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Human immunodeficiency virus type 1 (HIV-1) Nef interferes with the endocytic machinery to modulate the
cell surface expression of CD4. However, the basal trafficking of CD4 is governed by different rules in the target
cells of HIV-1: whereas CD4 is rapidly internalized from the cell surface in myeloid cells, CD4 is stabilized at
the plasma membrane through its interaction with the p56lck kinase in lymphoid cells. In this study, we showed
that Nef was able to downregulate CD4 in both lymphoid and myeloid cell lines but that an increase in the
internalization rate of CD4 could be observed only in lymphoid cells. Expression of p56lck in nonlymphoid
CD4-expressing cells restores the ability of Nef in order to increase the internalization rate of CD4. Concurrent
with this observation, the expression of a p56lck-binding-deficient mutant of CD4 in lymphoid cells abrogates
the Nef-induced acceleration of CD4 internalization. We also show that the expression of Nef causes a decrease
in the association of p56lck with cell surface-expressed CD4. Regardless of the presence of p56lck, the down-
regulation of CD4 by Nef was followed by CD4 degradation. Our results imply that Nef uses distinct mecha-
nisms to downregulate the cell surface expression levels of CD4 in either lymphoid or myeloid target cells of
HIV-1.

Besides proteins that are essential for proper virus process-
ing and assembly, the genomes of primate lentiviruses such as
human immunodeficiency virus type 1 (HIV-1) encode auxil-
iary proteins that modulate viral infectivity. The 27-kDa aux-
iliary protein Nef is a key element in the progression of pri-
mary HIV-1 infection toward AIDS. Cases of patients infected
with HIV-1 strains harboring a deletion in the nef gene or a
defective nef allele have been reported. Some of these patients
exhibit asymptomatic or slow progression toward the disease
(6, 17, 37). In vitro, Nef facilitates viral replication and en-
hances the infectivity of viral particles (13, 47, 69). The mech-
anisms involved in the Nef-induced increase of viral infectivity
remain elusive; however, it is a multifactorial process related to
the ability of Nef to alter the trafficking of host cell proteins.

Indeed, the most documented effect of Nef during the
course of viral infection is its ability to disturb the clathrin-
dependent trafficking machinery involved in the transport of
transmembrane proteins through endosomal compartments.
This leads to the modulation of the level of cell surface ex-
pression for some receptors, including CD4, which is the pri-
mary receptor of HIV-1 (35) and major histocompatibility
complex class I (reviewed in references 22 and 27). The down-
regulation of CD4, which results in the impairment of the
immunological synapse (72) and the downregulation of major
histocompatibility complex class I molecules (reviewed in ref-

erence 16), is believed to contribute to the escape of HIV-1-
infected cells from immunosurveillance. Moreover, the down-
regulation of CD4 helps avoid superinfection of cells, which
would be deleterious to the virus (reviewed in reference 21),
and has a direct impact on viral fitness by allowing better
incorporation of the functional envelope in viral particles pro-
duced from CD4-expressing cells (3, 36, 53).

Nef-induced cell surface downregulation of CD4 is efficient
in all CD4-expressing cells and depends on the integrity of a
di-Leu motif at position 164/165 of the C-terminal flexible loop
of HIV-1 Nef (2, 9, 25). This di-Leu motif allows for the
interaction with clathrin-associated adaptor protein (AP) com-
plexes that participate in the clathrin-dependent vesicular
transport within the endocytic pathway. The AP type 2 (AP-2)
complex is localized at the plasma membrane and is essential
to the assembly and function of clathrin-coated pits involved in
the internalization of receptors from the cell surface (59). The
interaction of Nef with AP-2 is well delineated and has been
proposed to enhance the targeting of CD4 to clathrin-coated
pits and its internalization (10, 12, 26, 32, 39).

Helper T lymphocytes are the predominant cell type that
expresses CD4; however, CD4 is also present at the surfaces of
monocytes and macrophages (70), where its function is yet to
be elucidated. Whereas cell surface CD4 is rapidly internalized
in myeloid cells, CD4 is stabilized at the plasma membrane in
lymphoid cells through its interaction with the Src family pro-
tein tyrosine kinase p56lck. Cys residues located at positions
420/422 in the CD4 cytoplasmic tail are essential to the con-
stitutive association with p56lck (73). Besides its role in signal
transduction, this interaction also correlates with an accumu-
lation of CD4 in lipid rafts and enhanced exclusion of CD4
from clathrin-coated pits (50).

In T cells, treatment with phorbol esters such as phorbol

* Corresponding author. Mailing address: Institut Cochin, 27 Rue du
Faubourg Saint-Jacques, 75014 Paris, France. Phone for Stéphane Bas-
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12-myristate 13-acetate (PMA) provokes the phosphorylation
of Ser residues found in the cytoplasmic tail of CD4. This
correlates with a decreased association of p56lck with CD4 and
the internalization of the receptor (24, 32–34, 41, 45, 48, 52, 56,
61, 66–68). Nef-induced CD4 downregulation is known to be
independent of Ser phosphorylation (20) and is therefore gov-
erned by mechanisms different from those involved in PMA-
induced CD4 downregulation. However, the Leu-based sorting
motif in the CD4 cytoplasmic tail is critical for both PMA and
Nef-induced CD4 downregulation (2, 5, 24, 31, 56, 60, 68), thus
indicating that despite being different, the mechanisms in-
volved in Nef- and PMA-induced CD4 downregulation par-
tially overlap.

In the present study, we investigated whether the mecha-
nisms used by Nef to downregulate CD4 are cell type-depen-
dent processes. We looked at the trafficking and steady-state
expression of CD4 in the main target cells of HIV-1, CD4-
positive T lymphocytes, and cells of the monocyte/macrophage
lineage. Our results demonstrate that the presence of p56lck

has a direct impact on the mechanisms used by Nef to down-
regulate CD4 from the cell surface of T lymphocytes. They also
reveal that Nef uses distinct pathways to decrease levels of cell
surface expression of CD4 in lymphoid or myeloid target cells
of HIV-1.

MATERIALS AND METHODS

Plasmids. The plasmid encoding human CD4 was described previously (8).
CD4 mutations of Ser408 to Ala (CD4 S/A) and of both Cys420 and Cys422 to Ser
(CD4 CC/SS) were performed using the QuikChange site-directed mutagenesis
kit (Stratagene). The CD4 mutant deleted from the cytoplasmic tail (CD4�CT)
was previously described (4). CD4 mutants were subcloned into pMSCVhyg
(Clontech), and the corresponding constructs were used to establish stable cell
lines. The p56lck-encoding plasmid was a kind gift from G. Bismuth (Institut
Cochin, Paris, France). The HIV-1 NL4-3 proviral constructs in which env and
vpu genes are defective, carrying an intact or disrupted nef gene followed by an
internal ribosomal entry sequence (IRES) and the enhanced green fluorescent
protein (EGFP) (pBR-NL43-env*nef�vpu*-IRES-EGFP and pBR-NL43-
env*nef-vpu*-IRES-EGFP, respectively), were obtained from F. Kirchhoff (Uni-
versity of Ulm, Germany) (11, 63, 64). The plasmid encoding wild-type (WT) Nef
fused to the influenza hemagglutinin epitope was obtained from H. Gottlinger
(University of Massachusetts Medical School, MA). The Nef-Stop was generated
by introducing a frameshift at the unique XhoI site in the nef gene. Vectors
encoding green fluorescent protein (GFP)-tagged HIV-1 NL4-3 Nef (Nef-GFP)
as well as the Nef mutant in which an Ala substitution was performed for Leu
164/165 (Nef LL/AA-GFP) were described elsewhere (43).

Antibodies. The monoclonal antibody OKT4 (ATCC) specific for the extra-
cellular domain of CD4 was used to immunoprecipitate CD4. The immunode-
tection of CD4 following Western blotting was performed with an anti-CD4
polyclonal rabbit antibody (H-370; Santa Cruz) or a monoclonal antibody (1F6;
Novocastra). p56lck was detected with a rabbit polyclonal antibody (2102; Santa
Cruz). GFP was detected with a rabbit polyclonal antibody (sc-8334; Santa Cruz).
HIV-1 p24-specific antibodies were obtained through the AIDS Research and
Reference Reagent Program, Division of AIDS, NIAID, NIH. Secondary re-
agents were peroxidase-coupled antibodies directed against mouse or rabbit
immunoglobulin G (Sigma). Fluorescence-activated cell sorting (FACS) analysis
of cell surface CD4 was performed with phycoerythrin-cyanine 5-coupled anti-
human CD4 (PE-Cy5 anti-human CD4; BD Pharmingen) or OKT4 and Alexa
647-coupled antibodies directed against mouse immunoglobulin G (Invitrogen).

Cell culture and transduction. All cell culture reagents were purchased from
Invitrogen, unless indicated otherwise. Adherent cell lines (HeLa and 293T cells)
were grown in Dulbecco modified Eagle medium supplemented with 10% fetal
calf serum (FCS), 100 IU/ml penicillin, and 0.1 mg/ml streptomycin. The A2.01
human T-cell line and THP-1 human monocytic cell line were obtained through
the NIH AIDS Research and Reference Reagent Program. U937, HPB-ALL,
and J.CaM cells were kind gifts from S. Marullo, G. Bismuth (Institut Cochin,
Paris, France), and O. Schwartz (Institut Pasteur, Paris, France), respectively.
These nonadherent cells were cultured in RPMI 1640 supplemented with 10 mM

HEPES, 10% FCS, 100 IU/ml penicillin, and 0.1 mg/ml streptomycin. All cell
lines were maintained in a humidified atmosphere at 37°C with 5% CO2.

Transduction of the A2.01 cell line was carried out using the pVPack vector
system (Stratagene). Recombinant viruses were obtained as described previously
(4). Briefly, 293T cells were cotransfected by the calcium phosphate precipitation
technique, with pVPack-GP, pVPack-VSV-G, and pMSCVhyg containing the
appropriate CD4 mutant. Cells were washed 7 h and 24 h posttransfection.
Supernatants (40 ml) were harvested 48 h later, filtered through 0.45-�m sterile
filters, and ultracentrifuged at 27,000 � g for 90 min at 4°C. Viruses were then
resuspended in 200 �l phosphate-buffered saline (PBS) and stored at �80°C.
Transduction was carried out using �5 � 105 A2.01 cells in 200 �l complete
RPMI medium, to which 50 �l of concentrated virus was added. Cells were
expanded and selected in complete RPMI medium supplemented with 0.8 mg/ml
hygromycin B (PAA).

The expression of Nef in CD4-expressing A2.01 cell lines was achieved using
an HIV-1-based retroviral transduction system. 293T cells were cotransfected by
the calcium phosphate precipitation technique, with pBR-NL43-env*nef�vpu*-
IRES-EGFP or pBR-NL43-env*nef-vpu*-IRES-EGFP and pHCMV-G to allow
for vesicular stomatitis virus G glycoprotein (VSV-G) expression. Transfected
cells were treated as described above, and supernatant were assayed for reverse
transcriptase activity, as described elsewhere (4). A total of �5 � 105 A2.01 cells
were transduced, with 200,000 reverse transcriptase counts at a final volume of
250 �l, and cell surface CD4 expression was analyzed by FACS 48 h posttrans-
duction. When indicated, HeLa cells stably expressing CD4 (HeLa-CD4) were
also transduced to achieve Nef expression. Viral dilutions resulting in 30% and
100% of transduction efficiencies were used in cell surface CD4 staining and CD4
degradation experiments, respectively.

Transfections. HeLa cells were transfected with the plasmids mentioned in the
text using Lipofectamine 2000 (Invitrogen). THP-1 cells were nucleofected using
the Amaxa kit V, according to the instructions of the manufacturer. J.CaM,
HPB-ALL, and U937 cells were transfected with 10 �g DNA, as follows: �10 �
106 cells were electroporated at 250 V and 950 �F in complete media supple-
mented with 40 mM NaCl at a final volume of 250 �l. 293T cells were seeded at
a density of �2.5 � 106 cells/T75 and transfected 16 h later by the calcium
phosphate precipitation technique. Cells were harvested and analyzed 48 h
posttransfection.

Analysis of cell surface CD4 expression by FACS. Cells transfected with a
plasmid encoding Nef (or Nef mutants) fused to GFP or Nef in combination with
a GFP-encoding plasmid were harvested in PBS supplemented with 5 mM
EDTA, washed with PBS, and incubated for 30 min on ice in PBS supplemented
with 2% FCS (PBS-FCS). The following staining procedure was then carried out
at 4°C, unless otherwise mentioned.

For cell surface CD4 expression analysis at steady state, �1 � 106 cells were
pelleted and resuspended in 20 �l of PE–Cy5–anti-CD4 (diluted 1:2 in PBS-
FCS) and incubated for 45 min. Cells were then washed twice with PBS-FCS,
washed once with PBS, fixed in PBS supplemented with 3.7% formaldehyde, and
analyzed by FACS.

For the endocytosis assay, �10 � 106 cells in 100 �l of PBS-FCS were
incubated with 5 �g/ml OKT4 for 45 min under gentle agitation. Cells were
washed three times with PBS-FCS, resuspended either in complete medium or in
complete medium containing 100 ng/ml PMA (Sigma), and incubated at 37°C for
the indicated periods of time. CD4 internalization was stopped by washing cells
twice in ice-cold PBS-FCS. Cells were then stained with Alexa 647-coupled
anti-mouse antibody and washed twice with PBS-FCS and once with PBS prior
to fixation in PBS supplemented with 3.7% formaldehyde and FACS analysis. All
FACS experiments were performed with a Cytomics FC 500 cytometer, and data
were analyzed with Cytomics RXP analysis software. Transfected cells were
gated on the basis of GFP expression. The percentage of internalized CD4 at
each time point was calculated from the GFP-positive population, as follows:
(CD4t0 � CD4t)/CD4t0 � 100, in which CD4t0 and CD4t represent the mean
fluorescence intensity of cell surface CD4 before and after internalization, re-
spectively.

Cell surface biotinylation and immunoprecipitation. All of the following steps
were carried out at 4°C, unless otherwise mentioned. For PMA treatment, cells
were resuspended in complete media in the presence of 100 ng/ml PMA and
incubated at 37°C for 5 min. Cells were then washed three times with PBS,
resuspended in 1 mg/ml N-hydroxysuccinimide–LC–biotin, and incubated for 1 h
in the dark. The reaction was quenched by resuspension in 100 mM glycin in
PBS, pH 7.5. Unbound biotin was removed by washing cells three times with
PBS. Cells were then resuspended in solubilization buffer containing 1% NP-40
(Sigma), 0.1 M (NH4)2SO4, 20 mM Tris (pH 7.5), 10% glycerol, and 1� protease
inhibitor (Roche). After 30 min of incubation under gentle agitation, cell lysates
were centrifuged at 14,000 � g for 30 min. The soluble fraction was then assayed

7118 LAGUETTE ET AL. J. VIROL.



for protein content with the DC protein assay kit (Bio-Rad). Capture of biotin-
ylated proteins was performed at a final volume of 500 �l, with 15 �l of packed
ImmunoPure streptavidin-immobilized agarose beads (Pierce), using 240 �g of
protein extract. Incubation was carried out under gentle agitation for 1 h. Beads
were then washed three times in lysis buffer. Captured biotinylated proteins were
then eluted from the beads by incubation for 5 min at 95°C in Laemmli sample
buffer containing 5% of �-mercaptoethanol. Proteins were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis on 10% acrylamide NuPAGE
Novex bis-Tris precast gels (Invitrogen). Immunoprecipitations of CD4 were
performed as described elsewhere (4).

CD4 degradation. CD4 degradation was measured in HeLa-CD4 cells. Cells
were transfected with a GFP-encoding plasmid in combination with p56lck-
and/or Nef-encoding plasmids. The CD4 expression level at the cell surface was
measured by flow cytometry analysis of the GFP-positive population. Alterna-
tively, transfected cells were sorted based on GFP expression (MoFlo XPD cell
sorter; Beckman Coulter). Cell lysates were prepared as described above, and 20
�g of proteins was resolved by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis on 12% acrylamide NuPAGE Novex bis-Tris precast gels (Invitro-
gen). When MG132 and NH4Cl treatments were performed, cells were trans-
duced with the indicated viruses and treated 36 h later for a 6-hour period of
time. Nef, CD4, p56lck, GFP, and p24 were visualized by Western blotting,
followed by immunodetection. All quantifications were performed with Image-
Reader LAS-3000 software on enhanced chemiluminescence signals acquired
with a charge-coupled-device camera (FujiFilm LAS-3000). Nef-induced CD4
degradation was calculated by normalizing the amount of CD4 detected in cells
expressing Nef to that detected in the absence of Nef.

RESULTS

Nef and PMA differentially induce CD4 downregulation in
lymphoid and myeloid cells. We first measured the basal in-
ternalization rate of CD4 in myeloid (THP-1 and U937), lym-
phoid (HPB-ALL), and CD4-expressing epithelial (HeLa-
CD4) cells using a flow cytometry-based assay. Consistent with
published results (18, 49–51, 68), Fig. 1A and Table 1 show that
CD4 internalization in HPB-ALL cells followed slow kinetics
(1.6%/min) compared with U937, THP-1, and HeLa-CD4
cells, in which the rate of CD4 internalization was two- to
fourfold higher (4.5, 6.5, and 3.5%/min, respectively). We then
investigated whether these differences could have an impact on
the ability of WT HIV-1 Nef (WT Nef) to promote cell surface
CD4 downregulation. HPB-ALL, THP-1, and HeLa-CD4 cells
were transfected with a Nef-GFP construct, and the steady-
state level of CD4 expressed at the cell surface was analyzed
24 h posttransfection. As shown in Fig. 1B, CD4 downregula-
tion was efficient in the three cell lines. Nef induced a 70%
decrease of cell surface CD4 in both HPB-ALL and THP-1
cells that displayed low and high CD4 internalization rates,

FIG. 1. Effect of Nef and PMA on CD4 internalization in lymphoid, myeloid, and HeLa-CD4 cells. Cell surface expression of CD4 at steady
state (B) as well as the CD4 internalization rate (A, C) were analyzed by FACS in lymphoid (HPB-ALL), myeloid (THP-1), and HeLa-CD4 cells
expressing WT or mutant Nef-GFP or treated with PMA. (A) Cells were stained at 4°C with an anti-CD4 antibody and incubated at 37°C for 0,
5, and 15 min to allow for CD4 internalization. Cells were then cooled down and stained with Cy5-coupled secondary antibody. The percentage
of internalized CD4 at each time point was calculated as described in Materials and Methods. Transfected cells were gated on the basis of GFP
expression. (B) Steady-state levels of cell surface CD4 in cells expressing Nef-GFP (gated on the basis of GFP expression) or treated with PMA.
Results are expressed as the percentage of cell surface CD4 on mock-treated/transfected cells. (C) CD4 internalization was assessed, as described
in panel A, on transfected or PMA-treated cells. Values are the means of three independent experiments; error bars represent 1 standard deviation
from the mean.
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respectively. CD4 downregulation was less efficient in HeLa-
CD4 cells that displayed an intermediate basal CD4 internal-
ization rate. As expected, no significant difference in CD4
expression levels was observed between mock-transfected cells
and cells expressing Nef LL/AA, a Nef mutant which is defi-
cient for the interaction with clathrin-associated AP complexes
(9, 10, 15, 25). Similarly, treatment of THP-1, HPB-ALL, and
HeLa-CD4 cells with PMA also resulted in CD4 downregula-
tion (Fig. 1B). Of note, the effect of PMA was less pronounced
in HPB-ALL cells (40% decrease) than in THP-1 and HeLa-
CD4 cells (60% decrease). Overall, our data show that Nef and
PMA efficiently downregulate CD4 in the three cell types stud-
ied, independent of the basal rate of CD4 internalization.

Since it has been reported that Nef-induced CD4 downregu-
lation can primarily result from an increase in the internaliza-
tion rate of CD4 (2, 38, 44, 55), we investigated the impact of
both Nef and PMA on the kinetics of CD4 internalization in
HPB-ALL, THP-1, U937, and HeLa-CD4 cells. Nef LL/AA,
which had no effect on CD4 cell surface expression at steady
state, had no significant influence on the time course of CD4
internalization (Fig. 1C). As previously described (10), HPB-
ALL cells expressing WT Nef displayed a higher rate of CD4
internalization than mock-transfected cells (Fig. 1C, left). On
the contrary, the kinetics of CD4 internalization in THP-1,
HeLa-CD4, and U937 cells were not affected by the expression
of WT Nef (Fig. 1C, middle and right; Table 1), in spite of
efficient downregulation of cell surface CD4 at steady state in
these cell lines (Fig. 1B and data not shown). Interestingly,
when cells were treated with PMA, an increase in the rate of
CD4 internalization was seen in all three cell types (Fig. 1C).
These results show that Nef is able to downregulate CD4 in the
three cell types but that an increase of CD4 internalization rate
is observed only in lymphoid cells (Fig. 1C; see Fig. S5 in the
supplemental material).

Characterization of lymphoid T cells expressing CD4 mu-
tants. Given that p56lck is expressed in lymphoid cells but not
in myeloid cells, we investigated whether this could account for
the differential susceptibility of these cells to Nef-induced CD4
internalization. A mutant of CD4 unable to interact with p56lck

was generated by introducing Ser substitutions for Cys420 and
Cys422 that are required for p56lck binding (CD4 CC/SS) (Fig.
2A). Since phosphorylation of the cytoplasmic tail of CD4 has
been reported to modulate both interaction with p56lck and
recognition of its Leu-based sorting signal (52, 56), the contri-

bution of Ser408 to CD4 was also investigated through substi-
tution of this residue by Ala (CD4 S/A) (Fig. 2A).

We first checked the ability of the CD4 mutants to interact
with p56lck by coimmunoprecipitation in 293T cells (Fig. 2B).
As expected, p56lck was efficiently coprecipitated with WT
CD4 but not with CD4�CT (Fig. 2B, middle), a mutant lacking
the cytoplasmic tail of CD4 (Fig. 2A), in spite of having similar
amounts of p56lck expressed in the cells (Fig. 2B, bottom).
Similarly, substitution of Cys420 and Cys422 totally abolished
the ability of CD4 to interact with p56lck. In contrast, substi-
tution of Ser408 had no apparent effect on the ability of p56lck

to coprecipitate with CD4 (CD4 S/A), indicating that this res-
idue does not play a major role in the CD4/p56lck interaction.

To evaluate the impact of these mutations on the endocyto-
sis of CD4, WT CD4 and the CD4 CC/SS and S/A mutants
were stably expressed in a T-lymphoid cell line (A2.01) that
expresses p56lck but lacks detectable endogenous CD4 expres-
sion (data not shown). Figure 2C shows that WT CD4 and CD4
S/A T-cell lines displayed similar levels of CD4 at the cell
surface, whereas the CD4 CC/SS cell line had lower levels of
cell surface CD4 at steady state. The kinetics of CD4 endocy-
tosis were also analyzed and revealed that the rate of internal-
ization was higher in CD4 CC/SS-expressing cells than in WT
CD4- and CD4 S/A-expressing cells (6%/min and 2%/min,
respectively) (Fig. 2D). Interestingly, the kinetics of CD4
CC/SS internalization in A2.01 T cells resembled those of WT
CD4 expressed in nonlymphoid cells lacking p56lck expression,
such as THP-1 and HeLa-CD4 cells (Table 1). These data
confirm that the interaction of p56lck with CD4 results in the
stabilization of CD4 at the plasma membrane. In addition, they
indicate that Ser408 has no influence on the internalization of
CD4 in T lymphoid cells.

Impact of p56lck expression on Nef-induced CD4 downregu-
lation in T lymphoid cells. The A2.01 T-cell lines described
above are valuable tools for the study of CD4 trafficking in a
lymphoid background. These cells were used to analyze the
impact of the interaction between p56lck and CD4 on PMA-
and Nef-induced CD4 downregulation. An HIV-1-based trans-
duction system was used to ensure efficient delivery of the
Nef-IRES-EGFP sequence into the cell lines (75). Cell surface
levels of CD4 were then analyzed by flow cytometry. As shown
in Fig. 3A, Nef equally downregulated cell surface CD4, re-
gardless of the CD4 mutant expressed. The effect of PMA was
also analyzed and revealed that WT CD4 and CD4 CC/SS were
equally susceptible to PMA-induced CD4 downregulation
(Fig. 3A). PMA treatment had no effect on the cell surface
levels of the CD4 S/A mutant, confirming that Ser408 is neces-
sary for PMA-induced downregulation.

Kinetic analysis of CD4 internalization was also performed
on the three A2.01-CD4 cell lines. Consistent with results ob-
tained with HPB-ALL cells (Fig. 1C), Fig. 3B shows that both
Nef and PMA increased the rate of CD4 internalization in
A2.01 cells expressing WT CD4 (left). The rate of CD4 S/A
internalization was also increased by Nef, but PMA had no
effect on the trafficking of this mutant (Fig. 3B, middle). In
contrast, PMA was fully efficient at increasing the rate of in-
ternalization of CD4 CC/SS, whereas Nef had no effect on the
internalization rate of this mutant (Fig. 3B, right). This latter
observation recapitulates the effect of Nef and PMA on THP-1
and HeLa-CD4 cells that lack p56lck (Fig. 1C).

TABLE 1. Initial rate of CD4 internalization in various cell lines

Treatment
Initial rate of internalization � SD (%) in indicated cell line

HPB-ALL THP-1 HeLa-CD4 U937 J.CaM

Mocka 1.6 � 0.3b 6.5 � 0.2 3.5 � 0.4 4.5 � 1.6 2.9 � 0.2
WT Nef 4.3 � 0.7 4.5 � 0.6 3.8 � 0.4 5.6 � 0.5 3.8 � 1.2
Nef LL/AA 1.1 � 0.3 4.1 � 1.3 3.7 � 1.3 NDc ND
PMAd 3.6 � 1.0 14.9 � 0.2 12.9 � 0.8 ND ND

a Nontransfected cells were incubated at 37°C for 5 min in the absence of
PMA.

b The percentage of CD4 internalized per minute was calculated over the first
5 minutes of internalization.

c ND, not determined.
d Cells were incubated at 37°C for 5 min in the presence of 100 ng/ml PMA.
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In order to determine whether p56lck expression was suffi-
cient to reveal the effect of Nef on the increase of the rate of
CD4 internalization, Nef-induced CD4 downregulation was
analyzed in p56lck-negative cell lines reconstituted with p56lck.
Because it has been reported that overexpression of p56lck

could counteract the ability of Nef to downregulate cell surface
CD4 (23) (see Fig. S1 in the supplemental material), p56lck was
expressed at levels that do not inhibit the activity of Nef.
Expression of p56lck in HeLa-CD4 cells resulted in a 25%
increase in the cell surface level of CD4 at steady state and
provoked a marked decrease in the basal rate of CD4 inter-
nalization from 3.6 to 1.5%/min (Fig. 4A and B), indicating
that the expression of p56lck is sufficient to stabilize CD4 at the
cell surface. In this context, Nef was still able to downregulate
cell surface CD4 as efficiently as in HeLa-CD4 cells that did
not express p56lck (Fig. 4B). We then investigated the impact
of p56lck expression in HeLa-CD4 cells on the ability of Nef to
increase the rate of CD4 internalization. As previously shown
(Fig. 1), expression of Nef in HeLa-CD4 cells resulted in the
efficient downregulation of cell surface CD4 (Fig. 4B), but Nef
did not affect the rate of CD4 internalization in this cell line
(Fig. 4C). In contrast, Nef significantly increased the rate of
CD4 endocytosis from 1.5 to 5%/min in p56lck-expressing

HeLa-CD4 cells (Fig. 4C). Similarly, expression of p56lck in
THP-1 myeloid cells resulted in the stabilization of CD4 at the
cell surface and enabled Nef to increase the rate of CD4
internalization (Fig. 4B and C). Experiments performed in
T-cell lines that expressed or did not express functional p56lck

such as HPB-ALL and J.CaM cell lines, respectively, also dem-
onstrated that in the absence of a CD4/p56lck interaction that
stabilizes CD4 at the plasma membrane, Nef did not increase
the rate of CD4 internalization (Fig. 4B and C). All together,
these results indicate that the ability of Nef to increase the rate
of CD4 internalization strictly depends on the CD4/p56lck in-
teraction and does not require additional T-cell-specific fac-
tors.

Nef induces degradation of CD4, regardless of the presence
of p56lck. We investigated the fate of CD4 molecules in Nef-
expressing cells in the presence or absence of p56lck. HeLa-
CD4 cells were cotransfected with constructs encoding GFP
along with constructs encoding either WT Nef or p56lck or both
constructs, as indicated in Fig. 5A. As previously noticed in
HeLa cells, p56lck induced a significant increase in cell surface
levels of CD4, and Nef downregulated cell surface levels of
CD4 at steady state, regardless of the presence of p56lck (not
shown). GFP-positive cells were sorted 24 h posttransfection to

FIG. 2. Characterization of lymphoid cells stably expressing CD4 mutants. (A) Schematic representation of the human CD4 mutants. The
amino acid sequences of the cytoplasmic tail of CD4 mutants are aligned with that of WT CD4. Dashes indicate amino acid identities with the WT
protein, and red letters identify amino acid substitutions. (B) p56lck binding of CD4 mutants. Protein extracts were prepared 48 h posttransfection
from 293T cells coexpressing p56lck together with WT CD4, CD4 S/A, CD4�CT, CD4 CC/SS, or no CD4. Crude extracts were subjected to CD4
immunoprecipitation (IP), followed by Western blotting and immunodetection analysis with anti-CD4 and anti-p56lck (top and middle, respec-
tively). The p56lck expression level was also analyzed in whole-cell lysate (20 �g of protein/lane; bottom). (C) Cell surface expression of CD4 in
A2.01 T cells stably expressing WT or CD4 mutants. (D) Kinetics of internalization for WT or CD4 mutants in transduced A2.01 T cells. Values
are the means of three independent experiments; error bars represent 1 standard deviation from the mean.
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recover Nef- and p56lck-expressing cells. Whole-cell lysates
were prepared and analyzed by Western blotting, followed by
immunodetection. As shown in Fig. 5A and B, there was a
reproducible �25% decrease in the total amount of CD4 in
Nef-expressing cells compared with that in mock-transfected
cells (P 	 0.05), confirming that CD4 internalization induced
by Nef leads to CD4 degradation. Similar results were obtained
in p56lck-expressing cells (P 	 0.01), indicating that expression
of p56lck has no influence on the efficiency of CD4 degradation
by Nef (Fig. 5B, right). We next investigated the mechanisms
responsible for Nef-induced CD4 degradation. Cells were
treated with 100 mM NH4Cl in order to buffer lysosome acid-
ification and to inhibit pH-dependent proteases or with 10 �M
MG132 in order to inhibit the proteasome-dependent degra-
dation pathway. To check the efficiency of such treatments,
cells were incubated with VSV-G-pseudotyped GFP reporter
viruses in the presence of NH4Cl or MG132. In agreement with
published results, a 6-hour treatment with NH4Cl inhibited
lysosome acidification and VSV-G-pseudotyped virus entry
into treated cells, whereas MG132 slightly increased virus entry
(see Fig. S2 in the supplemental material) (1, 46, 65, 74). We
next analyzed the impact of a 6-hour treatment of HeLa-CD4
cells with NH4Cl or MG132 on the trafficking of CD4. Figure
5C shows that neither cell surface levels of CD4 at steady state
nor the kinetics of CD4 internalization were affected by such
treatments. The effect of NH4Cl and MG132 on Nef-induced

CD4 degradation was then investigated. HeLa-CD4 cells were
transduced with viruses containing a Nef-IRES-EGFP or
IRES-EGFP sequence (Fig. 3) and treated 16 h later with
NH4Cl or MG132 for 6 h, as indicated in Fig. 5D. While Nef
expression provoked a �36% decrease of whole-cell CD4 lev-
els in mock-treated cells, a weaker decrease was measured
when cells were treated with NH4Cl (�28%). This means that
a 6-hour incubation time with NH4Cl reverts �22% of CD4
degradation induced by Nef. When cells were treated with
MG132, Nef-induced CD4 degradation was also slightly inhib-
ited but not to the same extent as when cells were treated with
NH4Cl. Together, these results indicate that Nef-induced CD4
degradation relies mostly on lysosomal activity (34, 40, 58).

The Nef-induced acceleration of CD4 internalization is re-
lated to a reduction of CD4/p56lck association at the plasma
membrane. According to the results reported in Fig. 3 and 4,
the dissociation of the CD4/p56lck complex at the cell surface
is a conceivable hypothesis to explain the Nef- or PMA-depen-
dent increase in the rate of CD4 internalization. We investi-
gated the impact of Nef on the CD4/p56lck complex at the
plasma membrane using a cell surface protein biotinylation
assay. Since the kinetics of CD4 endocytosis in HeLa-CD4 cells
expressing p56lck and T cells are comparable, with respect to
basal and Nef-induced endocytosis, the analysis of the CD4/
p56lck complex at the cell surface was performed with HeLa
cells coexpressing the two proteins. As shown in Fig. 6A, cell

FIG. 3. Nef- and PMA-induced CD4 downregulation analysis in lymphoid cell lines expressing CD4 mutants. A2.01 cell lines stably expressing
WT CD4, CD4 S/A, or CD4 CC/SS were transduced to achieve Nef expression or treated with PMA prior to analysis of cell surface CD4 levels
(A) and internalization (B), as described in the legend to Fig. 1. Values are the means of three independent experiments; error bars represent 1
standard deviation from the mean.
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surface protein biotinylation of cells expressing both WT CD4
and p56lck allowed the coprecipitation of CD4 and p56lck (top,
lane 1). No p56lck was precipitated from HeLa cells expressing
p56lck alone (Fig. 6A, lane 3). This confirms that the precipi-
tation of p56lck from HeLa cells expressing both WT CD4 and

p56lck reflects the interaction of CD4 and p56lck at the plasma
membrane. Moreover, it indicates that no protein at the
plasma membrane of HeLa cells can mediate an interaction
with p56lck. When HeLa cells were cotransfected with p56lck

and CD4 CC/SS, only background levels of p56lck were copre-
cipitated with CD4 (Fig. 6A, lane 2). In agreement with the
results showing that the cell surface level of CD4 CC/SS was
lower in A2.01 T cells (Fig. 2C and 3A), densitometry analysis
indicated that CD4 CC/SS was less abundant at the plasma
membrane than WT CD4. As expected, less WT CD4 was also
retrieved from the plasma membranes of cells coexpressing
Nef, p56lck, and CD4 compared with that retrieved from the
plasma membranes of cells expressing only CD4 and p56lck

(Fig. 6, top, compare lanes 1 and 4). Analysis of the material
precipitated with cell surface CD4 revealed that the expression
of Nef induced a 70% decrease of the amount of p56lck asso-
ciated with CD4 at the cell surface (Fig. 6B). As previously
reported (52), PMA treatment also severely affected the
amount of p56lck associated with cell surface CD4 (Fig. 6B).
All together, these results show that the Nef-induced increase
in the CD4 internalization rate is concomitant to a reduced
association of p56lck with CD4 at the plasma membrane.

DISCUSSION

In spite of extensive study, the molecular mechanisms in-
volved in Nef-induced CD4 downregulation remain poorly un-
derstood. In lymphoid cells where CD4 interacts with p56lck, it
is questioned whether Nef causes a decrease in the level of
CD4 cell surface expression through downregulation of the
CD4/p56lck complex or through disruption of the interaction
between CD4 and p56lck (24, 34, 45, 48, 52, 61, 68). In this
paper, we investigated how Nef downregulates CD4 from the
surface of HIV-1 host cells. Steady-state analysis revealed that
Nef causes downregulation of cell surface CD4 in all cell types;
however, Nef caused an increase in the rate of CD4 internal-
ization in lymphoid cells but not in myeloid cells. Our results
demonstrate that this phenomenon strictly depends on the
ability of p56lck to interact with CD4 and is independent of any
other specific component of the lymphoid lineage. We also
observed that the expression of Nef causes a net decrease in
the association of p56lck with cell surface CD4 and reroutes
internalized CD4 toward the degradation pathway. Taken to-
gether, our data indicate that Nef uses different mechanisms in
lymphoid and myeloid cells to downregulate CD4 from the cell
surface.

It was previously established that p56lck expression causes
the stabilization of CD4 at the cell surface of T cells by tar-
geting CD4 to lipid rafts and promoting its exclusion from
clathrin-coated pits (50, 52). In agreement with previous re-
sults (18, 49–51, 68), we observed that the basal rate of CD4
internalization was lower in p56lck-positive cells of the lym-
phoid lineage than in p56lck-negative cells of the myeloid lin-
eage or in HeLa cells stably expressing CD4. Expression levels
of p56lck in HeLa-CD4 and THP-1 cells were sufficient to
decrease the rate of CD4 internalization. In addition, Nef was
able to increase the rate of CD4 internalization in THP-1 and
HeLa-CD4 cells only when p56lck was expressed. Conversely,
the rate of internalization of CD4 CC/SS, a mutant unable to
interact with p56lck, was higher than that of WT CD4 and was

FIG. 4. Nef-induced CD4 downregulation analysis of THP-1 and
HeLa-CD4 cells reconstituted with p56lck. (A) The kinetics of CD4
internalization were measured in HeLa-CD4 cells expressing or not
expressing p56lck, as described in the legend to Fig. 1B. (B and C) The
indicated cell lines were transfected to achieve Nef and p56lck expres-
sion. Steady-state levels of cell surface CD4 (B) and the rate of CD4
internalization (C) were measured, as described in the legend to Fig. 1.
Data plotted in panel C represent the rate of CD4 internalization
calculated over the first 5 min of internalization. Values are the means
of three independent experiments; error bars represent 1 standard
deviation from the mean.
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not increased further by Nef, even in a T-cell background.
Similarly, no significant increase in the CD4 internalization
rate was induced by Nef in J.CaM T cells that lack p56lck

expression. These results demonstrate that the interaction be-
tween p56lck and CD4 is responsible for the different basal and
Nef-induced alterations of CD4 trafficking observed between
lymphoid and myeloid cells. Our results also suggest that, in
the absence of p56lck, Nef does not affect the rate of CD4
internalization but induces cell surface CD4 downregulation by
promoting the degradation of internalized CD4 molecules.
This is in agreement with published data showing that Nef
inhibits the recycling of internalized CD4 back to the plasma
membrane (55, 58, 62). Similarly, we previously showed that
Nef downregulates cell surface expression of the transferrin
receptor, without affecting its internalization, by inhibiting its
recycling to the plasma membrane (43).

In p56lck-negative cells that naturally express CD4 (macro-
phages and monocytes) or exogenous CD4 (HeLa and 293T
cells), the rate of internalization for CD4 is constitutively high,
independent of Nef (18, 49–51, 68; this paper). The ability of
Nef to redirect internalized CD4 to the lysosomal degradation

compartments can thus result in an overall decrease in cell
surface levels of CD4 at steady state in these cells. On the
contrary, in cells that express p56lck, CD4 is stabilized at the
plasma membrane (50, 52; this paper), and the lysosomal tar-
geting of internalized CD4 would not suffice to decrease cell
surface levels of CD4 at steady state. It is thus conceivable that
Nef first needs to increase the rate of CD4 internalization in
p56lck-expressing lymphoid cells before promoting the lysoso-
mal degradation of internalized CD4.

Of note, the p56lck complementation assays in HeLa-CD4
and THP-1 cells revealed that cell surface CD4 downregula-
tion by Nef was equally efficient, regardless of p56lck expres-
sion. In addition, the proportion of Nef-induced CD4 degra-
dation in HeLa-CD4 cells was identical (�25%), regardless of
p56lck expression. The fact that Nef causes an increase in CD4
internalization in p56lck-positive cells but not in p56lck-negative
cells strongly suggests that there is no component in HeLa or
myeloid cells that can compensate for the absence of p56lck.
p59hck, another member of the Src kinase family specifically
expressed in myeloid cells, was shown to interact with CD4
(42), but there is poor understanding of both the physiological

FIG. 5. Degradation of CD4 in Nef-expressing cells. (A) HeLa-CD4 cells were cotransfected with a construct encoding GFP along with the
indicated constructs. Cells were then sorted by FACS based on GFP expression and solubilized to analyze the expression levels of CD4, Nef, p56lck,
and GFP in cleared lysates. (B) CD4 levels were normalized to that of GFP and set to 100% in cells expressing neither Nef nor p56lck (left). CD4
degradation calculated as (CD4no Nef � CD4Nef)/CD4no Nef was set to 100% in cells expressing no p56lck (right). An average of three independent
experiments is shown (t test: �, P of 	0.05; ��, P of 	0.01). (C) The impact of a 6-hour treatment with NH4Cl (100 mM) and MG132 (20 �M)
on the levels of cell surface CD4 (left) and the rate of CD4 internalization (right) was measured, as described in the legend to Fig. 1.
(D) HeLa-CD4 cells were incubated with VSV-G-pseudotyped viruses expressing or not expressing Nef (� and �, respectively) to achieve 100%
of transduction efficiency. Cells were then treated for 6 h with the indicated chemicals and solubilized to analyze the expression level of CD4
(bottom) and p24 (top). CD4 levels were normalized to that of p24, and CD4 degradation was calculated for each treatment as 100 �
(CD4no Nef � CD4Nef)/CD4no Nef. Immunodetection signals were acquired as indicated in Materials and Methods. Error bars represent 1 standard
deviation from the mean.
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role of CD4 and the biological relevance of the p59hck/CD4
interaction in myeloid cells. The fact that CD4 is rapidly in-
ternalized in myeloid cells argues against a role for p59hck in
the exclusion of CD4 from clathrin-coated pits. In addition, the
absence of Nef-induced acceleration of CD4 internalization in
these cells further confirms that p59hck and p56lck have a dif-
ferent impact on the trafficking of CD4.

CD4 trafficking was also examined in cells treated with
PMA. The activation of PKC by treating cells with PMA is
believed to promote the phosphorylation of the cytoplasmic
tail of CD4 on Ser residues (Ser408, Ser415, and Ser431); these
phosphorylations are concomitant to an increase in the rate of
CD4 internalization (32, 33, 41, 48, 52, 56, 66, 67). If there is a
general consensus regarding a minor role for Ser431 phosphor-
ylation in CD4 internalization, the importance of Ser408 and

Ser415 in this process is still debated. The analysis of the cell
surface levels of various CD4 mutants expressed in HeLa cells
revealed that Ala substitution for the three Ser residues
(Ser408, Ser 415, and Ser431) was necessary to abrogate the
ability of PMA to downregulate CD4 (66). Surface plasmon
resonance analysis also showed that a peptide derived from the
cytoplasmic tail of CD4 in which Ser408 or Ser415 are phosphor-
ylated binds more efficiently to purified AP-2 complexes than
the unphosphorylated peptide. This suggests that Ser415 phos-
phorylation can compensate for the Ser408/Ala substitution
(56). On the contrary, our results show that an Ala substitution
for Ser408 (CD4 S/A mutant) was sufficient to render CD4
refractory to PMA-induced downregulation, indicating that
Ser415 and Ser431 cannot compensate for the absence of Ser408

in T cells. Differences in the experimental systems might ac-
count for these discrepancies. The fact that Nef equally af-
fected the trafficking of WT CD4 and CD4 S/A confirms that
Nef-induced CD4 downregulation is independent of Ser408

phosphorylation (20) and that Nef and PMA use distinct mech-
anisms to promote cell surface CD4 internalization (33).

In spite of these differences, both Nef- and PMA-induced
CD4 downregulation require the integrity of a Leu-based sort-
ing motif located in the cytoplasmic tail of CD4 that is masked
by p56lck in T lymphoid cells (2, 5, 24, 31, 56, 60, 68). In
addition, there is evidence that the dissociation of the CD4/
p56lck complex occurs during PMA-induced internalization of
CD4 in T cells (52). In order to investigate whether a similar
mechanism can occur during Nef-induced CD4 downregula-
tion, we designed a cell surface biotinylation assay which ren-
ders possible the analysis of the CD4/p56lck complex at the cell
surface. This assay enabled us to confirm that upon treatment
with PMA, less p56lck is coprecipitated with cell surface CD4.
We also observed that the level of p56lck associated with CD4
at the cell surface is decreased in the presence of Nef. This
could explain why upon Nef expression, the kinetics of cell
surface CD4 internalization are similar to those of WT CD4 in
p56lck-negative cells in the absence of Nef.

Several mechanisms can be put forward to explain how Nef
could disrupt the CD4/p56lck complex. Nef could displace this
interaction through binding to p56lck. Such an interaction be-
tween the poly-proline 72PxxP75 motif of Nef and the SH3
domain of p56lck has been described (28). Moreover, it was
also recently reported that Nef affects the localization of p56lck

and that this function requires the integrity of the 72PxxP75

motif of Nef (30, 72). Since the ability of Nef to increase the
rate of CD4 internalization in T cells does not depend on the
72PxxP75 motif (10) (see Fig. S3 in the supplemental material),
the disruption of the CD4/p56lck complex by a Nef/p56lck in-
teraction is unlikely to explain this phenotype. Alternatively,
the disruption of this complex could be explained by a direct
interaction between Nef and the cytoplasmic domain of CD4
(5, 14, 29, 57). In this model, the Nef-induced internalization of
CD4 would be a two-step process, as follows: first, Nef would
disrupt the CD4/p56lck interaction at the plasma membrane,
and second, the Leu-based motif of Nef would then drive the
CD4/Nef complex to the clathrin-dependent endocytic machin-
ery (10, 12, 32), leading to CD4 internalization. This “connec-
tor” model is largely in agreement with the results reported in
the present study. However, there is evidence that the inter-
action between p56lck and CD4 is strong, as opposed to the

FIG. 6. Nef-induced decrease of CD4/p56lck association at the
plasma membrane. (A) HeLa cells coexpressing p56lck and either WT
CD4 or CD4 CC/SS were transfected to achieve Nef expression or
treated with PMA. After biotinylation of the cell surface proteins,
biotinylated CD4 was immunoprecipitated, as described in Materials
and Methods, and both CD4 and p56lck were visualized by Western
blotting, followed by immunodetection in the precipitated material
(top) or in cleared lysates (20 �g of protein/lane; bottom). The inten-
sity of the CD4 and p56lck bands was quantified by densitometry using
NIH Image software, and the p56lck signal was normalized to that of
cell surface CD4 (NA, not applicable). (B) Plotted data represent the
percentage of the CD4-associated p56lck signal intensity relative to that
of mock-transfected or mock-treated cells expressing WT CD4 (100%)
and are representative of three independent experiments.
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weak interaction detected between Nef and CD4 (29), and
occurs early during the biosynthesis of the two proteins There-
fore, additional investigations are required to understand ex-
actly how Nef could dissociate the CD4/p56lck complex at the
plasma membrane.

Alternatively, the dissociation of the CD4/p56lck complex
could also be a consequence of, and not a prerequisite for, the
targeting of CD4 to endocytic structures such as clathrin-
coated pits. The fact that PMA treatment results in the in-
crease of CD4 internalization, regardless of the expression of
p56lck, suggests that the increase in the CD4 internalization
rate does not necessarily require the dissociation of a preex-
isting CD4/p56lck complex. It can thus be speculated that the
presence of Nef at the plasma membrane (10, 19) locally in-
creases the pool of AP-2 complexes in the vicinity of CD4. In
T lymphocytes where the Leu-based sorting motif of CD4
targeted by AP-2 is hidden by the interaction with p56lck, the
enrichment of AP-2 could compensate for this steric hin-
drance, allowing AP-2 to access this motif and to promote CD4
internalization. In nonlymphoid cells that lack p56lck, the ac-
cessibility of the Leu-based AP-binding site in CD4 is already
optimal, and the Nef-dependent enrichment of AP-2 at the
plasma membrane would not further increase the rate of CD4
internalization. Interestingly, the affinity of simian immunode-
ficiency virus Nef for AP-2 is higher than that of HIV-1 Nef
(54, 60); however, it did not further increase the rate of CD4
internalization in p56lck-negative cells (see Fig. S4 in the sup-
plemental material). This suggests that the limiting factor in
CD4 internalization is the availability of AP-2 in the vicinity of
CD4 and that HIV-1 Nef overcomes this limiting factor.

The fact that Nef might increase the availability of AP-2 for
the di-Leu motif of CD4 while PMA-induced phosphorylation
of CD4 increases the affinity of this motif for AP-2 could
explain the stronger effect of PMA: PMA increases CD4 in-
ternalization, regardless of the presence of p56lck, whereas a
Nef-dependent increase in the rate of CD4 endocytosis is seen
only in the presence of p56lck. In either case, the requirement
of AP-2 in the whole process remains undeniable.

Interestingly, published work reported that under certain
circumstances, Nef could increase the rate of CD4 internaliza-
tion in cells that do not express p56lck. Blagoveshchenskaya et
al. used a vaccinia virus-based expression system to achieve
expression of Nef in HeLa-CD4 cells and found a significant
increase in the rate of CD4 internalization in Nef-expressing
cells (7). The high levels of expression for Nef achieved in this
study, as opposed to the HIV-1 long terminal repeat-driven
expression of Nef used in our study, might explain these dif-
ferences. Of note, similar levels of vaccinia virus-based expres-
sion for HIV-1 Nef used by others revealed no or a modest
increase of the rate of CD4 internalization in p56lck-negative
cells (39, 60). In addition, this increase is measurable within the
first minutes of the kinetics and disappears after 5 min of
internalization (39). These data are in agreement with our
results and confirm that physiological levels of Nef cannot
significantly increase the rate of CD4 internalization in cells
that do not express p56lck.

The ability of Nef to downregulate the cell surface expres-
sion of CD4 is an important feature regarding the impact of
Nef on infectivity and pathogenesis, both in infected patients
and in animal models (71). The results reported herein give

new insight into this function of Nef in the natural target cells
of HIV-1. Our results demonstrate that the presence of p56lck

has a direct impact on the mechanism used by Nef to down-
regulate the expression of CD4 at the cell surfaces of T lym-
phocytes. They reveal that Nef uses distinct mechanisms to
reduce cell surface expression of CD4 in either lymphoid or
myeloid target cells of HIV-1.
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