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Abstract
CD39 and CD73 are ecto-nucleotidases present on human peripheral blood mononuclear cells (PBMCs) and are emerging
biomarkers on these cells in various disorders including cancer. Many factors influence PBMC quality, so it is essential to
validate sample processing methods prior to incorporation in clinical studies. This study examined the impact of both PBMC
cryopreservation and PBMC isolation using SepMate density gradient centrifugation on CD39 and CD73 expressing subsets.
First, PBMCs were isolated from the peripheral blood of 11 healthy donors by routine Ficoll-Paque density gradient centrifuga-
tion, cryopreserved and compared with freshly isolated PBMCs by flow cytometry. The proportions of T and B cells expressing
combinations of CD39 and CD73 were relatively stable over 6-month cryopreservation, although some T cell combinations
revealed small but significant changes. Second, peripheral blood was collected from six healthy donors to compare PBMCs
isolated by SepMate or Ficoll-Paque density gradient centrifugation. Compared with Ficoll-Paque, the more rapid SepMate
method yielded 9.1% less PBMCs but did not alter cell viability or proportions of T and B cells expressing combinations of CD39
and CD73. The present study reveals that cryopreservation is suitable for studying T and B cells expressing combinations of
CD39 and CD73. However, caution should be exercised when observing small differences in these cryopreserved subsets
between different cohorts. Further, SepMate and Ficoll-Paque methods of PBMC isolation show similar results for T and B cell
subset analysis; however, SepMate is a faster and easier approach.
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Introduction

CD39 and CD73 are ectonucleotidases expressed on the sur-
face of immune and other cells types and together mediate the
hydrolysis of extracellular adenosine triphosphate (ATP) into
adenosine [1, 2]. Specifically, CD39, an ectonucleoside tri-
phosphate diphosphohydrolase, hydrolyses ATP and adeno-
sine diphosphate (ADP) to adenosine monophosphate (AMP)
[1]. CD73, an ecto-5′-nucleotidase, then hydrolyses AMP to
adenosine on the cell surface [2]. This adenosine-producing
CD39/CD73 pathway has roles in many disorders, including
cancer [3, 4], myocardial ischemia [5], graft-versus-host dis-
ease [6, 7], and acquired immunodeficiency syndrome [8].
Thus, these molecules may be potential biomarkers of disease
outcome or treatment response.

Analysis of CD39 and CD73 in the blood is of particular
interest, as blood collection is minimally invasive and suitable
for incorporation into routine clinical testing and compared

* Ronald Sluyter
rsluyter@uow.edu.au

1 Illawarra Health and Medical Research Institute,
Wollongong, NSW 2522, Australia

2 Molecular Horizons and School of Chemistry and Molecular
Bioscience, University of Wollongong, Wollongong, NSW 2522,
Australia

3 CONCERT - Centre for Oncology Education and Research
Translation, Liverpool, NSW 2170, Australia

4 Illawarra Cancer Care Centre, Wollongong Hospital,
Wollongong, NSW 2500, Australia

5 GenesisCare, St Vincent’s Clinic, Darlinghurst, NSW 2010,
Australia

https://doi.org/10.1007/s11302-020-09714-1

/ Published online: 5 August 2020

Purinergic Signalling (2020) 16:389–401

http://crossmark.crossref.org/dialog/?doi=10.1007/s11302-020-09714-1&domain=pdf
https://orcid.org/0000-0003-3762-6296
https://orcid.org/0000-0001-9098-8224
https://orcid.org/0000-0002-2878-0999
https://orcid.org/0000-0002-8454-1810
https://orcid.org/0000-0002-8154-6966
https://orcid.org/0000-0001-6671-029X
https://orcid.org/0000-0003-0926-7580
https://orcid.org/0000-0002-6242-3944
https://orcid.org/0000-0003-4909-686X
mailto:rsluyter@uow.edu.au


with tissue biopsies, is less susceptible to selection biases [9,
10]. Moreover, peripheral blood mononuclear cells (PBMCs),
which comprise T and B cells, as well as innate lymphocyte
and myeloid subsets, are relatively easy to isolate from whole
blood and provide valuable information concerning the immu-
nological status of the host [11]. In particular, there is emerg-
ing evidence to support the importance of CD39 and/or CD73
as biomarkers on PBMCs in cancer. For example, the propor-
tion of CD4+CD39+ T cells is increased in chronic lympho-
cytic leukaemia patients and associated with advanced stage
of the disease [12]. Lower baseline percentage of CD8+PD-
1+CD73+ T cells is associated with overall survival and clin-
ical benefit to anti-PD-1 immunotherapy (Nivolumab) in met-
astatic melanoma patients [13]. Furthermore, higher propor-
tions of CD4+CD73+ and CD8+CD73+ T cells represent an
exhausted phenotype in head and neck squamous cell carci-
noma, whereby, T cells lose effector functions and express
inhibitory receptors [14]. Finally, CD39+CD73+ B cells,
through adenosine production, may influence the function of
effector lymphocytes in head and neck squamous cell carci-
noma [15]. Together these finding support the notion that the
proportions of immune cells expressing CD39 and CD73 rep-
resent potential biomarkers and can be identified using flow
cytometric approaches.

The origins of the routine isolation of human PBMCs by
Ficoll-Paque density gradient centrifugation (Ficoll-Paque)
can be traced back to 1968 [16]. However, density gradient
separation requires careful handling and prolonged centrifu-
gation to minimise mixing of layers, so there have been a
number of modern refinements to improve ease of isolation
and reduce time of processing. One such example is the
development of SepMate PBMC isolation tubes, by
STEMCELL Technologies (Vancouver, Canada), which in-
cludes an insert to allow faster preparation times.
STEMCELL Technologies also produces an alternative to
Ficoll-Paque density gradient medium, called Lymphoprep,
which is routinely used with SepMate PBMC isolation tubes.
However, studies comparing PBMCs isolated by SepMate
density gradient centrifugation (SepMate) to those isolated
by Ficoll-Paque density gradient centrifugation are limited
[17], and to the best of our knowledge, none have compared
the impact of these two techniques on CD39+ and CD73+ cell
types.

Cryopreservation is the mainstay of long-term sample stor-
age and is often necessary in large pre-clinical and clinical
studies being conducted at single or multiple sites, where the
analysis of fresh PBMCs is not always practical [11].
Cryopreserved PBMCs allow for the batch analyses of sam-
ples, reducing intralaboratory and interlaboratory variability,
while optimising the use of resources [18, 19]. However, cryo-
preservation is a potentially destructive process, having the
potential to induce phenotypic and/or functional changes to
PBMCs [20]. Therefore, it is important to validate that

cryopreservation does not influence cell subsets or cell mole-
cules of interest or to at least be aware of any such changes and
any potential limitations in analysis of such samples. There
have been a small number of studies that have evaluated the
effect of cryopreservation on PBMC populations. Studies
have shown that proportions of major lymphocyte popula-
tions, including CD3+, CD4+ and CD8+ T cells, and CD19+

B cells remain relatively stable during cryopreservation when
compared with freshly isolated PBMCs [19–21]. However,
other subpopulations, such as naive (CD45RA+CD62L+)
and central memory (CD45RO+CD62L+) T cells, have been
shown to decrease during cryopreservation [20]. Conversely,
p ropo r t i ons o f CD39+CD4+CD25+ T ce l l s and
CD39+CD4+CD25hi regulatory T cells, but not other subtypes
of CD39+ regulatory T cells, increased following cryopreser-
vation [19]. To the best of our knowledge, there are no studies
reporting the impact of cryopreservation on other CD39+ cell
types or any CD73+ cell types.

The current study aimed to determine the impact of cryo-
preservation of human PBMCs on T and B cells, including
CD39 and CD73 expressing subsets. The study also aimed to
determine if PBMCs isolated by SepMate density gradient
centrifugation are equivalent to those isolated by Ficoll-
Paque density gradient centrifugation, with a focus on T
and B cells, including CD39 and CD73 expressing subsets.

Materials and methods

Materials

Dulbecco’s phosphate buffered solution (D-PBS) was from
Thermo Fisher Scientific (Waltham, USA). Ficoll-Paque was
from GE Healthcare (Uppsala, Sweden). SepMate and
Lymphoprep were from STEMCELL Technologies
(Vancouver, Canada). RPMI-1640 medium (Life
Technologies; Carlsbad, USA) was prepared at the Illawarra
Health and Medical Research Institute (Wollongong,
Australia). Foetal calf serum (FCS) (heat-inactivated before
use) was from Bovogen Biologicals (East Keilor, Australia).
Trypan blue solution, dimethyl sulfoxide (DMSO) and
isopropanol were from Sigma-Aldrich (St. Louis, USA). The
Zombie NIR Fixable Viability Kit was from BioLegend (San
Diego, USA). Fluorochrome-conjugated monoclonal antibod-
ies (mAbs) (Table 1) were from BD Bioscience (San Jose,
USA).

Human blood collection

All experiments with human blood were conducted in accor-
dance with approval by the University of Wollongong
Human Research Ethics Committee (Wollongong,
Australia) and with informed, signed consent from donors.
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For experiments investigating the impact of cryopreserva-
tion, peripheral blood was collected from 11 healthy human
donors (mean age of 28, range 21–49, 36% female) by
venepuncture into Vacutainer lithium heparin tubes (BD
Bioscience). For experiments comparing SepMate and
Ficoll-Paque density gradient centrifugation, peripheral
blood was collected from six healthy human donors (mean
age of 23, range 21–27, 0% female) as above. All blood was
processed within 4 h of collection.

Human PBMC isolation by Ficoll-Paque density gra-
dient centrifugation

Whole blood was diluted with an equal volume of D-PBS (at
room temperature), underlaid with Ficoll-Paque (at room tem-
perature), then centrifuged (600×g, 30 min, 21 °C) on a
Heraeus Multifuge X3R (Thermo Fisher Scientific) with ac-
celeration set to five and deceleration set to zero (all other
centrifugation steps were performed with acceleration set to
nine and deceleration set to nine unless stated otherwise).
PBMCs were collected from the Ficoll-Paque-plasma inter-
face into a 50 mL tube (Greiner Bio-One; Frickenhausen,
Germany) and washed (500×g, 10 min, 4 °C) with RPMI-
1640medium containing 10% FCS (RPMI-FCS) before being
resuspended in RPMI-FCS. PBMCs were enumerated and
assessed for viability, using trypan blue and a Boeco
haemocytometer (Hamburg, Germany).

Human PBMC isolation by SepMate density gradient
centrifugation

Lymphoprep (at room temperature) was pipetted into a
SepMate tube via the insert hole according to the manufac-
turer’s instructions. Whole blood was diluted with an equal
volume of D-PBS (at room temperature), gently added down
the inside of the tube, then centrifuged (1200×g, 10 min,
21 °C) on a Heraeus Multifuge X3R with acceleration and
deceleration both set to nine. Plasma and PBMCswere poured
into a separate 50 mL tube and washed (500×g, 10 min, 4 °C)

with RPMI-FCS before being resuspended in RPMI-FCS.
PBMCs were enumerated and assessed for viability as above.

Cryopreservation of PBMCs

For cryopreservation of PBMCs, isolated cells were centri-
fuged (400×g, 10 min, 4 °C) and resuspended in RPMI-FCS
at a concentration of 6–10 × 106 cell/mL. Cells were then di-
luted with an equal volume of ice-cold freeze down medium
(RPMI-1640 medium containing 40% FCS and 20% DMSO)
in a dropwise fashion with continuous mixing. Aliquots of
1 mL were transferred to Cryo.S tubes (Greiner Bio-One),
placed in a Nalgene Cryo 1 °C Freezing Container (Nalgene
Nunc, Rochester, USA) with isopropanol and frozen over-
night at − 80 °C, before being transferred to liquid nitrogen.
Following 1-, 3- or 6-month storage, PBMCswere thawed in a
37 °C water bath with constant swirling. Thawed samples
were then washed with RPMI-FCS (300×g, 5 min, 21 °C)
and resuspended in RPMI-FCS and assessed for viability as
above.

Immunophenotyping by flow cytometry

Freshly isolated and thawed PBMCs were washed with D-
PBS (300×g, 3 min, 21 °C) and incubated with Zombie Dye
NIR for 15 min at room temperature in the dark. Cells were
then washed with D-PBS containing 2% FCS and centri-
fuged (300×g, 3 min, 21 °C). Cells were then incubated with
fluorochrome-conjugated mAbs (Table 1) for 15 min at room
temperature in the dark. Fluorescence minus one (FMO)-
stained samples were included for CD39 and CD73, in which
mAbs to these respective molecules were omitted from the
panels. FMO-stained samples were used to assist with the
setting of flow cytometry gates for these markers in combi-
nation with gating regions from previous studies of CD39
and CD73 on CD3+ T cells [22, 23] and CD19+ B cells [24].
Cells were then washed with D-PBS (300×g, 3 min, 21 °C)
and a total of 5 × 104 live lymphocytes were acquired using a
BD LSR Fortessa X-20 flow cytometer and BD FACSDiva

Table 1 The mAb for flow cytometric analyses of leukocytes

CD molecule Fluorochrome Clone Catalogue numbera Excitation wavelength (nm) Detection filter (nm)

CD3 BV711 UHCT1 563725 405 710/50

CD19 PerCP-Cy5.5 HIB19 561295 488 695/40

CD39 PE TU66 555464 561 586/15

CD45 APC HI30 555485 640 670/30

CD73 PE-Cy7 AD2 561258 561 780/60

Abbreviations: BV, Brilliant Violet; PerCP-Cy5.5, peridinin-chlorophyll-protein-cyanine5.5; PE, phycoerythrin; APC, allophycocyanin; PE-Cy7, phy-
coerythrin-cyanine7
a All mAb from BD Bioscience
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software v8.0. Zombie dye NIR was detected using an exci-
tation of 640 nm and a 780/60-nm band pass filter. Excitation
and band pass filter wavelengths for each fluorochrome-
conjugated mAb are listed in Table 1. The relative percent-
ages of lymphocyte subsets were analysed with FlowJo soft-
ware v8.7.1 (TreeStar Inc., USA), using consistent gating
strategies.

Statistics

Data is represented as mean ± standard deviation (SD).
Normality of data was assessed using Shapiro-Wilk test.
Normally distributed data was compared using a paired
Student’s t test. Non-normally distributed data was com-
pared using a Wilcoxon matched pairs test. All statistical
analyses and graphs were generated using GraphPad Prism
software version 8.0 (GraphPad Software; La Jolla, USA).
For all analyses, differences were considered significant if
P < 0.05.

Results

Proportions of CD39+/−CD73+/− T and B cell subsets in
freshly isolated PBMCs

Before comparing the effect of cryopreservation on CD39 and
CD73 on T and B cells, the proportion of CD3+ T cells and
CD19+ B cells amongst CD45+ cells in freshly isolated
PBMCs from 11 healthy donors were assessed by flow cy-
tometry (Fig. 1a), to ensure the expected proportion of these
cells were present. In addition, this data provided the basis for
comparison with cryopreserved PBMCs. The mean propor-
tion of CD3+ T cells in the freshly isolated PBMCs was
68.4 ± 7.4%, while the mean proportion of CD19+ B cells
was 11.4 ± 4.2% (Fig. 1b) Both values are comparable with
previous studies [25].

Next, before comparing the effects of cryopreservation on
CD39 and CD73 on T and B cells, the proportions of T and B
cells expressing combinations of these ectonucleotidases in
freshly isolated PBMCs were assessed by flow cytometry
using the representative gating strategies for T cells
(Fig. 2a) and B cells (Fig. 2b). Amongst CD3+ T cells, the
mean proportions of CD39−CD73−, CD39+CD73−,
CD39−CD73+ and CD39+CD73+ T cells were 74.5 ± 9.7,
2.0 ± 0.9, 23.3 ± 9.5 and 0.3 ± 0.2%, respectively (Fig. 2c).
Amongst CD19+ B cells, the mean proportions of
CD39−CD73− , CD39+CD73− , CD39−CD73+ and
CD39+CD73+ B cells were 3.3 ± 1.6, 28.5 ± 19.1, 3.3 ± 1.9
and 64.9 ± 17.4%, respectively (Fig. 2d).

One of the donors displayed unusual proportions of
CD39+CD73− and CD39+CD73+ B cells compared with the
other ten donors. The relative proportion of CD39+CD73− B

cells was 3.7-fold higher compared with the mean for all the
other donors, whilst the proportion of cells CD39+CD73+ was
81.4% lower than the mean for all the other donors (Fig. 2d),
suggesting an abnormal CD73 phenotype. The unusual CD73
phenotype was not observed in the T cells from this or any
other donor (Fig. 2d). To ensure this unusual phenotype in the
donor was not an artefact or due to experimental error, freshly
isolated PBMCs were re-obtained from this donor, with sim-
ilar results to the initial observations (data not shown).

Fig. 1 Proportions of T and B cells in freshly isolated PBMCs. a, b
PBMCs, freshly isolated by Ficoll-Paque density gradient centrifugation,
were labelled with fluorochrome-conjugated mAbs and data acquired by
flow cytometry. a Sequential flow cytometric gates were selected left to
right (top to bottom), as shown, to gate single cells, lymphocytes, and live
(Zombie NIR−) CD45+ lymphocytes, in order to determine b proportions
of CD3+CD19− T cells and CD3−CD19+ B cells amongst CD45+ cells.
Data represents group means ± SD (n = 11 donors); symbols represent
individual donors
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Cryopreservation causes minor yet significant
changes to proportions of CD39+/−CD73+/− T cells,
while CD39+/−CD73+/− B cells remain relatively
unaltered

To determine the effect of cryopreservation on CD39 and
CD73, the flow cytometric analyses of freshly isolated
PBMCs were compared with PBMCs cryopreserved for 1-,
3- and 6 months from the 11 donors above. The proportions of
CD3+ T cells and CD19+ B cells were first compared between
fresh and cryopreserved samples. The same flow cytometric
gating strategies were applied as outlined above (Figs. 1a and
2a, b). The proportions of CD3+ T cells (Fig. 3a) or CD19+ B
cells (Fig. 3b) amongst CD45+ cells were not significantly
altered by cryopreservation at any of the time points
examined.

Amongst CD3+ T cells, minor but statistically significant
changes to the relative proportions of CD39−CD73−,

CD39+CD73−, CD39−CD73+ or CD39+CD73+ T cells were
observed at some time points. There was a statistically sig-
nificant 1.03-fold increase in the proportion of CD39−CD73−

T cells at both 1- and 3-month cryopreservation (P = 0.0401
and P = 0.0126, respectively), with no significant change at
6 months (Fig. 4a). In the CD39+CD73− T cells, there were
1.20- and 1.44-fold increases following 3- and 6-month
cryopreservation (P = 0.0186 and P = 0.0010, respectively)
(Fig. 4a). Conversely, in the CD39−CD73+ T cell population,
there were significant reductions at 1-month (8.4%), 3-
month (11.9%) and 6-month (8.5%) cryopreservation (P =
0.0305, P = 0.0059 and P = 0.0131, respectively) (Fig. 4a).
Proportions of CD39+CD73+ T cells significantly increased
1.63-fold at 6-month cryopreservation (P = 0.0010) (Fig.
4a).

Amongst CD19+ B cells, proportions of CD39−CD73−,
CD39−CD73+ or CD39+CD73+ B cells remained unchanged
(Fig. 4b). In the CD39+CD73− B cell population, there was a

Fig. 2 Proportions of CD39+/−

CD73+/− T and B cell subsets in
freshly isolated PBMCs. a–d
PBMCs, freshly isolated by
Ficoll-Paque density gradient
centrifugation, were labelled with
fluorochrome-conjugated mAbs
and data acquired by flow cy-
tometry. a, b Cells were gated as
shown in Fig. 1, to identify
a CD3+CD19− T cells and
b CD3−CD19+ B cells, with
fluorescence minus one (FMO)-
stained samples used to set CD39
and CD73 quadrants, to determine
the proportions of
c CD39+/−CD73+/− T cells and
d CD39+/−CD73+/− B cells.
c, dData represents group means ±
SD (n= 11 donors); symbols rep-
resent individual donors
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minor but statistically significant 3.1% reduction following 3-
month cryopreservation (P = 0.0420), but no significant
change at 1 or 6 months (Fig. 4b).

SepMate yields less PBMCs but does not influence cell
viability or the proportion of T and B cells compared
with Ficoll-Paque

Peripheral blood was then collected from six healthy do-
nors, and equal volumes of blood from each donor were
separated by density gradient centrifugation using either
Ficoll-Paque or SepMate tubes with Lymphoprep.
Representative gating strategies for PBMCs isolated by
Ficoll-Paque (Fig. 5a) and SepMate (Fig. 5b) showed no
major differences in cell populations in the flow cytometric
panels assessed between the two PBMC preparations. Cell
counts and viability, assessed using a haemocytometer and
trypan blue staining, demonstrated that the SepMate proce-
dure resulted, on average, in a statistically significant 9.1%
lower PBMC yield per mL of blood (P = 0.0001) (Fig. 5c),
but similar cell viabilities (Fig. 5d) compared with Ficoll-
Paque. Next, the proportion of T and B cells amongst
CD45+ cells in freshly isolated PBMCs were assessed by
flow cytometry. The mean proportion of CD3+ T cells (Fig.
5e) and CD19+ B cells (Fig. 5f) did not significantly differ
between the two techniques.

Ficoll-Paque and SepMate yields similar proportions
of CD39+/−CD73+/− T and B cells subsets

Next, the proportions of CD39+/−CD73+/− T and B cells were
assessed on the samples analysed above (Fig. 5). Amongst
CD3+ T cel ls , the proport ions of CD39−CD73− ,
CD39+CD73−, CD39−CD73+ or CD39+CD73+ cells were
similar and not significantly different between Ficoll-Paque-
and SepMate-isolated PBMCs (Fig. 6a). The mean propor-
tions of CD39−CD73−, CD39+CD73−, CD39−CD73+ and
CD39+CD73+ T cells in PBMCs isolated using Ficoll-Paque
were 76.3 ± 5.5, 3.5 ± 0.7, 19.9 ± 4.9 and 0.3 ± 0.1%, respec-
tively (Fig. 6a). While the mean proportions of CD39−CD73−,
CD39+CD73−, CD39−CD73+ and CD39+CD73+ T cells in
PBMCs isolated using SepMate were 76.8 ± 4.8, 3.2 ± 0.7,
19.7 ± 4.4 and 0.4 ± 0.1%, respectively (Fig. 6a).

Amongst CD19+ B cells, the mean proportions of
CD39−CD73− , CD39+CD73− , CD39−CD73+ and
CD39+CD73+ B cells in PBMCs isolated using Ficoll-Paque
were 3.5 ± 1.7, 23.9 ± 2.1, 3.5 ± 1.5 and 69.1 ± 1.9%, respec-
tively (Fig. 6b). The use of SepMate did not significantly alter
proportions of these subsets, with mean proportions of
CD39−CD73− , CD39+CD73− , CD39−CD73+ and
CD39+CD73+ B cells being 3.4 ± 1.6, 23.6 ± 2.1, 3.5 ± 1.5
and 69.4 ± 1.9%, respectively (Fig. 6b).

Ficoll-Paque and SepMate yields similar viabilities and
proportions of T and B cells in 1-month cryopreserved
PBMCs

Aliquots of PBMCs, isolated by either Ficoll-Paque or
SepMate density gradient centrifugation above, were cryo-
preserved for 1 month, and the viability of cells upon
thawing were compared. There was no significant differ-
ence in cell viabilities between the two techniques, with
Ficoll-Paque- and SepMate-isolated PBMCs displaying
mean viabilities of 96.9 ± 1.8 and 96.4 ± 2.1%, respectively
(Fig. 7a). Next, the proportion of T and B cells amongst
CD45+ cells in thawed PBMCs were compared by flow
cytometry. Comparison of cryopreserved PBMCs original-
ly isolated by either technique revealed no significant dif-
ferences in the proportions of CD3+ T cells (Fig. 7b) or
CD19+ B cells (Fig. 7c).

Ficoll-Paque and SepMate yield similar proportions of
CD39+/−CD73+/− T and B cell subsets in 1-month
cryopreserved PBMCs

Finally, the proportions of CD39+/−CD73+/− T and B cells
were assessed on the cryopreserved samples analysed above
(Fig. 7). Amongst CD3+ T cells, the proportions of
CD39−CD73 − , CD39+CD73− , CD39 −CD73+ o r
CD39+CD73+ cells did not differ between cryopreserved
PBMCs originally isolated by Ficoll-Paque or SepMate
(Fig. 8a). Similarly, amongst CD19+ B cells, the proportions
of CD39−CD73− , CD39+CD73− , CD39−CD73+ or
CD39+CD73+ cells did not differ between cryopreserved
PBMCs originally isolated by the two techniques (Fig. 8b).

Discussion

The first part of this study aimed to determine if the proportion
of T or B cells expressing combinations of CD39 and CD73
varies during cryopreservation. This study revealed that the
proportions of T and B cell-expressing combinations of CD39
and CD73 were relatively stable over 6-month cryopreserva-
tion, although some T cell combinations revealed small but
significant changes. Results also showed that proportions of
CD3+ T cells and CD19+ B cells were unaltered over 6-month
cryopreservation. This observation is consistent with previous
findings from two studies, which also demonstrated no chang-
es in the proportions of these cells cryopreserved for up to
12 months [19, 21]. Finally, the proportions of T and B cells
in freshly isolated PBMCs were similar to previous reports
[25]. Likewise, the proportions of CD3+ T cells (or CD4+

and CD8+ T cells combined) and CD19+ B cells expressing
combinations of CD39 and CD73 were similar to previous
reports [22, 23, 26–32]. These results validate the isolation
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Fig. 3 Proportions of CD3+ T
cells and CD19+ B cells are not
altered by cryopreservation. a, b
PBMCs, freshly isolated by
Ficoll-Paque density gradient
centrifugation and corresponding
PBMCs cryopreserved for 1-, 3-
and 6 months were labelled with
fluorochrome-conjugated mAbs,
and the proportions of a
CD3+CD19− T cells and b
CD3−CD19+ B cells amongst
CD45+ cells were determined by
flow cytometry. a, b Connected
symbols represent individual do-
nors (n = 11); P < 0.05 compared
with corresponding freshly isolat-
ed PBMCs indicates significance;
ns, no significances; paired two-
tailed Student’s t test

Fig. 4 Cryopreservation causes minor yet significant changes to
proportions of CD39+/−CD73+/− T cells, while CD39+/−CD73+/− B cells
remain relatively unaltered. a, b PBMCs, freshly isolated by Ficoll-Paque
density gradient centrifugation and corresponding PBMCs cryopreserved
for 1-, 3- and 6 months were labelled with fluorochrome-conjugated mAbs,

and the proportions of a CD39+/−CD73+/− T cells and b CD39+/−CD73+/−

B cells were determined by flow cytometry. Connected symbols represent
individual donors (n = 11); P < 0.05 compared with corresponding freshly
isolated PBMCs indicates significance; ns, no significances; paired two-
tailed Student’s t test or Wilcoxon matched-pairs signed rank test
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and flow cytometric techniques used in the current study to
investigate proportions of T and B cells expressing combina-
tions of CD39 and CD73.

This study indicates that cryopreservation over 6 months
has a minor yet statistically significant influence on the pro-
portions of T cells expressing CD39 and/or CD73, while pro-
portions of these molecules on B cells remained relatively
unaltered. The increase in the relatively small proportion of
CD39+ T cells within PBMCs at later time points parallels a
previous study that revealed increased proportions of both

CD39+CD4+CD25+ T cells and CD39+CD4+CD25hi regula-
tory T cells following 12 months of cryopreservation [19].
Thus, it remains possible that the increases in CD39+ T cells
in the current study represent changes to specific but minor T
cell populations rather than changes to all CD3+ T cells. This
previous study [19] and one other study [33] examining CD39
on cryopreserved PBMCs did not report any data concerning
CD39+CD3+ T cells or CD39+CD19+ B cells, while the sta-
bility of CD73+ T cells or CD73+ B cells following cryopres-
ervation is yet to be reported.
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Fig. 5 SepMate density gradient centrifugation yields less PBMCs but
does not influence cell viability or proportion of T and B cells compared
with Ficoll-Paque. a–f Peripheral blood was collected from six healthy
donors, and equal volumes were used to separate PBMCs by Ficoll-Paque
and SepMate density gradient centrifugation. c Cell numbers and d cell
viabilities were assessed using trypan blue and a haemocytometer. a, b, e,
f Cells were labelled with fluorochrome-conjugated mAbs and data ac-
quired by flow cytometry. a, b Sequential flow cytometric gates were

selected left to right, as shown, to gate single cells, lymphocytes, live
(Zombie NIR−) CD45+ lymphocytes, in order to determine proportions
of eCD3+CD19− T cells and fCD3−CD19+ B cells amongst CD45+ cells.
a, b A representative gating strategy of PBMCs isolated by a Ficoll-
Paque or b SepMate density gradient centrifugation is shown. c, e, f
Connected or d individual symbols represent individual donors (n = 6);
P < 0.05 indicates significance; ns, no significances; paired two-tailed
Student’s t test
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Beyond the explanation above, it remains unknown why
cryopreservation induces small changes in the proportions of
T cells expressing CD39 and/or CD73. Cryopreservation
may alter CD39 and/or CD73 expression. The increase in

the proportion of CD39+CD73+ and CD39+CD73− T cells,
and decrease in CD39−CD73+, may be due to certain minor
subpopulations of T cells having enhanced susceptibility to
apoptosis by cryopreservation and an impaired ability to

Fig. 6 Ficoll-Paque and SepMate
density gradient centrifugation
yield similar proportions of
CD39+/−CD73+/− T and B cell
subsets. a, b PBMCs freshly
isolated using Ficoll-Paque and
SepMate density gradient centri-
fugation were incubated with
fluorochrome-conjugated mAbs
and the proportions of
a CD39+/−CD73+/− T cells and
b CD39+/−CD73+/− B cells were
determined by flow cytometry.
Connected symbols represent in-
dividual donors (n = 6); P < 0.05
indicates significance; ns, no sig-
nificances; paired two-tailed
Student’s t test

Fig. 7 Ficoll-Paque and SepMate density gradient centrifugation yield
similar viabilities and proportions of T and B cells in 1-month cryopre-
served PBMCs. a–c At time of isolation, aliquots of PBMCs were cryo-
preserved for 1 month. Upon thawing, cell viabilities were assessed using
trypan blue and a haemocytometer. b, c PBMCs were incubated with

fluorochrome-conjugated mAbs and the proportions of b CD3+CD19−

T cells and c CD3−CD19+ B cells of CD45+ cells were determined by
flow cytometry. a Bars represent group means, and a individual or b, c
connected symbols represent individual donors (n = 6); P < 0.05 indicates
significance; ns, no significances; paired two-tailed Student’s t test
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recover during subsequent thawing [19, 34]. Apoptosis can
be induced by both physical and physiological stimuli, and
sensitivity is known to differ between lymphocyte subsets
[19]. The observed changes in CD39 and CD73 expression
may also be due to conformational changes induced by the
presence of DMSO and/or the thawing process, altering
binding of the respective mAbs [35]. However, this seems
unlikely as changes in T cells were not observed in the B
cells within the same PBMC preparation, although structural
differences in CD39 or CD73, as a result of differences in
glycosylation, for example, between T and B cells cannot be
excluded.

The second part of this study aimed to determine if
SepMate density gradient centrifugation could isolate
PBMCs equivalent to those isolated by Ficoll-Paque density
gradient centrifugation. This study demonstrated that
SepMate achieves equivalent viabilities, and proportions of
T and B cells, including combinations of CD39 and CD73
subsets, in freshly isolated and 1-month cryopreserved
PBMCs. Our results also revealed that PBMC yields follow-
ing SepMate density gradient centrifugation were slightly
but significantly lower than the following Ficoll-Paque den-
sity gradient centrifugation. This contrasts with prior obser-
vations, where a study reported that SepMate achieved 1.3-

Fig. 8 Ficoll-Paque and SepMate density gradient centrifugation yield
similar proportions CD39+/−CD73+/− T and B cells in 1-month cryopre-
served PBMCs. a, bAt time of isolation, aliquots of PBMCs were cryopre-
served for 1 month. Upon thawing, PBMCs were incubated with
fluorochrome-conjugated mAbs and the proportions of a CD39+/−CD73+/−

T cells and b CD39+/−CD73+/− B cells were determined by flow cytometry.
a, b Connected symbols represent individual donors (n = 6); P < 0.05 indi-
cates significance; ns, no significances; paired two-tailed Student’s t test or
Wilcoxon matched-pairs signed rank test
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fold higher PBMC yields compared with Ficoll-Paque [17].
This may be due to variations in the Ficoll-Paque protocols
used for PBMC isolation. For example, Ficoll-Paque density
gradient centrifugation in the current study was performed at
600×g for 30 min, while this step was performed at 400×g
for 40 min by Grievink et al. [17]. Although the temperature
of samples, separation media or centrifuges can each affect
PBMC yields [36], major differences in the temperature of
these elements do not explain the discrepancy in PBMC
yields between the two studies as isolations in both studies
(including reagents) were performed (and used) at room
temperature.

The current study also demonstrates that SepMate density
gradient centrifugation achieves statistically equivalent pro-
portions of PBMC populations compared with Ficoll-Paque
density gradient centrifugation. Specifically, the current
study reports no significant differences in proportion of
CD3+ T cells and CD19+ B cells, including combinations
of CD39 and CD73 subsets. The aforementioned study [17]
also revealed no significant differences in CD3+ T cells and
CD20+ B cells between the two isolation techniques. Of
note, CD20 was used to identify B cells [17], providing fur-
ther evidence that the proportions of B cells are not altered by
either isolation method. The current study is the first to com-
pare potential differences in the proportion of the T and B
cells expressing CD39 and CD73 in PBMCs isolated by
either isolation method. Furthermore, it was demonstrated
that SepMate density gradient centrifugation does not influ-
ence the viability or proportion of PBMCs following 1-
month cryopreservation compared with those isolated by
Ficoll-Paque density gradient centrifugation. Specifically,
no significant differences in proportion of CD3+ T cells or
CD19+ B cells, including combinations of CD39 and CD73
subsets were observed.

The current study confirms that SepMate isolation of
PBMCs is a much faster isolation procedure than Ficoll-
Paque. The time taken to isolate PBMCs using SepMate was
routinely 45 min less than Ficoll-Paque. This is largely attrib-
uted to the time difference in the centrifugation steps, with
SepMate density gradient centrifugation taking 10 min in total
and Ficoll-Paque density gradient centrifugation taking
45 min in total. In addition, the SepMate insert afforded the
ability to quickly overlay blood without layer mixing and to
simply decant PBMCs by pouring into a new tube. Although
SepMate proved to be faster and easier than Ficoll-Paque,
consumables are approximately twice the cost for the same
volume of blood. This price difference however is reversed
if labour costs are accounted for.

A major limitation of the present study is that CD39 and
CD73 were examined on CD3+ T cells but not T cell subsets.
Of value would have been the inclusion of CD4+ and CD8+ T
cells, including regulatory and memory T cell subsets within
these populations. Moreover, the inclusion of other minor T

cell subsets, such as Vδ1+ T cells, would have also been of
interest. Recent comparisons revealed significantly higher
proportions of CD39+Vδ1+ T cells and significantly lower
proportions of CD73+Vδ1+ T cells in PBMCs of people with
breast cancer compared with PBMCs from healthy donors
[37]. Another limitation of the present study was that it was
restricted to PBMCs and did not include mononuclear cells
isolated from tissues. Given the central role of adenosinergic
signalling pathways in cancer [38], for example, it will be of
future importance to examine the stability of tumour-
infiltrating lymphocytes, including CD39 and CD73 expres-
sion, following different isolation techniques, as well as
cryopreservation.

In conclusion, the proportions of T and B cells expressing
combinations of CD39 and CD73 are relatively stable over
6-month cryopreservation, although some T cell combina-
tions revealed small but significant changes. The current
study also indicated that SepMate density gradient centrifu-
gation can be used as a faster and easier alternative to Ficoll-
Paque density gradient centrifugation when studying fresh or
cryopreserved T and B cells, including subsets expressing
CD39 and/or CD73. The study, however, revealed that
SepMate results in slightly lower PBMC yields, which may
be a minor limitation if blood sample volumes are small.
Collectively, the present study reveals that cryopreservation
and Ficoll-Paque or SepMate density gradient isolation of
human PBMCs are suitable for studying T and B cells ex-
pressing combinations of CD39 and CD73. However, cau-
tion should be exercised when observing small differences in
these cryopreserved subsets between different cohorts.
Results from this study will provide a useful resource for
future studies collecting and biobanking PBMCs for the po-
tential identification of biomarkers in diseases with an im-
mune component including cancer.
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