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ABSTRACT Decay of the HIV reservoir is slowed over time in part by expansion of
the pool of HIV-infected cells. This expansion reflects homeostatic proliferation of in-
fected cells by interleukin-7 (IL-7) or antigenic stimulation, as well as new rounds of
infection of susceptible target cells. As novel therapies are being developed to accel-
erate the decay of the latent HIV reservoir, it will be important to identify interven-
tions that prevent expansion and/or repopulation of the latent HIV reservoir. Our
previous studies showed that HIV protease cleaves the host protein procaspase 8 to
generate Casp8p41, which can bind and activate Bak to induce apoptosis of infected
cells. In circumstances where expression of the anti-apoptotic protein BCL2 is high,
Casp8p41 instead binds BCL2, and cell death does not occur. This effect can be
overcome by treating cells with the clinically approved BCL2 antagonist venetoclax,
which prevents Casp8p41 from binding BCL2, thereby allowing Casp8p41 to bind
Bak and kill the infected cell. Here we assess whether the events that maintain
the HIV reservoir are also antagonized by venetoclax. Using the J-Lat 10.6 model
of persistent infection, we demonstrate that proliferation and HIV expression are
countered by the use of venetoclax, which causes preferential killing of the HIV-
expressing cells. Similarly, during new rounds of infection of primary CD4 T cells,
venetoclax causes selective killing of HIV-infected cells, resulting in decreased
numbers of HIV DNA-containing cells.

IMPORTANCE Cure of HIV infection requires an intervention that reduces the HIV
reservoir size. A variety of approaches are being tested for their ability to impact HIV
reservoir size. Even if successful, however, these approaches will need to be com-
bined with additional complementary approaches that prevent replenishment or re-
population of the HIV reservoir. Our previous studies have shown that the FDA-
approved BCL2 antagonist venetoclax has a beneficial effect on the HIV reservoir
size following HIV reactivation. Here we demonstrate that venetoclax also has a ben-
eficial effect on HIV reservoir size in a model of homeostatic proliferation of HIV as
well as in acute spreading infection of HIV in primary CD4 T cells. These results sug-
gest that venetoclax, either alone or in combination with other approaches to re-
ducing HIV reservoir size, is a compound worthy of further study for its effects on
HIV reservoir size.
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The latent HIV reservoir, comprised of CD4 T cells with an integrated, replication-
competent, transcriptionally silent HIV provirus, is established early in HIV infection

(1, 2), has a half-life estimated at 3.6 years (3), and is responsible for the invariant
rebound in viral replication that occurs upon interruption of suppressive antiretroviral
therapy (ART). The HIV reservoir exists in the peripheral blood, lymphoid organs, and
possibly other sanctuary sites (4–6) and is maintained in at least two ways— by
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homeostatic proliferation and, probably to a lesser extent, by new rounds of infection
of uninfected CD4 T cells, some of which then enter latency. Proliferation of latently
infected cells can be induced by the presence of either antigenic stimulation or
homeostatic cytokine signals (7, 8), resulting in daughter cells that contain integrated
HIV. Ongoing viral replication, even in the setting of apparently suppressive ART, also
contributes to maintaining the latent reservoir (9, 10), possibly because of poor
penetration of ART into lymph nodes (11) and other privileged anatomic sites.

Diverse approaches have been proposed to reduce HIV reservoir size, with some
showing early signs of success. Examples include bone marrow transplantation, which
reduces HIV reservoir size (12, 13), albeit not to levels associated with cure in all
patients; gene editing with clustered regularly interspaced short palindromic repeat
(CRISPR)/Cas9 to excise HIV provirus, which has shown promise ex vivo and in animal
models of HIV (14, 15); and the use of designer chimeric antigen receptor (CAR) T cells,
which reduce HIV reservoir size in vitro by selectively killing infected cells (16–18). In
addition, noncellular, anti-HIV immunomodulatory therapies, for instance, those using
anti-programed death-ligand 1 (PD-L1) (19) or interleukin-15 (IL-15) (20, 21), may be
combined with other strategies for HIV cure. However, if any approach is successful at
reducing HIV reservoir size, it will be necessary to also prevent repopulation of the HIV
reservoir in order to cure patients of HIV infection.

Many of these treatments act, at least in part, by inducing death in cells that harbor
latent HIV. One of the important mechanisms of cell death, particularly in lymphocytes,
is apoptosis. The mitochondrial pathway of apoptosis is regulated in large part by BCL2,
an oncoprotein that protects cells against death induced by a variety of death stimuli,
such as growth factor withdrawal, certain chemotherapeutics (22), and, of pertinence to
HIV biology, Casp8p41 (23). BCL2 is localized to the mitochondrial outer membrane,
where it interacts with other BCL2 family proteins to determine cell fate (24). Once
activated, the proapoptotic family members Bax and Bak promote mitochondrial
permeabilization and release of cytochrome c, triggering an apoptotic cascade (24). Bax
and Bak are activated by BH3-only members of the BCL2 protein family (25) and
inhibited by anti-apoptotic proteins (e.g., BCL2, MCL1, and BCLXL), which bind and
neutralize the BH3-only proteins as well as Bax and Bak.

Central memory CD4 T cells are a dominant cell type in which HIV provirus is found
(26). In previous studies, we have shown that central memory CD4 T cells resist the
cytotoxic effects of HIV replication as well as death induced by multiple other stimuli
(23).This death resistance is associated with decreased expression of proapoptotic
proteins such as procaspase 8 and with increased expression of anti-apoptotic proteins,
including BCL2 (23). Moreover, antagonizing BCL2 in primary patient cells ex vivo, in
concert with reactivating HIV from latency, results in selective death of HIV-infected but
not uninfected cells and decreased total cell-associated HIV DNA levels as a
surrogate marker of reservoir size (23). This selective killing of infected cells occurs,
at least in part, because HIV protease, which is present only in HIV-infected cells,
cleaves the host cell cytoplasmic protein procaspase 8 to generate Casp8p41 (27,
28), which binds and activates Bak (29, 30) but can be neutralized by BCL2 (23). The
idea of this HIV protease ¡ Casp8p41 ¡ Bak pathway is supported by a variety of
observations, including the ability of procaspase 8 downregulation to protect cells from
HIV protease-induced death (31), the demonstration that expression of Casp8p41 alone
is sufficient to activate Bak and kill cells (30), and the identification of Bak knockdown
as a potent suppressor of HIV protease-induced cell death in a lentiviral short hairpin
RNA (shRNA) screen (30).

More recently, we reported on the role of BCL2 in determining the outcome of HIV
reactivation. In particular, when HIV-infected cells were reactivated and produced
Casp8p41 under conditions where BCL2 levels were high, BCL2 bound Casp8p41 and
cell death was averted (23). However, when HIV-infected cells were reactivated in the
presence of a compound (venetoclax) that selectively occupies the BCL2 BH3 binding
groove, HIV protease-generated Casp8p41 could not bind BCL2 and instead activated
Bak, causing death of HIV-infected cells (23).
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Based on this emerging understanding of the role of BCL2 in HIV protease-mediated
cell death, we hypothesized that occupation of the BH3 groove of BCL2 by venetoclax
might promote HIV-induced cell death during acute infection and possibly during
proliferation of cells that constitute the HIV reservoir. To test these hypotheses, we
evaluated the effects of this FDA-approved BCL2 antagonist on HIV dynamics in in vitro
models of chronic infection and proliferation and of acute CD4 T cell infection with HIV.

RESULTS
BCL2 inhibition during proliferation of chronically HIV-infected cells. The latent

HIV reservoir is composed primarily of memory CD4 T cells containing transcriptionally
silent integrated HIV. The size of the HIV reservoir can be maintained over time by de
novo spreading of infection of CD4 T cells, resulting in more cells containing HIV, or by
proliferation of preexisting infected cells as a consequence of antigenic stimulation or
stimulation by interleukin-7 (IL-7) (7). Thus, proliferation of cells containing HIV provirus
is critical to the stability and, possibly, the expansion of the HIV reservoir over time.

J-Lat 10.6 cells contain one integrated HIV provirus per cell (with the gene encoding
green fluorescent protein [GFP] inserted into the Nef gene) (32). In the absence of
stimulation, cells of this cell line proliferate slowly (Fig. 1A) and are typically �5% GFP
positive (Fig. 1B), consistent with chronically HIV-infected cells, with the majority of
provirus transcriptionally silent. We assessed whether antagonizing BCL2 in the J-Lat
10.6 cells with venetoclax (33) impacted either the viral or cellular dynamics of these
cells undergoing proliferation. Venetoclax treatment decreased cell confluence in
culture over 96 h compared to treatment with a dimethyl sulfoxide (DMSO) control
(P � 0.011, Fig. 1A) and decreased the number of GFP-expressing cells compared to the
DMSO control (P � 0.0001, Fig. 1B). We next questioned whether reduced proliferation
of J-Lat 10.6 cells was due to cell cycle arrest induced by venetoclax. In fact, venetoclax
did not significantly alter G1 or G2/M cell cycle phases in J-Lat 10.6 cells (Fig. 1C) but
instead increased the percentage of cells containing hypodiploid DNA (P � 0.001, Fig.
1C), consistent with inducing apoptosis in these cells. As we have previously published
that 1 �M venetoclax does not significantly impact either cell viability or proliferation
of uninfected primary CD4 T cells (23), the present results in J-Lat 10.6 cells suggest that
venetoclax may have a specific effect on the subset of infected cells that actively
transcribe HIV.

We questioned whether venetoclax would impact either cell proliferation or viral
production under conditions of cytokine stimulation. It has been previously reported
that the parental line of J-Lat 10.6 cells expresses IL-7 receptor alpha (34). Consistent
with this, treatment of J-Lat 10.6 cells with IL-7 resulted in phosphorylation of Jak1 at
Tyr1022/1023 (Fig. 1D), indicating that there is activation of the downstream signaling
pathways. Treatment of J-Lat 10.6 cells with IL-7 also induced downstream events
following IL-7 receptor engagement and Jak1 phosphorylation, including both prolif-
eration (P � 0.0001, Fig. 1E) and GFP expression (P � 0.03, Fig. 1F), compared to the
results seen with unstimulated cells. The addition of venetoclax significantly decreased
proliferation and GFP expression in IL-7-stimulated J-Lat 10.6 cells compared to DMSO
treatment (P � 0.0001, Fig. 1G and H, respectively).

We next questioned whether venetoclax would similarly alter cell proliferation or
viral protein production under conditions of T cell receptor stimulation. Treatment with
�CD3/CD28 has been previously used as a positive control for HIV reactivation (35). Cell
proliferation of J-Lat 10.6 cells was modestly reduced by T cell receptor stimulation
alone (Fig. 2A), whereas HIV expression was significantly reduced at later time points
(P � 0.0001, Fig. 2B), consistent with previous reports of HIV reactivation mediated by
�CD3/CD28 stimulation inducing viral cytopathic effects in HIV-infected cells (36).
Notably, the addition of venetoclax to T cell receptor stimulation further reduced cell
proliferation (P � 0.0001, Fig. 2C) and HIV expression (P � 0.001, Fig. 2D).

Taken together, these data suggest that by impairing proliferation of chronically
infected cells and expression of HIV in response to reactivating stimuli, venetoclax may
antagonize the persistence and/or replenishment of the HIV reservoir.
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BCL2 inhibition increases death rates of HIV-containing cells. We next assessed
whether the reduced GFP expression in J-Lat 10.6 cells associated with venetoclax
treatment is due to death of reactivated cells. We have previously demonstrated that
relying on detection of intracellular expression of viral protein (i.e., p24 or GFP) or
nucleic acids to define infected cells in the context of apoptosis is unreliable due to the
activation of endogenous proteases and nucleases during the programmed cell death
process (23). In fact, this is consistent with the late decrease in GFP expression in J-Lat
10.6 cells treated with �CD3/CD28 (Fig. 2D) described above. Therefore, inducing cell
death impairs the ability to track intracellular protein markers of infection, such as GFP
and, therefore, likely HIV p24 as well.

To overcome this methodological limitation, we instead cocultured unlabeled,
uninfected parental Jurkat cells with J-Lat 10.6 cells that had been previously labeled

FIG 1 BCL-2 antagonism impairs proliferation of chronically HIV-infected cells. (A) J-Lat 10.6 cells were cultured in the
presence or absence of venetoclax (1 �M) or a DMSO control and monitored for proliferation over time by live-cell phase
contrast imaging. (B) GFP expression was monitored over time in the same cultures as those described for panel A using
live-cell fluorescence detection. (C) J-Lat 10.6 cells treated with venetoclax or a DMSO control for 72 h were analyzed for
cell cycle results by DNA content analysis. (D) Uninfected primary CD4 T cells or J-Lat 10.6 cells were treated with IL-7 and
assessed for Jak1 phosphorylation. (E and F) J-Lat 10.6 cells were treated with a control or IL-7 (25 ng/ml) and were
monitored for confluence (E) and GFP expression (F) over time. (G and H) J-Lat 10.6 cells were treated with a DMSO control
or venetoclax (1 �M) plus IL-7 stimulation and monitored for confluence (G) and GFP expression (H) over time. Data in
panels E to H represent means � standard errors of the means of results from triplicate samples within each experiment.
Data are representative of results of 4 independent experiments.
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with the lipophilic tracking dye Cell Tracker Orange (CTO), the signal of which is not
degraded during apoptosis. Unlabeled Jurkat T cells were mixed in a 1:1 ratio with
CTO-labeled J Lat 10.6 cells and were treated with venetoclax or a diluent control
followed by �CD3/CD28 to mimic antigenic stimulation. Treatment with venetoclax
preferentially increased apoptosis to a greater degree in the HIV-infected J-Lat 10.6 cells
(CTO�) than in the unlabeled and uninfected Jurkat cells, as measured by active
caspase 3 expression (P � 0.008, Fig. 2E and F). The small increase in the death rate
noted in uninfected Jurkat cells in response to venetoclax is consistent with clinical trial
data which suggest an infrequent incidence of neutropenia upon treatment (37). These
data indicate that venetoclax treatment of proliferating T cells results in the killing of
more HIV-infected cells than uninfected cells.

BCL2 inhibition during acute HIV infection reduces HIV reservoir size. The HIV
reservoir may also be repopulated by new rounds of CD4 T cell infection. HIV replicates
preferentially in activated CD4 T cells, and HIV replication causes the death of some of

FIG 2 BCL2 antagonism promotes preferential apoptosis in HIV-infected cells. (A and B) J-Lat 10.6 cells were treated with
�CD3/28 or a control and monitored for confluence (A) and GFP expression (B) over time. (C and D) J-Lat 10.6 cells were
treated with a DMSO control or venetoclax (1 �M) plus �CD3/CD28 stimulation and monitored for confluence (C) and GFP
expression (D) over time. (E) Unlabeled, uninfected Jurkat T cells were cocultured 1:1 with cell tracker orange-labeled J-Lat
10.6 cells, stimulated with �CD3/28 in the presence of antiretrovirals with or without venetoclax, and assessed for active
caspase 3 expression by flow cytometry. (F) Data represent means (standard deviations [SD]) of results from three
independent experiments performed as described for panel E.
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these activated CD4 T cells but not before the HIV replicative machinery has produced
a sufficient number of progeny virions to permit viral dissemination. Because BCL2
supports the survival of HIV-infected cells that reactivate HIV from latency (23), we
sought to determine whether BCL2 alters the outcome of acute HIV infection in vitro
using Jurkat T cells and Jurkat T cells stably overexpressing BCL2 (Jurkat�BCL2).
Following HIVIIIb infection, we analyzed cultures for viability, HIV p24 production, and
cell-associated HIV DNA content to determine whether these parameters were altered
by BCL2. BCL2 overexpression in Jurkat�BCL2 cells compared to parental cells was
confirmed by intracellular flow cytometry (Fig. 3A). The Jurkat cells that overexpressed
BCL2 had increased cell survival following HIV infection (mean, 36% versus 11% viability
at day 9 postinfection) (P � 0.001, Fig. 3B and C), increased cell-associated HIV DNA
levels (5.5 log increase) (P � 0.001, Fig. 3D), and increased HIV p24 production in culture
supernatants (2.5 log increase) (P � 0.023, data not shown) compared to parental cells.
These striking differences between Jurkat and Jurkat�BCL2 cells demonstrate that
BCL2 inhibits HIV-induced cell death in acute productive infection and increases the
number of HIV-infected cells (reflected by increased HIV DNA), thereby allowing more
cells to produce progeny virions (reflected by increased p24); moreover, it suggests that
antagonizing BCL2 might have desirable reciprocal effects.

We next examined the impact of pharmacologic inhibition of BCL2 function by
venetoclax on primary uninfected CD4 T cells and primary CD4 T cells acutely infected

FIG 3 BCL2 promotes survival of acutely HIV-infected T cells. (A) Parental Jurkat T cells or Jurkat T cells
stably overexpressing BCL2 (Jurkat-BCL2) were stained for intracellular BCL2. Dashed lines represent Jurkat
cells; solid lines represent Jurkat-BCL2 cells. Tinted areas represent isotype antibody staining. (B) Jurkat and
Jurkat-BCL2 cells were infected with HIVIIIb or and were assessed for viability by LIVE/DEAD staining at day
9 postinfection. Representative flow data from three independent experiments are shown. (C) Mean (SD) of
results from 3 independent experiments performed as described for panel B. (D) Cell-associated HIV DNA
content was measured at day 9 postinfection.
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with HIV. First, we confirmed that BCL2 is expressed in both resting and activated CD4
T cells by Western blotting (Fig. 4A) and flow cytometry (Fig. 4B). Consistent with our
previous results (28), activated CD4 T cells infected with HIV contained Casp8p41,
whereas uninfected cells did not (Fig. 4C). Importantly, the toxicity of venetoclax in
mock-infected, activated primary CD4 T cells was minimal and did not reach signifi-
cance (P � 0.054, Fig. 4D) at achievable in vivo plasma concentrations (1 �M),
consistent with the favorable safety profile of venetoclax in clinical trials (38). In
contrast, when primary activated CD4 T cells from 7 donors were infected with HIV and
analyzed for survival over time, venetoclax treatment reduced survival, as measured by
trypan blue exclusion, of the infected cells compared to vehicle control treatment (P �

0.016, Fig. 4D). Similar results were observed by flow cytometry (Fig. 4E and F) using
vital staining (39). These observations indicate that, similarly to proliferating HIV-
infected cells (Fig. 1 and 2), acutely HIV-infected cells die preferentially in the presence
of venetoclax. Consistent with this suggestion, HIV-infected cultures treated with
venetoclax had decreased cell-associated HIV-1 DNA levels (mean difference, �35%)

FIG 4 BCL2 antagonism decreases survival and HIV replication in acutely infected T cells. (A) BCL2 expression was assessed in resting (Unstim.) or
PHA/IL-2-stimulated primary CD4 T cells by Western blotting. IB, immunoblot. (B) BCL2 expression was assessed in resting or stimulated CD4 T cells by flow
cytometry. The shaded area represents an isotype control. (C) Activated primary CD4 T cells were infected with HIVIIIb or not infected and were assessed for
Casp8p41 expression by flow cytometry. (D to H) Primary CD4 T cells from seven uninfected donors were infected with HIVIIIb or mock infected, treated with
venetoclax (1 �M) or diluent, and assayed for cell viability by trypan blue exclusion (D) or flow cytometry (E and F). (G and H) At day 9 postinfection, levels
of cell-associated HIV DNA (G) and HIV p24 concentrations in culture supernatant (H) were measured.
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(P � 0.021, Fig. 4G) and reduced p24 production levels compared to vehicle control
treatment (mean, 24.4% reduction) (P � 0.032, Fig. 4H).

DISCUSSION

BCL2 is a critical regulatory molecule in lymphoid tissue homeostasis, as forced
overexpression results in B cell hyperplasia (40), mutations in BCL2 are overrepresented
in lymphoid malignancies (41), absence of BCL2 impairs memory cell generation and
function (42), and inhibition of BCL2 is an FDA-approved approach to therapy for
treatment of chronic lymphocytic leukemia (33). It is hardly surprising, then, that BCL2
also impacts HIV homeostasis in infected lymphoid cells. Additional evidence support-
ing the idea of the importance of BCL2 in HIV persistence is derived from an artificial
model of HIV latency wherein primary CD4 T cells infected with HIV and transduced
with BCL2 in vitro recapitulate many aspects of latently HIV-infected cells in vivo (43).
Mechanistically, we now know that BCL2 directly binds Casp8p41, preventing the latter
from binding and activating Bak to induce apoptosis (23, 30). Consequently, in the
setting of HIV reactivation from latency, the BCL2 antagonist venetoclax increases
Casp8p41-mediated apoptosis to promote selective infected-cell death (23). In the
current report, we extend the understanding of the role of BCL2 in HIV infection by
demonstrating that BCL2 is necessary for maintaining HIV in the settings of homeostatic
proliferation of infected cell lines and acute spreading infection of primary CD4 T cells.

During HIV infection, inhibition of BCL2 therefore has the dual effects of (i) prevent-
ing replenishment of the HIV reservoir and (ii) directly facilitating the death of reacti-
vating cells. Both of these effects depend on enhancing the cytotoxicity of Casp8p41,
an HIV protease-specific cleavage product of cellular procaspase 8 (27) that is present
exclusively in HIV-infected cells (28). Casp8p41 is expressed both in vitro and in vivo (28)
and both during acute infection and during reactivation of latent HIV infection (23, 31).
Once formed by cleavage of procaspase-8, Casp8p41 translocates to mitochondria (29,
44), where it binds to and activates Bak, inducing mitochondrial-dependent apoptosis
(29). Casp8p41 expression in memory CD4 T cells in HIV-positive patients is inversely
correlated with absolute CD4 T cell count, and changes in Casp8p41 expression predict
changes in CD4 T cell count over time at the beginning of and during stable antiret-
roviral therapy (45, 46).

Expression of HIV proteins, which occurs de facto in the context of HIV replication,
is known to modulate BCL2 expression and promote death resistance of HIV target
cells. For instance, overexpressing HIV Tat, or treatment with exogenous recombinant
Tat, increases BCL2 expression in multiple cell types and decreases the susceptibility of
treated cells to cell death induced by multiple diverse stimuli compared to control cells
(47–50). Similarly, endogenous overexpression of HIV Vpr increases BCL2 expression
and decreases Bax expression, resulting in decreased susceptibility of cells to apoptosis
induced by the presence of cycloheximide, tumor necrosis alpha (TNF-�), or Fas or by
serum starvation treatment (51). Both HIV Tat and Vpr are proteins expressed early in
the viral life cycle when the virus necessarily depends on cell survival to replicate.
Conversely, later in the viral life cycle, cell death and caspase 8 activation synergistically
enhance NFKB activation (52), which in turn drives HIV replication (53). HIV protease is
generated late in the HIV life cycle coincident with induction of cell death. Expression
of HIV protease alone leads to apoptosis, and it cleaves BCL2 between phenylalanine
112 and alanine 113 (54), along with other cellular targets (55–57); however, only
cleavage of procaspase 8 is required for protease-mediated cell death (31). Casp8p41,
which is generated as a consequence, also activates NF-�B and drives HIV long terminal
repeat (LTR) transcription (58). Therefore, it is logical that HIV-induced increased BCL2
expression early in the viral life cycle contributes to maintenance of the HIV reservoir
by promoting survival of infected cells in the setting of ongoing viral replication.

In addition to ongoing HIV replication leading to the presence of new latently
infected cells, the HIV reservoir is maintained by the long-term survival and proliferation
of already-infected cells. We and others have previously reported that the endogenous
expression of BCL2 in central memory CD4 T cells is associated with intrinsic cell death
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resistance (23). Moreover, proliferation of latently infected memory CD4 T cells can be
triggered by antigenic stimulation or homeostatic cytokine signals (7). Our observation
that the selective BCL2 antagonist venetoclax impairs proliferation of latently infected
cells induced by �CD3/CD28 and IL-7 signaling (Fig. 1 and 2) suggested that BCL2
expression and function are necessary for the survival of proliferating latently infected
cells. Consistent with this conclusion, venetoclax preferentially increased cell death in
latently infected cells while preferentially sparing uninfected cells that had been
stimulated to proliferate in mixed cultures in our clonotypic assay (Fig. 2). Since our
present study utilized a chronically HIV-infected cell line (J-Lat 10.6 cells), it would be
of interest to confirm these findings using in vitro primary cell models of HIV latency in
future studies.

An additional mechanism that has been proposed to contribute to clonal expansion
of latently HIV-infected cells involves integration of HIV provirus into proto-oncogenes,
including MKL2 and BACH2 (59). As BCL2 is also a proto-oncogene and as BCL2
inhibition favors killing of HIV-infected cells, it may also be of interest to see if
target-specific inhibitors inhibit proliferation of latently infected cells with HIV provirus
integrated into aberrantly activated oncogenes.

The ability of venetoclax to preferentially kill HIV-infected cells is consistent with
several previous reports stating that inhibition of apoptosis in the context of productive
HIV infection results in increased viral replication. Initial experiments with Jurkat T cells
overexpressing the anti-apoptotic adenovirus E1B 19K protein, and infected with HIV,
demonstrated decreased cell death rates and increased viral replication compared to
parental cell results (60). Similarly, BCL2 overexpression in T cell clones enhanced viral
replication and inhibited syncytial apoptosis compared to control cell results (61).
Likewise, U937 monocytoid cells overexpressing BCL2 had decreased HIV-induced cell
death and increased viral replication levels (62). Of perhaps more physiologic relevance,
IL-2 treatment of peripheral blood mononuclear cells (PBMCs) from HIV-infected pa-
tients upregulated endogenous BCL2 expression and inhibited spontaneous apoptosis
in vitro compared to the results seen with control treated cells (63). In addition,
pharmacologic inhibition of apoptosis using the cellular pan-caspase inhibitor z-VAD-
fmk increased viral replication during HIV infection in vitro and stimulated viral repli-
cation in PBMCs from HIV-infected patients ex vivo (64).

Collectively, our findings suggest that BCL2 antagonism occurring in vivo under
conditions of clinically suppressive antiretroviral therapy may decrease the replenish-
ment of the latent HIV reservoir and promote the death of latently HIV-infected cells
undergoing HIV reactivation (23). These results support our “prime, shock, and kill”
paradigm (65) wherein sensitization of cells toward an apoptosis-prone phenotype
before HIV reactivation, before homeostatic proliferation, or before the spread of HIV
infection facilitates the selective killing of HIV-infected cells. These observations suggest
that further investigation of venetoclax treatment in animal models of HIV and pilot
studies in HIV-positive patients might be warranted.

MATERIALS AND METHODS
Cell culture. Primary CD4 T cells from anonymous, HIV-negative apheresis donors were obtained

from leukoreduction system chambers (66). Bulk CD4 T cells were isolated by negative selection using
RosetteSep Human CD4� T Cell Enrichment Cocktail (Stemcell Technologies) according to the manufac-
turer’s protocol and maintained in RPMI 1640 (Mediatech Inc.) supplemented with 10% fetal bovine
serum (Atlanta Biologicals), 2 mM L-glutamine, 100 IU/ml penicillin, and 100 �g/ml streptomycin (Gibco)
at 37°C and 5% CO2. All human samples were obtained according to a Mayo Clinic Institutional Review
Board-approved protocol (Mayo IRB 1039-03) in compliance with all pertinent federal regulations.

Homeostatic proliferation model. J-Lat full-length cells (clone no. 10.6), which contain one
replication-incompetent, integrated HIV provirus with a GFP gene insertion in place of the Nef gene per
cell, were obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH, from Eric Verdin.
J-Lat 10.6 cells were cultured at 10,000 cells per well in 96-well plates and treated with interleukin-7 (25
ng/ml) or plate-bound �CD3 (clone OKT3) and soluble �CD28 (1 �g/ml) or with venetoclax (1 �M) or
diluent control (DMSO). Cell proliferation, as defined by culture confluence (67), and GFP expression, as
defined by the number of GFP-positive cells per well, were measured over time using an IncuCyte Zoom
live-cell analysis system (Essen BioScience).

BCL2 Antagonism and the HIV Reservoir Journal of Virology

June 2017 Volume 91 Issue 11 e00012-17 jvi.asm.org 9

http://jvi.asm.org


Immunoblotting. Nonactivated primary CD4 T cells and J-Lat-10.6 cells were treated with IL-7 (R&D
Systems, Inc.) (25 ng/ml) for 0 or 15 min. Cells were lysed and processed for Western blot analysis. Cell
lysate (30 �g) was run on 8% polyacrylamide gels and then transferred onto polyvinylidene difluoride
(PVDF) membranes for 2 h at 1,200 mA in transfer buffer (24 mM Tris, 192 mM glycine). The membranes
were then blocked in Tris-buffered saline–Tween (TBST) (20 mM Tris, 150 mM NaCl, 0.05% Tween 20) with
5% bovine serum albumin (BSA) (Sigma, St. Louis, MO) for 1 h at room temperature. Membranes were
blotted with Phospho JAK1 (Tyr1022/1023) or total JAK1 (Cell Signaling, Danvers, MA) or anti-actin
(Sigma, St. Louis, MO) primary antibody. The blot was washed, exposed to horseradish peroxidase
(HRP)-conjugated secondary antibodies for 1 h, and, finally, examined by chemiluminescence using a
SuperSignal West Pico chemiluminescent substrate kit (Thermo Fisher Scientific, Waltham, MA).

Acute HIV infections. Jurkat and Jurkat-BCL2 cells were infected overnight, while primary phyto-
hemagglutinin (PHA)-activated CD4 T cells were infected for 6 h with HIV-1 IIIb (NIH AIDS Reagent
Program). Aliquots of the same pooled infectious supernatant were used for all experiments. Cells were
then washed 3 times and incubated in fresh complete medium. HIV-1 p24 levels in the cell culture
supernatant were measured by the use of RETROtek enzyme-linked immunosorbent assay (ELISA) kits
(Zeptometrix Corporation) according to the manufacturer’s protocol. Cell-associated HIV-1 DNA levels
were measured by quantitative PCR (qPCR) using a validated assay as previously described (23). The
lower limit of detection of HIV-1 DNA using the qPCR assay was 50 copies/106 cells; levels in all
mock-infected cultures were below this limit.

Cell mixing experiment. J-Lat-10.6 cells were labeled with Cell Tracker Orange (C2927; Molecular
Probes, Invitrogen, CA) according to the manufacturer’s instructions. The Cell Tracker Orange-labeled
J-Lat-10.6 cells were washed and mixed with unlabeled Jurkat cells at a ratio of 1:1 using RPMI 1640
containing antiretroviral agents. Coculture cells were treated with or without venetoclax (0.1 �M or 1
�M) for 3 days. At the end of experimental period, cells were collected, washed, and fixed with 2%
paraformaldehyde for 24 h. Coculture cells were processed for intracellular staining of active caspase 3
(BD Biosciences) and then analyzed by flow cytometry using an LSR Fortessa X-20 cell analyzer (BD
Biosciences). CellTracker orange-positive (J-LAT10.6) and -negative (Jurkat) cells were analyzed and gated
using FlowJo software (FlowJo LLC, Ashland, OR).

Flow cytometry. Intracellular BCL2 levels were measured using anti-human BCL2-fluorescein iso-
thiocyanate (BCL2-FITC) (clone BCL2/100; eBioscience, San Diego, CA). Briefly, fixed cells were permeab-
ilized in 0.1% NP-40 –phosphate-buffered saline (PBS)–5% bovine serum albumin (BSA) on ice for 30 min,
stained with 0.4 �g/ml anti-BCL2-FITC or an isotype control on ice for 60 min, washed, and fixed. Cell
death was measured using LIVE/DEAD fixable aqua dead-cell stain (Invitrogen) according to the manu-
facturer’s protocol. Intracellular detection of Casp8p41 was performed as previously described (23). Cell
cycle analysis using DNA content determinations was performed as previously described (68).
Fluorescence-activated cell sorter (FACS) analysis was performed using either a FACScan analyzer or LSRII
flow cytometer (BD Biosciences) based on multiparameter needs. FACS data were analyzed using FlowJo
software (Tree Star Inc.).

Statistics. Pooled data are generally expressed as means and standard deviations, except where
noted. Paired or unpaired t tests, or nonparametric equivalents, depending on the experimental design,
were used to compare differences between means. Repeated measures were analyzed by linear regres-
sion. P values of �0.05 were considered statistically significant. Statistical analyses were performed using
GraphPad Prism 6 (GraphPad Software Inc.).
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