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Casp8p41, a novel protein generated when HIV-1 protease cleaves caspase 8, independently causes NF-«kB
activation, proinflammatory cytokine production, and cell death. Here we investigate the mechanism by which
Casp8p41 induces cell death. Immunogold staining and electron microscopy demonstrate that Casp8p41
localizes to mitochondria of activated primary CD4 T cells, suggesting mitochondrial involvement. Therefore,
we assessed the dependency of Casp8p41-induced death on Bax/Bak and caspase 9. In wild-type (WT) mouse
embryonic fibroblast (MEF) cells, Casp8p41 causes rapid mitochondrial depolarization (P < 0.001), yet
Casp8p41 expression in Bax/Bak double-knockout (DKO) MEF cells does not. Similarly, caspase 9-deficient T
cells (JMR cells), which express Casp8p41, undergo minimal cell death, whereas reconstituting these cells with
caspase 9 (F9 cells) restores Casp8p41 cytotoxicity (P < 0.01). The infection of caspase 9-deficient cells with
a green fluorescent protein (GFP) HIV-1 reporter virus results in cell death in 32% of infected GFP-positive
cells, while the restoration of caspase 9 expression in these cells restores infected-cell killing to 68% (P < 0.05),
with similar levels of viral replication between infections. Our data demonstrate that Casp8p41 requires
Bax/Bak to induce mitochondrial depolarization, which leads to caspase 9 activation following either Casp8p41
expression or HIV-1 infection. This understanding allows the design of strategies to interrupt this form of

death of HIV-1-infected cells.

There are numerous factors that promote CD4 T cell loss
during chronic human immunodeficiency virus type 1 (HIV-1)
disease, the majority of which are not unique to HIV-1 (12).
Indeed, the effects of enhanced immune activation (2), bacte-
rial translocation (56), and the heightened production of pro-
apoptotic ligands (57) are seen in a variety of other disease
states. A recently described pathway of CD4 death that is
unique to HIV-1 is one whereby HIV-1 protease, which is
active within the cytosolic compartment of HIV-1-infected T
cells (24-26), cleaves the host protein caspase 8, creating a
novel cleavage fragment termed Casp8p41 (44). This fragment
is missing the catalytic cysteine at position 360 that is respon-
sible for the catalytic activity of caspase 8. Nevertheless,
Casp8p41 independently induces NF-«kB activation, resulting
in enhanced HIV-1 replication (3) and enhanced proinflam-
matory cytokine production (58), while simultaneously induc-
ing apoptotic death in the cells where it is expressed (43). The
abrogation of Casp8p41 production in pseudotyped HIV-1 in-
fections significantly reduces T cell death (43). Mutations in
HIV-1 protease that selectively alter the ability of the protease
to cleave caspase 8 also reduce HIV-1-induced cell death com-
pared to wild-type (WT) protease (42). Since Casp8p4l is
unique to HIV-1-infected cells (44) and is a host cellular pro-
tein, which would not be subject to mutational escape, it is an
attractive candidate for therapeutic targeting.

Little is known concerning the molecular mechanisms by
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which Casp8p41 achieves its biological effects. In a cell-free
system, changes associated with apoptosis occur only in the
presence of mitochondria, suggesting that CaspS8p41-induced
death requires mitochondria, but the molecular signals in-
volved remain unknown (1). Apoptosis can occur through mul-
tiple signals, including the mitochondrial pathway or the death
receptor pathway. The death receptor pathway may involve or
bypass mitochondria; however, multiple redundancies are
present in the regulation of apoptosis such that cross talk exists
between the intrinsic and extrinsic pathways. This redundancy
allows mitochondria to be a central regulator of apoptosis (23).
More often, death receptor signaling involves mitochondrial
coordination, which is a requisite for other apoptotic stimuli,
including genotoxic stress (6), growth factor withdrawal (14),
and chemotherapeutic agents (55). The release of inner mito-
chondrial proteins, such as cytochrome ¢ and smac/DIABLO,
is regulated by Bcl-2 family members (67). Bcl-2 antagonist/
killer (Bak) and Bcl-2-associated X protein (Bax) are two pro-
apoptotic Bcl-2 family members. These proteins undergo a
conformational change, exposing their amino termini, which
allows them to homo- or hetero-oligomerize, form a pore, and
release cytochrome c¢ from the mitochondria (52, 64). The
released cytochrome ¢ couples with APAF-1 and inactive pro-
caspase 9 to form the apoptosome, which results in the acti-
vation of caspase 9. Active caspase 9 cleaves caspases 3 and 7,
resulting in the phenotypic changes associated with apoptosis
(59). The phenotypic changes of apoptosis in the mitochondria
include swelling, a loss of transmembrane potential, and the
release of cytochrome ¢ into the cytosol (29), and these events
are controlled by Bax and/or Bak.

The goal of the current study was to determine whether
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Casp8p41-induced apoptosis is dependent upon mitochon-
drial depolarization and to identify whether Bax and/or Bak
is involved, with a consequent downstream involvement of
caspase 9.

MATERIALS AND METHODS

Cell culture. Jurkat and HeLa cells were obtained from the ATCC (Manassas,
VA). JMR and F9 cells (48) were obtained from Scott Kaufmann (Rochester,
MN), and MEF WT, Bax and Bak single-knockout (KO), as well as Bax/Bak
double-knockout (DKO) cells (64) were obtained from Zheng Dong (Augusta,
GA). Primary CD4 T cells were obtained from donated blood in accordance with
Institutional Review Board (IRB) protocol 1039-03, isolated by using the Stem
Cell Technology RosetteSep kit, activated for 24 h with 1 pg/ml phytohemag-
glutinin (PHA), washed in medium, and incubated for 48 h with 50 units/ml
interleukin-2 (IL-2). Jurkat and primary CD4 T cells were cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum and 2 mM glutamine.
JMR and F9 cells were cultured in RPMI 1640 medium supplemented with 15%
fetal bovine serum and 2 mM glutamine. HeLa cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
and 2 mM glutamine. MEF wild-type and Bax/Bak DKO cells were cultured in
DMEM supplemented with 10% fetal bovine serum, 2 mM glutamine, 2 mM
sodium pyruvate, 1% (minimal essential medium [MEM]) nonessential amino
acids, 5 units/ml penicillin, and 5 pg/ml streptomycin.

Plasmid construction. Casp8p41 in pEGFP and pcDNA3 were previously
described (3, 44). The Casp8p41ADED constructs were made by PCR using
primers 5'-CGGATCCATGGAAAGGGACTT-3" and 5'-CTAGATTAAAAC
ACTTTGGGTTTTCCAGCAAGG-3', cut with BamHI and Xbal, and inserted
into the designated sites in vectors. All constructs were confirmed by DNA
sequence analysis and tested for expression prior to experimental use.

Transfection and infections. Primary CD4 T cells were transfected by using
Amaxa (Lonza, Basel, Switzerland) according to the manufacturer’s protocol.
Jurkat, JMR, and F9 cells were transfected with 2 pg of DNA per 10° cells using
a square-wave electroporator (BXT, San Diego, CA) at 320 V and 280 V,
respectively, for 10 ms. MEF cells were transfected by using Lipofectamine
(Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol.

HIV-1 infections were performed with a single-cycle reporter virus, HIV-1,,,
which has a 426-nucleotide (nt) deletion in env, has the enhanced green fluorescent
protein (GFP) (EGFP) gene in place of nef, and is also vpr negative. pHIV-1gfp was
derived from pHIV-1,,. (34) as follows. The EGFP gene was amplified from
peGFP-N1 (Clontech) by using Phusion DNA polymerase (Finnzymes) with primers
5'-ATATAGCGGCCGCTATGGTGAGCAAGGGCG-3' and 5'-ATATACTCG
AGTTACTTGTACAGCTCGTC-3'. The amplicon was cleaved with Notl and
Xhol and then inserted into these sites in HIV-1,., and the correct plasmid was
verified by sequencing. HIV-1,, was prepared in 293T cells by cotransfection with
a vesicular stomatitis virus glycoprotein G (VSV-G) expression plasmid (3 and 1 g
of DNA, respectively). JMR, F9, and Jurkat cells were infected with 1,000 ng of p24
(measured by p24 enzyme-linked immunosorbent assay [ELISA]) per 1' cells for
3 h. Cells were then washed 3 times and incubated in fresh medium.

Western blots. Ten million cells were lysed in 100 pl of lysis buffer (20 mM
Tris-HCI [pH 7.5], 150 mM NaCl, 0.1% Triton X-100 [TX-100], 2 wg/ml apro-
tinin, 10 pg/ml leupeptin, 2 wg/ml pepstatin, andl mM phenylmethylsulfonyl
fluoride [PMSF]) for 10 min on ice. Cells were then centrifuged at 400 X g for
5 min at 4°C. For cell fractionation, the lysate was then further centrifuged at
15,000 X g for 5 min at 4°C, resulting in a mitochondrial enriched pellet and
cytosolic supernatant.

For Western blot analysis, 10 pg to 100 pg of cell lysate was run on 10 to 15%
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 2% bovine serum albumin (BSA)
(Sigma, St. Louis, MO) for more than 1 h at room temperature or overnight at
4°C. Membranes were blotted with the following primary antibodies: anti-hem-
agglutinin (HA) peroxidase 3F10 (Roche, St. Louis, MO), anti-HSP70 (generous
gift from David Toft) (41), anti-actin (Sigma, St. Louis, MO), and anti-caspase 9
(Medical & Biological Laboratories, Woburn, MA). Membranes were then
washed three times with TBST, and a horseradish peroxidase-linked secondary
antibody was used when necessary. All blots were developed by using a detection
kit from Thermo Fisher Scientific (Waltham, MA).

Flow cytometry. Cell death was measured by using light scatter, with the sizes
of the cells depicting alive/dead phenotypes (15); propidium iodide (PT) (Sigma,
St. Louis, MO) uptake into dead cells only; low tetramethylrhodamine ethyl ester
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(TMRE; Invitrogen, Carlsbad, CA) expression indicating a depolarization of the
mitochondria; or terminal deoxynucleotidyltransferase-mediated dUTP-biotin
nick end labeling (TUNEL) (Roche, St. Louis, MO) positivity indicating DNA
fragmentation. TUNEL staining was done according to the manufacturer’s pro-
tocol. For PI staining, 1 pg/ml of PI was added to 500,000 collected cells and
analyzed immediately. TMRE staining was preformed on 500,000 collected cells
by the addition of 15 nmol TMRE to 1 ml of 2% fetal bovine serum in phosphate-
buffered saline (PBS), and the mixture was incubated at room temperature for 30
min. Cells were then washed one time with PBS and analyzed immediately.
Intracellular Casp8p41 expression was determined by flow cytometry as previ-
ously described (42). Flows were run on a FACScan flow cytometer (BD Bio-
sciences, San Diego, CA). All gating was first set to control samples and then
applied to samples of interest.

Microscopy. For immunogold staining, transfected primary CD4 T cells were
fixed 3 h posttransfection in 4% paraformaldehyde and 0.2% glutaraldehyde for
1 h, centrifuged, and then embedded in 10% gelatin, infiltrated with 2.3 M
sucrose, for 3 h. The cells were then frozen in liquid nitrogen, and 50- to 60-nm
cryosections were cut. Grids were incubated with 20 mM glycine plus 2% fetal
bovine serum in PBS for 15 min, blocked with 10% fetal bovine serum in PBS for
20 min, and incubated with anti-Casp8p41 (43) or anti-HA (Upstate clone DW2)
diluted with blocking solution at a 1:200 dilution at 4°C overnight. After six 3-min
washes with 2% fetal bovine serum in PBS, grids were incubated with goat
anti-mouse or goat anti-rabbit IgG plus IgM 10-nm gold (Amersham, Piscataway,
NJ) diluted with blocking solution at a 1:30 dilution for 2 h at room temperature.
Samples were postfixed with 1% glutaraldehyde for 10 min, contrast stained,
embedded with 0.4% uranyl and 2% methylcellulose, and air dried. Samples
were examined by using a Jeol ExII transmission electron microscope (Jeol,
Tokyo, Japan). The density of dots on the mitochondria was calculated by using
Image J software.

For fluorescence microscopy, HelLa cells were transfected overnight with GFP,
GFP-Casp8p41, or GFP-Casp8p41ADED and then stained with 100 nM Mito-
tracker Red (Invitrogen, Carlsbad, CA) and incubated at 37°C for 45 min. Cells were
then fixed with 2% paraformaldehyde for 1 h at room temperature. Slides were
prepared with 4',6-diamidino-2-phenylindole (DAPT) containing Vectashield (Vec-
tor Laboratories, Burlingame, CA). Laser scanning confocal microscopy was per-
formed by using an LSM 510 confocal laser scanning microscope (Carl Zeiss Mi-
crolmagin, Oberkochn, Germany).

Statistical analysis. For the immunogold experiments, multiple mitochondria
and nonmitochondrial areas were chosen at random and compared. Positive
staining was quantified as the number of discrete immunogold dots per 100 mm?
of mitochondrial, or nonmitochondrial, area for each image. In instances when
zero dots were seen in a space, a value of 0.9 was used as the numerator. Mean
values from three independent images were compared by routine analysis of
variance (ANOVA). A P value of <0.05 was considered statistically significant.

For flow cytometric data, the proportion of transfected cells positive for a cell
death marker (TUNEL, etc.) was determined as follows: (number of double-
positive cells/(number of double-positive cells + number of transfected cells that
are marker negative) X 100. Mean values from three independent experiments
were compared by the Student ¢ test. A P value of <0.05 was considered statis-
tically significant.

RESULTS

Casp8p41 localizes to the mitochondria. We have previously
observed that GFP-Casp8p41 colocalizes with Mitotracker
staining in HeLa cells (1); however, the expression levels of
transfected protein might not mimic levels found in infected
cells, the large GFP tag might alter the subcellular localization
of Casp8p41, or the results may not reflect the situation in
primary CD4 T cells. Therefore, Jurkat cells were transfected
with GFP-Casp8p41 or infected with HIV-1 IIIb, and cells
were compared for intracellular Casp8p41, specifically in the
GFP-positive (GFP') or p24" populations (Fig. 1A). This
analysis revealed that the level of transfected protein expres-
sion was comparable to Casp8p41 expression levels in HIV-1-
infected CD4 T cells. Next, HA-Casp8p41 or the HA control
vector was expressed in primary CD4 T cells and stained with
either anti-Casp8p41 or isotype control antibodies, followed by
a gold-labeled secondary antibody. Consistent with our prior
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FIG. 1. Casp8p41 localizes to the mitochondria. (A) Jurkat T cells were transfected with GFP or GFP-Casp8p41 or infected with HIV-1 IIIb.
The HIV-1-infected cells were stained with P24 (fluorescein isothiocyanate [FITC]), and all cells were stained for Casp8p41. Shown are the
amounts of Casp8p41 in the GFP* transfected cells or the P24™ HIV-1-infected cells. MFI, mean fluorescence intensity; FSC, forward scatter.
(B) Electron microscopy of primary CD4 T cells transfected with an empty HA vector (top) or HA-Casp8p41 (bottom), stained with IgG3 control
antibody (left) or Casp8p41 antibody (right), and analyzed at 3 h posttransfection. The rightmost panel is an enlarged image of Casp8p41 stained

with Casp8p41 antibody to better distinguish gold particles. Arrows indicate where gold particles can be seen. (C) Quantitative analysis of numbers
of gold particles found in the indicated areas.
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observations, the expression of Casp8p41 was rapidly associ-
ated with changes characteristic of apoptosis, in this case man-
ifesting as mitochondrial swelling and a loss of cristae (1, 43,
44). To minimize this effect, we analyzed Casp8p41 localization
3 h after transfection, which resulted in low levels of protein
expression, yet at this early time point normal mitochondrial
architecture was maintained. The Casp8p41-expressing cells
stained with anti-Casp8p41 antibody showed Casp8p41 local-
ized to mitochondria (Fig. 1B). The specificity of the staining
was determined by counting the number of gold dots under
each condition in the total mitochondrial area, versus the total
nonmitochondrial area, for several randomly selected cells;
these results are presented in Fig. 1C. Note that Casp8p41-
expressing cells also showed Casp8p41 staining in nonmito-
chondrial areas, possibly representing translated protein in
transit toward the mitochondria.

Casp8p41ADED has impaired induction of apoptosis. In
order to study the molecular mechanism by which Casp8p41
initiates cell death, we sought a Casp8p41 mutant that
induces less apoptosis than parental CaspS8p41. Since
Casp8p41 does not contain a catalytic active site, we em-
ployed a bidirectional serial truncation approach (Fig. 2A).
Each truncation mutant was confirmed by sequencing and
screened for its ability to be expressed and to cause cell
death. Of the mutants created, only one, which contains
an N-terminal deletion of the first of two tandem death
effector domains (DEDs), caused less cell death than did the
parental Casp8p41, as measured by light scatter in primary
CD4 T cells and TUNEL staining in Jurkat cells (P < 0.05)
(Fig. 2 B, C, and D). Importantly, this mutant,
Casp8p41ADED, localizes to the heavy membrane fraction
and colocalizes with Mitotracker, a stain for mitochondria,
demonstrating that Casp8p41ADED’s reduced apoptosis in-
duction is not due to an altered subcellular localization (Fig.
2E and F).

Casp8p41 does not induce apoptosis in Bax/Bak knockout
MEF cells. Apoptotic stimuli that involve mitochondrial sig-
naling often require Bax and/or Bak (67). Therefore, we
opted to test whether Casp8p41-induced cell death was de-
pendent upon Bax/Bak by utilizing knockout (KO) mouse
embryonic fibroblast (MEF) cells deficient in Bax and Bak.
Wild-type (WT), Bak single-KO, Bax single-KO, or Bax/Bak
double-knockout (DKO) MEF cells were transfected with
GFP, GFP-Casp8p41, or GFP-CaspS8p41ADED, and the mi-
tochondrial membrane potential was measured by using
TMRE (Fig. 3A and B). GFP-Casp8p41 expression caused a
decrease in the mitochondrial transmembrane potential in
MEF WT, Bak KO, and Bax KO cells that was not seen in
GFP-transfected cells (P < 0.001, P < 0.01, and P < 0.05,
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respectively) or DED (P < 0.01, P < 0.01, and P > 0.05,
respectively). Conversely, GFP, GFP-Casp8p41, or GFP-
Casp8p41ADED failed to cause a mitochondrial transmem-
brane potential loss, as measured by TMRE staining, in
Bax/Bak DKO MEEF cells, suggesting that Casp8p41 re-
quires either Bak or Bax to induce death, since the absence
of both but not either one alone hinders the pathway. Sim-
ilarly, Casp8p41 failed to cause cell membrane permeability,
measured via PI positivity, or cell death, measured by
TUNEL, in Bax/Bak DKO MEF cells (Fig. 3C, D, E, and F).
It is noteworthy that GFP-Casp8p41ADED did cause lesser
decreases in mitochondrial transmembrane potential, PI
positivity, and cell death, consistent with its reduced cyto-
toxicity compared to that of CaspS8p41.

Casp8p41-induced cell death utilizes caspase 9. Having
demonstrated a requirement of Bax/Bak for Casp8p41 to in-
duce cell death, we next assessed whether caspase 9 was re-
quired. Following the Bax/Bak-dependent release of cyto-
chrome ¢ from mitochondria, cytochrome ¢ complexes with
APAF-1 and recruits procaspase 9, which, in the presence of
ATP, causes the proteolytic activation of caspase 9 (31). There-
fore, a dependence upon caspase 9 for apoptosis is synony-
mous with mitochondrial dependence (48). For these experi-
ments, we used Jurkat T cells, a Jurkat-derivative cell line
deficient in caspase 9 (JMR cells) (48), or JMR cells reconsti-
tuted with FLAG-tagged caspase 9 (F9 cells), verified via
Western blotting (Fig. 4A).

GFP, GFP-Casp8p41, or GFP-Casp8p41ADED was trans-
fected into the three cell types, and apoptosis was assessed
specifically in the GFP-positive populations. When caspase
9-deficient JMR cells were transfected with GFP-Casp8p41, a
reduction of TUNEL staining was seen at 10 h posttransfection
compared to caspase 9-containing Jurkat cells (P < 0.01) (Fig.
4B and C). A reconstitution of the caspase 9-deficient JMR
cells with FLAG-caspase 9 (F9 cells) restores GFP-Casp8p41-
induced apoptosis (P < 0.01). The same effects were seen by
light scatter and annexin V staining (P < 0.05 for JMR versus
Jurkat cells and P < 0.01 for JMR versus F9 cells) (Fig. 4D, E,
and F).

Pseudotyped HIV-1-induced cell death requires caspase 9.
Casp8p41 is produced only in HIV-1-infected cells and is cy-
totoxic to those cells in which it is expressed (44). Indeed, the
expression of HIV-1 protease in the presence of an HIV-1
protease inhibitor blocks both Casp8p41 production and pro-
tease-induced death (44). Since Casp8p41 requires caspase 9
to induce death, we hypothesized that HIV-1-induced cell
death would be attenuated in caspase 9-deficient cells that are
infected with HIV-1. Jurkat cells, caspase 9-deficient JMR
cells, and caspase 9-deficient cells reconstituted with FLAG-

FIG. 2. Casp8p41ADED induces less cell death than Casp8p41. (A) Pictorial representation of all Casp8p41 mutants that were constructed.
(B) Primary CD4 T cells were transfected with empty vector, GFP-Casp8p41, or GFP-Casp8p41ADED. The viability of the GFP-positive
population was measured via light scatter over the course of 10 h. (C) Jurkat cells were transfected with empty vector, GFP-Casp8p41, or
GFP-Casp8p41ADED, and the cell death of the GFP-positive population was measured via TUNEL staining at 12 h posttransfection. (D) Cell
death of GFP-positive cells was measured via TUNEL staining over a 24-h time course of Jurkat cells expressing empty vector, GFP-Casp8p41,
or GFP-Casp8p41ADED. Error bars represent standard errors of the means. (E) Transfected Jurkat cells were fractionated into heavy membrane
(HM) or cytosolic (C) fractions and analyzed for HA. Actin served as a loading control, and HSP70 was used to assess the purity of the fractions.
(F) Confocal microscopy of empty-vector-, GFP-Casp8p41-, and GFP-Casp8p41ADED-transfected HeLa cells costained with Mitotracker and

DAPI for visualization of the mitochondria and nucleus, respectively.
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FIG. 3. Casp8p41 requires Bak/Bax to depolarize mitochondria and induce cell death. (A) WT mouse embryonic fibroblast (MEF) cells, MEF
Bax/Bak DKO cells, Bax single-KO cells, or Bak single-KO cells were transfected with empty vector, GFP-Casp8p41, or GFP-Casp8p41ADED.
GFP-positive cells were analyzed for mitochondrial depolarization by TMRE staining. (B) Pooled results from three independent experiments,
with P values shown only for significant comparisons. (C) Cell membrane permeability was measured in GFP-positive cells by PI staining.
(D) Pooled results from three independent experiments, with P values shown only for significant comparisons. (E) Cell death was measured in
GFP-positive cells by TUNEL. (F) Pooled results from three independent experiments, with P values shown only for significant comparisons.

caspase 9 (F9 cells) were infected with a pseudotyped HIV-1 fection. Starting at 2 days postinfection, the viabilities of Jurkat
reporter virus (HIV-1,,, which is env and vpr minus), and cell cells and the reconstituted F9 cells decreased, whereas the
viability was measured in the infected (GFP-positive) and un- caspase 9-deficient JMR cells and the mock-infected cells re-
infected (GFP-negative) cells over the course of 6 days postin- mained more viable (Fig. 5A). Not surprisingly, the caspase
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GFP-positive population of pseudotyped GFP-HIV-1-infected cells.

9-deficient cells underwent small degrees of HIV-1-induced
cell death, likely due to other HIV-1 proteins that do not
require caspase 9 to cause death. However, the total number of
dead cells in the infected JMR culture was significantly lower
(P < 0.001) than that in the infected Jurkat and F9 cell cul-
tures. Differences in viability are not due to differences in

levels of infection; supernatant p24 levels from infected
caspase 9-deficient cell culture were comparable to those of
Jurkat and reconstituted FLAG-caspase 9-infected cultures
(126.56 ng, 170.13 ng, and 211.56 ng p24 per ml of supernatant
for Jurkat, JMR, and F9 cells, respectively [P > 0.05]); and
Casp8p41 expression levels were similar across cell lines (Fig.
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5B). The numbers of GFP-positive cells were comparable in
Jurkat and FLAG-caspase 9-reconstituted F9 cells, while the
caspase 9-deficient JMR cells had higher numbers of GFP-
positive cells, indicating more productively infected cells (Fig.
5C), consistent with previously reported observations that the
inhibition of HIV-1-induced cell death enhances productive
HIV-1 infection (8). Indeed, the HIV-1-infected Jurkat and
FLAGe-caspase 9-reconstituted F9 cells had a higher percent-
age of GFP-positive cells that were TUNEL positive than did
caspase 9-deficient JMR cells, indicating that productive
HIV-1 infection causes apoptotic cell death in the presence,
but not in the absence, of caspase 9 (Fig. 5C and D). Light
scatter analysis of the infected cell populations confirmed the
changes in cell death seen with trypan blue and TUNEL stain-
ings (Fig. SE). Rates of cell death in the GFP-negative (unin-
fected) cells were comparable in the presence or absence of
caspase 9, suggesting that the bystander mechanism(s) of cell
death is not dependent upon caspase 9 (Fig. 5C).

DISCUSSION

While there are numerous mechanisms by which CD4 T cell
numbers might be reduced during HIV-1 disease, few of these
mechanisms are HIV-1 specific (12). In the case of apoptosis
induced by HIV-1 proteins, it has been impossible to discern
the relevance of those stimuli in vivo because nothing distin-
guishes a dying cell that was stimulated to die, for example, by
Tat from one stimulated to die by Fas ligand. However, the
identification of Casp8p41 and its characteristic of being
HIV-1 specific allows measurements of its presence relative to
those of other mechanisms of cell death, in turn allowing an
assessment of its contribution to T cell death in vivo (44).
Indeed, demonstrations of Casp8p41 in peripheral blood
mononuclear cells (PBMC) and lymph nodes of HIV-1-in-
fected patients (44), its correlation with viral replication (3),
and its ability to predict CD4 T cell changes in patients alto-
gether suggest its pathophysiological relevance (13). There-
fore, it is important to gain a further understanding of the
mechanism by which Casp8p41 induces CD4 T cell death. In
the present study we have demonstrated that Casp8p41-in-
duced cell death, and, indeed, HIV-1-induced cell death, is
dependent on the linked events of Bax/Bak-dependent mito-
chondrial depolarization and the subsequent activation of
caspase 9. These findings coupled with our immunoelectron
microscopy and subcellular fractionation data provide an in-
sight into potential molecular targets for Casp8p41.

The mechanisms by which Bax and Bak are activated are
complex but can include proapoptotic BH3-only proteins, in-
cluding Bad, Bim, or Noxa, directly binding antiapoptotic pro-
teins, including Bcl-xL, Mcl-1, or Bcl-2, allowing activated Bax
and Bak to oligomerize and release cytochrome ¢ from the
mitochondria (66). Another theory suggested a direct activa-
tion of Bax/Bak via binding with BH3 proteins such as tBID
(62). No caspase has been shown to interact directly with Bax
or Bak; however, caspase interactions with other Bcl-2 family
members promote Bax/Bak-dependent apoptosis (59). For ex-
ample, Bcl-2 and Mcl-1 are cleaved by caspase 3, which dere-
presses their antiapoptotic effect and promotes Bax/Bak-de-
pendent death (7, 65). Caspase 8 causes apoptosis by cleaving
BID to tBID, which later activates Bax and Bak directly (27,
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35). Since Casp8p41 does not contain the catalytic site of
caspase 8 (44), it is unlikely to act through BID activation;
however, it may act upon other Bcl-2 family members in a
noncatalytic manner to derepress Bax and/or Bak. If true, then
the discovery of which Bcl-2 homolog interacts with Casp8p41
will have profound implications for our understanding of
HIV-1 pathogenesis and will lend important therapeutic in-
sights.

Controversy still exists as to whether infected-cell killing or
uninfected-cell killing predominates during the progression of
HIV-1 to AIDS (16, 20, 37). Favoring the uninfected cell death
argument is a plethora of data that indicate that HIV-1 can
induce bystander death, and a single paper more than a decade
old concluded that uninfected-cell death predominates based
on in situ hybridization (ISH) data that inexplicably found no
infected cells dying (17). Conversely, data supporting the im-
portance of infected-cell killing, particularly in lymphoid tis-
sues, have emerged from human and macaque experiments, as
follows. Gut biopsy specimens from HIV-1-infected patients in
the chronic phase of disease uniformly demonstrated a proin-
flammatory infiltration associated with an absence of CD4 T
cells (10) in both the large and small bowels (11, 28, 60). In
acute infection of rhesus macaques with simian immunodefi-
ciency virus (SIV), within days of infection, a similarly dramatic
depletion of gastrointestinal (GI) tract CD4 T cells was ob-
served (61). Phenotypic assessments of which gut CD4 T cells
are lost during HIV-1/SIV infection of individuals (5, 21, 33,
39, 45, 50, 51, 54) confirmed the preferential depletion of CD4
T cells and indicated that the majority of such cells express
CCRS5 and are therefore permissive to infection (30, 46). The
suggestion that the majority of these cells, which are later
depleted, are infected was confirmed by ISH for HIV-1 and
SIV during the acute phase of disease (22, 32, 39, 53) as well as
by flow cytometric sorting of defined T cell subsets followed by
quantitative PCR assays for viral DNA (4, 16). The results of
such studies confirm the overwhelming number of CD4 T cells
in the gut that are directly infected and demonstrate that gut
CDA4 T cells are 10-fold more frequently infected than CD4 T
cells in the peripheral blood (36, 40), with up to 60% of gut
CD4 T cells being directly infected (9). Conversely, in long-
term-nonprogressor populations, gut viral burden is limited,
and CD4 T cell numbers are preserved (49). Taken together,
these data confirm that in those studies that have examined
mechanisms of CD4 depletion in the gut, there is a massive
infection of CD4" T cells in the gut and that days to weeks
later, these cells are lost, implying that mechanisms of infected-
cell death are responsible. In either case, the question arises
as to why a virus would kill its host cell (19). Teleologically,
it appears that as the virus has used up the host machinery,
apoptosis is initiated, which activates NF-kB in a caspase-
dependent manner. This has the effect of (i) directly stim-
ulating viral replication, and (ii) driving a proinflammatory
cytokine cascade, which serves to activate a population of
virus-permissive target cells. Both effects have been specif-
ically demonstrated for Casp8p41 (3, 58). Furthermore,
HIV-1 proteins such as Nef activate the T cell to increase
viral production but can downregulate antiapoptotic pro-
teins such as Bcl-2 and Bcl-xL, which leaves the cell vulner-
able to other host-driven apoptotic stimuli (12, 63).

Our data also extend our understanding of caspase 8 biol-
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ogy. For several years conflicting reports variably identified
caspase 8 as either a cytosolic protein or a mitochondrial pro-
tein (38, 47). In our experience, full-length caspase 8 expres-
sion adopts a cytoplasmic or plasma membrane-associated dis-
tribution (1), yet Casp8p41 is more often mitochondrial. These
observations may be rationalized by a recent report that the
mitochondrial protein cardiolipin serves as a recruiting and
anchoring protein for caspase 8. This allows caspase 8§ to be
embedded in the mitochondrial membrane and further oligo-
merize, whereupon it cleaves BID to tBID, which in turn ac-
tivates Bax (18). These data coupled with our own suggest that
the cleavage of caspase 8, either by autoactivation or by HIV-1
protease, results in a change in the localization of caspase 8
from the cytosol to the mitochondria.

The ultimate goal of eradicating HIV-1 infection will require
both the suppression of viral replication and the removal of
latently infected viral reservoirs through the selective induction
of cell death. An increased understanding of how HIV-1 causes
infected-cell death through Casp8p41 may lead to novel strat-
egies to augment this death of all infected cells, including those
destined to become reservoirs.
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