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Human immunodeficiency virus type 1 (HIV-1) utilizes Vpu, Env, and Nef to down-modulate its primary CD4
receptor from the cell surface, and this function seems to be critical for the pathogenesis of AIDS. The
physiological relevance of CD4 down-modulation, however, is currently not well understood. In the present
study, we analyzed the kinetics of CD4 down-modulation and the susceptibility of HIV-1-infected T cells to
superinfection using proviral HIV-1 constructs containing individual and combined defects in vpu, env, and nef
and expressing red or green fluorescent proteins. T cells infected with HIV-1 mutants containing functional nef
genes expressed low surface levels of CD4 from the first moment that viral gene expression became detectable.
In comparison, Vpu and Env had only minor to moderate effects on CD4 during later stages of infection.
Consistent with these quantitative differences, Nef inhibited superinfection more efficiently than Vpu and Env.
Notably, nef alleles from AIDS patients were more effective in preventing superinfection than those derived
from a nonprogressor of HIV-1 infection. Our data suggest that protection against X4-tropic HIV-1 superin-
fection involves both CD4-independent and CD4-dependent mechanisms of HIV-1 Nef. X4 was effectively
down-regulated by simian immunodeficiency virus and HIV-2 but not by HIV-1 Nef proteins. Thus, maximal
protection seems to involve an as-yet-unknown mechanism that is independent of CD4 or coreceptor down-
modulation. Finally, we demonstrate that superinfected primary T cells show enhanced levels of apoptosis.
Accordingly, one reason that HIV-1 inhibits CD4 surface expression and superinfection is to prevent premature
cell death in order to expand the period of effective virus production.

Human immunodeficiency virus type 1 (HIV-1) utilizes
three of its gene products, Vpu, Env, and Nef, to down-mod-
ulate its primary CD4 receptor (reviewed in references 21, 37,
and 55). The diverse mechanisms underlying the effects of
these three viral proteins on CD4 surface expression have been
extensively studied. Nef is expressed at high levels early during
infection and down-modulates CD4 by enhancing its internal-
ization and directing the receptor to lysosomes for degradation
(1, 10, 19, 27, 45, 54). In contrast, Vpu and Env are coordi-
nately expressed from a Rev-dependent single-spliced mRNA
late during the viral life cycle and interfere with the transport
of newly synthesized CD4 to the cell surface (24, 69, 70). Thus,
only Nef acts on CD4 molecules that were already at the cell
surface prior to HIV-1 infection, and it plays the most prom-
inent role in CD4 down-modulation (17). The contribution of
Vpu and Env has been demonstrated using expression con-
structs or in the context of nef-defective HIV-1 mutants (re-
viewed in reference 38).

A number of studies suggest that Nef-mediated CD4 down-
modulation plays a critical role in the pathogenesis of AIDS
(reviewed in reference 67). nef alleles derived from some long-
term nonprogressors of HIV-1 infection are unable to down-
modulate CD4 but are fully capable of performing other func-
tions, such as down-regulation of major histocompatibility
complex class I molecules (13, 46, 64). Furthermore, point

mutations or deletions in Nef disrupting its ability to down-
regulate CD4 but not most of its other functions attenuate
simian immunodeficiency virus (SIV) replication and delay or
prevent disease progression in infected rhesus macaques (9,
33). Moreover, nef alleles derived from AIDS patients and
from SIV-infected macaques after the development of immu-
nodeficiency show increased activity in CD4 down-modulation
(4, 14, 50). Much less is known about the relevance of Vpu-
and Env-dependent CD4 down-modulation for the pathogen-
esis of AIDS. Unlike nef, which is present in the genomes of all
primate lentiviruses, vpu is present only in the HIV-1/SIVcpz
group and some closely related SIVs found in Cercopithecus
monkeys (reviewed in reference 30). It has been suggested that
Vpu contributes to the virulence of HIV-1/SIV chimeras
(SHIVs) in infected macaques (31). However, Vpu is multi-
functional (30), and it remained elusive whether its effect on
the release of viral particles or on CD4 was responsible for this
phenotype. Moreover, it has been shown that SHIVs express-
ing truncated and likely nonfunctional Vpu proteins can cause
disease in pigtailed macaques (61).

It is currently unclear which of the multiple consequences of
diminished CD4 cell surface expression are critical for lentivi-
ral pathogenesis. For example, CD4 down-modulation may
weaken the antiviral immune response, because CD4 interacts
with major histocompatibility complex class II on antigen-pre-
senting cells (APCs) and is an important costimulatory factor
of T-cell receptor-mediated T-cell activation (68). Further-
more, it has been reported that CD4 down-modulation en-
hances the release and infectivity of HIV-1 particles (8, 18, 38,
40, 56). These effects may explain why the efficiency of Nef-
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mediated CD4 down-modulation correlates with its ability to
enhance HIV-1 replication in primary T cells and in ex vivo-
infected human lymphoid tissues (25, 43). However, the rele-
vance of these activities is somewhat unclear, because Nef also
enhances the viral infectivity of HIV-1 particles produced in
CD4-negative cells (2, 63), and the effect of Nef on viral par-
ticle production was observed with artificially high Nef expres-
sion levels (56).

Another possible reason that it may be advantageous for
HIV-1 to down-modulate its primary receptor is to avoid su-
perinfection (6, 39, 47). Superinfection immunity may reduce
cell killing caused by the accumulation of unintegrated viral
DNA (20), enhance the efficiency of viral spread, and reduce
the frequency of HIV-1 recombination (37). However, al-
though it is conceivable that CD4 down-modulation may pro-
tect HIV-1-infected cells against superinfection, there is sur-
prisingly little experimental evidence to support this hypothesis.
Previous studies have used chronically infected cells and cells
stably or transiently transfected with constructs expressing Env
or Nef (6, 39, 42, 47, 53). To our knowledge, however, it has
never been experimentally demonstrated that CD4 down-mod-
ulation diminishes superinfection of T cells productively in-
fected with HIV-1.

To further study how HIV-1 modulates CD4 surface expres-
sion, we first analyzed the kinetics of receptor down-modula-
tion in T cells and peripheral blood mononuclear cells (PBMC)
infected with HIV-1 mutants containing individual and com-
bined defects in Vpu, Env, and Nef. Similar experiments were
performed in an elegant early study (17). However, CD4 down-
modulation was shown only for a single time point, and Nef
was expressed not from its original genomic localization but by
an internal ribosome entry site (IRES) element. Thus, the
kinetics of CD4 down-modulation and the relative contribu-
tion of Vpu, Env, and Nef to this effect during different stages
of HIV-1 infection remained elusive. Next, we investigated
how effectively Vpu, Env, and a variety of HIV-1, HIV-2, and
SIV Nef proteins protect HIV-1-infected cells against super-
infection. We found that Nef plays the major role in superin-
fection immunity and protects cells by both CD4-dependent
and CD4-independent mechanisms. In agreement with their
higher activity in CD4 down-modulation (4, 14), nef alleles
from AIDS patients were more effective than those derived
from a long-term nonprogressor of HIV-1 infection (28, 36,
46). Recently, it has been reported that Nef also down-modu-
lates the major HIV-1 coreceptors CCR5 (R5) and CXCR4
(X4), and it has been suggested that R5 down-modulation
contributes to the suppression of superinfection (32, 47). Our
results suggest, however, that maximal Nef-mediated protec-
tion against superinfection by X4-tropic HIV-1 is achieved by
an as-yet-unknown mechanism that does not involve CD4 or
coreceptor down-modulation.

MATERIALS AND METHODS

Proviral constructs. The HIV-1 NL4-3 proviral constructs carrying intact nef
alleles or a disruptive nef gene followed by an IRES and the enhanced green
fluorescent protein (eGFP) gene have been previously described (58, 59). To
generate proviral IRES-eGFP vectors containing a defective vpu or env gene, the
intergenic region of NL4-3 mutants containing mutations in these genes (57) was
cloned into the original proviral reporter constructs using the unique PflmI and
StuI restriction sites. The wild-type NL4-3 nef allele was replaced by different
HIV-1, HIV-2, and SIV nef alleles using standard PCR mutagenesis and cloning

techniques, essentially as described previously (58, 59). To generate reporter
viruses expressing a red fluorescent protein, we PCR amplified the DsRed2 gene
from pDsRed2-C1 (Clontech) using the 5� primer pRed2-5 (5�-CACCATGG
CCTCCTCCGAGAACGTC-3) and the 3� primer pRed2-3 (5�-GTCCCGGG
TTATCTCGATCCGGTGGATCCTGGGC-3) and replaced the eGFP gene in
the proviral constructs by the DsRed2 gene using the unique NcoI and XmaI
restriction sites (underlined). All PCR-derived sequences were verified by se-
quence analysis.

Cells. Jurkat cells were maintained in RPMI 1640 medium and 293T cells were
grown in Dulbecco’s modified Eagle medium, both supplemented with 10% fetal
calf serum (FCS) and antibiotics. PBMC were isolated using Biocoll separat-
ing solution (Biocoll AG), and primary CD4� T cells were purified using a
RosetteSep kit (StemCell Technologies, Inc.) according to the manufacturer’s
protocol. PBMC and CD4� T cells were both stimulated for 3 days with 3 �g
phytohemagglutinin per ml and cultured in RPMI 1640 medium with 10% FCS,
antibiotics, and 10 ng/ml interleukin 2.

Virus stocks. Virus stocks were generated by transient transfection of 293T
cells as described previously (48, 59). To generate pseudotyped viral particles,
293T cells were cotransfected with 5 �g NL4-3 proviral constructs carrying open
or defective vpu, env, and nef reading frames followed by an IRES and the eGFP
or DsRed2 gene and 1 �g of a plasmid (pHIT-G) expressing the vesicular
stomatitis virus G protein (VSV-G) as described previously (59). The p24 antigen
concentrations were quantified using an HIV-1 enzyme-linked immunosorbent
assay provided by the NIH AIDS Research and Reference Program.

Flow cytometric analysis. One million Jurkat cells or two million PBMC were
transduced with 500 �l VSV-G-pseudotyped HIV-1 IRES-eGFP virus stocks
containing 50 ng/ml p24 antigen. At different time points, one quarter of the cells
were washed with phosphate-buffered saline (PBS) and stained with anti-CD4-
phycoerythrin (clone RPA-T4; Serotec) or anti-CxCR4-phycoerythrin (clone
1265; BD) for 30 min at 4°C. The cells were washed again with PBS, fixed with
2% paraformaldehyde, and analyzed by a fluorescence-activated cell sorter
(FACS).

Superinfection. Jurkat T cells were transduced with VSV-G pseudotyped
HIV-1 NL4-3 IRES-DsRed2 or -eGFP particles varying in their vpu, env, and/or
nef genes and cultured in RPMI 1640 medium (supplemented with 10% FCS and
antibiotics) for 3 days. Thereafter, eGFP-expressing cells were analyzed for CD4
and X4 expression by FACS as described above. Cells transduced with the
DsRed2 reporter viruses were challenged with HIV-NL4-3-IRES-eGFP virus
stocks containing normalized amount of p24 antigen (300 ng), cultured for
another 2 days, washed once with PBS, fixed with 2% paraformaldehyde, and
analyzed by flow cytometric analysis. The percentages of superinfected cells were
calculated by dividing the number of cells expressing both DsRed2 and eGFP
(eGFP�/DsRed2� cells) by the number of cells expressing both fluorescent
proteins plus the number of cells expressing DsRed2 only (eGFP�/DsRed2� and
DsRed2� cells). To determine the percentages of apoptotic cells in the nonin-
fected, single-infected, and superinfected fractions, Jurkat and primary CD4� T
cells were transduced with nef-defective VSV-G pseudotyped HIV-NL4-3-IRES-
DsRed2 particles and challenged with wild-type HIV-NL4-3-IRES-eGFP viruses
3 days later. After another 2 days in culture, the cells were washed once with
PBS, stained with Annexin V-APC (Caltag) in Annexin binding buffer for 15 min
at room temperature, fixed with Annexin binding buffer containing 2% paraform-
aldehyde, and analyzed by FACS. Percentages of apoptotic Annexin V� cells
were determined for the DsRed2�, eGFP�, eGFP/DsRed2�, and uninfected cell
populations.

Western blot analysis. 293T cells were transfected with 5 �g DNA from the
proviral HIV-1 NL4-3 IRES-eGFP vectors as described previously (48, 59). At
40 h after transfection, the viral supernatant was removed and the cells were
harvested and lysed with 200 �l lysis buffer (1% Triton X-100; 0.15 M NaCl; 50
mM Tris-HCl, pH 7.4; 5 mM EDTA; 1 mM NaF; 1 mM Na2VO3). Virus stocks
containing 150 ng p24 antigen were used for the detection of the viral gp120
envelope glycoprotein in the cell-free culture supernatants. Virions were pelleted
in a microcentrifuge and resuspended in 80 �l of lysis buffer. For the detection
of Vpu, HeLa cells were used, because a nonspecific band interfered with the
Vpu signal for 293T cells. Briefly, HeLa cells were transduced with VSV-G-
pseudotyped HIV-1 NL4-3 IRES-eGFP particles, and cellular lysates were gen-
erated 3 days later. Viral proteins were separated by 10 to 15% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and detected by immunoblotting using
the following antibodies: human anti-HIV-1 gp120 Ab2G12 and rabbit anti-
HIV-1 p24 (provided by the NIH AIDS Research and Reference Reagent
Program), mouse anti-HIV-1 Nef (amino acids 151 to 170) (ABI), the polyclonal
rabbit anti-HIV-1 Vpu Ab 32-81 (kindly provided by Ulrich Schubert), rabbit
anti-GFP, and rabbit anti-�-actin (Abcam). For detection, the appropriate alka-
line phosphatase-labeled secondary antibodies were used.
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Statistical analysis. GraphPad Prism version 4.0 statistical software was used
for statistical analysis.

RESULTS

To assess the contribution of Nef, Vpu, and Env to CD4
down-modulation in HIV-1-infected Jurkat T cells, we used
HIV-1 NL4-3 IRES-eGFP reporter viruses containing individ-
ual and combined defects in these three genes (Fig. 1A). As
previously described (58, 59), these proviral HIV-1 constructs
coexpress Nef and eGFP from a bicistronic RNA, allowing us
to readily distinguish between infected and uninfected cells.
Western blot analysis demonstrated that the constructs showed
the expected differences in their ability to express Vpu, Env,
and Nef (Fig. 1B). In contrast, all proviral HIV-1 constructs
expressed similar levels of the p24 core antigen and eGFP (Fig.
1B).

Next, we measured the kinetics and efficiencies of CD4
down-modulation for Jurkat T cells transduced with the
eight different HIV-1 NL4-3 IRES-eGFP constructs. VSV-G-
pseudotyped HIV-1 particles were used to allow the analysis of
env-defective proviruses and to overcome Nef-dependent dif-
ferences in viral infectivity (16). The viral doses used for trans-
duction resulted in infection of �30% of the Jurkat cells. Thus,
the proviral copy numbers in the transduced T cells should be
low, as seen with wild-type HIV-1 infection. Notably, all but
the env-defective HIV-1 mutants were fully competent for sub-
sequent rounds of replication. Flow cytometric analysis re-
vealed that HIV-1-infected eGFP� cells first became detect-
able at 24 h posttransduction (Fig. 2A). All cells infected with
HIV-1 mutants containing intact nef genes showed reduced
levels of CD4 surface expression once viral gene expression
first became noticeable (Fig. 2A, columns 2 and 4 to 6). The
expression of the viral Env glycoprotein also resulted in dimin-
ished CD4 surface expression in both the presence and the
absence of Nef, particularly at high levels of eGFP and (indi-
rectly) viral gene expression (Fig. 2A, columns 3 and 7). In
comparison, Vpu had only marginal effects on the surface
levels of CD4 expression (Fig. 2A, column 8).

To quantitate the effect of Vpu, Env, and Nef on CD4
expression, we determined the red mean fluorescence intensi-
ties (rMFIs) for cells expressing different levels of eGFP
(ranges are indicated in Fig. 2A). The rMFIs obtained for
Jurkat T cells infected with the HIV-1 mutant containing com-
bined defects in vpu, env, and nef were divided by the corre-
sponding numbers obtained for cells expressing different com-
binations of these three accessory proteins to calculate CD4
down-modulation (n-fold). The results confirmed that Nef had
the strongest effect on CD4 (Fig. 2B). The expression of Env
further enhanced CD4 down-modulation at medium levels of
eGFP expression (Fig. 2B, right panel). Furthermore, cells
infected with HIV-1 mutants containing an intact env gene also
showed up to fivefold-diminished CD4 expression levels in the
absence of Nef. Unexpectedly, we observed only negligible
effects of Vpu on CD4 surface expression by HIV-1-infected
Jurkat T cells (Fig. 2B).

The efficiency of CD4 down-modulation and the relative
contribution of Vpu, Env, and Nef to this effect may differ
between transformed and primary cells. Therefore, we next
analyzed the kinetics of CD4 down-modulation in HIV-1-
infected human PBMC. HIV-1-infected eGFP� cells were
first observed at 32 h posttransduction (Fig. 3A). Both CD4�

and CD4�/low PBMC were transduced with the VSV-G-
pseudotyped HIV-1 constructs. The two cell populations were
readily discernible, and no CD4 down-modulation was ob-
served after infection with the Env-, Vpu-, and Nef-defective
(E� U� N�) HIV-1 mutant even at high levels of eGFP and,
hence, viral gene expression (Fig. 3A, panel 1). In contrast, the
CD4� cell population essentially disappeared in the PBMC
cultures transduced with the four proviral HIV-1 constructs
containing intact nef genes (Fig. 3A, panels 2 and 4 to 6). Thus,
similar to the results obtained using Jurkat T cells (Fig. 2), Nef
played the major role in CD4 down-modulation in PBMC.
However, the expression of both Vpu and Env also clearly
diminished CD4 surface expression at higher expression levels
(Fig. 3A, panels 7 and 8). At low levels of viral gene expression,
the contribution of Vpu to CD4 down-modulation was evident

FIG. 1. Proviral constructs and viral gene expression. (A) Modifi-
cations in the HIV-1 NL4-3 genome. The stars indicate the location of
the premature stop codons in the env and nef genes and the black bar
specifies the deletion in vpu. All proviral constructs express eGFP or
DsRed2 via an IRES element (58, 59). (B) Expression of viral proteins.
Cells were transfected with the proviral constructs shown schematically
in panel A. The gp120 in glycoprotein, the cell-free culture superna-
tants, and the Nef and p24 core antigens in the cellular extracts of
transfected 293T cells were detected by immunoblotting as described
in Materials and Methods. eGFP was detected to control for transfec-
tion efficiencies and �-actin for the total amount of cellular protein.
LTR, long terminal repeat; r, vpr; u, vpu; FP, fluorescent protein;
Mock, mock infected.
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only at 71 h posttransduction (Fig. 3B, left panel). In contrast,
Vpu enhanced the efficiency by which Nef�/Env� HIV-1 con-
structs down-modulated CD4 about twofold at high expression
levels, even at early time points (Fig. 3B, right panels). In the
presence of both Env and Nef, the effects of Vpu became most
apparent during later time points after transduction (Fig. 3B,
right panel). Individual expression of the three viral genes
resulted in moderate (Nef) to minor (Vpu, Env) receptor
down-modulation. Thus, Vpu contributes more significantly to
CD4 down-modulation in primary PBMC than in transformed
Jurkat T cells.

It is well established that Nef enhances CD4 internalization
and subsequent degradation in lysosomes, whereas Env and
Vpu interfere with the transport of newly synthesized CD4 to
the cell surface (21, 37, 54). The surface half-life time of CD4
in lymphatic cells has been estimated at about 12 h (45). Thus,
even if the transport of newly synthesized CD4 to the cell
surface was completely blocked, only a fourfold reduction of
CD4 expression would be expected after 24 h of viral gene
expression. Therefore, we next analyzed the effects of the three
viral proteins under experimental conditions allowing us to
detect primarily the effects on the transport of newly synthe-
sized CD4 receptor molecules to the cell surface. We cotrans-
fected 293T cells with the different proviral constructs and a

CD4 expression vector. In the absence of Vpu, Env, and Nef,
the transfected 293T cells expressed very high levels of CD4
(Fig. 4A, column 1). Cotransfection with the wild-type HIV-1
NL4-3 proviral construct suppressed CD4 surface expression
about fivefold (Fig. 4A, column 2). Expression of Nef and Vpu
resulted in about two- to threefold diminished levels of surface
CD4, whereas Env had no significant effect under these exper-
imental conditions (Fig. 4A, columns 6 to 8; Fig. 4B).

In agreement with the fact that Vpu, Env, and Nef diminish
CD4 surface expression by different mechanisms (21, 37, 55),
the efficiencies by which the proviral HIV-1 constructs down-
modulated CD4 from infected Jurkat T cells and suppressed
receptor expression for transfected 293T cells did not correlate
significantly with one another (Fig. 4C). The result that Env
had no effect in the 293T cell-based assay was unexpected,
because it is well established that Env interferes with the trans-
port of CD4 to the cell surface (reviewed in reference 38).
However, the levels of CD4 expression in transfected 293T
cells are substantially higher than in Jurkat cells or primary T
cells (data not shown). Therefore, we examined whether the
lack of an Env phenotype was due to CD4 overexpression. Our
analysis revealed that intact vpu and nef genes diminished CD4
expression when both 0.1 �g and 0.5 �g of CD4 expression
plasmid were cotransfected with the proviral constructs (Fig.

FIG. 2. Kinetics of CD4 down-modulation in HIV-1-infected Jurkat T cells. (A) Flow cytometric analysis of Jurkat cells transduced with HIV-1
constructs containing individual or combined defects in vpu, env, and nef at 24 and 48 h posttransduction. The numbers give the rMFIs for the
indicated ranges of eGFP expression. (B) Quantitative assessment of CD4 down-modulation. The rMFI obtained for Jurkat T cells infected with
the HIV-1 mutant containing combined defects in vpu, env, and nef was divided by the corresponding number obtained for cells transduced with
the viruses expressing at least one of these three viral proteins. Calculations were performed for cells expressing low (left) or medium (right) levels
of eGFP (ranges indicated in panel A) at the indicated time points. E, env; U, vpu; N, nef.
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4D). In contrast, Env expression resulted in significantly re-
duced levels of surface CD4 only when 0.1 �g of the CD4
expression construct was cotransfected. Taken together, these
results confirm that the three viral proteins down-modulate
CD4 independently (17) and further suggest that the Env-
mediated mechanism becomes saturated at low levels of CD4
expression compared to Vpu- and Nef-mediated receptor
down-modulation.

One of the reasons that HIV-1 down-modulates CD4 may be
to protect cells that are already infected against superinfection.
However, experimental evidence to support this hypothesis
was derived only from studies using cells transfected with vec-
tors expressing Nef or Env or from chronically infected cells (6,
23, 39, 42, 47, 53). To assess the role of Vpu, Env, and Nef in
superinfection resistance of HIV-1-infected T cells, we gener-
ated a second set of HIV-1 NL4-3 proviral constructs contain-
ing the DsRed2 fluorescent protein under the control of an
IRES element and used a FACS-based assay to determine the

frequency of superinfected cells (Fig. 5). First, we transduced
the Jurkat T cells with VSV-G-pseudotyped HIV-1 NL4-3 con-
structs containing defects in vpu, env, and/or nef. Pseudotyped
HIV-1 particles were used in order to get a comparable num-
ber of infected cells for all proviral constructs (i.e., to circum-
vent the Nef-dependent effects on HIV-1 infectivity) and to
analyze env-defective HIV-1 infection. The DsRed2 protein
was used for initial HIV-1 infection, because it is active as a
tetramer and matures less rapidly than eGFP. Several other
red fluorescent proteins, including a monomeric form (12),
were also tested, but either their fluorescence was too low or
they could not be detected by FACS analysis (data not shown).
Thus, despite some limitations, such as relatively low fluores-
cence intensity and slow maturation kinetics, DsRed2 proved
to be most useful for our studies. Notably, the target Jurkat T
cells were not overinfected, and most of them would be ex-
pected to harbor just a single or a few integrated proviruses.
Three days posttransduction, the Jurkat cells harboring the

FIG. 3. Kinetics of CD4 down-modulation in HIV-1-infected PBMC. (A) Prestimulated PBMC were transduced with the various HIV-1 NL4-3
IRES-eGFP constructs and analyzed by flow cytometric analysis at the indicated time points. (B) The efficiencies of CD4 down-modulation were
calculated essentially as described in the legend to Fig. 2. The mean rMFIs were calculated for all cells expressing the indicated ranges of eGFP.
The rMFI of unlabeled control cells was consistently below 5. E, env; U, vpu; N, nef.
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different NL4-3 DsRed2 proviruses were challenged with the
eGFP-expressing wild-type X4-tropic HIV-1 NL4-3 reporter
virus, and the percentages of superinfected cells were deter-
mined by flow cytometric analysis 2 days later (experimental
outline given in Fig. 5).

As shown in Fig. 6A (upper row), about 3% of DsRed2�

HIV-1-infected cells were detected at 5 days posttransduction.
Inoculation with high doses of the HIV-1 NL4-3 IRES-eGFP
reporter virus containing the wild-type X4-tropic gp120 protein
also resulted in infection of about 3.0% of the cells. The HIV-1
IRES-DsRed2 construct containing intact vpu, env, and nef
genes efficiently protected infected T cells against superinfec-

tion by wild-type HIV-1 particles but not against VSV-G
pseudotyped virions (Fig. 6A, middle row). Consistent with its
critical role in CD4 down-modulation, Nef played the most
prominent part in mediating superinfection resistance (Fig.
6A, lower row). Quantitative analysis revealed that an intact
nef gene reduced the numbers of double-infected DsRed2�/
eGFP� cells about six- to eightfold even in the absence of
intact vpu and env genes (Fig. 6B). In comparison, Vpu and/or
Env expression reduced superinfection only about twofold
(Fig. 6B). Moreover, the effects of Vpu and Env were evident
only with Nef-defective HIV-1 infection.

To further assess the role of Nef-mediated CD4 down-mod-
ulation in preventing viral superinfection, we analyzed 10 ad-
ditional HIV-1 nef alleles known to differ in their effects on
CD4 expression. This panel comprised mutants of the highly
active and well-characterized NA7 Nef (26, 27, 34, 58) con-
taining changes reducing (82A, 105A) or disrupting (174AA)
its effects on CD4 surface expression; a primary nef allele
(LTNP4-1) from a long-term survivor of HIV-1 infection
(LTNP4) that does not efficiently down-modulate CD4 (28, 46)
and a mutant nef thereof (LTNP4-8) containing amino acid
changes of D56A and K174E, which partly restore its ability to
down-modulate CD4 (46); and nef genes obtained from an
HIV-1-infected individual with rapidly progressing disease
prior to (P2-87) and after (P2-93) development of AIDS (14,
36, 58). Finally, NPex and Pex represent the consensus se-
quences derived from a large number of HIV-1 subtype B
sequences and differed only by changes of T15A, K39R, N51T,
H102Y, N157T, S163C, S169N, L170Q and E182M, previously

FIG. 4. Suppression of CD4 expression in transfected 293T cells. (A) 293T cells were cotransfected with the indicated HIV-1 IRES-eGFP
proviral constructs and a CD4 expression construct and analyzed by flow cytometric analysis 2 days later. Numbers are the rMFIs at the indicated
ranges of eGFP expression. (B) Average suppression of CD4 expression (� SD, n � 3) by expression of the indicated HIV-1 proviral genomes.
The rMFI obtained for the vpu-, env-, and nef-defective construct (panel A, lane 1) was divided by the rMFI obtained for the remaining proviral
constructs to calculate suppression (n-fold) of CD4 surface expression. The results were confirmed in two independent experiments. (C) Corre-
lation between down-modulation of CD4 in HIV-1-infected Jurkat T cells (measured at 48 h posttransduction at medium levels of eGFP
expression) (Fig. 2A) and suppression of CD4 expression by transfected 293T cells. (D) Inhibitory effects of Vpu, Env, and Nef at different levels
of CD4 expression. 293T cells were cotransfected with 4 �g of the proviral constructs and 0.1, 0.5, and 1.0 �g of the CD4 expression plasmids.
E, env; U, vpu; N, nef; uninf., uninfected; Mock, mock infected; suppr., suppressed; down-mod., down-modulated.

FIG. 5. Schematic representation of the system to measure HIV-1
superinfection. Jurkat T cells transduced with VSV-G-pseudotyped
HIV-1 vpu, env, or nef mutants expressing the DsRed2 reporter gene
were challenged with wild-type HIV-1 NL4-3 expressing eGFP. Super-
infected T cells were detected by two-color flow cytometric analysis 2
days later.
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shown to be associated with differential rates of disease pro-
gression (14, 36). The NPex and Pex nef alleles were both
highly active in CD4 down-modulation (data not shown), most
likely because these consensus Nefs contain the “optimal”
amino acid at most positions.

In previous studies, these HIV-1 nef alleles were functionally
characterized using Nef expression constructs (14, 26, 27, 46,
58). Thus, we first confirmed that they also show differential
ability to down-modulate the CD4 receptor in the context of
proviral HIV-1 constructs. Flow cytometric analysis showed
that the NL4-3, NA7, P2-93, and RPex nef alleles were most
effective in down-modulating CD4; the NA7 82A, 105A, P2-87,
and NPex nef genes were slightly less active; and the NA7
174AA and LTNP4-1 Nefs were severely impaired for this
function (Fig. 7A and data not shown). All these nef alleles
protected infected T cells against superinfection, albeit with
differential levels of efficiency (Fig. 7B). The NL4-3, NA7, NA7
82A, NA7 105A, P2-87, P2-93, NPex, and RPex Nefs were
highly effective and reduced the percentages of superinfected
Jurkat T cells about 10-fold (Fig. 7B). Compared to wild-type
NA7 Nef, the 82A and 105A Nefs showed slightly diminished
protective activity. Similarly, the P2-87 Nef, obtained during
the chronic phase of HIV-1 infection, was slightly less effective
than the P2-93 Nef obtained after progression to AIDS (Fig.
7B). In comparison, the expression of the NA7 174AA,
LTNP4-1, and LTNP4-8 Nefs resulted in only three- to four-
fold reduced percentages of superinfected cells. Notably, Jur-
kat T cells infected with HIV-1 expressing the primary nef
allele derived from LTNP4 became superinfected about three
times more frequently than those expressing nef genes derived
from the progressing individual P2 (Fig. 7B).

The LTNP4-1 and NA7 174AA Nefs were essentially inac-
tive in down-modulating CD4 (Fig. 7A) but still exerted sig-
nificant protective effects against superinfection (Fig. 7B).
Taken together, our data suggest that Nef may reduce the

frequency of HIV-1 superinfection about threefold, indepen-
dently of its effect on CD4 (Fig. 7C). The ability of Nef to
inhibit superinfection even further, however, correlated signif-
icantly with its ability to down-modulate CD4 (Fig. 7C, inset).
It has recently been proposed that Nef may protect cells
against superinfection by down-modulating both CD4 and the
coreceptor R5 (47). Since we utilized the X4-tropic HIV-1
NL4-3 molecular clone, modulation of R5 should not affect
superinfection resistance in our assays. It has been established,
however, that Nef also down-modulates X4, although SIV and
HIV-2 Nefs are usually more effective than those of HIV-1
(32). Taking advantage of the fact that nef alleles have differ-
ential effects on CD4 and X4, we examined whether dimin-
ished levels of coreceptor expression may explain the CD4-
independent effects on superinfection by X4-tropic HIV-1. As
expected from previous studies (26, 27, 32), wild-type NA7 Nef
efficiently down-modulated CD4 but had only marginal effects
on X4 (Fig. 8A, panel 3). Mutation of 174AA disrupted both of
these Nef activities (Fig. 8A, panel 4). The SIVmac239 Nef
effectively down-modulated both CD4 and X4 (Fig. 8A and B).
In contrast, the highly divergent SIVcol Nef (AF301156) had
no significant effect on CD4 surface expression but down-
modulated X4 with high efficiency (Fig. 8A and B). Consistent
with our previous results (Fig. 7), the NA7 Nef reduced the
frequency of superinfected cells about 12-fold and the 174AA
mutant Nef about 3-fold (Fig. 8C). The 174AA Nef has only
marginal effects on CD4 and is inactive in down-modulating
X4 (Fig. 8A, B). Therefore, our data suggest that Nef-medi-
ated protection against HIV-1 superinfection is partly medi-
ated by an as-yet-unknown mechanism that is independent of
CD4 and coreceptor down-modulation. However, the expres-
sion of the SIVcol Nef effectively protected HIV-1-infected
cells against superinfection by X4-tropic HIV-1, although it
does not affect CD4 surface expression. Thus, X4 down-mod-
ulation by some SIV Nef proteins may efficiently protect in-

FIG. 6. Contribution of Vpu, Env, and Nef to HIV-1 resistance against superinfection. (A) Jurkat T cells were infected with HIV-1 NL4-3
constructs expressing DsRed2 or eGFP via an IRES element from a bicistronic RNA also encoding Nef. Infected cells are characterized by
their red or green fluorescence (upper panels, DsRed2 and eGFP). The percentages of superinfected cells indicated in the middle and lower
panels were calculated by dividing the number of double-positive cells in gate R3 by the number of cells infected with the VSV-G-
pseudotyped HIV-1 IRES-DsRed2 mutants (gate R2) plus those located in gate R3. All Jurkat T cells infected with DsRed2-expressing
viruses were challenged with the same dose of HIV-1 NL4-3 IRES-eGFP, either pseudotyped with the VSV G glycoprotein (VSV) or
containing the original NL4-3 gp120 Env protein (HIV). The results were confirmed in three to four independent experiments. (B) Per-
centages of double-positive Jurkat T cells infected with the indicated HIV-1 NL4-3 IRES-DsRed2 Vpu, Env and Nef mutants after challenge
with HIV-1 NL4-3 IRES-eGFP. The results are average values (� SD) obtained from triplicate infections. The numbers indicate reductions
(n-fold) of the percentages of double-positive cells compared to the control HIV-1 NL4-3 IRES-DsRed2 virus containing combined defects
in vpu, env, and nef. Mock, mock infected; E, env; U, vpu; N, nef.
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fected T cells against infection by X4-tropic lentiviruses. Since
several studies have identified dual infections with HIV-1 and
HIV-2 (reviewed in references 3, 7, 29, 49, and 60), we also
examined whether heterogenous HIV-2 and SIV Nef proteins
can protect HIV-1-infected T cells against superinfection. It
has been previously shown that the HIV-2 BEN and SIVagm
TAN1 Nefs efficiently down-modulate both CD4 and X4 (32,
48; data not shown). In agreement with their ability to down-
modulate these receptors, both nef alleles protected HIV-1-
infected Jurkat T cells against a second infection (Fig. 8C)
suggesting that heterogenous Nef expression would protect T
cells infected with HIV-2 or other primate lentiviruses against
superinfection by HIV-1.

It has been reported that unintegrated proviral DNA may be
perceived by the HIV-1-infected cell as DNA damage and
induce apoptosis (20). Based on this observation, it has been
speculated that inhibition of superinfection and, hence, the
accumulation of unintegrated viral DNA due to the second
HIV-1 infection may prevent premature cell death (37), but
direct experimental evidence to support this hypothesis is miss-
ing. To address this, we examined whether superinfected cells

show higher levels of apoptosis than cells infected only once.
Jurkat T cells first transduced with VSV-G pseudotyped HIV-1
NL4-3 IRES-DsRed2 were challenged with eGFP reporter
virus expressing the wild-type X4-tropic Env protein at 3 days
posttransduction and analyzed by flow cytometric analysis 2
days later (Fig. 9A, left). The results demonstrated that Jurkat
T cells infected with the DsRed2 reporter virus showed about
twofold higher levels of apoptosis than uninfected cells (35.3 �
0.3% versus 15.9 � 0.8%, n � 3, P � 0.0001; values give
average numbers � standard deviations [SD]) (Fig. 9A, right).
Importantly, superinfected Jurkat T cells showed significantly
higher levels of apoptosis (52.0 � 0.4%; P � 0.0001). These
differences were even more pronounced in primary CD4� T
cells (Fig. 9B, left). HIV-1 infection increased the percentages
of apoptotic cells about fivefold (4.9 � 0.9% versus 24.8 �
4.2% and 29.9 � 4.2%, respectively, for DsRed2� and eGFP�)
(Fig. 9B, right). Superinfected primary CD4� T cells showed
about threefold-increased levels of programmed death (81.4 �
3.7%, n � 3, P � 0.0001). These results are direct evidence that
inhibition of HIV-1 superinfection protects infected T cells
against premature apoptotic death.

FIG. 7. Effect of HIV-1 nef alleles with differential ability to down-modulate CD4 for superinfection resistance. (A) Down-modulation of CD4
(upper panel) and percentages of superinfected Jurkat cells expressing the indicated HIV-1 nef alleles (lower panel). The numbers in the upper
panel are the rMFIs, and those in the lower panel are the percentages of superinfected cells. The controls show uninfected cells (upper panel) and
Jurkat T cells (lower panel) that were transduced only with the HIV-1 NL4-3 IRES-DsRed2 construct. (B) Percentages of T cells infected with
the indicated HIV-1 nef variants which became superinfected. The numbers are average values (� SD) from three independent experiments.
LTNP, long-term nonprogressor; Pr, progressor of HIV-1 infection; Cons., consensus nef alleles. The numbers give the reduction of superinfection
(n-fold) compared to the nef-defective control virus. (C) Correlation between CD4 down-modulation and superinfection. The open symbol
indicates the percentage of cells infected with nef-defective HIV-1 that became superinfected. The inset shows the correlation between superin-
fection and CD4 down-modulation for the HIV-1 recombinants containing intact nef genes. CD4 down-modulation was calculated for Jurkat T cells
expressing medium levels of eGFP as described previously (14, 48).
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DISCUSSION

Using HIV-1 reporter viruses expressing green or red fluo-
rescent proteins, we demonstrate that CD4 down-modulation
protects HIV-1-infected T cells against superinfection and pro-
grammed death. Vpu, Env, and Nef contributed to CD4 down-
modulation and superinfection immunity, but Nef clearly played
the major role. Moreover, we provide evidence suggesting that
Nef-mediated superinfection immunity against X4-tropic HIV-1
isolates involves CD4-dependent and CD4-independent mech-
anisms.

Our result that Nef plays the prominent role in CD4 down-
modulation but that Vpu and Env contribute to this effect later
during the viral life cycle is in agreement with the data of Chen
et al. (17), who used reporter viruses expressing the placental
alkaline phosphatase to assess the role of these viral genes in
the regulation of CD4. However, some minor discrepancies
exist. Unlike the previous study, the present study found that
Vpu and Env contribute more significantly to CD4 down-mod-
ulation in primary PBMC than in Jurkat T cells. It has also
been suggested that CD4 down-modulation is more efficient in
transformed Jurkat T cells than in primary human PBMC (17).
In comparison, we found that the kinetics of viral gene expres-

sion and receptor down-modulation are slightly slower in in-
fected PBMC than in Jurkat T cells. At 2 to 3 days posttrans-
duction, however, the levels of CD4 down-modulation
detected in HIV-1-infected PBMC cultures and in Jurkat T
cells were comparable (Fig. 2 and 3). In agreement with our
data, it has recently been shown that Nef drastically down-
modulates CD4 in primary CD4� T cells (35). Differences in
the experimental procedures and/or proviral constructs used
may explain the apparent discrepancies, e.g., we expressed Nef
from its original genomic location, whereas Chen and cowork-
ers used an IRES element.

It takes about 16 to 24 h after infection until down-modu-
lation of CD4 first becomes noticeable for infected Jurkat T
cells (Fig. 2) (37) and even longer for primary human T cells
(Fig. 3). The estimated half-life time of HIV-1-infected acti-
vated CD4� T cells, which produce most of the plasma virus in
infected individuals, is about 12 to 24 h (15, 51, 52). Because
the time period in which CD4 down-modulation confers su-
perinfection resistance before the cells die is very short,
whether the effect is physiologically relevant has been ques-
tioned (37). However, this temporal regulation may be highly
advantageous for the virus. Viral recombination, which re-

FIG. 8. Contribution of X4 down-modulation to lentiviral interference. Flow cytometric analysis (A) and quantitative effect (B) of various nef
alleles on CD4 and X4 cell surface expression. Symbols: ■ , NA7; �, 174AA; }, mac239; and Œ, Col Nef. Ranges for green fluorescence on cells
defined as expressing no (N), low (L), medium (M), or high (H) levels of eGFP are indicated in panel A. (C) Percentages of Jurkat T cells infected
with HIV-1 NL4-3 IRES-DsRed2 constructs expressing the indicated nef alleles and becoming superinfected with HIV-1 NL4-3 IRES-eGFP.
Numbers are the reduction of superinfection (n-fold) compared to the nef-defective control virus. Similar results were obtained in an independent
experiment.
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quires coinfection of cells with divergent strains, accelerates
HIV-1 diversification, thereby helping the virus to escape the
host immune response and to become resistant to antiretrovi-
ral therapies (reviewed in references 7 and 44). HIV-1 is highly
recombinogenic (41), and many examples of recombination
between different clades of HIV-1 M, the M and O groups, and
different SIV strains have been reported (7, 66). Even the
precursor of HIV-1, SIVcpz, most likely resulted from recom-
bination by two SIV strains from smaller monkeys (5). Thus,
there are good reasons to believe that co- or superinfections
are beneficial for effective viral spread in vivo as long as the
divergent HIV-1 strains can complete their entire replication
cycle and recombine to generate potentially more fit virus
variants. In contrast, superinfection during the later stages of
the viral life cycle is presumably highly detrimental for effective
viral replication, because it induces premature cell death,
thereby further shortening the brief time period of productive
viral particle release. The reason HIV-1 utilized three of its
gene products to ensure effective down-modulation of CD4
during the late stages of infection is most likely that it serves
multiple purposes, such as promoting the effective release of

viral particles (8, 56), enhancing the infectivity of progeny
virions (4, 18, 38, 40) and, as shown in the present study (Fig.
9), preventing superinfection and hence premature cell death
before viral production can be accomplished.

CD4 down-modulation may not have a major impact on the
frequency of HIV-1 recombination when the great majority of
virally infected cells have a short life span. However, the situ-
ation may be different in patients on highly active antiretroviral
therapy (HAART), where the virus persists in cell types with
longer half-lives, such as macrophages or resting T lympho-
cytes (62). Nef-mediated CD4 down-modulation is highly ef-
fective, and a recent study demonstrated that the HIV-1 Nef
protein down-modulates CD4 in resting T lymphocytes (35).
Thus, while further studies are clearly required to obtain de-
finitive proof, our current knowledge suggests that CD4 down-
modulation may significantly reduce the frequency of superin-
fection and hence delay the emergence of drug-resistant
viruses when HAART shifts the resources of viral replication
to long-lived macrophages or T cells.

We and others have previously shown that nef alleles from
AIDS patients are frequently particularly active in CD4 down-

FIG. 9. Superinfected Jurkat T cells show increased levels of apoptosis. (A) Jurkat T cells or (B) primary CD4� T cells were transduced with
nef-defective VSV-G pseudotyped HIV-1 NL4-3 IRES-DsRed2 particles and challenged with wild-type HIV-1 NL4-3 IRES-eGFP viruses 3 days
later. Two days postchallenge, the percentages of apoptotic cells in the DsRed2�, eGFP�, and double-positive cells populations were determined
by flow cytometric analysis. The right panels give the quantitative analysis of programmed death in single or superinfected Jurkat T cells. Shown
are average values (� SD) derived from triplicate (A) infections.
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modulation, whereas those from some HIV-1-infected individ-
uals with nonprogressive infection are inactive in this function
(4, 13, 14, 46, 64). Expanding these studies, we now demon-
strate that nef alleles from AIDS patients (NA7, P2) are about
three- to sevenfold more effective in preventing superinfection
than those derived from a LTNP4 (Fig. 7). These differences in
Nef function may be advantageous for the virus in a differential
host environment. During the late stage of disease, it may be
particularly beneficial for the virus to mediate superinfection
resistance, because uninfected CD4� target T cells become
limited. In long-term nonprogressors, HIV-1 is usually effec-
tively controlled by the antiviral immune response. Under this
scenario, higher frequencies of viral recombination may facil-
itate the emergence of novel HIV-1 variants and, hence, viral
immune evasion.

We demonstrate that even expression of the NA7-174AA or
LTNP4-1 nef alleles, which show little if any activity in CD4
down-modulation, reduce superinfection of T cells by X4-
tropic HIV-1 about threefold (Fig. 7). It has recently been
shown that Nef proteins from diverse groups of primate lenti-
viruses down-modulate X4 (32), and another study proposed
that down-regulation of the R5 coreceptor contributes to pro-
tection against R5-tropic HIV-1 superinfection (47). The pos-
sibility that some residual effects of the NA7-174AA or
LTNP4-1 Nefs on CD4 or X4 surface expression may reduce
the susceptibility of HIV-1-infected cells to a secondary infec-
tion can certainly not be entirely dismissed. Based on our
results, however, we feel that it is more likely that HIV-1 Nef
interferes with superinfection by a yet-to-be-identified mecha-
nism that does not involve down-modulation of both X4 and
CD4. Several known effects of Nef could potentially affect
superinfection resistance, i.e., Nef modifies the composition of
the host cell membrane (65, 71), induces changes of the cyto-
skeleton (11, 22), and alters intracellular trafficking pathways
(21, 37).

We have analyzed a large panel of primary HIV-1 nef alleles
and found that none of them diminishes surface expression of
X4 on both Jurkat T cells and PBMC more than twofold (M.
Schindler, F. Kirchhoff, and S. Wildum, unpublished observa-
tions). In contrast, some HIV-2 and SIV Nefs down-modulate
X4 with high efficiency (32), and the results obtained using the
SIVcol Nef, which diminishes X4 but not CD4 surface expres-
sion (Fig. 8), clearly show that coreceptor down-modulation
can inhibit X4-tropic HIV-1 superinfection. Notably, however,
nef alleles that are most effective in X4 down-modulation were
derived from primate lentiviruses that do usually not utilize X4
as an entry cofactor (32). Thus, the physiological relevance of
X4 down-modulation is obviously not to prevent superinfec-
tion but to exert other effects, e.g., inhibition of T-cell migra-
tion (32). Following up on the results of a recent report (47),
we also attempted to assess the contribution of Nef-mediated
R5 down-modulation to HIV-1 superinfection resistance. We
confirmed that many nef alleles diminish R5 expression in
stably transfected CHO cells overexpressing this receptor.
However, in agreement with the findings reported by Michel
and coworkers (47), we found that R5 surface expression levels
are only marginally reduced in a variety of HIV-1-infected
indicator cell lines or in human PBMC (0 to 25%; data not
shown). Thus, further studies are required to clarify whether
the rather weak effects of HIV-1 Nef on both coreceptors

contribute to superinfection resistance of HIV-1-infected pri-
mary cells.

Accumulating evidence suggests that coinfections of cells
with different HIV-1 strains may be common in vivo and that
genetic recombination is a major force driving HIV-1 diversi-
fication and escape from HAART or host immunity (7, 44). As
long as HIV-1 replicates mainly in short-lived activated T cells,
superinfection immunity due to CD4 down-modulation will,
presumably, hardly reduce recombination frequency. Our find-
ing that superinfected T cells show approximately two- to
threefold increased levels of apoptosis suggests that this func-
tion may significantly prolong the time period of virus particle
release and, hence, the efficiency of viral replication. Further
studies of HIV-1-infected primary T cells and macrophages
seem to be required to better understand the physiological role
of virus-induced CD4 down-modulation.
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