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Effects of Antiretroviral Drugs on Human Immunodeficiency Virus
Type 1-Induced CD4⫹ T-Cell Death
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Apoptosis of peripheral blood T cells plays an important role in the pathogenesis of human immunodeficiency virus (HIV) infection. In this study, we found that HIV type 1 (HIV-1) primes CD4ⴙ T cells from healthy
donors for apoptosis, which occurs after CD95 ligation or CD3–T-cell receptor (TCR) stimulation. CD95mediated death did not depend on CD4 T-cell infection, since it occurred in the presence of the reverse
transcriptase inhibitor didanosine (ddI). In contrast, apoptosis induced by productive infection (CD3-TCR
stimulation) is prevented by both CD95 decoy receptor and ddI. Our data suggest that HIV-1 triggers at least
two distinct death pathways: a CD95-dependent pathway that does not require viral replication and a viral
replication-mediated cell death independent of the CD95 pathway. Further experiments indicated that saquinavir, a protease inhibitor, at a 0.2 M concentration, decreased HIV-mediated CD95 expression and thus
cell death, which is independent of its role in inhibiting viral replication. However, treatment of peripheral
blood mononuclear cells from healthy donors with a higher concentration (10 M) of an HIV protease
inhibitor, saquinavir or indinavir, induced both a loss in mitochondrial membrane potential (⌬⌿m) and cell
death. Thus, protease inhibitors have the potential for both beneficial and detrimental effects on CD4ⴙ T cells
independent of their antiretroviral effects.
The depletion of CD4⫹ T cells is a major determinant of
pathogenicity in human immunodeficiency virus type 1 (HIV-1)
infection. In primate models of HIV and simian immunodeficiency virus (SIV) infection there is a correlation between enhanced T-cell apoptosis and pathogenesis (1, 13, 14, 21). Both
spontaneous and activation-induced apoptosis occur in T cells
obtained from HIV-1-infected individuals (1, 14, 18, 31, 40, 43,
55). The magnitude of apoptosis correlates with the stage of HIV
disease (33, 44, 47, 48, 59). However, the fact that the viral load
established soon after infection correlates with the rate of CD4
T-cell loss and the development of AIDS (higher viral load set
point means higher CD4 T-cell loss and faster AIDS progression)
(37) supports the idea that active HIV-1 replication directly contributes to the depletion of CD4⫹ T cells. This depletion may be
related in part to apoptosis, as in vitro studies have shown that
HIV-1 replication induces apoptosis in T-cell lines and proliferating primary CD4⫹ T cells stimulated with phytohemagglutinin–
interleukin-2 (IL-2) (19, 20, 30, 39, 56). Among potential mechanisms involved in CD4 T-cell depletion during HIV infection,
CD95 and its counterpart CD95L have been proposed to play a
major role. T cells from HIV-1-infected persons show enhanced
cell surface expression of CD95 and exhibit increased susceptibility in vitro to CD95-mediated death, which can be induced either

by an agonistic anti-CD95 antibody or by a soluble CD95 ligand
(CD95L) (7, 8, 15, 17, 27, 28, 49, 52, 53, 60). However, HIVmediated death of productively infected CD4⫹ T cells in vitro has
been found to be independent of CD95-CD95L interactions (19,
20, 39, 41, 42).
Highly active antiretroviral therapy produces significant immune system reconstitution with sustained increases in circulating CD4⫹ T cells after a rapid drop in plasma viral RNA (12,
22, 23) followed by a decrease of apoptotic cells (4–6, 11, 26,
29). However, it has been reported that HIV antiretroviral
drugs, in addition to exerting antiviral effects, may have a direct
effect on immune cells. The HIV protease inhibitor ritonavir,
in addition to modulating proteasome activity and major histocompatibility complex class I-restricted presentation (3), prevented apoptosis and caspase 1 expression in cultures of CD4⫹
T cells from both healthy controls and HIV-infected individuals (45, 50, 51).
We report that incubation of T cells from healthy donors
with HIV-1, in the absence of any T-cell stimulation, is
sufficient to induce CD95 expression and prime the cells for
CD95- or CD3-mediated cell death. Didanosine (ddI) had
no effect on CD95-mediated CD4 T-cell death but did decrease activation-induced T-cell death (AICD) parallel with
viral inhibition. In the presence of 0.2 M saquinavir
(SQV), we observed a reduction in T-cell death induced by
CD95 ligation partly through the decrease of CD95 surface
expression, but in the presence of a higher concentration (10
M), there was a loss of mitochondrial membrane potential
and subsequent toxicity to monocytes and CD4⫹ T cells.
Our data indicate that antiretroviral drugs exert potent ef-
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fects on HIV-mediated T-cell death dependent and independent of T-cell infection.
MATERIALS AND METHODS
Reagents. Murine anti-human CD3 (UCHT1) and CD95 (CH11 and 7C11)
were from Coulter Corporation, Miami, Fla.; CD14, CD19, CD56, and CD8
antibodies were from Pharmingen, San Diego, Calif. Soluble CD95 receptor
decoy (human CD95-Fc immunoglobulin [Ig] fusion protein) was a gift from C.
Ware (La Jolla Institute for Allergy and Immunology, La Jolla, Calif.). Fluorescein isothiocyanate (FITC)-labeled CD95 monoclonal antibody (MAb; UB2,
IgG1 isotype) and PC5-labeled CD4 MAb (13B8.2) were from Coulter Corporation, and PerCP-labeled CD8 MAb (Leu 2a) was from Becton Dickinson,
Mountain View, Calif.; recombinant human IL-2 was kindly provided by Chiron
Corporation (Emeryville, Calif.). As a peptide competitive inhibitor of the
caspases, zVAD-fmk, an irreversible broad caspase inhibitor (Bachem), was
utilized. Other reagents were annexin V-FITC (Boehringer Mannheim, Indianapolis, Ind.), DiOC6 (Molecular Probes, Eugene, Oreg.); ddI, a reverse transcriptase inhibitor (Sigma, St. Quentin, France); and SQV and indinavir (IDV),
two HIV protease inhibitors.
Cells and culture conditions. Heparinized venous peripheral blood was obtained from HIV-seronegative healthy donors. Peripheral blood mononuclear
cells (PBMC) were isolated from these samples by Ficoll-Hypaque density gradient centrifugation and then cultured in RPMI 1640 (Gibco/BRL, Gaithersburg,
Md.). They were supplemented with 10% heat-inactivated fetal bovine serum
(Summit Biotechnology, Greeley, Colo.), 2 mM L-glutamine, 1 mM sodium
pyruvate (Gibco), and penicillin-streptomycin (Gibco). When indicated, purified
CD4⫹ T cells were obtained by depleting PBMC of B cells, NK cells, and CD8⫹
T cells by using CD19, CD56, and CD8 MAbs and magnetic beads coated with
anti-mouse IgG (Dynal, Lake Success, N.Y.). PBMC were incubated in the
absence or presence of HIV at the indicated multiplicity of infection (MOI) for
2 h at 37°C, washed, and then cultured for 4 days in the absence or presence of
HIV drugs (ddI, SQV, and IDV). Where indicated, cells were then incubated
with either the agonistic CD95 MAb or the anti-CD3 MAb.
T-cell proliferation. CD4⫹ T cells were cultured in 96-well culture plates (Becton
Dickinson) at 5 ⫻ 104/ml for T-cell proliferation. Antibodies (anti-CD28, 1 g/ml;
anti-CD3, 1 g/ml) were used in solution. Cells were cultured for 3 days, pulsed
overnight with [3H]thymidine (0.5 Ci; Amersham), and harvested before scintillation counting.
Virus preparation. High-titered stocks of HIV-1LAI (106 50% tissue culture
infective doses/ml) were prepared by inoculating CEM at an MOI of 0.001
followed by culture for 10 days. Ten milliliters of this culture was added to 400
ml of uninfected CEM (5 ⫻ 105 cells/ml) and grown for 5 to 7 days until
abundant syncytia were present. The cells were pelleted (300 ⫻ g for 10 min) and
then resuspended in 1/100 of the initial volume for 8 h. The supernatant was
clarified by centrifugation (800 ⫻ g for 10 min). HIV p24 antigen was measured
by an enzyme immunoassay as described by the manufacturer (Abbott Laboratories, North Chicago, Ill.).
Measurement of cell death. Live cells were counted in duplicate by light
microscopy using trypan blue dye exclusion. Phosphatidylserine exposure of
dying cells was identified by using FITC-conjugated annexin V (R&D Systems,
Abingdon, United Kingdom) and two-color flow cytometry (16). Briefly, cells
were first stained by incubating them with labeled antibodies, washed with phosphate-buffered saline, and then incubated again in binding buffer with FITCannexin V (20 min, 4°C), according to the manufacturer’s instructions. The
percentage of dying CD4⫹ T cells was calculated as follows: [CD4⫹ annexin⫹/
(CD4⫹ annexin⫹ ⫹ CD4⫹ annexin⫺)] ⫻ 100. The percentage of dying cells was
also assessed by flow cytometry using DiOC6, which measures loss in mitochondrial membrane potential (⌬⌿m).
RNase protection assay. The CD95L RNase protection assay was performed
as described by the manufacturer (Ambion, Austin, Tex.). CD95L cDNA was
kindly provided by S. Nagata (Osaka Bioscience Institute, Osaka, Japan). ␤-Actin was used as a control. Twenty micrograms of total RNA was hybridized with
radiolabeled antisense RNA transcripts, prior to digestion with RNase T1. The
samples were separated by urea-sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and then the gels were exposed to X-ray film.
Cell surface staining. Two-color flow cytofluorometry was performed by
costaining cells with directly labeled MAbs (including isotype controls). Lymphocytes were gated under forward and side scatter light parameters.
Statistical analysis. Statistical significance was calculated by Student’s t test.

FIG. 1. HIV-1LAI-induced CD95 expression. (A) CD95 expression
in CD4⫹ T cells of an uninfected individual (HIV⫺) and an HIVinfected (HIV⫹) individual assessed by two-color flow cytometry using
CD4- and CD95-labeled antibodies. Numbers indicate percentages in
each quadrant. (B) PBMC from a healthy donor were incubated for 2 h
in the absence (None) or presence of HIV-1LAI at different MOIs
(0.001, 0.01, or 0.1) and then washed and further incubated for 4 days
in medium alone. CD95 expression was assessed in CD4⫹ T cells by
two-color flow cytometry. Numbers indicate percentages in each quadrant. (C) The proportion of CD4⫹ T cells expressing CD95 was calculated as follows: [CD4⫹ CD95⫹/(CD4⫹ CD95⫹ ⫹ CD4⫹ CD95⫺)] ⫻
100. Results are the means ⫾ standard deviations of four independent
experiments. Statistical significance was assessed by Student’s t test (ⴱ,
P ⬍ 0.05; ns, no significant statistical difference).

RESULTS
HIV-1 primes quiescent healthy donor CD4ⴙ T cells for
death in response to CD95 and CD3–T-cell receptor (TCR)
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FIG. 2. HIV-1LAI-mediated priming of CD4⫹ T cells for CD95-induced death. (A) PBMC were incubated for 2 h in the absence (None) or
presence of HIV-1LAI (MOI of 0.01), and cells were washed and incubated for 4 days in medium alone (Medium) or in the presence of an agonistic
CD95 MAb (1 g/ml) (CD95 MAb). Numbers indicate percentages in each quadrant. Dying CD4⫹ T cells were assessed by two-color flow
cytometry, with PC5-labeled CD4 MAb and FITC-labeled annexin V. (B) The percentage of dying CD4⫹ T cells was calculated as follows: [CD4⫹
annexin⫹/(CD4⫹ annexin⫹ ⫹ CD4⫹ annexin⫺)] ⫻ 100. Results are the means ⫾ standard deviations of three independent experiments. Statistical
significance was assessed by Student’s t test (ⴱ, P ⬍ 0.05; ns, no significant statistical difference). (C) Purified CD4⫹ T cells were incubated for 2 h
in the absence (E) or presence (F) of HIV-1LAI (MOI of 0.01) and then washed and incubated for 4 days in medium alone (⫺) or in the presence
(⫹) of an agonistic CD95 IgM MAb (1 g/ml). Percentages of dying CD4⫹ T cells were assessed by two-color flow cytometry, with CD4 MAb and
annexin V, and were calculated as follows: [CD4⫹ annexin⫹/(CD4⫹ annexin⫹ ⫹ CD4⫹ annexin⫺)] ⫻ 100. Each symbol represents one individual
donor, and bars represent mean values in each group. Statistical significance was assessed by Student’s t test (ⴱ, P ⬍ 0.05; ns, no significant statistical
difference). (D) Caspase inhibitor decreased CD95-mediated T-cell death. CD4⫹ T cells were incubated for 2 h in the absence (䊐) or presence
(■) of HIV-1LAI (MOI of 0.01) and then washed and further incubated in medium alone for 4 days. CD4⫹ T cells were then further incubated
for 18 h in the absence (⫺) or presence (⫹) of 1 g of agonistic anti-CD95 (CD95 MAb) per ml and in the absence (⫺) or presence (⫹) of a 2
M (“2”) or a 20 M (“20”) concentration of the broad caspase inhibitor zVAD-fmk. Percentages of dying CD4⫹ T cells were assessed by flow
cytometry with annexin V. The percentage of dying CD4⫹ T cells was calculated as follows: [CD4⫹ annexin⫹/(CD4⫹ annexin⫹ ⫹ CD4⫹ annexin⫺)]
⫻ 100. Results are the means ⫾ standard deviations of three independent experiments. Statistical significance was assessed by Student’s t test (ⴱ,
P ⬍ 0.05).

ligation. Since HIV-1 replication is promoted by T-cell activation and proliferation, HIV-1-mediated T-cell death has been
mainly explored in productively infected cultures of proliferating T cells. In HIV-1-infected persons viral replication is
continuous, but the vast majority of T cells are in a noncycling
state, and while they are continuously exposed to high concentrations of viral particles, only a small proportion of the particles are infectious (46). Thus, contact and/or penetration of
noninfectious particles (without replication) could be sufficient
to induce dysregulation in cell death programs, leading thereafter to CD4 T-cell apoptosis.
To investigate if T cells can be primed for death by HIV, we
incubated quiescent healthy donor PBMC in vitro with HIV1LAI for 2 h, followed by washing and further incubation for 4

days in medium alone, in the absence of any additional T-cell
stimulus. Since HIV-infected individuals have an increased
proportion of CD4⫹ T cells expressing the CD95 receptor (7,
15, 17, 28) (Fig. 1A), which show an enhanced in vitro sensitivity to death induced either by CD95 ligation or by CD3-TCR
stimulation, we first assessed CD95 expression in our model.
We showed an increase in the proportion of CD4⫹ T cells
expressing CD95 determined by flow cytofluorimetric analysis.
This increase was proportional to the HIV-1 inoculum used
(Fig. 1B and C). Whereas healthy adult donor PBMC have
around 60% of CD4⫹ T cells expressing CD95, PBMC in our
experiment increased their CD95 expression to nearly 100%
when they were incubated with HIV-1LAI at an MOI of 0.1
(Fig. 1C). In addition, the percentage of these CD4⫹ T cells
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FIG. 3. HIV-1LAI-mediated priming of CD4⫹ T cells for CD3-induced death. (A) HIV-1-mediated priming of CD4⫹ T cells for CD3induced T-cell death. PBMC were incubated for 2 h in the absence
(open bars) or presence (solid bars) of HIV-1LAI (at an MOI of 0.01)
and then washed and further incubated in medium alone for 4 days.
CD4⫹ T cells were then purified, by negative selection, and then
cultured for 18 h in the absence (⫺) or presence (⫹) of CD3 MAb (1
g/ml) and in the absence (⫺) or presence (⫹) of a soluble CD95
decoy receptor (human CD95-Fc Ig fusion protein) (10 g/ml). Percentages of dying CD4⫹ T cells were assessed by flow cytometry with
annexin V and were calculated as follows: [CD4⫹ annexin⫹/(CD4⫹
annexin⫹ ⫹ CD4⫹ annexin⫺)] ⫻ 100. The results for one typical
experiment out of three performed in duplicate (means ⫾ standard
deviations) are shown. (B) Expression of CD95L mRNA was assessed
by an RNase protection assay in purified CD4⫹ T cells (107 cells)
isolated from PBMC incubated for 4 days earlier in the absence (open
bars) or presence (solid bars) of HIV-1LAI. CD4⫹ T cells were then
further incubated for 6 h in the absence (⫺) or presence (⫹) of CD3
MAb (1 g/ml).

becoming sensitive to CD95 antibody-induced death increased
proportionally to the viral inoculum used (MOI, 0.001 to 0.1)
(Fig. 2A and B). In order to exclude the possibility that priming
of CD4⫹ T cells in the cultures resulted from monocytes and
CD8⫹ T cells, we purified CD4⫹ T cells by negative selection
prior to incubation with HIV-1LAI. Purified CD4⫹ T cells incubated with HIV-1LAI (MOI, 0.01) for 2 h also became sensitized to anti-CD95 treatment (Fig. 2C). CD4 T-cell death in
response to CD95 ligation was dependent on caspase activation (24), since 1 h of preincubation with the broad caspase
inhibitor zVAD-fmk, prior to CD95 antibody treatment, significantly reduced CD95-mediated CD4 T-cell death (Fig. 2D).
Two hours of incubation with HIV-1LAI also primed CD4⫹ T
cells for death following CD3 stimulation (Fig. 3A). RNase
protection assay of CD95L expression indicated that neither
the 4-day incubation with HIV-1LAI nor the subsequent CD3
stimulation (at least during the first 6 h) increased the baseline
mRNA level of expressed CD95L (Fig. 3B). However, CD3induced CD4 T-cell death was reduced by pretreatment with a
CD95 decoy receptor (Fig. 3A), suggesting that CD95 engagement by CD95 ligand was involved in activation-induced cell
death. Since the cellular localization of CD95L is mainly cytosolic (9), these data suggest a possible relocalization of CD95L
protein from cytosolic to membrane fractions following T-cell
activation, favoring CD4 T-cell death.
HIV protease inhibitors induce cell death of PBMC from
healthy donors. HIV protease inhibitors act during the late stage
of the HIV-1 viral cycle by inactivating the HIV-1-encoded aspartyl protease and preventing the cleavage of Gag and Gag-Pol
proteins, thereby inhibiting the production of mature infectious
HIV-1 virions (35, 36). Treatment with ritonavir in vitro has been
reported to markedly decrease apoptosis of both HIV-infected

and uninfected T lymphocytes and polymorphonuclear leukocytes, suggesting that HIV protease inhibitors may improve immune function by reducing induction of apoptosis (34, 45, 50, 51).
We treated PBMC from HIV-seronegative healthy donors with
increasing concentrations of IDV, SQV, or ddI for 3 days and
monitored T-cell proliferation and cell death. Both IDV and SQV
decreased T-cell proliferation mediated by CD3 MAb in three
independent experiments performed with healthy donor cells
with a mean decrease for SQV of 53% ⫾ 15% and a mean
decrease for IDV of 48% ⫾ 12% (Fig. 4A). Moreover, in the
absence of T-cell activation, we observed that 10 M IDV and
SQV induced a loss in membrane mitochondrial potential (⌬⌿m)
as assessed by flow cytometry using DiOC6 (Fig. 4B and C).
There was no effect detected at 1 or 0.2 M (Fig. 4C). The
phenotype of dying cells without T-cell activation was confirmed
by flow cytometry using FITC-conjugated annexin V (Fig. 4D). In
contrast to ddI, treatment with protease inhibitors (IDV and
SQV) at 10 M induced monocyte and CD4 T-cell death with no
major effect on CD8⫹ T-cell viability (Fig. 4D).
HIV protease inhibitor-mediated effect on CD4 T-cell death
induced by CD95 and CD3-TCR ligation. To further examine
the role of these drugs in HIV-1-mediated dysregulation of
programmed cell death, resting PBMC from healthy donors
were incubated for 2 h with HIV-1 (MOI of 0.01) and incubated for 4 days in the absence or presence of ddI or SQV (Fig.
5A). Treatment with SQV decreased CD95-induced CD4⫹
T-cell death, while ddI had no effect (Fig. 5B and D). Analysis
of CD95 expression indicated that the proportion of CD4⫹ T
cells expressing CD95 was decreased in the cells exposed to
SQV compared to in vitro treatment with ddI or medium alone
(Fig. 5C). Altogether, these data suggest that SQV decreased
CD95-mediated cell death in primary CD4⫹ T cells incubated
with HIV, possibly via the inhibition of CD95 expression.
IL-2, a TH1 cytokine, has been previously reported to modulate CD95-mediated CD4 T-cell death in both HIV-infected
individuals and SIV-infected macaques (15–17). In vitro treatment with IL-2 decreased CD95-mediated T-cell death, and
this effect was enhanced by the addition of SQV or ddI. CD3induced T-cell death was enhanced with the addition of IL-2,
and this enhancement was also diminished in the presence of
ddI or SQV. T-cell activation with CD3 MAb in combination
with CD28 MAb also caused an increase in cell death concomitant with an increase in viral production. HIV-infected CD4⫹
T cells exposed to ddI allowed higher T-cell proliferation in the
absence of viral production, suggesting that in this context viral
replication mediated cell death. This was assessed by thymidine incorporation (Fig. 6A), CD4 T-cell counts (Fig. 6B), and
p24 antigen production (Fig. 6C). However, when activated
CD4⫹ T cells were pretreated with ddI in the presence of a
CD95 decoy receptor, the level of T-cell proliferation was
similar to that in T cells from healthy donors (Fig. 6D). These
data suggest that both a CD95-dependent pathway and viral
replication-mediated cell death (independent of CD95) are
operating in HIV-mediated CD4 T-cell depletion.
DISCUSSION
In this study, we have shown that incubation of CD4⫹ T cells
with HIV-1 induces CD95 expression and sensitizes the cells to
undergo apoptosis in response to CD95 ligation or CD3 acti-
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FIG. 4. Effects of HIV drugs on PBMC from healthy donors.
(A) PBMC were incubated in the absence (None) or presence of ddI,
SQV, and IDV, at different concentrations (10 and 1 M). After 1 h of in
vitro treatment, PBMC were stimulated with CD3 MAb (1 g/ml). T-cell
proliferation was assessed after 3 days. Data represent one typical experiment out of three performed in triplicate (means ⫾ standard deviations).
TdR, thymidine. (B) Loss in mitochondrial membrane potential (⌬⌿m)
in dying cells. ⌬⌿m was assessed by flow cytometry with DiOC6 at day 3
from unstimulated PBMC. Numbers indicate percentages of ⌬⌿m loss.
PBMC were incubated in the absence (None) or presence of ddI (10 M),
SQV (10 M), and IDV (10 M). (C) PBMC were incubated in the
absence (0 M) or presence of ddI (䊐), SQV (F), and IDV (E), at
different concentrations (10, 1, and 0.2 M). Results are the means of
three independent experiments (means ⫾ standard deviations). Statistical
significance was calculated by comparing the percentage of ⌬⌿m loss in
treated cells with the percentage in the untreated cells by Student’s t test
(ⴱ, P ⬍ 0.05; ns, no significant statistical difference). (D) PBMC were
incubated either in the absence (0) or in the presence of ddI, SQV, and
IDV at 10 M. Specific monocyte (solid bars), CD4 (open bars), and CD8
(hatched bars) T-cell death was assessed after 3 days by two-color flow
cytometry with annexin V. Results are the means of three independent
experiments (means ⫾ standard deviations). Statistical significance was
calculated by comparing the percentage of annexin V-positive cells in
treated culture of a particular phenotype with the percentage in the
untreated culture by Student’s t test (ⴱ, P ⬍ 0.05; ns, no significant
statistical difference).

FIG. 5. HIV drugs decreased CD95 and CD3-mediated cell death.
(A) Schedule of experiment. (B) PBMC were incubated for 2 h in the
absence (open bars) or presence (solid bars) of HIV-1LAI (MOI of 0.01),
and cells were washed and incubated in the absence (None) or presence
of ddI (5 M) and SQV (0.2 M). CD4⫹ T cells were purified and then
cultured for 18 h in the absence (Medium) or presence of CD95 MAb (1
g/ml). Results are the means of three independent experiments (means
⫾ standard deviations). Statistical significance was assessed by Student’s t
test (ⴱ, P ⬍ 0.05; ns, no significance). (C) CD95 expression of CD4⫹ T
cells from PBMC of healthy donors incubated for 2 h in the absence (open
bars) or presence (solid bars) of HIV-1LAI (MOI of 0.01), for 4 days in
medium alone (None) or in the presence of drugs (ddI and SQV). CD95
expression was assessed in CD4⫹ T cells by two-color flow cytometry. The
proportion of CD4⫹ T cells expressing CD95 was calculated as follows:
[CD4⫹ CD95⫹/(CD4⫹ CD95⫹ ⫹ CD4⫹ CD95⫺)] ⫻ 100. Results are the
means of three independent experiments (means ⫾ standard deviations).
Statistical significance was assessed by Student’s t test (ⴱ, P ⬍ 0.05; ns, no
significance). (D) CD4⫹ T cells were isolated as described for panel B and
further cultured for 18 h in the presence of CD95 MAb (1 g/ml) or CD3
MAb (1 g/ml) in the absence (CD3 and CD95) or presence of IL-2 (CD3
IL-2 and CD95 IL-2) (20 ng/ml). Cell death was assessed by flow cytometry with annexin V. The percentage of dying CD4⫹ T cells was calculated
as follows: [CD4⫹ annexin⫹/(CD4⫹ annexin⫹ ⫹ CD4⫹ annexin⫺)] ⫻ 100.
Results are the means of two independent experiments (means ⫾ standard deviations).
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FIG. 6. T-cell proliferation is restored in the presence of ddI and
CD95 decoy receptor. CD4⫹ T cells were incubated with HIV-1LAI and
purified as described for Fig. 5B. Cells were incubated in the absence
(open bars) or presence (solid bars) of 5 M ddI added at day 0 and
day 2. CD4⫹ T cells were further stimulated in the absence (Med) or
presence of CD3 MAb (1 g/ml) or CD3 with CD28 MAbs (CD3
CD28) (1 g/ml each). At day 3, T-cell proliferation (A), T-cell counts
(B), and p24 antigen production (C) were assessed. (A) T-cell proliferation was determined by [3H]thymidine (TdR) incorporation. Results are the means of three independent experiments (means ⫾ standard deviations). (B) T-cell counts were assessed by light microscopy.
Results are the means of three independent experiments (means ⫾
standard deviations). (C) Enzyme-linked immunosorbent assay specific
for p24 antigen was used to assess viral production. Results are the
means of three independent experiments (means ⫾ standard deviations). Statistical significance was assessed by Student’s t test (ⴱ, P ⬍
0.05; ns, no significant statistical difference). (D) PBMC were incubated for 2 h in the absence (open bars) or presence (filled bars) of
HIV-1LAI (at an MOI of 0.01) and then washed and further incubated
in medium alone (None) or in the presence of ddI for 4 days. CD4⫹ T
cells then were purified, by negative selection, and cultured for 18 h in

vation. Our data also indicate that AICD was reduced by a
CD95 decoy receptor and ddI. Thus, at least two processes of
AICD in CD4⫹ T cells incubated with HIV appeared to be
operating. Early following T-cell activation, CD4⫹ T cells die
through a CD95-dependent process, which does not require
viral replication. This process is followed by an infection-mediated T-cell death. Both of these cell death processes may
drive the loss of CD4⫹ T lymphocytes seen clinically during
HIV infection.
Protease inhibitors cause substantial increases in CD4⫹ Tcell counts (both naive and memory cells) in HIV-infected
patients. These inhibitors are presumed to exert their positive
effect on CD4⫹ T-cell numbers and immune function by inhibiting viral replication (10, 12, 22, 23, 32). Recent studies
have reported that the susceptibility of peripheral blood T cells
to apoptosis decreased in HIV-1-infected adults and children
treated with highly active antiretroviral therapy (4–6, 11, 26,
29). This decrease is rapid and is seen as early as 4 days after
initiation of protease inhibitor therapy (6). It has been suggested that protease inhibitors may have clinical and immunological benefits, even in the absence of sustained viral suppression, and may have antiapoptotic properties. Apoptosis of in
vitro mitogen-stimulated T cells has been reported elsewhere
to be modulated by ritonavir, an HIV protease inhibitor,
through at least two different pathways, decreased expression
of caspase 1 and CD95L (45, 50). We observed that 0.2 M
SQV, another HIV protease inhibitor, prevented HIV-1-induced CD95 expression and decreased CD95 ligation-induced
cell death. Analysis of PBMC subsets from HIV-1-infected
individuals demonstrated that CD95 expression was significantly reduced on CD45RA⫹ CD62L⫹ naive T cells after the
start of protease inhibitor therapy (2). Thus, one potential
consequence could be the modulation of CD95 expression,
which could then explain the direct down-regulation of apoptosis by SQV. However, the mechanism(s) by which SQV
decreases CD95 expression remains unknown. Furthermore,
treatment of HIV-1-infected PBMC with SQV, ddI, and IL-2
in vitro markedly decreased cell death mediated by CD95
ligation. This phenomenon may explain the increase in CD4⫹
T-cell counts in HIV-1-infected individuals given IL-2 immunotherapy, but of course this remains to be evaluated clinically.
The concentrations of IDV and SQV in plasma of HIVinfected individuals have been reported to range from 0.2 to 5
M and from 0.1 to 4 M, respectively (54, 58), but these
concentrations are increased by the concomitant use of ritonavir, which inhibits the metabolism of SQV (25, 38, 57), where
concentrations of 7 M or more can be attained. Mitochondria
are pivotal in controlling cell life and death. Thus, mitochondria represent highly sensitive stress sensors for a large variety
of stimuli. We found that in vitro treatment of PBMC from
healthy donors with either IDV or SQV is associated with a
loss in mitochondrial membrane potential. However, the

the presence of either CD3 MAb (1 g/ml) or CD3 and CD28 MAbs
(1 g/ml each). CD4⫹ T cells treated with ddI were also incubated in
the presence of a soluble CD95 decoy receptor (ddI/CD95-Fc) (10
g/ml). T-cell counts were assessed by light microscopy at day 4.
Results are the means of two independent experiments (means ⫾
standard deviations).
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mechanisms by which SQV and IDV induced mitochondrial
damage remain to be clarified. We also noted that in vitro
treatment of healthy donor PBMC with the combination of
IDV (5 M; cell death, 15.7%) and SQV (5 M; cell death,
13.9%) is additive and induced cell death in 36.8% of the cells,
which was similar to that observed with 10 M drugs used
individually. Thus, the concentrations used in vitro to assess
toxicity in this study reflect pharmacologic concentrations.
Therefore, our observations reveal new mechanisms for drug
protection and toxicity for CD4⫹ T cells during in vitro HIV
infection.
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