were stratified by risk of progression to Parkinson’s disease (low risk = 30, high risk = 49). We also measured B-cell activating 
factor of the tumour necrosis factor receptor family, C-reactive protein and total immunoglobulin G. We found elevated levels of anti
bodies to alpha-synuclein fibrils in rapid eye movement sleep behaviour disorder patients at high risk of Parkinson’s disease conversion 
(ANOVA, P < 0.001) and lower S129D peptide-specific antibodies in those at low risk (ANOVA, P < 0.001). An early humoral re
sponse to alpha-synuclein is therefore detectable prior to the development of Parkinson’s disease. Peripheral B lymphocyte phenotyp
ing using flow cytometry in early Parkinson’s disease patients and matched controls (n = 41 per group) revealed reduced B cells in 
Parkinson’s disease, particularly in those at higher risk of developing an early dementia [t(3) = 2.87, P = 0.01]. Patients with a greater 
proportion of regulatory B cells had better motor scores [F(4,24) = 3.612, P = 0.019], suggesting they have a protective role in 
Parkinson’s disease. In contrast, B cells isolated from Parkinson’s disease patients at higher risk of dementia had greater cytokine 
(interleukin 6 and interleukin 10) responses following in vitro stimulation. We assessed peripheral blood lymphocytes in alpha- 
synuclein transgenic mouse models of Parkinson’s disease: they also had reduced B cells, suggesting this is related to alpha-synuclein 
pathology. In a toxin-based mouse model of Parkinson’s disease, B-cell deficiency or depletion resulted in worse pathological and be
havioural outcomes, supporting the conclusion that B cells play an early protective role in dopaminergic cell loss. In conclusion, we 
found changes in the B-cell compartment associated with risk of disease progression in rapid eye movement sleep behaviour disorder 
(higher alpha-synuclein antibodies) and early Parkinson’s disease (lower levels of B lymphocytes that were more reactive to stimula
tion). Regulatory B cells play a protective role in a mouse model, potentially by attenuating inflammation and dopaminergic cell loss. B 
cells are therefore likely to be involved in the pathogenesis of Parkinson’s disease, albeit in a complex way, and thus warrant consid
eration as a therapeutic target.
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granulocyte macrophage colony-stimulating factor; IL6 = interleukin 6; IL10 = interleukin 10; MAPT = microtubule-associated 
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histocompatibility complex; MMSE = Mini-Mental State Examination; MSD = Mesoscale Discovery; NIHR = National Institutes 
of Health Research; 6-OHDA = 6-hydroxydopamine; PAMP = pathogen-associated molecular motif; PBMC = peripheral blood 
mononuclear cell; PBS = phosphate-buffered saline; PFA = paraformaldehyde; PMA = phorbol 12-myristate 13-acetate; RBD =  
REM sleep behaviour disorder; REM = rapid eye movement; RPM = revolutions per minute; SNCA = alpha-synuclein; TH =  
tyrosine hydroxylase; UPDRS = Unified Parkinson’s Disease Rating Scale

Graphical Abstract

Introduction
Parkinson’s disease is a common neurodegenerative dis
order, affecting 2–3% of people over the age of 65.1 The dis
ease course is complicated by dementia in nearly half of 
patients within 10 years of diagnosis,2 and there are no dis
ease modifying treatments. Prior to developing overt 
Parkinson’s disease, there is also a well-described prodromal 
phase consisting of non-motor features such as rapid eye 

movement (REM) sleep behaviour disorder (RBD), constipa
tion and hyposmia, which may precede disease onset by a 
decade.3,4 What determines whether, and at what rate, pa
tients progress from this prodromal state to Parkinson’s dis
ease is unknown.

The central role of alpha-synuclein pathology is well- 
described in Parkinson’s disease.5-10 There is also evidence 
for an immune response to alpha-synuclein with the identifi
cation of T cells specific to alpha-synuclein in Parkinson’s 
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disease patients6 as well as alpha-synuclein–specific anti
bodies (reviewed in Scott et al.7). T-cell responses to alpha- 
synuclein were highest shortly after diagnosis of motor 
Parkinson’s disease in larger cohorts,8 suggesting that an 
adaptive immune response may peak close to disease onset. 
We have also shown that peripheral immune activation has 
prognostic significance in early Parkinson’s disease.9

Post-mortem studies have confirmed the presence of T-cell 
infiltrates in the brain in Parkinson’s disease, with greater 
numbers in dementia cases and their presence correlated 
with microglial activation and alpha-synuclein aggregates 
in regions relevant to cognition.10

B lymphocytes not only produce antibodies via terminal 
differentiation into plasma cells but also have 
antibody-independent functions. They have immunoregula
tory capacity, attenuating T-cell responses via the produc
tion of IL10 and IL35.11-14 These so-called regulatory B 
cells are enriched in CD24HICD38HI transitional B cells15

and in innate CD1d+CD5+ populations.16 Furthermore, B 
cells can act as antigen presenting cells that activate CD4 T 
cells, produce pro-inflammatory cytokines [including gran
ulocyte macrophage colony-stimulating factor (GM-CSF)17

and interleukin 6 (IL6)18] and respond to pathogen- 
associated molecular motifs (PAMPS) via Toll-like receptor 
or B-cell receptor engagement.19 B cells also comprise a quar
ter of meningeal immune cells in homoeostasis,20 and more 
recently, IgA-producing plasma cells (typically found at mu
cosal surfaces) have been identified in the meningeal dural si
nuses, with evidence that they are ‘trained’ in the gut and 
then home to the meninges to protect the brain.21 Given 
the pleiotropic roles of B cells across the immune response, 
including CD4 T-cell activation and their presence in the 
meninges, we reasoned that they may be involved in the 
pathogenesis and progression of Parkinson’s disease.

It is relatively well-established that B lymphocytes are re
duced in Parkinson’s disease,22-25 although this is not repli
cated in all studies.26 More recent studies have shown that 

alterations in B-cell subsets are also relevant with an increase 
in effector activity (increased cytokine production or mem
ory B cells) in patients compared to controls24,26 or a de
crease in regulatory B cells.27 Single-cell RNA sequencing 
of peripheral blood in a small sample (eight patients, six con
trols) showed clonal expansion of memory B cells with upre
gulation of major histocompatibility complex (MHC) Class 
II highlighting relevance of B cells as antigen presenting cells 
and their potential role in activating T cells.28 It is unclear 
what role these changes have in disease progression.

We therefore sought to examine antibody responses to 
alpha-synuclein species in a prodromal RBD and early 
Parkinson’s disease patient cohort together with well- 
matched controls, along with comprehensive phenotyping 
of peripheral B cells. We performed supportive mechanistic 
studies in relevant mouse models of Parkinson’s disease.

Materials and methods
The clinical studies were approved by the Cambridgeshire 
Research Ethics Committee (03/303) and South Central- 
Oxfordshire A Research Ethics Committee (ID 188167). 
Written informed consent was obtained from participants in ac
cordance with the Declaration of Helsinki.

Study participants
Patients with idiopathic RBD were recruited through the 
Oxford Parkinson’s Disease Centre (OPDC) Discovery Study 
from sleep disorder clinics at the John Radcliffe Hospital in 
Oxford, Papworth Hospital in Cambridge and Sheffield 
Teaching Hospital. RBD diagnosis, as described by Barber 
et al.,29 was based on polysomnographic evidence according 
to the International Classification of Sleep Disorders criteria.30

Idiopathic RBD patients were gender matched to Parkinson’s 
disease patients and controls and stratified into low and high 
conversion risk prodromal Parkinson’s disease groups (see 
Table 1). A probability score was calculated for prodromal 
Parkinson’s disease for each REM sleep behaviour participant 
at their baseline assessment, based on the Movement Disorder 
Society (MDS) criteria.31 A threshold of 80% was applied for 
stratification: patients with scores >80% were stratified into 
the ‘high-risk’ prodromal Parkinson’s disease group, while 
those with scores lower than 80% were stratified into the ‘low- 
risk’ prodromal Parkinson’s disease group. Cases who were 
current users of immunomodulatory therapies or with known 
autoimmune disorders were excluded.

Parkinson’s disease cases were recruited from the Cambridge 
Parkinson’s Disease Research Clinic. Inclusion criteria were ful
filment of the UK Parkinson’s disease Brain Bank Criteria for a 
diagnosis of Parkinson’s disease, age 55–80 years and early- 
stage disease (Hoehn and Yahr stage ≤ 2). Exclusion criteria in
cluded the presence of other neurodegenerative disorders, 
chronic inflammatory/autoimmune disorders, current infec
tion, surgery in the last month, vaccinations in the previous 3 
weeks or recent use of anti-inflammatory/immunomodulating 

Table 1 Participant clinical and demographic 
information (antibody study)

Variable
Control  
(n = 50)

Low-risk 
RBD 

(n = 30)

High-risk 
RBD 

(n = 49)

Parkinson’s 
disease 
(n = 50)

Age 67.72 
(5.09)

62.10 
(9.52)a

67.72 
(5.93)

68.01 (6.47)

Gender (% 
male)

55 80 87.8 66

Disease 
duration

3.2 (2.6)

MDS-UPDRS 34.3 (13.65)
MMSE 28.52 (2)
LEDD (mg) 517.37 (367.66)

MDS-UPDRS, Movement Disorders Society Unified Parkinson’s Disease Rating Scale; 
MMSE, Mini-Mental State Examination; LEDD, levodopa equivalent daily dose; RBD, 
REM sleep behaviour disorder. 
aAge was compared using a one-way ANOVA with post hoc t-tests. Low-risk RBD 
patients were significantly younger than the other groups (P < 0.002). The gender 
distribution was compared with chi-square tests. There was no significant difference 
between groups.
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medications (steroids in the previous 3 months, high-dose as
pirin >75 mg in the previous 2 weeks, ibuprofen and other non- 
steroidal anti-inflammatory drugs in the previous 2 weeks or 
any long-term immunosuppressants). Parkinson’s disease cases 
were stratified into groups at high, intermediate and low risk of 
developing an early dementia using microtubule-associated 
protein tau (MAPT) genotype and neuropsychological predic
tors identified previously in a longitudinal cohort study of inci
dent Parkinson’s disease.32 See Supplementary Methods for 
further details.

Immunophenotyping controls were recruited from the 
National Institutes of Health Research (NIHR) Cambridge 
BioResource (www.cambridgebioresource.group.cam.ac. 
uk) and were age, gender and MAPT genotype matched to 
Parkinson’s disease patients. Further controls for the anti
body study were recruited opportunistically from spouses 
of patients. Controls had no history of neurological disease, 
memory problems or depression. Exclusion criteria were the 
same as for the patients. See Supplementary Materials and 
Methods for details regarding blood sampling.

Antibody assays
Antibody levels to relevant antigens of interest were mea
sured using custom Mesoscale Discovery (MSD) electroche
miluminescence assays in RBD, early Parkinson’s disease 
patients and controls. Antigen preparation is described in 
full in the Supplementary Methods. All serum samples 
were run in duplicate. Streptavidin plates (MSD) were 
blocked with 150 μL of 3% bovine serum albumin (BSA) 
(Millipore, cat. no. 82–045-1) in phosphate-buffered saline 
(PBS) for 1 h on a shaker at 4000 revolutions per minute 
(RPM). They were washed three times with 150 μL 0.05% 
Tween 20 (Sigma-Aldrich P1279) PBS. The plates were 
then coated with 25 μL of antigen and incubated overnight 
at 4°C, then washed three times with 0.05% Tween 20 
PBS. Calibrator antibodies were prepared as described 
in the Supplementary Methods. Serum was diluted 1:25 
in 1% BSA in PBS. Diluted serum or calibrator was 
added in volumes of 25 μL. Plates were incubated for 1 h at 
room temperature on a shaker at 4000 RPM. They were 
washed again with 0.05% Tween 20 PBS three times. MSD 
sulfo-tag anti-human antibody was then added to the test 
wells and MSD sulfo-tag anti-mouse or anti-rabbit to the cali
brator wells at a concentration of 1:500. The plates were then 
incubated at room temperature for an hour on a shaker at 
4000 RPM. After incubation, plates were washed three times 
with 0.05% Tween 20 PBS and 150 μL of 1× read buffer 
was added. Electrochemiluminescence was read on an MSD 
plate reader (Sector S 600). Absolute concentrations were cal
culated from standard curves.

Serum IgG/CRP and BAFF 
measurements
The MSD human total IgG panel (K15203D) was used to 
measure total IgG, and the MSD V-

PLEX human C-reactive protein (CRP) (K151STD) for 
CRP. B-cell activating factor of the tumour necrosis factor 
receptor family (BAFF) was measured using the human 
BAFF ELISA Kit (ab119579, Abcam) as per the manufac
turer’s instructions. Samples were run in duplicate.

PBMC isolation and 
immunophenotyping in Parkinson’s 
disease patients and controls
Blood samples for peripheral blood mononuclear cell 
(PBMC) isolation from matched Parkinson’s disease and 
control pairs were collected and processed on the same day 
and the same time (see Supplementary Materials and 
Methods for further details). PBMCs were isolated from he
parinized blood using a Ficoll gradient within 2 h of phlebot
omy. Isolated PBMCs were left to block in buffer for 10 min 
at 4°C (0.1% BSA, Probumin. Millipore, cat. no. 82-045-1; 
0.01% sodium azide, Sigma-Aldrich, cat. no. S2002 made up 
in PBS; 2% mouse serum, Sigma-Aldrich, cat. no. M5905). 
Next, 0.5 μL of zombie aqua (Biolegend 423101) was added 
and incubated for 15 min prior to addition of surface stain
ing antibodies (see Supplementary Methods). Samples were 
incubated at 4°C for 30 min. The PBMCs were then washed 
twice before being fixed in 2% paraformaldehyde (PFA) for 
20 min. Flow cytometry was run within 2–4 h. Flow 
Cytometry Standard (FCS) output files were imported into 
FlowJo software (version 10.5.0), which was used for gating 
of the cell populations, which was done blinded to group. All 
flow cytometry was run on the BD Fortessa II flow cytometer 
with a minimum of 5000 B cells recorded.

B lymphocyte stimulation
PBMCs were defrosted (see Supplementary Methods) and 
cultured for 48 h in 200 μL of RPMI cell culture media 
with glutamine (Gibco 21875-034) in a 96-well round bot
tom plate. The test wells were stimulated with either CpG 
DNA (1:10 000) (Cambridge Bioscience #Hycult HC4039) 
and CD40 ligand (1:5000) (R and D systems, 
6245-CL-050) or alpha-synuclein fibrils for 48 h. Five hours 
prior to removal from culture, phorbol 12-myristate 
13-acetate (PMA) (50 ng/mL) (Sigma-Aldrich #P8139), io
nomycin (500 ng/mL) (Sigma-Aldrich #I0634) and brefeldin 
A (BFA) (5 μg/mL) (BioLegend #420601) (PIB) were added 
to the CD40L/CpG wells and to separate intermediate 
(PIB) wells. BFA was added to the alpha-synuclein and un
stimulated wells.

Cells were removed from culture at 48 h and centrifuged 
at 350g for 5 min. Surface staining was done as per the 
protocol above excluding the fixation step. Cells were fixed 
and permeabilized prior to intracellular staining using the 
eBiosciences fixation and permeabilization kit as per manu
facturer’s instructions [Fix/Perm concentrate (00-5123-43) 
Fix/Perm Diluent (00-5223-56) and 10 ×  Perm buffer 
(00-8333-56)]. See Supplementary Methods for a list of anti
bodies. Flow cytometry was run within 2–4 h.
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Mouse experiments
Ethical statement
All animal studies were done in accordance with the Animal 
(Scientific Procedures) Act 1986 (UK).

C57bl/6 mice were obtained from the Jackson Laboratories 
or from in house breeding. B-cell–deficient μMT mice were ob
tained in house. They have a mutation affecting the immuno
globulin heavy chain (μ chain) that means that they don’t 
express membrane bound IgM and are unable to produce B 
cells beyond the pre-B stage. Tissue from MI-2 mice was given 
to us by Michal Wegrzynowicz and Maria Grazia Spillantini 
(University of Cambridge). The MI-2 mouse is a model of 
Parkinson’s disease created by expressing a truncated version 
of human alpha-synuclein (asyn 1–120) on the tyrosine hydro
xylase (TH) promotor33 on the background of a C57bl/6J 
mouse with a spontaneous deletion in SNCA (C57BL/6J 
OlaHsd mice (Snca−/−). These mice were bred in house; 
SNCA knockout mice and C57bl/6 mice were used as litter
mate controls.

Mice overexpressing alpha-synuclein on the Thy1 promo
tor (mThy1-hSNCA, Line 15 mice) were obtained from the 
Jackson Laboratories (https://www.jax.org/strain/017682). 
Mice for experiments were bred from a hemizygous carrier 
and a non-carrier. All mice were genotyped using JAX proto
cols (available at https://www.jax.org/strain/017682). 
Wild-type controls and transgenic littermates were co- 
housed where possible.

Mouse PBMC staining
See Supplementary Materials for blood sampling and lysis 
protocols. Cells were washed twice with 1 mL of PBS then 
spun for 10 min at 2000 RPM between washes. Rat serum 
was added for blocking (Aviva Systems Biology, 
RA01679). Conjugated cell surface antibodies and a live/ 
dead stain were then added to the cell suspension and incu
bated for an hour at a concentration of 1:200. See 
Supplementary Methods for antibodies. The cells were 
washed in 5 mL of PBS, re-suspended in FACS fix (1% 
PFA) and stored at 4°C. They were run on the flow cytometer 
(BD LSR Fortessa) within 24 h.

6-OHDA model
Mice were anaesthetized to a surgical depth using isoflurane 
(2 L/min) (Baxter, Newbury, UK). Their head was shaved, 
and the underlying skin was cleaned to create a sterile field. 
They were placed in a stereotaxic frame. The needle was po
sitioned to target the striatum [anteroposterior (AP) 0.5 mm, 
mediolateral (ML) 2 mm, ventral (V) 3.0 mm from bregma] 
where 1 μL of 6-hydroxydopamine (6-OHDA) (5 μg/μL) 
(Sigma-Aldrich, cat no. 162957) was injected at a rate of 
0.5 μL/min.

B-cell depletion
B-cell depletion was performed using an anti-CD20 mono
clonal antibody (mIgG2a, kind gift from Biogen, 18B12) at 
a dose of 10 mg/kg or control antibody at the same 

concentration [anti-human CD20, IgG1 Truxima/Rituxan 
(Rituximab)] via the tail vein. Effective depletion lasts for 
5–8 weeks at this dose.34 The human anti-CD20 was chosen 
as a control given it is an IgG antibody but has no antigen- 
specific biological effect in the mouse and both antibodies 
have mouse variable regions (with rituximab having human 
a constant region).

Behavioural testing
The rotarod was used as a measure of motor performance. 
This was run at weekly intervals both pre-surgery and post- 
surgery for the experiments using the toxin-based models 
(see Supplementary Methods).

Brain sectioning and immunohistochemistry
See Supplementary Materials and Methods section for 
mouse culling, tissue fixation and immunohistochemistry 
protocols.

Stereological estimation of TH+ neuron density
The substantia nigra was defined anatomically as described 
in previous work in the Barker Lab.35 See Supplementary 
Methods for full details of the stereological estimation of 
TH+ cell counts.

Statistical analysis
Antibody study
For the antibody study, standard curves were generated in 
MSD Discovery Workbench, and the calculated titres were ex
ported into Excel (version 16.16.2). Samples with an unaccept
ably high coefficient of variation (CV) were removed from the 
analysis (CV > 20%) (see Supplementary Table 1). Sample CV 
was calculated using the following formula:

Sample CV =
σ
μ 

where σ is the standard deviation of the two duplicates and μ is 
the mean.

A mean CV of all remaining samples was calculated for 
each assay to provide a measure of overall intra-assay vari
ability. Each plate included a control serum sample, which 
was the same across all plates and assays. Inter-assay 
(between-plate) variability for each assay was assessed by 
computing the CV of the concentrations of control serum 
across all plates of the respective assay (Supplementary 
Table 2). Antibody titres were normalized to the concentra
tion of control serum on the respective plate to overcome 
inter-assay variability and to ensure the reliability of results. 
After exclusion of samples with a high CV, the mean 
intra-assay CV for the BAFF assay was 10.3%. All other as
says had a mean CV of less than 10%.

Percentage recovery was calculated using the standards of 
known concentration. Mean age differences between groups 
were examined using a one-way analysis of variance 
(ANOVA), followed by the Bonferroni post hoc multiple 
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comparisons test, while gender proportion differences were 
assessed using the chi-square test. Relationships between 
variables were explored using Pearson correlation coeffi
cients. Between-group differences for all assays were assessed 
for statistical significance using a one-way analysis of covari
ance (ANCOVA) with age and gender included as covariates 
followed by a Bonferroni post hoc multiple comparison test. 
Independent samples t-tests were performed to compare 
means of the control group against the Parkinson’s disease 
group and low-risk versus high-risk prodromal group. An 
adjusted value of P < 0.05 was considered statistically sig
nificant for all analyses.

B-cell phenotyping and stimulation studies
Flow cytometry data were analysed using FlowJo (version 7 
for Mac OS). Subsequent data analysis was performed using 
IBM SPSS version 25. The study was primarily designed to 
facilitate paired comparisons between the risk groups 
(high, intermediate and low) and their matched controls, 
with paired samples processed on the same day. Patient 
and control demographic variables were compared using 
paired t-tests for continuous parametric variables (or non- 
parametric equivalents where appropriate) and chi-square 
tests for categorical variables. The Kolmogorov–Smirnov 
test was used to compare data to a normal distribution. 
Clinical variables were compared across the three defined 
risk groups (high risk, intermediate and low risk) using a 
one-way ANOVA. Post hoc t-tests were carried out if appro
priate. Figures show the mean and SD unless stated other
wise. Heat maps were generated using the gplot function in 
R. FCS output files from flow cytometry were imported 
into FlowJo software (version 10.5.0) that was used for ini
tial gating of the cell populations, which was done blinded to 
group. Comparisons between groups were done between 
matched pairs using paired t-tests. Pearson correlation coef
ficients were used as above for relationships between B-cell 
measures and clinical parameters. In order to look at rela
tionships across variables in a more robust manner, a regres
sion model was constructed using all of the B lymphocyte 
subsets that were negatively associated with motor Unified 
Parkinson’s Disease Rating Scale (UPDRS) scores given 
that they were correlated with each other (using SPSS). All 
of the variables were entered into the model at the same time.

For the B-cell stimulation experiments, between-group 
comparisons were done either using paired t-tests (or non- 
parametric tests where appropriate) for patient versus con
trol comparisons or unpaired t-tests between risk groups. 
Mixed measures ANOVAs were used to explore variation 
in each stimulation condition with IL10, IL6 and CD25 as 
the repeated measures (three levels: unstimulated, stimulated 
and alpha-synuclein) and risk group as the independent vari
able. Greenhouse–Geisser correction was applied to the de
grees of freedom where the assumption of sphericity was 
violated. A correlation matrix was also constructed to ex
plore relationships between measured variables and outcome 
measures (as in the previous study). Multiple linear regres
sion models were run using SPSS.

Animal models
Behavioural experiments were analysed using two-way 
ANOVAs with motor performance as the dependent variable 
and genotype as an independent variable. Between-group 
differences in B lymphocyte proportions or subsets in the ani
mal models were tested using either unpaired t-tests (for 
parametric data), Mann–Whitney U tests or ANOVA de
pending on the number of comparisons.

Results
Increased alpha-synuclein fibril 
antibodies in RBD patients at high risk 
of Parkinson’s disease conversion
Serum samples from a REM sleep behaviour cohort stratified 
by risk of progression to overt Parkinson’s disease (high risk 
versus low risk) and from early-stage Parkinson’s disease pa
tients and controls (Table 1 and Fig. 1A) were applied to a cus
tom MSD assay for antibodies to disease relevant proteins, 
including alpha-synuclein, alpha-synuclein fibrils, S129D pep
tide, Y39 peptide and tau. Total serum IgG, CRP and BAFF 
were also measured (Fig. 1B–I). The RBD low conversion 
risk group was significantly younger than the other groups 
(mean age = 62.10, SD 9.52 versus 67.72, 67.72 and 68.01 
in the control, RBD high-risk and Parkinson’s disease groups, 
respectively; see Table 1). Subsequent analyses were 
age-adjusted. We found increased levels of antibodies to alpha- 
synuclein fibrils in RBD patients at high risk of conversion to 
Parkinson’s disease, compared with those at low risk (Fig. 1B).

This suggests a humoral response to an aggregated form of 
the protein is present prior to the development of overt 
Parkinson’s disease. There was also an overall increase in 
normalized IgG titres in both low- and high-risk prodromal 
groups (Fig. 1C). In the RBD low-risk group, there were low
er levels of antibodies to S129D peptide compared with other 
groups (Fig. 1E). There were no differences in levels of anti
bodies to other proteins/peptides and no difference in serum 
BAFF or CRP levels between groups (Fig. 1).

Within the RBD cohort, the probability of Parkinson’s dis
ease conversion (MDS score) showed a significant positive 
correlation with normalized titres of alpha-synuclein fibril 
antibodies (r = 0.25, P = 0.035, Supplementary Fig. 1A). 
However, in early Parkinson’s disease patients, neither 
protein-relevant antibodies nor IgG and BAFF showed corre
lations with clinical measures (Supplementary Fig. 1B).

Parkinson’s disease patients have 
reduced B cells, particularly in a 
subset enriched for regulatory B cells, 
and regulatory B cells are negatively 
correlated with disease severity
Peripheral B cells were immunophenotyped in 41 early 
Parkinson’s disease patients and 41 age-, gender- and 
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MAPT genotype-matched controls (Fig. 2A and Table 2). 
Serum from some of these patients was also included in 
the antibody study (although not in sufficient numbers to 
allow us to stratify the antibody titres by dementia risk). 
Total lymphocyte numbers were reduced in Parkinson’s 
disease patients compared with controls (Fig. 2B), with 

similar numbers of T cells, but significantly lower B-cell 
numbers in Parkinson’s disease patients, particularly in 
those at high risk of developing an early dementia 
(Fig. 2C and F).

To interrogate whether this reflected a universal reduction 
across all B-cell subsets or was driven by the loss of a specific 

Figure 1 Antibodies to disease relevant proteins and serum markers in a stratified cohort of patients with RBD, early 
Parkinson’s disease and controls. (A) Serum and clinical assessments obtained from a stratified RBD cohort (high risk of conversion to 
Parkinson’s disease versus low risk) as well as early Parkinson’s disease and healthy controls. Risk of conversion to Parkinson’s disease was 
stratified using a standard scoring system including environmental risk (e.g. pesticide exposure), age and clinical parameters (motor and non-motor 
symptoms).31 Figures displayed as mean (standard deviation). (B) Antibodies to alpha-synuclein fibrils [ANCOVA F(5,162) = 4.275, P < 0.001 with 
post hoc t-tests with Bonferroni correction showing: high risk versus control P = 0.002, high risk versus low risk P = 0.002, high risk versus 
Parkinson’s disease, P = 0.003]. (C) IgG overall [ANCOVA, F(5,149] = 11.41, P < 0.001 with post hoc Bonferroni testing showing P = 0.001 for 
control versus low-risk and high-risk and for Parkinson’s disease versus low risk and high risk]. (D) Antibodies to alpha-synuclein. (E) antibodies to 
S129D peptide [ANCOVA F(5,139) = 3.14, P = 0.01, post hoc Bonferroni (low risk versus control, P = 0.005; low risk versus Parkinson’s disease,  
P = 0.004; low risk versus high risk, P = 0.05 (ns)]. (F) Antibodies to Y39 peptide of α synuclein. (G) Antibodies to tau. (H) CRP levels across the 
groups. (I) BAFF levels across the groups. RBD, REM sleep behaviour disorder; PD, Parkinson’s disease; BAFF, B-cell-activating factor; CRP, C 
reactive protein. One-way ANCOVA was performed to assess between-group differences in means. Differences displayed are those shown on 
post hoc testing. *P < 0.05 and **P < 0.001 indicate statistical significance compared to Parkinson’s disease and control groups after Bonferroni 
adjustment.
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subset, we used a variety of canonical B-cell markers to iden
tify transitional (CD27−CD24HICD38HI) (Fig. 2D and H), 
intermediate transitional (CD27−CD24intCD38int) (Fig. 2D 
and G), naïve (CD19+CD27−, IgD+) (Fig. 2E and K), memory 
(CD27+, IgD−) (Fig. 2E and I), double negative (CD27−IgD−) 
(Fig. 2E and L) and CD27+IgD+ B cells (Fig. 2J) as well as 
plasma cells (CD138+ and CD38+CD138+ plasma cells) 
(Fig. 3A, B, E and F), plasmablast-like cells (CD27+CD24+) 
(Fig. 3C and G) and CD5+ and CD1d+ cells, subsets enriched 
for regulatory B cells (Fig. 3D, H and I–L). There were no 
differences between the patient/control groups in the 
proportions of B-cell subsets apart from a reduction 
in CD1d+ (regulatory) B cells in all Parkinson’s disease 
patients (not just the high-risk group) compared to 
matched controls (P = 0.017 [paired t-test t(33) = 2.502] 
(Fig. 3).

Within the patient cohort, several B-cell subsets with regu
latory capacity were negatively correlated with the 
MDS-UPDRS-III scores (Fig. 4) (i.e. higher proportions of 
these subsets were associated with better motor scores). 
This included the percentage of CD24HICD38HI transitional 
B cells (r = −0.34, P = 0.048), the percentage of CD1d+ lym
phocytes (r = −0.35, P = 0.042), the percentage of 
CD1d+CD5+ B lymphocytes (r = −0.39, P = 0.024) and the 
CD1d MFI ratio (r = −0.46, P = 0.012) (Supplementary 
Fig. 2). A regression model was then constructed including 
all B lymphocyte subsets/markers that were negatively as
sociated with MDS-UPDRS-III scores. The model as a 
whole explained 37.6% of the variance in 
MDS-UPDRS-III scores (R2 = 0.376, SE 10.6) and was a 
significant predictor of motor severity as evaluated by 
MDS-UPDRS-III scores [F(4,24) = 3.612, P = 0.019], al
though markers within the model did not reach signifi
cance at an individual level.

B cells in Parkinson’s disease patients 
at higher dementia risk are more 
responsive to stimulation in vitro
To profile the pro- and anti-inflammatory cytokine- 
producing capacity of circulating B cells in Parkinson’s dis
ease patients, we performed in vitro stimulation assays, using 
a standard B-cell stimulation consisting of CpG (a TLR9 
agonist), CD40L (mimicking T-cell co-stimulation), ionomy
cin and PMA or alpha-synuclein fibrils (a disease antigen- 
specific stimulus) and measured IL10, a regulatory cytokine, 
or IL6, a pro-inflammatory cytokine (Fig. 5A and B for rep
resentative plots). We also measured surface expression of 
MHC Class II and CD25 (the alpha chain of the IL2 recep
tor), markers of B-cell activation (Fig. 5E). B cells from pa
tients at high risk of an early dementia produced ‘more’ 
cytokines than those from the lower risk groups (Fig. 5C 
and D). CD25 expression post-stimulation was also in
creased in those at high risk (Fig. 5F). There was no differ
ence between groups in the IL6:IL10 ratio, a parameter 
previously used to describe the overall balance between 

pro- and anti-inflammatory B-cell effects37 (Supplementary 
Fig. 3A). MHC Class II expression did not change (see 
Supplementary Fig. 3B and C).

As IL10, IL6 and CD25 were highly correlated with 
each other (r = 0.8), a composite variable was constructed 
(‘activation markers’) by converting them into Z-scores 
and using the mean score as an overall measure of activa
tion for each individual. This composite variable was in
creased in the high-risk group (Fig. 5G). There was no 
correlation between cytokine production (either individu
ally or the composite score) and overall IgG or B-cell 
numbers.

B lymphocytes are reduced in 
alpha-synuclein transgenic mice 
compared to controls
In order to test whether the observed decrease in B lym
phocytes was associated with alpha-synuclein–driven 
pathology, we measured circulating B lymphocytes in 
two alpha-synuclein–expressing transgenic mouse strains. 
The Thy1 SNCA mouse overexpresses human alpha- 
synuclein under the control of the Thy1 promoter on a 
C57BL/6 background,38 while the MI-2 mouse has a 
truncated version of human alpha-synuclein that is prone 
to aggregation and is bred on an alpha-synuclein null 
background39 (Supplementary Fig. 5). We used cell sur
face markers to identify a limited number of cell subsets 
(see Fig. 6A). There was a clear decrease in B lymphocytes 
in both mouse strains compared to the relevant controls 
(Fig. 6B and C). There were no differences in the cell sub
sets apart from an increase in the proportion of T cells in 
the MI-2 mice (with no difference in the absolute cell 
counts).

Depleting B lymphocytes either 
genetically or using a monoclonal 
antibody to the B cell antigen CD20 
results in worse outcomes in the 
6-OHDA toxin-based mouse model of 
Parkinson’s disease
We used a toxin-based model of dopaminergic cell death that 
recapitulates the core neuronal loss and microglial activation 
seen in patients with Parkinson’s disease using an injection of 
6-OHDA directly into the striatum (Fig. 7A). Mice were in
jected in the right striatum, and the contralateral side of the 
brain was used as an internal control for cell quantification/ 
staining. We compared motor and histological outcomes in 
μMT mice (that are deficient in mature B lymphocytes) and 
in mice given a CD20 monoclonal antibody (that depletes 
mature B cells) 1 week after surgery to investigate the effect 
of decreased B lymphocytes on disease course. Mice were 
culled 4 weeks after surgery. C57BL/6 (wild-type) mice 
were used as controls in both experiments. The μMT mice 
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had significantly worse motor outcomes than controls 
(Fig. 7B) and more extensive dopamine loss (see Fig. 7C 
and D). As the T-cell compartment is also affected in this 

model (due to abnormal development of lymphoid tissue in 
the absence of B cells40), we also depleted B cells in wild-type 
mice. C57BL/6 mice were given a CD20 monoclonal 

Figure 2 B lymphocyte phenotyping in a Parkinson’s disease cohort stratified by risk of early dementia with age, gender and 
MAPT genotype-matched controls. (A) Parkinson’s disease patients were stratified by their risk of an early dementia and matched to 
controls. MAPT, microtubule-associated protein tau (H1 haplotype is associated with increased dementia risk in Parkinson’s disease2); SF, 
semantic fluency; pentagons, pentagon copying test; PD, Parkinson’s disease. Samples from each patient–control pair were run at the same time to 
minimize inter-assay variability. (B) Full blood count data showing that patients had significantly lower lymphocyte counts than matched controls 
(graph shows mean and SD). (C–L) Representative gating of major B lymphocyte subsets with group comparisons (see main text for subsets). (C) 
Gating showing CD19+ B lymphocytes, and in F, the percentage of B lymphocytes is reduced overall in patients compared to controls [paired t-test 
t(34) = 2.08, P = 0.04]. Paired t-tests between Parkinson’s disease patients and matched controls showed that there was a significant difference in 
the percentage of B cells between high-risk patients and their matched controls but not between the other groups and their matched controls 
[t(6) = 3.42, P = 0.01]. (D) Gating showing CD27−CD24HICD38HI IL10-producing subpopulation and an intermediate population. The differences 
between groups are shown in G and H (comparisons not statistically significant). (E) Gaiting using CD27 and IgD showing memory B cells 
(CD27+IgD−), Naïve (CD27−IgD+), double negative (DN) and CD27+IgD+ subpopulations. Differences between groups are shown in I (Memory B 
cells), J (CD27+IgD+), K (Naïve) and L double negative. These were not statistically significant.
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antibody 1 week following surgical intervention had no stat
istically significant difference in motor phenotype compared 
to controls treated with a human anti-CD20 antibody 
(Fig. 7E) but did have more extensive dopamine loss (see 
Fig. 7F and G). Peripheral B-cell depletion is confirmed in 

Fig. 7H and I. Intensity of Iba1 staining (a marker of micro
glial activation) and quantification of microglia (as a per
centage of the non-lesioned side) were not different 
between μMT and control mice (see Supplementary Fig. 
4A and B).

Table 2 Participant demographic and clinical information (B cell phenotyping)

Variable
Controls 
(n = 41)

Parkinson’s disease (n = 41)

P-valueAll High risk (n = 9)
Intermediate risk 

(n = 14) Low risk (n = 18)

Age 68.1 (5.6) 68.4 (6.3) 69.3 (4.8) 70.4 (6.7) 66.3 (6.3) 0.74*
Gender (% male) 68.3 68.3 66.7 78.6 61.1 1*
Disease duration N/A 4.24 (1.2) 4.3 (1.1) 4.3 (1.1) 4.23 (1.3) 0.995
MDS-UPDRS motor score N/A 35.23 (12.3) 42.9 (12.0) 35.43 (12.7) 31 (10.8) 0.06
ACE-R N/A 93.0 (8.3) 82 (11.03) 95.1 (4.5) 96.8 (2.3) 0.000001
Levodopa equivalent daily dose (mg) N/A 591.5 (292.9) 389.2 (268.7) 560.3 (257.8) 717.0 (279.3) 0.017

MDS-UPDRS, Movement Disorders Society Unified Parkinson’s Disease Rating Scale; ACE-R, Addenbrooke’s Cognitive Examination Revised. *Participants were age and gender 
matched, asterisk indicates non-significant values.

Figure 3 B lymphocyte subsets in patients with Parkinson’s disease at low and high risk of developing an early dementia. Plots 
showing representative gating of plasma cells (A) CD138+ and (B) CD38+CD138+ cells, (C) plasmablast-like cells (CD27+, CD24+) and (D) CD1d 
staining compared to isotype control. (E) Proportions of CD138+ plasma cells across groups. (F) Proportions of CD38+/CD138+ plasma cells. (G) 
Proportions of CD27+CD24+ plasmablast-like cells. (H) CD1d MFI ratio (CD1d MFI:isotype MFI). (I) Plot showing representative gating for CD5- 
and CD1d-positive cells. (J) CD5+ proportions. (K) CD1d+ cells. **P = 0.017 [paired t-test t(33) = 2.502]. (L) CD1d+ and CD5+ cells. PD, 
Parkinson’s disease.
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Discussion
In summary, we have found that changes in the B-cell com
partment are associated with disease development and pro
gression. There are higher levels of alpha-synuclein 
antibodies in RBD cases at high risk of Parkinson’s disease 
conversion and B cells are lower in number and more reactive 
to stimulation in Parkinson’s disease patients at risk of an 
early dementia. In alpha-synuclein mouse models, we 
showed that circulating B cells were also decreased suggested 
that this a result of alpha-synuclein pathology. We also 
found that regulatory subsets may play a protective role po
tentially by attenuating the pro-inflammatory responses con
tributing to disease progression. Greater proportions of these 
subsets were associated with better motor outcomes. 
Knocking out B cells (either genetically or with an 
anti-CD20 antibody) in a toxin-based model resulted in 
worse outcomes suggesting that the protective effect (poten
tially of regulatory cells) is prominent early in disease.

We have shown for the first time that serum antibodies to a 
pathological form of alpha-synuclein (fibrils) are elevated in in
dividuals with RBD who are at high risk of progression to overt 
Parkinson’s disease. This early humoral immune response to 
pathological alpha-synuclein evident in the prodromal phase 
of Parkinson’s disease is consistent with a recent study describ
ing more prominent alpha-synuclein–specific T-cell responses 
in Parkinson’s disease patients prior to disease onset and shortly 
after diagnosis, compared with those later in the disease 
course.8 Interestingly, we did not find a difference in alpha- 
synuclein antibody titres between the Parkinson’s disease group 
and controls despite previous studies suggesting that alpha- 
synuclein antibodies are elevated in early disease (<5 years), 
albeit inconsistently (reviewed in Scott et al.7). We made every 
effort to reduce clinical heterogeneity in this Parkinson’s co
hort, which could have contributed to our negative findings, al
though there was still some variability in disease duration 
within our cohort (mean 3.2, SD 2.6). Alternatively, it may 
be that a more sensitive analysis of immunoglobulin subtypes 

Figure 4 Heat map showing the correlation matrix of B lymphocyte subsets and clinical variables in patients with Parkinson’s 
disease. Memory, memory B cells; DN, double negative (CD27−IgD−), MDS-UPDRS motor, MDS Unified Parkinson’s Disease Rating Scale part III 
motor subscore; CD138+, plasma cells; CD5+, CD5+ cells; LEDD, levodopa equivalent daily dose; ACE: ACE-R, Addenbrooke’s Cognitive Examination 
Revised; Naïve, naïve B cells; CD24HICD38HI, transitional B cells (likely IL10-producing population), CD24HICD38int (an additional IL10-producing 
population); CD1d MFI, CD1d mean fluorescence intensity; PD, Parkinson’s disease. Unfavourable outcome: probability of dementia, postural instability 
or death at 5 years.36 * indicates statistically significant correlations (P < 0.05).
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Figure 5 B lymphocyte stimulation assays showing intracellular staining and activation markers. (A) Post-culture gating of CD19+ 

cells showing IL10 intracellular staining in the unstimulated condition [brefeldin A (BFA) only], stimulated [using PIB, phorbol 12-myristate 
13-acetate (PMA) + ionomycin (I) + BFA; CD40L, CD40 ligand; CpG, CpG] and alpha-synuclein conditions. Each point in A, B and E represents a 
single cell from three separate patients (a control, a patient at low risk of early dementia and a patient at high risk of early dementia). The points in 
graphs C, D, F and G represent each patient or control (referring to the proportion of their cells staining positive for the respective cytokine or 
intracellular marker). (B) Post-culture gating of CD19+ cells showing IL6 intracellular staining with unstimulated condition (BFA only), stimulated 
(as in A) and alpha-synuclein conditions. (C) Proportion of cells staining positive for intracellular IL10 across risk groups. There was a significant 
effect of dementia risk group [ANOVA F(2,51) = 8.08, P = 0.001]; post hoc t-tests (Bonferroni) showed this was due to differences between the 
high-risk group and other groups. (D) Proportion of cells with positive intracellular staining for IL6. There was a significant effect of risk group 
[ANOVA F(2,52) = 9.58, P = 0.0003]; post hoc t-tests (Bonferroni) showed this was due to differences between the high-risk group and other 
groups. (E) Post-culture gating of CD25+ cells showing unstimulated, stimulation and alpha-synuclein conditions. (F) Proportion of cells staining 
positive for CD25. There was a significant effect of risk group [ANOVA F(2,52) = 7.9, P = 0.001] with post hoc t-tests (Bonferroni) showing this 
was due to differences between the high-risk group and other groups. (G) Overall stimulation Z-scores showing that there was a significant 
increase in cytokine release in the high-risk group (low versus high risk, Mann–Whitney U = 46, P = 0.037; low + intermediate versus high risk, 
Mann–Whitney U = 26, P = 0.03). **P < 0.01.
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Figure 6 B- and T-cell numbers in two alpha-synuclein transgenic models of Parkinson’s disease. (A) Representative plots showing 
gating for PBMCs from mice identifying lymphocytes, CD19+ B cells, CD3+ T cells (and CD4+ and CD8+ subsets), CD9+ B cells (regulatory) and 
naïve (IgD+IgM+/IgD+IgM−) or memory (IgM−IgD−) cells. Each point represents a single cell from one mouse. For plots B and C, each data point 
represents data from one individual mouse. (B) The proportion and absolute counts of B lymphocytes are decreased in the MI-2 mice compared to 
two different controls (C57/bl6 and Asyn KO). The proportion but not numbers of T cells was increased in MI-2 mice. There were no differences 
in CD9+ and naïve/memory subsets. There were five male mice in each group, all aged between 17 and 18 months. Asyn KO, alpha-synuclein null 
mice. **P < 0.01 and *P < 0.05. (C) The proportion and absolute counts of B lymphocytes are decreased in Thy1 SNCA mice compared to C57bl/6 
controls. Proportions c57bl/6 mean 36.6% (SD 22.63) and Thy1 SNCA mean 60.4% (SD 13.15). Absolute counts C57bl/6 mean 1.9 × 106 (SD 1.9 ×  
106) and Thy1 SNCA mean 0.5 × 106 (SD 0.43 × 106). **P < 0.01. The data were obtained over three separate experiments, from 13 C57bl/6 mice 
(N = 13, 6 females; mean age 19.1 months, SD 1.5 months) and 13 Thy1 SNCA mice (N = 13, 8 females; mean age 18.7 months, SD 1.72). There 
were no differences in the CD9+, naïve/memory subsets or CD21/35-positive subsets. Asyn KO, α synuclein knock out.
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Figure 7 Pathological and motor outcomes are worse in B-cell–depleted 6-OHDA mouse model of Parkinson’s disease. (A) The 
6-OHDA toxin model showing the injection site in the striatum. (B) Motor performance on the rotarod test for N = 28 μMT mice (15 male) and  
N = 28 C57bl/6 mice (11 male) collected across two experiments (with equal numbers in each group for both experiments). All mice were aged 
between 11 and 14 weeks at the time of the experiment. The figure shows the mean and standard error of the mean (SEM). Lower latencies 
suggest poorer performance (mice fall off sooner). This short protocol test has a ceiling effect (a limit of 60 s on the bar) meaning that the C57bl/6 
did not show a significant change after surgery. A two-way ANOVA was undertaken with genotype and week of testing as independent variables 
and showed that there was a significant main effect of genotype overall [F(1,133) = 26.65, P < 0.0001] and of time [F(4,133) = 10.33, P < 0.0001] 
with a significant interaction between the two terms [F(4,133) = 3.02, P = 0.02]. (C) Representative histological image showing TH+ staining with a 
more extensive loss of dopaminergic fibres in the μMT mouse (examples from two individual mice: one μMT and one C57bl/6 mouse; both female, 
12 weeks). (D) Quantification of the mean optical density of staining in the striatum (taken from 6–10 sections per mouse) showing the staining as 
a percentage of the non-lesioned side (N = 8 C57bl/6, N = 5 μMT) from mice culled 4 weeks after surgery. Each point represents one individual. 
Unpaired t-test, t(11) = 4.07, P = 0.0006. (E) Motor performance on the rotarod test for mice given CD20 antibody (N = 10) and control antibody 
(N = 13) female mice aged between 22 and 26 weeks. A two-way ANOVA with treatment and week of testing as independent variables showed 
there was a significant main effect of week of testing [F(3,72) = 9.44, P = 0.0001]. There was no main effect of treatment type [F(1,24) = 1.05, P =  
0.32]. (F) Representative histological image showing TH+ staining with more extensive loss of dopaminergic fibres in a mouse given a CD20 
antibody versus a mouse given the control antibody (examples from two individual mice). (G) Quantification of the mean optical density of staining 
(across 6–10 sections for each mouse) in female C57/bl6 mice (12 weeks old) given either control (N = 10) or an anti-CD20 monoclonal antibody 
(N = 13). Unpaired t-test, P = 0.01. (H) Representative flow cytometry gating plot showing B cell (CD19+) gating in a mouse given the control 
antibody and a mouse given the CD20 antibody (peripheral blood). Each point represents a single cell. (I) B cell percentages in individual mice 
calculated from flow cytometry plots in the CD20 and control groups. Unpaired t-test, t(21) = 6.22, P = 0.001. TH, tyrosine hydroxylase.
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is required to show a more nuanced antibody signature (as sug
gested in Folke et al.,41 who describe a complex phenotype in 
multiple system atrophy versus Parkinson’s disease versus con
trols). Importantly, our study did find a difference compared to 
healthy controls, but at a much earlier time point in the disease, 
namely in the prodromal phase, consistent with the overall hy
pothesis that antibody responses are increased in early disease 
but decrease as the disease progresses.

Therapeutic trials of alpha-synuclein antibodies in 
Parkinson’s disease are underway42 with initial data showing 
a decrease in blood and CSF alpha-synuclein levels. 
Antibodies may have beneficial effects, mediating the clearance 
of some pathological forms of alpha-synuclein (for example via 
Fcγ receptor-mediated phagocytosis). Alternatively, antibodies 
could contribute to disease progression by promoting an in
flammatory milieu in the brain (e.g. via activation of the com
plement cascade), leading to microglial activation, peripheral 
immune cell recruitment and further neuronal death.

We also investigated peripheral blood B-cell number and 
phenotype in patients with established Parkinson’s disease. 
In line with previous studies, we found a decrease in total 
B-cell number compared with controls,22,23,25 but here we 
describe (for the first time) that this observation is driven 
by a marked decrease in B cells in the patient subset at highest 
risk of developing an early dementia. The B cells remaining in 
these high-risk patients also showed a greater cytokine re
sponse (both IL10 and IL6) when stimulated ex vivo com
pared with controls consistent with recent studies26 and 
also had higher expression of the activation marker CD25, 
consistent with in vivo priming. Thus, in this subgroup of pa
tients, the B cells are both depleted in number but more acti
vated, suggesting that they may play a role in driving 
pathology in those with a worse prognosis. The decrease in 
circulating B lymphocyte numbers was not clearly driven 
by a decrease in any one subset (rather appearing to be a glo
bal reduction in B cells). This finding was recapitulated in 
two alpha-synuclein transgenic mouse models of 
Parkinson’s disease, suggesting that this is associated with 
a response to pathological alpha-synuclein rather than other 
parameters relating to disease in humans.

All of this data would therefore suggest that that B cells are 
activated in Parkinson’s disease, particularly in those at high
est risk of disease progression and that this is associated with a 
reduction in circulating B cells, either due to their exit from the 
blood (potentially to the CNS or gut, where alpha-synuclein 
pathology is well-described43) or due to activation-induced 
cell death. In one recent study, Yan et al.26 found a decrease 
in CXCR3+ B cells that may reflect homing to lymphoid tissue 
or the menginges by these cells. Further work is required to de
lineate between these possible explanations.

Our analysis of B-cell subsets also generated some interest
ing observations: Parkinson’s disease patients in our cohort 
had fewer CD1d positive cells than their matched controls. 
We also noted that a higher proportion of circulating 
CD24HICD38HI transitional B cell and other subsets en
riched for ‘regulatory’ IL10-producing B cells, including 
CD1d and CD5+ cells,16 was associated with better motor 

scores (lower MDS-UPDRS-III scores). Interestingly, in 
mice, CD1d-mediated presentation of lipid antigens by regu
latory B cells to invariant NKT cells resulted in suppressive 
iNKT capable of modulating pathological autoreactive 
Th17 and Th1 CD4 T cells.44 Our data therefore suggest 
that B cells with regulatory capacity may be beneficial in 
Parkinson’s disease, although whether that requires CD1d 
or iNKT activation by B cells or is due to direct effects on 
pathological T cell responses via IL10 production will need 
further study. Regardless of the mechanism, our observa
tions are consistent with the previously described protective 
effects of T regulatory cells in Parkinson’s disease (reviewed 
in Chen et al.45) and the more recently described decrease in 
functional regulatory B cells (as characterized by surface 
markers and in vitro effector function) in Parkinson’s disease 
compared to controls.27 This suggests that boosting regula
tory T or B lymphocytes may be a useful therapeutic strategy 
to prevent disease progression. We would argue that it is the 
balance between the effector and regulatory subsets that re
sults in a protective or deleterious effect.

In this respect, the study we undertook using a toxin-based 
mouse model supported the suggestion from our human immu
nophenotyping data that some B-cell subsets may play a pro
tective role in Parkinson’s disease. We found that B-cell 
deficiency led to worse behavioural outcomes. B-cell deficiency 
or antibody-based depletion was associated with a larger dopa
minergic cell loss. Previous studies have examined the effect of 
lymphocyte deficiency on motor and histological phenotypes in 
toxin-based models of Parkinson’s disease, one using athymic 
rats46 and another using RAG−/− mice that lack both T and B 
lymphocytes.47 Both of these studies noted worse outcomes 
in lymphocyte-deficient mice rescued by bone marrow trans
plantation.47 Depleting CD4+ T cells alone appears to improve 
outcomes in animal models.48 Taken together with our results, 
one could hypothesize that the rescue obtained with bone mar
row transplantation in lymphocyte-deficient mice is at least in 
part mediated by the protective effects of regulatory B cells. 
Further work examining the effect of transferring B lympho
cytes enriched for a regulatory phenotype is required. We 
also acknowledge that an isotype control would be a more ap
propriate control for the antibody depletion than the chimeric 
version of the CD20 antibody (rituximab). Human IgG Fc from 
the constant portion of the antibody has excellent binding to 
mouse Fcγ receptors therefore is still a useful control for non- 
specific Fc-dependent antibody effects. The overall protective 
effect of B cells at least in this model shows that they have an 
action that is independent of alpha-synuclein pathology and re
lated in some way to cell death and/or microglial activation.

The strengths of this study include the provision of well- 
matched age, gender and genotype controls for both a pro
dromal RBD and early Parkinson’s disease patient cohort 
stratified by risk of disease progression as well as the inten
sity and depth of analysis we have undertaken looking at dif
ferent types of B cells and their function. Previous studies 
have been limited by the heterogeneity of clinical cohorts 
and sub-optimal control groups.7 We have also focussed 
on identifying immunological factors associated with clinical 
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progression rather than diagnosis, namely RBD to 
Parkinson’s disease conversion and risk of progression to 
an early dementia in established Parkinson’s disease, utiliz
ing our well-validated markers to identify patients at risk 
of worse outcomes and showing that changes in the B-cell 
compartment are related to risk of disease progression. 
Potential confounding factors in our study include the effects 
of dopaminergic medication on immune cells, as most im
mune cells express dopamine receptors.49 The study is also 
limited by the relatively small sample number (although simi
lar to published literature) and the lack of longitudinal fol
low up. In future work, we would like to explore B-cell 
phenotypes in prodromal Parkinson’s disease cases, to allow 
us to determine how early in the disease the observed func
tional B-cell changes occur, and to explore the relationship 
between antibodies and B-cell phenotypes in more detail. 
However, in our current study, we only had access to stored 
serum samples in the REM sleep behaviour cohort.

Overall, our results highlight that changes in the B-cell 
compartment are associated with disease progression and 
raise the possibility that therapeutic strategies augmenting 
regulatory B cells may have utility in very early Parkinson’s 
disease or RBD.

Supplementary material
Supplementary material is available at Brain Communications 
online.
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