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Background: Macrophages represent major viral reservoirs due to their resistance to apoptosis.
Results: Resistance of differentiated macrophages to the apoptotic effects of HIV-Vpr is mediated by cIAP1/2 genes indepen-

dent of Bcl-xL and Mcl-1.

Conclusion: IAPs protect against Vpr-induced apoptosis, and Bcl-xL and Mcl-1 maintain steady state survival.
Significance: IAP modulation may be a potential strategy to eliminate HIV persistence in macrophages.

Macrophages are resistant to HIV cytopathic effects, which
contributes to viral persistence and reservoir formation. HIV
viral protein R (Vpr) is a potent apoptosis-inducing agent for
primary monocytes. Because the biologically active Vpr is found
in serum and cerebrospinal fluid of HIV-infected patients, we
investigated the apoptotic effect of Vpr on monocyte-derived
macrophages and phorbol 12-myristate 13-acetate-activated
THP1 macrophages. Our results show that primary monocytes
and THP1 cells develop resistance to Vpr-induced apoptosis fol-
lowing differentiation into macrophages. To determine the
effect of Vpr on the expression of antiapoptotic proteins, we
show that in contrast to the undifferentiated cells, Vpr did not
down-regulate the expression of antiapoptotic inhibitors of apo-
ptosis (IAPs) and Bcl2 family members in macrophages, sug-
gesting their involvement in resistance to Vpr-induced apopto-
sis. However, knocking down Bcl-xL and Mcl-1 proteins
induced spontaneous apoptosis with no impact on susceptibility
to Vpr-induced apoptosis. In contrast, down-regulation of cel-
lular IAP1 (cIAP1) and cIAP2 by using siRNAs and SMAC (sec-
ond mitochondria-derived activator of caspases) mimetic sensi-
tized macrophages to Vpr-induced apoptosis. Overall, our
results suggest that resistance to Vpr-induced apoptosis is spe-
cifically mediated by cIAP1/2 genes independent of Bcl-xL and
Mcl-1, which play a key role in maintaining cell viability. More-
over, JAP modulation may be a potential strategy to eliminate
HIV persistence in macrophages.

Persistence of latent viral reservoirs is the main barrier that
prevents eradication and cure of HIV infection. Memory CD4 ™"
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T cells and macrophages represent the two major viral reser-
voirs. Although CD4™ T cells ultimately decrease as a result of
incessant viral replication leading to cell death and reach alarm-
ingly low levels characteristic of AIDS-associated lymphopenia,
macrophages support viral replication without any cytopathic
effects (1, 2). Moreover, infected macrophages contribute to
viral dissemination and bystander cell apoptosis (3). Formation
of viral reservoirs in memory T cells involves a very low number
of infected lymphocytes that contain integrated provirus and
support viral replication only when reactivated with their cog-
nate antigen. However, the mechanisms that enable macro-
phages to become viral reservoirs are poorly understood but
may include an intrinsic resistance to apoptosis acquired dur-
ing differentiation (4) or as an indirect result of infection or
specific viral proteins (5-7).

One of the factors that contribute to HIV persistence in
macrophages is their resistance to various apoptotic stimuli.
This characteristic is acquired as a result of a complex differen-
tiation process that results in increased phagocytic and secre-
tory functions and enables macrophages to perform their func-
tion in stressful environments (8). Primary monocytes are not
susceptible to in vitro HIV infection (9), but they become highly
permissive after differentiation (10). Increased susceptibility to
infection and a resistant phenotype acquired during differenti-
ation are important factors that are believed to promote viral
reservoir formation in macrophages (11).

Because resistance to apoptosis plays a key role in HIV per-
sistence in cellular reservoirs, we investigated how monocyte to
macrophage differentiation would impact resistance to apopto-
sis in the context of HIV infection. In order to circumvent the
lack of productive in vitro infection of primary human mono-
cytes, we used Vpr (viral protein R) as an apoptosis-inducing
agent. Vpr is a 96-amino acid, 14-kDa accessory protein of HIV,
known for its ability to cause apoptosis in several cell types (12,
13), including lymphocytes (14, 15), monocytes (16), and neu-
rons (17). It has been shown that the two halves of Vpr are
functionally distinct; the N-terminal amino acid 1-51 region of
Vpr, Vpr(1-51), is responsible for nuclear localization of the
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preintegration complex, whereas the C-terminal region of
amino acids 52-96, Vpr(52-96), induces cell cycle arrest and
apoptosis (18, 19). Moreover, Vpr is required for HIV to infect
macrophages (15), and extracellular Vpr can rescue replication
of Vpr-deficient HIV strains in macrophages (20).

The expression of the main antiapoptotic Bcl2 and inhibitor
of apoptosis (IAP)* family members has been linked to cell sur-
vival (21). Apoptosis induced through the intrinsic pathway is
initiated by proapoptotic members of the Bcl2 family, such as
Bax, when not bound and thus not inactivated by antiapoptotic
members. Bax forms pores into the mitochondrial membrane
through which apoptogenic factors are released into the cytosol
(22). The basal levels of antiapoptotic Bcl2 proteins, namely A1
(23), Mcl-1 (24), Bcl-xL (25), and Bcl2 (26), gradually increase
during macrophage differentiation and contribute to the devel-
opment of resistance to apoptosis in different model systems.
HIV infection has been shown to induce the expression of Bcl2
and Bcl-xL in human macrophages (5). These antiapoptotic
proteins were also shown to play a role in HIV Tat- and HIV
Nef-mediated resistance to apoptosis (6, 27). In contrast, mem-
bers of the IAP family act on caspases activated either through
the extrinsic (death receptor) or the intrinsic (mitochondrial)
pathway (28). X-linked IAP (XIAP) up-regulation during
macrophage differentiation was linked to their enhanced sur-
vival (26, 29). However, the role of IAPs in enhanced survival of
macrophages in HIV infection remains unknown.

Biologically active Vpr is released from infected cells and has
been detected in the serum and cerebrospinal fluid of HIV-
infected patients (30), but its effect on survival of human
macrophages remains unknown. We show for the first time
that differentiated macrophages, unlike primary monocytes,
are resistant to the apoptotic effects of Vpr, suggesting that
differentiation may render macrophages resistant to the cyto-
pathic effects of Vpr present in the circulation. To investigate
the mechanism underlying the development of this resistance
to Vpr-induced apoptosis, we show that Bcl-xL and Mcl-1 play
a critical role in macrophage survival in the absence of apopto-
tic stimuli. In contrast, down-regulation of IAPs renders
macrophages susceptible to the apoptotic effects of Vpr, sug-
gesting a critical role this family may play in acquiring resis-
tance against Vpr-induced cell death.

EXPERIMENTAL PROCEDURES

Cells and Reagents—THP1, a promonocytic cell line derived
from a human acute monocytic leukemia patient, was obtained
from the American Type Culture Collection (Manassas, VA)
and maintained in IMDM-10 (Sigma-Aldrich) supplemented
with 10% fetal bovine serum (Invitrogen) and 100 units/ml pen-
icillin and 100 g/ml gentamicin (both from Sigma-Aldrich).
THP1 cells (5 X 10°/ml) were differentiated with 20 ng/ml
PMA (Sigma-Aldrich) for 2 days to obtain THPI1-derived
macrophages (THP1-MACs) (31). Blood was obtained from
healthy volunteers according to a protocol approved by the Eth-

“The abbreviations used are: IAP, inhibitor of apoptosis; XIAP, X-linked 1AP;
clAP, cellular IAP; PMA, phorbol 12-myristate 13-acetate; THP1-MAC, THP1-
derived macrophage; MDM, monocyte-derived macrophage; mVpr,
mutant Vpr; Pl, propidium iodide; PARP, poly(ADP-ribose) polymerase.
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ics Review Committee of Ottawa General Hospital. Donors
gave written, informed consent. Human peripheral blood
mononuclear cells were isolated by Ficoll Paque (GE Health-
care) density centrifugation, and the cell layer consisting mainly
of mononuclear cells was collected. To generate monocyte-de-
rived macrophages (MDMs), monocytes were isolated by the
adherence method. Peripheral blood mononuclear cells were
resuspended in serum-free medium (5 X 10°/ml) and plated in
12-well polystyrene plates (BD Biosciences). After being
allowed to adhere for 3 h, non-adherent cells were washed off,
and adherent cells were cultured for 6 days in IMDM supple-
mented with 10% fetal bovine serum and 10 ng/ml MCSF (R&D
Systems, Minneapolis, MN). MDMs thus obtained were 98%
CD14™". Primary monocytes were obtained from peripheral
blood mononuclear cells by using Automacs negative selection
(Miltenyi Biotech, Auburn, CA) as per the manufacturer’s
instructions. Bcl2 inhibitor HA14-1 was purchased from Sig-
ma-Aldrich. SMAC (second mitochondria-derived activator of
caspases) mimetic AEG40730 was a generous gift from Dr. Kor-
neluck (Children’s Hospital of Eastern Ontario Research Insti-
tute, Apoptosis Research Centre).

Cell Treatment with Vpr—C-terminal Vpr (amino acids
52-96) was synthesized by Invitrogen. Mutant Vpr peptide was
synthesized by Genemed Synthesis Inc. (San Francisco, CA).
Peptides were obtained by automated solid-phase synthesis
using 9-fluorenylmethoxycarbonyl and purified by reverse-
phase high pressure liquid chromatography (>95%), followed
by analysis with electrospray mass spectrometry. The amino
acid sequence is as follows: Vpr(52—-96), DTWAGVEAIIRIL-
QQLLFIHFRIGCRHSRIGVTRQRRARNGASRS. Mutant Vpr
(mVpr) has the same sequence as Vpr(52-96) except for Arg to
Ala substitutions at positions 73, 77, and 80 (underlined in the
sequence above), which are important for Vpr interaction with
the mitochondria and subsequent apoptosis (32, 33). Because of
the high propensity of Vpr to bind to proteins, cells were treated
with Vpr peptides in an isotonic buffer for 30 min (12), followed
by the addition of culture medium. Unless otherwise specified,
primary monocytes were treated with Vpr for 4 h, whereas
THP1-MACs and MDMs were collected after 24 h of Vpr
treatment.

Apoptosis Analysis by Intracellular Propidium lodide (PI) or
Annexin-V Staining—Apoptosis in primary monocytes and
THP1 cells was measured by staining cells with FITC-labeled
annexin-V (Invitrogen) for 15 min at room temperature in the
dark. Annexin-V-positive cells were quantified by flow cytom-
etry. Because annexin-V staining is not appropriate for adher-
ent cells, adherent macrophages were evaluated for cell death
by using intracellular PI staining. Following Vpr treatment,
cells were washed with PBS and fixed with methanol for 15 min
at4 °C. The methanol was washed away with PBS and cells were
treated with 25 ul of 10 nug/ml RNase A, followed by staining
with 25 ul of 1 mg/ml PI solution (Sigma-Aldrich) at 4 °C for
1 h. The DNA content was analyzed using a FACSCanto flow
cytometer (BD Biosciences) and the FACSDiva software. The
subdiploid DNA peak (<2N DNA), immediately adjacent to the
Go/G; peak (2N DNA), represents apoptotic cells and was
quantified by histogram analyses. PI histograms figures were
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obtained with WinMDI version 2.8 software (J. Trotter, Scripps
Institute, San Diego, CA).

Determination of Mitochondrial Membrane Permeability—
Mitochondrial dysfunction was assessed by utilizing Rh123 ca-
tionic lipophilic green fluorochrome rhodamine (Invitrogen). Dis-
ruption of the mitochondrial membrane potential is associated
with decreased Rh123 retention and lower fluorescence. After Vpr
treatment, cells were incubated with 100 ng/ml Rh123 for 30 min
at 37 °C (23), followed by flow cytometry analysis as described
above.

Confocal Laser-scanning Fluorescence Microscopy—For
experiments involving MDMs, monocytes were initially
adhered and differentiated on round glass coverslips in 12-well
plates. After Vpr treatment, cells were fixed in 4% paraformal-
dehyde for 15 min, rinsed in PBS, and then permeabilized with
0.1% Triton X-100 for another 10 min. The coverslips were
incubated with anti-Vpr rabbit primary antibody at 4 °C over-
night. On the second day, coverslips were rinsed with 5% BSA in
PBS and incubated in the same buffer with Alexa Fluor 680-
conjugated goat anti-rabbit secondary antibody for 1 h at room
temperature. Coverslips were mounted on microscopy slides
using ProLong Gold antifade mounting medium with DAPI
(Invitrogen) and examined with a Zeiss LSM 510 Meta confocal
microscope using a red HeNe (633-nm) laser. The objective
used was Plan-Apochromat X63. Fluorescent images were
acquired with ZEN 2009 software and analyzed with Image]
software.

Western Blot Analysis—Total cell proteins obtained after
lysis of cell pellets were subjected to SDS-PAGE and transferred
onto a polyvinylidene difluoride membrane (Bio-Rad). Mem-
branes were probed with antibodies against cellular IAP1
(cIAP1), cIAP2, XIAP, Bcl2, Bcl-xL, Mcl-1, poly(ADP-ribose)
polymerase (PARP), and caspase-3 (all from Cell Signaling
Technology, Danvers, MA), followed by goat secondary anti-
bodies conjugated to horseradish peroxidase (Bio-Rad). The
anti-Vpr antibody was kindly provided by Dr. Eric Cohen (Uni-
versity of Montreal). To control for total protein loading, mem-
branes were stripped of the primary antibodies and reprobed
with anti- GAPDH (Sigma-Aldrich) or B-actin (Cell Signaling
Technology) antibodies. Immunoblots were visualized using
the Amersham Biosciences ECL Western blotting detection
system. The images were obtained with the Chemigenius bio-
imaging system and the GeneSnap software (both from Syn-
gene). Quantification of band intensities was performed using
GeneTools software (Syngene).

Transfection with siRNA—THP1-MACs (5 X 10°/ml) were
treated with cIAP1 siRNA, cIAP2 siRNA (Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA), and control siRNA (Qiagen,
Venlo, The Netherlands) in serum-free medium, using Fugene
6 (Roche Applied Science) as a transfection reagent, according
to the manufacturer’s instructions. Initially, 250 and 500 ng of
siRNA were mixed with Fugene 6 in 100 ul of medium to allow
formation of RNA complexes. The proportion of Fugene 6 to
siRNA was 3 ul per 1 ug of siRNA. After 45 min, the siRNA
mixtures were added to cells in serum-free medium, which was
replaced with complete medium after 5 h. Mcl-1 and Bcl-xL
siRNAs along with the transfection reagent were purchased
from Santa Cruz Biotechnology, Inc., and used as per the man-
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ufacturer’s instructions. Briefly, 40 pmol of siRNAs were prein-
cubated for 30 min with 4 ul of transfection reagent in 100 ul of
serum-free medium before the addition to the cells. Serum-free
medium was replaced with complete medium after 5 h. Follow-
ing transfection, cells were either collected after 24 h for evalu-
ation of knockdown efficiency or treated with 2.5 um Vpr for
another 6 h (for PARP cleavage and caspase-3 cleavage) or 24 h
(for apoptosis measurement).

Statistical Analyses—Data were plotted using Windows
Excel 2010 (Microsoft) and GraphPad Prism 5. Significance was
determined using Student’s ¢ test or analysis of variance, fol-
lowed by Tukey’s test. A p value of less than 0.05 (indicated by
an asterisk) was considered significant. Unless otherwise spec-
ified, plotted data represent the mean = S.D. of at least three
experiments.

RESULTS

Macrophages Are Resistant to Vpr-induced Apoptosis Com-
pared with Undifferentiated Monocytic Cells—To determine
whether macrophage differentiation influences susceptibility
to Vpr-induced apoptosis, we measured apoptosis in response
to Vpr in undifferentiated primary monocytes and THP1 cells
and compared it with differentiated MDMs and THP1-MACs.
We utilized synthetic C terminus Vpr(52-96) peptide because
it is free of contaminating bacterial products present in recom-
binant Vpr proteins and other factors present in retroviral
supernatants that may nonspecifically activate various signal-
ing pathways. Moreover, Vpr(52-96) peptide mimics the apo-
ptotic activity of full-length Vpr peptide (12). The commercial
synthesis of full-length Vpr peptide (1-96) was not feasible for
the purpose of apoptosis induction because its length may have
caused stability and functionality issues. Unless otherwise spec-
ified, we will refer to the Vpr(52-96) peptide as Vpr. Primary
monocytes, THP1 cells, THP1-MACs, and MDMs were treated
with Vpr for varying periods of time followed by measurement
of apoptosis by intracellular PI and annexin-V staining. Vpr
induced a high level of apoptosis in THP1 cells and primary
monocytes in a dose-dependent manner (Fig. 1, top and middle
left). In contrast, the apoptotic effect of Vpr was completely
abolished in MDMs (Fig. 1, top left). Mutant Vpr (mVpr) was
used as a negative control because it does not induce apoptosis
(Fig. 1, bottom left).

Treatment of THP1-MACs with Vpr caused apoptosis to
moderately low levels of 2-fold compared with the 12 fold
increase seen in THP1 cells. THP1-MACs exhibited a signifi-
cant reduction in cell death, with an apoptosis level of around
30% even with the highest dose of Vpr peptide (Fig. 1, middle
left). Vpr-induced apoptosis was confirmed by analyzing
caspase-3 cleavage and PARP cleavage as a marker of caspase-
dependent apoptosis (34). Both PARP (Fig. 24) and caspase-3
cleavage (Fig. 2B) were observed after 6 h of Vpr treatment in
THP1 cells, whereas this effect was not seen in THP1-MACs
and MDMs, in agreement with their lower sensitivity to Vpr-
induced apoptosis. In correlation with the lack of apoptosis,
mutant Vpr did not affect either caspase-3 or PARP cleavage
(Fig. 2, A and B). Because Vpr is known to induce apoptosis via
the intrinsic pathway in sensitive cells (14), we determined if
Vpr causes mitochondrial depolarization in MDMs by rhoda-
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FIGURE 1. Monocyte differentiation confers resistance to Vpr-induced apoptosis. THP1 cells, MDMs and THP1-MACs (0.5 X 10%/ml) were treated with the
indicated concentrations of Vpr or mVpr for 24 h. Primary monocytes (0.5 X 10°/ml) were treated with Vpr for 4 h. Apoptosis was measured by flow cytometry
using intracellular Pl and/or annexin-V staining. The numbers represent the percentage of apoptotic cells with subdiploid DNA content (MDMs and THP1-
MACGs) or annexin-V-positive cells (THP1, monocytes). Left panels show the mean percentage of apoptotic cells = S.D. of at least three experiments. Histograms
on the right show data from one representative experiment with each cell type. *, p < 0.05. Error bars, S.D.

mine staining. Mitochondrial depolarization was seen in Vpr-
treated primary monocytes in a dose-dependent manner,
whereas no difference was detected between the levels of rho-
damine-positive cells in Vpr-treated MDMs compared with the
untreated cells. Mitochondrial depolarization of MDMs was
easily detected after a 4-h treatment with the Bcl2 family inhib-
itor HA14-1 as a positive control (Fig. 3A4).

Vpr enters cells by a process that occurs independently of
cellular receptors (19, 20). Because MDMs exhibited resistance
to Vpr-induced apoptosis, we investigated the ability of Vpr to
enter human macrophages. We were able to detect Vpr in
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whole cell extracts prepared from Vpr-treated MDMs using
an anti-Vpr antibody (Fig. 3B, left). In order to confirm the
intracellular location of Vpr following treatment, we also
performed confocal microscopy on Vpr-treated MDMs.
Microscopy images indicate that Vpr localizes in the cyto-
plasm of MDMs (Fig. 3B, right), in agreement with previous
findings that indicate the presence of a nuclear localization
signal in the N terminus of the peptide (35). These results
suggest that the lack of cell death is not due to the inability of
the peptide to enter the cells because Vpr could be detected
in the MDM cytoplasm.
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FIGURE 2. Vpr causes PARP and caspase-3 cleavage in monocytic cells but not in macrophages. Cells were treated with Vpr, mVpr, or staurosporine for 6 h,
following which total cell proteins were subjected to Western blotting, and the membranes were probed with anti-PARP (A) or anti-caspase-3 (B) antibodies to
evaluate their cleavage as markers of apoptosis. GAPDH was used as a loading control. Based on the densitometric analysis, the bar graphs in the lower panels
show the mean = S.D. (error bars) of cleaved/uncleaved ratios from three experiments in THP1 cells. *, p < 0.05.

Because THP1-MACs respond to the apoptotic effect of Vpr,
albeit at lower levels compared with THP1 cells (Fig. 1, middle
left), we also compared the relative levels of Vpr in THP1-
MACs and THP1 cells. We did not detect significant differ-
ences in Vpr expression in whole cell extracts prepared from
Vpr-treated THP1 cells and THP1-MAC:s (Fig. 3C), suggesting
that Vpr uptake may not explain the difference in sensitivity of
these cells to the apoptotic effect of Vpr.

Sequential Exposure of Monocytes to Low Non-apoptogenic
Concentrations of Vpr Causes Apoptosis—Although the effect
of Vpr has been described as mainly apoptogenic, there are also
a few reports that describe the protective effect of low concen-
trations of Vpr on T cells (36, 37). Moreover, because Vpr con-
centrations used in these in vitro experiments are higher than
the ones described in the serum of HIV-infected patients (38),
we wanted to determine if low concentrations of Vpr affect
survival of monocytic cells. For this, cells were exposed to low
concentrations of Vpr sequentially in a way that mimics the in
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vivo exposure to extracellular Vpr. Monocytes and THP1 cells
were treated with two low, non-apoptogenic concentrations of
Vpr, followed by measurement of apoptosis. Our results indi-
cate that two sequential doses of non-apoptogenic concentra-
tions of 0.5 or 0.25 um Vpr will eventually cause higher apopto-
sis compared with a single dose (Fig. 4). These results indicate
that monocytic cells are not protected from apoptosis by low
doses of Vpr but, on the contrary, that repeated non-apopto-
genic doses will eventually cause cell death. Furthermore,
higher in vitro concentrations may mechanistically reflect in
vivo continuous exposures to lower Vpr concentrations.
Analysis of Antiapoptotic Proteins Profile following Differen-
tiation in MDMs and THP1-MACs—To understand the molec-
ular mechanism governing resistance of human macrophages
to Vpr-induced apoptosis, we have also employed THP1 cells as
amodel of differentiation because these cells are more commit-
ted toward a monocyte/macrophage lineage than other mono-
cytic cell lines (39). In addition, the expression profile of anti-
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FIGURE 3. Vpr enters MDMs without causing mitochondrial depolarization. A, MDMs and primary monocytes were treated with the indicated concentra-
tions of Vpr, following which cells were stained with rhodamine for mitochondrial membrane potential evaluation as described under “Experimental Proce-
dures.” Bcl2 inhibitor HA14-1 was used as a positive control and mVpr as a negative control for MDMs. Histograms show rhodamine-positive cells, indicative of
live cells. Histograms show one representative experiment for three similar results. B (left), MDMs were treated with Vpr for 24 h, following which whole cell
protein extracts were subjected to Western blotting. The membrane was probed with anti-Vpr antibody and anti-g actin antibody to control for protein
loading. B (right), following differentiation on coverslips, MDMs were treated with Vpr for another 24 h. Cells were stained according to the protocol described
under “Experimental Procedures,” and images were acquired with a Zeiss LSM 510 Meta confocal microscope using a X63 objective. Total magnification was
X157.5.C, THP1 cells and THP1-MACs were treated with Vpr for 6 h, following which total proteins were subjected to Western blotting. The membranes were
probed with anti-Vpr antibody and anti-GAP-DH antibody to control for protein loading. Vpr expression level was quantified relative to GAPDH, and the bar

graph shows the mean = S.D. (error bars) of four experiments. ns, not significant.

apoptotic proteins in these two cell types (THP1-MACs and
MDMs) is not known. Therefore, we initially determined the
expression of Bcl2 and IAP antiapoptotic family members in
both models of differentiation. There was a gradual increase in
expression of Bcl-xL and Mcl-1 (Fig. 54) in THP1-MACS. Dur-
ing monocyte differentiation with MCSF, there was a similar
gradual increase in Bcl-xL and Mcl-1 expression. However, we
observed a constant decrease in the levels of Bcl2, in agreement
with observations from studies performed in CD34 " progeni-
tor cells (Fig. 5B) (40). Among the IAP family members, cIAP1
and cIAP2 expression was increased, whereas XIAP levels
remained unchanged following THP1 cell differentiation with
PMA (Fig. 54). In MDMs, expression of cIAP1 remained
unchanged, whereas cIAP2 and XIAP levels showed a bimodal
distribution, with a peak on day 3 after MCSF treatment (Fig.
5B). Overall, these results show induction of BclxL and Mcl-1
following differentiation in both models. In contrast, induction
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of cIAP1/2, XIAP, and Bcl2 was not similar in the two models,
which may be attributed to the distinct cell types used (cell line
versus primary cells) and to the agents employed for differenti-
ation (PMA for THP1-MACs versus MCSF for MDMs). There-
fore, these results suggest that both IAPs and Bcl2 family pro-
teins may be responsible for the acquisition of a resistant
phenotype toward Vpr-induced apoptosis in both models of
macrophage differentiation. However, we cannot exclude the
possibility that the existent basal levels of antiapoptotic pro-
teins that did not change or decreased during differentiation in
both models may be enough to protect cells from Vpr-induced
cell death.

Vpr Does Not Affect Bcl2 and cIAP1 Expression in Macro-
phages—To elucidate the mechanisms underlying macrophage
resistance to Vpr-induced apoptosis, we examined the effect of
Vpr on the expression of apoptosis-related proteins of the Bcl2
and IAP families. We have recently shown that cIAP2 induction
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by TLR-9 ligand CpG pretreatment can protect primary
monocytes from Vpr-induced apoptosis (16). Treatment
with Vpr for 24 h down-regulated cIAP1 and Bcl2 expression
in primary monocytes (Fig. 6A4) and cIAP1, Bcl2, and Mcl-1
expression in THP1 cells (Fig. 6B). Similarly, down-regula-
tion of cIAP1 and Bcl2 was also observed at an earlier time
point, following 12 h of Vpr treatment in THP1 cells (Fig.
6C). However, there was no effect on the levels of XIAP (Fig.
6C), indicating that Vpr targets cIAP1 and Bcl2 selectively in
order to induce cell death in sensitive cells. However, Vpr did
not affect the expression of antiapoptotic cIAP1, cIAP2,
XIAP, and Bcl2 in MDMs (Fig. 7A) or of cIAP1, cIAP2, XIAP,
Bcl2, Bcl-xL, and Mcl-1 proteins in THP1-MACs (Fig. 7B),
suggesting that both members of Bcl2 and IAP families may
play a role in macrophage protection against Vpr-induced
apoptosis.

Bcl-xL and Mcl-1 Play a Role in Macrophage Survival but Not
in Resistance to Vpr-induced Apoptosis—The apoptotic effect
of Vpr is associated with mitochondrial depolarization and acti-
vation of the intrinsic apoptotic pathway, culminating in
caspase-3 activation in T cells (41). Because the Bcl2 family
members are primarily responsible for maintaining mitochon-
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drial membrane potential (22), we investigated if Bcl2 proteins
mediate resistance of macrophages against Vpr-induced cell
death. To dissect the role of the Bcl2 family members, we
employed HA14-1, a small molecule that mimics the Bcl2-
homology 3 domain of Bcl2 proteins. The inhibitory mecha-
nism of HA14-1 involves binding and inactivating antiapop-
totic Bcl2 and Bcl-xL proteins (42). THP1-MACs were treated
with various concentrations of HA14-1 for 4 h, followed by a
second treatment with 2.5 um Vpr for 24 h. The biological activ-
ity of HA14-1 was tested in NIH 3T3 cells (data not shown),
where it caused caspase-dependent cell death (42). HA14-1
induced apoptosis on its own in THP1-MACs, indicating the
importance of Bcl2 proteins in sustaining THP1-MAC viability
(Fig. 84). However, Vpr treatment of THP1-MACs previously
exposed to HA14-1 did not enhance the levels of apoptosis
beyond those observed with the HA14-1 inhibitor alone (Fig.
8A). These results suggested that blocking Bcl2 proteins does
not impact susceptibility to Vpr-induced apoptosis.

The inhibitory effect of HA14 -1 is limited to Bcl2 and Bcl-xL
members of the Bcl2 family (42). The results of differentiation
experiments indicated that only Bcl-xL expression was up-reg-
ulated, whereas Bcl2 expression remained unaffected following
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THP1 differentiation with PMA (Fig. 5A). Following differenti-
ation with MCSF in MDMs, Bcl-xL expression was enhanced,
and Bcl2 was down-regulated (Fig. 5B). Because Bcl-xL up-reg-
ulation was common in both models of macrophage differenti-
ation, we confirmed the role of Bcl-xL in cell survival by using
Bcl-xL-specific siRNA to inhibit its expression in both THP1-
MACs and MDMs. Transfection of THP1-MACs and MDMs
with Bcl-xL siRNA decreased the basal expression of Bcl-xL
(Fig. 8B). In contrast, Bcl2 expression was not affected, which
controlled for the siRNA specificity. Decreased Bcl-xL expres-
sion was associated with a significant increase in cell death of
both cell types (Fig. 8C, left). This increase in apoptosis was
associated with enhanced caspase-3 cleavage in cells trans-
fected with Bcl-xL siRNA as compared with the cells trans-
fected with control siRNA (Fig. 8C, right). To determine the

APRIL 27,2012+VOLUME 287+-NUMBER 18

effect of Bcl-xL inhibition on resistance to Vpr-induced apo-
ptosis, THP1-MACs transfected with Bcl-xL siRNA for 24 h
were treated with Vpr for another 24 h, following which apo-
ptosis was measured by flow cytometry. Notably, knocking
down Bcl-xL levels did not change susceptibility of macro-
phages to Vpr-induced apoptosis (Fig. 8D).

The expression of antiapoptotic Mcl-1 was also increased in
THP1-MACs and MDMs (Fig. 5, A and B). Moreover, Vpr
decreased the expression of Mcl-1 in THP1 cells (Fig. 64) but
not in THP1-MAC:s (Fig. 7B), suggesting that Mcl-1 up-regula-
tion during differentiation may contribute to the resistant phe-
notype of THP1-MACs. Because the inhibitory effect of
HA14-1 does not affect Mcl-1 activity (42), we analyzed the
role of Mcl-1 by using specific siRNA. Mcl-1 siRNA signifi-
cantly decreased Mcl-1 expression at both 24 and 48 h post-
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transfection of THP1-MACs, with no effect on Bcl2 (Fig. 94).
Decreased Mcl-1 expression was associated with a significant
increase in apoptosis 48 h after transfection that was even more
pronounced at 72 h post-transfection (Fig. 9B). In order to
address the effect of Mcl-1 inhibition on susceptibility to Vpr-
induced apoptosis, THP1-MACs transfected with Mcl-1 siRNA
for 24 h were treated with Vpr for another 24 h, following which
apoptosis was measured by flow cytometry. Similar to the Bcl-xL
siRNA results, apoptosis in response to Vpr treatment did not
increase following transfection of THP1-MACs with Mcl-1 siRNA
(Fig. 9C). Also, Vpr did not increase PARP and caspase-3 cleavage
in either control or Mcl-1 siRNA-transfected cells as compared
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with the control or Mcl-1 siRNA-transfected cells, respectively
(Fig. 9D, lane 1 versus lane 3 and lane 2 versus lane 4). Overall,
these results suggest that although Bcl2 and Mcl-1 are important
in maintaining macrophage steady state viability, they do not con-
tribute to protection against Vpr-induced apoptosis.

IAPs Protect Macrophages against Vpr-induced Apoptosis—
We have recently shown that cIAP2 plays a critical role in pro-
tecting undifferentiated monocytic cells from Vpr-induced
apoptosis (16). The increased expression levels of cIAP1 and
cIAP2 in macrophages (Fig. 5A4), along with the discrepancy
between the ability of Vpr to down-regulate cIAP1 in mono-
cytes (Fig. 6) but not in macrophages (Fig. 7), prompted us to
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determine if cIAP1 or cIAP2 mediate decreased macrophage
sensitivity to Vpr-induced apoptosis.

To study the role of cIAPs, THP1-MACs were transfected
with specific siRNAs for cIAP1 and cIAP2 followed by treat-
ment with Vpr peptide and analysis of apoptosis. The results
suggest that transfection of THP1-MACs with cIAP1 and
cIAP2 siRNA significantly down-regulated the endogenous
expression of cIAP1 and cIAP2 proteins without affecting Bcl2
expression level (Fig. 104). However, unlike Bcl-xL and Mcl-1
siRNA results, transfection of THP1-MACs with cIAP1 and
cIAP2 siRNA did not affect the basal level of apoptosis between
cells transfected with control and cIAP siRNA (Fig. 10B).
In contrast, Vpr significantly increased apoptosis of cIAP1 and
cIAP2 siRNA-transfected cells compared with the cells trans-
fected with control siRNA (Fig. 10B). This increase in Vpr-
induced apoptosis in IAP-transfected cells was also associated
with a notable increase in PARP and caspase-3 cleavage follow-
ing Vpr treatment as compared with the cells transfected with
control siRNA (Fig. 10C). These results suggest that both cIAP1
and cIAP2 are involved in resistance to Vpr-induced apoptosis
in THP1-MAC:s.

To study the involvement of IAPs in protection of MDMs, we
employed SMAC mimetic AEG40730, designed to knock down
IAPs protein levels by targeting them for ubiquitination and
proteosomal degradation (43). Initially, we evaluated the effect
of AEG40730 on the expression of various antiapoptotic pro-
teins. Treatment of MDMs from three different donors with
AEG40730 significantly decreased the expression levels of
cIAP1, cIAP2, and XIAP, with no effect on Bcl2 (Fig. 11A4),
suggesting that the SMAC mimetic acts specifically on the IAP
proteins. AEG40730 alone did not have a significant effect on
apoptosis of MDMs (Fig. 11B). Similarly, Vpr alone, as
expected, did not enhance apoptosis compared with untreated
cells. However, pretreatment of MDMs with SMAC mimetic
was able to sensitize MDMs to the apoptotic effect of Vpr. This
increase in Vpr-induced apoptosis in SMAC mimetic-treated
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trations of Vpr or mVpr for 24 h. Total cell proteins were subjected to Western blotting, and the membranes were probed with specific antibodies against
various members of the Bcl2 and IAP families. The results shown are representative of three separate experiments with similar results.

cells was associated with enhanced PARP and caspase-3 cleav-
age compared with the untreated cells (Fig. 11C). These results
suggest that SMAC mimetic renders MDMs sensitive to
caspase-3-dependent cell death. Overall, the results suggest
that both cIAP1 and cIAP2 do not influence survival in the
absence of an apoptotic stimulus (spontaneous apoptosis), but
that these antiapoptotic proteins contribute to macrophage
protection against Vpr-induced apoptosis.

DISCUSSION

Macrophages represent major viral reservoirs in HIV infec-
tion because they are resistant to the viral cytopathic effects (1).
Hijacking the apoptotic pathway in the initial phases of infec-
tion has been shown to promote survival of macrophages
infected with either bacterial (44, 45) or viral pathogens (46).
However, the mechanism underlying macrophage resistance to
apoptosis and their establishment as HIV reservoirs remains
unknown. In this study, we have investigated the apoptotic
effect of HIV-Vpr on survival of undifferentiated and differen-
tiated human monocytic cells. We demonstrate for the first
time that although primary human monocytes are susceptible
to Vpr-induced apoptosis, they develop resistance to this HIV
peptide upon differentiation into macrophages, suggesting that
differentiation provides a protective mechanism against the
Vpr-mediated apoptotic effect. In determining the molecular
mechanism governing the development of this resistance, our
results suggest that resistance to Vpr-induced apoptosis is spe-
cifically mediated by cIAP1 and cIAP2 of the IAP family, inde-
pendently of the Bcl-xL and Mcl-1 of the Bcl2 family, which play
a critical role in maintaining viability in the absence of any apo-
ptotic stimulus.

The mechanism by which Vpr induces apoptosis has been
investigated in various cell types, including lymphocytes (14)
and neurons (33). Vpr was shown to bind to the adenine nucle-
otide translocator of the mitochondrial membrane, resulting in
membrane permeabilization and release of apoptogenic fac-
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evaluated for caspase-3 and PARP cleavage by Western blotting.

tors, such as cytochrome ¢, into the cytosol and culminating in
caspase-3 activation and apoptosis (12). Furthermore, pretreat-
ment of mitochondria with Bcl2 protein was able to prevent
Vpr-induced cell death (12).

Because our results indicate that Vpr does not induce mito-
chondrial permeabilization or PARP and caspase-3 cleavage in
macrophages, in contrast to primary undifferentiated mono-
cytes, we initially investigated the role of the antiapoptotic Bcl2
family of proteins in rendering macrophages resistant to Vpr-
mediated apoptosis. Differentiation of THP1 cells was associ-
ated with increased expression of Bcl-xL and Mcl-1, with no
change in Bcl2. In primary monocytes, Bcl2 expression was
consistently down-regulated following differentiation, whereas
Bcl-xL and Mcl-1 expression were also increased. These differ-
ences are most likely due to the different stimuli used to induce
differentiation (PMA and MCSF) as well as to the cell type that
is being induced to differentiate (primary monocytes and leu-
kemic THP1 cells, respectively). We also expect the apoptotic
machinery to be tipped toward resistance to cell death in cell
lines compared with primary cells because enhanced resistance
to cell death is an intrinsic feature of cancerous cells. Therefore,
chemical inhibitors and siRNA technology were employed to
evaluate the role of individual antiapoptotic proteins.

APRIL 27,2012+VOLUME 287+-NUMBER 18

Based on these observations, we initially hypothesized that
increased expression of antiapoptotic Bcl2 proteins may
account for the inability of Vpr to induce apoptosis in macro-
phages. Both Bcl-xL and Mcl-1 are important for cell viability
because of their ability to maintain mitochondrial integrity.
Bcl-xL has been shown to contribute to survival of bone mar-
row-derived macrophages in both murine (47) and human (25)
models of differentiation. Mcl-1 was also implicated in survival
of human macrophages, in either physiological (24) or patho-
logical conditions (48). Our results show that inhibition of Bcl2
activity by pretreatment of THP1-MACs with HA14-1 or by
siRNAs specific for Bcl-xL and Mcl-1 do not impact their sus-
ceptibility to Vpr-induced apoptosis. Instead, these antiapo-
ptotic proteins were responsible for maintaining viability in the
absence of any apoptotic stimulus.

Because members of the IAP family directly bind and inacti-
vate both initiator and effector caspases downstream of mito-
chondria (28), we evaluated their involvement in macrophage
resistance to Vpr-induced apoptosis. IAPs are characterized by
conserved structural baculoviral IAP repeat domains that
mediate protein-protein interactions. There are currently eight
members of the IAP family, with cIAP1, cIAP2, and XIAP being
the most studied (49). Inhibition of cIAP1 and cIAP2 by
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employing specific siRNAs restored susceptibility to Vpr-in-
duced apoptosis in macrophages. Similarly, SMAC mimetic
AEG40730, which induces degradation of IAPs, was also able to
sensitize cells to caspase-3 cleavage and apoptosis in response
to Vpr treatment. Moreover, in contrast to Bcl-xL and Mcl-1,
inhibition of IAPs did not cause cell death in the absence of
Vpr, making these proteins more amenable to therapeutic
approaches. These results also suggest a novel, distinct role for
cIAP1 and cIAP2 in conferring protection of macrophages
against Vpr-induced apoptosis. To our knowledge, this is the
first report implicating cIAPs in protecting cells from apoptosis
in the context of HIV infection.

The precise molecular mechanism and the signaling path-
ways by which IAPs induce resistance to Vpr in differentiated
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macrophages remain to be investigated. It is possible that IAPs
expressed in these cells may bind caspase-3, thereby making it
inaccessible to cleavage and activation following Vpr treat-
ment. In human peripheral blood mononuclear cells, Vpr
causes release of cytochrome ¢ from the mitochondria with
subsequent activation of caspase-9 and caspase-3 (14). How-
ever, although caspase-3 was detected in macrophages pre-
treated with AEG40730 following Vpr treatment (Fig. 11C), we
were unable to detect caspase-9 cleavage (data not shown). This
result suggests that sensitization of macrophages probably
occurs downstream or independently of mitochondria. This is
in agreement with our observations that inhibition of Bcl2 fam-
ily proteins responsible for maintaining mitochondrial integrity
did not render cells susceptible to Vpr treatment.
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Another possibility is that Vpr may not inhibit NF-«B activ-
ity in macrophages. Both cIAP1 and Bcl2 are known NF-«B-de-
pendent genes (50). This mechanism may be ineffective in
macrophages that have constitutively active NF-«B (24) and
may explain why Vpr was unable to decrease cIAP1 and Bcl2
expression levels in macrophages. Macrophages may need
additional stimuli, such as SMAC mimetic, to bring IAP levels
down to a minimum threshold that would release caspase-3
from IAP blockage and make it available to Vpr cleavage in
order to sensitize macrophages to Vpr-induced cell death.

The apoptotic effect of Vpr has been functionally linked to its
ability to cause cell cycle arrest through the activation of the
DNA damage-signaling protein ATR in T cells (51). This stress
signaling pathway was defective in terminally differentiated
macrophages due to the absence of key proteins, thus explain-
ing the inability of Vpr to induce cell cycle arrest in a cell type
that no longer progresses through the cell cycle (51). Although
cell cycle arrest may be a requirement for Vpr-induced apopto-
sis in lymphocytes, our results suggest that this requirement
can be bypassed by down-regulating IAPs in differentiated cells.

Although relatively low concentrations of Vpr have been
detected in the blood of HIV-infected individuals (30), we and
others have used relatively high concentrations of Vpr (1-3 um)
as an apoptosis-inducing agent (12, 52). It has been suggested
that low levels of Vpr are protective in T cells (36). Our results
show that undifferentiated monocytes exposed sequentially
to low non-apoptogenic concentrations of Vpr eventually
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undergo apoptosis. These results suggest that primary mono-
cytes exposed persistently to low concentrations of Vpr present
in serum/lymph nodes of HIV-infected individuals under in
vivo conditions may in fact undergo apoptosis.

The role of Vpr induced apoptosis in vivo has been investi-
gated only in respect to neurons (53). Our results and previous
reports suggest a complex model of Vpr effect in HIV-infected
cells of the monocyte/macrophage lineage. Recently, Laforge et
al. (54) reported an increased apoptosis in monocytes inde-
pendently of viral replication during the early stage of SIV infec-
tion. Although the role of specific HIV peptides was not inves-
tigated, the involvement of extracellularly released Vpr in
apoptosis of monocytes cannot be ruled out. We have previ-
ously shown that despite the lack of productive infection,
monocytes from HIV-infected individuals displayed higher lev-
els of both spontaneous and IFN+y-induced cell death compared
with uninfected controls (55). If monocytes are also infected,
once differentiated they give rise to macrophages that display
impaired functioning and are prone to apoptosis (54). However,
if macrophages get infected with HIV after differentiation,
these cells are protected from cell death. Our results suggest
that differentiated macrophages display a high degree of resis-
tance to Vpr-induced apoptosis. Furthermore, macrophages
infected in vitro with HIV were also protected from cell death
(data not shown). In non-dividing cells, such as macrophages,
Vpr is particularly important because it contributes to the local-
ization of the preintegration complex to the nucleus and allows
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for permissive HIV infection in the absence of mitosis (56). This
property along with their resistance to Vpr-induced apoptosis
may promote reservoir formation in this cell type.

Keeping in view our results, it will be interesting to determine
if macrophages infected in vitro with HIV can be killed by extra-
cellular Vpr in the presence of agents that inhibit IAP expres-
sion or activity. We were unable to induce apoptosis in in vitro
HIV-infected macrophages with SMAC mimetic as a single
agent, possibly because of other accessory HIV proteins, such as
Nef and Tat, which have been shown to enhance cell survival (6,
27). However, our results suggest that Vpr peptide provides an
excellent experimental setting to study intrinsic cellular factors
that may explain macrophage resistance and eliminate indirect
effects that other accessory HIV proteins may have on cell
survival.

In summary, our results suggest for the first time that by
down-regulating cIAPs, macrophages could be sensitized to
Vpr-induced cell death. Strategies aimed at eliminating HIV
viral reservoirs have received considerable interest. Memory T
cells have been reactivated with various agents that would drive
them out of their resting state and thus sensitize them to con-
ventional antiretroviral therapy (57). Because the mechanisms
of viral persistence are different in memory T cells and macro-
phages, it is reasonable to assume that viral eradication would
require different strategies in macrophages. Inducing cell death
by manipulating the apoptotic machinery is a strategy currently
explored in cancer treatment, where overexpression of antiapo-
ptotic proteins is a major mechanism of chemoresistance that
can be counteracted by using Bcl2 inhibitors (58) or SMAC
mimetics (59). Subsequent experiments are needed to identify
apoptotic stimuli to which SMAC mimetics may sensitize
infected macrophages. Targeting cIAPs may thus potentially
prove beneficial in purging the macrophage HIV reservoir and
eventually in killing persistently infected cells.
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