JOURNAL OF VIROLOGY, May 2005, p. 5489-5498
0022-538X/05/$08.00+0 doi:10.1128/JV1.79.9.5489-5498.2005

Vol. 79, No. 9

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Human Immunodeficiency Virus Type 1 Inhibits
DNA Damage-Triggered Apoptosis by a
Nef-Independent Mechanism
Michael Schindler, Jan Miinch, and Frank Kirchhoff*

Department of Virology, Universititsklinikum, Ulm, Germany

Received 10 September 2004/Accepted 14 December 2004

It is controversial whether the accessory human immunodeficiency virus type 1 (HIV-1) Nef protein inhibits
or enhances apoptosis. To address this issue, we investigated the effect of Nef on programmed cell death with
vectors or proviral HIV-1 constructs coexpressing Nef and green fluorescent protein from single bicistronic RNAs.
This approach allows us to readily identify transfected or infected cells and to correlate cell death directly with
Nef expression levels. We demonstrate that Nef does not significantly affect apoptosis in transfected or HIV-1-
infected Jurkat T cells or primary human peripheral blood mononuclear cells. Unexpectedly, however, both
nef" and nef-defective HIV-1 infection blocked apoptosis in cells treated with UV light or etoposide but not cell
death induced by CD95 antibody, TRAIL, Ly294002, or serum starvation. Our results show that HIV-1 infec-
tion inhibits DNA damage-induced but not death receptor-dependent cell death by a Nef-independent

mechanism.

Human immunodeficiency virus type 1 (HIV-1) infection is
characterized by the progressive loss of both CD4* and CD8*
T lymphocytes, resulting in immunodeficiency associated with
AIDS (35). Apoptosis seems to be a major cause of T-lympho-
cyte depletion. In vitro studies have shown that HIV-1 can
directly induce apoptosis of infected primary CD4" T cells
(11). In HIV-1-infected individuals, both infected and unin-
fected cells undergo increased cell death (19, 32). However,
most apoptotic cells detected in lymphatic tissues in vivo are
uninfected bystander cells (10). Apoptosis of uninfected cells
seems to be mainly caused by activation-induced cell death or
by soluble HIV-1 gp120, Tat, Nef, and Vpu proteins (reviewed
in references 2 and 16).

It has become clear, however, that HIV-1 not only enhances
cell death but might also have evolved mechanisms that inhibit
apoptosis, thereby prolonging the time of virion release by
infected cells. Five viral proteins, Tat, Nef, Vpr, Vpu, and Env,
were reported to inhibit programmed cell death (16). Possible
antiapoptotic effects of Nef in particular have received a lot of
recent interest. The nef gene of HIV-1 and simian immunode-
ficiency virus (SIV) is critical for the pathogenesis of AIDS (9,
26, 28). It has been proposed that Nef induces Fas ligand
(CD95L) expression, permitting immune evasion by causing
cytotoxic T-cell (CTL) apoptosis (49, 50). More recently, it has
been suggested that endogenous Nef directly represses pro-
apoptotic signaling in infected cells through different interac-
tions with cellular kinases.

One study proposed that Nef might protect against CD95
and tumor necrosis factor alpha receptor-mediated death sig-
naling by inhibiting apoptosis signal-regulating kinase 1 (ASK1)
(13). A second report described that Nef-mediated activation
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of the phosphatidylinositol-3-kinase, and the p21-activated ki-
nase results in Bad inactivation through phosphorylation (48).
Consequently, the availability of the antiapoptotic Bcl-2 pro-
tein would be increased and enhance cell survival and hence
virus production. Furthermore, it has been reported that Nef
interacts directly with tumor suppressor protein pS3 and pro-
tects cells against p53-mediated apoptosis (18).

However, controversy remains as to whether Nef inhibits or
enhances apoptosis. Zauli et al. (51) described that Nef sensitizes
CD4" T cells to programmed death by upregulating surface ex-
pression of CD95 and CD95L. Contradictory to the results of
Wolf et al. (48), others have reported that Nef enhances apoptosis
by reducing the expression of the antiapoptotic proteins Bcl-2 and
Bcl-XL (39). It has also been suggested that wild-type HIV-1
infection of primary CD4" T lymphocytes causes apoptosis by
inducing p53 phosphorylation and activation (14). Notably, a va-
riety of activities other than effects on apoptosis might explain
why Nef is critical for viral pathogenesis (reviewed in reference 3).
Nef impairs recognition and attack by CTLs as well as stimulation
of CD4™" helper T cells by down-regulating both the class I major
histocompatibility complex (MHC-I) and mature MHC-II mole-
cules and by up-regulating the invariant chain associated with
immature MHC-II complexes (8, 44, 46). Furthermore, Nef alters
T-cell receptor signaling by down-modulating cell surface expres-
sion of CD4 and CD28 (12, 47). Finally, Nef directly increases
viral spread by enhancing virion infectivity and stimulating
viral replication. Accumulating evidence suggests that these
Nef functions are relevant for HIV-1 and SIVmac replica-
tion in infected human and simian hosts, respectively (7, 21,
33, 36, 43).

In this work, we further evaluated the controversial role of
Nef in programmed cell death. Our data show that Nef has no
significant effect on apoptosis in transfected or HIV-1-infected
T cells. We also demonstrate, however, that HIV-1 infection
blocks programmed cell death induced by UV light or etopo-
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side, which cause DNA damage and usually pS3-dependent but
not death-receptor-induced apoptosis.

MATERIALS AND METHODS

Plasmids and proviral constructs. Bicistronic cytomegalovirus-based pCG ex-
pression vector coexpressing the green fluorescent protein (GFP) and the NL4-3,
NA7, or STVmac239 nef allele and the NL4-3 proviral constructs carrying either
functional (nef*) or defective (nef-defective) nef reading frames followed by an
internal ribosome entry site (IRES) and the GFP gene have been previously
described (17, 42). To generate proviral IRES-GFP vectors containing defective
vpu or vpr genes, the intergenic region of NL4-3 mutants containing deletions in
these genes (41) was cloned into the original proviral reporter constructs using
the unique PAIMI and Stul restriction sites.

Cell lines and transfection. Jurkat cells were maintained in RPMI 1640 me-
dium and 293T cells were grown in Dulbecco’s modified Eagle’s medium, both
supplemented with 10% fetal calf serum and antibiotics. Peripheral blood mono-
nuclear cells (PBMC) were isolated using lymphocyte separation medium
(Organon Teknika Corporation) stimulated for 3 days with 3 pg of phytohemag-
glutinin per ml and cultured in RPMI 1640 medium with 15% fetal calf serum
and 1 ng/ml interleukin-2. Transfection of Jurkat T cells was performed using the
DMRIE-C reagent (Gibco-BRL) following the manufacturer’s instructions. At
18 h posttransfection, the cells were pelleted, washed with phosphate-buffered
saline, and resuspended in fresh medium to remove phytohemagglutinin. Sub-
sequently, the cells were maintained for an additional 18 h at 37°C and 5% CO,
before apoptosis was induced.

Induction of apoptosis. For the induction of apoptosis, Jurkat T cells or PBMC
were treated with six different stimuli: 10 to 20 pl/ml CD95 antibody (APO-I
hybridoma supernatant, kindly provided by K.-M. Debatin), 50 ng/ml recombi-
nant human TRAIL (R&D Systems), 50 uM Ly294002 (Promega), 50 pM
etoposide (Sigma-Aldrich), 20 to 30 s of UV irradiation (5 to 7.5 J/m?), and
serum starvation by maintaining cells in optimized minimal essential medium.
The optimal time points for measurement and amounts of inductor used were
determined by inducing apoptosis with different concentrations of inductor and
measuring apoptosis in Jurkat cells over time by Nicoletti staining (34). The best
time points for measurement of CD95 antibody, Trail, and Ly294002-induced
apoptosis were 6 to 8 h postinduction. UV light-, etoposide-, and OMEM-
induced apoptosis was measured 16 to 24 h postinduction.

Cell death analysis. Apoptosis was detected using the annexin V apoptosis
detection kit (BD Bioscience) as recommended by the manufacturer. Briefly, 5 X
10° cells were washed with phosphate-buffered saline and subsequently resus-
pended in 100 pl of annexin V binding buffer containing 5 pl of annexin V-
phycoerythrin and 5 pl of 7-amino-actinomycin D (7-AAD). After 15 min of
incubation in the dark, annexin V binding buffer was added to a total volume of
300 pl. Three-color flow cytometric analysis was performed using a FACSCalibur
(Becton Dickinson). For measurement of caspase-3 and -7 activity, the Caspase-
Glo 3/7 assay (Promega) was used. Briefly, 100 .l of cell suspension (1 X 10* to
2 X 10* cells) were mixed with 100 pl of Caspase-Glo 3/7 reagent and incubated
for 1 h at room temperature. Luminescence was measured in white-walled
96-well dishes for 0.1 ms with the Berthold Orion luminometer.

Apoptosis in HIV-1-infected cells. To generate pseudotyped viral particles,
293T cells were cotransfected with NL4-3 proviral constructs carrying open or
defective vpr, vpu, and nef reading frames followed by an IRES and the eGFP
gene, and a plasmid (pHIT-G) expressing the vesicular stomatitis virus G protein
(VSV G) as described (42). The p24 antigen concentrations were quantified
using an HIV-1 enzyme-linked immunosorbent assay provided by the National
Institutes of Health AIDS Research and Reference Program; 10° Jurkat cells or
PBMC were transduced with virus stocks containing 50 ng of p24 antigen and
assayed for apoptosis 3 days later as described above. To inactivate HIV-1, the
cells were fixed in 300 pl of annexin V binding buffer containing 3% parafor-
maldehyde prior to fluorescence-activated cell sorting analysis.

Fluorescence-activated cell sorting analysis of HIV-1-infected cells. PBMC
were transduced with VSV G-pseudotyped nef" or nef-defective HIV-1 NL4-3
IRES-eGFP particles, and cell surface expression of MHC-I and CD4 was ana-
lyzed by fluorescence-activated cell sorting as described previously (42).

RESULTS

Nef does not inhibit apoptosis in Jurkat T cells. To study the
effect of Nef on apoptosis, we transfected Jurkat T cells with
plasmids coexpressing Nef and the GFP reporter protein from
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a single bicistronic RNA via an IRES element (17). This sys-
tem has been used throughout to study various Nef functions
because it allows us to quantitate the effect of Nef, e.g., on the
surface expression of various receptors in a single transfection
(17, 42). As depicted in Fig. 1, first gating is based on forward
and side scatter for debris exclusion (lane 1). Subsequently,
transfected cells were identified by their green fluorescence
(Fig. 1, lane 2) and evaluated for annexin V binding (lane 3)
and 7-AAD staining to distinguish between early (annexin
V-positive/7-AAD-negative) and late (annexin V-positive/7-
AAD-positive) stages of apoptosis (Fig. 1, lane 4). Predictably,
treatment of Jurkat T cells expressing GFP alone (Fig. 1B) or
together with Nef (Fig. 1C) with UV light resulted in a dra-
matic increase in cell death (Fig. 1D and E). Nef and GFP are
expressed at correlating levels (42). Therefore, this experimen-
tal system allows us not only to readily identify the transfected
cell population but also to evaluate apoptosis specifically in
cells expressing different levels of Nef (17, 42).

We used three different nef alleles to study their potential
effects on apoptosis: (i) the HIV-1 NL4-3 nef, which has been
well characterized in previous studies, including those propos-
ing antiapoptotic effects of Nef (13, 18); (ii) NA7 nef, originally
derived from an AIDS patient and known to be highly active in
established in vitro assays for Nef function (17, 20, 42, 47); and
(iii) the SIVmac239 nef, because this allele has been initially
used to demonstrate that Nef is critical for efficient viral rep-
lication and AIDS pathogenesis in infected rhesus macaques
(26).

Jurkat cells expressing GFP alone or in conjunction with the
HIV-1 NL4-3 and NA7 or SIVmac239 Nefs were treated with
a variety of known inducers of programmed cell death. As
expected, CD95 monoclonal antibody, TRAIL, the phosphati-
dylinositol-3-kinase inhibitor Ly294002, serum starvation, and
UV light induced apoptosis in a dose-dependent manner (data
not shown) and concentrations within the linear range were
used in subsequent experiments. However, in contrast to pub-
lished data (13), we found that treatment of Jurkat T cells with
up to 200 ng/ml tumor necrosis factor alpha (Pan Biotech) did
not result in significant induction of apoptosis. Therefore, the
effect of Nef on tumor necrosis factor alpha-induced apoptosis
in Jurkat T cells could not be investigated further.

As shown in Fig. 2A, treatment with CD95 monoclonal
antibody (60.4% annexin V-positive cells), TRAIL (36.8%),
Ly294002 (24.2%), and UV light (77.1%) or serum starvation
(44.5%) enhanced the frequency of apoptotic Jurkat T cells
compared to untreated cultures (9.9%). Notably, NL4-3 Nef
expression had no marked effect on cell death (Fig. 2A, com-
pare panel A with panel B). On average, the NL4-3 and NA7
Nefs marginally reduced and the 239 wild-type Nef slightly
enhanced CD95-, TRAIL-, and UV light-induced apoptosis
(Fig. 2B). However, these subtle differences were not signifi-
cant. Similarly, no significant effects of these Nef proteins on
programmed cell death were observed when we analyzed the
fluorescence-activated cell sorting data distinguishing between
early (annexin V-positive/7-AAD-negative) and late (annexin
V-positive/7-AAD-positive) apoptotic cells (data not shown).
We also evaluated whether Nef might stimulate Bad phosphor-
ylation to induce antiapoptotic signals (48). Intracellular stain-
ing showed, however, that the levels of total and phosphory-
lated Bad did not differ significantly in Nef-expressing Jurkat
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FIG. 1. Quantitation of apoptosis using bicistronic vectors coexpressing Nef and GFP. Flow cytometric analysis of uninduced (A to C) or 20-s
UV light-treated (D and E) Jurkat cells transfected with constructs expressing GFP alone (B and D) or together with the NL4-3 Nef (C and E).
Live cells were selected by forward and side scattering (panel 1). GFP expression allowed us to discriminate between transfected and untransfected
cells (panel 2). GFP-positive cells and mock-transfected cells were evaluated for annexin V binding (panel 3), and triple staining for 7-AAD
allowed us to distinguish between early and late apoptotic cells (panel 4). Numbers are the percentages of annexin V- and 7-AAD-positive cells.

Similar results were obtained in three independent experiments.

cells compared to cells expressing only GFP or between cells
expressing different levels of Nef (data not shown).

HIV-1 infection inhibits UV light-mediated apoptosis inde-
pendently of Nef function. Our data do not support a relevant
role for HIV-1 or SIVmac Nef in modulating cell death in
transfected Jurkat T cells. However, Nef might influence apo-
ptosis in HIV-1-infected cells only in the presence of other
viral proteins. To evaluate this possibility, we generated Env-
expressing, replication-competent, and env-defective NL4-3
proviral constructs carrying either an intact or a disrupted nef
gene followed by an IRES element and the eGFP reporter
gene. Viral particles were pseudotyped with VSV-G to in-
crease the proportion of infected cells. Control experiments
revealed that these eGFP reporter viruses express high levels
of functional Nef and efficiently down-modulate CD4 and
MHC-I from the surface of infected Jurkat T cells (data not
shown).

First, we studied the time course of activation of apoptosis in
Jurkat cells infected with nef* and nef-defective HIV-1 NL4-3

eGFP reporter viruses. Increases in caspase activities in the
cellular extracts and in the percentages of cells undergoing
apoptosis were measured in uninduced cells and after treat-
ment with CD95, TRAIL, Ly294002, and UV light. Nef ex-
pression did not significantly affect the patterns of caspase
activation in infected Jurkat cells (Fig. 3, upper panel).
Caspase activities were generally lower in HIV-1-infected than
in uninfected cell cultures. This is most likely due to reduced
cell numbers, because virus infection inhibited cell growth. In
comparison, the increases in the number of annexin V-positive
apoptotic cells did not differ between uninfected cells and cells
transduced with nef" or nef-defective HIV-1 variants after
induction with CD95 monoclonal antibody or Ly294002 (Fig. 3,
lower panel). After treatment with TRAIL, however, apoptosis
was moderately reduced in uninfected cells versus HIV-1-in-
fected cells. This result is consistent with previous reports
showing that TRAIL is more efficient in inducing cell death of
virus-infected cells (22, 31). In contrast, HIV-1 infection pro-
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FIG. 2. Expression of HIV-1 or SIVmac Nef does not significantly affect apoptosis. (A) One million Jurkat T cells were transfected with vectors
expressing GFP alone (A) or in conjunction with the NL4-3 (B) nef allele, and apoptosis was induced by 20 pl of CD95 antibody, 50 ng/ml TRAIL,
50 pM Ly294002, serum starvation (OMEM), or 20 s of UV light as described in Materials and Methods. Transfected GFP-positive cells were
stained for annexin V and 7-AAD to identify early and late apoptotic cells as shown in Fig. 1. (B) Percentages of apoptotic annexin V-positive T
Jurkat cells expressing the indicated nef alleles relative to transfected cells expressing only GFP after treatment with the indicated inducers. Shown
are average values * standard deviation obtained from five independent experiments.

tected Jurkat cells against UV light-induced cell death. Com-
parable numbers of apoptotic cells were detected early after
treatment, but at 24 h most of the HIV-1-infected cells recov-
ered, whereas the uninfected cells died (Fig. 3).

HIV-1 infection inhibits DNA damage-induced apoptosis of
PBMC. The data described above suggest that HIV-1 protects
cells against apoptosis induced by UV radiation. However,
results obtained with transformed Jurkat T cells might not
have direct relevance for HIV-1 infection of primary cells.
Therefore, we next evaluated whether HIV-1 infection also

affects cell death in human PBMC. First, we tested whether
NL4-3-IRES-eGFP reporter viruses are active in other estab-
lished assays for Nef function in infected PBMC. Transduction
with the nef™ but not with the nef-defective virus resulted in a
dramatic reduction of surface CD4 even at low Nef expression
levels (Fig. 4A, left). Similar to the results obtained in Jurkat
cells, MHC-I was also efficiently down-regulated, although
higher levels of Nef expression were required (Fig. 4A, right).

Quantitation of cell death demonstrated that HIV-1-in-
fected PBMC showed slightly to moderately enhanced levels of
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FIG. 3. Expression of Nef in HIV-1-infected Jurkat cells does not inhibit CD95-, TRAIL-, Ly294002-, or UV light-induced apoptosis. One
million Jurkat cells were transduced with nef" or nef-defective HIV-1 NL4-3 particles pseudotyped with the VSV G Env protein. At 3 days
posttransduction, the cells were treated with the indicated inducers, and aliquots of the cultures were removed at the indicated time points. Cells
were lysed and assayed for caspase-3 and -7 activity (upper panel). GFP expression allowed us to discriminate between uninfected cells and those
transduced with the nef* and nef-defective HIV-1 NL4-3 proviral constructs. Apoptosis of GFP-positive cells was assessed by annexin V (AnV,
lower panel) staining as described for the bicistronic Nef-GFP expression constructs. All transductions were done in triplicate. Shown are average
numbers * standard deviation. Similar results were obtained in an independent experiment.

apoptosis after treatment with CD95 monoclonal antibody,
TRAIL, or Ly294002 or after serum starvation (Fig. 4B). In
agreement with the results obtained using Jurkat T cells, ex-
pression of Nef did not reduce the frequency of apoptotic
PBMC. Concordant with published data (22, 31), TRAIL ef-
ficiently induced apoptosis only of HIV-1-infected but not of
uninfected cells (Fig. 4C). Finally, the studies in PBMC con-
firmed that HIV-1 infection efficiently inhibits apoptosis in-
duced by UV light (Fig. 4B and C). Treatment of uninfected
PBMC cultures resulted in an increase of annexin V-positive
cells of about 10% to 55%, whereas only about 20% to 24% of
HIV-1-infected cells became apoptotic.

Our data suggested that HIV-1 specifically blocks UV light-
induced apoptosis, which involves DNA damage and is usually
dependent on p53 (25, 30). However, UV irradiation might
also activate pathways other than the DNA damage-related
pathway to induce apoptosis (40). Therefore, we performed
time course studies in which we induced apoptosis of HIV-1-
infected PBMC not only by UV light but also by etoposide (an
inhibitor of topoisomerase II), which also causes DNA damage
and activation of p53 (24). Our results demonstrate that HIV-1
infection blocks UV light- and etoposide-induced cell death
with equal efficiency (Fig. 5A). The protective effects were
independent of Vpr, Vpu, and Nef function, since cells trans-
duced with wild-type HIV-1 NL4-3 or with mutant forms con-
taining individual or combined deletions in these accessory
genes showed similar levels of etoposide-induced apoptosis
(Fig. 5B). Notably, PBMC were consistently protected more
efficiently than Jurkat T cells against cell death induced by UV
radiation.

Finally, to exclude the possibility that GFP expression alone
might have protective effects, we transfected or transduced

Jurkat cells with plasmids or full-length proviral constructs
expressing GFP. Treatment of GFP-positive transfected cells
with etoposide enhanced the frequency of apoptotic cells by
351 = 1.7% (n = 3), whereas the same dose increased cell
death of HIV-1-infected cells by only about 15.9 = 1.7% (n =
3; P = 0.001; data not shown). Thus, etoposide-induced cell
death was also significantly inhibited by HIV-1 infection.

DISCUSSION

In this study, we show that expression of Nef in transfected
or HIV-1-infected Jurkat T cells or PBMC does not signifi-
cantly affect the frequency of apoptotic cells. We used the
NL4-3, NA7, and SIVmac239 nef alleles, which are all active in
established in vitro assays for Nef function, such as modulation
of cell surface expression of various human receptors and en-
hancement of virus infectivity and replication. Notably, the
SIVmac239 Nef was used to demonstrate that Nef is a major
determinant of viral pathogenicity in the SIV-macaque model
(26) and the NL4-3 Nef mediates efficient HIV-1 replication
and CD4" T-cell depletion in ex vivo-infected human lym-
phoid tissue (15). Thus, these HIV-1 and SIV Nefs should be
able to perform all functions critical for efficient viral replica-
tion in the infected host and for AIDS pathogenesis.

Our approaches allow us to readily quantitate the effects of
Nef on CD4, MHC-I, MHC-II, and invariant chain (Ii) surface
expression and on HIV and SIV replication and infectivity.
Nevertheless, we consistently detected comparable numbers of
apoptotic cells in the presence and absence of Nef after induc-
tion of cell death by a variety of stimuli. Accordingly, endog-
enous Nef does not exert significant pro- or antiapoptotic ef-
fects in Jurkat T cells or PBMC. Our findings are in agreement
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etoposide or UV light 3 days later. Apoptosis of uninfected and

eGFP-positive HIV-1-infected cells was assessed by triple annexin V and 7-AAD staining at the indicated time points as described in the legend

to Fig. 1. Shown are average numbers = standard deviation obtained from

triple transductions. Left, total percentage of annexin-V-positive cells;

middle, percentage of annexin V-positive/7-AAD-positive cells; and right, percentage of annexin V-positive/7-AAD-negative cells. (B) Apoptosis
of uninfected PBMC and cells infected with NL4-3 wild-type virus (WT) or HIV-1 variants with accessory gene deletions. Cells were either not

treated (left panel) or treated with 50 wM etoposide for 24 h. Shown are
obtained from transductions of PBMC derived from two different donors.

with the accumulating evidence suggesting that other Nef func-
tions are critical for efficient viral replication and disease
progression in vivo (7, 21, 33, 36, 43). While our data do not
confirm a relevant role of Nef in apoptosis, we provide
strong evidence that HIV-1 infection efficiently blocks DNA
damage-induced, i.e., most likely p5S3-mediated but not death
receptor-dependent cell death. The underlying mechanisms
and the relevance of this antiapoptotic effect in HIV-1-infected
individuals remain to be elucidated, but the prolonged life span
of infected cells could clearly play an important role in viral
replication and hence in AIDS pathogenesis.

Both enhancing and inhibitory effects of Nef on pro-
grammed cell death have been documented (13, 18, 39, 48, 51).
Most of the discrepancies between our results and previous
findings might be explained by different constructs, methods,
and cell lines used. We used bicistronic vectors and proviral
constructs to quantitate apoptosis specifically in the GFP-pos-
itive transfected and HIV-1-infected cell populations and to

average percentages of annexin-V-positive cells = standard deviation

distinguish between cells expressing different levels of Nef.
Thus, our approach allows us to correlate HIV-1 infection and
Nef expression levels quantitatively with apoptotic features of
the cells. Furthermore, the HIV-1 IRES-eGFP constructs ex-
press unmodified forms of all viral proteins. Therefore, we
believe that our data reflect “normal” HIV-1 infection more
closely than those of other studies.

It has been proposed that activation of p21-activated kinase
by Nef stimulates Bad phosphorylation to induce antiapoptotic
signals (48). Most of their experiments were performed in
Jurkat cells with CD8-Nef fusion proteins that might affect cell
signaling and death differently from normal Nef. Notably, it
has been proposed that expression of the CD8-Nef chimera in
Jurkat T cells both inhibits and enhances their apoptotic death
(5). Untagged Nef was used to show that Nef might protect
HIV-1-infected cells against apoptosis induced by serum star-
vation (48). The apparent discrepancies with our results may
be related to matters of interpretation. Nef is known to cause
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T-cell activation (45) and the moderately enhanced levels of
living cells in starvation medium might be due to Nef-induced
cell proliferation rather than antiapoptotic effects.

Wolf et al. proposed that the antiapoptotic activity of Nef
requires the interaction with p21-activated kinase and might be
important for efficient viral replication in vivo. Others have
reported, however, that the proline motif in Nef which is crit-
ical for p21-activated kinase binding is required for the induc-
tion of programmed cell death (51). Notably, the selective
pressure for the interaction of Nef with p21-activated kinase in
SIVmac-infected macaques is weak, and a significant number
of infected animals progress to AIDS in the absence of restor-
ative changes (6, 27, 29). Consistent with a limited relevance
for viral pathogenesis, many HIV-1 Nefs interact with p21-
activated kinase only in the presence of an active p21 GTPase
but do not activate p21-activated kinase themselves (38). It will
be of some interest to further clarify the relevance of p21-
activated kinase association or activation for Nef function.
However, other Nef functions, such as down-modulation of
CD4 and MHC-I, might be more relevant for efficient viral
replication in the infected host (21, 33, 43).

It is controversial whether Nef increases or inhibits CD95-
mediated T-cell death (13, 51). Geleziunas et al. (13) reported
that HIV-1 and SIV Nef inhibit Fas- and tumor necrosis factor
alpha-mediated apoptosis by inhibiting apoptosis signal-regu-
lating kinase 1. We found, however, that Nef did not reduce
death receptor-mediated apoptosis after treatment with CD95
antibody or TRAIL. Also different from their data, in our
experiments, treatment of Jurkat T cells or PBMC with up to
200 ng/ml tumor necrosis factor alpha did not result in signif-
icant induction of apoptosis. However, some of the effects
described in the study of Geleziunas and coworkers are difficult
to evaluate. For example, the percentages of apoptotic cells
were usually only given as a percentage of mock-transfected
cells. Since no absolute numbers were provided, it remains
unclear how efficiently apoptosis was induced compared to
untreated control cells. It is also difficult to comprehend why
only cells staining positive for annexin V but negative for
7-AAD were analyzed in the previous study. Since many apo-
ptotic cells might be already at a late stage, these measure-
ments might greatly underestimate the total frequency of cell
death. Early studies described that Nef is cytotoxic (5). Thus,
the results of Geleziunas et al. could also be consistent with a
more rapid killing in the presence of Nef because many cells
would stain 7-AAD positive and therefore be excluded from
further analysis.

While our results demonstrate that endogenous Nef has no
significant effect on apoptosis in transfected or HIV-1-infected
Jurkat cells or stimulated PBMC, they do not imply that Nef
does not affect programmed cell death in the infected host. For
example, efficient down-modulation of MHC-I (Fig. 4) should
clearly reduce CTL-mediated apoptosis of HIV-1-infected
cells (8, 44). Similarly, removal of cell surface CD4 by Nef (Fig.
4A) should protect infected T cells against HIV-1 Env-induced
apoptosis. Furthermore, the effect of Nef on CD4 and/or T-cell
receptor signaling might affect the death of virus-infected cells
in the human host (1, 4, 23). To further elucidate the effects of
Nef on cell survival or death, it seems important to perform
studies under conditions that more closely mimic the in vivo
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situation, e.g., in the SIV-macaque model or in ex vivo-infected
human lymphoid tissue.

Concordant with previous studies, we found that HIV-1-
infection enhances TRAIL-mediated apoptosis (22, 31). More
remarkably, however, our results demonstrate that both nef*
and nef-defective HIV-1 infection specifically blocks apoptosis
induced by UV radiation or etoposide, both of which cause
DNA damage and are usually p53 dependent. Recently, it has
been shown that HIV-1 Env-induced apoptosis is largely me-
diated by p53 (37). Lymphatic tissues are the major sites of
HIV-1 replication in vivo. In such an environment, where the
density of virus-infected cells is high, the ability of HIV-1 to
inhibit apoptosis induced by interactions between Env-express-
ing cells or by soluble Env might be critical for efficient viral
replication and spread. Another possible reason why HIV-1
has evolved mechanisms to block p53-induced apoptosis is that
proviral integration requires double-stranded DNA breaks and
might be sufficient to induce cell death by the pS53-initiated
mitochondrion-mediated pathway (14).

Our data are evidence that HIV-1 infection protects cells
against p53-mediated apoptosis but do not support previous
findings suggesting that Nef might play a role in this process
(18). Greenway et al. showed that the N-terminal part of Nef
binds to p53 in coimmunoprecipitation and enzyme-linked im-
munosorbent assay-based assays, decreases its half-life and
steady-state expression levels, and inhibits UV light-mediated
cell death in Molt-4 cells. In contrast, others have reported that
infection with Nef-expressing HIV-1 increases p53 activity
(14). We did not observe significant effects of Nef alone on UV
light-induced apoptosis in Jurkat T cells or PBMC. It remains
to be clarified whether the effects of Nef might be cell type
dependent. Using p53-eCFP and Nef-e YFP fusions, we did not
find evidence for an interaction between these proteins in
living cells (data not shown). Our results do not exclude the
possibility that Nef and p53 might interact in HIV-1-infected
cells at levels below the detection limit of our assay and that
binding can be shown in other assays. However, we believe that
the different cellular localization and the lack of an effect of
Nef on UV light-induced apoptosis clearly argue against a
relevant role of Nef in blocking p53 function.

In summary, our results have two important implications.
First, we demonstrate that endogenous Nef does not signifi-
cantly protect HIV-1-infected cells against programmed death,
suggesting that other aspects of Nef function are critical for
efficient viral replication in vivo. Second, our results indicate
that HIV-1 efficiently blocks DNA damage-induced apoptosis
but not death receptor-dependent cell death. Our preliminary
results indicate that Vpu, Vpr, and Nef do not contribute to
this effect. Further studies will be necessary to clarify the pre-
cise mechanism by which HIV-1 protects cells against p53-
mediated death and to evaluate the relevance of this effect for
virus spread and AIDS pathogenesis in the infected host.
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