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Human immunodeficiency virus type 1 (HIV-1) Vpr protein exists in three different forms: soluble, intra-
cellular, and virion associated. Previous studies showed that virion-associated Vpr induces apoptosis in
activated peripheral blood mononuclear cells (PBMCs) and Jurkat T cells, but these studies were conducted
in the presence of other de novo-expressed HIV proteins that may have had additive proapoptotic effects. In this
report, we show that virion-associated Vpr triggers apoptosis through caspases 3/7 and 9 in human T cells
independently of other HIV de novo-expressed proteins. In contrast to a previous study, we also detected the
activation of caspase 8, the initiator caspase of the death receptor pathway. However, activation of all caspases
by virion-associated Vpr was independent of the Fas death receptor pathway. Further analyses showed that
virion-associated Vpr enhanced caspase activation in Fas-mediated apoptosis in Jurkat T cells and human
activated PBMCs. Thus, our results indicate for the first time that viral particles that contain virion-associated
Vpr can cause apoptosis in the absence of other de novo-expressed viral factors and can act in synergy with the
Fas receptor pathway, thereby enhancing the apoptotic process in T cells. These findings suggest that virion-
associated Vpr can contribute to the depletion of CD4™ lymphocytes either directly or by enhancing Fas-
mediated apoptosis during acute HIV-1 infection and in AIDS.

Vpr is a small accessory protein of 14 kDa encoded by the
human immunodeficiency virus type 1 (HIV-1) genome that is
well conserved in HIV-1, HIV-2, and simian immunodeficiency
virus (SIV) (21, 68). It exists in three different forms: extracel-
lular, when found in cerebrospinal fluids or plasma; intracel-
lular, when expressed from the genome; and virion-associated,
when packaged into the virion via interaction with Gag p6 (4,
36, 60). We and others have shown that Vpr is capable of
mediating several different potential biological functions or
effects in vivo. These pleiotropic functions include cell cycle
arrest in the G, plus M phase (24, 28, 52, 53), transactivation
of the long terminal repeat, and immune suppression by down-
regulating the expression of NF-kB (3, 12). Vpr facilitates
infection in nondividing cells, such as macrophages (7, 13, 69).
In addition, it displays proapoptotic effects that may contribute
to the decline of CD4™ T-cell counts during HIV-1 infection
(2, 25, 43, 44, 62-64, 75).

Apoptosis can be initiated through two different pathways
(intrinsic and extrinsic/death receptor), both of which result in
several events, such as caspase activation, phosphatidylserine
(PS) exposure on the outer leaflet of the plasma membrane,
mitochondrial-membrane potential (AWm) dissipation, DNA
condensation, and degradation, that can be measured and
therefore can be used as early or late markers of that death
process (see references 14, 18, and 22 for reviews). The extrin-
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sic pathway is activated through the binding of death ligands,
such as FasL. and TRAIL (tumor necrosis factor-related apop-
tosis-inducing ligand), to their death receptors (Fas and DRS
[death receptor 5], respectively), whereas the intrinsic pathway
is initiated by intracellular insults, such as DNA damage. Each
pathway is typically characterized by the activation of a specific
initiator caspase—caspase 8 for the extrinsic pathway and
caspase 9 for the intrinsic pathway—resulting in the activation
of downstream effector caspases 3, 6, and 7 (see references 14
and 18 for reviews).

The proapoptotic property of each form of Vpr has been
studied. It is now clear that de novo-expressed Vpr can induce
apoptosis in various types of cells in vitro and in vivo (2, 44, 48,
64, 76). Recombinant Vpr was shown to induce apoptosis in
neuronal cells (49, 51), thus mimicking the potential in vivo
effects of the extracellular soluble form of Vpr found in the
plasma and cerebrospinal fluid of HIV-infected patients (32).
We and others have shown that virion-associated Vpr can
trigger apoptosis in different types of cells (25, 43, 63).

Different forms of Vpr have been used to study the general
mechanism of induction of apoptosis. In one proposed model,
recombinant Vpr or its derived peptides were used to show
that Vpr would interact directly via its C-terminal domain with
the ANT (adenosine nucleotide translocator) protein of the
mitochondrial inner membrane to open the permeability tran-
sition pore, allowing the release of apoptogenic factors in the
cytosol (26, 27, 54). In this model, apoptosis would be triggered
independently of caspases and cell cycle arrest. A recent report
challenged this model. Indeed, the knockdown of the proapop-
totic protein Bax and not that of the ANT protein drastically
reduced the induction of caspase activation and apoptosis by
de novo-expressed Vpr (2). In that model, Vpr leads to the
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activation of Bax, which promotes cytochrome ¢ release from
mitochondria into the cytosol, resulting in the activation of
caspase 9 (see reference 14 for a review). This model is sup-
ported by a previous report by Muthumani et al., who investi-
gated the pathway of apoptosis triggered by virion-associated
Vpr. They detected caspase 9 activation and not that of caspase
8, the typical initiator caspase of the extrinsic/death receptor
pathway. They concluded that Vpr activates the intrinsic path-
way through caspase 9 (43).

Besides Vpr, several HIV-1 proteins can independently in-
duce apoptosis directly or favor its onset. It has been shown
that the Tat protein can activate apoptosis directly (33). It can
also induce the downregulation of the antiapoptotic Bcl-2 (57).
The protein Pro can cleave the same antiapoptotic protein
(65). Studies have shown that, like Vpr, Vif can induce cell
cycle arrest in the G, plus M phase and interact with the same
protein of the ubiquitin ligase complex known to interact with
Vpr (15, 55, 70, 71). Therefore, the possibility that all these
proteins could act together with virion-associated Vpr to pro-
mote cell death, as illustrated by the work of Sakai et al. (55),
cannot be excluded. These authors observed that the elimina-
tion of both Vif and Vpr, and not that of the individual pro-
teins, resulted in the abrogation of the cytopathic effects in-
duced by the HIV-1 NL4-3 strain. Hence, the real contribution
of virion-associated Vpr alone cannot be exactly assessed when
other HIV proteins are expressed.

In this study, we hypothesized that particles, both defective
and infectious, that incorporate Vpr can induce apoptosis by
delivering the protein to their target cells. In order to mimic
infection by defective viruses, we infected Jurkat T cells and
human activated peripheral blood mononuclear cells (PBMCs)
with viral particles that could not express any HIV protein de
novo but contained virion-associated Vpr. We show that virion-
associated Vpr can induce apoptosis independently of both de
novo HIV-expressed proteins and the Fas death receptor path-
way. Also, we show that virion-associated Vpr can enhance the
activities of effector, as well as initiator, caspases in Jurkat T
cells and human activated PBMCs treated with the anti-Fas
antibody CH11, thereby resulting in an enhancement of apop-
tosis. Our results therefore indicate that in the absence of de
novo-expressed HIV proteins, virion-associated Vpr can pro-
mote apoptosis directly, as well as in concert with normal
physiological apoptotic signals.

MATERIALS AND METHODS

Cell culture. HeLa cells were maintained in Dulbecco’s modified Eagle’s
medium (Invitrogen-Gibco, Carlsbad, CA) supplemented with 10% calf serum
(Sigma, St. Louis, MO), L-glutamine, penicillin, and streptomycin. HEK 293T
cells were maintained in Iscove’s modified Dulbecco’s medium (Sigma) supple-
mented with 10% fetal calf serum (Sigma), penicillin, and streptomycin. Jurkat
cells were cultured in RPMI 1640 medium (Invitrogen-Gibco) supplemented
with 10% fetal calf serum (Sigma), L-glutamine, penicillin, and streptomycin.
PBMCs were prepared by Ficoll-Paque gradient purification from heparinized
whole human blood from different healthy donors. The PBMCs were activated
for 48 h in complete stimulating medium consisting of RPMI 1640 supplemented
with 10% fetal calf serum, L-glutamine, penicillin, streptomycin, 5 pg/ml phyto-
hemagglutinin (Sigma), and 10 U/ml interleukin 2 (Roche, Mannheim, Ger-
many), after which the cells were pelleted and resuspended in complete growth
medium (RPMI 1640 supplemented with 10% fetal calf serum, L-glutamine,
penicillin, streptomycin, and 10 U/ml interleukin 2) and allowed to rest over-
night. The next day, dead cells were removed by using a dead-cell removal kit
(Miltenyi, Bergisch Gladbach, Germany), and the remaining live cells were
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allowed to rest overnight before being infected according to the protocol de-
scribed below.

Preparation of viral stocks and infections. All viruses were produced in HEK
293T cells by the calcium phosphate transfection method with the indicated
amounts of the following vectors. For Vpr(+)“ virus production, cells were
cotransfected with 12.5 pg of pHR'Vpr, which expresses Flag-tagged wild-type
Vpr (30); 12.5 pg of pPCMVARS.2AVpr; and 5 pg of pPCMV VSV-G. For Vpr(—)
virus production, cells were cotransfected with 12.5 pg of pHR'EGFP, 12.5 ug of
pCMVARS8.2AVpr, and 5 pg of pCMV VSV-G. For Vpr(+)"*" virus produc-
tion, cells were cotransfected with the same amounts of plasmid indicated above.
In addition, Flag-tagged wild-type Vpr was supplied in trans from 0.7 pg of the
expression vector BSVpr (28). Flag-tagged Vpr has been previously shown to
induce apoptosis and cell cycle arrest in the G, plus M phase (29, 46). For
preparation of NL4-3 EGFP R~ E~ (NLEGFP) viruses, 21.4 ug of pNL4-3
EGFP R~ E™ and 8.6 pg of pCMV VSV-G were used. Viral stocks were
collected 48 and 72 h posttransfection, concentrated over a 10% sucrose cushion,
resuspended in RPMI 1640 medium supplemented with 10% fetal calf serum,
and stored at —80°C. The viruses were first normalized for p245*¢ content by p24
enzyme-linked immunosorbent assay and then titrated on Jurkat cells to deter-
mine the number of enhanced green fluorescent protein (EGFP) transduction
units/ml. Typically, viral titers for Vpr(—), Vpr(+)"**, and NLEGFP viruses
were 4 X 107, 7 X 107, and 7 X 10® EGFP transduction units/ml, respectively. For
infection of HeLa cells for cell cycle analyses, 5 X 10* HeLa cells were seeded on
the day before infection. The following day, the cells were infected with an
equivalent number of EGFP transduction units of viral stocks in the presence of
8 pwg/ml Polybrene for 2 hours, after which the medium was changed and the cells
were further cultured for 48 h before being harvested for cell cycle analysis. For
viral infection of Jurkat cells, the appropriate number of wells of a 96-well plate
(Becton Dickinson, Franklin Lakes, NJ) were seeded with 0.4 X 10° cells per
well. The cells were then infected with Vpr(—) and Vpr(+)”** viruses at a
multiplicity of infection (MOI) of 0.5 in the presence of 8 wg/ml Polybrene for 2
hours, after which 60% of the medium was removed and replaced with fresh
medium. Six hours postinfection, 50% of the medium was removed. The cells
were counted and resuspended at a density of 0.2 X 10° cells/ml and cultured
further for 44 h before analyses for PS externalization, caspase activation, and
AWm dissipation. As a reference, cells were also infected with NLEGFP viruses
as described in the above protocol. The same protocol was followed to infect
human activated PBMCs. The amount of virus used was such that less than 60%
of activated PBMCs were infected, as assessed by EGFP expression.

Cell cycle analysis. Forty-eight hours postinfection, HeLa cells were collected
and fixed in 2 ml of cold 70% ethanol overnight. The next day, the cells were
washed in phosphate-buffered saline (PBS) and stained with propidium iodide
(100 pg/ml propidium iodide, 2% fetal calf serum, 0.1 mg/ml RNase, 0.02%
sodium azide in PBS) at 37°C for 20 min (28). All stained cells were acquired on
a Cytomics FC 500 flow cytometry system (Beckman Coulter, Fullerton, CA). A
total of 10,000 events were collected for each sample. The cell cycle profile of
each sample was analyzed with ModFit software (Verity Software House, Top-
sham, ME) to calculate the percentages of cells in the G; and G, plus M phases,
and the G,-plus-M/G; ratio was then calculated.

Induction and blockade of apoptosis. As positive controls for the caspase assay
and annexin V-phycoerythrin (ASPE) staining, cells were treated with either the
Fas antibody CH11 (MBL International, Woburn, MA) at the indicated concen-
tration or staurosporine (Sigma) at a concentration of 1 pM for 4 to 6 h,
respectively. For the studies of the effect of Vpr on Fas-induced apoptosis, 46 h
postinfection, Jurkat cells were either mock treated or treated for 4 and 8 h with
12.5 ng/ml of the Fas antibody CH11. Forty-seven hours postinfection, PBMCs
were either mock treated or treated with the Fas antibody CH11 (2.5 pg/ml) for
1 and 3 h. Cells were then harvested and analyzed for caspase activation, PS
exposure, and AWm dissipation at the indicated time points. For inhibition of
Fas-induced apoptosis, Jurkat cells were incubated with 2.5 ug/ml of the Fas
antagonist antibody ZB4 (MBL International) just after infection. As a positive
control for the neutralizing effect of the ZB4 antibody, mock-infected Jurkat cells
were preincubated with 2.5 pg/ml of the ZB4 antibody for 6 h before addition of
12.5 ng/ml of the Fas antibody CH11. Caspase activity was then measured 2 days
later.

Caspase activation assay. Caspase 3/7, 8, and 9 activities were measured by
using the Caspase-Glo bioluminescence assay (Promega, Madison, WI) specific
for each caspase. Two days postinfection, 50 pl of a homogeneous cell suspen-
sion was aliquoted in a white-walled 96-well plate (Nunc, Fisher Scientific,
Chino, CA) and incubated at room temperature for 20 min before 50 pl of room
temperature equilibrated Caspase-Glo 3/7, 8, or 9 reagent was added and mixed.
After incubation at room temperature for 1 h, the luminescence was measured
using the Fluostar Optima Luminometer microplate reader (BMG Labtech Inc.,
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San Diego, CA). Blank values were subtracted, and the increase in activity was
calculated based on activity measured from mock-infected cells. Caspase activ-
ities for each sample were measured in triplicate.

Annexin V staining. PS exposure was assessed by using the ASPE apoptosis kit
(MBL International) as instructed by the manufacturer. Briefly, 2 days postin-
fection, 0.2 X 10° cells were collected and resuspended in 500 wl of annexin V
binding buffer. The cells were then incubated with 5 pl of ASPE for 5 min at
room temperature in the dark. All stained cells were then acquired ungated on
a Cytomics FC 500 flow cytometry system (Beckman Coulter). Debris was elec-
tronically excluded. A total of 10,000 events were collected for each sample and
then analyzed with FCS Express 3 software (Denovo Software, Los Angeles, CA)
to generate FL1 versus FL2 dot plots. The population of interest was gated
postacquisition to determine the percentage of cells that were EGFP* ASPE™ or
EGFP*" ASPE".

Measurement of AWm. To measure the AWm, we used the MitoProbe
1,1',3,3,3",3'-hexamethylindodicarbo-cyanine iodide [DilC,(5)] assay kit (Molec-
ular Probes, Eugene, OR) as instructed by the manufacturer. Briefly, 2 days
postinfection, 0.4 X 10° cells were washed once with PBS and then resuspended
in 400 pl of RPMI 1640 medium supplemented with 10% fetal calf serum,
L-glutamine, penicillin, and streptomycin and labeled with 50 nM DiIC(5) at
37°C in the dark for 30 min. As a positive control for the assay, cells were
preincubated with 250 uM carbonyl cyanide m-chlorophenyl hydrazone at 37°C
in the dark for 5 min before the addition of DiIC,(5). The labeled cells were then
collected and resuspended in PBS. FL1 versus FL4 dot plots were generated by
acquisition of 10,000 ungated events with the Cytomics FC 500 flow cytometry
system (Beckman Coulter). Gating of the population of interest and postacqui-
sition analyses were performed with the FCS Express 3 software to determine the
percentage of cells that were EGFP" with high AWm (EGFP* AWmy,,) or
EGFP* with low AYm (EGFP* AWm,,).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot-
ting. Equal amounts of Vpr(+)“, Vpr(—), and Vpr(+)"*" viral stocks (as
determined by p245%“¢ enzyme-linked immunosorbent assay) were loaded onto a
sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel (Lonza, Rockland,
ME). After electrophoresis, the proteins were transferred onto Immobilon trans-
fer membranes (Millipore Inc., Bedford, MA). The membranes were saturated
with 5% milk in phosphate-buffered saline containing 0.01% Tween 20 and
either probed with a monoclonal anti-Flag tag antibody (F1804; Sigma) at a
dilution of 1/1,500 or the anti-Gag monoclonal antibody AG3.0 (kindly provided
by D. Vatakis, UCLA AIDS Institute) at a dilution of 1/2,000. Horseradish
peroxidase-coupled goat secondary antibodies (Pierce; no. 31446) were used at a
dilution of 1/8,000. Peroxidase activity was revealed by chemiluminescence (Am-
ersham ECL Plus Western blotting detection system; Amersham Biosciences,
Buckinghamshire, United Kingdom).

RESULTS

Vpr can be efficiently packaged in frans in virions and in-
duces cell cycle arrest in the G, plus M phase. In order to
study the effect of virion-associated Vpr, we generated vesic-
ular stomatitis virus G protein-pseudotyped viruses with the
pHR'EGFP lentiviral vector, which carries the EGFP cDNA
only. These viruses contained or lacked Flag-tagged Vpr sup-
plied in frans [Vpr(+)"" and Vpr(—) viruses, respectively].
These viral particles give us the advantages of (i) monitoring
the level of infection of target cells through EGFP expression
and (ii) studying the effects of virion-associated Vpr in the
absence of de novo expression of Vpr or that of other accessory
or regulatory genes. Indeed, the products of env and other
genes of HIV-1 do exhibit proapoptotic activities (31, 33, 57,
65, 73). Figure 1A shows that Vpr(+)"*" viruses were readily
able to package Vpr. As reported earlier by our group and
others for the ability of Vpr to induce cell cycle arrest in the G,
plus M phase in HeLa cells (24, 28, 52, 53), the DNA content
of HeLa cells that were mock infected or infected with Vpr(—)
or Vpr(+)”*" virus was analyzed by flow cytometry after stain-
ing them with propidium iodide. The percentages of cells in the
G, plus M and the G, phases were determined, and the G,-
plus-M/G; ratio was then calculated. The substantial increase
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in the ratio of the percentage of cells in the G, plus M phase
infected with Vpr(+)"*" viruses over that of mock-infected
cells or cells infected by Vpr(—) viruses [18.1, 0.67, and 0.95 for
Vpr(+)"*, mock, and Vpr(—) virus infection, respectively]
indicated that virion-associated Vpr in our viruses was indeed
able to induce cell cycle arrest in the G, plus M phase
(Fig. 1B).

Virion-associated Vpr induces apoptosis in T cells. Caspases
are activated in a specific manner during apoptosis and can be
divided into initiator caspases (caspases 8 and 9) and effector
caspases (caspases 3, 6, and 7) (74). A previous study showed
that virion-associated Vpr has the ability to induce the intrinsic
pathway of apoptosis in activated PBMCs by activating the
initiator caspase 9 (43). However, the infection was carried out
with viruses bearing the vector pNL4-3.HSA R~ E™, which
allows de novo expression of mouse CD24 and all HIV genes
except vpr and env (24). We hypothesized that virion-associ-
ated Vpr could activate apoptosis through caspases indepen-
dently of any de novo-expressed HIV protein. In order to
verify this hypothesis, caspase activation was measured in in-
fected cells 2 days postinfection. Similar percentages of in-
fected cells were obtained for infection by Vpr(—) and
Vpr(+)"*"™ viruses, as determined through EGFP expression
by flow cytometry (Fig. 2A). As a reference, Jurkat cells were
infected with NLEGFP viruses. As expected, we did not ob-
serve any caspase activation in cells infected with Vpr(—) vi-
ruses compared to mock-infected cells (Fig. 2B). However, the
presence of virion-associated Vpr did trigger the activation of
effector caspase 3/7 and initiator caspase 9. In contrast to the
data obtained by Muthumani et al. (43), we further detected
caspase 8 activation. However, we noticed that the levels of
caspase activation were lower than those of NLEGFP virus-
infected cells or Fas-induced apoptosis by the antibody CH11,
which triggers the extrinsic pathway (Fig. 2B). Previous studies
have shown that in general, PS externalization, an early marker
of apoptosis, occurs as a downstream event of caspase activa-
tion (45). We therefore tested whether virion-associated Vpr
could trigger PS exposure. Two days postinfection, infected
cells were stained with ASPE and analyzed by flow cytometry
(Fig. 3A). We calculated the EGFP* ASPE*/EGFP" ASPE™
ratio. A higher value of that ratio than of mock or Vpr(—)
infection would indicate that apoptosis had been triggered.
The presence of virion-associated Vpr led to at least a three-
fold increase in that ratio (Fig. 3B) compared to that of mock
or Vpr(—) infection. In order to confirm that apoptosis was
initiated, we determined whether there was any dissipation of
the AWm. Studies have shown that in certain apoptotic sys-
tems, AWm dissipation may precede cytochrome ¢ release and
therefore caspase 9 activation (see references 22 and 39 for
reviews). Cells were therefore loaded with DilC,(5), a li-
pophilic cationic molecule that accumulates primarily in mito-
chondria. A AWm reduction translates into a reduction of
fluorescence intensity when measured by flow cytometry. We
determined the percentages of cells that were EGFP™
AVm,,, and EGFP" A¥m,,, and calculated the EGFP™"
AVmy, ., /JEGFP™ AWm,,, ratio for each sample (Fig. 4A). A
decrease in the value of that ratio compared to that of mock
infection would indicate a decrease in the AWm and confirm
the induction of apoptosis. As shown in Fig. 4B, compared to
Vpr(—) virus-infected cells, the EGFP™ AWm,,, /EGFP™
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FIG. 1. Vpr can be efficiently packaged in frans in virions and induces cell cycle arrest in the G, plus M phase. (A) Ten nanograms of p245%
from concentrated virus preparations was analyzed for the presence of frans Flag-tagged Vpr in Vpr(+)"*" viruses. The blots were probed with
a mouse monoclonal antibody raised against the Flag tag. Vpr(+)“* viruses that expressed Flag-tagged Vpr in cis were used as positive controls.
Vpr(—) viruses that did not contain virion-associated Vpr were used as negative controls. p245“¢ was used as a loading control. (B) HeLa cells (5 X
10*) were seeded 24 h prior to infection and then mock infected or infected with an equivalent number of EGFP transduction units of Vpr(—) and
Vpr(+)7 viral stocks. Two days postinfection, cells were harvested and stained with propidium iodide. The percentage of cells at the G, or G,
plus M phase was determined after analysis of the cell cycle profiles with ModFit software, and the G,-plus-M/G;, ratio was then calculated. The
left and right black peaks represent the relative numbers of cells in the G, and G, plus M phases, respectively. The results shown are representative

of three independent experiments in which similar results were obtained.
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AW¥m,,, ratio was 3.2-fold lower in Vpr(+ virus-infected
cells [33 and 10.3 for Vpr(—) and Vpr(+)”** virus infection,
respectively]. Taking the data together, we therefore con-
cluded that, independently of de novo-expressed HIV proteins,
virion-associated Vpr is capable of caspase activation, PS ex-
posure, and mitochondrial depolarization and consequently of
inducing apoptosis, albeit at a lower level than an infection
with NLEGFP viruses. Of note, the extra 20% infected cells
observed in NLEGFP infection cannot account for the strong
apoptotic response observed compared to that of Vpr(+)"*"
virus-infected cells.

Caspase activation induced by virion-associated Vpr is in-
dependent of the Fas receptor pathway. Intracellular insults,
such as DNA damage induced by genotoxic drugs or UV ra-
diation, favor the onset of the intrinsic pathway, which leads
successively to cytochrome c release from mitochondria and
initiator caspase 9 activation with the downstream activation of
effector caspases 3, 6, and 7 (see reference 14 for a review). On
the other hand, binding of death ligands to their respective

receptors triggers the activation of the extrinsic, or death re-
ceptor, pathway. The prototypical receptor of that pathway is
Fas. When FasL binds to its receptor Fas, there is formation of
a protein complex called DISC, within which caspase 8 is
activated. This in turn leads to the cleavage and activation of
caspases 3, 6, and 7 (see reference 14 for a review). Because
caspase 8, the initiator caspase of the extrinsic pathway, was
activated, we hypothesized that virion-associated Vpr may trig-
ger the extrinsic pathway through Fas. To verify this hypothe-
sis, we evaluated whether blocking the Fas receptor with the
7ZB4 Fas antagonist antibody would inhibit caspase 8 activation
and the downstream activation of caspases 9 and 3. As shown
in Fig. 5, preincubation of Jurkat cells with the Fas antagonist
ZB4 antibody, followed by a challenge with the agonist Fas
antibody CH11, exhibited background levels of caspase activity
similar to those observed in cells not treated with the CH11
antibody, showing that the ZB4 antibody did block the activa-
tion of the Fas death receptor pathway. However, cells treated
with the CH11 antibody displayed typical caspase activation.
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FIG. 2. Virion-associated Vpr causes activation of caspases 3, 8, and 9. Jurkat cells were mock infected or infected with Vpr(+)"** or Vpr(—)
viruses at an MOI of 0.5. (A) Fifty hours postinfection, the percentage of infected cells was determined by flow cytometry through EGFP
expression. (B) Fifty hours postinfection, caspase 3/7, 8, and 9 activities were measured using the appropriate Caspase-Glo assay. Uninfected cells
treated with 12.5 ng/ml of the Fas CH11 antibody for 4 to 6 h were used as a positive control for the assay. Blank values were subtracted, and the
increase in activity was calculated based on activity measured from mock-infected cells. The black, white, and gray bars represent caspase 3/7, 8,
and 9 activities, respectively. Data shown are representative of one of four independent experiments performed in triplicate. The results are shown
as means * standard deviations. Infection with NLEGFP viruses was used as a reference.

Vpr(+)"* virus-infected cells were also incubated with the
Fas antagonist ZB4 antibody just after infection, but no reduc-
tion of any caspase activity was observed compared to infected
cells not treated with the ZB4 antibody (Fig. 5), indicating that

the Fas receptor pathway is not implicated in caspase 8 acti-
vation, as well as that of caspases 3/7 and 9. We therefore
concluded that the Fas death receptor pathway is not engaged
by virion-associated Vpr.
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FIG. 3. Virion-associated Vpr triggers PS exposure. (A) Jurkat cells were mock infected or infected with Vpr(+)”** or Vpr(—) viruses at an
MOI of 0.5. Fifty hours postinfection, the cells were stained with ASPE and analyzed by flow cytometry to generate dot plots. The fluorescence
intensities of EGFP and ASPE are represented on the x axis and the y axis, respectively. Uninfected cells treated with 1 pM staurosporine (STS)
for 4 to 6 h were used as a positive control for the assay. The plots shown are representative of one of four independent experiments. NLEGFP
virus infection and subsequent staining with ASPE were used as a reference. (B) The ratio of the percentage of EGFP" ASPE™ cells to that of
EGFP" A5PE™ cells was determined for each viral infection from the dot plots in panel A and was plotted on a bar graph. The results are shown
as means plus standard deviations. Note that the ratio indicated for mock infection is the ratio of the percentage of ASPE" cells to that of ASPE™~
cells, which was used as an internal control.
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FIG. 4. Virion-associated Vpr causes AWm dissipation. (A) Jurkat

)Irun.&

cells were mock infected or infected with Vpr(+ or Vpr(—) viruses at

an MOI of 0.5. Fifty hours postinfection, the A¥m was measured by using the MitoProbe DilC,(5) assay kit. Infected cells (0.4 X 10°) were labeled

with 50 nM DiIC,(5) at 37°C in the dark for 30 min before analyses by

flow cytometry to generate dot plots. The fluorescence intensities of EGFP

and DilC,(5) are represented on the x axis and y axis, respectively. Uninfected cells treated with 250 wM of carbonyl cyanide m-chlorophenyl
hydrazone before being labeled with DilC,(5) were used as a positive control. NLEGFP virus infection and subsequent staining with DilC, (5) were
used as a reference. The plots shown are representative of one of four experiments. (B) The ratio of the percentage of EGFP™ AWmy,, to that
of EGFP" AWm,,,, cells was determined for each viral infection from the dot plots and was plotted on a bar graph. The results are shown as means
plus standard deviations. Note that the ratio indicated for mock infection is the ratio of the percentage of AWmy,, cells to that of AWm,,, cells.

Virion-associated Vpr enhances Fas-induced apoptosis. Sev-
eral studies have reported elevated FasL/Fas levels in serum or
on immune cells obtained from HIV-infected patients (5, 6, 8,
23, 41, 61). A recent study showed that blocking FasL with an
antibody resulted in decreased B- and T-cell death, as well as
lower viremia, in an SIV macaque infection model (56). The
engagement of the Fas death receptor pathway could therefore
contribute to the depletion of CD4™ T cells observed during

HIV infection. As mentioned above, cells infected with
Vpr(+)"* viruses displayed a weaker apoptotic response than
those infected with NLEGFP viruses. Since we detected
caspase 8, the initiator caspase of the death receptor pathway,
being activated by virion-associated Vpr, we hypothesized that
virion-associated Vpr might enhance the activation of that
particular pathway in preinfected cells. To this end, caspase
activities were measured in 2-day-postinfection cells treated
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FIG. 5. Caspase activation induced by virion-associated Vpr is independent of the Fas receptor pathway. Jurkat cells were infected at an MOI
of 0.5 with the indicated viruses for 2 hours. After the 2 h of infection, cells infected with Vpr(+)"“" viruses were cultured for 48 h in the presence
or absence of the Fas-neutralizing antibody ZB4 (2.5 wg/ml). Forty-eight hours postinfection, caspase 3/7, 8, and 9 activities were measured for
each sample by using the appropriate Caspase-Glo assay. As a positive control for the neutralizing effect of the ZB4 antibody, uninfected cells were
preincubated with the ZB4 antibody (2.5 pwg/ml) for 6 h before the addition of the Fas-stimulating CH11 antibody (12.5 ng/ml). Caspase activities
were then measured 42 h later. Blank values were subtracted, and the increase in activity was calculated based on activity measured from
mock-infected cells. The black, white, and gray bars represent caspase 3/7, 8, and 9 activities, respectively. The results are shown as means plus

Vpr(+)trans CH11+ZB4

standard deviations.

with the Fas agonist antibody CH11 for 4 and 8 h (correspond-
ing to 50 and 54 h postinfection, respectively). Our results
showed that mock-infected and cells infected by Vpr(—) vi-
ruses presented similar levels of caspase 3/7 activity at 4 and 8 h
after Fas-induced apoptosis, indicating that the infection itself
did not have any enhancing effect on Fas-induced caspase 3/7
activity (Fig. 6A). However, cells infected with Vpr(+)"*"
viruses presented a 9.3-fold increase in caspase 3/7 activity
compared to an average 5.2-fold increase for mock or Vpr(—)
virus infections (Fig. 6A). No difference in caspase activity was
observed after 8 h of CH11 treatment, suggesting that at that
time point, the antibody was able to trigger caspase activity to
its fullest independently of the presence of Vpr. We also mea-
sured the activities of both initiator caspases 8 and 9 (Fig. 6B
and C). Vpr(—) virus- and mock-infected cells displayed sim-
ilar caspase 8 and 9 activities when treated with the CH11
antibody for 4 h. However, these activities were enhanced in
Vpr(+)"*™ virus-infected cells at 4 h post-CH11 treatment. At
8 h post-CH11 treatment, no difference in these activities was
observed for all infections. Virion-associated Vpr thus en-
hances caspase activities early in Fas-induced apoptosis.

To evaluate and confirm the enhancing effect of virion-as-
sociated Vpr on Fas-induced apoptosis, we also determined
the extents of AWm dissipation and PS externalization at 4 and
8 h post-CH11 treatment (corresponding to 50 and 54 h postin-
fection, respectively). When AWm dissipation was measured
4 h post-CHI11 treatment, no enhancing effect of Vpr was
observed when the EGFP™ AWm,; ,/EGFP™ AW¥m,,, ratios
for Vpr(—) and Vpr(+)"* virus-infected cells were com-
pared. All the ratios had similar values at that time. This was
due to the fact that AWm dissipation is an early event in
Fas-induced apoptosis, as was observed with mock-infected
cells. Indeed, only 4 h post-CH11 treatment, mitochondria
from mock-infected cells were extensively depolarized (Fig.
7A). The percentage of ASPE-positive cells was also deter-
mined by flow cytometry, and the EGFP* A5PE*/EGFP*
ASPE™ ratio was calculated for Vpr(—) and Vpr(+)"*" virus

infections, whereas the ASPE*/A5PE ™ ratio was calculated for
mock-infected cells (Fig. 7Bi). When the ASPE*/ASPE ™ ratio
of mock-infected cells (an internal control) was compared to
the EGFP™ ASPE*/EGFP" AS5SPE™ ratio for Vpr(—) virus
infection, similar values were obtained. On the other hand, the
presence of Vpr gave a substantially higher EGFP*ASPE™"/
EGFP™" ASPE™ ratio, showing the amplification effect on PS
exposure by the higher caspase activities triggered by virion-
associated Vpr. Unlike caspase activities, that amplification
effect was maintained at a later time point (8 h post-CH11
treatment). We confirmed this enhancing effect of virion-asso-
ciated Vpr on PS exposure in two other independent experi-
ments at 4 h (Fig. 7Bii) and 8 h (Fig. 7Biii) post-CH11 treat-
ment of infected cells. Taken together, these results show that
virion-associated Vpr can enhance Fas-induced apoptosis.
Virion-associated Vpr enhances the activation of caspase 3/7
in Fas-induced apoptosis of human activated PBMCs. In order
to confirm the activation of caspases by virion-associated Vpr
in human primary cells, we infected human activated PBMCs
from two donors with Vpr(—) and Vpr(+)"*" viruses and
performed a time course experiment during which the activi-
ties of caspases 3, 8, and 9 were monitored at several time
points (8.5, 24, 32, and 48 h postinfection). We observed that
virion-associated Vpr induced a gradual increase in the activ-
ities of all three caspases, whereas in mock- or Vpr(—) virus-
infected cells, these activities remained stable (Fig. 8A to C).
Similar results were observed in PBMCs from a second donor
(Fig. 8D to F). We then assessed whether virion-associated
Vpr could enhance the activity of the effector caspase 3/7 in
Fas-induced apoptosis of these cells. We chose to measure
caspase 3/7 activity, as it is an effector caspase which is acti-
vated downstream of caspases 8 and 9. Human activated
PBMC:s were infected, and 47 h postinfection, the cells were
treated with the Fas antibody CH11 for 1 and 3 h (correspond-
ing to 48 and 50 h postinfection), and caspase 3/7 activity was
measured at these time points. We observed that at both time
points, virion-associated Vpr enhanced caspase 3/7 activity
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FIG. 6. Virion-associated Vpr enhances caspase activation during Fas-induced apoptosis. Jurkat cells were mock infected or infected at an MOI
of 0.5 with Vpr(—) and Vpr(+ )" viruses. Forty-six hours postinfection, the cells were treated with 12.5 ng/ml of the CH11 antibody for 4 or 8 h.
Caspase 3/7 (A), 8 (B), and 9 (C) activities were measured for each sample at 4 and 8 h post-CH11 antibody treatment (corresponding to 50 and
54 h postinfection). Blank values were subtracted, and the increase in activity was calculated based on activity measured from mock-infected cells.
The black and gray bars represent caspase activities at 50 and 54 h postinfection, respectively. The results are shown as means * standard

deviations.

compared to that obtained in mock- or Vpr(—) virus-infected
cells (Fig. 9A). Similar results were observed in PBMCs from
a second donor (Fig. 9B). These results therefore confirmed
the enhancing capacity of virion-associated Vpr on caspase
activation previously observed in Jurkat cells.

DISCUSSION

In this study, we showed that virion-associated Vpr can in-
duce T-cell destruction in two ways. First, it can initiate apop-
tosis directly and independently of de novo-expressed HIV
proteins and the Fas pathway. Second, we showed for the first
time that it can enhance Fas-induced apoptosis of infected T

cells, thereby providing an additional mechanism that might
explain T-cell depletion kinetics in AIDS.

Our system allowed us to study the effects of virion-associ-
ated Vpr independently of other accessory or regulatory pro-
teins that also exhibit proapoptotic functions. We found that
virion-associated Vpr caused activation not only of effector
caspase 3/7, but also of both initiator caspases 8 and 9. PS
externalization and a drop in the AWm also confirmed that cell
death was initiated in the presence of virion-associated Vpr.
We therefore conclude that virion-associated Vpr can initiate
apoptosis in Jurkat T cells. In contrast to the report of Muthu-
mani et al., in which virion-associated Vpr was shown to acti-
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percentage of EGFP* AWmy,,, cells to that of EGFP* AWm,,, cells and that of the percentage of EGFP* ASPE™ cells to that of EGFP" ASPE
cells were determined for each viral infection at each indicated time point from dot plots (not shown) as for Fig. 4. The calculated ratios were then
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FIG. 8. Virion-associated Vpr induces activation of caspases 3/7, 8, and 9 in human activated PBMCs. Activated human PBMCs from donors
1 (A to C) and 2 (D to F) were mock infected or infected with Vpr(+)"*" or Vpr(—) viruses with equivalent numbers of infectious units. Caspase
3/7 (A and D), 8 (B and E), and 9 (C and F) activities were measured for each sample at 8.5 (T 8.5), 24 (T24), 32 (T32), and 48 (T48) h
postinfection. Uninfected cells treated with 2.5 pg/ml of the Fas CH11 antibody or 1 wM of staurosporine (STS) for 2 to 6 h were used as positive

controls for the assay at each time point. The results are shown as means plus standard deviations.

vate the intrinsic pathway with only caspases 9 and 3 being
activated (43), here, we detected the activation of caspase 8, in
addition to the aforementioned caspases. Importantly, the ac-
tivation of caspases 3/7, 8, and 9 by virion-associated Vpr was
confirmed in human activated PBMCs. Consistent with our
results, two other studies reported that Vpr can also lead to
caspase 8 cleavage and activation. In the first study, de novo-
expressed Vpr led to the activation of caspase 8 in Jurkat cells,
whereas the mutation R77Q in the Vpr coding sequence abol-
ished that activation (37). In the other report, caspase 8 activity
was observed when neurons were treated with recombinant
Vpr (49).

Caspase 8 activation is classically detected in FasL- or other

death ligand-induced cell death (1). Having detected the ac-
tivity of caspase 8, we investigated whether the extrinsic path-
way was involved through the Fas receptor. Blocking the Fas
receptor with the Fas antagonist ZB4 antibody did not result in
any decrease in caspase 3/7, 8, or 9 activity, showing that the
Fas receptor is not involved, as reported previously (43). It
appears, therefore, that virion-associated Vpr likely activates
the intrinsic pathway, which is consistent with intracellular
stress caused by Vpr, as shown by other groups (2, 11, 16, 66).
Chemotherapeutic drugs, such as etoposide or doxorubicin,
have been shown to induce caspase 8 activation and apoptosis
in a Fas-independent manner (17, 19, 72). One study actually
showed that caspase 8, which is usually an initiator caspase in

shown on a bar graph. The results are shown as means plus standard deviations. (Bi) The ratios of the percentage of EGFP" ASPE™" cells to that
of EGFP* ASPE™ cells after 4 and 8 h of CH11 treatment are shown on a bar graph. The black and gray bars represent the calculated ratios at
50 and 54 h postinfection, respectively. (Bii and Biii) Results of two other independent experiments after 4 and 8 h of CH11 treatment, respectively.
Note that the ratio indicated for mock infection is the ratio of the percentage of ASPE™ cells to that of ASPE™ cells and that of Aim,,,, cells to
that of AW, cells for PS exposure assessment and AWm measurement, respectively.
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FIG. 9. Virion-associated Vpr enhances effector caspase 3/7 activity in human activated PBMCs treated with anti-Fas antibody. Human
activated PBMCs from donors 1 (A) and 2 (B) were mock infected or infected with Vpr(+)”* or Vpr(—) viruses with equivalent numbers of
infectious units. Forty-seven hours postinfection, the cells were treated with 2.5 pg/ml of the Fas CH11 antibody for 1 and 3 h. Caspase 3/7 activity
was measured for each sample at 1 and 3 h post-CH11 antibody treatment (corresponding to 48 and 50 h postinfection). Blank values were
subtracted, and the increase in activity was calculated based on activity measured from mock-infected cells. The black and gray bars represent
caspase 3/7 activities at 48 and 50 h postinfection, respectively. The results are shown as means * standard deviations.

the extrinsic pathway, can be activated downstream of caspase
3 (17). 1t is therefore possible that virion-associated Vpr may
lead to the activation of caspase 8§ downstream of caspase 3 in
a similar manner.

Several studies implicate the Fas receptor pathway in T-cell
depletion during HIV infection (6, 41, 42, 47). Several HIV
proteins can independently upregulate the expression of com-
ponents of the Fas/Fas L pathway in vitro (31, 33, 57, 73, 77).
This is confirmed by other in vitro infection experiments or
animal models of HIV infection in which it has been observed
that HIV infection results in higher levels of Fas expression on
T cells, as well as increased levels of FasL and sensitivity to
apoptosis (8, 9, 23, 42, 56, 61). Also, treatment of SIV-infected
macaques with an antibody raised against Fas L resulted not
only in a decrease in T- and B-cell death, but also in a lower
viremia set point, thus suggesting a role of FasL in T-cell
depletion induced by SIVmac (56). We thus investigated
whether virion-associated Vpr might enhance apoptosis of in-
fected cells with the Fas agonist CH11 antibody. The results
showed that cells that were preinfected with viruses containing
virion-associated Vpr and then treated with the CH11 antibody
for 4 h displayed higher levels of caspase 3, 8, and 9 activation
than those observed in Vpr(—) virus- and mock-infected cells.
At 8 h post-CH11 treatment, the Fas antibody had triggered

maximum caspase activation, which was independent of virion-
associated Vpr, as observed in Vpr(—) virus- and mock-in-
fected cells. Thus, it appears that virion-associated Vpr hastens
the apoptotic process. This premise is supported by the fact
that although no caspase activities are enhanced by Vpr at that
time point (8 h post-CH11 treatment), PS externalization (a
downstream event of caspase activation), on the other hand, is
still boosted substantially.

Our results support a model in which virion-associated Vpr
can enhance Fas-induced apoptosis. One possible explanation
is that virion-associated Vpr could amplify the mitochondrial
pathway, most likely through caspase 8. It is well established
that the Fas signaling pathways are different in different types
of cells (58). In so-called type 2 cells, such as Jurkat cells (58)
and activated PBMCs (59), FasL ligation does not directly
trigger massive caspase 8 activation, which is then supposed to
activate effector caspases 3, 6, and 7, as observed in so-called
type 1 cells. Instead, in these cells, at the beginning, small
amounts of caspase 8 are activated, which then cleave the BH3
(BCI-2 homology domain 3)-only protein Bid, a positive regu-
lator of apoptosis (34, 38, 50, 58). The truncated form of Bid
then activates the mitochondrial pathway to promote cyto-
chrome ¢ release in the cytosol, leading to caspase 9 and
subsequently caspase 3/7 activation. Full activation of caspase
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8 then occurs downstream of the mitochondrial pathway (see
reference 50 for a review). Through caspase 8, virion-associ-
ated Vpr could therefore lead to higher activation of the mi-
tochondrial pathway. Indeed, our results showed that there was
an increase in both caspase 9 and 3 activities induced by virion-
associated Vpr after CHI11 treatment. This resulted in in-
creased PS externalization. We therefore propose that virion-
associated Vpr could amplify Fas-induced cell death, a process
that could involve the amplification effect of caspase 8 through
the mitochondrial pathway.

Even though the percentage of infected cells is higher in
NLEGFP than in Vpr(—) and Vpr(+)”*"* virus infections, as
assessed by EGFP expression, that difference cannot account
for the substantially higher level of caspase activation or PS
externalization or the drop in the AWm in NLEGFP virus-
infected cells. The difference in the strengths of the apoptotic
responses induced by the two viruses can be explained by the
fact that NLEGFP viruses express HIV proteins, such as the
Tat and Pro proteins, that cause cell death (33, 55, 57, 65).
The higher levels of initiation of apoptosis may therefore be
the result of the cumulative toxic effects of these proteins.
Interestingly, besides exhibiting direct proapoptotic activities
like virion-associated Vpr, certain of these proteins, such as
Vpu, Nef, and Tat, display sensitizing properties to Fas-in-
duced cell death through different mechanisms (10, 73, 77).
The Nef and Tat proteins can cause upregulation of compo-
nents of the Fas/FasL death pathway, whereas the mechanism
behind increased susceptibility to Fas/FasL killing by Vpu has
not been investigated.

Studies have revealed that the ratio of defective to produc-
tive viral particles may be quite high. Estimated to be in the
range of 8 to 20 to 1 (67), these defective virions would still
contain packaged Vpr and therefore could cause apoptosis in
T cells. Outnumbering productive virions, these defective viri-
ons containing virion-associated Vpr may make a greater con-
tribution to the induction of apoptosis directly or indirectly by
enhancing Fas-induced cell death. Besides direct killing by
productive infections, our results offer an additional mecha-
nism that may explain the rapid kinetics of T-cell destruction
that occurs during acute HIV infection, as observed in acute
SIV infection animal models (35, 40). These particles may also
explain the bystander killing observed in the lymph nodes of
HIV-1-infected patients, where apoptosis is more pronounced
in bystander cells than in infected cells (20). Also, during viral
persistence, cell death may occur via these defective viral par-
ticles even if the levels of HIV RNA are below detection levels,
leading to the slow and progressive destruction of T cells.

In conclusion, this work shows that virion-associated Vpr
can initiate apoptosis directly and indirectly by enhancing cell
death through the Fas receptor pathway, thereby contributing
to T-cell destruction in HIV-1 infection.
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