Chemokine-receptor activation by env
determines the mechanism of death
in HIV-infected and uninfected T lymphocytes
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There is considerable confusion concerning the mechanism of lymphocyte death during HIV
infection. During the course of HIV infection, M-tropic viruses (R5) that use CCR5 chemokine
coreceptors frequently evolve to T-tropic viruses (X4) that use CXCR4 receptors. In this study we
show that activation of the CD4 or CCR5 receptor by R5 HIVenv causes a caspase 8-dependent
death of both uninfected and infected CD4 T cells. In contrast, CXCR4 activation by X4 HIVenv
induces a caspase-independent death of both uninfected CD4 and CD8 T cells and infected CD4
cells. These results suggest that activation of the chemokine receptor by HIVenv determines the
mechanism of death for both infected and uninfected T lymphocytes.

J. Clin. Invest. 107:207-215 (2001).

Introduction
Enhanced depletion of mature peripheral T cells is in
part responsible for the progressive decline of CD4 and,
in the late stages of HIV infection, of CD8 T cells. Mul-
tiple mechanisms have been proposed to explain the
depletion of peripheral T cells that fall into two broad
categories overall: “indirect” death of uninfected T cells
by apoptosis secondary to their aberrant activation and
“direct” killing of HIV-infected T cells. Furthermore, it
has been suggested that these two forms of T-cell death
are mediated by different molecular mechanisms.
Uninfected CD4 T cells may undergo apoptosis after
their aberrant activation by soluble or membrane-
bound HIVenv by CD4 (1-5). This env/CD4-dependent
activation of the T lymphocyte by HIVenv sensitizes
uninfected cells to a Fas/FasL-mediated apoptosis,
which is a caspase-dependent process (6, 7). HIVenv
also mediates apoptosis of active HIV-infected T cells
(4, 8). In contrast, this direct HIV-mediated T-cell death
is independent of caspase activation (9). Furthermore,
HIV-induced cell death of the infected cell is not antag-
onized by antiapoptotic molecules such as bcl-2 (10).
During the early stages of HIV infection, M-tropic or
R5 strains predominate. These strains use both the
CCR and CD4 receptors for viral entry and are clinical-
ly associated with a decline in CD4, but not CD8 T
cells. In later stages of infection, HIV evolves into the T-
tropic or X4 strain, which requires CXCR4 as its core-
ceptor for viral entry. This stage is clinically character-
ized by depletion of CD4 T cells and, importantly,
depletion of CD8 T cells (11-16). The apparent differ-

ent behavior of R5 and X4 strains with regard to CD4
T-cell depletion has been confirmed recently in SHIV-
infected macaques (17). While the underlying molecu-
lar basis for this observation is unknown, it suggests
that the chemokine HIV coreceptor, and hence HIVenv,
may play a major role in T-cell death.

In this study we have investigated whether HIVenv is
responsible for both the death of primary-uninfected
and HIV-infected T cells by studying the role of the
HIVenv/chemokine coreceptor interaction in mediat-
ing T-cell death.

Methods

Cells, cell-receptor stimulation, and reagents. PBMCs were
isolated by Ficoll-Hypaque from healthy blood donors,
and CD4 and CD8 cells were purified by negative deple-
tion using magnetic columns (Stem Cell Technologies
Inc., Vancouver, British Columbia, Canada) as described
previously (6), yielding CD4 (99% CD3* and 98% CD4)
and CD8 (98% CD3* and 91% CD8) T-lymphocyte pop-
ulations, as determined by using flow cytometry. Whole
blood from CCR5 A32-mutant donors was a generous
gift from Ronald Collman (University of Pennsylvania,
Philadelphia, Pennsylvania, USA).

Lymphocyte receptors were cross-linked with Ab’s as
described previously (6). Primary Ab was used at 5 pg/2
x 106 cell/ml for 1 hour at 4°C. Anti-CD4 Ab (Leu-3a)
and isotype 1gG controls were purchased from Becton
Dickinson Immunocytometry Systems (San Diego, Cal-
ifornia, USA). Anti-CXCR4 12G5 and anti-CCR5
MAB183 Ab’s were obtained form the NIH AIDS
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Research and Reference Program (Bethesda, Maryland,
USA). Recombinant soluble(s) X4 (HIV_a)) gp120 was
purchased from Protein Sciences Corp. (Bethesda, Mary-
land, USA) and incubated with lymphocytes at a con-
centration of 5 pg/2 x 106 cell/ml for 1 hour. Primary
92Ug20.9 X4 env was generously donated by Claudia
Cicola (NIH) and used at 20 nM. In some experiments,
results were confirmed using 0.5 pg/2 x 10° cells. Ab- or
gpl20-treated primary T cells were then counted and
transferred to 96-well plates in triplicate at a concentra-
tion of 105 cells/well. Cells assessed for Fas-mediated
apoptosis were further treated with anti-Fas cross-link-
ing IgM Ab (CH-11) (Upstate Biotechnology Inc., Lake
Placid, New York, USA) for 18 hours at 37°C. In some
experiments, CD4 and CD8 T cells were pretreated with
the pancaspase inhibitor Z-VAD (Calbiochem-Nov-
abiochem Corp., San Diego, California, USA), the cas-
pase 8 inhibitor Z-IETD (Calbiochem-Novabiochem
Corp.), or caspase 9 inhibitor Z-LEHD (Calbiochem-
Novabiochem Corp.) at a concentration of 20 uM at
37°C forl hour. Pertussis toxin (Calbiochem-Nov-
abiochem Corp.) was used at a concentration of 1 pug/mL
at 37°C for 1 hour. SDF1a (Becton Dickinson Immuno-
cytometry Systems) was used at 250 nM when incubat-
ed with primary lymphocytes for 1 hour at 37°C. MIP13
(Becton Dickinson Immunocytometry Systems) was
incubated with lymphocytes for 1 hour at 37°C at 1
pg/ml. Soluble sCD4 (NIH AIDS Research and Refer-
ence Program) was used at 2-100 pg/ml for 30 minutes
at 4°C when incubated with soluble gp120 or 293T-
env-expressing cells. IL-4 (R&D Systems Inc., Min-
neapolis, Minnesota, USA) was used at 10 ng for 48
hours at 37°C. Azidothymidine (AZT) was purchased
from Sigma Chemical Co. (St. Louis, Missouri, USA).

Cell-mixing experiments, cell-death analysis, and flow
cytometry. 293T cells were transiently transfected by
Fugene (Roche Molecular Biochemicals, Indianapolis,
Indiana, USA) according to manufacturer’s specifica-
tion, with an HIV-rev-expressing plasmid (pREV) and
an empty vector (SFFV), or SFFV plasmid expressing
the envelope cDNA of the R5 strain HIVrL, or the X4
strain HIVuxg (provided by D. Littman, Skirball Insti-
tute, New York University Medical Center, New York,
New York, USA). After 48 hours, the 293T cells were
harvested and mixed in suspension with CD4 or CD8
T cells at 106 293T cells/2 x 10% lymphocytes in dupli-
cate in a 24-well plate for 2 hours. T cells were then har-
vested, counted, and plated in triplicate in 96-well
plates at 105 T cells/well for 18 hours. To determine
expression of env, transfected 293T cells were lysed, sep-
arated by SDS-PAGE, transferred to PVYDF membranes,
and immunoblotted with anti-gp120 Ab’s (NIH AIDS
Research and Reference Program).

The percentage of cell mortality was calculated using
Trypan blue dye exclusion as follows: 1 - (total number
of cells viable on day 2/total number of cells viable on
day 1 immediately after stimulation) x 100. Cell death
was also confirmed in each experiment using two flow-
cytometry-based methods: cells with reduced FSC and

increased hypodiploid DNA content following propid-
ium iodide staining (18). For the flow-cytometric meth-
ods, the percentage of cell death is presented as: percent
of death in infected sample minus percent of baseline
death in noninfected sample. For terminal deoxynu-
cleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) assays, 2 x 106 CD4 T cells were incubated
with 106 293 T cells at 37°C for 24 hours. Cells were
treated with terminal deoxynucleotidyl transferase and
strained with FITC-labeled UTP according to manu-
facturer’s instructions (Coulter Beckman Electronics
Ltd., Miami, Florida, USA). In these experiments, lym-
phocytes were isolated by selectively gating on CD4*
cells in which cell death was subsequently analyzed.

To determine the expression of CD4 and chemokine
receptor, 108 T cells were stained with anti-CXCR4
(12G5)-FITC (Becton Dickinson Immunocytometry
Systems), anti-CCR5 (2D7)-FITC (PharMingen, San
Diego, California, USA), anti-CD4-phycoerythrin
(anti-CD4-PE) (Caltag Laboratories Inc., Burlingame,
California, USA), or mouse isotype controls (Becton
Dickinson Immunocytometry) as previously described
(6). Flow cytometry was performed using a FACScan
(Becton Dickinson Immunocytometry Systems), and
analysis was done using CellQuest software. Laser-scan-
ning confocal microscopy was performed using a Zeiss
LSM-510 (Carl Zeiss Inc., Thornwood, New York, USA).
Images were saved at eight bits per channel and were
analyzed for fluorescent interacting using a computer
analysis package ANALYZE (Mayo Foundation,
Rochester, Minnesota, USA).

HIV infection. Five-day-old phytohemagglutinin (PHA)
(5 ng/ml; Roche Molecular Biochemicals) and 200 U of
IL-2 (Chiron Therapeutics, Emeryville, California, USA)
treated 5 x 106 CD4 T cells were infected with the X4
HIV straingaeny and the RS HIV straingrry (NIH AIDS
Research Reference Program) (360 ng of p24) or mock
infected. Cells were thereafter passed every 3 days at a
concentration of 10° cells/ml. For some experiments
(see Figure 5b), 4- to 6-day-old HIV-infected CD4 T cells
were washed and treated with 5 uM of AZT for 6 hours,
followed or not followed by the addition of 20 uM of
the various caspase inhibitors. Eighteen hours later cells
were fixed and permeabilized (Fix and Perm; Caltag Lab-
oratories) and stained for intracytoplasmic HIV p24
using anti-p24-FITC Ab’s (Coulter Beckman Electron-
ics Ltd.). Flow cytometry was performed using FAC-
Scan, and analysis was done using CellQuest software.

Statistical analysis. Experiments from every figure were
performed in duplicate and repeated at least three
times. All measurements are presented as means and
SD’s with statistical comparisons made between condi-
tions using the Student’s t test for paired observations.

Results

Individual activation of CCR5 and CD4 in uninfected CD4 T
cells leads to a caspase 8—dependent death. To investigate
how HIVenv/chemokine coreceptor interactions may
mediate CD4 T-cell death, we first investigated whether
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R5env mediates death of uninfected T cells. Purified
resting CD4 T lymphocytes were coincubated with
293T cells expressing R5env or empty vector. R5env, as
compared with empty vector, caused CD4 T-cell death,
which was blocked by the pancaspase inhibitor Z-VAD
(Figure 1a). Because R5env interacts with both CD4
and CCR5 receptors, the function of each receptor in
mediating R5env-triggered death was investigated indi-
vidually. To study the R5env-triggered death by CCR5,
293T cells expressing R5env or empty vector were prein-
cubated with soluble CD4 (sCD4). This protein blocks
the interaction of HIVenv with membrane CD4 and
also causes a conformational change that enhances its
binding to the chemokine receptor (19-22). When
293T cells expressing R5env were treated with different
concentrations of sCD4, a caspase-dependent CD4 T-
cell death continued to be observed (Figure 1a), sug-
gesting that CCR5 mediates a caspase-dependent death
of uninfected CD4 T cells. To identify the caspase
mediating the R5env/CCR5-induced death, CD4 T
cells were pretreated with caspase 8 (Z-IETD) or caspase
9 (Z-LEHD) inhibitors immediately before their coin-
cubation with R5env-expressing 293T cells (preincu-
bated with sCD4). The fact that Z-IETD, but not Z-
LEHD, reversed the R5env/CCR5-induced death
(Figure 1a, right panel) suggests that caspase 8, but not

z

9, isinvolved in the R5env/CCR5-induced T-cell death.

To confirm that CCR5 mediates R5env-triggered
death of CD4 T cells, the cells were treated with the
natural ligand of CCR5 (MIP1) and, as control, with
the natural ligand of CXCR4 (SDF1a) before their
coculture with R5env-expressing 293T cells in the
presence or absence of sCD4. As shown in Figure 1b,
MIP1p3, but not SDFla, abrogated the caspase-
dependent death triggered by R5env in the presence of
sCD4. Both MIP1p and SDF1a treatment completely
abrogated the expression of CCR5 and CXCR4 in
these cells, respectively, as determined by using flow-
cytometric analysis (not shown) and did not cause
death (Figure 2b).

When these experiments are performed in the
absence of sCD4, thus allowing for the interaction of
R5env with both CD4 and CCRS5, neither MIP1[3 nor
SDF1a blocked the R5env-mediated caspase-depend-
ent death. This suggests that both CD4 and CCR5 indi-
vidually and independently mediate the caspase-
dependent death when activated by R5env. Additional
experiments confirmed that the CD4-mediated death
also requires caspase 8, but not caspase 9 (data not
shown and Figure 2d). The role of CCR5 and CD4 in
individually mediating caspase-dependent death was
further confirmed using cross-linking Ab’s against
each receptor (Figure 1c).

The CCR5 A32 deletion present in CD4 T cells from
HIV-seropositive individuals is associated with low or
absent HIV replication and CD4 T-cell depletion. Based
on this, we argued that CD4 T cells carrying such
homozygous deletion would be refractory to R5env-
mediated death by CCR5 but not by CD4. To test this,
CDA4 T cells from a healthy donor with a CCR5 A32
deletion were compared with those from a control indi-

Figure 1

=

CCR5 activation induces a caspase-dependent death of
CD4 T cells. (@) CD4 T cells were incubated with 293T cells
transfected with empty vector or 293T cells expressing the
HIVgre-env (R5env), either untreated or treated with soluble
CD4 at different concentrations (sCD4). 293T cells were
lysed and blotted by duo, tropic anti-gp160 to verify enve-
lope expression (left panel). CD4 T cells were left untreated,
pretreated with Z-IETD (a caspase 8 inhibitor) or Z-LHED
(a caspase 9 inhibitor) before incubation with 293T cells
expressing empty vector or R5env (right panel). (b) CD4 T
cells treated or not treated with Z-VAD, SDF1a, or MIP13
were incubated with 293T cells expressing R5env or empty
vector pretreated or not pretreated with sCD4, respectively.
(c) CDA T cells were treated with IgG-matched isotype con-
trol, anti-CD4 Leu-3a (aCD4 Ab), or anti-CCR5 MAB183
(aCCR5 Ab), followed by their cross-linking with goat anti-
mouse Ab’s. Each point was assessed for caspase-depend-
ent death (Z-VAD) as well as for Fas susceptibility (aFas).
(d) CD4 T cells from a healthy donor with the CCR5 A32
mutation or from a control donor lacking the A32 CCR5
deletion were pretreated or not pretreated with Z-VAD and

i ¥ T Nl LY L LT x| L B el : 8 .
Wt Rira Vrkr  Mine coincubated with 293T cells expressing R5env or empty vec-
NGRS cesrd  tor, pretreated or not pretreated with sCD4.
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vidual lacking such deletion with regard to the ability
of R5env to mediate CD4 T-cell death by CCR5. As
shown in Figure 1d, CCR5 A32 CDA4 T cells were killed
by R5env in the absence of sCD4. However, preincuba-
tion of R5env-expressing 293T cells with sCD4 com-
pletely abrogated CD4 T-cell death from the A32 CCR5
donor, but not from the control individual. Taken
together these data indicate that CCR5 is functional in
mediating the R5env-triggered, caspase 8—-dependent,
CD4 T-cell death independently of CDA4.

CXCR4 activation causes a caspase-independent death of
uninfected CD4 T cells. Based on our observation that
CCR5 can mediate R5env death, we questioned whether

the other HIV coreceptor (CXCR4) could exert a simi-
lar function. The 293T cells expressing the X4
HIVenvxsz) also triggered death of CD4 T cells in a
caspase-dependent manner (Figure 2a, left panel).
Because the Xd4env interacts with both CD4 and
CXCR4, we further investigated the individual role of
each receptor. Surprisingly, when X4env-expressing
293T cells were preincubated with sCD4 (allowing the
interaction between X4env and CXCR4), the death
incurred in CD4 T cells was caspase independent.

To confirm that CXCR4 can mediate a caspase-inde-
pendent death when activated by X4env, CD4 T cells
were preincubated with the CXCR4 ligand (SDF1a)
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Figure 2

CXCR4 activation induces a caspase-independent death of CD4 T cells. () CD4 T cells
treated or not pretreated with Z-VAD, SDF1a, or MIP1 were incubated with 293T
cells transfected with empty vector (vector) or HIVyxg2-env (X4env), and untreated or
pretreated soluble CD4 (sCD4) (left panel). CD4 T cells were untreated or pretreated
with Z-IETD (a caspase 8 inhibitor) or Z-LEHD (a caspase 9 inhibitor) before incuba-
tion with 293T cells expressing empty vector or X4env (right panel). (b) CD4 T cells
were untreated or treated with soluble gp120 (X4 gp120) alone or in combination with
soluble CD4 (sCD4). Some cells were pretreated with SDF1a to block CXCR4 recep-
tors. Caspase-dependent death was analyzed using Z-VAD (Z-VAD), and Fas suscep-
tibility was analyzed using treatment with anti-Fas Ab’s (aFas). (c) CD4 T cells were
preincubated or not preincubated with SDF1a and treated or not treated with solu-
ble primary (92Ug20.9) X4 gp120 that was preincubated or not preincubated with
SCDA4. (d) CD4 T cells were cross-linked with anti-CD4 Leu-3a (a«CD4 Ab), anti-CCR5
MAB 183 (aCCR5 Ab), anti-CXCR4 12G5 (aCXCR4 Ab), or matched isotype control
(IgG) and assessed for death and/or Fas susceptibility as in b in the presence or
absence of the pancaspase inhibitor (Z-VAD), caspase 8 inhibitor (Z-IETD), and cas-
pase 9 inhibitor (Z-LEHD). () CD4 T cells were preincubated with 293T expressing
or not expressing X4env preincubated or not preincubated with sCD4. Cell death was
analyzed using changes in the light scatter or by TUNEL analysis using FACS.

and, as control, with the CCR5 ligand
(MIP1p) (23-25) before their coculture with
293T cells expressing X4env in the presence
or absence of sCD4. SDFla, but not
MIP1[3, blocked the X4env-triggered (prein-
cubated with sCD4) death of CD4 T cells
(Figure 2a). However, in the absence of
sCD4, neither SDF1a nor MIP13 inhibited
the death of CD4 T cells triggered by X4env,
once more highlighting that CD4 alone can
trigger a caspase-dependent death when
activated in isolation by either R5env or
Xd4env. As expected, neither the caspase 8
nor caspase 9 inhibitor blocked the
X4env/sCD4 death of CD4 T cells (Figure
2a, right panel), and SDF1a or MIP1[3 treat-
ment did not cause CD4 T-cell death (Fig-
ure 2a) (26). Therefore, X4env can trigger a
caspase-dependent death when interacting
with CD4 but a caspase-independent one
when interacting with CXCR4. This is in
striking contrast with the R5env-mediated
death, which is caspase dependent regard-
less of its interaction with CD4 or CCR5.
The ability of X4env/CXCR4 interactions
to cause a caspase-independent CD4 T-cell
death was further confirmed by activating
CXCR4 through other ligands, such as sol-
uble X4env and anti-CXCR4 Ab’s. As shown
in Figure 2, b and c, two different soluble
X4 gpl120 (a laboratory-adapted strain, or
LAI, and a patient-derived primary X4 HIV
strain, 92Ug20.9) killed CD4 T cells in a
caspase-independent manner in the pres-
ence of sSCD4; an effect that was reversed in
the presence of SDFla. Likewise, when
CD4 T cells were incubated with anti-
CXCRA4 cross-linked Ab’s, a caspase-inde-
pendent death was observed (Figure 2d).
This contrasts with the caspase 8-depend-
ent death that ensues when CD4 T cells are
activated by CD4 or CCR5 (Figure 2d).
Both the CD4- and CXCR4-mediated
CD4 T-cell death were also evident by using
TUNEL and changes in FSC were evident
by using flow cytometry, suggesting both
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CD4- and CXCR4-triggered T-cell death are a form of
an apoptotic process, even though it is mediated by dif-
ferent molecular mechanisms.

The relationship between CXCR4 and CD4 expression influ-
ences the mechanism of uninfected CD4 T-cell death. Although
X4env binds to both CD4 and CXCR4, only a CD4 cas-
pase-dependent death is observed when X4env is incu-
bated with primary resting CD4 T cells, suggesting that
the CD4 signal overrides the CXCR4 signal. This could
be due to cross-talk between both receptors resulting in,
possibly, the desensitization of CXCR4 signaling by CD4
(27, 28) and/or to the relative expression level of each
receptor. Recent studies in HIV-infected patients demon-
strate that lymphocytes in the periphery and lymphoid
tissue have a decreased CD4/CXCR4 ratio resulting from
higher expression of CXCR4 when compared with non-
infected patients (29). This prompted us to investigate
whether upregulation of CXCR4 expression in primary
CDA4 T cells would favor a X4env-mediated, caspase-inde-
pendent death. For this purpose we used IL-4 to increase
the surface expression of CXCR4 on T lymphocytes, and
high levels of this cytokine are present in patients with
late-stage HIV infection when a predominance of X4 HIV
strains is noted (30, 31). In the absence of IL-4, X4 gp120
triggered a caspase-dependent cell death and further ren-
dered the cell susceptible to Fas-mediated apoptosis (Fig-
ure 3a). However, in the IL-4 treated CD4 T cells, X4
gp120 induced a CXCR4, caspase-independent death
(Figure 3a). Addition of SDF1a to IL-4-treated CD4 T
cells reverted the X4 gp120-mediated death to a CD4
caspase-dependent death (Figure 3a). Therefore, X4env
favors the CXCR4, caspase-independent mode of death
when CXCR4 expression is increased relative to CDA4.

Chemokine receptors are constantly cycling to the cell
surface; therefore, the percentage of CXCR4-expressing
cells at any time point may underestimate the overall level
of surface expression that is present during a 24-hour
period in which the CD4 T cells are exposed to the dif-
ferent ligands. This could account for potential differ-
ences in the degree of death observed with respect to the
chemokine receptor expression (32, 33). Using FACS and
confocal-microscopy analysis, we demonstrated that IL-
4 resulted in CXCR4 surface-expression upregulation per
individual cell, which was suppressed by SDF1a, while
not modifying CD4 surface expression (Figure 3b). While
we can not rule out the possibility that IL-4 may directly
enhance CXCR4 activity or interfere with the potential
desensitization of CXCR4 by CD4, we confirmed that IL-
4-treated or —untreated CD4 T cells remained equally
susceptible to Fas-mediated apoptosis after cross-linking
of CD4 with anti-CD4 Ab’s followed or not followed by
anti-Fas Ab treatment (data not shown).

X4env/CXCR4 interaction causes a direct caspase-inde-
pendent death of CD8 T cells. The observation that X4env,
but not R5env, triggered caspase-independent CD4 T
lymphocyte death by CXCR4 raised the possibility that
CD8 T cells may also be direct targets for X4env. This
scenario is clinically relevant because CD8 T cells,
which are important in the control of HIV infection,

are known to be progressively depleted in the late stages
of HIV infection, especially when X4 HIV strains pre-
dominate (15, 16). Purified resting CD4 or CD8 T cells
from the same donor were separately coincubated with
soluble recombinant X4 (LAI) gp120. As expected, X4
gp120 triggered death of resting, non-IL-4-treated,
CD4 T cells by a caspase-dependent mechanism and
further sensitized CD4 T cells to Fas-dependent apop-
tosis (Figure 4a). However, X4 gp120 triggered CD8 T-
cell death that was not blocked by caspase inhibitors
and did not sensitize the CD8 T cell to Fas-mediated
apoptosis (Figure 4a). CD8 T-cell death by apoptosis
was again confirmed by changes in FSC/SSC by the use
of flow cytometry (see Figure 4a legend). In this exper-
iment, the surface expression of CXCR4 was similar in
both CD4 and CD8 T cells (17% and 18%, respectively).

To demonstrate that the X4 gp120-mediated death
of primary CD8 T cells was triggered by CXCR4, puri-
fied CD8 T cells were treated or not treated with
SDF1a before the addition of X4 gp120. As shown in
Figure 4b, the caspase-independent death of CD8 T
cells triggered by X4 gp120 was significantly decreased
in the presence of SDFla, which concurrently
decreased CXCR4 expression in the same cells (Figure
4b, inset). The role of X4env/CXCR4 interactions in
mediating CD8 T-cell death through caspase-inde-
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Figure 3

CXCR4/CD4 receptor ratio determines the mode of CD4 T-cell death.
(a) Untreated, IL-4 alone, or IL-4- and SDFla-treated CD4 T cells
were incubated or not incubated (0) with soluble X4 gp120. Cells
were assessed for Fas (aFas) susceptibility and caspase-dependent
death (Z-VAD). (b) CD4 T cells from a were simultaneously stained
for CD4 and CXCR4 and analyzed using flow cytometry. CD4 T cells

stained for CXCR4 were also analyzed using confocal microscopy.
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pendent mechanisms was again confirmed using cross-
linked anti-CXCR4 Ab’s (Figure 4c).

We next investigated whether CD8 T-cell death could
result from interactions with cells expressing mem-
brane-bound X4 gp160 and whether R5env played a role
inkilling CD8 T cells. For this, X4env- or R5env-express-
ing 293T cells were incubated with either purified CD4
or CD8 T cells from the same donor in the presence or
absence of caspase inhibitors. While R5env caused a cas-
pase-dependent cell death of CD4 T cells, it did not
induce death of purified CD8 T cells (Figure 4d). Inter-
estingly, X4env-expressing cells caused a caspase-
dependent death of resting, untreated CD4 T cells and
a caspase-independent death of CD8 T cells (Figure 4d).
The expression of CCR5 in this experiment was higher
in CD8 than CD4 T cells (15% and 5%, respectively),
while CXCR4 expression was the same (15% and 14%,
respectively). As seen in Figure 3 for CXCR4, the expres-
sion level of CCR5 may underestimate the real expres-
sion present during the duration of the experiment due
to the rapid cycling of these receptors to the cell surface.
Therefore, the inability of R5env to cause CD8 T-cell
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Figure 4

CD8 T cells die by HIVenv-CXCR4 infection. (a) Purified CD4 and CD8
T cells were untreated (0) or treated with soluble X4 (LAI) gp120 and
assessed for Fas susceptibility (aFas) or caspase-dependent death (Z-
VAD). Ten percent of untreated cells, 23% of cells treated with X4
gp120, and 24% of cells treated with Z-VAD and X4 gp120 (P < 0.006)
demonstrated changes in FSC compatible with apoptosis in flow
cytometry. (b) CD8 T cells were untreated (0) or treated with SDF1a
before incubating with X4 (LAI) gp120 and analyzed for caspase-
dependent death (Z-VAD) or susceptibility to Fas-mediated apoptosis
(aFas). CD8 T cells were simultaneously analyzed using flow cytometry
for CXCR4 expression with and without SDF1a treatment (inset). (c)
CD8 T cells were cross-linked with anti-CXCR4 12G5 Ab (aCXCR4 Ab)
or matched isotype control (IgG) and assessed for Fas susceptibility
(aFas) or caspase-dependent death (Z-VAD). (d) CD4 and CD8 T cells
were mixed with 293T cells expressing empty vector (vector), HIVige.-env
(R5env), or HIVixs2-env (X4env). Cells were assessed for caspase-depend-
ent death (Z-VAD). Transfected 293T cells were lysed and blotted by
duotropic anti-gp160 Ab to verify envelope expression (inset).

death was not due to lack of CCR5 expression.

In conclusion, these findings highlight the different
molecular mechanisms whereby death of uninfected
primary T cells can be triggered by HIVenv through its
specific interaction with chemokine receptors. Fur-
thermore, our results confirm that both soluble and
membrane-bound env mediate the same cell-death
mechanisms and that X4, but not R5env, can directly
kill CD8 T cells by CXCRA4.

HIV-infected CD4 T cells die via chemokine receptor—medi-
ated mechanisms. Direct killing of HIV-infected CD4 T
cells has been proposed by some groups as a major
cause of CD4 T-cell depletion in HIV-infected patients.
This death is thought to be mediated by caspase-inde-
pendent mechanisms (9, 10). Interestingly, such con-
clusions have been determined through the use of X4
HIV strains. Our observation that HIVenv can signal
different modes of death to uninfected T cells, depend-
ing upon which chemokine receptor is activated, led us
to question whether the HIV coreceptors would also
mediate the so-called direct death of the HIV-infected
cell. If so, we would predict that R5 HIV strains would
kill CD4 T cells via caspase-dependent mechanisms, an
effect that would be reversed in the presence of the
CCR:5 ligand, MIP1p. On the contrary, we would pre-
dict that X4 HIV strains could kill via caspase-inde-
pendent mechanisms and that the death would be
blocked by SDFla, if X4 HIV-mediated death is
dependent upon the isolated interaction of X4env with
CXCR4. Such observations would bridge the two
schools of thought arguing for direct or indirect death
as being caused by separate molecular mechanisms.

CDA4 T cells were infected in parallel with R5 HIV .
rL) OF X4 HIV Lav-sry) Strains and treated or not treated
with the pancaspase inhibitor Z-VAD immediately after
infection. We observed that CD4 T cells infected with
R5 HIV died via a caspase-dependent mechanism, sim-
ilar to the mechanism of death observed in uninfected
cells after R5env interactions with CD4 and CCR5. In
contrast, CD4 T cells infected with X4-HIV died via a
caspase-independent mechanism (Figure 5a), resem-
bling the X4env/CXCR4-mediated death of uninfected
IL-4-treated cells. HIV p24 values were higher in the
culture supernatants of the R5 HIV-infected Z-
VAD-treated samples, than the R5 HIV-infected
non-Z-VAD-treated samples (Figure 5a legend), indi-
rectly reflecting the higher viability of infected cells and
hence resulting in overall higher viral load. The known
downregulation of CD4 and potential upregulation of
CXCR4 during HIV infection (29, 34-36) may shift the
CD4/CXCR4 ratio, thus favoring a predominant inter-
action between X4env and CXCR4, ultimately resulting
in a caspase-independent death. This would be similar
to the pattern observed with IL-4 treatment in the
uninfected CD4 T cells (Figure 3). The direct HIV-
mediated cell death was further confirmed by FACS
analysis (see Figure 5a legend). In addition, this exper-
iment was repeated using two other R5 (SF162) and X4
(I1B) HIV strains, yielding the same results.
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To further characterize the specific caspase involved
in the R5env-mediated death, additional experiments,
similar to those described in Figure 5a, were per-
formed, except that the HIV-infected cultures were
incubated in the presence of the selective caspase 8
inhibitor (Z-IETD) or the caspase 9 inhibitor (Z-
LEHD). As shown in Figure 5b, only Z-IETD inhibit-
ed the R5 HIV-mediated death. As expected from
results shown in Figure 5a, X4 HIV-induced CD4 T-
cell death was not blocked by either Z-IETD or Z-
LEHD. This further suggests that the death of unin-
fected and HIV-infected cells by R5env and R5 HIV,
respectively, is mediated by similar mechanisms.

To address formally whether it is the HIVenv interac-
tion with the corresponding chemokine coreceptor that
ultimately triggers death of the infected cells, we inves-
tigated whether blocking such interaction would result
in decreased HIV-mediated death. Such observation
would strongly argue for the hypothesis that it is the
HIVenv viral protein that is ultimately responsible for
the death of both uninfected and HIV-infected CD4 T
cells. To test this hypothesis, we used the natural ligand
of each chemokine receptor (MIP1p for CCR5 and
SDFla for CCR4) as inhibitors of the
HIVenv/chemokine receptor interaction. This approach
was proven to be feasible for the study of uninfected
CDA4 T cells (Figure 1b and 2b). To avoid the interfer-
ence of the corresponding chemokine with new cycles
of infection, HIV-infected CD4 T cells were first treated
with the reverse transcriptase inhibitor, AZT. As shown
in Figure 5c, the death observed in R5 HIV-infected,
AZT-treated cells was not blocked by SDF1a but was
significantly reduced by MIP13. Conversely, the death
observed in X4 HIV, AZT-treated cells was significantly
reduced by SDF1a, but not by MIP1[3. The number of
CDA4T cells expressing intracytoplasmic p24 (Figure 5d
and data not shown) was not different in the AZT-treat-
ed cells incubated or not incubated with the various
chemokines, suggesting that the chemokine effect was
exerted by interfering with the env/chemokine receptor
interaction rather than by reducing HIV infection.

To investigate whether env expressed in the HIV-infect-
ed CD4 T cells mediates the death of both the infected
and uninfected CD4 T cells present in the HIV-infected
culture, primary CD4 T-cell blasts were infected with
X4(Lav-8ru) OF R5rFL) HIV strains. On days 4-6 after infec-
tion the cells were treated with AZT to block any further
infection. This was done in a similar manner as for Fig-
ure 5¢c when 15-20% of cells were determined to be HIV
infected by intracytoplasmic p24 staining, because infec-
tion rates beyond these levels resulted in very rapid cell
death that precluded adequate analysis using flow
cytometry. After AZT treatment, half of the culture was
treated with the pancaspase inhibitor Z-VAD, and after
18 hours, cells were analyzed for intracytoplasmic p24
and apoptosis using flow cytometry. Results from these
experiments indicated that CD4 T-cell death was present
in both the uninfected (p24-) and HIV-infected (p24+)
cells (Figure 5d). As expected, the RS HIV-mediated death

of both infected and uninfected CD4 T cells was mediat-
ed via a caspase-dependent mechanism, whereas the X4
HIV-mediated death was not. The higher percentage of
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Figure 5

Infected CD4 T-cell blasts die by chemokine receptor-dependent mech-
anisms. (a) PHA and IL-2-stimulated cells were infected with X4 HIV( 4.
gru), OF RS HIV(reyy, or mock (NI) virus. Cells were counted every 2-3 days
and analyzed for cell death or by using flow cytometry changes in FSC
consistent with apoptosis and for Pl cell cycle. On day 6 of infection the
percentage of cells infected with the R5 HIV strain shown to be apop-
totic by using PI staining were 25% (- Z-VAD) and 15% (+ Z-VAD) or by
FSC were 29% (- Z-VAD) and 19% (+ Z-VAD). On day 9 of infection the
percentage of cells infected with X4 HIV shown to be apoptotic by PI
staining were 71% (- Z-VAD) and 69% (+ Z-VAD) or by FSC were 68% (-
Z-VAD) and 64% (+ Z-VAD). p24 values from the supernatants were: R5,
293(+)Z-VAD and 178(-)Z-VAD (P <0.1); X4, 41(+)Z-VAD and 40(-) Z-
VAD. SD =<10% at each data point. (b) The procedure was the same as
in a, except cells were incubated in the presence or absence of caspase 8
inhibitor (Z-IETD) or caspase 9 inhibitor (Z-LEHD). (c) PHA and IL-2
stimulated and infected with R5 HIV(r.s), or X4 HIV(av-8r), OF mock
infected were treated with AZT for 6 hours on day 3 of X4 HIV infection
and on day 6 of R5 HIV infection. Thereafter, cells were extensively
washed and incubated in the presence or absence of SDF1a or MIP1[,
and cell death was analyzed 24 hours later. (d) Chemokine-receptor acti-
vation mediates death of directly HIV-infected and -uninfected CD4 T
cells. PHA and IL-2-stimulated cells were infected with R5 HIV(rf), Or
X4 HIV av-griy, Or mock infected (NI). On day 4 for X4 HIV infection and
day 6 for R5 HIV infection, cells were treated with AZT, and half the pop-
ulation was treated with Z-VAD; 18 hours later cells were stained for
intracytoplasmic p24. The percentage of p24+ cells and apoptotic cells,
as determined changes by FSC, were analyzed by using flow cytometry.
The percentage of p24+ in the R5 HIV infection of T cells was 11% and
15% in the X4 HIV infection (+). SD = <10% at each data point.
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death observed in the uninfected versus infected cells
within the X4 HIV-infected cultures is a function of the
experimental design, because in later, postinfection times
a higher degree of death is observed in the p24+ cells.
Therefore, HIVenv activation of the chemokine receptors
mediates the death of both infected as well as uninfected
CDAT cells present within the same HIV infected culture.

Taken together, these results indicate that the inter-
action of the HIVenv with the corresponding
chemokine coreceptor mandates the molecular mech-
anism of T-cell death in both the uninfected bystander
and HIV-infected T cells.

Discussion

Nearly a decade ago, HIVenv was proposed and con-
firmed as an HIV protein responsible for the direct
killing of HIV-infected CD4 T cells (4). Soon after, it
became clear that the env, either in a soluble or mem-
brane-bound form, could also mediate death of unin-
fected bystander T cells (2-6). The recent identification
of the HIV coreceptors has presented the opportunity
to study their role in the HIVenv-mediated death. Our
results have highlighted that the specific HIVenv-core-
ceptor interaction dictates the molecular mechanisms
of T-cell death. Moreover, we have found a striking sim-
ilarity between how HIV-infected cells and uninfected
T cells die. Specifically, CCR5 activation induced a cas-
pase-dependent death of both infected and uninfected
CD4 T cells, and CXCR4 activation by X4env caused a
caspase-independent death of both infected and unin-
fected CD4 T cells and uninfected CD8 T cells. This
may explain the conclusions drawn by several studies
arguing for a lack of caspase-mediated death of HIV-
infected cells when X4 HIV strains were used. The
bifunctional role of X4 env in causing a caspase-
dependent death when interacting with the CD4 recep-
tor, but a caspase-independent death when interacting
with the CXCRA4 receptor, highlights the separate roles
of these two receptors in mediating lymphocyte death.
Furthermore, these results are consistent with recent
observations arguing that X4env is capable of mediat-
ing caspase-dependent death (37). Also, our results
could explain the differences in rate and location of
CD4 T-cell depletion by R5 or X4 SHIV-infected
macaques, reported by Harouse et al. (17).

The peripheral T-cell depletion characteristic of HIV
infection is thought to be due, at least in part, to death
of uninfected T cells. The death of these uninfected T
cells has been shown to occur in lymphoid tissue from
HIV-infected patients when contacted by an HIV-
infected cell (5). Our results suggest this may be
explained by membrane-env-triggered death. In addi-
tion, soluble gp120 produced within the infected lym-
phoid tissue could also directly kill or sensitize the T
cell to subsequent death. We have demonstrated that
CD4 T-cell death occurs in both the HIV-infected and
uninfected cells within the HIV-infected culture. Inde-
pendently of the exact proportion of infected versus
uninfected cell dying, our results clearly support that

env-mediated killing by the corresponding chemokine
receptor mandates the form of death for both infected
and uninfected cells present in the HIV-infected cul-
ture. From previous studies that calculated the amount
of viral proteins present in lymphoid tissue, concen-
trations of soluble gp120 ranging between 120 and 960
ng/mL may exist in the lymph nodes of HIV-infected
individuals (38-40). In fact, we performed dose-
response studies of soluble gp120 and found that con-
centrations as low as 500 ng/mL were sufficient to
mediate significant T-cell death (P < 0.006).

Our results also raise the possibility that CD8 T cells
may be depleted in vivo if enough X4env-expressing
infected T cells or soluble X4env are present within lym-
phoid tissue. Previous studies have demonstrated that
CDB8T cells, in addition to CD4 T cells, undergo apop-
tosis in lymphoid tissue from HIV-infected patients (5,
41, 42). The conclusion of such studies has been gener-
ally that CD8 T-cell death is secondary to their aberrant
activation. An alternative explanation is that they are
actively dying by X4env/CXCR4 interactions. Support-
ive evidence for this line of reasoning could result from
determining whether R5 HIV-infected lymphoid tissue
does not contain CD8 T-cell death, whereas X4 HIV
does. However, our results contradict, in part, other
studies that report that X4env indirectly triggers death
of CD8 T cells by macrophage production of TNF (16).
Using highly purified CD8 T cells in which every effort
was made to limit monocyte contamination, we have
shown that caspase inhibitors did not block
X4env/CXCRA4-triggered CD4 T-cell death, arguing
against a role for TNF-mediated death in our studies,
and hence of any effector monocyte contamination,
because TNF-mediated death is caspase dependent. We
believe that definitive proof that X4env mediates CD8
T-cell death will require analysis of lymphoid tissue of
X4 HIV-infected patients because in vitro cultures of
primary T cells, or even ex vivo infection of lymphoid
tissue, may not ultimately reflect the true in vivo situ-
ation. This is important when considering AIDS patho-
genesis, because CD8 T cells are key in the control of
this chronic viral infection. The depletion and
increased uncompensated turnover of CD8 T cells
observed in the late stages of HIV infection, when more
X4 strains may be present, will hinder the immune
clearance of the virus.

The ratio of CD4 to chemokine-receptor expression
may also be an important factor regulating T-cell death,
especially in infected cells or those contacted by X4 HIV
or Xdenv, respectively. Recently, several groups have
described cell death by this CXCR4 mechanism in neu-
rons and T cells (26, 43, 44). Therefore, this
X4env/CXCR4 mechanism of death has profound impli-
cations for not only peripheral T-cell depletion, but also
neuronal loss and AIDS-related dementia during the late
stages of HIV infection. Another novel aspect of our
results is the apparent protective role that CD4 may play
in CXCR4-mediated death. The well-documented down-
regulation of CD4 in HIV-infected cells may explain why
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membrane-bound X4env can interact easily with CXCR4
on the surface of the infected T cell. In uninfected T cells,
the upregulation of CXCR4, as shown recently to be the
case in T cells from lymphoid tissue in HIV-infected
patients, may suffice to alter the CD4/CXCR4 ratio to
favor X4env/CXCR4 interactions.

The results of this study improves our understand-
ing of the pathogenesis of HIV-mediated T-cell death.
Specifically, we have shown that different death-prone
signaling pathways are triggered by HIVenv interact-
ing with its receptors and thereby clarifying the sig-
nificant confusion existing as to how T cells die in the
context of HIV infection.
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