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E

ntry of HIV-1 into target cells requires the sequential interaction of the surface envelope glycoprotein gp120 with
the primary receptor CD4 and with the coreceptors
CXCR4 or CCR5 (1–3). HIV-1 receptor and coreceptors play key
roles in leukocyte signaling, which is relevant to the understanding
of AIDS pathogenesis. Binding of gp120 to CD4 generates signals
that perturb CD4 costimulatory function in Ag-specific responses
and may lead to T cell anergy and apoptosis (4 –7). Similarly,
interaction of gp120 with the chemokine receptors CXCR4 or
CCR5 activates an array of signal transduction pathways that may
contribute to the immune dysfunction characteristic of HIV-1 infection (reviewed in Refs. 8 and 9). By exploiting the chemokine
system, HIV-1 has the potential to perturb the migratory patterns
and activation status of leukocytes. Importantly, generalized immune activation is also a hallmark of HIV-1 infection and is actually thought to drive the process of chronic CD4⫹ T cell destruction (10 –12).
Chemokine responses are mediated by chemoreceptors coupled
to heterotrimeric G proteins and are characterized by the coordi-
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nated activation of phospholipase C, PI3K, and MAPK pathways
(13–15). Chemoattractant gradients induce the polarization of the
phosphoinositide signal transduction machinery, resulting in reorganization of the actin cytoskeleton and ultimately in directed cell
migration (16). Triggering of chemoreceptors by HIV-1 envelope
glycoprotein was shown to induce some, though often not all, of
these responses, depending on the chemoreceptor used and of the
nature of target cells (17–29). Previous studies showed that binding of gp120 from CXCR4-tropic (X4) HIV-1 strains to activated
CD4⫹ T cells induced the phosphorylation of kinases involved in
cell adhesion and directed migration, such as Pyk-2 and PI3K (17,
18). The Erk-1/2 MAPK pathway was also activated by X4 gp120,
though only in cells prestimulated through the TCR (19 –21). In
contrast, the natural ligand of CXCR4, the chemokine stromal cellderived factor 1 (SDF-1)4 (CXCL12), induced the Erk-1/2 pathway in both stimulated and unstimulated CD4⫹ T cells (30). Other
studies in activated T cells or macrophages showed a defective or
limited capacity of gp120 from X4 strains to induce calcium flux
and chemotactic responses as compared with gp120 from CCR5tropic (R5) strains, raising the possibility that gp120 induced an
incomplete or aberrant set of signals through CXCR4 (22–24, 31).
CXCR4 is expressed in most T cells to some degree, while
CCR5 expression is restricted to activated and memory T cells
(32). The emergence of X4 strains in late-stage infection is associated with an increased rate of CD4⫹ T cell depletion and a poor
prognosis (33). Although an expanded range of target cells may
contribute to disease progression, the mechanism of CD4⫹ T cell
depletion by X4 strains is not entirely understood. In particular, it
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Interaction of HIV-1 envelope glycoprotein gp120 with the chemokine receptor CXCR4 triggers not only viral entry but also an
array of signal transduction cascades. Whether gp120 induces an incomplete or aberrant set of signals, or whether it can function
as a full CXCR4 agonist, remains unclear. We report that, in unstimulated human primary CD4ⴙ T cells, the spectrum of signaling
responses induced by gp120 through CXCR4 paralleled that induced by the natural ligand stromal cell-derived factor 1/CXCL12.
gp120 activated heterotrimeric G proteins and the major G protein-dependent pathways, including calcium mobilization, phosphoinositide-3 kinase, and Erk-1/2 MAPK activation. Interestingly, gp120 caused rapid actin cytoskeleton rearrangements and
profuse membrane ruffling, as evidenced by dynamic confocal imaging. This coordinated set of events resulted in a bona fide
chemotactic response. Inactivated HIV-1 virions that harbored conformationally intact envelope glycoproteins also caused actin
polymerization and chemotaxis, while similar virions devoid of envelope glycoproteins did not. Thus gp120, in monomeric as well
as oligomeric, virion-associated form, elicited a complex cellular response that mimicked the effects of a chemokine. HIV-1 has
therefore the capacity to dysregulate the vast CD4ⴙ T cell population that expresses CXCR4. In addition, HIV-1 may exploit its
chemotactic properties to retain potential target cells and locally perturb their cytoskeleton, thereby facilitating viral
transmission. The Journal of Immunology, 2004, 173: 7150 –7160.
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Materials and Methods
Abs and reagents
Immunostainings were performed using FITC-conjugated anti-human
CD4-V4 (clone L120) and PE-conjugated anti-human CXCR4 (clone
12G5) mAbs (BD Biosciences, San Jose, CA). Anti-phospho-p44/p42
MAPK (Thr202/Tyr204, clone E10) mAb, anti-p44/p42 MAPK, anti-Akt
and anti-phospho-Akt (Ser473) rabbit sera were purchased from Cell Signaling Technology (Beverly, MA). Peroxidase-conjugated anti-mouse and
anti-rabbit secondary Abs were obtained from Amersham Biosciences Europe (Upsala, Sweden) and Vector Laboratories (Burlingame, CA), respectively. SDF-1 was synthesized as described (34). Recombinant HIV-1 LAI
envelope glycoprotein (Env) gp120 subunit and recombinant soluble human CD4 (sCD4) were produced in a mammalian cell expression system,
ensuring proper glycosylation and folding of the proteins (Progenics, Tarrytown, NY). Unless specified, SDF-1 and gp120 were used at 30 and 200
nM, respectively. The sCD4/gp120 complexes were generated by incubating sCD4 and gp120 at a 2.5:1 ratio. The bicyclam AMD3100 (AnorMED,
Langley, Canada) and the Bordetella pertussis toxin (PTX; Calbiochem,
San Diego, CA) were used at a final concentration of 1 M and 1 g/ml,
respectively. The preparation of aldritiol-2-inactivated HIV-1 NL4 –3 viral
particles (AT-2 HIV-1) was performed as described, except that viruses
were produced over a single cycle by calcium phosphate transfection of
HEK 293-T cells (35, 36). The control preparation HIV-1 ⌬env consisted
in particles produced from an env-deleted NL4 –3 provirus and processed
exactly as the wild-type HIV-1 particles.

Isolation of primary CD4⫹ T lymphocytes
Donors of leukocytes consisted in healthy volunteers referred at the Etablissement Français du Sang (Paris, France). PBMC were separated from
fresh blood samples using a Ficoll-Paque Plus (Amersham Biosciences)
density gradient centrifugation and negatively enriched for CD4⫹ T cells
by magnetic cell sorting following the manufacturer instructions (Miltenyi
Biotec, Auburn, CA). Isolated cells were routinely ⬎95% pure. We
checked by cytofluorometry that CD4⫹ T cells expressed high levels of
membrane CXCR4 after the Ficoll procedure (mean fluorescence intensity
(MFI) ⬎300), as evaluated with the CellQuest software on a FACSCalibur
flow cytometer (BD Biosciences). Primary CD4⫹ T lymphocytes were cultured overnight in complete medium, consisting in RPMI 1640 medium
supplemented with 10% heat-inactivated FCS, 10 mM HEPES, penicillin
(100 U/ml), and streptomycin (100 g/ml), before use in functional assays.
Overnight culture in the absence of stimulation did not significantly change
CXCR4 expression levels.

Membrane preparation and [35S]GTP␥S binding assay
Membrane preparations were obtained from 3 ⫻ 108 PBMC as described
(37). PBMC were incubated for 30 min at 4°C in buffer A (15 mM TrisHCl pH 7.5, 2 mM MgCl2, 0.3 mM EDTA, 1 mM EGTA) and homoge-

nized in a Dounce potter. After centrifugation (5 min at 500 ⫻ g), the
supernatants were recovered and centrifuged at 40,000 ⫻ g for 30 min at
4°C. The pellets were resuspended in buffer A and centrifuged at 40,000 ⫻
g for 30 min. The final membrane pellets were resuspended in buffer B (75
mM Tris-HCl pH 7.5, 12.5 mM MgCl2, 0.3 mM EDTA, 1 mM EGTA, 250
mM sucrose). The measurement of [35S]GTP␥S binding to crude membrane preparations was performed in 96-well microplates (NEN basic
flashplates). Membranes (7 g of proteins/well) were incubated for 15 min
at 30°C in 20 mM HEPES containing 100 mM NaCl, 10 g/ml saponin, 3
mM MgCl2, and 1 M GDP, in the presence or absence (basal [35S]GTP␥S
binding) of appropriate ligands and/or inhibitors. Then 0.1 nM [35S]GTP␥S
(Amersham Biosciences) was added to membranes, which were incubated
for 30 min at 30°C. Microplates were counted for 2 min per well in a
Wallac 1450 Microbeta Trilux counter (PerkinElmer Life Sciences,
Boston, MA).

Evaluation of CXCR4 functions
For calcium mobilization assays, CD4⫹ T lymphocytes (2 ⫻ 106) were
loaded for 30 min at 37°C with 1 M Indo-1/AM (Molecular Probes,
Eugene, OR) in HBSS buffer containing 1 mM CaCl2, 1 mM MgCl2, and
1% FCS (38). After a wash, cells were resuspended in HBSS buffer and
incubated at 37°C for 5 min before SDF-1 or gp120 stimulation. Indo-1
fluorescence was collected on a LSR flow cytometer (BD Biosciences)
with the following configuration: UV excitation at 325 nm, emission at
405/20 nm and 500/11 nm for bound and free probe, respectively.
To assess the phosphorylation of Erk-1/2 MAPK, CD4⫹ T lymphocytes
(1 ⫻ 107 cells/ml) were serum-starved for 4 h before stimulation with
SDF-1 or gp120 for 2 min. Reaction was stopped by adding ice-cold paraformaldehyde (PFA) to a final concentration of 1% and incubation on ice.
Cells were permeabilized with ice-cold methanol and processed for intracellular staining as described (39), using the anti-phospho Erk-1/2 MAPK
mAb, followed by the secondary Ab anti-mouse IgG1 conjugated to Alexa488 (Molecular Probes). The percentage of phospho-Erk-1/2-positive cells
was evaluated by flow cytometry. The same primary Ab was used in immunoblot experiments, using a reported protocol (40).
Actin polymerization was evaluated on CD4⫹ T cells as described (41).
Briefly, cells were incubated at 1 ⫻ 107 cells/ml in RPMI 1640 medium
containing 20 mM HEPES in the presence or absence of appropriate inhibitors. SDF-1, gp120, or AT-2 HIV-1 was then added to the cell suspension. At each indicated time point (15 s to 5 min), a 50-l aliquot was
taken from the cell suspension and mixed with 200 l of labeling buffer,
consisting in 10⫺7 M FITC-phalloidin (Sigma-Aldrich, St. Louis, MO),
0.125 mg/ml L-␣-phosphatidylcholine palmitoyl (Sigma-Aldrich), and
4.5% PFA in PBS. The kinetics of actin polymerization following one or
two consecutive stimulations was monitored by flow cytometry. Results are
expressed as follows: [(MFI after addition of ligand)/(MFI before addition
of ligand)] ⫻ 100. MFI values assessed before addition of ligand were
arbitrarily set at 100%.
Chemotaxis of CD4⫹ T cells was evaluated using the Transwell system
as described (42). The fraction of transmigrated cells was calculated as
follows: [(number of cells migrating to the lower chamber)/(number of
cells added to the upper chamber at the start of the assay)] ⫻ 100.
Statistical analyzes consisted in unpaired two-tailed t tests and were
conducted with the Prism software (Graphpad).

Fluorescence imaging
The GFP-Akt-PH construct was kindly given by T. Meyer (43), and the
GFP-actin was obtained from Clontech (San Jose, CA). CD4⫹ T cells were
transfected using the amaxa Nucleofector technology (Köln, Germany) and
used 18 h after nucleoporation. Transfection rates ⬎50% were routinely
obtained as evaluated by flow cytometry. A total of 3 ⫻ 105 cells were
plated in complete medium onto poly-lysine-coated glass coverslips for 1 h
at 37°C, stimulated with 30 nM SDF-1 or 200 nM gp120, and fixed in
PBS-4% PFA.
For polymerized actin staining, CD4⫹ T cells were stimulated as above,
fixed, and permeabilized in PBS-0.1% Triton X-100 for 10 min. Cells were
then labeled with TRITC-phalloidin (Sigma-Aldrich) for 30 min, washed,
and mounted in Vectashield medium containing DAPI (Vector Laboratories). Fluorescence was imaged on Zeiss microscopes (Oberkochen, Germany) using a Plan Apochromat ⫻63/1.4 oil immersion objective. Images
were collected with a cooled CCD camera (CoolSNAP-HQ, Roper Scientific, Evry, France) piloted by MetaMorph imaging software (Universal
Imaging, West Chester, PA) or with an Axiocam MRm camera and the
AxioVision software (Zeiss). Optical sectioning was performed according
to the “structured illumination” principle (44) using the ApoTome system
(Zeiss). For time-lapse confocal imaging, images were collected with an
UltraVIEW RS spinning-disk system (PerkinElmer Life Sciences).
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remains unclear how HIV-1 succeeds in depleting all CD4⫹ T cell
compartments, while infecting predominantly the activated CD4⫹
T cell subpopulation (10, 11). The capacity of X4 envelope glycoproteins to signal through the ubiquitous CXCR4 receptor may
contribute to CD4⫹ T cell dysregulation even in the absence of
productive infection. However, gp120-induced signaling is poorly
characterized in the unstimulated CD4⫹ T cell population, because
most studies evaluated signaling in activated T cells or transformed T cell lines. Whether gp120-dependent signals can perturb
the vast majority of primary CD4⫹ T cells thus remains to be
determined.
To address this issue, we set to systematically compare the signaling properties of gp120 and SDF-1 in unstimulated primary
CD4⫹ T cells. We report that the spectrum of signals induced by
gp120 through CXCR4 paralleled that induced by SDF-1. We provide evidence that gp120 can directly activate heterotrimeric G
proteins, a hallmark of chemokine responses. Of importance,
gp120 triggered rapid rearrangements of the actin cytoskeleton,
profuse membrane ruffling, and chemotaxis. Therefore, gp120 has
the capacity to mimic the action of a chemokine on unstimulated
primary CD4⫹ T cells, a property that may underlie the generalized immune activation characteristic of late-stage HIV-1
infection.
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Quantitation of membrane fluorescence was performed on 12-bit images
with the MetaMorph software by making regions inside and outside the
cell, bordering the plasma membrane (45). The percentage of membrane
fluorescence was computed as the ratio between the integrated fluorescence
intensities at the membrane and in the whole cell. A quantitative analysis
of cell deformation was obtained by computing the shape index [⫽(perimeter)2/4(surface)] (46). These values were computed from a semiautomatic definition of the outline of the cell with the MetaMorph software.
When the cell is round, the shape index ⫽1. Any deviation from a circle
gives a shape index ⬎1.

Results
gp120 activates heterotrimeric G proteins and induces calcium
mobilization

gp120 activates Erk-1/2 MAPK in primary CD4⫹ T cells
To further delineate transduction pathways activated by gp120, we
assessed the phosphorylation of the Erk-1/2 MAPK by cytofluorometry. Primary CD4⫹ T cells stimulated with SDF-1 showed
an activation of Erk-1/2, with half of the cells showing a shift in
fluorescence of ⬃1 log (Fig. 2A). A pulse of gp120 at 200 nM also
induced MAPK activation, with up to 40% cells positive for phospho-Erk-1/2. Pretreatment of CD4⫹ T cells with AMD3100 abrogated MAPK activation in response to both SDF-1 and gp120,
indicating that these signals were CXCR4-dependent. Immunoblot
analysis showed that both Erk-1 and Erk-2 were phosphorylated,
because two bands of expected molecular mass (44 and 42 kDa,
respectively) were detected in stimulated samples (Fig. 2B). The
specificity of the response was further confirmed by inhibition with
PD98059, a specific inhibitor of the MAPK kinase MEK1, which
controls Erk-1/2 activation (not shown). We next investigated the
role of CD4 in MAPK responses to gp120. Preincubation of gp120
with an excess of sCD4 did not decrease the percentage of phospho-Erk-1/2-positive cells (Fig. 2C). Because the excess sCD4
prevented interaction of gp120 with cellular CD4, this finding indicated that signals through CD4 were not necessary for MAPK
activation. The facilitating effect of sCD4 on MAPK responses
likely resulted from sCD4-induced conformational changes in
gp120, which are known to expose the coreceptor binding site (49,
50) and thus promote direct interaction with CXCR4.
Several groups reported that gp120 tested at concentrations
lower or equal to 80 nM did not activate Erk-1/2 through CXCR4
(19 –21). Because these concentrations were lower than the reported Kd of gp120 for CXCR4 (200 –500 nM) (47, 48), we evaluated whether they were limiting for MAPK responses. Comparing
Erk-1/2 phosphorylation at 80 and 200 nM gp120 revealed a
threshold effect, with only one of six donors responding at 80 nM,
vs five of six donors responding at 200 nM (Fig. 2D). The extent
of MAPK activation induced by gp120 at 200 nM varied according
to the donor and remained more heterogeneous than that induced
by SDF-1, but was significantly higher than that seen with gp120
at 80 nM ( p ⫽ 0.04). Thus, gp120 induced a dose-dependent activation of the Erk-1/2 MAPK pathway in unstimulated primary
CD4⫹ T cells.

FIGURE 1. gp120 induces CXCR4-dependent G-protein activation in primary cells. A, For [35S]GTP␥S binding assays, PBMC membranes were
incubated in buffer containing 0.1 nM [35S]GTP␥S in the presence or absence of SDF-1 or gp120, with or without AMD3100. Values are expressed as the
percentage of bound [35S]GTP␥S over basal binding to membranes from PBMC cultured in the absence of ligands. Results indicate means ⫾ SD from
duplicate determinations and are representative of two independent experiments. B, To measure calcium flux, primary CD4⫹ T lymphocytes were loaded
with Indo-1/AM, and fluorescence intensity ratio at 405 nm/500 nm was analyzed by flow cytometry following stimulation (1) with SDF-1 (left) or gp120
(right). Negative and positive controls, consisting in pulses with HBSS and the calcium ionophore ionomycin, respectively, were included in each
experiment (not shown). Results are representative of three independent experiments.
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We set to analyze the early signaling events induced upon binding
of gp120 to CXCR4. Experiments were conducted with primary
cells that were not preactivated in vitro to better model in vivo
conditions. Activation of heterotrimeric G proteins was evaluated
by measuring the binding of [35S]GTP␥S to membranes. The binding of this nonhydrolizable GTP analog reflects the amount of G␣
proteins activated upon agonist addition. PBMC membranes
pulsed with SDF-1 (30 nM) showed an increase in [35S]GTP␥S
binding, which was abrogated in the presence of the CXCR4 antagonist AMD3100 (Fig. 1A). Experiments with gp120 were conducted at 200 nM, a concentration close to its reported Kd for
CXCR4 (200 –500 nM) (47, 48), to achieve significant occupancy
of the receptor. PBMC membranes pulsed with gp120 showed an
increase in [35S]GTP␥S binding, though the response was lower
than that induced by SDF-1. gp120-induced signal was abrogated
by AMD3100 treatment, indicating that gp120 activated heterotrimeric G proteins through its interaction with CXCR4.
Calcium mobilization was evaluated by the shift in fluorescence
emission of the indicator Indo-1/AM. A pulse of SDF-1 caused
calcium mobilization in primary CD4⫹ T cells (Fig. 1B, left). The
kinetics of the response was typical of chemokines, with a rapid
and transient increase in cytoplasmic Ca2⫹ concentration. The viral ligand gp120 also caused calcium mobilization, with similar
kinetics (Fig. 1B, right). Thus, gp120 induced heterotrimeric G
protein activation and rapid calcium mobilization, two hallmarks
of chemokine responses.

gp120 FUNCTIONS AS A CXCR4-DEPENDENT CHEMOKINE

The Journal of Immunology

7153

gp120 induces the PI3K pathway
We next evaluated the activation of the kinase Akt, which depends
on PI3K activity. Upon activation, the pleckstrin homology (PH)
domain of Akt binds with high affinity to the 3⬘-phosphoinositides
generated by PI3K, which results in recruitment of Akt to the
plasma membrane (45). Akt relocalization was monitored by following the distribution of the GFP-Akt-PH fusion protein by fluorescence microscopy. Primary CD4⫹ T lymphocytes nucleoporated with the GFP-Akt-PH construct showed a diffuse distribution
of the fluorescent probe in absence of CXCR4 ligands (Fig. 3A).
Stimulation with gp120 or SDF-1 caused a rapid relocalization of
GFP-Akt-PH to the plasma membrane, as evidenced by the increase in fluorescence at the cell periphery (Fig. 3A). In addition,
morphological changes were observed in a fraction of the nucleoporated cells (⬃30%). Quantitation of fluorescent signal at the
plasma membrane showed that both SDF-1 and gp120 caused a
significant increase in GFP-Akt-PH membrane association (Fig.
3B). The relocalization induced by gp120 was slightly higher than
that induced by SDF-1, which emphasized the potent effect of the
viral ligand on the PI3K pathway.

The 3⬘-phosphoinositides generated by PI3K activity have a
dual role in Akt activation. In addition to targeting Akt to the
plasma membrane, they also activate the 3⬘-phosphoinositide-dependent kinase 1/2 kinases, which in turn phosphorylate Akt and
make it enzymatically active. To further assess the activation status
of Akt, we used an Ab that specifically detects the form of Akt
phosphorylated at Ser473. Immunoblot analysis showed that both
SDF-1 and gp120 stimulation induced Akt phosphorylation (Fig.
3C). This event was CXCR4-dependent, as shown by inhibition by
AMD3100 pretreatment. Thus, CXCR4 ligands induced both the
relocalization and phosphorylation of Akt, resulting in full activation of the protein.
gp120 triggers rapid rearrangements of the actin cytoskeleton
and promotes CD4⫹ T cell chemotaxis
We next investigated the effects of gp120 on actin cytoskeleton
rearrangements, which underlie cell polarization and motility.
Actin polymerization was monitored by flow cytometry using
the FITC-phalloidin probe as an indicator of F-actin content.
Stimulation of primary CD4⫹ T cells with SDF-1 caused a
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FIGURE 2. gp120 induces MAPK
phosphorylation in primary CD4⫹ T
lymphocytes. A, For cytofluorometric
detection of phosphorylated Erk-1/2,
CD4⫹ T cells, preincubated in the presence or absence of AMD3100 for 60
min, were stimulated for 2 min with
SDF-1 or gp120. Phospho-Erk-1/2 content was analyzed by intracellular staining with a phospho-specific mAb. Histograms are shown for a representative
donor. Gray histograms corresponds to
samples pretreated with AMD3100. B,
For detection of phospho-Erk-1/2 by immunoblot, protein extracts obtained from
CD4⫹ T cells treated as in A were separated by SDS-PAGE and probed with
the anti-phospho-Erk-1/2 mAb (upper
panel) or anti-Erk-1/2 Ab (lower panel).
Quantitation of the phospho-Erk:total
Erk ratio was done using a LAS-1000
CCD camera with the Image Gauge 3.4
software (Fuji Photo Film Co). The ratio
was arbitrarily set at 1 for unstimulated
cells. Results are representative of two
independent experiments. C, CD4⫹ T
cells were treated with 500 nM sCD4,
200 nM gp120, or sCD4/gp120 complexes. Results are expressed as the percentage of cells positive for phosphoErk-1/2 by cytofluorometry and are
representative of three independent experiments. D, The percentage of phospho-Erk-1/2-positive cells was measured
in response to different gp120 concentrations for six independent cell donors.
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dose-dependent increase in F-actin (Fig. 4A). The kinetics of
SDF-1-induced actin polymerization was rapid, with peak response achieved 15 s poststimulation. Stimulation with gp120
also induced an actin polymerization response, which reached a
doubling of F-actin content at 80 nM and was further increased
at 200 nM. The kinetics of gp120-induced actin polymerization
was slightly delayed, with a peak response achieved 30 s
poststimulation. Comparison of peak actin responses from three
independent experiments showed that gp120-induced responses
at 200 nM were not significantly different from those induced
by SDF-1 at 30 nM (Fig. 4B). Pretreating cells with AMD3100
or PTX abrogated actin polymerization, indicating a dependence on
signaling through CXCR4 and G␣i proteins, respectively (Fig. 4C).
Pretreatment by SDF-1 rendered CD4⫹ T cells refractory to gp120induced actin polymerization (Fig. 4D). Because SDF-1 is known to
signal solely through CXCR4, these data demonstrated that homologous desensitization of CXCR4 blocked gp120 effects on the cytoskeleton. Complexing gp120 with an excess of sCD4 did not
decrease actin polymerization, indicating that signal transduction
through cellular CD4 was not required for this response (Fig. 4E).
Taken together, these findings showed that gp120 and SDF-1 induced
cytoskeleton rearrangements through common CXCR4-dependent
pathways.
We further analyzed the effects of CXCR4 ligands on cellular
morphology and motility by imaging the actin cytoskeleton. Fluorescence imaging of TRITC-phalloidin-labeled cells showed that
CD4⫹ T cells were rounded and harbored a relatively thin layer of
cortical actin in the absence of CXCR4 ligands (Fig. 5A, top panels). Stimulation with SDF-1 and gp120 induced profuse cellular
shape changes and the formation of actin-rich protrusions (Fig. 5A,
middle and lower panels). Morphological changes were observed
in the majority of cells (⬎75%). The lower percentage of cellular
deformations observed in the GFP-Akt-PH experiment (Fig. 3A)
could be explained by a slight inhibitory effect of the nucleoporation procedure. Quantitative analysis of cellular deformation
showed that the shape index was significantly increased after
SDF-1 or gp120 stimulation ( p ⬍ 0.0001 for both ligands), indicating that stimulated cells deviated from the circular shape (Fig.
5B). Cellular deformations were induced to a similar extent by
both ligands and were abrogated by AMD3100 pretreatment (Fig.
5B and not shown). The dynamics of cellular deformation were
explored by spinning disk confocal imaging, a technique that combines the precision of confocal images with the advantages of live
cell analysis. CD4⫹ T cells nucleoporated with a GFP-actin con-

struct showed vigorous membrane ruffling when pulsed with
SDF-1 (Fig. 5C, top panels, and supplemental movie 15). Cells
pulsed with gp120 showed similar deformations, though with a
slightly delayed kinetics (Fig. 5C, bottom panels and movie-25).
Membrane ruffling persisted for at least 15 min, indicating that
CD4⫹ T cells remained susceptible to gp120 effects for prolonged
periods of time.
We next assessed whether gp120 had the capacity to promote
the coordinated rearrangements of the cytoskeleton that lead to
directed cell migration. In a Transwell assay, SDF-1 had a detectable effect at 3 nM and caused ⬎60% cell migration at 30 nM (Fig.
6A). gp120 also displayed a dose-dependent chemotactic activity
on CD4⫹ T cells, with 34% cell migration at the 200 nM concentration. This activity was abrogated by pretreatment with
AMD3100 and PTX, indicating a dependence on signaling through
CXCR4 and G␣i proteins, respectively (Fig. 6B). Preincubation
with sCD4 increased gp120-induced cell migration ( p ⫽ 0.04; Fig.
6C), suggesting that sCD4-induced conformational changes promoted gp120 signaling through CXCR4. Thus, gp120 increased
cytoskeleton plasticity and functioned as a chemoattractant for primary CD4⫹ T cells.
Virion-associated gp120 induces actin polymerization and
chemotaxis
HIV-1 surface envelope glycoproteins are produced under two
forms in infected individuals: monomeric gp120 secreted by productively infected cells and trimeric gp120 present at the surface of
virions. Because the conformation of trimeric gp120 is known to
differ from that of the monomeric form (50, 51), we investigated
whether virion-bound trimeric gp120 could also induce functional
responses such as actin polymerization and chemotaxis. We used
AT-2-inactivated HIV-1 NL4 –3 virions, which harbor intact envelope glycoproteins but are unable to initiate productive infection
due to covalent modification of nucleocapsid proteins (35). These
inactivated virions are competent for entry, but are blocked in later
steps of the viral life cycle, which makes them useful to assess
envelope-mediated events (7). AT-2 HIV-1 did trigger actin polymerization in unstimulated CD4⫹ T cells (Fig. 7A). No response
was detected if cells were incubated with AMD3100 before stimulation with virions. Importantly, AT-2-inactivated virions devoid
of envelope glycoproteins (HIV-1 ⌬env) did not give a response
5

The online version of this article contains supplemental material.
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FIGURE 3. gp120 activates the PI3K pathway in
primary CD4⫹ T lymphocytes. A, The distribution of
GFP-Akt-PH in CD4⫹ T cells stimulated or not with
SDF-1 or gp120 for 1 min was analyzed by fluorescence
microscopy. Epifluorescence images of GFP-Akt-PH
are shown in two representative cells after stimulation
with medium, SDF-1, or gp120. B, Quantitative analysis
of Akt redistribution (percentage of fluorescence at the
membrane relative to total fluorescence) in CD4⫹ T
cells stimulated with SDF-1 or gp120. Lines show mean
values. Data are representative of three independent experiments with ⬎15 cells analyzed for each condition.
C, For detection of phospho-Akt by immunoblot, protein extracts were obtained from cells treated as in A,
with or without AMD3100 pretreatment. Membrane
was probed with anti-phospho-Akt Ab (upper panel),
stripped, and reprobed with anti-Akt Ab (lower panel).
The ratio was determined as described in Fig. 2B.
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above baseline. This indicated that HIV gp120, and not one of the
multiple cell surface protein spontaneously incorporated into virions, was responsible for the actin polymerization response in a
CXCR4-dependent manner. Thus, gp120 in both its monomeric
and trimeric forms had the capacity to cause rearrangements of the
actin cytoskeleton.
We next tested the capacity of whole HIV-1 virions to induce
chemotaxis in a Transwell assay. AT-2 HIV-1 virions promoted
CD4⫹ T cell migration, while AT-2 HIV-1 ⌬env did not (Fig. 7B).
The extent of migration depended on the cell donor and varied
between 11 and 51% of input cells. Preincubation of CD4⫹ T cells
with AMD3100 abrogated HIV-induced chemotaxis, indicating a
requirement for interaction with CXCR4. Taken together, these
findings showed that HIV surface envelope glycoprotein, either in
monomeric or in native oligomeric form, induced an array of signals that integrated into a functional chemotactic response.

Discussion
This study provides evidence that HIV-1 activates major CXCR4dependent signal transduction pathways and acts as a chemoattractant for unstimulated primary CD4⫹ T cells. Though X4 gp120

was previously reported to activate only a subset of CXCR4-dependent pathways, we found that it could function as a full CXCR4
agonist when used at concentrations that allowed significant occupancy of the receptor. In this context, we demonstrate for the
first time that HIV-1 surface envelope glycoprotein gp120 induces
the activation of heterotrimeric G proteins. That gp120 induces this
very proximal and central event in the CXCR4 signal transduction
cascade supports the idea that gp120 signals as a chemokine. In
addition, treatment of CD4⫹ T cells with gp120 also induced rapid
calcium mobilization, actin polymerization, and chemotaxis,
which are hallmarks of chemokine responses.
gp120 from X4 HIV-1 strains was reported to be defective for
the activation of the Erk-1/2 MAPK pathway in unstimulated primary CD4⫹ T cells, as well as in T cell clones (19, 20). However,
gp120 could activate Erk-1/2 in primary CD4⫹ T cells that had
been stimulated through the TCR, suggesting that the activation
status of target cells controlled their susceptibility to gp120-induced signals (19). Consistent with other groups, we observed that
gp120 used at 80 nM rarely induced detectable phosphorylation of
Erk-1/2, while it did cause chemotaxis. In contrast, gp120 tested at
200 nM, a concentration close to its Kd for CXCR4 (47, 48), did
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FIGURE 4. gp120 induces actin polymerization in
primary CD4⫹ T lymphocytes. A, CD4⫹ T lymphocytes
were tested by flow cytometry for SDF-1- or gp120triggered actin polymerization using FITC-phalloidin as
a probe for intracellular F-actin. Results show the kinetics of actin polymerization following SDF-1 or
gp120 stimulation (1) at the indicated concentrations.
100% corresponds to the baseline level of unstimulated
cells. Results are representative of three independent
experiments. B, The peak actin polymerization values
obtained 15 s after stimulation with SDF-1 or 30 s after
stimulation with gp120 are compared. Mean values (⫾
SD) from three independent experiments are reported.
n.s., not significant. C, After treatment with the inhibitors AMD3100 (60 min) or PTX (180 min), CD4⫹ T
cells were stimulated with 30 nM SDF-1 or 200 nM
gp120 and analyzed for actin polymerization. Mean
peak values (⫾ SD) from three independent experiments are reported. D, Desensitization of CXCR4 with
SDF-1 inhibits gp120-induced actin polymerization.
CD4⫹ T cells were stimulated with SDF-1 (30 nM) at
t ⫽ 0 and restimulated with gp120 (200 nM) at t ⫽ 4
min. E, Effect of sCD4 on gp120-induced actin response. CD4⫹ T cells, preincubated or not with PTX
alone or in combination with AMD3100, were stimulated with 200 nM gp120 or sCD4/gp120 complexes
(1). Results are representative of three independent
experiments.
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FIGURE 5. gp120 induces actin cytoskeleton rearrangements and dynamic cell deformations in primary CD4⫹ T lymphocytes. A, To visualize the actin
cytoskeleton, CD4⫹ T lymphocytes were stained with TRITC-phalloidin and analyzed by structured illumination microscopy (ApoTome System; Zeiss).
For each condition (stimulation with medium alone, SDF-1, or gp120), typical fluorescence and differential interference contrast (DIC) images are shown
for six representative cells. Results shown are representative of four independent experiments with ⬎40 cells analyzed per experiment. B, Quantitative
analysis of SDF-1- or gp120-induced cellular deformations in CD4⫹ T cells, pretreated or not with AMD3100. Any deviation from a circular shape gives
a shape index ⬎1. Lines represent mean values. C, Dynamic studies of cytoskeleton rearrangements by spinning-disk confocal analysis. CD4⫹ T lymphocytes transfected with GFP-actin and plated on glass coverslips were pulsed with SDF-1 or gp120 when indicated (arrows). Images were extracted from
movies showing the kinetics of membrane ruffling induced by the two ligands (see data supplement5).
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cause Erk-1/2 phosphorylation in unstimulated CD4⫹ T cells from
most donors. This threshold effect suggests that triggering the
MAPK pathway requires a higher occupancy of receptors as com-

pared with other pathways. One group reported an absence of
MAPK phosphorylation following stimulation with 400 nM gp120
(19). Possible reasons for this discrepancy include the inherent
variability in primary cell responses and differences in the sensitivity of the assays. The flow cytometry-based method used in the
present study allows the detection of MAPK phosphorylation in a
small percentage of cells, which may remain undetectable in the
classical immunoblot assay. We also observed that anti-CD3 stimulation reinforced gp120-induced Erk-1/2 phosphorylation (not
shown), confirming that stimulation through the TCR lowers the
threshold for MAPK activation. Thus, gp120 activated the MAPK
cascade in unstimulated as well as activated CD4⫹ T cells, supporting its role as a full CXCR4 agonist.
The intensity of gp120-induced signaling was comparable or
even higher than that induced by the chemokine SDF-1 when compared at concentrations close to their respective Kd (200 and 3 nM)
(Fig. 4B and 6A). However, we chose to perform most assays at 30
nM SDF-1, so as to achieve optimal responses for this chemokine.
When compared with 30 nM SDF-1, the signals induced by 200
nM gp120 were generally lower, with the exception of PI3K activation. In the later case, gp120 induced comparable or slightly
higher responses than SDF-1 in terms of both GFP-Akt-PH relocalization and Akt phosphorylation (Fig. 3, B and C). This differential effect would suggest qualitative differences in SDF-1 and
gp120-mediated signaling, possibly because gp120 also binds and
transduces signals through CD4 (9). How CXCR4- and CD4-dependent pathways intersect requires further investigation.
Of note, X4 gp120 was reported to be defective or less efficient than
R5 strains at inducing calcium mobilization in activated CD4⫹ T cells
(22). Because signaling through the TCR inhibits CXCR4-mediated
signaling (52), it is possible that prior activation of CD4⫹ T cells
contributes to these differences. Dendritic cells and macrophages are
other cell types in which X4 gp120 signals inefficiently and is defective for chemotaxis (23, 25, 31). One contributing factor is limiting
CXCR4 expression in immature dendritic cells (53), and possibly in
macrophages (54). The incomplete signaling of X4 gp120 in macrophages may account for the limited capacity of X4 HIV-1 strains to
replicate in these cells (23). In contrast, we show that X4 strains have
the capacity to signal in CD4⫹ T cells, which may contribute to their
abnormal activation and possibly to their infection in late stage disease (11). Generalized activation may thus underlie the precipitous

FIGURE 7. Virion-associated gp120 induces actin polymerization and chemotaxis of primary CD4⫹ T cells. A, Actin polymerization response induced
by AT-2-inactivated viral particles. CD4⫹ T lymphocytes, pretreated or not with AMD3100 for 60 min and stimulated with AT-2-inactivated HIV particles, were
stained with FITC-phalloidin and analyzed by flow cytometry. Results show the kinetics of actin polymerization following stimulation (1) with HIV-1 NL4 –3
or HIV-1 ⌬env (both used at a final concentration of 3 g p24/ml). Results are representative of three independent experiments. B, Virion-induced chemotaxis.
After incubation with or without AMD3100 for 60 min, CD4⫹ T cells were tested for chemotaxis in response to AT-2 HIV-1 virions. Results are shown for
independent experiments with two cell donors (Exp.1 and Exp.2) and are expressed as the percentage of input CD4⫹ T cells that migrated to the lower chamber.
Virions were added to the lower chamber at a final concentration of 3 g of p24 Gag/ml, whereas AMD3100 was added to both the upper and lower chambers.
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FIGURE 6. gp120 is chemotactic for primary CD4⫹ T lymphocytes. A,
Migration of CD4⫹ T lymphocytes in response to SDF-1 or gp120, at the
indicated concentrations, was evaluated using a Transwell assay. The random
movement of T cells (chemokinesis) was minimal when equal amounts of
ligands (SDF-1 or gp120) were added to the upper and lower chambers (not
shown). B, After treatment with medium alone, AMD3100, or PTX, CD4⫹ T
cells were tested for chemotaxis in response to SDF-1 or gp120. C, CD4⫹ T
cell migration in response to sCD4, gp120, or sCD4/gp120 complexes was
evaluated in the presence or absence of AMD3100. A–C, Results are expressed
as the percentage of input CD4⫹ T cells that migrated to the lower chamber
and represent the mean ⫾ SD of three independent experiments. SDF-1,
gp120, sCD4, and sCD4/gp120 complexes were added to the lower chamber
only, whereas inhibitors were added to both the upper and lower chambers.
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rangements of the cytoskeleton may help viral particles to cross the
barrier of cortical actin in newly infected cells. Indeed, viruses
such as HIV that enter target cells by fusion at the plasma membrane are at a disadvantage compared with viruses that use the
endocytic route and are delivered deep within the cytoplasm (63).
It may be to overcome the obstacle of cortical actin that several of
HIV proteins, including gp120 and Nef, acquired the capacity to
control actin dynamics (64). Actin rearrangements also have consequences on HIV transfer from cell to cell. Expression of HIV
envelope glycoprotein at the cell surface was recently shown to
cause the formation of a “virological synapse” with neighboring
CD4⫹ CXCR4⫹ cells (65). Formation of this actin-dependent
junction facilitated the cell to cell transfer of HIV particles. Our
findings help understand how such a structure may form. The high
concentration of gp120 present at the surface of productively infected cells is bound to activate CXCR4-dependent signal transduction pathways in adjoining cells, which will cause cytoskeleton
rearrangements polarized toward the source of viral proteins, and
thus initiate cellular junctions.
Recent evidence indicate that resting T cells from HIV-1-infected patients are not truly resting but rather suboptimally activated. It is relevant, for instance, that resting CD4⫹ T cells from
patients that remain viremic despite therapy spontaneously produce HIV particles (66). DNA micro- and macroarray analysis
revealed perturbed transcriptional patterns in patient T lymphocytes, with increased expression of several gene families involved
in T cell activation (66, 67). This suggests that resting CD4⫹ T
cells from patients reach a preactivated state that allows some degree of viral production. Our findings support the idea that gp120induced signals transduced through CXCR4 could contribute to the
abnormal activation status of resting CD4⫹ T cells. Whether these
signals are sufficient to promote viral replication warrants further
investigation.
In conclusion, HIV has the capacity to exploit CXCR4-dependent transduction pathways at multiple levels. By functioning as a
chemokine, gp120 may 1) recruit and/or retain target cells close to
sources of virus, 2) trigger cytoskeleton rearrangements that facilitate viral entry, 3) preactivate resting CD4⫹ T cells, possibly making them competent for viral replication, and 4) perturb the trafficking and responses of the vast majority of CD4⫹ T cells that
express CXCR4, including resting T cells. Blocking these aberrant
signals may lead to novel immunotherapeutic approaches to AIDS
treatment.
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