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Abstract.
Background: Reduced activity of lysosomal glucocerebrosidase is found in brain tissue from Parkinson’s disease patients.
Glucocerebrosidase is also highly expressed in peripheral blood monocytes where its activity is decreased in Parkinson’s
disease patients, even in the absence of GBA mutation.
Objective: To measure glucocerebrosidase activity in cryopreserved peripheral blood monocytes from 30 Parkinson’s disease
patients and 30 matched controls and identify any clinical correlation with disease severity.
Methods: Flow cytometry was used to measure lysosomal glucocerebrosidase activity in total, classical, intermediate,
and non-classical monocytes. All participants underwent neurological examination and motor severity was assessed by the
Movement Disorders Society Unified Parkinson’s Disease Rating Scale.
Results: Glucocerebrosidase activity was significantly reduced in the total and classical monocyte populations from the
Parkinson’s disease patients compared to controls. GCase activity in classical monocytes was inversely correlated to motor
symptom severity.
Conclusion: Significant differences in monocyte glucocerebrosidase activity can be detected in Parkinson’s disease patients
using cryopreserved mononuclear cells and monocyte GCase activity correlated with motor features of disease. Being able to
use cryopreserved cells will facilitate the larger multi-site trials needed to validate monocyte GCase activity as a Parkinson’s
disease biomarker.
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INTRODUCTION

Pathogenic variations in GBA1, the gene encod-
ing the lysosomal hydrolase glucocerebrosidase
(GCase), increase the risk of developing neurodegen-
erative Parkinson’s disease (PD) [1, 2]. Exactly how
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GBA1 contributes to PD risk is still unclear; however,
missense mutations that impair the enzymatic activity
of the encoded enzyme GCase can result in lysosomal
dysfunction and the accumulation of the pathologi-
cal PD protein alpha-synuclein (for recent reviews see
[3–5]). Importantly, reduced GCase activity has also
been observed in association with alpha-synuclein
pathology in brain tissue from patients even without
GBA1 variations [6–9]. This suggests that impaired
GCase activity may be a common mechanism in PD
and consequently there is much interest in targeting
the GCase enzyme as a potential therapeutic strategy
for PD [10, 11].

In addition to the central nervous system, GCase
is also highly expressed in the periphery, partic-
ularly in immune cells of myeloid lineage such
as monocytes and macrophages. Large scale stud-
ies using whole blood samples have indicated that
peripheral GCase activity is reduced in PD patients,
including those without GBA1 variations, which may
therefore offer utility for predicting future clinical
outcomes and/or the stratification of patients into
clinical trials [12–14]. However, heterogeneity in the
cell populations comprising whole blood can com-
plicate the measurement of GCase activity. To assess
GCase activity in more homogenous immune cell
populations, we recently employed a flow cytometry
approach to measure GCase activity in the immune
cell subsets that comprise peripheral blood mononu-
clear cells (PBMCs). This approach indicated a
significant reduction in GCase activity in idiopathic
PD patient monocytes, but not in the lymphocytes
that comprise the majority of PBMCs [15]. These
results suggest that single cell approaches may pro-
vide improved resolution for assessing GCase activity
in patient populations.

However, one limitation of our recent study was
that the flow cytometry assessment of GCase activity
was performed using freshly isolated blood samples,
collected on the day that participants presented to
the clinic. While convenient for a small study, this
approach would be unfeasible for larger, multi-center
studies wishing to utilize monocyte GCase activ-
ity as a PD biomarker. To address this problem, in
the current study, we have cryopreserved PBMCs
from control and idiopathic PD patients. We aimed to
determine whether monocyte GCase activity was still
reduced in PD patient monocytes compared to age
matched controls from cryopreserved specimens. In
addition, we sought to correlate GCase activity with
motor severity scores to determine a potential role for
this approach in future clinical trials.

METHODS AND MATERIALS

Participants

A total of 30 PD patients and 30 healthy con-
trol subjects were recruited with informed consent
in accordance with applicable guidelines and regula-
tions that were approved by the University of Sydney
Human Research Ethics Committee (2016/363). The
diagnosis of PD followed the Movement Disorders
Society (MDS) criteria for clinically established PD
[16]. Exclusion criteria were a first degree relative
with PD and the current use of non-steroidal anti-
inflammatory medication. Control subjects were age
and sex matched to PD patients, with 25 out of 30
controls having identified as being a spouse, sib-
ling or partner, with a further 5 controls that had no
connection to the participants. Recruitment occurred
over a four-month period with both controls and PD
patient samples being collected and processed on
the same days by the same staff. Demographic data,
which comprised age, sex, time since diagnosis, MDS
Unified Parkinson Disease Rating Scale part 3 (MDS-
UPDRS III) score, and the levodopa equivalent dose
for PD patients receiving dopaminergic medication
were recorded at the time of blood collection.

Isolation and cryopreservation of peripheral
blood mononuclear cells from participants

Venous blood was collected into 8 mL sodium cit-
rate Vacutainer Glass Cell Preparation Tubes (BD
Biosciences), with the tubes kept upright following
blood collection. Tubes were inverted 8 times prior
to centrifugation to remix the sample, after which
they were centrifuged at 1,800 x g for 20 min at room
temperature. The PBMC layer was then transferred to
a 15 ml conical tube, which was supplemented with
room temperature phosphate buffered saline (PBS)
to bring the volume to 15 ml. The PBMCs were cen-
trifuged at 300 x g for 15 min at room temperature,
after which the supernatant was aspirated and the
PBMC pellet was resuspended in 10 ml of warmed
(37◦C) culture media (RPMI 1640 supplemented
with 10% v/v heat inactivated, low endotoxin fetal
bovine serum (FBS) and 1 X penicillin/streptomycin
(all from Thermo Fisher Scientific). Cell count and
viability were determined by using Trypan blue and
an automated cell counter (Countess II-FL, Life Tech-
nologies). Cells were then pelleted via centrifugation
at 300 x g for 10 min at room temperature, after which
the supernatant was decanted and cells resuspended
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in pre-chilled (4◦C) cryopreservation media (RPMI
1640 supplemented with 20% v/v FBS and 10% v/v
dimethyl sulfoxide (DMSO) (Sigma-Aldrich). Cell
suspensions were frozen at –80◦C overnight in a
Mr. Frosty Freezing Container (Thermo Fisher Sci-
entific). Cryovials were then transferred into liquid
nitrogen storage within one week and the storage time
in liquid nitrogen was recorded in months.

Flow cytometry assessment of GCase activity

Cryopreserved PBMCs were retrieved from liquid
nitrogen, thawed at 37◦C, pelleted via centrifuga-
tion and resuspended in warmed (37◦C) culture
media. The maximum storage period of PBMCs
in liquid nitrogen was four months. PBMCs were
then incubated at 37◦C in a 5% CO2 tissue cul-
ture incubator for 2 h. Following the 2 h recovery
period, PBMCs from each subject were counted
and 1 × 106 cells were transferred into each of
two new 1.5 ml centrifuge tubes. One tube was
treated with 1 mM of the GCase inhibitor Conduri-
tol B epoxide (CBE) (Sigma-Aldrich), and the other
treated with an equivalent volume of DMSO, for
1 h at 37◦C. Following this, 0.75 mM of the lysoso-
mal GCase substrate, 5-(Pentafluorobenzoylamino)
Fluorescein Di-�-D-Glucopyranoside (PFB-FDGlu)
(Thermo Fisher Scientific), was added to both tubes
for 30 min at 37◦C and GCase enzyme activity
assessed, as we have published before [15]. To
terminate the reaction, 1 ml of pre-chilled (4◦C)
fluorescence-activated cell sorting (FACS) buffer (1
X PBS, 1 mM EDTA, 25 mM HEPES, 1% heat
inactivated FBS, pH 7.4) was added to tubes, and
PBMCs were pelleted via centrifugation at 300 x g
for 5 min at 4◦C. To assess GCase activity in dif-
ferent monocyte subsets, PBMCs were resuspended
in a master mix of FACS buffer containing PE-Cy7-
conjugated anti-CD14, V450-conjugated anti-CD16,
and PE-conjugated anti-HLA-DR monoclonal anti-
bodies (BD Biosciences). Tubes were incubated for
30 min at 4◦C to stain cell surface markers. PBMCs
were then washed and resuspended in FACS buffer,
after which they were passed through a cell strainer
cap and kept on ice until data acquisition. Data were
acquired on a BD FACSMelody instrument (BD
Biosciences) and FCS files analysed using FlowJo
software (Tree Star Inc.). Approximately 50,000
events were captured from each sample. Monocyte
subsets were distinguished by their relative expres-
sion of cell surface markers; classical monocytes
were CD14 + CD16-, intermediate monocytes were

CD14 + CD16+, and nonclassical monocytes were
CD14dim CD16 + . HLA-DR was incorporated into
the gating strategy to identify and exclude NK cells
and B cells from the analysis. Fluorescent sig-
nal resulting from PFB-FDGlu metabolism within
each monocyte population was then quantified and
expressed as an index, obtained by dividing the
median fluorescence intensity (MFI) of cells treated
without CBE by the MFI of cells treated with CBE.

GBA1 sequencing

Venous blood was collected from participants into
4 ml EDTA tubes (BD Biosciences) and genomic
DNA was isolated using a QIAamp DNA Mini
Kit (QIAGEN), according to manufacturers’ instruc-
tions. Sanger sequencing of GBA1 was performed
using long-range PCR, as we have published before
[6, 15].

Statistical analysis

Student’s t-test using Prism software (Graphpad)
was used to compare between two groups with statis-
tical significance defined as p < 0.05. General linear
model multivariate analysis using SPSS (IBM) was
also used to compare between groups whilst allow-
ing for age, sex, percent of monocytes in PBMCs
and storage time in months to be included as covari-
ates. Statistical significance for multivariate analysis
was accepted at p < 0.05 using the Wilks’ Lambda
statistic. Partial correlation analyses were used to
determine if there was a negative association between
monocyte GCase activity and UPDRSIII using the
same covariates as listed for the multivariate analysis.
Spearman correlation was performed to determine
any association between monocyte GCase activity
and Dopamine equivalent daily dose. Graphs were
created using Prism software version 7.0 (GraphPad)
and show individual data points and the estimated
marginal mean ± S.E.M.

RESULTS

Reduced GCase activity in cryopreserved PD
patient monocytes

A total of 60 participants were recruited for the
study. The control and PD groups were matched for
age and sex, and as expected, PD patients had signif-
icantly higher scores on the MDS UPDRS III motor
severity scale (Table 1). Sanger sequencing of the
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Table 1
Demographic data for PD patients and control subjects. Sixty par-
ticipants in total were recruited for this study and the demographic
data is shown. Data are presented as the mean ± standard error of
the mean. LEDD, L-Dopa daily equivalent dose; MDS-UPDRSIII,
Movement Disorder Society Unified Parkinson’s Disease Rating

scale part 3; PBMCs, peripheral blood mononuclear cells

Parkinson’s Control
disease

Number of participants 30 30
Age (y) 68 ± 1 68 ± 1
Male % 73 66
Time since diagnosis (y) 6.7 ± 0.80 N/A
LEDD 758 ± 67 N/A
MDS-UPDRS III 26.3 ± 15.1∗ 3.9 ± 5.5
Total monocytes (% of PBMCs) 26 ± 9 21 ± 10
Classical monocytes (% total

monocytes)
65 ± 21 70 ± 16

Intermediate monocytes (% total
monocytes)

22 ± 18 18 ± 15

Non-classical monocytes (% total
monocytes)

9 ± 5 9 ± 6

GBA1 gene revealed one PD patient with an N409S
variant, who was excluded from further analysis. At
the end of recruitment, cryopreserved PBMCs were
used to assess GCase activity in total CD14 pos-
itive monocytes, as well as in different monocyte
subsets using the expression of CD14 and CD16
to define classical, intermediate, and non-classical
groups. The gating strategy is shown in Fig. 1.
No significant differences were found between the
control and PD groups for the percentage of total
monocytes, or monocyte subpopulations in the blood
samples (Table 1). Boxplot analysis did reveal that
three control participants had percentages of clas-
sical and intermediate monocytes that were more
than 3 times lower and higher respectively than
the interquartile range. These three outliers were
removed from further analysis. Consistent with pre-
vious work using freshly isolated cells, Student’s
t-test revealed a significant reduction in the GCase
activity index in cryopreserved total CD14 posi-
tive monocytes (p < 0.05, Fig. 2A). Using surface
marker antibodies to split the total monocyte popu-
lation into the different monocyte subsets revealed
a significant decrease in the GCase activity index
in classical monocytes (p < 0.05, Fig. 2B) from PD
patients compared to controls, with no difference
observed between the two groups in intermediate
(Fig. 2C) and non-classical (Fig. 2D) monocytes.
Multivariate analyses covarying for age, sex, the per-
cent of monocytes in the PBMC sample and the
storage time of the cryopreserved PBMCs was also
performed. Neither age (p = 0.674), sex (p = 0.980)

or the percent of monocytes in the blood (p = 0.059)
had a significant effect on the GCase activity index,
however storage time did (p = 0.022). After adjust-
ing for the above covariates, the GCase activity
index was still significantly reduced in PD patient
total (p = 0.003, Fig. 2E) and classical (p = 0.004,
Fig. 2F) monocytes. Employing raw MFI values from
the metabolism of PFB-FDGlu for GBA activity,
rather than the GBA index corrected for back-
ground signal, in the multivariate analysis with
the same covariates resulted in a significant reduc-
tion in MFI in PD patients in total monocytes
(GBA MFI; control = 9264 ± 998, PD = 5545 ± 979,
p = 0.012), but not classical monocytes (GBA MFI;
control = 9882 ± 942, PD = 7405 ± 924, p = 0.072).
This highlights the utility of including a control for
background signal such as the GCase inhibitor CBE.
In this study CBE blocked 85 ± 3% and 95 ± 1%
of the MFI signal from the metabolism of PFB-
FDGlu in total and classical monocytes respectively,
with no significant difference in the signal blocked
between the PD and control groups. Interestingly,
across the whole cohort, a one-way ANOVA revealed
that GCase activity for intermediate monocytes was
significantly lower than for the classical or non-
classical subsets (p < 0.001, Fig. 3). To determine
if reduced GCase activity is associated with worse
motor symptoms assessed by UPDRSIII, partial
correlation analysis was performed controlling for
age, sex, percent of monocytes in the PBMCs and
storage time. Across the whole cohort, a signifi-
cant negative correlation between classical monocyte
GCase activity and MDS-UPDRS III motor severity
scores (r = –0.373; p = 0.004, Fig. 4A) but not for the
intermediate (p = 0.363) or non-classical (p = 0.079)
monocytes. When just the PD patients were included
in the correlation analysis, a significant negative cor-
relation between classical monocyte GCase activity
and MDS-UPDRS III motor severity scores is still
observed (r = –0.345; p = 0.046, Fig. 4B). Consistent
with our previous study, there was no correla-
tion between dopamine replacement medication and
monocyte GCase activity (p > 0.8).

DISCUSSION

A number of synthetic substrates exist for the mea-
surement of GCase activity, including the commonly
used glucosidase substrate 4-methylumbelliferyl
�-D-glucopyranoside (4-MUG), which is hydroly-
zed to give the quantifiable fluorescent product
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Fig. 1. Flow cytometry gating strategy to distinguish classical, intermediate, and non-classical monocyte subsets and quantify GCase activity
in participant PBMCs. PBMCs were treated with the lysosomal GCase substrate PFB-FDGlu after a preceding incubation with or without the
GCase inhibitor CBE and stained with antibodies to identify monocyte subpopulations. Firstly, a singlet gate was created using FSC-A and
FSC-H parameters (A), followed by a monocyte gate based on FSC-A and SSC-A parameters (B). CD14 positive cells were then selected
(C), and fluorescent signal in the FL1-A channel, resulting from PFB-FDGlu metabolism by GCase, was assessed in this total monocyte
population (D). Additionally, monocytes were further categorized into distinct subsets based on the expression of CD14 and CD16 (E),
followed by a gate to exclude cells positive for CD16 but negative for HLA-DR, representing NK cells (F). Cells expressing high HLA-DR
but low CD14, characteristic of B cells, were also excluded (G). Finally, monocyte subsets were distinguished on the basis of relative CD14
and CD16 expression levels (H), and GCase activity was quantified in classical (I), intermediate (J), and non-classical (K) monocytes.
Raw GCase activity was expressed as an index, obtained from dividing the MFI of cells treated without CBE by the MFI of cells treated
with CBE.

4-methylumbelliferone (4-MU) [17, 18], and C12-
glucocerebroside, which is hydrolyzed to C12
ceramide and quantified by mass spectrometry [19,
20]. However, the cell permeable quenched sub-
strate PFB-FDGlu, which is hydrolyzed by GCase to
release fluorescein, has an advantage over other sub-
strates in that it can be used to directly assess GCase
activity in situ in living single cells [21, 22]. Using
the PFB-FDGlu substrate in combination with flow
cytometry and surface marker antibodies to delin-
eate PBMC types, we have previously shown that
GCase activity is specifically reduced in monocytes
from PD patients [15]. The current study replicates

this finding in a second independent patient cohort,
and significantly, was able to confirm this result using
cryopreserved PBMCs. That cryopreserved PBMCs
can be used for GCase assays can facilitate larger,
multi-centre trials utilizing monocyte GCase activity
as a biomarker of PD.

In keeping with our previous work, the current
study recruited sporadic PD patients that did not have
genetic variations in GBA1. Although a number of
studies have found reduced GCase activity in brain
tissue from sporadic PD patients [6–9], the extent
to which peripheral GCase activity may be impaired
in sporadic PD is less clear. Studies employing the
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Fig. 2. Reduced GCase activity in PD patient monocytes. Student’s t-test was used to compare monocyte GCase activity between PD (n = 29)
and control (n = 27) subjects in total (CD14+) (A), classical (CD14++CD16-) (B), intermediate (CD14 + CD16+) (C), and non-classical
(CD14lowCD16+) (D) monocyte subsets. Data are presented as the mean ± SEM with each dot representing an individual participant.
Multivariate analysis covarying for age, sex, the percent of monocytes in peripheral blood mononuclear cells and mononuclear cell storage
time in months showed a significant reduction in GCase activity in PD patient total (E) and classical (F) monocytes. Data are presented as
the estimated marginal mean ± SEM.

4-MUG substrate and whole PBMC lysates have not
detected a significant difference in GCase activity
between control and sporadic PD patients [23, 24],
and while an initial study employing whole blood
spots and the C12-glucocerebroside substrate found
reduced GCase activity in sporadic PD patients [12],
this was not replicated in larger longitudinal studies
using the same methodology [13]. Both the 4-MUG
probe and blood spot assay assess GCase activity

in bulk cell lysates, and outcomes can therefore be
affected by the markedly heterogeneous nature of
the cells comprising the sample. In contrast, the cell
permeable GCase substrate, PFB-FDGlu allows for
single cell resolution and specific quantification of
in situ GCase activity in distinct cell types. That
we found decreased GCase activity in monocytes,
and in particular classical monocytes, in sporadic
PD patients may suggest a cell type specific effect
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Fig. 3. Reduced GCase activity in intermediate monocytes. GCase
activity in classical, intermediate, and non-classical monocyte
subsets across the whole cohort (n = 56) was compared using a
one-way ANOVA with Tukey’s multiple comparison post hoc test.
Data are presented as the mean ± SEM with each dot representing
an individual participant.

that is not captured when examining heterogeneous
biological samples in which monocytes comprise
only a small fraction. Indeed, there is increasing evi-
dence that monocyte dysfunction may contribute to
PD [25–27], and a number of PD risk alleles are
enriched in monocytes [28, 29]. The inverse corre-
lation observed between monocyte GCase activity
and motor severity scores may further indicate a role
for monocytes in PD progression; however, larger
cohorts and longitudinal assessment are needed to
confirm this association.

Our data also indicates that monocyte GCase activ-
ity is variable, with a number of PD patients having
reduced GCase activity but also a number having
levels similar to the matched controls. Therefore,
another potential use of monocyte GCase activity
measurements may be in the stratification of spo-
radic PD patients with low GCase activity into clinical
trials targeting the GCase enzyme. However, more
work is needed to consolidate our findings across
larger cohorts and to develop a better understand-
ing of what factors may influence the stability of
GCase activity over time. The use of the fluorescent 4-
MUG substrate has also been associated with falsely
identifying low GCase activity [30]. Therefore, it
will also be important to confirm monocyte GCase
activity longitudinally and determine how activity
relates to disease progression. It will also be impor-
tant in future studies to include additional orthogonal
readouts of GCase activity, such as alterations in lev-

Fig. 4. Classical monocyte GCase activity negatively correlates
with PD motor severity. Partial correlation analysis covarying for
age, sex, percent of monocytes in PBMCs and storage time in
months showed a significant association between classical mono-
cyte GCase activity and participant UPDRSIII score when the
whole cohort was included (A) (n = 55), or when just PD patients
were included (B) (n = 30).

els of glucosylceramide or ceramide species, and/or
additional readouts of monocyte lysosomal function.
In summary, our results provide a pathway to scalable
testing that may have particular relevance for clini-
cal trials, patient phenotyping and/or understanding
mechanisms of disease pathogenesis.
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