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Abstract
Extracellular ATP has been proposed to act as a danger signal to alert the immune system of cell
damage. Release of high local concentrations of ATP activates the nucleotide receptor P2RX7 on
monocytic cells, which promotes the processing/release of pro-inflammatory mediators. Although
the pro-inflammatory actions of P2RX7 are well recognized, little is known regarding the potential
function of P2RX7 in repair responses. Because the resolution of inflammation is characterized by
monocytic cell-dependent production of pro-angiogenic factors, we evaluated the contribution of
P2RX7 to this process. We observed that both transient and long-term P2RX7 activation promotes
the robust release of VEGF from primary human monocytes. This VEGF release is calcium-
dependent and associated with reactive oxygen species production. This previously unrecognized
action of P2RX7 suggests that it may not only participate in inflammation and cell death, but that
it is also likely to be important in the control of angiogenesis and wound repair.
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Introduction
Damage-associated molecular patterns (DAMPs) are associated with molecules that are
produced and/or released by cells undergoing stress or death, These agents often act as co-
stimulatory signals that initiate a highly regulated immune response (1). Extracellular ATP
can act as a DAMP, given that it is normally confined to intracellular sites but can be
released at high local levels following cell lysis, infection, or via regulated efflux (2, 3).

ATP released into the extracellular space can modulate the immune response through their
capacity to bind and activate multiple nucleotide receptor family members. Of relevance to
the present report, the nucleotide receptor P2RX7 can function as a ligand-gated ion channel
and has been implicated in the progression of several inflammatory disorders including
sepsis, arthritis, and tuberculosis (4–6). The activation of P2RX7 on monocytic cells, which
play key roles in all phases of inflammation, is known to initiate or enhance the production
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and release of several pro-inflammatory mediators, including IL-1β, tumor necrosis factor
alpha (TNF-α), inducible nitric oxide synthase, and reactive oxygen species (ROS) (7–11).

In addition to the production of pro-inflammatory mediators that promote the progression of
inflammation, monocytic cells also have a major role in inflammatory wound repair via their
ability to scavenge cellular debris and to produce pro-angiogenic factors. A key angiogenic
factor produced by activated monocytic cells is vascular endothelial growth factor (VEGF)
(12, 13). VEGF promotes new blood vessel formation, induces endothelial cell proliferation,
and initiates immune cell migration (14, 15). Interestingly, VEGF release in monocytic cells
is often induced by shear stress and hypoxia (15, 16), which are previously-recognized
mechanisms of ATP release in several cell types (17, 18). VEGF is important in many
pathological processes, including tumor progression, arthritis and ischemia (15, 19, 20).
Although the pro-inflammatory role of P2RX7 in monocytic cell function is well
documented, little is known about P2RX7 action in monocytic-dependent wound repair, and
no reports have linked P2RX7 to the production of angiogenic proteins in these cells.

Because P2RX7 action is known to potentiate inflammatory mechanisms that can promote
tissue damage, it would be a potentially important homeostatic mechanism if this receptor
system also initiated effects that would ultimately facilitate the repair of damage induced
during the inflammatory response. In this regard, activated monocytic cells serve a key
action by initiating angiogenesis and tissue repair, and thus we tested the hypothesis that
activation of P2RX7 on monocytes would result in the production and release of the pro-
angiogenic and wound repair-associated factor VEGF. In the present study, we report a
previously unrecognized action of P2RX7 agonists, namely the stimulation of the robust,
concentration- and time-dependent expression and release of VEGF from primary human
monocytes. The expression and release of VEGF was found to be P2RX7-dependent, and
the release of this pro-angiogenic factor is linked to both intracellular calcium influxes and
ROS production. This process reveals that P2RX7 may not only function in inflammation
and cell death, but that it may also participate in the control of angiogenesis and wound
repair.

Materials and Methods
Materials

ATP, 2'(3')-O-(4-benzoylbenzoyl)-ATP (BzATP), 2-Methylthioadenosine 5′-monophosphate
(MeSAMP), PMA, LPS (E. coli, serotype 0111:B4), EGTA, and N-acetyl cysteine (NAC)
were purchased from Sigma Chemical Co. (St Louis, MO). BAPTA-AM was purchased
from Invitrogen (Carlsbad, CA). The P2RX7 antagonist A438079 and P2Y11 antagonist
NF-157 was acquired from Tocris (Ellisville, MO).

Isolation of Human Blood Monocytes
Human blood-derived monocytes were purified as described (21). Heparinized blood was
drawn from healthy donor volunteers at the University of Wisconsin Hospital in compliance
with an approved Human Subjects protocol, and cells were separated using a Percoll density
gradient. CD14+ cells were identified by flow cytometry and comprised 90–95% of the
population. Cells were maintained at 37 °C in a humidified atmosphere with 5% CO2 in
RPMI supplemented with 10% fetal bovine serum (HyClone, Logan, UT), 2 mM sodium
pyruvate, 2 mM L-glutamine, and 100 U/ml penicillin/streptomycin.

ELISA
A sandwich ELISA for human VEGF was performed using antibodies obtained from R&D
Systems (Minneapolis, MN) according to the manufacturer’s protocol. VEGF concentrations
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were calculated via interpolation from a standard curve, and all determinations were
performed in duplicate.

Quantitative RT-PCR
Primers used were directed toward human VEGF or 18S (loading control) and are as
follows: VEGF primer: F-ATCTTCAAGCCATCCTGTGTGC, R-
GCTCACCGCCTCGGCTTGT; 18S primer: F-GGACACGGACAGGATTGACAG, R-
ATCGCTCCACCAACTAAGAACG. PCR reactions were detected by Sybr green iQ
supermix dye (Bio-Rad) and were performed on an a I-cycler real time thermal cycler (Bio-
Rad) (54°C annealing temp, 50 cycles).

Cell Cytotoxicity Assays
Human monocytes were plated in 96-well plates at a density of 1×106 cells/ml. In certain
cases, the cells were pretreated with either BAPTA-AM or P2RX7 antagonist A438079
followed by stimulation with BzATP or ATP for 4 h at 37°C. Following these incubations,
cell viability was assessed by either using the Non-Radioactive Cell Proliferation Assay (an
MTS-based assay) (Promega, Madison, WI) according to the manufacturer’s protocol, or by
assessing Trypan blue exclusion wherein a portion of the treated cells were removed, and the
percentage of live cells (excluding trypan blue) were compared to total cells (live + dead
cells).

Statistical Analysis
The Student’s two-tailed, paired t-test was used to assess potential statistical differences
between samples. Significance levels were set at P < 0.05.

Results
VEGF release following stimulation of human monocytes with P2RX7 ligands

Primary human monocytes were stimulated for 24 h with the P2RX7 agonists 100 μM
BzATP or 300 μM ATP, as well as with a known stimulus for VEGF release, i.e., LPS (1
μg/mL)(22). The cell supernatants were then assayed for VEGF release. When compared to
vehicle control, the data in Fig. 1A demonstrate an over 6 fold increase in the release of
VEGF from monocytic cells after stimulation with BzATP for 24 h and an over 3 fold
increase in VEGF release after ATP stimulation for 24 h. A detailed evaluation of P2RX7
agonist-induced effects revealed that the VEGF release is both time- and concentration-
dependent. When cells were treated with 100 μM BzATP or 1 μg/mL LPS for 1 to 24 h, we
observed that the P2RX7 agonist BzATP promotes a statistically significant release of
VEGF in as little as 1 h (Fig. 1B). Conversely, the levels of VEGF release induced by high
concentrations of LPS are not significant until 16 h post-treatment. The results presented in
Fig. 1C illustrate that significant VEGF release (p = 0.002) is observed after a 4 hr treatment
with as little as 20 μM BzATP. The data in Fig. 1D demonstrate that ATP-induced VEGF
release is also concentration-dependent, with high concentrations of ATP (>300 μM) leading
to the highest release of VEGF protein. Collectively, these results indicate that
comparatively low levels of P2RX7 agonists are able to promote the rapid, concentration-
dependent release of VEGF, a potent pro-angiogenic cytokine, from primary human
monocytes.

Short-term stimulation by P2RX7 agonists induces VEGF release from human monocytes
Recent work has shown that short-term activation of P2RX7 (< 1 h) can result in altered
gene expression (8). To evaluate whether short-term stimulation with P2RX7 agonists can
also induce VEGF release, primary cells were treated for 5 min with 100 μM BzATP, 300
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μM ATP or 1 μg/mL PMA (a known inducer of VEGF release (23)). The media was then
removed and replaced with fresh media containing no agonists. Supernatants were harvested
after 4 h and assayed for VEGF release. As shown in Fig. 2A, short-term exposure to
BzATP and ATP results in significant VEGF release (2 and 4 fold respectively). The data in
Fig. 2B depict the results of BzATP-induced VEGF release as pg/mL for each individual
patient.

A P2RX7-selective antagonist attenuates BzATP and ATP-induced VEGF release
Although BzATP is a potent agonist of P2RX7, it can stimulate a few other P2 receptors
(e.g., P2RY11-13) at high concentrations. To examine the specific involvement of P2RX7 in
regulating VEGF release, we evaluated the sensitivity of nucleotide-induced VEGF release
to the addition of the selective P2RX7 antagonist A438079. This antagonist has been
previously shown to have no detectable effects on other P2X and P2Y receptors (24). The
results in Fig. 3A reveal that the release of VEGF by primary cells treated for 4 h with either
100 μM BzATP or 300 μM ATP, but not with PMA, is concentration-dependently inhibited
by the P2RX7 antagonist A438079. Data in Supplemental Figure 1 demonstrates VEGF
Release (pg/mL) following pretreatment with A438079 for each individual donor. The
percent inhibition of BzATP-induced VEGF after preincubation with the P2RX7 antagonist
was observed to be similar following 24 h treatment (unpublished observation). To ensure
that A438079 pretreatment was not attenuating P2RX7 agonist-induced VEGF release
because of cytotoxicity, MTS viability assays were performed in parallel with the VEGF
release experiments. As illustrated in Fig. 3B, pretreatment with A438079 had no significant
effect on the metabolic activity of the cells.

To asses the contribution of other P2 receptors to VEGF release, selective antagonists for
P2RY11 and P2RY12/13 were utilized. The results in Fig. 3C and 3D show that
preincubation of primary human monocytic cells with the P2RY11 antagonist NF-157, or
the P2RY12/13 antagonist MeSAMP, had no effect on BzATP, ATP, or PMA-induced
VEGF release. Also, the co-addition of NF-157 or MeSAMP with the P2RX7 antagonist
A438079 resulted in a similar degree of attenuation of BzATP-induced VEGF as the
addition of the P2RX7 antagonist alone (unpublished observation). However, as seen
previously, we found that NF-157 and MeSAMP could attenuate the P2Y11-dependent IL-8
release (25) and the P2Y12/13-dependent stimulation of ERK phosphorylation (26),
respectively (Supplemental Figs. 2 and 3). These data support the hypothesis that BzATP
and ATP-induced VEGF release is primarily associated with P2RX7 activation in human
monocytic cells.

BzATP and ATP induce P2RX7-dependent VEGF expression
To determine whether P2RX7 agonists induce VEGF expression as well as release, we
evaluated the effect of BzATP and ATP on relative mRNA levels of VEGF via qRT-PCR.
Primary human monocytes were stimulated with the P2RX7 agonists 100 μM BzATP, 300
μM ATP, or 1 μg/mL PMA for 0.5 and 1 h, and cell lysates were subsequently analyzed for
VEGF mRNA by RT-PCR as outlined in Materials and Methods. The results presented in
Fig. 4A indicate that P2RX7 agonists can induce a robust, time-dependent increase in VEGF
expression in as little as 1 h of treatment time. To evaluate whether induction of VEGF
expression by BzATP and ATP is dependent on P2RX7 activation, we determined the
sensitivity of nucleotide-induced VEGF expression to the addition of the selective P2RX7
antagonist A438079. As demonstrated in Fig. 4B, preincubation with the P2RX7 antagonist
A438079 attenuates BzATP-induced VEGF expression in a concentration- and time-
dependent manner. These results further support the idea that nucleotide-induced VEGF
expression is dependent upon P2RX7 activation.
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LPS priming or co-stimulation does not enhance P2RX7 agonist-induced VEGF release
Several P2RX7 signaling events are enhanced by priming or the co-administration of
various immune stimulants such as LPS [7, 8]. To determine whether LPS-priming could
modulate nucleotide-induced VEGF release, primary human monocytes were first treated
with 100 ng/mL LPS for 4 h and then stimulated with BzATP for 2 h. Fig. 5A provides data
demonstrating that LPS priming has no detectable effect on BzATP-induced VEGF release.
To examine whether LPS co-administration can alter BzATP-induced VEGF release,
monocytes were stimulated with 100 μM BzATP and various concentrations of LPS for 4
and 24 h. The results shown in Figs. 5B and 5C indicate that co-administration with LPS
does not significantly enhance BzATP-induced VEGF release at 4 or 24 h. These results
indicate that P2RX7 agonist-induced VEGF release is not dependent on, or enhanced by,
priming or co-administration with LPS.

P2RX7 agonist-induced VEGF release is Ca2+-dependent
To determine if the P2RX7 agonist-stimulated release of VEGF by primary human
monocytes is linked to the rapid increase in intracellular Ca2+ observed after P2RX7
ligation, we examined the influence of treatment with EGTA (an extracellular Ca2+ chelator)
or a cell permeable Ca2+ chelator BAPTA-AM on this process. Cells were incubated with
BAPTA-AM (3–5 μM or EGTA (1–3 mM) for 20 min prior to stimulation with 100 μM
BzATP, 300 μM ATP or the Ca2+ ionophore ionomycin (1 μg/ml). As shown in Fig. 6A,
pretreatment of monocytic cells with BAPTA-AM significantly attenuated P2RX7 agonist-
induced VEGF release. Conversely, ionomycin treatment alone was unable to stimulate
robust VEGF release from these cells (VEGF levels: 131 ± 76 pg/mL (ionomycin-treated)
compared to 153 ± 72 pg/mL (vehicle-treated)). Similarly, as shown in Fig. 6C, pretreatment
with EGTA concentration-dependently attenuated P2RX7 agonist-induced VEGF release.
To ensure that BAPTA-AM or EGTA pretreatment were not attenuating P2RX7 agonist-
induced VEGF release because of their possible cytotoxic effects, we performed MTS
viability assays in parallel with the VEGF release experiments. As shown in Fig. 6B and D
respectively, pretreatment with BAPTA-AM or EGTA has no significant effect on the
metabolic activity of the cells. Collectively, these results provide evidence that Ca2+ fluxes
are necessary but not sufficient for P2RX7 agonist-induced VEGF release.

P2RX7 agonist-induced VEGF release is sensitive to the antioxidant N-Acetyl Cysteine
(NAC)

Although P2RX7 agonist-induced VEGF release appears dependent on an increase in
intracellular Ca2+ levels, the failure of ionomycin to trigger VEGF release suggests that an
elevation of cytoplasmic Ca2+ is not sufficient for this process. Because VEGF is known to
be induced by shear stress and hypoxia, and given that activation of P2RX7 can induce the
rapid production of ROS in a Ca2+-independent manner (8, 27), we tested the hypothesis
that P2RX7 agonist-induced VEGF release in primary human monocytes is linked, at least
in part, to ROS production. In these experiments, cells were pretreated with the antioxidant
NAC (10 mM) for 20 min prior to stimulation with 100 μM BzATP or 300 μM ATP. Fig 7
illustrates that NAC pretreatment attenuates P2RX7 agonist-induced VEGF release.
Conversely, hydrogen peroxide (H2O2) treatment alone (169 ± 70 pg/mL, compared to
control 153 ± 72 pg/mL, or in combination with ionomycin treatment (170 ± 85 pg/mL,
compared to control 153 ± 72 pg/mL) is unable to stimulate robust VEGF release from these
cells. Taken together, these results indicate that P2RX7-mediated VEGF release is
dependent on both Ca2+ and ROS production, but that additional processes are likely to be
critical.
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Discussion
Monocytic cells play an integral role in the resolution of inflammation via the production of
angiogenic factors that stimulate new blood vessel formation and allow for immune cell
trafficking, tissue remodeling and repair. Relatively little is understood regarding the role of
P2RX7 in monocytic cell-dependent wound repair, and there are no previous reports
demonstrating a link between P2RX7 activation and the production of angiogenic proteins.
In the present report, we provide evidence supporting a previously unrecognized action of
P2RX7 signaling, namely the capacity to induce rapid and robust expression and release of
the pro-angiogenic factor VEGF from primary human monocytes. The magnitude of VEGF
release after stimulation with P2RX7 agonists appears biologically relevant in that it is
comparable to the concentrations of this factor found in the serum of patients after injury or
infection (28, 29) and comparable to that induced by LPS.

Although BzATP is a selective agonist for P2RX7, it can activate other P2 receptors at high
concentrations. The data presented here indicate that VEGF release stimulated by P2RX7
agonists is concentration-dependently attenuated by the selective P2RX7 antagonist
A438079, whereas PMA-stimulated VEGF release is unaltered by the addition of the P2RX7
antagonist. This attenuation does not appear to arise from possible non-selective cytotoxic
effects of this antagonist as two independent viability assays were preformed in parallel and
both indicated that the P2RX7 antagonist had no discernible effect on cell viability (Fig 3B
and Supplemental Fig. 4). This antagonist can block several BzATP-induced P2RX7 events
and appears devoid of activity towards other P2 receptors and a wide array of other ion
channels (24). To asses the contribution of other P2 receptors to VEGF release, we utilized
several selective agonists and antagonists. We found that uridine nucleotides UTP and UDP
were unable to stimulate substantial VEGF release (79 ± 3 pg/mL and 84 ± 2 pg/mL
respectively compared to control 60 ± 5 pg/mL) suggesting that P2 receptors sensitive to
these nucleotides, such as P2RY2, P2RY4, and P2RY6, are not likely to be significantly
involved in nucleotide-induced VEGF release (unpublished observation). Also, selective
inhibition of P2RY11, P2RY12, or P2RY13, which are receptors that can be activated by
high concentrations of BzATP, had no detectable effect on nucleotide-induced VEGF
release. Together, these data are consistent with the idea that BzATP-and ATP-induced
VEGF release is largely dependent on P2RX7 signaling.

As discussed above, the rapid production and release of VEGF by primary monocytes is
selectively observed with P2RX7 agonists, whereas LPS-stimulated VEGF release requires a
considerably longer period of time to become detectable by ELISA. This difference in the
time course of action suggests several possibilities. For example, differing signaling
mechanisms of VEGF induction may exist between P2RX7- and LPS-dependent systems. In
this regard, VEGF production can be regulated at the level of transcription, mRNA stability,
and translation, thereby allowing for variations in the kinetics of VEGF production in
response to distinct stimuli (30). We were able to determine that P2RX7 agonists induce
robust, A438079-sensitive expression of VEGF mRNA (40–70 fold after 1 h) in primary
human monocytes, in contrast to the modest levels seen after nucleotide stimulation of a
glioma cell line (0.6 fold after 8 h) (31). These observations support the idea that P2RX7
nucleotides are able to affect VEGF expression at the transcriptional level and provide
further evidence for the role of P2RX7 in this modulation. In addition, because several cell
types have been reported to release ATP following LPS administration (33, 34), the differing
time course of action between P2RX7 ligands and LPS may be attributable to a delayed
autocrine effect initiated by LPS that partly involves P2RX7 signaling events. However, this
possibility appears less likely because we observed that the P2RX7 antagonist A438079 did
not attenuate LPS-stimulated VEGF release (unpublished observation). Interestingly,
although P2RX7 activation is known to enhance several signaling processes initiated by
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other immune stimulants, such as LPS (7, 8), it is noteworthy that LPS-priming of primary
human monocytes did not enhance P2RX7 agonist-induced VEGF, and co-stimulation with
P2RX7 agonists and LPS did not result in synergistic enhancement of VEGF release. Thus,
P2RX7 agonist-induced VEGF appears unique in that its release is not dependent on co-
administration with other immune stimulants.

Another consideration with respect to the dynamics of VEGF release is that short-term
activation of P2RX7 may more accurately recapitulate the transient availability of ATP after
events such as cell lysis at sites of injury or infection. In this respect, data presented herein
indicate that activation of P2RX7 for as little as 5 minutes results in significant VEGF
release from primary human monocytes. Therefore, the release of VEGF after short-term
stimulation of P2RX7 may be relevant in multiple injury models including ischemic stroke
where the presence of ATP in the extracellular environment is markedly but transiently
elevated.

The activation of P2RX7 by high concentrations of ATP observed during inflammation is
known to result in cell death in as little as 4–5 h. Interestingly, our results reveal significant
VEGF release after cell stimulation with very low levels of P2RX7 agonists. Few P2RX7-
dependent signaling pathways are known to be sensitive to such small concentrations of
agonist, suggesting that VEGF release is an exquisitely sensitive endpoint for P2RX7 action.
It is of note that these low concentrations of BzATP and ATP do not result in cell death even
24 h post treatment (Supplemental Fig. 5), suggesting a role for P2RX7-dependent VEGF
release in the absence of nucleotide-induced apoptosis or necrosis. Recently, several papers
have identified P2RX7-dependent protein expression in the absence of cell death (8, 21, 32,
33), supporting the idea that P2RX7 may be capable of participating in more long term
responses such as wound repair and angiogenesis. Because VEGF can stimulate several
transcription factors recently linked to P2RX7 activation, namely Egr-1 and AP-1 (34, 35), it
is conceivable that P2RX7-induced VEGF may also play a role in modulating P2RX7-
dependent gene expression.

P2RX7 activation results in a rapid influx of Ca2+ ions, and our data support a role for an
elevation of intracellular free Ca2+ in P2RX7-induced VEGF release. However, ionomycin
alone is unable to stimulate VEGF release, suggesting that an elevation of cytoplasmic Ca2+

is necessary but not sufficient for VEGF release. Although P2RX7 is a ligand-gated ion
channel, it does signal via several Ca2+-independent mechanisms, including ROS production
(8, 27), which in turn can stimulate the MAP kinases p38 and JNK (7). We observed that
P2RX7 agonist-induced VEGF release is sensitive to the antioxidant NAC, supporting a role
for ROS in VEGF release. However, H2O2 stimulation alone, or in concert with ionomycin,
is insufficient to produce VEGF release from primary cells. These data suggest that multiple
P2RX7-dependent signaling events must co-occur to enable robust VEGF release in these
cells, and that Ca2+ influxes together with ROS production can not solely recapitulate this
P2RX7-dependent event. It is noteworthy that inhibition of the MAP kinases ERK, p38 and
JNK, which are Ca2+-and/or ROS-sensitive P2RX7 endpoints, has no discernable effect on
P2RX7 agonist-induced VEGF release (unpublished observation). Altogether, our data
suggest that a Ca2+- and ROS-independent effector(s) upstream of VEGF release can
contribute to P2RX7 signaling.

Nucleotide release can occur by processes other than infection and cytolysis, including
platelet degranulation and release through certain membrane channels (36). Endothelial cells
are known to release ATP using non-lytic pathways in response to shear stress or hypoxia
(37, 38). Therefore, endothelial cells may activate P2RX7 on circulating monocytes and
trigger VEGF production as a means to combat hypoxic environments resulting from normal
endothelial turnover. ATP release and subsequent P2RX7 activation has also been
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implicated in cell transformation, and P2RX7 has been linked to numerous cancers including
chronic lymphocytic leukemia, neuroblastomas, and cervix squamous carcinoma (for review
see (8)). Dysregulated VEGF production is often a hallmark of tumor development and
linked to tumor angiogenesis (19). Thus, ATP-activated monocytic cells within a tumor
environment may contribute to tumor vascularization and growth through P2RX7-dependent
VEGF release. The targeting of P2RX7 or P2RX7-dependent VEGF release may prove
beneficial in the treatment of tumor growth.

In sum, P2RX7 activation can promote the rapid and robust release of VEGF from primary
human monocytes, suggesting a previously unrecognized role for P2RX7 in angiogenesis
and wound repair.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. P2RX7 agonists stimulate the time- and concentration-dependent release of VEGF from
primary human monocytes
(A) Primary human monocytes purified from healthy volunteer donors were treated with
control (HEPES), 100 μM BzATP, 300 μM ATP, or 1 μg/mL LPS for 24 hr. (B) Cells were
treated with either control, 100 μM BzATP, or 1 μg/mL LPS for 1–24 hr. (C) Cells were
treated with control or varying amounts of the P2RX7 agonist BzATP for 4 h. The results
depicted in panels A-C each represent at least 3 independent experiments with error bars
representing mean +/- SEM. (D) Cells were treated with control or varying amounts of the
P2RX7 agonist ATP for 4 h. Single gray data points represent VEGF release (pg/mL) from
each donor after 100 μM BzATP treatment. The results depicted in panel D are from 3
independent donors with error bars representing mean +/- range, and numbers in parenthesis
indicating fold increase in VEGF release after treatment with 500 μM ATP as compared to
control for each donor. *p<0.05, **p<0.01, #p<0.005, ψp<0.001

Hill et al. Page 11

J Immunol. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Short-term stimulation by P2RX7 agonists induces VEGF release from primary
human monocytes
Cells were treated with control, 100 μM BzATP, 300 μM ATP, or 1 μg/mL PMA. The
media was either removed after 5 min and replaced with fresh, agonist-free media (short-
term stimulation), or not removed (long-term stimulation), and the cells were incubated for 4
h. Supernatants were assayed for VEGF as described under Materials and Methods. (A) The
results are depicted as fold increase in VEGF compared to vehicle control and are represent
of 3 independent experiments (mean +/- SEM). (B) Results are depicted for each individual
donor as VEGF release in pg/mL. *p<0.05, **p<0.01, #p<0.005, ψp<0.001
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Fig. 3. P2RX7 antagonist A438079 attenuates BzATP and ATP-induced VEGF production
(A) Primary human monocytes were pre-incubated with vehicle or A438079 (3 μM or 10
μM) for 30 min at 37°C. The cells were then treated with control (HEPES), 100 μM BzATP,
or 300 μM ATP, or 1 μg/ml PMA for 4 h and supernatants were assayed for VEGF. (B)
Cells were pretreated and stimulated in parallel to “A”. After 4 h, cell viability was assessed
as detailed in Materials and Methods. Primary human monocytes were pre-incubated with
vehicle or either (C) P2Y11 antagonist NF-157 (0.3 μM or 1 μM) or (D) P2Y12/13
antagonist 2-Methylthioadenosine 5′-monophosphate (MeSAMP) (1 μM or 3 μM) for 30
min at 37°C. The cells were then treated with control (HEPES), 100 μM BzATP, or 300 μM
ATP, or 1 μg/ml PMA for 4 h and supernatants were assayed for VEGF. The results shown
in panels A and B include at least 3 independent experiments (mean +/- SEM), whereas the
results presented in panels C and D include at least 2 independent experiments (mean +/-
Range). *p<0.05, **p<0.01, #p<0.005, ψp<0.001
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Fig. 4. P2RX7 agonists stimulate P2RX7-dependent induction of VEGF mRNA from primary
human monocytes
(A) Primary human monocytes were treated with control (HEPES), 100 μM BzATP, 300
μM ATP, or 1 μg/mL LPS for 0.5 and 1 hr. Cells were then lysed in Trizol and the VEGF
mRNA levels were measured using quantitative RT-PCR as detailed in Materials and
Methods. Data from a representative experiment are shown as averages with error bars
representing mean +/- SD. Results are representative of at least 2 analogous experiments.
(B) Primary human monocytes were pre-incubated with vehicle or A438079 (3 μM or 10
μM) for 30 min at 37°C. The cells were then treated with control (HEPES), 30 μM BzATP,
or 100 μM BzATP for 1 or 1.5 h, lysed in Trizol, and VEGF mRNA levels were measured
using quantitative RT-PCR as detailed in Materials and Methods. Data from a representative
experiment are shown as averages with error bars representing mean +/- SD. The results are
representative of at least 2 analogous experiments.
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Fig. 5. LPS-priming or co-stimulation does not synergistically enhance P2RX7 agonist-induced
VEGF production
(A) Primary human monocytes were primed with vehicle control (HEPES) or 100 ng/mL
LPS for 4 h and stimulated with either vehicle control (HEPES) or 100 μM BzATP for 2 h.
(B-C) Primary human monocytes were stimulated with vehicle control (HEPES), 100 μM
BzATP, 0.01 μg/mL LPS, 0.1 μg/mL LPS or co-stimulated with 100 μM BzATP/0.01 μg/
mL LPS or 100 μM BzATP/0.1 μg/mL LPS for 4 h (B) or 24 h (C). Supernatants were
collected and analyzed for VEGF release. The results depicted in panels A-C each represent
three independent experiments (mean +/- SEM).
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Fig. 6. P2RX7 agonist-induced VEGF production is calcium-dependent
(A) Primary human monocytes were loaded with either vehicle control (DMSO) or BAPTA-
AM (3 μM or 5 μM) for 20 min at 37°C. The cells were then treated with control (HEPES),
100 μM BzATP, or 300 μM ATP for 4 h and supernatants were assayed for VEGF. (B) Cells
were treated in parallel to panel “A”. Cell viability was measured as noted under Materials
and Methods. (C) Primary human monocytes were loaded with either vehicle control (water)
or EGTA (1 mM or 3 mM) for 20 min at 37°C. The cells were then treated with control
(HEPES), 100 μM BzATP, or 300 μM ATP for 4 h and supernatants were assayed for
VEGF. (D) Cells were treated in parallel to panel “C”. Cell viability was measured as noted
under Materials and Methods. The results shown in panels A-D include 3 independent
experiments (mean +/- SEM). *p<0.05, **p<0.01, #p<0.005, ψp<0.001
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Fig. 7. P2RX7 agonist-induced VEGF production is sensitive to NAC
Primary human monocytes were pretreated with either vehicle control (HEPES) or 10 mM
NAC for 20 min at 37°C. Following pre-incubation, cells were treated with control, 100 μM
BzATP, or 300 μM ATP for 4 h. Supernatants were collected and assayed for VEGF. The
results represent 3 independent experiments (mean +/- SEM). *π<0.05, **π<0.01, #π<0.005,
ψp<0.001
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