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ABSTRACT
CD39 and CD73 are key enzymes in the adenosine (ADO) pathway. ADO modulates pathophysiological
responses of immune cells, including B cells. It has recently emerged that a subpopulation of ADO-
producing CD39CCD73C B cells has regulatory properties. Here, we define the CD39high subset of these
cells as the major contributor to the regulatory network operated by human B lymphocytes. Peripheral
blood B cells were sorted into CD39neg, CD39inter and CD39high subsets. The phenotype, proliferation and
IL-10 secretion by these B cells were studied by flow cytometry. 50-AMP and ADO levels were measured by
mass spectrometry. Agonists or antagonists of A1R, A2AR and A3R were used to study ADO-receptor
signaling in B cells. Inhibition of effector T-cell (Teff) activation/proliferation by B cells was assessed in co-
cultures. Cytokine production was measured by Luminex. Upon in vitro activation and culture of B cells,
the subset of CD39high B cells increased in frequency (p < 0.001). CD39high B cells upregulated CD73
expression, proliferated (approximately 40% of CD39high B cells were Ki-67C and secreted fold-2 higher IL-
10 and ADO levels than CD39neg or CD39inter B cells. CD39high B cells co-cultured with autologous Teff
suppressed T-cell activation/proliferation and secreted elevated levels of IL-6 and IL-10. The A1R and A2AR
agonists promoted expansion and functions of CD39high B cells. CD39 ectonucleotidase is upregulated in a
subset of in vitro-activated B cells which utilize ADO and IL-10 to suppress Teff functions. Proliferation and
functions of these CD39high B cells are regulated by A1R- and A2AR-mediated autocrine signaling.
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Introduction

ADO is a purine nucleoside which plays an important role in
various pathophysiological processes.1 ADO and its receptors
(ADOR) are responsible for transmission of signals critical to a
variety of biological systems and pathways, including the
immune system.2,3 The ADO pathway is a prominent compo-
nent of inflammatory microenvironments, where an excess of
exogenous (e)ATP is hydrolyzed to ADO in two successive
steps by the purinergic enzymes, ectonucleoside triphosphate
diphosphohydrolase (NTPDase1/CD39) and ecto-50-nucleotid-
ase (CD73).4 The two ectoenzymes are expressed by a variety
of tissue cells and by various cell types of the hematopoietic sys-
tem.5 Once released from cells into the extracellular space,
ADO engages the P1 ADO receptors, A1, A2A, A2B and A3 on
target cells. Immune cells express ADOR which contribute to
the regulation of immune responses.5 T lymphocytes appear to
mainly utilize A2AR, whereby ADO interacting with the recep-
tor transmits immunosuppressive signals, leading to activation
of adenylyl cyclase (AC), upregulation of cAMP levels and inhi-
bition of Teff functions.6,7 In contrast, peripheral regulatory T
cells (pTreg) or myeloid-derived suppressor cells (MDSC) are
activated by ADO signaling via A2AR and their immunosup-
pressive functions are enhanced.8,9 The role of A1R or A3R in
ADO-mediated immune regulation is not entirely clear,
although 50-AMP was reported to be an A1R agonist with

affinity equal to or better than that of ADO.10 In cancer, ADO
is viewed as a pro-tumor factor which suppresses antitumor
functions of Teff and promotes functions of suppressor cells
(Treg and MDSC).11,12

Generally, B cells are viewed as promoters of T-cell activa-
tion and proliferation. However, recent studies identified a
small subset of CD19CCD25C circulating B cells that can sup-
press functions of other lymphocytes.13 This B-cell subset
(“Breg”) directly suppresses proliferation of CD4C T cells by
producing IL-10 or TGF-b or acting indirectly, promotes
expansion and functions of Treg.13 Our recent study shows
that upon in vitro activation, human CD19C B cells inhibit Teff
proliferation; in contrast, resting B cells promote Teff prolifera-
tion.14 T-cell suppression by activated B cells is associated with
upregulation of CD39 on the B-cell surface.14 Activated B cells
in the presence of eATP upregulate CD39 but downregulate
CD73 expression and mainly produce 50-AMP but little
ADO.14 Nevertheless, these B cells inhibit T-cell proliferation
and cytokine production by a mechanism presumably driven
by 50-AMP signaling.14 As 50-AMP was reported to be an A1R
agonist,10 we surmise that functions of A1R

C T cells are inhib-
ited not only by ADO via A2AR but also by B cell-derived 50-
AMP signaling via the A1R. The molecular mechanisms
involved in the ATP-driven suppression of T-cell functions by
B cells remain poorly understood, and the identity of Breg
responsible for this effect and their characteristics remain
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unclear. In fact, the precise Breg phenotype has been elusive
and seems to be species dependent and modulated by environ-
mental or contextual cellular interactions.15 Variously
described as CD19CCD38highCD24high or CD19CCD25high B
cells, Breg in humans regulate functions of Th1 helper cells by
producing immunosuppressive IL-10 or degranulation of per-
forin/granzyme molecules, respectively.16,17

The antibody-independent regulation of T-cell functions by B
cells is of great interest, largely because of the potential involve-
ment of Breg in inflammation, autoimmune diseases and can-
cer.18,19 Functional impairments of CD19CCD38highCD24high Breg
in systemic lupus erythematosus (SLE) patients17 and an increased
frequency of CD19CCD25high Breg during clinical manifestations
of multiple sclerosis16 illustrate their role in autoimmune diseases.
Contributions of Breg to cancer progression are poorly under-
stood. On the other hand, the use of ADO by Treg for suppres-
sion of antitumor-reactive T cells in the tumor microenvironment
represents a potentially important immunoregulatory mechanism
operating in cancer.20 Given the current data emphasizing the crit-
ical role of the B-cell presence in the immune signature of human
tumors for outcome and responses to therapy,21 the mechanisms
B cells use to mediate suppression of antitumor responses are of
primary interest. The major objective of this study was to further
evaluate the phenotypic characteristics and functional roles of
human activated CD39C B cells producing 50-AMP and ADO in
regulating T lymphocyte responses.

Results

In vitro-activated B cells upregulate CD39 surface
expression levels

Resting and activated B cells were tested for CD39 and CD73
surface expression levels. Although there was no significant dif-
ference between the frequency of CD20CCD39C and
CD20CCD73C cells (Fig. 1B, E), mean expression levels (MFI)
of CD39 were significantly higher in in vitro-activated B cells
(12 § 1.2 and 5.6 § 0.34 with p < 0.001) than resting B cells
(Fig. 1A, C). The MFI for CD73 tended to be higher in activated
B cells (Fig. 1F). Also, the frequency of CD20C CD39high B cells
was significantly increased upon B-cell activation relative to
that in resting B cells (5.6 § 0.1 and 1.4 § 0.1,respectively)
with the p < 0.0001) (Fig. 1D).

CD39high B cells have a regulatory phenotype

Upon sorting cultured B cells into the CD39neg, CD39inter and
CD39high subsets, expression of IL-10 was tested by flow cytom-
etry (Fig. 2A). IL-10 production was previously described as a
characteristic attribute of Breg.22 In comparison to resting B
cells, activated B cells upregulated IL-10 expression, and the
fold increase was significantly higher in the CD39high subset
than in the other two subsets (Fig. 2A). Resting B cells used as
controls in these experiments expressed no IL-10 (data not
shown). In addition, sorted B cells (CD39neg, CD39inter and
CD39high) were tested for surface expression of CD24, CD25,
CD38 by flow cytometry (Fig. 2 B–F). B cells that were
CD39high also expressed higher levels of CD25 (Fig. 2B) and
somewhat higher levels of CD24 (Fig. 2C) than B cells in the

other two subsets. CD38high, another marker reported to char-
acterize Breg, was only upregulated in CD39high B cells
(Fig. 3F). In aggregate, these results indicate that the CD39high

B-cell subset has the phenotype previously described for
Breg13,17 and that high levels of CD39 and IL-10 expression in
this B-cell subset are consistent with its regulatory potential.

50-AMP and ADO production by CD39inter and
CD39high B cells

Sorted CD39neg, CD39inter and CD39high B cells were tested for
levels (MFI) of CD39 expression and co-expression of CD73
(Fig. 3A–B). As expected, an increase in CD39 expression was
significantly higher (p < 0.001) in CD39high than CD39inter B
cells. The frequency of sorted CD39inter and CD39high B cells
co-expressing CD73 was equally high (approaching 90%), while
significantly fewer (70%; p < 0.05) of CD39neg B cells were
CD73 (Fig. 3B). Next, the sorted B-cell subsets were pre-incu-
bated in the presence of exogenously added ATP, and assessed
for the production of 50-AMP or ADO by mass spectrometry.
To confirm the role of CD39 ectoenzyme in the pathway, anti-
CD39 blocking Ab (or isotype control Ab) was added to B cells
2 h before incubation of B cells with ATP. As expected,
CD39high B cells hydrolyzed significantly more ATP and ADP
to 50AMP than B cells in the CD39inter subset (p < 0.001,
Fig. 3C). As the production of 50AMP was increased in
CD39high cells and CD73 expression was also high in these B
cells, they produced significantly more ADO than CD39inter B
cells (p < 0.05, Fig. 3D). In the presence of blocking anti-CD39
Ab, production of 50AMP and ADO by CD39high B cells was
significantly reduced (p < 0.001 and p < 0.05, Fig. 3C, D).
CD39neg B cells produced minimal levels of 50-AMP or ADO.

Proliferation of CD39high B cells

In vitro-activated B cells were sorted into the three subsets after
4 d in culture and assessed for Ki-67 expression by flow cytom-
etry. As shown in Figs. 4A–D, Ki-67 was only positive in
CD39high B cells. The frequency of Ki-67C B cells was minimal
in the other two B-cell subsets. The quantitative analysis of
gated CD39neg and CD39inter subsets showed very low fre-
quency of Ki-67C cells (1.85§ 0.45% and 3.83§ 0.65%, respec-
tively) vs. 40.0 § 7.4% of Ki-67C cells in the CD39high B cell
subset (p < 0.001). The data indicated that CD39high B cells
were the only vigorously proliferating population in 4-d cul-
tures containing CD40L and IL-4 (Fig. 4D). In all proliferation
experiments, isotype control Abs were used as well as resting B
cells, and the results were negative for staining with Ki-67 Abs
(data not shown).

Cytokine profiles of CD39neg, CD39inter and CD39high B cells

In vitro-activated B-cells were sorted into CD39neg, CD39inter or
CD39high subsets and the cells were incubated in presence of IL-
4 and CD40L for 24 h. Supernatant was collected for cytokine
measurements. The data in Table 1 show that CD39high B cells
spontaneously produced more IL-6 (p < 0.0001), TNF-a
(p < 0.001) and GM-CSF (p < 0.001) than CD39neg or
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CD39inter B cells. The cytokine data are consistent with the
strong proliferative potential of CD39high B cells.

Proliferation of CD39high B cells is not inhibited by
autocrine ADO or 50-AMP

Because CD39high B cells produced high levels of 50-AMP, ADO
and IL-10, all of which are considered to be immunoinhibitory,

it was important to determine whether these factors interfered
with functions of the producer B cells. To this end, in vitro-acti-
vated CD39high B cells were cultured in the presence of 20 mM
ATP § the ecto-50-nucleotidase (CD73) inhibitor (AMPCP, 10
mM) for 4 d Proliferation (MFI for Ki-67 expression) and
CD39 expression levels were measured in these B cells. Neither
AMPCP nor ATP nor AMPCPCATP reduced proliferation or
CD39 expression levels of CD39high B cells, suggesting that

Figure 1. CD39 and CD73 expression in resting and activated human B cells. CD20C B cells were tested by flow cytometry immediately after isolation from the peripheral
blood or after 4 d of activation in the presence of IL-4 and CD40L. (A) Representative histograms illustrating upregulation of CD39 expression levels in activated B cells.
Isotype control (left), resting B cells (center) and activated B cells (right). (B) Percentages of CD39C B cells in resting and activated populations were comparable (NSD).
CD39C B cells accounted for > 90% of all cells. (C) Expression levels (Mean Fluorescence Intensity, MFI) of CD39 in resting and activated B-cells ��p < 0.001. (D) Percen-
tages of CD39high B cells in resting and activated populations. ���p < 0.0001. (E) Percentages of CD73C B cells in resting and activated populations (NSD). (F) MFI of CD73
in resting and activated B cells. The data are mean values § S.E.M. of five independent experiments, as determined by Student’s t-test.)
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50AMP and ADO produced by these cells mediated no auto-
crine inhibitory effects (data not shown). There remained a
possibility that 50-AMP produced in excess by CD39high B cells
and reported to be able to signal via the A1R

10 had stimulatory
autocrine effects on proliferation of these cells. In a series of
experiments with pharmacologic agonists and antagonists of
A1R, A2AR and A3R (but not of A2BR which is not expressed in
B cells14) we showed that only A2AR antagonist, ZM241385,
significantly (p < 0.001) decreased both proliferation and
CD39 expression in CD39high B cells (Fig. 4E, F). The A1R ago-
nist, CCPA, and A2AR agonist, CSG21680, increased prolifera-
tion of CD39high B cells, albeit not significantly, and their CD39
expression levels at p < 0.001. ZM241385 reversed stimulatory
effects of CSG21680 on proliferation and CD39 expression lev-
els in CD39high B cells (Fig. 4E, F). Together, these data suggest
that the A2AR as well as A1R might mediate autocrine stimula-
tory effects of ADO or 50-AMP, respectively, in ADO-produc-
ing CD39high B cells, implicating autocrine signaling in their
proliferation and survival.

CD39high B-cells suppress functions of autologous
T effector cells

To test the immunosuppressive capability of in vitro-activated
B cells, we isolated CD39neg, CD39inter or CD39high B cells by
sorting and co-incubated them with autologous CD4CCD39neg

Teff cells at the ratio of 1:1 in media containing CD40L and IL-

4 (B-cell activation) as well as IL-2 and anti-CD3/CD28 Abs
(T-cell activation) for 24 h and 72 h. Changes in the activation
status of Teff co-incubated with CD39neg, CD39inter or
CD39high B cells for 24 h were measured by monitoring CD69
expression levels in Teff. As shown in Fig. 5A–C, CD39high B
cells significantly suppressed CD69 expression levels (MFI) in
Teff, while CD39neg and CD39inter B cells did not (p < 0.05). In
addition, proliferation (frequency of Ki-67C T cells) was moni-
tored in 72 h co-cultures. In comparison to non-activated (rest-
ing) Teff, activated Teff proliferated well in culture as
determined by the frequency of Ki-67C T cells (Fig. 5D–F).
Upon co-incubation with CD39high B cells, the percentage of
Ki-67C B cells was significantly reduced (p < 0.05, Fig. 5F).
Neither CD39neg nor CD39inter B cells exerted significant anti-
proliferative effects on Teff (Fig. 5F).

Cytokine production in co-cultures of CD39high B cells
with autologous Teff

Teff (CD4CCD39neg) were co-cultured with CD39neg, CD39inter

or CD39high B-cells in the presence of T-cell and B-cell activa-
tors as described above. The supernatants were collected after
24 h and analyzed for inflammatory and anti-inflammatory
cytokines by Luminex. As shown in Table 2, a significant (p <

0.05) increase in IL-6 was seen in supernatants of all co-cultures
and the highest IL-6 levels were detected in co-cultures of Teff
with CD39high B cells (p < 0.0001). Also, IL-10 levels were

Figure 2. Co-Expression of IL-10, CD39, CD24, CD25 and CD38 in the three sorted subsets of CD39C B cells. Activated B cells were sorted for CD39 expression levels and
analyzed by flow cytometry for co-expression of IL-10 (A), CD25 (B), CD24 (C) and CD38 (D–F). In (B) and (C), CD39neg cells are green, CD39inter cells are blue and CD39high

cells are red. In (D–E), dot plots show CD38 expression levels in CD39neg B cells (D), CD39inter B cells (E) and CD39high B cells (F). The data are representative of three inde-
pendent experiments (B–F). In (A), the data are mean values § SEM of three independent experiments as determined by one-way ANOVA followed by
post-hoc comparisons (Tukey). The same statistical analysis was used for the data shown in Figs. 3–5.
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significantly elevated in co-cultures of Teff with CD39high B
cells relative to levels in the supernatants of Teff cultured alone
(p < 0.05). No significant differences were seen in IL-1b, GM-
CSF and TNF-a levels in co-cultures of in vitro-activated B cells
with Teff relative to levels measured in supernatants of Teff cul-
tured alone. Thus, CD39high B cells inducing changes in IL-6
and IL-10 production skewed the cytokine production toward
the immunosuppressive profile in these co-cultures.

Discussion

The view of B cells and their role in mediating immune
responses has drastically changed in the past decade.23 Classi-
cally, B cells have been recognized as major effector cells of
humoral immunity mediating antibody-dependent reactivity
such as opsonization, complement fixation, cytotoxicity or neu-
tralization. More recently, antibody-independent activities of B
cells have attracted attention. Emerging evidence indicates that
B cells not only differentiate to antibody-producing plasma
cells but also produce a broad array of cytokines and chemo-
kines, polarize behavior of other immune cells and participate
in the regulation of innate as well as adaptive arms of the
immune system.24 Immunoregulatory functions of B cells are
being intensively investigated because of the potential impact
of suppressive mechanisms these cells exert on immune

responses in health and disease. The subset of regulatory B cells
(Breg) remains relatively poorly characterized, and human
Breg, in parallel with human Treg, seem to be phenotypically
and functionally diverse.18 This diversity and plasticity of regu-
latory lymphocyte populations, likely reflecting adaptation to
the environmental context, complicate studies of mechanisms
responsible for their regulatory functions.

It is well known that B cells utilize the ADO pathway. Co-
expression of active ectonucleotidases, CD39 and CD73, in resting
circulating B cells suggests they can hydrolyze eATP, yielding 50-
AMP and ADO.14 We have recently reported that in vitro activa-
tion of human B cells with CD40L and IL-4 leads to significant
upregulation of surface CD39 expression levels and of its enzy-
matic activity.14 While CD73 surface expression was not measur-
ably increased, ADO production by these activated B cells also
increased and translated into upregulated immunosuppression of
Teff functions.14 It now appears that only a subset of in vitro-acti-
vated B cells which acquire especially high co-expression of CD39
and CD73 on the cell surface meet the phenotypic and functional
criteria for Breg. These CD39high B cells are also CD24C, CD25high

and CD38high. They are a proliferating population of B cells that
produce IL-6 (a B-cell stimulatory factor). The high levels of 50-
AMP and ADO and moderate levels of IL-10 they produce are
responsible, at least in part, for suppression of autologous CD4C

T cell proliferation we observed in co-cultures.

Figure 3. Expression of CD39 and CD73 on the surface of CD39neg, CD39inter and CD39high B cells and 50AMP or adenosine production. Activated B cells were sorted rela-
tive to CD39 expression and analyzed by flow cytometry for surface expression of CD39 (A) or CD73 (B). In (A), CD39high B cells had higher (p < 0.001) mean expression
levels of CD 39 than CD39inter B cells. In (B), significantly higher percentages (�p < 0.05) of CD39inter and CD39high B cells than CD39neg B cells co-expressed CD73. The
results are presented as mean values § S.E.M. of three independent experiments. In (C) and (D), the subsets of B cells (25,000 cells/well) were incubated with 20 mM ATP
and the production 50AMP and adenosine were analyzed by mass spectrometry. (C) 50AMP production after B cell incubation in the presence of ATP with or without
CD39-specific blocking Ab (or isotype control) is higher in CD39high B cells (ap < 0.001) than in CD39inter B cells (b). (D) Adenosine production after B-cell incubation in
presence of ATP with or without CD39-specific blocking Ab (or isotype control) was also higher (cp < 0.05) in CD39high B cells than in CD39inter B cells (d). The results are
presented as mean values § S.E.M. of three independent experiments. CD39neg B cells produced minimal levels of 50-AMP or ADO. ND stands for Not Detectable.
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Figure 4. The proliferation rate of CD39neg, CD39inter and CD39high B cells. The cells were in vitro-activated, and Ki-67 expression was measured in the three B-cell subsets.
(A, B and C) Shown are representative histograms of Ki67 expression in CD39neg, CD39inter and CD39high B cells. (D) Percentages of CD39neg, CD39inter and CD39high B cells
that expressed Ki67 upon activation. ��CD39high B cells had significantly higher percentages of Ki67C cells than the other two subsets (�p < 0.001). (E) Proliferation of
CD39high B cells and (F) percent of CD39high B cells after modulation of adenosine receptors A1R, A2AR and A3R. In vitro-activated B cells were treated with the following
pharmacologic agents: 6, 2-chloro-N6-cyclopentyladenosine (CCPA, A1R agonist); CGS 21680 hydrochloride (A2AR agonist); and 2-Cl-IB-MECA (A3R agonist) and/or ADO
receptor (ADOR) antagonists, PSB-36 (A1R antagonist), ZM241385 (A2R antagonist) and PSB-10 (A3R antagonist). ADO agonists and antagonists (all used at 1 mM) were
added to in vitro-activated proliferating B cells for 4 d, and Ki-67 expression was measured by flow cytometry. �Significantly different from the control group (p < 0.001).
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While a large proportion of in vitro-activated B cells are
CD39C, less than 10% have the CD39high phenotype in 4-d cul-
tures (Fig. 1). A large majority remains CD39low or CD39inter,
although their conversion into CD39high B cells is clearly a pos-
sibility. Further, as CD39high B cells proliferate better than
CD39inter B cells, their content might gradually increase,
depending on culture conditions. Proliferation of this subset of
CD39high B cells is favored because of the cytokines they pro-
duce, including IL-6, GM-CSF and TNF-a (Table 1). GM-CSF
and IL-6 have been previously described to promote B-cell dif-
ferentiation to the regulatory phenotype as also reported for IL-
10.25,26 Furthermore, the CD40L and IL-4 stimulation has been
shown to promote transcription of the TNF-a gene and to
increase B-cell growth.27

It is reasonable to expect that as the proportion of these
CD39high B cells increases, so do levels of 50-AMP and ADO
they produce. Indeed, ADO produced by CD39high B cells is
likely to be responsible for suppression of activation and

proliferation of CD4C Teff in co-cultures of these lymphocyte
populations (Fig. 5). Binding of Breg-derived ADO to A2AR on
CD4C Teff increases cAMP levels resulting in a loss of effector
function, a mechanism that is also utilized by Treg as shown by
us and others.28 We suspected that 50-AMP, especially when
produced in excess by in vitro-activated B cells, might also con-
tribute to suppression of Teff functions, signaling via the A1R
receptor. However, neither Teff nor Treg proliferation in
response to anti-CD3/CD28 Ab plus IL-2 stimulation was
inhibited by exogenous 50-AMP tested at a wide dose range in
our hands (data not shown). In this study, suppressive effects
of CD39high B cells on CD4C Teff proliferation were shown to
be mediated by A2AR, confirming that in human T cells, the
A2AR functions as the main inhibitory receptor.29

The A2AR is the most extensively studied ADOR in immune
cells, and its involvement in ADO-mediated suppression of T
lymphocytes has been well documented.30,31 Less is known
about ADO signaling via A2AR in B cells. We have previously

Table 1. CD39high cells secrete more cytokines during B cell proliferation than CD39neg or CD39inter cells.

(pg/mL) IL-2 IL-5 IL-6 IL-10 GM-CSF IFNg IL-1b TNF-a

B cells (CD39high) 13.9 (1.8) 0.4 (0.2) ��� 126 (10.5) 1.0 (0.0) (�� 5.5 (0.9) 0.9 (0.1) 6.0 (1.5) (�� 20.6 (2.4)
B cells (CD39inter) 14.5 (1.9) ND 47.0 (7.1) 0.9 (0.1) 1.1 (0.3) 0.9 (0.1) 5.2 (0.8) 10.3 (0.2)
B cells (CD39neg) 13.5 (2.6) ND 22.1 (7.3) 0.6 (0.2) 0.9 (0.1) 0.1 (0.1) 5.0 (0.9) 7.6 (0.6)

aCytokine profiles of CD39neg, CD39inter and CD39high B cells after 24 h of incubation.
(��p < 0.001; ���p < 0.0001) in relation to CD39inter and CD39neg.

Figure 5. Suppression of activation and proliferation of T-effector cells (CD4CCD39neg) after co-culture with CD39neg, CD39inter and CD39high B cells. The sorted subsets of
B cells were co-cultured with T effector cells for 24 h or 72 h and CD69 (A–C) or Ki-67 expression (D–F) levels were measured, respectively. (A, B) Representative histo-
grams illustrate CD69 expression on activated T effector cells cultured alone (A) or after co-culture with CD39high B cells (B). (D, E) Representative histograms illustrate pro-
liferation of activated T-effector cultured alone (D) or after co-culture with CD39high B cells (E). (C and F) Suppression of CD69 expression on activated T effector cells (C) or
of proliferation (Ki67 expression) of responder T cells (F) after co-culture with CD39neg, CD39inter and CD39high B cells. Control in (F) denotes proliferation of T effector cells
alone. � indicates significant difference (p < 0.05) from the control. In (C), � indicates significant suppression in CD69 expression induced by CD39high cells relative to
CD39inter B cells (p < 0.01). CD39neg B cells served as control. The data are presented as mean values § SEM of three independent experiments.
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shown that in vitro-activated B cells express A1R, A2AR and
A3R but not A2BR.

14 Therefore, autocrine effects of 50-AMP
and ADO produced by these B cells deserve attention. Here, we
considered the possibility that CD39/CD73-mediated hydroly-
sis of eATP to 50-AMP and ADO might also promote expan-
sion of CD39high Breg. Surprisingly, we observed that
ZM241385, an A2AR antagonist, significantly decreased CD39
expression levels and suppressed proliferation of CD39high B
cells, suggesting that ADO exerts growth-stimulatory rather
than inhibitory autocrine effects in these cells. Similar effects of
ADO were reported to occur in murine Treg,32 supporting the
above advanced scenario. Furthermore, CGS21680, an A2AR
agonist, mildly increased activation and proliferation of
CD39high B cells. Also, as shown in Fig. 4, ZM241385 (an A2AR
antagonist) reversed the increases in the frequency of CD39high

B cells induced by CGS21680 (an A2AR agonist). Thus, in
CD39high Breg, the A2AR functions as a stimulatory receptor.
This finding is in line with the emerging data which indicate
that inhibitory and stimulatory signals are handled differently
in regulatory lymphocytes such as Treg vs. Teff lymphocytes.9

For example, usually inhibitory signaling via PD-1 is reported
altered to stimulatory signaling in Treg found in environments
rich in suppressive factors such as tumor microenviron-
ments.33,34 Our data suggest that the same mechanisms of
“reverse” signaling apply to Breg.

Using pharmacologic inhibitors, we observed that in
CD39high Breg, the A1R might also be involved in autocrine sig-
naling. It has been recently reported that 50-AMP can bind
with a high affinity to A1R on HEK293 cells,10 raising the ques-
tion whether this nucleotide could deliver immunomodulatory
signals to B cells. We observed that the treatment of in vitro-
activated B cells with eATP plus AMPCP (a CD73 inhibitor) in
order to prevent 50-AMP utilization and increase its concentra-
tion in culture, did not have adverse effects on CD39high B-cell
proliferation. In fact, in the presence of CCPA, an A1R agonist,
the frequency of CD39high B cells was significantly increased
(Fig. 4). These experiments suggested that either autocrine 50-
AMP or ADO signaling via A1R in the in vitro-activated B cells
might lead to upregulation of CD39 expression and to expan-
sion of CD39high B cells. Thus, in vitro-activated CD39high Breg,
which produce elevated levels of 50-AMP and ADO, might uti-
lize the A1R for the autocrine upregulation of their prolifera-
tion. If so, then our in vitro experiments suggest that A1R, in
addition to A2AR, functions as a stimulatory receptor in Breg.
These results further strengthen the notion that activated regu-
latory T and B cells use “reverse signaling,” so that A1R and
A2AR have the same rather than opposite biological effects.

The picture of a human CD39high Breg that emerges from this
study presents an enzymatically active suppressor cell which

vigorously produces 50-AMP and ADO and uses the adenosiner-
gic pathway to mediate suppression of Teff. At the same time,
expression of ADOR enables Breg not only to survive in the
immunosuppressive milieu but to use 50-AMP and ADO to pro-
mote its functions, including expression of CD39 and prolifera-
tion. We have reported earlier that A3R also participates in
autocrine ADO signaling in B cells: it is responsible for suppres-
sion of ADO generation in activated B cells, presumably downre-
gulating their immunoinhibitory effects.14 The balance between
the various ADOR-mediated signals may be maintained by the
ratio of 50-AMP and ADO levels these cells produce as well as
the levels of ATP available for enzymatic hydrolysis. This balance
may be entirely dependent on the microenvironment in which
Breg operate. Clearly, our in vitro experiments are intrinsically
limited because they cannot mimic the TME. Nevertheless, they
offer a potential view of how functions of regulatory immune
cells are shaped by the environment.

Materials and methods

PBMC and cell separation

For a large-scale B-cell separation, buffy coats collected from
normal donors were purchased from the Central Blood Bank of
Pittsburgh. For smaller-scale experiments, venous blood was
obtained from normal volunteers all of whom signed an
informed consent approved by the University of Pittsburgh
IRB (IRB # 991206).

CD19C B cells were separated from PBMC using anti-CD19
Ab-coated magnetic beads (Miltenyi Biotec). Teff
(CD4CCD39neg) were separated from PBMC by negative selec-
tion of CD4C T cells followed by positive selection of CD39C

cells, using the Miltenyi reagents as previously described.14

CD4CCD39neg cells were also collected. All separation proce-
dures were performed according to the manufacturers’ instruc-
tions. B cells isolated from PBMC of healthy donors were
routinely phenotyped by flow cytometry and found to have a
purity of >90 %. After isolation from PBMC, CD19C B cells
were cultured in the presence of CD40L and IL-4 for 4 d as
described below and sorted into CD39neg, CD39inter or
CD39high cells using a Beckman Coulter cell sorter.

B-cell culture and sorting of B-cell subsets

Freshly separated CD19C B cells were seeded in wells of six-well
plates and cultured in RPMI containing 10% (v/v) fetal bovine
serum (FBS), 4 mM L-glutamine, 100 U/mL penicillin and
100 mg/mL streptomycin (all from GIBCO). B cells were cul-
tured in the presence of human CD40L (2 mg/mL; Cell

Table 2. Co-culture between Teff and CD39 B cells subsets.

(pg/mL) IL-5 IL-6 IL-10 GM-CSF IFNg IL-1b TNF-a

Teff and B cells (CD39high) 4.2 (1.3) ���143.5 (9.9)� 31.5 (6.5)� 51.0 (5.1) 6.3 (1.9) 13.8 (3.8) 201.3 (36.0)
Teff and B cells (CD39inter) 2.5 (0.3) �74.5 (15.6) 24.0 (7.1) 37.7 (5.2) 5.3 (1.2) 12.5 (1.8) 188.0 (32.0)
Teff and B cells (CD39low) 3.0 (0.6) �61.3 (23.1) 24.5 (7.5) 46.0 (16.9) 8.5 (5.5) 14.7 (3.5) � 329.5 (47.5)
Teff (CD4C) 1.1 (1.1) 3.2 (1.1) 9.6 (2.4) 19.3 (2.2) 5.3 (1.4) 7.4 (1.8) 120.7 (32.1)

aCytokine production after co-cultures of CD39low, CD39inter and CD39high B cells with autologous T effector cells (Teff) for 24 h.
�p < 0.05; ���p< 0.0001) in relation to T effector cells alone.
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Signaling) and IL-4 (200 IU/mL; Miltenyi Biotec) for 4 d at
37�C in the atmosphere of 5% CO2 in air. These cultured B cells
are referred to as “in vitro-activated B cells.” After harvesting,
in vitro-activated B cells were phenotyped for expression of
CD39 and sorted into CD39neg, CD39inter and CD39high subsets.
The sorted B cells were examined for expression of surface or
intracytoplasmic markers and functional attributes as described
below.

Surface staining for flow cytometry

Cultured unsorted and in vitro-activated sorted B cells
(CD39neg, CD39inter and CD39high) were suspended in the
staining buffer (PBS C 1% FBS C 0.09% sodium azide) and
stained with labeled monoclonal antibodies (mAbs) specific for
surface antigens: CD20-APC770 (Miltenyi Biotec), CD24-
EF450 (eBioscience), CD25-PC5 (Beckman Coulter), CD38-
FITC (eBioscience), CD39-PC7 (eBioscience), CD73-PE (BioL-
egend), and respective isotype-specific Abs. Briefly, B cells were
incubated with mAbs for 25 min in the dark, washed twice in
the PBS buffer and then analyzed by flow cytometry using a
Gallios 10-color cytometer and a Kaluza Flow Cytometry Soft-
ware (Beckman Coulter).

IL-10 secretion by B cells

In vitro-activated B cells were harvested by centrifugation
(400rpm for 6 min), washed in cold buffer tested for IL-10
secretion using the kit purchased from Miltenyi Biotec. Cells
were re-suspended in 80 mL of cold buffer plus 20 mL of the IL-
10 capture reagent as recommended by the manufacturer. After
5 min of incubation on ice, 2 mL of warm medium was added
and the cells were incubated for 45 min at 37�C. Following
washing with cold buffer, anti-IL10-PE mAbs (or isotype con-
trol Abs), anti-CD39-PC7 and anti-CD20-APC770 Abs were
added to the cells and incubated for 20 min in the dark. After
washing, the cells were phenotyped by flow cytometry, acquir-
ing one-million cells per sample. The frequency of IL-10 secret-
ing B cells in the different B-cell subsets (CD39neg, CD39inter

and CD39high) was measured as recommended by the kit man-
ufacturer, using resting B cells as a reference. The data were
analyzed by Kaluza Flow Cytometry Software! (Beckman
Coulter).

Proliferation assays

Proliferation of either B cells or Teff was measured in Ki-67-
based assays using the “one-step protocol for intracellular
(nuclear) proteins” (eBioscience). Briefly, sorted B cells were
cultured alone in the presence of CD40L or IL-4 or were co-
incubated with autologous Teff (see below) for 72 h. Teff were
activated with anti-CD3/CD28 Abs on beads (2.25:10/beads:
cells, Miltenyi Biotec) and IL-2 (225 IU/mL). After culture, cells
were stained for surface proteins, washed and permeabilized
using the Fixation/Permeabilization buffer supplied by eBio-
science for 40 min at 4�C in the dark. Next, the cells were incu-
bated with anti-Ki67 Abs (eBioscience) or the isotype control
Ab mixed at the 1:1 ratio with the permeabilization buffer for
30 min at room temperature (RT) in the dark. Cells were

washed twice and immediately acquired for flow cytometry.
Autologous resting B cells or resting T cells were used as nega-
tive controls. In some experiments, in vitro-activated B cells
were incubated in the presence of 20 mM ATP or ATP plus
AMPCP (CD73 inhibitor, 10 mM). Alternatively, ADO agonists
and antagonists (all used at 1 mM, as previously described14)
were added to in vitro-activated proliferating B cells for 4 d,
and Ki-67 expression was measured by flow cytometry.

Co-incubation assays

Various subsets of in vitro-activated B cells (CD39neg, CD39inter

and CD39high) were co-cultured with autologous Teff
(CD4CCD39neg) at the 1:1 ratio in the presence of anti-CD3/
CD28 Abs and IL-2 (at the concentrations specified above) for
24 h. Autologous T cells were maintained in culture prior to
co-incubation assays. At the end of T cell–B cell co-cultures,
cells were washed and incubated with mAbs specific for CD69-
FITC, CD39-PC7, CD20-APC770 and CD4-EF450 or the rele-
vant isotype controls for 25 min in the dark, as described above.
Suppression of Teff proliferation by in vitro-activated B cells
was evaluated relative to proliferation of activated Teff alone
using Kaluza! Flow Cytometry Software (Beckman Coulter).

Cytokine measurements

Cytokine production by the sorted B-cell subsets, CD39neg,
CD39inter and CD39high alone or after their co-culture with
autologous CD4CCD39neg T cells at the 1:1 ratio for 24 h was
measured using Luminex. Supernatants were collected and the
cytokine content was measured using a 10-plex panel, accord-
ing to the manufacturer’s instructions (Life Technologies/
Invitrogen).

Agonists and antagonists of ADORs

The following ADOR antagonists were purchased from Tocris
Bioscience: PSB-36, an A1R antagonist and PSB-10, an A3R
antagonist. Also, ZM241385, an A2AR antagonist, was pur-
chased from Sigma-Aldrich. The following ADOR agonists
were purchased from Tocris Bioscience: 2-chloro-N6-cyclopen-
tyladenosine, an A1R agonist; CGS21680 hydrochloride, an
A2AR agonist; and 2-Cl-IB-MECA, an A3R agonist.

Mass spectrometry

Sorted in vitro-activated B cells (CD39neg, CD39inter and
CD39high subsets) were isolated from PBMC as described
above. For detection of 50-AMP and ADO production, 25,000
B cells were incubated in 200 mL PBS in 96-well plates in the
presence and absence of anti-CD39 blocking Ab (generously
provided by Orega, France) or IgG1 isotype control for 2 h.
Then the three subsets of in vitro-activated CD39C B cells were
incubated with 20 mM ATP for 45 min. Control wells con-
tained B cells alone or ATP alone. All experiments were per-
formed in duplicate. Cells and supernatants were collected,
centrifuged twice and boiled for 5 min to inactivate ADO-
degrading enzymes, and stored at ¡80�C for subsequent analy-
ses. Purines were measured using liquid chromatography-
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tandem mass spectrometry by selected reaction monitoring
with 13C10-ADO as the internal standard. Samples were
injected into an Acuity ultra-performance liquid chro-
matographic system (Waters) and were separated on a C18 col-
umn (Waters UPLC BEH C18; 1.7 micron; 2.1 £ 100 mm)
using the following elution conditions: mobile phase A, 1% ace-
tic acid in H2O; mobile phase B, methanol; flow rate, 0.3 mL/
min; elution gradient (A/B) was 99.5%/0.5% (0 to 2 minutes),
98%/2% (2 to 3 min), 85%/15% (3 to 4 min), and 99.5%/0.5%
(4 to 5 min). Purine levels were analyzed with a TSQ Quan-
tum-Ultra triple quadrupole mass spectrometry equipped with
a heated electrospray ionization source. The mass spectrometer
was operated in the positive-ion mode and the following mass-
to-charge transitions were monitored: 348!136 for 50-AMP;
268!136 for ADO.

Statistical analysis

The data were analyzed by one-way analysis of variance
(ANOVA) followed by a post-hoc test for multiple compari-
sons (Tukey test) using GraphPad Prism software. The data are
expressed as the mean § S.E.M. Differences were considered
significant at p < 0.05.
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