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T-tropic (X4) and dualtropic (R5X4) human immunodeficiency virus type 1 (HIV-1) envelope glycoproteins
kill primary and immortalized CD4� CXCR4� T cells by mechanisms involving membrane fusion. However,
because much of HIV-1 infection in vivo is mediated by M-tropic (R5) viruses whose envelope glycoproteins use
CCR5 as a coreceptor, we tested a panel of R5 and R5X4 envelope glycoproteins for their ability to lyse CCR5�

target cells. As is the case for CXCR4� target cells, HIV-1 envelope glycoproteins expressed by single-round
HIV-1 vectors killed transduced CD4� CCR5� cells in a membrane fusion-dependent manner. Furthermore,
a CD4-independent R5 HIV-1 envelope glycoprotein was able to kill CD4-negative target cells expressing
CCR5, demonstrating that CD4 is not intrinsically required for the induction of death. Interestingly, high
levels of CD4 expression protected cells from lysis and syncytium formation mediated by the HIV-1 envelope
glycoproteins. Immunoprecipitation experiments showed that high levels of CD4 coexpression inhibited pro-
teolytic processing of the HIV-1 envelope glycoprotein precursor gp160. This inhibition could be overcome by
decreasing the CD4 binding ability of gp120. Studies were also undertaken to investigate the ability of
virion-bound HIV-1 envelope glycoproteins to kill primary CD4� T cells. However, neither X4 nor R5X4
envelope glycoproteins on noninfectious virions caused death in primary CD4� T cells. These results demon-
strate that the interaction of CCR5 with R5 HIV-1 envelope glycoproteins capable of inducing membrane fusion
leads to cell lysis; overexpression of CD4 can inhibit cell killing by limiting envelope glycoprotein processing.

Infection by human immunodeficiency virus type 1 (HIV-1)
is characterized by the progressive loss of CD4� T cells, re-
sulting in AIDS (4, 15, 28, 33). Simian immunodeficiency virus
(SIV) infection of some Old World monkeys also results in
CD4� T-cell loss and AIDS (19, 54). Infection by these viruses
is persistent, with virus-producing cells contributing to a
chronic viremia over the course of many years (23, 39, 41, 71).
The cause of CD4� T-cell depletion in vivo is still under debate
(30). It has been suggested that generalized immune activation
in HIV-1-infected individuals results in apoptosis of mostly
uninfected CD4� T lymphocytes (30a, 37, 38, 65). However,
this apoptosis is also seen in CD8� T cells and B lymphocytes
(30, 37, 38, 65, 66), whose numbers are typically not decreased
in HIV-1 infection (27, 28). Furthermore, viral loads do not
correlate with levels of apoptosis (65, 66), but do correlate very
tightly with CD4� T-cell depletion and disease progression
(11, 20, 59, 64, 78). Studies of virus and CD4� T-cell turnover
(41, 91) have further suggested that, compared with uninfected
cells, HIV-1-producing cells exhibit very short half-lives (less
than 3 days). The number of CD4� T lymphocytes infected,
destroyed, and replenished each day has been calculated to be
on the order of 109 (41, 91). Plausible explanations for the loss

of the virus-producing cells are immunologic clearance and
cytopathicity of viral components.

Progressive immune system-mediated depletion of CD4� T
lymphocytes is unlikely to occur, based on several observations.
First, all known cytolytic processes mediated by the immune
system are dependent upon CD4� helper T-cell activity. As
these cells are depleted, immunologic lytic mechanisms should
become less efficient. In contrast to this expectation, it has
been shown that the rate of CD4� T-cell depletion actually
accelerates as the level of these cells drops below 200 per �l
(92). Moreover, the turnover rate of virus-producing cells is
not affected by the levels of CD4� T cells (41, 91). In vivo
research with animal models also disputes a major role for
immunologic clearance in CD4� T-cell destruction. Chimeric
SIV-HIV (SHIV) viruses can dramatically deplete CD4� T
cells in rhesus macaques even when cytotoxic T-lymphocyte
and antiviral antibody responses are undetectable (26, 45, 81).
In fact, the pathogenic SHIVs are more resistant to antibody
neutralization than nonpathogenic SHIVs (26, 45, 81). Poor
antiviral immune responses are generally associated with more
rapid CD4� T-cell loss and disease induction in SHIV- and
SIV-infected monkeys (19, 45, 54). These observations appear
to be inconsistent with a model in which antiviral immune
responses represent the primary mechanism underlying the
loss of CD4� T cells.

Many studies have suggested cytotoxic effects of HIV-1 pro-
teins, including Tat, Vpr, Nef, and protease, in tissue culture
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systems (5, 12, 36, 44, 56, 69, 70, 73, 74, 80, 85, 86, 89, 93).
However, vpr- or nef-deleted HIV-1 still exhibits significant
cytotoxicity in tissue culture, and SIV mutants lacking these
genes are still capable of causing AIDS in some monkeys (2,
35, 42, 49, 50, 63). In other tissue culture models, efficient cell
killing has been observed in the absence of these HIV-1 gene
products (9, 51, 53).

The HIV-1 envelope glycoproteins gp120 and gp41 have
been consistently implicated in viral cytopathic effects in vitro
and in CD4� T-cell depletion in vivo. The HIV-1 envelope
glycoproteins mediate viral entry by binding to CD4 and che-
mokine receptors (1, 13, 17, 18, 21, 22, 29, 46, 61). After
receptor binding, the envelope glycoproteins mediate the fu-
sion of the viral and target cell membrane (40, 50, 84). The
high-affinity interaction between the gp120 glycoprotein and
CD4 provides an attractive explanation for the specific loss of
the CD4� subset of T lymphocytes during HIV-1 infection. It
has been proposed that soluble gp120, perhaps in conjunction
with anti-gp120 antibodies, can cross-link CD4 and/or corecep-
tors and induce apoptotic signaling within the target cell (3, 6,
14, 16, 77). It has been further postulated that virion-bound
HIV-1 envelope glycoproteins could kill cells by the same
mechanism (24, 25). However, work ex vivo with lymphoid
tissue has shown that infectious HIV-1 can deplete CD4� cells
but inactivated virions with functional and conformationally
intact envelope glycoproteins are unable to do so (37a, 37b,
62a, 88).

Many studies have implicated the ability of the HIV-1 en-
velope glycoproteins to fuse membranes in viral cytopathic
effects in tissue culture cells. One form of HIV-1 cytopathic
effect is the formation of multinucleated giant cells termed
syncytia (58, 82). Syncytia are formed when the surface enve-
lope glycoproteins on infected cells mediate fusion with adja-
cent cells expressing CD4 and coreceptors. HIV-1 isolates have
been classified as either syncytium inducing, which corresponds
to the ability to use CXCR4 as a coreceptor, or non-syncytium
inducing, indicating the utilization of CCR5 as a coreceptor
(1a, 31, 49a, 79a, 89a). With the discovery of the coreceptors,
it became clear that both syncytium-inducing and non-syncyti-
um-inducing isolates of HIV-1 are able to form syncytia, pro-
vided that the target cells express CD4 and the appropriate
coreceptor (8, 13).

Although syncytia can be identified in the tissues of HIV-1-
infected individuals, they are not a prominent or universal
histopathologic feature (55, 57, 62, 79). Nonetheless, the emer-
gence of R5X4 and X4 syncytium-inducing viruses correlates
with rapid disease progression in HIV-1-infected humans, and
SHIVs with X4 HIV-1 envelope glycoproteins cause more
rapid and dramatic CD4� T-cell depletion than SHIVs with R5
envelope glycoproteins (10, 60, 67, 75). This may relate to the
expression of CCR5 primarily on the typically small population
of activated T lymphocytes (7). Infection of monkeys with R5
SIV or SHIV isolates results in the destruction of this CCR5-
positive subset of CD4� T lymphocytes, which are abundant in
the gut-associated lymphoid tissue but less abundant in other
lymphoid organs (39a, 52, 90, 90a). X4 and R5X4 isolates can
infect a much larger proportion of the CD4� T cells because
CXCR4 is constitutively expressed even on resting T cells (7).
This situation is mimicked in lymph node explants, in which R5
HIV-1 infects and causes destruction of the small population

of CCR5� CD4� T cells, whereas X4 isolates infect and cause
more profound loss of CD4� T cells due to the abundance of
CXCR4� cells (37a, 37b, 62a, 72a). Thus, it appears that both
R5 and X4 HIV-1 isolates can deplete only CD4� lymphocytes
that express the coreceptor that is able to be utilized by the
virus. These observations imply that the interactions between
CD4 and the virus and/or viral components are insufficient to
result in the death of the T cell in vivo and in organ culture.

The expression of X4 and R5X4 HIV-1 envelope glycopro-
teins results in the lysis of single cells that are CD4� and
CXCR4� (9, 46a, 46b, 51, 59a). Most primary CD4� T lym-
phocytes from the peripheral blood die as single cells when
wild-type X4 or R5X4 HIV-1 envelope glycoproteins are ex-
pressed in them (51). However, mutant HIV-1 envelope gly-
coproteins that can bind receptors but cannot mediate mem-
brane fusion are not cytopathic in these circumstances (9, 51).
In systems where intracellular expression of the HIV-1 enve-
lope glycoproteins efficiently lysed the cells producing the viral
glycoproteins, bystander CD4� T cells were not affected when
cultured at moderate density (51). Apparently, membrane fu-
sion events mediated through the intracellular interaction of
X4 and R5X4 envelope glycoproteins with CD4 and CXCR4
lead to cell lysis, probably through physical disruption of im-
portant cellular membranes.

Membrane fusion mediated by HIV-1 envelope glycopro-
teins has also been implicated in the rapid destruction of CD4�

T lymphocytes that accompanies infection of rhesus monkeys
with R5X4 SHIVs. SHIVs differing in a single envelope glyco-
protein residue that altered membrane-fusing capacity exhib-
ited comparable levels of virus replication in monkeys but
depleted CD4� T lymphocytes with different levels of effi-
ciency (26a, 45). These observations support a role for enve-
lope glycoprotein-mediated membrane fusion events in the
destruction of CD4� T cells in this monkey model.

Here we explored the cytopathic effects induced by R5
HIV-1 envelope glycoproteins in both CD4� CCR5� and
CD4� CCR5� cells. The use of CD4� CCR5� cells expressing
different levels of CD4 revealed an unexpected inhibitory effect
of high CD4 expression on envelope glycoprotein-mediated
cell lysis. We also included a CD4-independent R5 envelope
glycoprotein in these studies to determine if CD4 is intrinsi-
cally necessary for the induction of death. We investigated the
contribution of the membrane-fusing capacity of the R5 enve-
lope glycoproteins to single-cell lysis. Finally, we examined
whether the HIV-1 envelope glycoproteins in the context of
virions might induce cytotoxic events in primary T cells.

MATERIALS AND METHODS

Generation and culture of stable cell lines. The adherent 293T and Cf2Th cells
(American Type Culture Collection) were grown in Dulbecco’s modified Eagle’s
medium–10% fetal calf serum with antibiotics. Human CCR5 and CD4 genes
were cloned into pcDNA3.1(�) and pcDNA3.1(�)ZEO (Invitrogen), respec-
tively. To create stable CCR5-expressing cells, 20 �g of pCCR5 DNA was
transfected into 5 � 106 Cf2Th cells and selected for stable integration by culture
in medium supplemented with 500 �g of G418 per ml (Gibco-BRL). High-
expressing CCR5� cells were identified by antibody staining of cell surface CCR5
with monoclonal antibody 2D7 (BD Pharmingen) and sorting on a MoFlo cell
sorter. CD4� CCR5� cells were generated by transfecting the above CCR5� cell
line with the CD4-Zeo construct and selecting for stable integration in medium
supplemented with 500 �g of G418 and 300 �g of zeocin per ml (Invitrogen).
CCR5� cells expressing high levels of CD4 (Cf2Th-CD4hi/CCR5� cells) or low
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levels of CD4 (Cf2Th-CD4lo/CCR5 cells) were sorted on a MoFlo cell sorter with
the Q4120 anti-CD4 antibody (Sigma).

Primary cell culture and purification. Primary human CD4� T cells were
isolated from fresh blood with the RosetteSep negative selection system (Stem-
Cell Technologies). Human peripheral blood mononuclear cells were isolated
from fresh blood by Ficoll-Paque (Amersham Pharmacia) density centrifugation.
All isolated primary cells were cultured (106 cells/ml) in RPMI–10% fetal calf
serum with antibiotics. Activation of primary cells was achieved through an initial
3-day stimulation with 1 �g of purified phytohemagglutinin per ml (Murex
Biotech) and subsequent culturing with 10 U of recombinant human interleu-
kin-2 per ml (Collaborative Biomedical Products).

Viral vectors. Replication-defective HIV-1 vectors that were capable of ex-
pressing R5 HIV-1 envelope glycoproteins and green fluorescent protein
(GFP) were constructed by modifying previously reported plasmids (72). The
psrHIVenvGFP vector (51), in addition to the envelope glycoproteins and GFP,
expresses the HIV-1 Tat, Rev, and Vif proteins and a C-terminally truncated,
functionally defective Vpr protein derived from the HXBc2 strain. The KpnI-
BamHI fragments of the ADA and YU2 envelope glycoproteins, derived from
pSVIIIenv plasmids (40, 87), were cloned into the corresponding sites of this
vector. The ADA�V1/V2 envelope expressor plasmid was generated by site-
directed PCR-mediated deletion, as previously reported (47). Phenylalanine 522
in each of these envelope glycoproteins was changed to tyrosine by PCR site-
directed mutagenesis to create the corresponding F/Y mutants. The D368R
mutant of the ADA�V1/V2 envelope glycoprotein was generated in a similar
manner. The psrHIV�envGFP and 89.6, KB9, and corresponding F/Y constructs
were reported previously (51).

Recombinant viruses were produced by cotransfection of 293T cells with
psrHIVenvGFP, pCMV�P1�envpA (72), pHCMV-G (94), and a Rev-expressing
plasmid in a 10:10:2:1 ratio. The GFP reporter virus was made by cotransfecting
the HIVecGFP (43), pCMV�P1�envpA, and pSVIIIenv plasmids in a 10:10:2
ratio. Genomeless particles were made by cotransfecting pCMV�P1�envpA and
pSVIIIenv plasmids in a 10:2 ratio. Virions containing the major histocompati-
bility complex (MHC) class II molecules were made by additionally cotransfect-
ing MHCII�1 and MHCII�7 plasmids (76). At 12 h following transfection, the
cells were washed and cultured in RPMI–10% fetal calf serum with antibiotics.
Twenty-four hours later, conditioned medium containing recombinant viruses
was harvested and filtered (0.45-�m pore size). Virus was titered with reverse
transcriptase assays.

Monoclonal antibody staining of receptor molecules. Cell lines were grown to
sufficient density and then detached with 5 mM EDTA in phosphate-buffered
saline. Cells were pelleted, washed, and resuspended in 95 �l of phosphate-
buffered saline containing 2% fetal calf serum and 5 �l of monoclonal antibody
(final antibody concentration was 10 nM). The monoclonal antibodies (and the
target proteins) were 12G5 (CXCR4) (BD Pharmingen), 2D7 (CCR5) (BD
Pharmingen), and Q4120 (CD4) (Sigma Chemical). All antibodies were directly
conjugated to the phycoerythrin (PE) fluorochrome. Samples were incubated for
20 min at 4°C, washed, and analyzed by flow cytometry (Becton Dickinson
FACScan).

Immunoprecipitation of HIV-1 envelope glycoproteins. Cf2Th cells were trans-
duced with equivalent amounts of titered virus, washed 24 h after transduction,
and incubated in [35S]methionine-labeling medium depleted of cysteine and
methionine. At 48 h after transduction, the cells were removed from the plates
with 5 mM EDTA in phosphate-buffered saline and pelleted, and the superna-
tant was discarded. Cell pellets were resuspended in NP-40 lysis buffer (0.5%
NP-40, 0.15 M NaCl, 10 mM Tris, pH 7.5) and rocked at 4°C for 30 min. Samples
were centrifuged for 30 min at 14,000 rpm to pellet cellular debris. Cellular
lysates were precipitated in the presence of unlabeled cell lysate with anti-HIV-1
patient serum and protein G-Sepharose beads at 4°C overnight. Immunoprecipi-
tation was followed by one wash with lysis buffer, one wash with wash buffer
(0.5% NP-40 and 0.5 M NaCl in phosphate-buffered saline), and one wash with
lysis buffer. Pellets were resuspended in Tris-acetate loading buffer containing
5% �-mercaptoethanol and boiled for 5 min. Samples were run on a 3 to 8%
acrylamide gradient gel and exposed to film. Quantitation of bands was per-
formed with a densitometer and ImageQuant software.

Transduction of cells and viability assay. To assess the effects of HIV-1
envelope glycoprotein expression on cell viability, 2 � 104 cells were plated in
duplicate in six-well plates in 1.5 ml of medium (without selection agents) and
cultured overnight. When cells had adhered, 10,000 reverse transcriptase cpm of
each recombinant HIV-1 expressing envelope glycoproteins was added. The
virus-cell mixture was incubated at 37°C for 6 h and washed with new medium.
Starting at 48 h posttransduction, samples were collected by spinning the plates
at 2,400 rpm for 5 min, removing the medium, and trypsinizing the cells. Plates
for subsequent time points were generated by adding �10% of the trypsinized

cells to 1.5 ml of medium in new six-well plates. The remaining sample was
collected, fixed in 3.7% formaldehyde, and analyzed for enhanced GFP (EGFP)
expression by flow cytometry. At 48 h after transduction by the recombinant
HIV-1 vectors, approximately 35 to 40% of the Cf2Th cells were positive for
EGFP expression (data not shown).

Syncytium formation assay. To assess syncytium-forming ability in the exper-
iments shown in Fig. 2, 105 293T cells were transduced with equal amounts of
recombinant HIV-1 vectors expressing HIV-1 envelope glycoproteins. Twenty-
four hours later, these cells were split into two groups, and each was cultured
with 105 Cf2Th-CCR5 or Cf2Th-CD4hi/CCR5 cells. Twenty-four hours later,
syncytia were counted by visual inspection with a Nikon TE300 inverted micro-
scope. For the experiments shown in Fig. 3, 105 Cf2Th-CCR5 or Cf2Th-CD4hi/
CCR5 cells were directly transduced with equal amounts of recombinant HIV-1
vectors expressing envelope glycoproteins. Forty-eight hours later, syncytia were
counted visually and photographed with a Roper Scientific charge-coupled de-
vice camera.

Apoptosis assay. Recombinant HIV-1 vectors expressing EGFP were prepared
as described above and inactivated by exposure to a UV source (GE G30T8
germicidal bulb [253.7-nm wavelength, 8-W UV output]) for 20 min at a distance
of 2.5 ft. [ca. 75 cm]). Approximately 100,000 reverse transcriptase cpm of
genomeless particles or UV-inactivated HIVecGFP virions were incubated in
duplicate with 2 � 105 primary, activated CD4� T cells in a total volume of 1 ml.
This was equivalent to 100 ng of HIV-1 virus per ml as measured by the p24
enzyme-linked immunosorbent assay (New England Nuclear). Samples were
collected at three time points and assayed for cytotoxic or apoptotic changes. The
cells were spun down, and the supernatant was removed. The cells were incu-
bated in 100 �l of phosphate-buffered saline with 250 ng of propidium iodide
(Molecular Probes) for 15 min at room temperature and then washed. Cells were
permeabilized with the Cytofix/Cytoperm kit (Pharmingen) for 15 min at 4°C and
stained with the in situ cell death detection kit (Roche) at 37°C for 1 h. Apoptotic
cells were quantified by fluorescence-activated cell sorting.

RESULTS

Ability of R5 and R5X4 HIV-1 envelope glycoproteins to kill
CCR5� cells. To test the capacity of R5 and R5X4 HIV-1
envelope glycoproteins to damage CCR5� cells, we created
three stable cell lines expressing HIV-1 receptors in Cf2Th dog
thymocytes, which have no endogenous receptors that are us-
able by HIV-1 (13). Figure 1 shows the profiles of receptor
expression in these cell lines; the expression of CD4 in acti-
vated primary human peripheral blood lymphocytes is shown
for comparison. The Cf2Th-CD4hi/CCR5 and Cf2Th-CD4lo/
CCR5 lines differed in their levels of CD4 expression by ap-
proximately 10-fold. The Cf2Th-CD4lo/CCR5 cells expressed
CD4 at a level similar to that of primary blood lymphocytes.
The Cf2Th-CD4hi/CCR5 and Cf2Th-CCR5 cells expressed
comparable levels of CCR5 on their surface.

Each cell type was transduced in duplicate with a single-
round HIV-1 vector coexpressing an HIV-1 envelope glyco-
protein and the enhanced green fluorescent protein (EGFP)
marker. Previous work has shown that the expression of both
proteins in cells transduced by these vectors is very tightly
correlated (51). At 48 h after transduction, independently
transduced duplicate cultures were trypsinized and assayed for
EGFP expression. This percentage of EGFP-positive cells,
which ranged from 35 to 40% of the Cf2Th cells, was used as
the starting point for the number of envelope glycoprotein-
expressing cells in each culture and designated 100%. At sub-
sequent time points, cultures were collected and assayed for
the percentage of EGFP-expressing cells. We expected that
any cytotoxicity of the envelope glycoproteins expressed by the
vector would be accompanied by a decrease in the percentage
of EGFP-expressing cells in the culture. Cultures were split
throughout the observation period to minimize cell-cell con-
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tact; under these low-density conditions, syncytium formation
was prevented (data not shown).

R5 envelope glycoproteins caused only very minimal de-
creases in the viability of the Cf2Th-CD4hi/CCR5 cells com-
pared to the cells transduced with the control vector lacking
the ability to express HIV-1 envelope glycoproteins (Fig. 2,
upper left panel). A CD4-independent R5 envelope glycopro-
tein, ADA�V1/V2, also exerted minimal effects on the viability
of the Cf2Th-CD4hi/CCR5 target cells. The small effects of
these envelope glycoproteins on the viability of the Cf2Th-
CD4hi/CCR5 cells were reduced in cells transduced with the
F522Y variants of the envelope glycoproteins, which are less
competent at mediating membrane fusion (5a, 9, 51). R5X4
envelope glycoproteins did not significantly decrease the via-
bility of the Cf2Th-CD4hi/CCR5 cells (Fig. 2, upper right pan-
el). We conclude that the expression of R5 and R5X4 HIV-1
envelope glycoproteins in the Cf2Th-CD4hi/CCR5 cells results
in minimal decreases in cell viability.

The Cf2Th-CD4hi/CCR5 cell line expresses CD4 at a higher
level than that expressed on the surface of most primary lym-
phocytes (Fig. 1). We therefore investigated the effects of in-
tracellular expression of R5 and R5X4 HIV-1 envelope glyco-
proteins on the viability of Cf2Th-CD4lo/CCR5 cells, which
express more physiologic receptor levels. The wild-type R5 and
R5X4 envelope glycoproteins all induced dramatic decreases
in the percentage of EGFP-positive Cf2Th-CD4lo/CCR5 cells
(Fig. 2, middle row), in contrast to the minimal effects ob-
served in Cf2Th-CD4hi/CCR5 cells (Fig. 2, top row). Interest-

ingly, the KB9 envelope glycoproteins, which are derived from
a pathogenic R5X4 SHIV, caused significantly more rapid cell
loss than the 89.6 envelope glycoproteins, which are derived
from the closely related but nonpathogenic SHIV-89.6. The
apparent half-life of the cells expressing the ADA, YU2, or
KB9 envelope glycoproteins was approximately 2 days, whereas
that of the cells expressing the 89.6 envelope glycoproteins was
approximately 5 days.

The expression of the CD4-independent ADA�V1/V2 en-
velope glycoproteins also caused significant loss of EGFP-
positive Cf2Th-CD4lo/CCR5 cells. No syncytia were observed
in the cultures demonstrating dramatic decreases in EGFP-
expressing cells (data not shown). The F522Y alteration
greatly reduced the ability of all of the envelope glycoproteins
to deplete the transduced cells, supporting a role for mem-
brane fusion in the induction of cytopathic effects in this set-
ting. Most of the Cf2Th-CD4lo/CCR5 cells expressing the
F522Y variants survived similarly to the control cells not express-
ing HIV-1 envelope glycoproteins. However, the ADA�V1/V2
F/Y envelope glycoproteins, although less cytopathic than the
ADA�V1/V2 envelope glycoproteins, still caused a significant
decrease in the percentage of EGFP-positive cells in the cul-
ture. Notably, the percentage of EGFP-positive cells express-
ing the YU2 F/Y envelope glycoproteins increased dramati-
cally with time; this increase was so dramatic that the results
are not shown to allow easier visualization of the results for the
remaining envelope glycoproteins.

To examine whether CD4 was absolutely essential for the
induction of cytotoxicity by the HIV-1 envelope glycoproteins,
the experiments were repeated in CD4� Cf2Th-CCR5 cells.
Significant decreases in the percentage of EGFP-positive cells
accompanied the expression of some of the R5 HIV-1 enve-
lope glycoproteins in Cf2Th-CCR5 cells, which do not express
CD4 (Fig. 2, bottom row). The CD4-independent ADA�V1/V2
envelope glycoproteins, which can fuse membranes after binding
directly to CCR5, rapidly depleted transduced cells from the
culture. The wild-type ADA envelope glycoproteins also caused
significant cell loss in this setting, whereas the wild-type YU2,
89.6, and KB9 envelope glycoproteins did not induce decreases in
EGFP-expressing cells compared with the controls. No syncytia
were observed in the cultures, even in those exhibiting significant
decreases in EGFP-positive cells over time (data not shown).

To demonstrate directly that single-cell lysis contributed to
the loss of EGFP-positive cells, Cf2Th-CCR5 cells were trans-
duced with the vector expressing the ADA�V1/V2 envelope
glycoproteins or a control vector not expressing HIV-1 enve-
lope glycoproteins. EGFP-positive cells were sorted by fluo-
rescence-activated cell sorting, plated at low density, and in-
termittently stained with propidium iodide. At 3 days following
incubation with the recombinant virus expressing the
ADA�V1/V2 envelope glycoproteins, 65% of the Cf2Th-
CCR5 cells were positive for propidium iodide staining (data
not shown). No syncytia were observed in these cultures, even
in propidium iodide-positive cells (data not shown). Cf2Th-
CCR5 cells transduced with the control vector not expressing
HIV-1 envelope glycoproteins exhibited, on average, less than
15% propidium iodide-positive cells (data not shown). The
absolute numbers of EGFP-positive cells in these control cul-
tures ranged from 5 � 105 to 8 � 105 on days 2 to 8 following
transduction, whereas the number of EGFP-positive cells in

FIG. 1. Receptor expression on cell lines used in the study. Cf2Th
cell lines and primary human CD4� peripheral blood lymphocytes
were stained for expression of the CD4 glycoprotein and/or the CCR5
glycoprotein. Cf2Th-CD4hi/CCR5 and Cf2Th-CD4lo/CCR5 cells were
stained for CD4 and CCR5 expression. The Cf2Th-CCR5 cells were
stained only for CCR5 expression, and the primary blood lymphocytes
were stained only for CD4. Staining for CCR5 expression was per-
formed with the 2D7 antibody, and staining for CD4 expression was
performed with the Q4120 antibody. An isotype-matched antibody was
used as a negative control (shaded peaks) and yielded staining similar
to that observed for parental Cf2Th cells stained with the Q4120
antibody (data not shown).
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the population exposed to the ADA�V1/V2 envelope glyco-
protein-expressing vectors remained below 4 � 104 during this
period. These results indicate that single-cell lysis accounts for
the decrease in the percentage of EGFP-expressing cells that
accompanies the expression of functional HIV-1 envelope gly-
coproteins in this system.

The membrane fusion-defective version of the CD4-inde-

pendent envelope glycoprotein, ADA�V1/V2 F/Y, depleted
EGFP-positive Cf2Th-CCR5 cells less efficiently than the
ADA�V1/V2 envelope glycoproteins (Fig. 2, bottom row).
The F522Y change completely abolished the ability of the
wild-type ADA envelope glycoproteins to deplete transduced
Cf2Th-CCR5 cells. These results indicate that both a wild-type
and a CD4-independent R5 envelope glycoprotein can cause

FIG. 2. Effects of R5 and R5X4 HIV-1 envelope glycoprotein expression on viability of cells expressing CCR5 and different levels of CD4. The
percentage of EGFP-positive cells in Cf2Th-CD4hi/CCR5 (upper row), Cf2Th-CD4lo/CCR5 (middle row), and Cf2Th-CCR5 (bottom row) cultures
transduced by recombinant HIV-1 vectors expressing the indicated HIV-1 envelope glycoproteins or a control Env(�) vector is shown. The HIV-1
envelope glycoproteins in the experiments shown in the left column are R5 envelope glycoproteins, and those in the experiments shown in the right
column are R5X4 envelope glycoproteins. The percentage of EGFP-positive cells in each culture 48 h after incubation with recombinant viruses
was designated as 100%, and subsequent percentages were normalized to this value. The F522Y variants (designated F/Y) are also shown except
for YU2 F/Y in the Cf2Th-CD4lo/CCR5 cultures, which had EGFP-positive percentages that exceeded the scale of the graph and were left out for
the sake of clarity for the remaining samples.
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decreases in viability in cells lacking CD4. This cytotoxic effect
is dependent, at least in part, on the membrane-fusing ability
of the envelope glycoproteins.

Ability of Cf2Th-CCR5 and Cf2Th-CD4hi/CCR5 cells to
form syncytia. Our observation that expression of several of
the HIV-1 envelope glycoproteins resulted in the lysis of
Cf2Th-CD4lo/CCR5 and Cf2Th-CCR5 cells but not Cf2Th-
CD4hi/CCR5 cells was unexpected. Because membrane fusion
has previously been linked to HIV-1 envelope glycoprotein-
mediated cell death (9, 51) and appears to contribute to the
destruction of Cf2Th-CD4lo/CCR5 and Cf2Th-CCR5 cells, we
postulated that the Cf2Th-CD4hi/CCR5 cells might be less
susceptible to such membrane fusion. To examine this possi-
bility, we compared the ability of the Cf2Th-CCR5� and
Cf2Th-CD4hi/CCR5 cells to act as fusion partners in a syncy-
tium formation assay. We transduced 293T cells with recom-
binant HIV-1 vectors expressing the viral envelope glyco-
proteins and cocultured them with either Cf2Th-CCR5 or
Cf2Th-CD4hi/CCR5 target cells.

The ADA and ADA�V1/V2 envelope glycoproteins formed
numerous syncytia with Cf2Th-CD4hi/CCR5 target cells (Fig.
3A). The ADA�V1/V2 envelope glycoproteins induced slightly
fewer syncytia when the Cf2Th-CCR5 target cells were used,
consistent with the expectation that expression of CD4 in the
target cells is not necessary but can contribute to the function
of these envelope glycoproteins (48). The wild-type ADA en-
velope glycoproteins induced the formation of some syncytia in
Cf2Th-CCR5 target cells. Thus, although virus entry mediated
by the ADA envelope glycoproteins is CD4 dependent, in the
context of the cell-cell fusion assay, these glycoproteins can
mediate some membrane fusion in the absence of CD4. These
results demonstrate that both Cf2Th-CD4hi/CCR5 and Cf2Th-
CCR5 cells are fully capable of participating in membrane
fusion reactions mediated by the HIV-1 envelope glycopro-
teins.

The results in Fig. 3A show that the change of phenylalanine
522 to tyrosine reduced the syncytium-forming ability of the
wild-type ADA and ADA�V1/V2 envelope glycoproteins.
However, some residual membrane-fusing capacity was re-
tained by the ADA�V1/V2 F/Y mutant glycoproteins. It is
noteworthy that the number of syncytia induced by the differ-
ent HIV-1 envelope glycoproteins in the Cf2Th-CCR5 target
cells correlated very well with the degree of cytotoxicity ob-
served when these cells were transduced with vectors express-
ing these envelope glycoproteins.

CD4 coexpression inhibits syncytium formation mediated by
the HIV-1 envelope glycoproteins. The above studies indicate
that Cf2Th-CD4hi/CCR5 cells are at least as competent as
fusion partners as the Cf2Th-CCR5 cells. To examine syncy-
tium formation in a different context, Cf2Th-CD4hi/CCR5 and
Cf2Th-CCR5 cells were directly transduced with HIV-1 enve-
lope glycoprotein-expressing vectors and cultured at high den-
sity to promote the formation of syncytia. Figure 3B shows that
the ADA and ADA�V1/V2 envelope glycoproteins efficiently
induced the formation of syncytia when expressed in Cf2Th-
CCR5 cells. Syncytium formation following expression of these
envelope glycoproteins in Cf2Th-CD4hi/CCR5 cells was much
less efficient than in Cf2Th-CCR5 cells. The syncytia formed by
the ADA�V1/V2 envelope glycoproteins in Cf2Th-CD4hi/
CCR5 cells were smaller than those formed in Cf2Th-CCR5

cells (data not shown). Each of the F522Y mutants was less
effective at inducing cell-cell fusion than the corresponding
envelope glycoprotein with a wild-type gp41 sequence (Fig.
3B). The CD4-dependent wild-type YU2, 89.6, and KB9 en-
velope glycoproteins formed small and infrequent syncytia only
when expressed in Cf2Th-CD4hi/CCR5 cells, not in Cf2Th-
CCR5 cells (data not shown). The results obtained in the
syncytium formation assay in which the HIV-1 envelope gly-
coproteins were expressed within receptor-bearing cells resem-
ble those observed in the assay for single-cell lysis in Fig. 2.

FIG. 3. Ability of Cf2Th-CD4hi/CCR5 and Cf2Th-CCR5 cells to
participate in syncytium formation. (A) The ability of Cf2Th-CD4hi/
CCR5 (black bars) and Cf2Th-CCR5 cells (white bars) to serve as
target cells for syncytium formation was examined. 293T cells were
transduced with single-round HIV-1 vectors expressing the indicated
envelope glycoproteins or with an Env(�) control vector. Twenty-four
hours later, the 293T cells were split into two plates, and each was
cocultivated at 37°C with either Cf2Th-CD4hi/CCR5 or Cf2Th-CCR5
cells. Twenty-four hours later, syncytia were counted by microscopy.
(B) Syncytium formation resulting from HIV-1 envelope glycoprotein
expression within Cf2Th-CD4hi/CCR5 and Cf2Th-CCR5 cells. Cf2Th-
CD4hi/CCR5 and Cf2Th-CCR5 cells cultured at high density (105 cells
in six-well plates) were transduced with recombinant HIV-1 vectors
expressing the indicated HIV-1 envelope glycoproteins. The Env(�)
control vector does not express HIV-1 envelope glycoproteins. Syncy-
tia were scored 48 h later by light microscopy.
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This supports the notion that syncytium formation and single-
cell lysis involve similar functions of the HIV-1 envelope gly-
coproteins and that the type of cell death resulting from en-
velope glycoprotein expression depends on variables such as
the likelihood of cell-cell contact.

HIV-1 envelope glycoprotein binding to CD4 inhibits cell
killing. The above experiments suggest that CD4 expression is
the inhibiting factor in the HIV-1 envelope glycoprotein’s poor
ability to lyse Cf2Th-CD4hi/CCR5 cells in the experiment
shown in Fig. 2. To confirm this, we altered the CD4-binding
site in the gp120 subunit of the ADA�V1/V2 envelope glyco-
proteins. Specifically, the aspartic acid at position 368 of gp120,
which interacts with arginine 59 of CD4, was changed to an
arginine to ablate CD4 binding (47, 48). As the ADA�V1/V2
envelope glycoproteins are CD4 independent, they retain the
capacity to mediate membrane fusion even though CD4-bind-
ing ability is attenuated. Cf2Th-CCR5 and Cf2Th-CD4hi/
CCR5 cells were transduced with recombinant HIV-1 vectors
expressing EGFP and either the ADA�V1/V2 or ADA�V1/V2
D368R envelope glycoproteins or with a control vector con-
taining an env deletion [Env(�)]. The cells were cultured at
low density, and the percentage of EGFP-positive cells was
used as an indicator of the viability of the transduced cells.

As seen previously, the expression of the ADA�V1/V2 en-
velope glycoproteins in Cf2Th-CCR5 cells resulted in a rapid
decrease in cell viability (Fig. 4A). The Cf2Th-CCR5 cells
expressing the ADA�V1/V2 D368R envelope glycoproteins
were lysed at a rate slightly lower than that seen in the cells
expressing the ADA�V1/V2 envelope glycoproteins. Thus, the
D368R change does not eliminate the cytotoxic capacity of the
ADA�V1/V2 envelope glycoproteins but may slightly reduce
the efficiency of envelope glycoprotein functions relevant to
the induction of cytopathic effects.

In Cf2Th-CD4hi/CCR5 cells, moderate decreases in cell vi-
ability were observed in cells expressing the ADA�V1/V2 en-
velope glycoproteins compared with the control cells (Fig. 4B).
In contrast to the results seen in the Cf2Th-CCR5 cells, the
ADA�V1/V2 D368R envelope glycoproteins exerted greater
cytopathic effects than the ADA�V1/V2 envelope glycopro-
teins in Cf2Th-CD4hi/CCR5 cells. Thus, a gp120 change that
reduced CD4-binding affinity enhanced cell killing by a CD4-
independent envelope glycoprotein only in the cells that ex-
pressed high levels of CD4. This is consistent with the hypoth-
esis that CD4 expression exerts an inhibitory effect on HIV-1
envelope glycoproteins expressed in the same cell.

CD4 coexpression inhibits proteolytic cleavage of the HIV-1
gp160 envelope glycoprotein precursor. To understand the
mechanism of CD4 inhibition of HIV-1 envelope glycoprotein-
mediated cytotoxicity and syncytium formation, we immuno-
precipitated the HIV-1 envelope glycoproteins that were ex-
pressed in Cf2Th-CD4hi/CCR5 cells. Figure 5A shows that
ADA and YU2 envelope glycoproteins, when expressed in
Cf2Th-CCR5 cells, were found mainly in the mature, proteo-
lytically processed state, with a high ratio of gp120 to the gp160
precursor. However, when the same envelope glycoproteins
were expressed in Cf2Th-CD4hi/CCR5 cells, the uncleaved,
gp160 precursor form predominated. This was also true for the
CD4-independent ADA�V1/V2 envelope glycoproteins. The
efficiency of proteolytic processing of the ADA�V1/V2 enve-
lope glycoprotein precursor was decreased in Cf2Th-CD4hi/

CCR5 cells compared with that in Cf2Th-CCR5 cells (Fig. 5A
and B). The alteration of aspartic acid 368 in the ADA�V1/V2
D368R envelope glycoprotein, which reduces CD4-binding af-
finity, improved the level of precursor processing in the Cf2Th-
CD4/CCR5 cells. These results suggest that the inhibitory ef-
fect of high levels of CD4 expression on HIV-1 envelope
glycoprotein-mediated induction of cytopathic effects is due, at
least in part, to a decrease in envelope precursor processing.

Induction of apoptosis by virion-bound HIV-1 envelope gly-
coproteins. In addition to the ability of HIV-1 envelope glyco-
proteins to induce the lysis of cells in which they are expressed,

FIG. 4. Increase in cytotoxicity of a CD4-independent HIV-1 en-
velope glycoprotein in CD4-expressing cells due to a decrease in CD4-
binding ability. Cf2Th-CCR5 cells (A) and Cf2Th-CD4hi/CCR5 cells
(B) were infected with recombinant HIV-1 vectors expressing either
ADA�V1/V2 or ADA�V1/V2 D368R envelope glycoproteins or with
a control vector that does not express HIV-1 envelope glycoproteins
[Env(�)]. All of the vectors expressed EGFP. The percentage of
EGFP-positive cells in the culture 48 h after transduction was consid-
ered 100%, and the percentages of EGFP-positive cells in each culture
at subsequent time points were normalized to this value.
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it has been postulated that envelope glycoproteins may induce
apoptosis when added exogenously to receptor-bearing cells.
There is considerable disagreement in the literature on
whether the death of “innocent bystander” cells occurs, either
in HIV-1-infected cultures or in response to treatment of cells
with HIV-1 envelope glycoproteins (3, 16, 24, 30, 34, 38, 51, 53,
77). Our previous studies showed that, in primary CD4-positive
T lymphocytes expressing HIV-1 envelope glycoproteins, al-
though considerable cell lysis was documented in the envelope
glycoprotein-expressing cells, no toxic effects on bystander cells
were observed under typical culture conditions (51). Only
when cells were cultured at high density were bystander cells
incorporated into syncytia and killed (51).

It is possible that the HIV-1 envelope glycoproteins could
exert more significant toxic effects on bystander cells express-
ing receptors if the viral envelope glycoproteins were bound to

virions. To examine this possibility, we used two approaches to
produce replication-defective HIV-1 virions. In one approach,
recombinant HIV-1 vectors expressing EGFP and containing
HIV-1 envelope glycoproteins were produced by transfection
and inactivated by UV irradiation. The plasmids used to pro-
duce these vectors are shown in Fig. 6A. The effects of UV
irradiation on the ability of these vector preparations to trans-
duce the EGFP gene into Jurkat T lymphocytes are shown in
Fig. 6B and 6D. A 20-min exposure of the virus preparation to
UV radiation resulted in complete loss of infectivity, as mea-
sured by EGFP expression in the target cells. The reverse
transcriptase activity measured in pelleted virions following
UV irradiation was preserved (Fig. 6C), indicating that the
defects in UV-inactivated viruses were selective. This is con-
sistent with the expectation that the integrity of nucleic acid is
more sensitive to UV-induced damage than that of protein or
lipid structures. In fact, addition of DNA repair enzymes to
many UV-inactivated viruses can rescue their activity (32, 83).
Thus, UV irradiation can generate noninfectious virion parti-
cles.

In a second approach, replication-defective HIV-1 virions
lacking the viral genome were generated. These particles were
produced by transfection of 293T cells with the packaging
plasmid pCMV�P1�envpA and the pSVIIIenv plasmid ex-
pressing the HIV-1 envelope glycoproteins. As neither plasmid
contains a packaging signal, the virions produced will not ef-
ficiently package either RNA product. We expected that these
virions would interact with receptor-bearing cells in a manner
identical to that of wild-type HIV-1 but would not initiate
infection.

The potential cytotoxicity of the defective HIV-1 virions was
monitored by two methods. Apoptosis was measured by termi-
nal deoxynucleotidyltransferase-mediated dUTP-biotin nick-end
labeling (TUNEL), in which DNA degradation, a hallmark of
apoptosis, is detected by the incorporation of fluorescent nu-
cleotides into the DNA ends. Propidium iodide was also used
to identify cells with a permeable membrane; such cells may
represent necrotic cells or end-stage apoptotic cells. Thus, cell
populations can be divided into TUNEL-negative/propidium
iodide-negative (viable cells), TUNEL-positive/propidium io-
dide-negative (apoptotic cells), TUNEL-negative/propidium
iodide-positive (necrotic cells), and TUNEL-positive/pro-
pidium iodide-positive (late-stage apoptotic cells).

Figure 7 demonstrates the ability of the assay to detect
apoptosis induced by treatment of Jurkat T lymphocytes with
staurosporine, a kinase inhibitor that induces apoptosis (68).
Staurosporine treatment resulted in a large increase in the
percentage of TUNEL-positive cells in the culture, whereas
the percentage of TUNEL-negative/propidium iodide-positive
cells (representing necrotic cells) did not change. This assay
was used to determine the effect of virion-bound envelope
glycoproteins on the viability of primary CD4� T cells. CD4�

T cells were isolated from human blood by negative selection
(51) and activated with phytohemagglutinin and interleukin-2.
Approximately 100,000 reverse transcriptase cpm (�100 ng of
p24) of defective virions were added to these primary CD4� T
cells. Duplicate cultures were collected and stained at three
time points after the addition of virions. As negative controls,
supernatants collected from cells transfected with the
pCMV�P1�envpA plasmid alone or with the pSVIIIenv plas-

FIG. 5. Decrease in HIV-1 envelope glycoprotein precursor pro-
cessing by CD4 binding. Cf2Th-CD4lo/CCR5, Cf2Th-CD4hi/CCR5,
and Cf2Th-CCR5 cells were infected with recombinant HIV-1 vectors
expressing the indicated HIV-1 envelope glycoproteins. Twenty-four
hours later, the cells were washed and labeled with [35S]methionine.
Twenty-four hours later, the cells were lysed, and the lysates were used
for immunoprecipitation by pooled sera from HIV-1-infected individ-
uals. Precipitates were analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (A and B). The gp160 envelope glycoprotein
precursor and the mature gp120 envelope glycoprotein are indicated.
(C) The gel image in B was analyzed with ImageQuant software. The
background present in each lane was determined and subtracted from
the values obtained for each band of interest. Cleavage was calculated
as [gp120/(gp120 � gp160)] � 100. Repetition of this experiment
yielded similar results.
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FIG. 6. Generation of inactivated HIV-1 virions. (A) Virions that incorporated the HXBc2, HXBc2-P, 89.6, or KB9 envelope glycoproteins as
well as the F522Y fusion-defective variants of these envelope glycoproteins were made by cotransfecting the three plasmids shown. The
recombinant viruses were inactivated by UV irradiation. (B) Effect of the duration of UV treatment on the number of EGFP-positive cells that
resulted from incubation of the viruses with Jurkat T lymphocytes is shown. (C) Effect of duration of UV irradiation on the reverse transcriptase
(RT) activity measured in pelleted virions is shown. (D) Jurkat T lymphocytes were incubated with the recombinant HIV-1 vector containing the
vesicular stomatitis virus G protein envelope glycoproteins either after no UV irradiation or after 20 min of UV irradiation. The EGFP-positive
cells were visualized. Equivalent numbers of Jurkat cells were present in both fields (data not shown). Cells incubated with the recombinant HIV-1
vector expressing HXBc2 envelope glycoprotein showed similar results (data not shown).
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mid alone were used. Medium from untransfected 293T cells
was used as an additional control. Additionally, vesicular sto-
matitis virus G protein-pseudotyped virions were included to
determine whether any effects seen were HIV-1 envelope gly-
coprotein specific. Incubation with defective HIV-1 virions
lacking the viral genome and containing either fusion-
competent or fusion-defective HIV-1 envelope glycoproteins
did not result in toxic effects in primary CD4� T cells above
those observed in the negative controls (Fig. 8). Likewise,
UV-inactivated HIV-1 particles did not induce toxic effects
beyond those seen in negative controls (data not shown).

It has been shown that various cellular proteins can be in-
corporated into HIV-1 virions as they bud from the cell sur-
face. These include complement receptors, adhesion mole-
cules, and MHC class II molecules (25, 76). It has been
reported that inclusion of MHC II proteins in HIV-1 virions
augmented the ability to induce apoptotic changes in CD4� T
cells (25). Therefore, we cotransfected plasmids expressing
MHC II � and � chains with our virion-expressing plasmids to
generate virus particles that contain both envelope glycopro-
teins and MHC II proteins. We tested the ability of these
virions to induce cell death in primary CD4� T cells.

UV-inactivated virions produced from cells expressing high
levels of HIV-1 envelope glycoproteins and MHC II proteins
did not cause an increase in the percentage of TUNEL-positive
or propidium iodide-positive cells in primary CD4� T-cell cul-
tures compared with the negative controls (data not shown).
Similar results were obtained with virus particles lacking a
genome (data not shown). In summary, under the conditions
employed in our assay, virion-like particles did not cause sig-
nificant levels of cell death in primary CD4� T lymphocytes.

DISCUSSION

Studies on T-cell turnover in HIV-1-infected humans (41,
91) indicate that the virus-producing cells are short-lived. The
half-life of these infected cells is independent of the immune
status of the host (41) or the antiviral cytotoxic T-cell response
(67a). Thus, virus-induced cytopathic effects likely contribute
to the loss of virus-expressing CD4� T cells in vivo. Studies of
monkeys infected with SHIV variants demonstrate that the
composition and membrane-fusogenic function of the viral en-
velope glycoproteins determine the efficiency with which
CD4� T cells are depleted, at a given level of virus replication

FIG. 7. Assay for detecting cytotoxicity. Jurkat T lymphocytes were stained with propidium iodide (PI) and by TUNEL and analyzed by
fluorescence-activated cell sorting. The results with untreated Jurkat cells are shown in the upper left panel. The other panels show the results
obtained with Jurkat cells treated for 16 h with the indicated concentrations of staurosporine.
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(26a, 45). The expression of the HIV-1 envelope glycoproteins
in tissue-cultured cells can result in the induction of both forms
of viral cytopathic effect, syncytium formation and single-cell
lysis (9). Both X4 and R5 HIV-1 envelope glycoproteins can
induce the formation of syncytia in cells bearing CD4 and the
appropriate receptor (13). Syncytia are not prominent features
in the lymphoid organs of most HIV-1-infected individuals, so
their role in CD4� T-cell depletion in vivo is unknown (55, 57,
62, 79). Expression of wild-type X4 and R5X4 HIV-1 envelope
glycoproteins in primary human CD4� T lymphocytes results

almost exclusively in the lysis of single cells (51). Only when
these primary CD4� cells are cultured at very high densities
are syncytia induced (51). The ability of X4 and R5X4 HIV-1
envelope glycoproteins to lyse primary CD4� T lymphocytes is
dependent on the membrane-fusing capacity of these viral gly-
coproteins (51).

R5 isolates predominate early in the course of HIV-1 infec-
tions of humans and, in some patients, are found exclusively
throughout infection (18a, 79a). Both the in vivo pathogenesis
and tissue culture growth properties of R5 HIV-1 isolates are
thought to be less robust than those of X4 or R5X4 viruses.
The lower percentage of CCR5-expressing cells compared with
those expressing CXCR4 in primary T-cell populations prob-
ably contributes to these phenotypes (1a, 89a). R5 HIV-1 en-
velope glycoproteins have been classified as non-syncytium-
inducing based on their inability to fuse cells that express CD4
and CXCR4. However, R5 HIV-1 isolates kill CD4� CCR5� T
cells in tissue culture (95) and in lymph node explants (37a,
37b, 62a). Here we examined the cytopathic properties of sev-
eral R5X4 and R5 HIV-1 envelope glycoproteins in CCR5�

cells that expressed various levels of CD4.
In CCR5� target cells that expressed low levels of CD4

(Cf2Th-CD4lo/CCR5), expression of the wild-type R5 and
R5X4 HIV-1 envelope glycoproteins by the vector resulted in
efficient single-cell lysis. A CD4-independent R5 envelope gly-
coprotein (ADA�V1/V2) also lysed these target cells effi-
ciently. The apparent half-lives of the cells expressing the wild-
type and �V1/V2 envelope glycoproteins was approximately 2
days, which is similar to the estimated half-life of virus-pro-
ducing cells in HIV-1-infected humans (41, 91). The lytic abil-
ity of all of the envelope glycoproteins was reduced by a single,
conservative amino acid change (phenylalanine 522 to ty-
rosine) in the gp41 “fusion peptide.” This change significantly
attenuates membrane-fusing capacity without affecting other
HIV-1 envelope glycoprotein functions, including receptor
binding (5a, 9). The impact of the F522Y change on single-cell
lysis indicates that receptor binding and any consequent sig-
naling events are not sufficient to kill the envelope glyco-
protein-expressing cell. Of note, the KB9 envelope glycopro-
teins from a pathogenic SHIV caused more rapid cell lysis than
the closely related 89.6 envelope glycoproteins, which are de-
rived from a nonpathogenic SHIV (75). These envelope gly-
coproteins differ in the capacity to fuse cell membranes (26,
26a, 45), an observation consistent with the difference in single-
cell lytic capacity and the deduced relationship of this property
to cytopathic potential.

The F522Y change in the fusion peptide did not completely
eliminate the membrane-fusing capacity of the ADA�V1/V2
envelope glycoproteins. These envelope glycoproteins are CD4
independent, are particularly prone to neutralization by anti-
bodies and soluble CD4, and initiate entry by directly binding
CCR5 (47, 48). These properties led to the suggestion that the
ADA�V1/V2 envelope glycoproteins spontaneously negotiate
the conformational transitions normally promoted by CD4
binding. The efficiency with which the ADA�V1/V2 F/Y en-
velope glycoproteins are triggered by viral contact with target
cell CCR5 may partially compensate for the inefficiency of the
subsequent membrane fusion events. The resultant retention
of some membrane-fusing capacity can therefore account for
the observed ability of this envelope glycoprotein to lyse

FIG. 8. Effect of recombinant HIV-1 virions lacking genomic RNA
on primary CD4� T cells. To produce virions lacking genomic RNA,
293T cells were transfected with the pCMV�P1�envpA plasmid and,
in some cases, with the pSVIIIenv plasmid expressing the indicated
HIV-1 envelope glycoproteins or a plasmid expressing the vesicular
stomatitis virus G protein glycoprotein. Virions lacking envelope gly-
coproteins (Gag/Pol), medium from cells transfected with plasmids
expressing envelope glycoproteins (HXBc2 Env and vesicular stoma-
titis virus G protein Env), or medium from untransfected 293T cells
(medium) were used as negative controls. CD4� T cells were isolated
by negative selection from human peripheral blood mononuclear cells
and stimulated with phytohemagglutinin and interleukin-2 for 3 days.
The cells were then incubated with recombinant HIV-1 virions lacking
genomic RNA at 37°C. On the indicated days, a TUNEL assay was
performed, with the results shown.

VOL. 77, 2003 CYTOLYSIS BY CCR5-USING HIV-1 ENVELOPE GLYCOPROTEINS 6655



Cf2Th-CD4lo/CCR5 and CD4-negative Cf2Th-CCR5 cells. Ly-
sis of the CD4-negative cells by the CD4-independent enve-
lope glycoproteins demonstrates that CD4 is not absolutely
necessary for single-cell killing. However, in a natural context,
as CD4-independent HIV-1 envelope glycoproteins are
thought to be rare, CD4 assists in virus attachment and serves
as a trigger of events leading to membrane fusion and cell lysis.

The wild-type ADA envelope glycoproteins exhibited some
ability to fuse CD4-negative, CCR5-positive membranes and
to lyse CCR5-positive cells lacking CD4. This may indicate that
these glycoproteins are slightly more prone to bypassing CD4
than some of the other primary R5 HIV-1 envelope glycopro-
teins.

When high levels of CD4 were coexpressed with the HIV-1
envelope glycoproteins, single-cell lysis was decreased com-
pared with that mediated by the same envelope glycoproteins
expressed in cells with lower CD4 levels. This unexpected ob-
servation apparently resulted from CD4 binding intracellularly
to the envelope glycoproteins and limiting the efficiency of
their proteolytic maturation, which is needed for membrane
fusogenicity (63a). As proteolytic processing of the HIV-1 en-
velope glycoproteins occurs in the Golgi apparatus (84a), one
mechanism by which high levels of CD4 could inhibit envelope
glycoprotein function is prevention of movement along the
secretory pathway from the endoplasmic reticulum to the
Golgi network. The nascent HIV-1 envelope glycoproteins and
CD4 first become competent for binding each other in the
endoplasmic reticulum, and complexes of these proteins in the
endoplasmic reticulum have been documented (16a, 43a, 46a,
46b). An ADA�V1/V2 variant, D368R, which is significantly
attenuated in its ability to bind CD4 (70a) lysed Cf2Th-CD4hi/
CCR5 cells more efficiently than the parental ADA�V1/2 en-
velope glycoproteins. This observation is consistent with a
model in which high-affinity binding and saturation of HIV-1
envelope glycoprotein complexes by high levels of CD4 leads
to retention in the endoplasmic reticulum.

The CD4 expression level in primary T lymphocytes is lower
than that in the Cf2Th-CD4hi/CCR5 cell line, and thus, HIV-1
does not typically encounter receptor-mediated trapping of
envelope glycoproteins to the degree seen in this cell line. The
HIV-1 Vpu protein, which downregulates the level of CD4 by
increasing its turnover in the endoplasmic reticulum, also helps
to minimize this problem for viral envelope glycoprotein pro-
cessing (45a, 92a). The HIV-1 Vpu protein was not expressed
in the target cells by the vectors used in our study.

The available data allow the following picture of the se-
quence of events leading to HIV-1 envelope glycoprotein-me-
diated cell lysis to be assembled. After synthesis and folding in
the endoplasmic reticulum, the envelope glycoprotein trimers
and CD4 can bind to each other. If the level of CD4 expression
is not extremely high, the complexes can be transported to the
Golgi apparatus. Here, two important posttranslational modi-
fications occur. First, sulfation of N-terminal tyrosines in
CCR5 allows high-affinity binding to the envelope glycopro-
tein-CD4 complexes (26b). Second, proteolytic cleavage of the
envelope glycoproteins occurs, activating their fusogenic po-
tential (63a). Next, a process dependent on membrane fusion
occurs that ultimately results in the necrotic lysis of the cell.
The most plausible model would involve the creation of nu-
merous pores in the membranes of the Golgi apparatus and, as

exocytic transport occurs, of the plasma membrane as well. As
membrane damage exceeds the repair capacity of the cell,
death ensues.

Extracellular HIV-1 envelope glycoprotein binding to cell
surface receptors has been proposed to trigger cytotoxic events
through as yet unclear mechanisms (24, 25). We investigated
this with inactivated virions containing functional HIV-1 enve-
lope glycoproteins. Adding high concentrations of virions,
more than are present in vivo even during acute HIV-1 vire-
mia, to primary CD4� T cells was not sufficient to induce any
level of apoptosis over that of the negative controls. Incorpo-
ration of MHC II molecules into the virions has been sug-
gested to increase the cytotoxicity of HIV-1 (25), but no spe-
cific effect of MHC II proteins was evident in our system. In
summary, we found no evidence that noninfectious HIV-1
virions induce cytotoxic changes in innocent bystander cells.
Therefore, all of our studies support a model in which death
occurs exclusively in cells expressing the HIV-1 envelope gly-
coproteins and not in innocent bystanders, unless these cells
are incorporated into lethal syncytia. These studies provide a
basic understanding of a process that efficiently and specifically
lyses CD4� T lymphocytes in culture and provide a rationale
for examining the in vivo role of this process in AIDS patho-
genesis.
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