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HIV type 1 (HIV-1) infects CD4+ T lymphocytes and tissue macro-
phages. Infected macrophages differ from T cells in terms of de-
creased to absent cytopathicity and for active accumulation of new
progeny HIV-1 virions in virus-containing compartments (VCC). For
these reasons, infected macrophages are believed to act as “Trojan
horses” carrying infectious particles to be released on cell necrosis or
functional stimulation. Here we explored the hypothesis that extra-
cellular ATP (eATP) could represent a microenvironmental signal po-
tentially affecting virion release from VCC of infected macrophages.
Indeed, eATP triggered the rapid release of infectious HIV-1 from
primary human monocyte-derived macrophages (MDM) acutely
infected with the CCR5-dependent HIV-1 strain. A similar phenome-
non was observed in chronically infected promonocytic U1 cells dif-
ferentiated to macrophage-like cells (D-U1) by costimulation with
phorbol esters and urokinase-type plasminogen activator. Worthy
of note, eATP did not cause necrotic, apoptotic, or pyroptotic cell
death, and its effect on HIV-1 release was suppressed by Imipramine
(an antidepressant agent known to inhibit microvesicle formation by
interfering with membrane-associated acid sphingomyelinase). Virion
release was not triggered by oxidized ATP, whereas the effect of
eATP was inhibited by a specific inhibitor of the P2X7 receptor
(P2X7R). Thus, eATP triggered the discharge of virions actively accu-
mulating in VCC of infected macrophages via interaction with the
P2X7R in the absence of significant cytopathicity. These findings sug-
gest that the microvesicle pathway and P2X7R could represent ex-
ploitable targets for interfering with the VCC-associated reservoir of
infectious HIV-1 virions in tissue macrophages.
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HIV type 1 (HIV-1) infects CD4+ T lymphocytes, myeloid
dendritic cells, and monocyte-macrophages, cell types

sharing the expression of the primary viral receptor (R) CD4 on
their surface together with one or more chemokine R, usually
CCR5 and/or CXCR4 (1, 2). The discovery of combination
antiretroviral therapy (cART) in the mid 1990s has significantly
impacted the natural history of the infection by virtually sup-
pressing, in optimal conditions, the capacity of the virus to infect
target cells, thereby resulting in a prolonged, near-normal life
expectation of infected individuals. Therapy suspension almost
inevitably results in the resumption of virus replication and dis-
ease progression in most individuals, owing to the existence of
viral reservoirs of likely heterogeneous cellular origin that are
unaffected by prolonged cART (3, 4). Consequently, complete
eradication of HIV-1 from infected individuals is not currently
achievable without targeting these cART-insensitive sources of
infection. Latently infected CD4+ T cells with both “central
memory” and “transitional effector memory” phenotypes have
been well characterized as reservoirs of replication-competent

HIV-1 (4, 5); in contrast, the contribution of non–T-cell subsets
to the overall viral reservoir in cART-treated individuals has
remained more elusive (6–8).
Concerning mononuclear phagocytes, whether bone marrow

precursor cells and circulating monocytes are truly infected in
vivo is a matter of debate, whereas a greater consensus exists on
the role played by resident tissue macrophages of different or-
gans. In particular, brain-associated macrophages or microglia,
together with astrocytes, have been reported as the main targets
and source of virus in the central nervous system (4, 5, 8, 9). In
addition, infected mononuclear phagocytes are considered re-
sponsible for the slower second-phase decay of plasma viremia
observed in patients starting cART (9).
Unlike CD4+ T cells, mononuclear phagocytes are depleted

neither in vivo (at least in terms of circulating monocytes) nor in
vitro on HIV-1 infection. In addition, macrophage infection,
both in vitro and in vivo, has been described as characterized
by budding and accumulation of HIV-1 particles in virus-con-
taining compartments (VCC) of debated origin (10–13). These
peculiar features of macrophage infection led to the “Trojan
horse” hypothesis of a pathogenic role of mononuclear phagocytes
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as capable of accumulating virions in subcellular compartments
invisible to immune recognition (14, 15) and relatively insensitive to
antiretrovirals (15, 16). It is hypothesized that VCC-associated vi-
rions are released either as a consequence of cell death or by
functional stimulation of the infected cells. In this regard, we have
previously observed that IFN-γ stimulation of the chronically
infected promonocytic U1 cell line differentiated to macrophage-
like cells by phorbol-12, myristate, 13-acetate (PMA) caused a
profound redirection of the major site of virion production from the
plasma membrane to VCC (17). This observation was later ex-
tended to other stimulants of PMA-differentiated U1 cells, in-
cluding urokinase-type plasminogen activator (uPA) and CD11b/
CD18 (Mac-1) integrin ligands (18, 19). Of interest, a similar
phenotype has been reported in infected primary human monocyte-
derived macrophages (MDM) by interference with endogenously
released CCL2/monocyte chemotactic protein-1 (MCP-1) (20).
Regarding the nature of VCC, Gould et al. (14) proposed that

retroviruses exploit the exosome biogenesis pathway for both the
formation and release of infectious particles as well as for the up-
take of a R-independent, gp120 envelope (Env)-dependent in-
fection. More recently, VCC are believed to represent intracellular
sequestration of plasma membrane areas rich in a subset of tetra-
spanins (12). Likely because of their origin, VCC can be transiently
(11) connected to the extracellular medium through microchannels
or conduits (21, 22). Of interest, VCC-like compartments accessible
by the extracellular medium preexist in uninfected macrophages
and express similar markers, including CD9, CD81, CD63 (23), and,
identified more recently, CD36 (24). Recently, it was demonstrated
that on HIV-1 infection, Gag is recruited to these preexisting
compartments in which virion assembly occurs, leading to their
conversion into VCC (24, 25). Whether the release of virions is a
regulated process, and the nature of the signal(s) that may induce
virion discharge from VCC, remain largely unknown, however.
In the present study, we investigated the hypothesis that sig-

nals from an inflamed microenvironment may affect HIV-1 ac-
cumulation and release from macrophage-associated VCC. We
focused on extracellular ATP (eATP), a molecule passively re-
leased during necrotic cell death (26), but also actively released
on cell stimulation via innate immunity R, as reviewed previously
(27). We indeed observed that eATP induced a rapid release of
HIV-1 virions accumulated in VCC of both primary human
MDM acutely infected with HIV-1 and chronically infected U1
cells differentiated to macrophage-like cells (D-U1 cells) (28).
eATP-induced release of HIV-1 virions was not associated with
gross cytopathic effects and was blocked by imipramine, an an-
tidepressant agent known to inhibit the membrane-associated
acid sphingomyelinase (aSMase), an enzyme involved in the
formation of membrane microvesicles (29, 30). Finally, we found
that eATP-dependent discharge of virions from VCC was at-
tributed mainly to engagement of the P2X7R on the surface of
infected macrophages.

Results
eATP Induces Release of Mature Infectious HIV-1 Virions from Acutely
Infected Human Primary MDM. MDM from nine donors were
infected with the CCR5-dependent (R5) HIV-1BaL [multiplicity
of infection (moi), 0.1] and were then cultured for up to 30 d,
with supernatants collected every 2–3 d for testing for the pres-
ence of HIV-1 by Mg2+-dependent reverse transcriptase (RT)
activity. As shown in Fig. S1A, MDM from all donors were
productively infected with R5 HIV-1, with peak levels of virus
replication typically observed between day 12 and day 18 post-
infection (PI). Based on these kinetics, culture supernatants were
removed from infected MDM at 15 d PI, and were replaced with
fresh Complete Medium containing or not containing eATP
(1 mM). The supernatants were collected after 10–30 min, and
their RT activity content was quantified. eATP stimulation in-
creased the activity of RT, a viral enzyme exclusively associated

with virions (31), released in culture supernatants compared with
unstimulated cells at all times tested (Fig. 1A); these results were
independently confirmed by p24 Gag ELISA. Next, a concentra-
tion-dependent titration of eATP, between 5 and 0.1 mM, based
on published evidence (32, 33), was conducted in HIV-1–infected
MDM of eight independent donors. A significant increase in RT
activity release in culture supernatants was observed when cells
were stimulated with eATP concentrations ≥0.5 mM (Fig. 1B).
For simplicity, the remaining experiments were conducted using
1 mM eATP, a concentration inducing maximal release of virions
without evident cytopathicity, as addressed below.
To evaluate whether the eATP-induced released was exclusively

associated with CD4/Co-R–dependent infection, we carried out
similar experiments in MDM infected with VSVg-pseudotyped
NLAD8 (R5 virus), and found similar results (Fig. S2).
To determine whether the virions released from unstimulated

and eATP-stimulated MDM were infectious or defective, we
performed an infectivity assay using the TZM-bl reporter cell
line that carries a Tat-sensitive promoter driving the expression
of firefly luciferase (luc), thus reflecting the capacity of virions to
infect, integrate, and express a functional Tat protein (34). The

Fig. 1. eATP induces the release of HIV-1 virions in acutely infected primary
human MDM. (A) Release of HIV-1 virion by MDM 15 d PI on stimulation with
eATP (1 mM). The cell culture supernatant was removed and substituted
with fresh culture medium before eATP stimulation. Significantly increased
RT activity was observed on eATP stimulation at all time points tested
(mean ± SE, n = 9; *P < 0.05, **P < 0.01, ***P < 0.001 by t test). (B) eATP in a
range of concentrations from 5 to 0.1 mM was tested for its ability to induce
virion release from MDM (n = 8). Concentrations equal or superior to 0.5 mM
induced a significant release of RT activity in culture supernatants.
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supernatants of MDM established from four independent donors
and infected for 15 d were removed, and the cells were then
resuspended in fresh medium and stimulated or not with eATP for
an additional 30 min. The MDM supernatants were then analyzed
for their RT activity content and, in parallel, incubated with TZM-
bl cells; the luc levels were then evaluated after 24 h. As shown in
Fig. 2A (Left), eATP stimulation resulted in comparable increases
in both RT activity and infectivity of the MDM culture superna-
tants. Furthermore, when the same amount of virions (based on
RT activity) was used to infect TZM-bl cells, comparable levels of
infectivity were detected in supernatants of both unstimulated and
eATP-stimulated MDM (Fig. 2A, Right), suggesting that viral
particles released in basal and eATP-stimulated conditions origi-
nate from the same pool of virions.
We further tested the infectivity of the virions released from

unstimulated and eATP-stimulated MDM in a more physiological
context, on autologous CD4+ T cells. To this end, CD4+ T lym-
phocytes were isolated together with monocytes from the same
healthy donors. Monocytes were differentiated to MDM and were
infected, and CD4+ T cells were frozen. The cells were then
thawed and activated by phytohemagglutinin (PHA) 3 d before
incubation with the supernatants from 15-d-old infected MDM
stimulated or not with eATP for 30 min (Fig. 2B, Left). Greater
levels of virus replication were observed when activated autolo-
gous CD4+ T cells were incubated with the supernatants derived
from eATP-stimulated MDM compared with those derived from
unstimulated MDM (Fig. 2B, Right). Taken together, these find-
ings indicate that eATP rapidly triggers the release of mature,
infectious virions from HIV-1–infected macrophages.
We also analyzed whether VCC-associated virion release

corresponds to an actual depletion of cell-associated viral protein
content. First, we observed a reduction in the RT activity content
on cell lysis after 30 min of stimulation with eATP (Fig. S1B). Next,
we performed intracellular p24 Gag staining of HIV-1–infected
MDM before and after 30 min of stimulation with eATP. A

significant reduction of p24 Gag+ cells was observed on eATP
stimulation (Fig. S1 C and D).

eATP Induces Cell Remodeling and Accumulation of Cell-Associated
Viral Proteins in Proximity to the Plasma Membrane. To analyze the
process of eATP-induced virion release in a dynamic manner, we
infected MDMwith an HIV-1 Gag iGFP ΔEnv VSVg-pseudotyped
virus, which has been characterized previously (11, 15). In partic-
ular, the p55 Gag precursor of this virus is internally tagged with
GFP, allowing its visualization in the cytosol of infected macro-
phages and the appearance of VCC as early as 2–3 d PI (11). The
culture supernatants of HIV-1 Gag-iGFP–infected macrophages
established from four independent donors were removed at 4 d PI
and replaced with fresh Complete Medium supplemented with
20 mMHepes. eATP was added to the culture supernatant at 5 min
after live-imaging acquisition with an inverted confocal microscope
equipped with a spinning disk.
As observed with cells from donor 9, eATP stimulation resulted

in a profound remodeling of the plasma membrane. Nonetheless,
after membrane reorganization and blebbing, the cells recovered
their original shape (Fig. 3 and Movie S1). eATP stimulation of
MDM from donor 15 showed a significant relocalization of VCC
and a concentration of viral proteins in proximity of the plasma
membrane (Fig. 3 and Movies S2 and S3). Taken together, this
morphological evidence supports the concept that eATP-mediated
release of HIV-1 virions is a transient phenomenon that involves
reorganization of the whole cell surface.
To better visualize the accumulation of virions in VCC, we

performed an ultrastructural analysis of infectedMDM before and
after eATP stimulation. EM profiles clearly showed the presence
of numerous VCC in unstimulated HIV-infected MDM at 15 d PI,
whereas eATP stimulation resulted in their release proximal to the
plasma membrane (Fig. 4 and Fig. S3). Taken together, these
results indicate that eATP triggers a rapid release of HIV-1 virions
accumulated mainly in VCC of the infected macrophages.

Fig. 2. eATP stimulation of infected MDM leads to the release of infectious virions. (A) Infectivity of virions released by unstimulated and eATP-stimulated
MDM tested in TZM-bl cells. Either equal volumes of supernatants (Left) or equal cpm/μL counts (Right) from 15-d-old infected MDMwere loaded onto TZM-bl
cells for 30 min. Cells were washed, and fresh medium was added to the cell cultures; luc activity was determined after 24 h. The increased levels of RT activity
present in the supernatants of eATP-stimulated MDM were associated with a similar increase in infectivity (n = 4, Left and n = 3, Right, respectively; mean ±
SE; **P < 0.01, ***P < 0.001 by t test). (B) Supernatants derived from HIV-1–infected stimulated and unstimulated MDM were checked for RT activity content
(Left) and transferred to autologous PHA-stimulated CD4+ T cells. After 30 min, the cells were washed and kept in culture for 12 d in medium enriched with
IL-2. Every 3 d, the supernatants were collected for RT activity quantification and replaced with fresh medium containing IL-2 (Right; mean ± SD, n = 2).
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eATP-Dependent Virion Release from MDM and D-U1 Cells Is Not
Associated with Significant Cytopathicity. It is well established
that intracellular ATP is released by necrotic cells and represents a
“danger signal” capable of triggering either cell necrosis or apo-
ptosis (26, 35–37). Nonetheless, we observed no sign of necrotic
cell death, as assessed by measurement of lactate dehydrogenase
(LDH) release on infected or uninfected MDM exposed to eATP
for 30 min (Fig. 5, Left). In addition, no obvious signs of cytopa-
thicity were observed when infected MDM were first exposed to
eATP and then maintained in culture for another 7 d after re-
moval of the stimulant.
Given that acute HIV-1 infection has been associated with the

triggering of different cytopathicity pathways (38), we also in-
vestigated the effect of eATP in chronically infected monocytic
cells carrying integrated HIV-1 proviruses. In this regard, we
reported previously that distinct molecules, including IFN-γ,
uPA, and ligation of CD11b/CD18 integrin, lead to significant
expansion of the VCC in U1 cells differentiated by phorbol es-

ters to become macrophage-like cells (here defined as D-U1
cells) (17, 39). As observed in acutely infected MDM, no evi-
dence of necrotic cell death was observed in D-U1 cells stimu-
lated with eATP (Fig. 5, Right).
We also investigated whether eATP exposure induced cleav-

age of caspase 3 and 1, key enzymes for inducing the apoptotic
cascade and pyroptotic cascade, respectively (40). We found no
evidence of cleavage of either caspase on short-term stimulation
of infected MDM or D-U1 cells with eATP (Fig. S4).

Imipramine Blocks eATP-Induced Virion Release in MDM and D-U1
Cells. eATP can induce profound morphological changes, in-
cluding membrane blebbing (Fig. 3, donor 9) and production of
vesicles of different size, such as exosomes (<100 nm) and
microvesicles (0.1–1 μm), containing mediators of intercellular
communication such as functional R, IFNs, microRNAs, and
danger signals (41). Of interest, the antidepressant agent imip-
ramine has been shown to act as a potent inhibitor of aSMase, an
enzyme responsible for the formation and shedding of micro-
vesicles (30, 42). Thus, we tested whether this agent could in-
terfere with the release of virions from VCC of acutely infected
MDM and D-U1 cells. For this, MDM and D-U1 cells were
preincubated or not with imipramine (10 μM) for 15 and 5 min,
respectively; the pharmacologic agent was then removed, and the
cells were incubated or not with eATP (1 mM). eATP induced
virion release in D-U1 cells at levels comparable to those in
acutely infected MDM and with faster kinetics, whereas imip-
ramine blocked both basal and eATP-induced virion release in
both MDM and D-U1 cells, although this effect was lost 30 min
after eATP stimulation, at least in the case of infected MDM
(Fig. 6). The foregoing results suggest a potential role of the
microvesicle pathway in eATP-dependent release of HIV-1 vi-
rions from VCC of infected macrophages.

Fig. 3. Time-lapse accumulation of HIV-1 proteins in infected MDM stimu-
lated with eATP. Human MDM were infected with a VSV-g Gag iGFP ΔEnv
pseudotyped virus at an moi of 0.1. At 4 d after infection, the cells were
washed and kept in complete medium supplemented with 20 mM Hepes
during acquisition. The images were acquired every 30 s with an inverted
spinning-disk confocal microscope maintained at 37 °C. The photogalleries
were mounted by using the Fiji software that was also used for the related
movies. (Scale bars: 10 μm.)

Fig. 4. eATP induces the release of virions from MDM-associated VCC. Su-
pernatants from 15-d-old infected MDM was removed and substituted with
fresh culture medium. Cells were then either left unstimulated (Nil) or were
stimulated with eATP (1 mM) for 30 min before fixation. TEM pictures of a
single infection representative of three independently performed infections
were shot with a magnification of 60,000×, and show a prominent accu-
mulation of mature virions in VCC in unstimulated conditions (Nil, Upper)
and their release in proximity of the plasma membrane after eATP stimu-
lation (Lower); arrowheads indicate the plasma membrane.
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eATP-Dependent Virion Release from Infected MDM and D-U1 Cells
Occurs via Interaction with P2X7R. P2X7 is a purinergic R expressed
by mononuclear phagocytes and known to be responsive to eATP
stimulation at concentrations >500 μM (26). Indeed, we con-
firmed by Western blot analysis that MDM express P2X7R, and
that this expression is unaffected by HIV-1 infection and/or cell
exposure to eATP (Fig. S5A).
We next stimulated the cells with oxidized ATP (oATP), an

eATP antagonist for P2X7R binding devoid of biological activity
(33). As expected, eATP, but not oATP, induced virion release
from infected MDM (Fig. 7A, Left). Because in addition to
P2X7R, oATP has been reported to bind to P2X1R and P2X2R,
we stimulated infected MDM with eATP after their short pre-
incubation with A-438079, a selective inhibitor of P2X7R (43,
44), which prevented the eATP-dependent virion release from
MDM (Fig. 7B, Left).
In addition, we collected supernatants from D-U1 cells at

different time points (from 1 to 10 min) and analyzed them for
HIV-1 content by RT activity. As observed with acutely infected
MDM, eATP rapidly induced the release of HIV-1 virions (Fig.
7A, Right), which coincided with a decrease in cell-associated
viral proteins. Like MDM, D-U1 cells also expressed P2X7R, as
determined by Western blot analysis (Fig. S5B). Consequently,
oATP failed to induce virion release, and the selective P2X7R
inhibitor A-438079 prevented the eATP-mediated release of vi-
rions from D-U1 cells (Fig. 7 A and B, Right). Moreover, a
competition assay in D-U1 cells simultaneously exposed to both

eATP and oATP resulted in a significant reduction in ATP-
mediated release in the presence of oATP (Fig. S6). Thus, eATP
induces HIV-1 release from infected MDM and D-U1 cells, at
least in part through interaction with P2X7R.

Discussion
In the present study, we have demonstrated that eATP is a po-
tent inducer of virion release from VCC, a functional subcellular
compartment uniquely observed in macrophages. The effect of
eATP was not the result of either passive (necrosis) or active
(apoptosis) cytopathicity, and it was prevented by imipramine, an
antidepressant agent reported to block the microvesicle release
pathway. The inductive effect of eATP observed in acutely
infected MDM was reproduced in chronically infected U1 cells
carrying integrated proviruses and differentiated to macrophage-
like cells by the combination of PMA and uPA. In both cell
types, release of eATP-dependent virions was mediated, at least
in major part, by interaction with purinergic P2X7R. Thus, eATP
represents a physiological stimulus with the capacity to induce a
rapid release of preformed HIV-1 virions accumulating in VCC
of infected macrophages.
Along with CD4+ T cells, human mononuclear phagocytes are

a main target of HIV-1 infection. Although whether bone mar-
row-associated precursor cells and circulating monocytes harbor
HIV-1 in vivo is controversial (45), infection of resident tissue
macrophages has been observed both in seropositive individuals
and in macaques experimentally infected with simian immuno-
deficiency virus (SIV) (5). In particular, infected macrophages
and microglia represent, together with astrocytes, the dominant
productively infected cell types in the central nervous system
(46–48), where they constitute an immunologic sanctuary poorly
reached by antiretroviral agents (7, 13, 49).
Although HIV-1 infects both T lymphocytes and macrophages

via the sequential interaction of gp120 Env with CD4 and CCR5
(or CXCR4), there are significant differences in infection out-
comes in the two cell types. First, virus replication in T cells is
strictly linked to their proliferative status, whereas productive
infection of nonproliferating macrophages, including MDM,
does not, reflecting a general feature distinguishing lentiviruses
from other retroviruses (50). Second, unlike CD4+ T cells, nei-
ther circulating monocytes nor tissue macrophages are signifi-
cantly depleted in infected individuals or SIV-infected macaques
(15); also in vitro, infection of MDM does not lead to their cell
death. Consequently, whereas most in vitro infected CD4+ T
cells die, MDM can survive for months in culture if a sufficient
nutrient supply is provided, where they become “viral factories,”
constantly releasing virions (9, 15). In this regard, a prominent

Fig. 6. eATP-mediated release of VCC-associated virions is inhibited by Imipramine. The culture supernatants of 15-d-old infected MDM was replaced by
fresh culture medium, preincubated or not with imipramine (10 μM) for 15 min, and then stimulated or not with eATP (1 mM). Supernatants were collected
10, 20, and 30 min after eATP stimulation to determine their RT activity content. D-U1 cells were preincubated for 5 min with Imipramine (10 μM) and
stimulated for shorter times (1–10 min) with eATP, as indicated. Imipramine significantly reduced both basal and eATP-dependent release of HIV-1 virions in
both MDM and D-U1 cells, except at the last time point (30 min) of MDM stimulation. The results are mean ± SE of seven independent experiments for MDM
and three independent experiments for D-U1 cells. *P < 0.05, **P < 0.01, t test.

Fig. 5. eATP-mediated release of VCC-associated virions is not caused by
necrotic cell death. eATP stimulation of primary human MDM or D-U1 cells
does not cause cell necrosis. Fifteen-day-old infected MDM or D-U1 cells
were stimulated or not with eATP (1 mM) for 30 and 10 min, respectively,
after which their supernatants were collected and analyzed for LDH content
as indicator of necrotic cell damage. The supernatant of cells necrotized by
repeated cycles of freezing and thawing (F/T) served as a positive control.
The results indicate that eATP does not cause necrotic cell death in either cell
type (mean ± SE, n = 5 for MDM and n = 3 for D-U1 cells).
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feature of macrophage infection, observed both in vivo and in
vitro, is their capacity to actively synthesize and accumulate vi-
rions in subcellular compartments, the VCC (11).
Previously, VCC were ascribed to the multivesicular body se-

cretory apparatus on the basis of the common expression of
some markers, such as CD9, CD63, and CD81 (23). More re-
cently, VCC have been considered to represent invaginations of
the plasma membrane areas enriched in tetraspanins that are
sequestered intracellularly, also expressing CD36 (24). Thus,
VCC represent a unique feature of macrophage infection, and
their dimension and virion load are highly sensitive to the state
of macrophage activation consequent to extracellular signals
present in the microenvironment. In this regard, we previously
reported that stimulation of PMA-differentiated U1 cells with
IFN-γ (D-U1 cells) leads to a significant redirection of the major
site of virion budding from the plasma membrane to VCC (17).
Later on, we observed the same phenomenon in both D-U1 cells
and primary infected MDM when cells were stimulated with
either uPA or ligands of the CD11b/CD18 (Mac-1) integrin (39).
Of interest, Fantuzzi et al. (51) reported that blockade of the
secretion of the endogenous chemokine CCL2, a biomarker of
HIV-1 encephalitis and AIDS-dementia complex, leads to the
accumulation of HIV-1 virions in primary MDM (20). In this
present study, we found that eATP represents a microenviron-
mental stimulus capable of inducing rapid discharge of VCC-
associated virions from infected macrophages. Given that at least
one-third of VCC have been reported to be connected to the
plasma membrane (11, 21), the gross morphological changes
associated with eATP stimulation, resulting in cell contraction
and membrane blebbing, could lead to an increased tension of
the plasma membrane. VCC may then open up, bringing im-

portant amounts of membranes to the plasma membrane and
thereby reducing the tension along with the release of the VCC
content in the extracellular milieu.
In our experiments, eATP-induced virion release was not

consequent to necrotic cell death, as determined by LDH re-
lease, or to apoptosis or pyroptosis (dependent on cleavage of
caspase-3 or caspase-1, respectively), although we cannot ex-
clude the possibility that other proinflammatory signals could be
released by this experimental procedure.
Of interest is the fact that eATP-stimulated virion release was

prevented by imipramine, an antidepressant agent. In this regard, in
addition to its multiple effects on serotonine, dopamine, and other
neuromediators, imipramine has been shown to inhibit aSMase, a
membrane-associated enzyme that hydrolyzes sphingomyelin into
ceramide, thereby triggering membrane reorganization with for-
mation of microvesicles (30), also termed ectosomes (52). Thus, the
microvesicle/ectosomal route could be a relevant eATP-inducible
pathway leading to the release of VCC-associated virions. This
hypothesis is reinforced by the recent observation that microvesicles
and exosomes are involved in the spread of infection from infected
MDM to uninfected cells as a potential strategy to avoid the im-
mune recognition of infected cells (23).
ATP is a nucleoside triphosphate involved in multiple enzy-

matic intracellular reactions as a coenzyme and energy-transfer
molecule (32). ATP synthesis occurs in the mitochondria and rep-
resents the major energy source for the cells. In addition, once
actively or passively released in the extracellular environment, ATP
(along with ADP and adenosine) acts as a potent signaling mole-
cule acting via interaction with purinergic R, classically subdivided
into P2Y and P2X R families (26). Whereas P2YR are seven-
transmembrane metabotropic R coupled with GTP, the activation

Fig. 7. eATP-induced virion release from infected MDM and D-U1 cells is mediated by interaction with P2X7R. (A) Infected cells were either stimulated with
eATP (1 mM) or oATP (1 mM) for 10–30 min (in the case of MDM) or for 1–10 min (for D-U1 cells) or left unstimulated, after removal of cell supernatants. eATP,
but not oATP, induced the release of virions from both cell types. The results represent the mean ± SE of five independent experiments with MDM and three
independent experiments with D-U1 cells. *P < 0.05, **P < 0.01, ***P < 0.001, t test. (B) Infected cells were preincubated or not with the selective P2X7R
inhibitor A-438079 (100 μM) for 15 min for MDM or 5 min for D-U1 cells. The inhibitor was left in culture, and the cells were stimulated or not with eATP
(1 mM) for 10–30 min for MDM or 1–10 min for D-U1 cells. The P2X7R inhibitor prevented most of eATP-induced production of HIV-1 virions in both cell types,
particularly at 10 min poststimulation in the case of MDM (mean ± SE; n = 5). For D-U1 cells, three independent experiments were performed (mean ± SE;
**P < 0.01, ***P < 0.001, t test).
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of which results in the induction of Ca2+ fluxes, P2XR are iono-
tropic, Ca2+-permeable ion channels that open on ligand binding
(26). Cell stimulation by eATP can lead to cell death or to the
activation of different secretory pathways such as exosomes, auto-
phagolysosome fusion with the cell membrane, and microvesicle
formation and release (35).
Concerning the early steps of HIV-1 infection, Perfettini et al.

(53) have shown that exposure of CD4+ cells to HIV-1 leads to
the release of ATP through pannexin-1 hemichannels. The re-
leased eATP then would act in an autocrine/paracrine fashion to
activate purinergic R, in particular P2Y2, inducing phosphory-
lation/recruitment of the proline-rich tyrosine kinase-2 (Pyk2)
(53). Indeed, pannexin-1, P2Y2, and Pyk2 have been shown to be
recruited in the contact site between HIV-1 Env-expressing and
CD4/CXCR4-containing membranes, suggesting that they act
within the virologic synapse to enhance membrane–membrane
fusion and facilitate cell-to-cell virus transmission (53, 54). Later,
Hazleton and Eugenin (55) showed that antagonists of P2X1R,
P2X7R, and P2Y1R blocked virus replication in MDM, demon-
strating that eATP binds to and activates P2X1R, causing Ca2+

fluxes that facilitate HIV entry. According to those authors, suf-
ficient ATP accumulates over time and activates P2X7R, leading
to further Ca2+ fluxes and downstream signaling events. Finally,
ATP would be converted to ADP, activating a P2Y1R-dependent
cascade that facilitates later stages in the HIV life cycle (55). Of
note, both groups demonstrated that HIV-1 triggered the release
of ATP within 5–15 min after cell exposure, and that the endog-
enously released eATP facilitated the first steps of infection
through an autocrine activation of purinergic Rs.
As mentioned earlier, P2X7R is known to require high con-

centrations (> 500 μM) of eATP for its activation, which oth-
erwise occurs in a few minutes (32, 35). P2X7R activation leads
to the opening of pannexin-1 channels, formation of membrane
blebs, and expression of phosphatidyl-serine on the cell surface.
If R stimulation lasts for only a short time (i.e., minutes), then
this process, also termed “pseudoapoptosis,” is characterized by
the opening of membrane pores, release of exosomes, micro-
vesicles, and other particles (32, 33, 56). In this regard, we have
demonstrated that oATP, the inactive form of ATP, does not
induce the release of virions from infected cells and is an an-
tagonist of eATP, at least in D-U1 cells. We also have shown
that preincubation of either MDM or D-U1 cells with A-438079,
a selective inhibitor of P2X7R, impairs the release of eATP-
mediated HIV-1 virions. Of note, different P2X7R antagonists
are currently being studied in clinical trials for treatment of
rheumatoid arthritis (57).
In summary, our study adds evidence about the potential role

of eATP in HIV-1 infection. In addition to favoring the initial
entry phase of infection, as reported by independent investigators,
it can induce the release of virions from primary human MDM, an
accepted surrogate model of tissue macrophages. Our study sug-
gests that the use of impramine may influence the dynamics of
the macrophage-associated virion reservoir, whereas triggering of
P2X7R may lead to the rapid release of infectious HIV-1 from
macrophages. We believe that these observations have relevance
for the potential elimination of infected macrophages by either
pharmacologic or immune-mediated effectors.

Materials and Methods
Reagents. Ficoll-Hypaque was purchased from Amersham Biosciences Europe,
and Percoll was purchased from GE Healthcare. DMEM, PBS, FBS, normal
human serum (NHS), penicillin, streptomycin, and glutamine were purchased
from Lonza. IL-2 was purchased from Novartis. Ruthenium red (RR), PMA,
phytohemagglutinin, ATP, oxidized ATP, and the P2X7 inhibitor A-438079
were purchased from Sigma-Aldrich.

Human uPA (molecular weight, 52 kDa) was provided by Dr. Jack Henkin,
Abbott Laboratories, Abbott Park, IL and Dr. Andrew P. Mazar, Chemistry of
Life Processes Institute, Evanston, IL. Imipramine (Tofranil; Novartisfarma)
was kindly provided by Dr. Claudia Verderio, University of Milan, Milan, Italy.

Anti-human anti-P2X7R mAb was purchased from Origene Technologies. The
cytotoxic detection kit for LDH was purchased from Roche Applied Science.

Isolation of Human Monocytes from Peripheral Blood Mononuclear Cells and
Differentiation into MDM. Peripheral blood mononuclear cells (PBMCs) were
isolated from the buffy coats of healthy HIV-seronegative blood donors by
Ficoll-Hypaque density gradient centrifugation. The monocytes were then
obtained by Percoll density gradient centrifugation reaching 80–90% purity,
as determined by CD14 expression and other lineage markers, as described
previously (58). The cells were then washed and resuspended in DMEM
containing pen/strep (1%), glutamine (1%), heat-inactivated FBS (10%), and
heat-inactivated NHS (5%) (Complete Medium). Monocytes were seeded
into 48-well plastic plates at a concentration of 5 × 105 cells/mL and were
cultivated for 7–8 additional days at 37 °C in 5% CO2 to promote their full
differentiation into MDM (≥95% CD14+), as described previously (19).

Chronically HIV-1–Infected Promonocytic U1 Cell Line and D-U1 Cells. The
promonocytic U1 cell line was obtained from a population of U937 cells
surviving the cytopathic effect of acute CXCR4-dependent HIV-1LAI/IIIB in-
fection (59). Each U1 cell contains two copies of integrated proviruses (60).
No virus production is detected by conventional RT activity assay or p24 Gag
antigen ELISA in cultures of unstimulated U1 cells, but virus expression at
levels comparable to those achieved at peak of acute virus infection of pa-
rental U937 cells or primary MDM and T-cell blasts is rapidly induced by
stimulation of U1 cells with PMA or several proinflammatory cytokines (25).
U1 cells (5 × 105 cells/mL, unless indicated otherwise, in RPMI 1640 con-
taining 10% of heat-inactivated FCS, 1% pen/strep, and 1% glutamine) were
incubated with PMA + uPA to promote their differentiation to macrophage-
like cells displaying abundant VCC (D-U1 cells).

CCR5-Dependent (R5) HIV-1 Infection of MDM. Human MDM were infected
with the macrophage-tropic, laboratory-adapted R5 HIV-1BaL strain at the
multiplicity of infection (moi) of 0.1. Multiple aliquots of culture superna-
tants were collected every 3 d over a 5-wk period and stored at −20 °C to
assess virus production. At the end of each infection experiment, superna-
tants were thawed and analyzed for their viral content by measuring the
levels of virion-associated Mg2+-dependent RT activity present in the su-
pernatant, with a radioactive assay. Considering that 99% of the RT enzyme
is virion-associated, this assay is a faithful indication of the production of
new progeny virions (31).

Infectivity of VCC-Release HIV-1 Virions. The TZM-bl cell line was generated
from CXCR4+ HeLa cells engineered to express CD4 and CCR5 as well (61),
and contains integrated reporter genes for firefly luciferase (luc) and
Escherichia coli β-galactosidase (β-Gal) under control of an HIV-1 LTR,
thereby permitting sensitive and accurate measurements of infection (34).

TZM-bl cells were cultured in DMEM containing pen/strep (1%), glutamine
(1%), and heat-inactivated FBS (10%). For infectivity assays, virion-containing
supernatants were added on these cells, and the infectious titer was de-
termined by measuring luc levels. In brief, the supernatants were incubated
with 30,000 TZM-bl cells for 30min, replacedwith freshmedium, and cultured
for additional 24 h. Then luminescent detection of luc activity was performed
in the cell lysates using the Dual-Glo Luciferase Assay System (Promega).

Supernatents from infectedMDMwere incubated with autologous CD4+ T
lymphocytes that were previously frozen at the time of PBMC isolation.
T cells were prestimulated with PHA (5 mg/mL) for 3 d, then washed and
resuspended in RPMI 1640, 10% FCS supplemented with IL-2 (450 U/mL).

Detection of Intracellular HIV-1 p24 Gag Antigen by Flow Cytometry. In-
tracellular p24 Gag expression was analyzed by fixing and permeabilizing 2 ×
105 cells using a Cytofix/Cytoperm Kit (BD Biosciences).After fixing, cells were
washed with Perm/Wash buffer (BD Biosciences) and permeabilized, then
stained for 20 min at room temperature with FITC-conjugated mouse anti-
p24 mAb (clone KC57; Beckman Coulter) in 100 μL of Perm/Wash buffer.
Stained cells were washed with Perm/Wash buffer and resuspended in 2%
PFA, followed by flow cytometry analysis. The events were analyzed with
FlowJo version 8.8.7 (Tree Star).

Live Imaging of HIV Infection of MDM. HIV Gag-iGFP ΔEnv viruses were pro-
duced by transfection of the corresponding proviral cDNA in 293T cells
(ATCC CRL-11268; American Type Culture Collection) with polyethylenimine.
The plasmid pMD2.G (Addgene) was used for pseudotyping. Supernatants
were harvested at 72 h after transfection, and then subjected to ultracen-
trifugation at 31,000 × g for 90 min. Pellets were resuspended in RPMI
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(Gibco, Life Technologies) with 20% FBS. As described previously (62), virus
preparations were titrated by infecting the Ghost reporter cell line, and their
infectious titer was determined at 24 h after infection in terms of percent-
age of GFP+ cells detected by flow cytometry using an Accuri C6 flow
cytometer (BD).

For live-imaging experiments, monocytes were enriched from PBMCs of
healthy donors by magnetic cell sorting by CD14-positive selection (MACS;
Miltenyi), seeded on eight-well Labtek II plastic chambers (Nunc; Thermo
Fisher Scientific) or a FluoroDish with a glass bottom (World Precision In-
struments) and imaged after 4–5 d of infection.

Live imaging was performed on an inverted microscope Nikon TE2000-E,
equipped with a piezo stage NanoScanZ mounted on a Marzhauser XYZ
motorized scanning stage (Nikon Instruments France), with images recorded
on a CoolSNAP HQ2 camera (Photometrics). Cells were incubated in Complete
Medium enriched with Hepes (20 mM). Videos were acquired at 37 °C (LIS
Cube Box; Life Imaging Services) using a 60× oil immersion objective. The
microscope was driven by MetaMorph software (Molecular Devices). ImageJ
software (National Institutes of Health) was used for image processing.

Ultrastructural Analysis. At 15 d PI, coinciding with their peak of virus pro-
duction, human MDM were stimulated with ATP for up to 30 min. After
stimulation, the cells were washed and scraped with a rubber policeman and
analyzed by transmission electron microscopy (TEM). The cells were fixed for
2 h at 4 °C with 4% paraformaldehyde and 2.5% glutaraldehyde in 125 mM
cacodylate buffer, then postfixed for 1 h with 2% OsO4 in 125 mM caco-
dylate buffer, washed, and embedded in EPON. Conventional thin sections
were collected on uncoated grids, stained with uranil and lead citrate, and
examined in a Leo912-Omega transmission electron microscope (Carl Zeiss).

For RR staining, infected MDM were washed and fixed in a solution
containing 1.2% glutaraldehyde and 0.5 mg/mL RR in 66 mM NaCacodylate
(pH 7.1) and kept for 1 h at room temperature. Then the cells were quickly
washed twice in 150 mM NaCacodylate and postfixed in 1.3% OsO4 plus
0.5 mg/mL RR in 33 mM NaCacodylate for 2 h at room temperature. The cells

were dehydrated with a 70% EtOH (twice for 5 min), 95% EtOH (twice for
10 min), and 100% EtOH (twice for 30 min), then infiltrated with EPON/100%
EtOH overnight. Finally the cells were embedded in fresh EPON. Conventional
thin sections were collected on uncoated grids, stained with uranil and lead
citrate, and examined in a Leo912-Omega transmission electron microscope.

Western Blot Analysis. The expression of P2X7R in U1 cells and human MDM
was determined by Western blot analysis. The cells were lysed in Nonidet
P-40 buffer (50 mM Tris HCl pH 7.5, 150 mM NaCl, 1% Nonidet P-40, and
0.5% wt/vol deoxycholate) containing protease inhibitors. The protein con-
centration of cell lysates wasmeasured by the Bio-Rad protein assay, based on
the Bradfordmethod. Proteinswere separated by 10%SDS/PAGE, transferred
to a nitrocellulosemembrane by electroblotting, and probedwith anti-P2X7R
rabbit mAb (Origene Technologies), anti-caspase 3 rabbit mAb (clone 8G10;
Cell Signaling Technology), or anti-caspase 1 rabbit mAb (clone C-20; Santa
Cruz Biotechnology). Anti-actin goat polyclonal Ab (clone I-19; Santa Cruz
Biotechnology) or rabbit anti-GAPDHmAb (Cell Signaling Technology) served
as a control.

Statistical Analysis. Statistical analyses were performed using the GraphPad
Prism version 5.0 (www.graphpad.com). Results are reported as mean ± SE.
Comparisons between two groups were performed using an unpaired, two-
tailed t test. P values < 0.05 were considered significant. To control for
interdonor variability, all assays were performed in triplicate using MDM
derived from three to nine independent donors, as specified in the text.
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