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Human immunodeficiency virus type 1 (HIV-1)-infected T cells form a virological synapse with noninfected
CD4� T cells in order to efficiently transfer HIV-1 virions from cell to cell. The virological synapse is a
specialized cellular junction that is similar in some respects to the immunological synapse involved in T-cell
activation and effector functions mediated by the T-cell antigen receptor. The immunological synapse stops
T-cell migration to allow a sustained interaction between T-cells and antigen-presenting cells. Here, we have
asked whether HIV-1 envelope gp120 presented on a surface to mimic an HIV-1-infected cell also delivers a stop
signal and if this is sufficient to induce a virological synapse. We demonstrate that HIV-1 gp120-presenting
surfaces arrested the migration of primary activated CD4 T cells that occurs spontaneously in the presence of
ICAM-1 and induced the formation of a virological synapse, which was characterized by segregated supramo-
lecular structures with a central cluster of envelope surrounded by a ring of ICAM-1. The virological synapse
was formed transiently, with the initiation of migration within 30 min. Thus, HIV-1 gp120-presenting surfaces
induce a transient stop signal and supramolecular segregation in noninfected CD4� T cells.

Human immunodeficiency virus type 1 (HIV-1) infection
occurs most efficiently by direct virus transfer from infected
cells to uninfected target cells (12, 44, 53), but the mechanisms
for such cell-to-cell transfer are still unclear. One predominant
mode of HIV-1 transfer between CD4� T cells has been shown
to involve a virological synapse (VS), which is an actin-depen-
dent cell-cell junction formed upon the engagement of HIV-1
envelope gp120, on the infected cell, with its receptors CD4
and the chemokine receptor (CKR) CCR5 or CXCR4 on the
target cell (8, 35, 37). Notably, the HIV-1 VS is also enriched
with other cellular proteins such as LFA-1 and its ligands
ICAM-1 and ICAM-3, tetraspanins, and lipid raft marker
GM-1 (35, 36, 38). LFA-1 in particular is recruited to the VS
interface mainly on the target cell side, and the interaction with
its ligands ICAM-1 and ICAM-3 on the opposing infected cell
facilitates VS formation and, subsequently, HIV-1 transfer
(36). The importance of the LFA-1–ICAM-1 interaction in
HIV-1 infection has also been documented in other experi-
mental systems. ICAM-1 expression was shown to be upregu-
lated in HIV-1-infected T cells and lymphoid tissues (19, 21),

and the higher levels of ICAM-1 molecules incorporated into
the membrane of the budding virus particles correlated with
enhanced virus infectivity (52, 65). LFA-1 expression on target
cells promoted the initial processes of HIV-1 infection as well
as subsequent replication and cell-to-cell transmission (23, 27,
64). Additionally, the regulation of LFA-1 activity through
cytoskeleton remodeling and signaling components like phos-
pholipase C� and zeta-associated protein 70 (ZAP70) was re-
ported to modulate the efficiency of HIV-1 entry into activated
target T cells (66). ZAP70 was also required for the efficient
cell-to-cell transmission of the virus (58). Nevertheless, little is
known about how the viral proteins and the cellular adhesion
molecules are actually assembled and organized in VS.

It has been postulated that the VS resembles the immuno-
logical synapse (IS) in its molecular organization (35). The IS
is a specialized cell-cell contact between a T cell and an anti-
gen-presenting cell that is formed following T-cell receptor
(TCR) recognition of the cognate peptide-major histocompat-
ibility complex (pMHC) (17, 18). The IS is organized into
distinct areas known as the supramolecular activation com-
plexes (SMAC); in a mature IS, TCR/pMHC and protein ki-
nase C� cluster at the central SMAC (cSMAC) and are sur-
rounded by a ring of LFA-1–ICAM-1 interactions and talin
known as the peripheral SMAC (pSMAC) (22, 48). Similar
supramolecular organizations were implied for both the hu-
man T-cell lymphotropic virus type 1 VS (29) and HIV-1 VS
(39) but, due to low-resolution microscopy, were never clearly
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demonstrated. Importantly, the TCR engagement in the IS
delivers stop signals to naturally motile T cells such that an
antigen-specific interaction can be established between the T
cells and antigen-presenting cells, and the ring of adhesion
molecules, in particular, is essential for stopping locomotion
while maintaining the structural elements of a motile cell like
a highly sensitive lamellipodium (13, 14, 49, 56). Moreover, the
IS allows the directional transfer of signals or molecules be-
tween two distinct cells in the absence of cell-cell fusion (15).
Since cell-to-cell transmission of HIV-1 is facilitated by direct
cell-cell contact that must be maintained at least for the dura-
tion of virus transfer, we hypothesize that the HIV-1 envelope,
upon binding to its receptors, may deliver stop signals that
arrest T-cell motility and induce the assembly of a VS with
IS-like supramolecular structures.

In this study, we assessed the capacity of a surface-presented
HIV-1 envelope to arrest the spontaneous motility of primary
activated CD4� T cells using a transmigration assay. Subse-
quently, we utilized the planar bilayer system that has been
valuable for studies of IS to determine the molecular organi-
zation of the VS and monitor the dynamics of VS assembly and
disassembly in real time. The results demonstrate that, indeed,
the interaction of HIV-1 envelope gp120 with CD4 transiently
stopped CD4� T cells from migrating on ICAM-1 and induced
VS formation. The data also revealed for the first time an en
face view of the VS, where the HIV-1 envelope clustered in the
center, forming a cSMAC-like structure, and segregated from
ICAM-1 that accumulated in a pSMAC-like structure. Such
transient VS formation may be critical for three functions
relevant to HIV-1 spread: HIV-1 transfer from infected cells to
target CD4� cells, the prevention of HIV-1 envelope-mediated
cell-cell fusion, and the migration of newly infected cells to the
surrounding tissues.

MATERIALS AND METHODS

Cells. Peripheral blood mononuclear cells from healthy donors were isolated
from leukopacks (New York Blood Center) using Ficoll-Paque Plus (Amersham
Biosciences, NJ). The New York University Institutional Review Board has
reviewed the use of human specimens for this study. Samples were depleted of
adherent cells by plastic adherence in complete medium (RPMI 1640 medium
supplemented with 10% fetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin,
and 100 �g/ml streptomycin) for 1 h at 37°C. Nonadherent cells were collected,
and naı̈ve CD4� T cells were enriched using a negative-selection magnetic bead
kit (Miltenyi Biotech, CA). The cell composition (�85% naı̈ve CD4� cells) was
confirmed by flow cytometry. The naı̈ve CD4� T cells were then activated on
plates coated with anti-CD3 and anti-CD28 antibodies at 5 �g/ml each (BD
Pharmingen, CA). After 48 h, the cells were transferred onto new plates at a
density of 1 � 106 cells/ml and supplemented with 100 U/ml interleukin-2 (NIH).
Activated cells were used for transmigration assays and bilayer experiments 6 to
12 days after activation.

Transmigration assay. The assay was performed using a protocol described
previously by Bromley et al. (5), with some modifications. The filters of transwell
inserts with a 5-�m pore size (Corning, MA) were coated with sheep antibodies
to the C terminus of gp120 (10 �g/ml) to capture gp120 or HIV-1 virions in the
presence or absence of ICAM-1. Aldrithiol-2-inactivated HIV-1 IIIB virions
grown in CEMx174(T1) cells were a gift of Jeffrey Lifson (SAIC Frederick, NCI).
Recombinant soluble gp120JRFL was provided by the NIH NIAID Division of
AIDS Vaccine Research Program through Jon Warren. Recombinant gp120BH10

and gp120D368R were produced in our laboratory from transfected CHO cells.
The gp120 proteins were used at a fixed amount of 10 �g/ml or diluted 10-fold
starting from 10 �g/ml to attain the densities of 120 to 0 molecules/�m2. For
comparison, antibodies to CD3 (OKT3), CD4 (OKT4 and RPA-T4), CD43
(290111), or CD58 (248310) were also tested in the presence of ICAM-1. The
activated CD4� T cells were then added to the top wells while medium was
added to the bottom wells. In some experiments, SDF-1� (R&D Systems, MN)

was added to the bottom wells. When the cells or the filters were treated with
antibodies or CKR antagonists, these reagents were kept throughout the assays.
After incubation for the designated time periods, the cells transmigrating to the
bottom wells were counted by a flow cytometer using known concentrations of
small latex beads (Invitrogen, CA) as an internal standard.

Visualization of virological synapse using the planar bilayers. Mouse ICAM-1
with a glycosylphosphatidylinositol (GPI) anchor was labeled with Cy5 (Cy5–ICAM-
1–GPI) and incorporated into liposomes as described previously (17, 22). It was
previously shown that human LFA-1 binds to mouse ICAM-1 (34). The ICAM-1
density was adjusted with dioleoylphosphatidylcholine liposomes and used in the
bilayers at 200 to 250 mol/�m2, which is similar to the density on activated T cells.
To attach His6-tagged gp120 to the bilayers, Ni2�-chelating DOGS-NTA {1,2-dioleoyl-
sn-glycero-3-[N(5-amino-1-carboxypentyl)iminodiacetic acid]succinyl} (Avanti Polar
Lipids, AL) was included in bilayers. Bilayers were prepared by applying the
liposomes onto a glass coverslip of a parallel plate flow cell (Bioptechs, Butler
PA) and treated with 5% casein containing 100 �M NiCl2. His6 gp120 produced
from recombinant vaccinia virus (9) was labeled with Alexa Fluor 488 (Invitro-
gen, CA), incubated with the Ni2�-chelating bilayer for 30 min, and washed with
HEPES-buffered saline containing 1% human serum albumin. For anti-CD3-
containing bilayers, liposomes that contained biotin-CAP (Avanti Polar Lipids)
at 2 mol% were mixed with liposomes containing Cy5–ICAM-1–GPI to prepare
bilayers with 0.01 mol% biotin. Streptavidin (4 �g/ml) and Alexa Fluor 546-
labeled monobiotinylated anti-CD3ε monoclonal antibody (5 �g/ml) were re-
acted sequentially with the biotinylated lipid bilayers. Anti-CD4-containing bi-
layers were prepared using monobiotinylated anti-CD4 monoclonal antibody
OKT4 as described above for anti-CD3 bilayers using 0.1 mol% biotin.

The flow cell containing the bilayers was warmed up to 37°C, cells were
injected in 500 �l of HEPES-buffered saline containing 1% human serum albu-
min, and images were collected for 1 h on a wide-field fluorescence microscope.
The density of Alexa Fluor 488-gp120 molecules on the bilayer was determined
by coating the same bilayer preparations onto 5-�m silica beads and analyzing
the beads by flow cytometry using fluorescein calibration beads (Bangs Labora-
tories Inc., IN).

To assess the molecular interactions required for VS formation, the bilayers
were first treated for 30 min with 20 �g/ml of each of the following anti-gp120
monoclonal antibodies: EH21, 2219, and 654 (courtesy of James Robinson,
Tulane University, New Orleans, and Suzan Zolla-Pazner, New York University,
New York). The cells were also suspended in buffer containing 20 �g/ml of the
respective antibodies before injection to the bilayer. In some experiments, AMD-
3100 and TAK-779 were used to treat the cells. These CKR antagonists were
added to the cells for 30 min prior to injection to the bilayer and kept throughout
the experiment.

Microscopy. Multicolor fluorescence microscopy and interference reflection
microscopy (33) was performed on an automated microscope with an Olympus
TIRFM module (55) and a Orca-ER cooled charge-coupled-device camera
(Hamamatsu). The hardware on the microscope was controlled using Scanalytics
IP-Lab software (Rockville, MD) on a PowerMac G4 Macintosh computer or
Dell PC. Solamere Technology (Salt Lake City, UT) provided integration sup-
port.

Image analysis. Image processing and bilayer calibration was performed with
IP-Lab and Metamorph software. Cell velocity was measured using Improvision
Volocity software (Waltham, MA). A total of 150 to 1,000 cells were analyzed for
each condition in all experiments presented.

Statistics. One-way analysis of variance and Dunn’s multiple comparison test
were done using the GraphPad Prism software (San Diego, CA).

RESULTS

HIV-1 gp120 arrests CD4� T-cell migration. To assess the
effect of HIV-1 envelope on CD4� T-cell migration, we employed
an assay similar to the “stop signal” experiments performed on
antigen-specific T cells with agonist pMHC complexes and
ICAM-1 coadsorbed to filters (5). These experiments take advan-
tage of the rapid spontaneous transmigration of activated T cells
across filters coated with ICAM-1, which separate an upper com-
partment, into which cells are placed initially, and a lower com-
partment, from which transmigrated cells are recovered. Primary
human CD4� T cells that were activated with anti-CD3 and
anti-CD28 monoclonal antibodies (MAbs) and cultured with in-
terleukin-2 were used throughout the study. TCR ligands coad-
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sorbed with ICAM-1 to the filter stop the T cells from transmi-
grating by forming a synapse-like interaction characterized by a
cytoskeletal polarization and a central anchoring zone (14).

In order to adapt the HIV-1 envelope into this system, we
first adsorbed an affinity-purified polyclonal antibody to the C
terminus of gp120 (�-gp120C) along with ICAM-1 onto a filter.
�-gp120C did not reduce the transmigration of activated T

cells (data not shown), which was in the range of 30 to 50% in
different experiments. We then used this antibody to capture
monomeric gp120 or virus-associated native envelope (EnvIIIB).
When X4-tropic (BH10) or R5-tropic (JRFL) gp120 proteins
or virus-associated native envelope (EnvIIIB) was captured by
�-gp120C onto the filter, T-cell migration was reduced in a
gp120 density-dependent manner (Fig. 1A). The virus enve-

FIG. 1. HIV-1 envelope gp120 stops the spontaneous migration of human CD4� T cells. (A) Transmigration of activated human CD4� T cells
was assessed through transwell filters bearing a constant amount of ICAM-1 (�200 molecules/�m2) and different densities of recombinant gp120
(BH10 or JRFL) or native viral envelope (IIIB). The relative numbers of cells transmigrating through the filters were measured 1 h after the CD4�

T cells (1 � 105 cells/well) were placed in the upper wells. (B) Transmigration of activated CD4� T cells through transwell filters coated with no
gp120, gp120BH10, gp120D368R that does not bind CD4, or MAbs to CD4, CD58, CD43, or CD3 in the presence of ICAM-1 or through filters coated
with gp120BH10, gp120JRFL, gp120D368R, or no gp120 in the absence of ICAM-1. (C) The relative numbers of CD4� T cells transmigrating through
filters coated with gp120 (BH10 or JRFL), anti-CD4, anti-CD43, or anti-CD3 in the presence of ICAM-1 were compared over time from 0 to 18 h.
(D) Effect of SDF-1� gradient on CD4� T-cell transmigration arrest induced by gp120 versus anti-CD3 MAb. SDF-1� (at 0 or 0.5 �g/ml) was
placed into the bottom wells, while the CD4� T cells were added to the top wells. The percentages of cells migrating to the bottom wells through
the filters coated with no gp120, gp120, or anti-CD3 MAb were measured after 1 h of incubation. Data from one of two or more independent
experiments are shown.
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lope appeared to be more effective, most likely due to its
trimeric nature and further clustering on the viral particle.
Viral particles providing an average density of 30 molecules/
�m2 were sufficient to reduce transmigration to 5%, while it
requires as much as 90 to 120 molecules/�m2 of recombinant
gp120 monomers to reduce transmigration to 8%. In contrast,
the D368R gp120 mutant that does not bind CD4 did not stop
T-cell migration (Fig. 1B), indicating the importance of the
gp120 interaction with CD4 in stopping the migration. The
presence of ICAM-1 was also critical for T-cell migration; as
demonstrated previously (5), very few cells transmigrated
through filters containing no ICAM-1 (Fig. 1B).

For comparison, we evaluated T-cell migration through fil-
ters coated with ICAM-1 and anti-CD3 MAb, which is known
to effectively deliver stop signals to migrating T cells. Indeed,
ICAM-1 and anti-CD3-coated filters stopped 100% T cells at
1 h of incubation (Fig. 1B), and the CD3-mediated arrest was
sustained for 18 h (Fig. 1C). In contrast, ICAM-1- and gp120-
coated filters stopped 70 to 90% of the CD4� T cells at 1 h, and
most cells resumed migration by 18 h (Fig. 1C). Similar results
were obtained with anti-CD4 MAbs (Fig. 1B and C). This
arrest pattern was distinct from that of anti-CD43 MAb, which
partially retarded the cell migration throughout 18 h. CD43
has been shown to drive T-cell adhesion but is excluded from
the entire CD3-mediated contact zone (6, 50) The control
anti-CD58 (LFA-3) MAb that does not bind T cells caused no
migration arrest. These data suggest that CD4 engagement by
surface-bound HIV-1 gp120 or antibodies induces a unique
pattern of T-cell migration arrest. Moreover, unlike the CD3-
mediated stop signals that are insensitive to SDF-1� chemo-
tactic activity, the presence of an SDF-1� chemokine gradient
generated by adding the chemokine in the lower chamber of
the transwells efficiently reversed the X4-tropic gp120-medi-
ated arrest of T-cell migration (Fig. 1D). One possible expla-
nation for this is that the gp120-induced stopping of T-cell
migration requires gp120 binding to CXCR4, and this interac-
tion is disrupted by SDF-1�. Alternatively, gp120 may not
engage CXCR4 when stopping the T-cell migration, enabling
SDF-1� to bind CXCR4 and act as a chemoattractant. Both
scenarios consistently indicate distinct features of stop signals
induced by gp120 versus anti-CD3 MAb. Hence, while the
migratory signals induced through the CXCR4 receptor by
SDF-1� have no effect on TCR stop signals, the SDF-1� mi-
gratory signals readily override and disrupt gp120-induced
CD4 T-cell arrest.

To evaluate the molecular interactions involved in the
gp120-induced arrest of CD4� T-cell migration, we tested sol-
uble CD4 and human MAbs directed to different regions of
gp120 for the capacity to reverse the stopping effect mediated
by gp120JFRL and EnvIIIB. The addition of soluble CD4 or
MAb to the CD4-binding site (CD4bs) of gp120 (654), which
prevents the gp120-CD4 interaction, restored T-cell migration,
while MAbs to other gp120 regions did not (i.e., anti-C1 MAb
EH21, anti-V3 MAb 447, and anti-CD4-induced epitope
[CD4i] MAb E51), similar to the irrelevant MAb control (anti-
p24 91-5) (Fig. 2A). Anti-V3 and anti-CD4i MAbs do not
block the gp120-CD4 interaction but interfere with the gp120
interaction with the CKRs CCR5 and CXCR4 (72). Anti-C1
MAb has no effect on gp120 binding to CD4 or the CKRs (25,
68). The anti-CD4 MAb that blocks CD4 binding to gp120 also

reversed the stopping effect, while a nonblocking anti-CD4
MAb caused no reversal (Fig. 2B). Consistent with the data
observed with anti-V3 and anti-CD4i MAbs, MAbs to the
CKRs CCR5 or CXCR4 did not affect T-cell arrest induced by
the corresponding R5-tropic or X4-tropic gp120 (Fig. 2B).
Similarly, the addition of CKR antagonist TAK779 or
AMD3100 at 10 �M, a concentration that completely blocks
HIV-1 infectivity (41, 54), did not reverse the gp120-mediated
arrest (Fig. 2C), indicating that the stopping of migration does
not require a gp120 interaction with the CKRs. Thus, these
results demonstrate that recombinant and virus-associated
gp120 stops the migration of activated human CD4� T cells
and that the stopping is triggered by gp120 interaction with
CD4.

Reconstitution of mobile planar bilayers with HIV-1 envelope
gp120. Next, we evaluated whether the HIV-1 gp120-induced
arrest of CD4� T-cell migration resulted in the formation of
VS with structures similar to those of the well-characterized IS.
To address this question, we utilized the glass-supported pla-
nar bilayer system that has been extensively used for studying
the IS (7, 22, 70). We previously demonstrated that proteins
linked to the upper leaflet of the bilayers including GPI-an-
chored proteins and His6-tagged soluble molecules captured
through Ni2�-chelating lipids are laterally mobile and, when
fluorescently tagged, allow the visualization of receptor-ligand
interactions in the interface with live cells (16, 59). The advan-
tage of the planar substrate is that the system is optically ideal
for the visualization of the interface in a single two-dimen-
sional plane by wide-field, confocal, or total internal reflection
illumination methods. The limitation is that the regulation of
ligand lateral mobility and out-of-plane bending and fluctua-
tions of biological membranes are not recapitulated by planar
bilayers. We applied this model to the VS because prior cell-
cell studies lacked the resolution to determine if SMACs are
formed. Moreover, because the CD4-gp120 complex can po-
tentially span up to �28 nm, which is similar in size to an
extended LFA-1 molecule, it is not obvious from structural
models of CD4 and gp120 if they would be expected to segre-
gate by size from LFA-1–ICAM-1 interactions (61).

Recombinant monomeric dual-tropic HIV-1DH12 gp120 with
a His6 tag at its C terminus, which does not affect its CD4 and
CKR binding abilities (9), was labeled with a green fluorescent
dye, Alexa Fluor 488. The His6-tagged gp120 was attached to
the bilayers via Ni2�-chelating NTA lipids, as previously de-
scribed for His6-tagged major histocompatibility complex class
I molecules (59). We initially determined the binding capacity
of the NTA lipids for gp120 by forming lipid bilayers on silica
beads with liposomes containing different concentrations of
Ni2�-NTA lipids and then incubating them with 50 nM of
Alexa Fluor 488-labeled His6-gp120. The density of gp120 cap-
tured on the bilayer surface was measured by quantitative flow
cytometry of the silica beads. Increasing densities of gp120
were observed on the bilayers as higher percentages of Ni2�-
NTA lipids were incorporated into the bilayers, and a maximal
density of 600 molecules/�m2 was achieved at 12.5% NTA
(Fig. 3A), which was therefore used throughout the study.
Subsequently, we determined the gp120 densities on 12.5%
Ni2�-NTA bilayers prepared with different concentrations of
Alexa Fluor 488-gp120 (0 to 300 nM) (Fig. 3B). A linear
relationship between gp120 concentrations used and the den-
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sities of gp120 loaded onto the bilayer surface, which ranged
from 0 to 2,000 molecules per �m2, was observed. This shows
that fluorescently labeled gp120 can be successfully incorpo-
rated onto the bilayers at a wide range of densities, and hence,
the planar bilayer system can be used as a model to study the
interaction of the membrane-anchored HIV-1 envelope with
live CD4� T cells. For comparison, gp120 expression on HIV-
1-infected cells was estimated to be 640 molecules/cell based
on the binding of fluorescein isothiocyanate-conjugated anti-
gp120 MAb (654) to CD4� T cells infected with HIV-1IIIB (see
Fig. S1 in the supplemental material), but most of the HIV-1
envelope glycoproteins are expressed in patches on infected
cells (26, 51) and are also thought to cluster to lipid rafts (35,
38), and thus, the local density is expected to be much higher.

On the surface of HIV-1 virions that are 100 nm in diameter,
it is estimated that there are 8 to 14 trimeric envelope spikes
per virion (71), which correspond to as much as 250 to 450
envelope spikes/�m2. Therefore, we worked within this range.
We used bilayers presenting anti-CD3 and ICAM-1 as a pos-
itive control for IS morphology.

Adhesion of CD4� T cells with bilayers presenting HIV-1
gp120 and ICAM-1. Activated CD4� T cells adhered to bilay-
ers presenting gp120 and ICAM-1 (Fig. 4A), only ICAM-1
(Fig. 4B), or only gp120 (Fig. 4C), and images of randomly
selected fields were acquired over 1 h. To allow the quantifi-
cation of adhesion and cell motility, the same fields were ac-
quired over 1 h (Fig. 4D and E). ICAM-1 and gp120 were
presented at 250 molecules/�m2 as indicated. The bright-field

FIG. 2. HIV-1 envelope-induced transmigration arrest of human CD4� T cells is mediated by gp120-CD4 interaction. (A) The capacity of
soluble CD4 (10 �g/ml) or MAbs (10 �g/ml) to the CD4bs (654), CD4i (E51), the V3 loop (447), or the C1 region in the N terminus of gp120
(EH21) to reverse the migration arrest induced by recombinant or native viral envelope (gp120JRFL or EnvIIIB) was evaluated. An anti-p24 MAb
(91-5) was tested as an irrelevant control. (B) Anti-CD4 MAbs known to block or not block the gp120-CD4 interaction (RPA-T4 or OKT4,
respectively), and MAbs to the CKRs CCR5 or CXCR4 (10 �g/ml) were tested for the capacity to restore the CD4� T-cell migration through filters
coated with R5-tropic or X4-tropic gp120. (C) The effects of CCR5 or CXCR4 receptor antagonists (TAK779 or AMD3100 at 10 �M) on CD4�

T-cell transmigration arrests mediated by the respective R5-tropic (JRFL) or X4-tropic (BH10) gp120 were also evaluated. Spontaneous migration
in the presence of ICAM-1 alone ranged from 13% to 53% in the different experiments. For comparing the different reagents tested, the relative
levels of transmigration were calculated, with spontaneous migration normalized to 100%. Representative data from one of two to three
independent experiments are shown.
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image (Fig. 4A to C, top) shows all cells, the dark areas in the
interference reflection microscopy (IRM) images (second
panel) depict the close contact (	130 nm) that cells made with
the bilayer, while the following third and the fourth panels
show the fluorescence accumulation in the respective gp120
and ICAM-1 channels that represent receptor-ligand interac-
tions. The activated CD4� T cells did not form any contacts in
the absence of gp120 and ICAM-1 (data not shown). Bilayers
presenting gp120 and ICAM-1 induced T cells to spread sym-
metrically, with large round contact areas. The accumulation
of gp120 and ICAM-1 in the contact areas was segregated and
took on the characteristic bull’s-eye pattern of the IS, with a
central cluster of gp120 accumulation surrounded by a ring of
ICAM-1 accumulation. These cells coexisted with other cells
that displayed various degrees of asymmetry, with elongated
uropods (see below). Bilayers presenting ICAM-1 induced
many polarized contact areas with an accumulation of ICAM-1
in an asymmetric lamella, similar to data reported in prior
analyses (22, 57). Bilayers presenting gp120 induced smaller,

generally round contacts with bright gp120 accumulation
throughout the contact area.

We next evaluated the percent adhesion as the percentage of
cells identified in bright-field imaging that had dark IRM sig-
nals of adherent cells, compared to the bright IRM signals of
nonadherent cells. When the density of HIV-1 gp120 varied,
we found that adhesion was dose dependent, with a threshold
of around 25 molecules/�m2 and a steady increase between 25
and 250 molecules/�m2 (Fig. 4D, squares). The inclusion of
ICAM-1 resulted in increased adhesion at a low gp120 density
in the bilayer since ICAM-1 at 250 molecules/�m2 was suffi-
cient to mediate up to 80% adhesion, and adhesion was less
than additive as gp120 was increased in the presence of a fixed
density of ICAM-1 (Fig. 4D, triangles). We also measured the
motility of the CD4� T cells as they interacted with the differ-
ent bilayers. Bilayers presenting ICAM-1 alone induced con-
tinuous T-cell migration at an average speed of 5.7 �m/min,
while bilayers presenting gp120 and ICAM-1 or gp120 induced
migration at lower speeds of 1.8 and 1.6 �m/min, respectively
(Fig. 4E). These data are consistent with the transmigration
data presented above and demonstrate that the presence of
HIV-1 gp120 retards spontaneous CD4� T-cell migration that
occurs on ICAM-1-bearing surfaces.

Visualization of HIV-1 envelope-induced VS. We further
compared the T-cell contacts with bilayers presenting gp120
and ICAM-1 with a control IS formed by the same T-cell
preparations with bilayers containing anti-CD3 and ICAM-1.
On bilayers containing anti-CD3 antibodies and ICAM-1, 90%
of the CD4� T cells formed a mature IS, with anti-CD3 clus-
tering into the cSMAC structure and ICAM-1 forming a sym-
metrical pSMAC ring (Fig. 5A, top two rows). Only a small
percentage of the cells (10%) had asymmetrical pSMAC and
were migratory (Fig. 5A, third row). By contrast, on the gp120
and ICAM-1 bilayers, three distinct patterns were observed at
any one time during 1 h of observation (Fig. 5B to D). The
percentages of the different morphologies observed on the
bilayers with anti-CD3 and ICAM-1 and with gp120 and
ICAM-1 are shown in Fig. 5G. Hence, one-fifth of the cells
formed radial symmetrical structures similar in appearance to
the IS; these contacts were characterized by a central gp120
accumulation surrounded by an intact ICAM-1 ring (Fig. 5B).
These contacts were also positionally stable such that they
meet a key criterion of a “synapse” and thus are a type of VS.
One-third of cells had clearly defined areas of segregated
gp120 and ICAM-1 but had off-center gp120 clusters and bro-
ken ICAM-1 rings and were slowly migratory (Fig. 5C). Thir-
teen percent of cells were elongated by 1 h due to a trailing
uropod and long retraction fibers associated with bright gp120
and again had ICAM-1 accumulation at the leading edge with
a very active lamellipodium (Fig. 5D). This morphology was
not observed when T cells interacted with anti-CD3 antibody
or cognate pMHC complexes, but the retraction fibers are
reminiscence of structures called membrane nanotubes that
were recently reported to connect migrating T cells and facil-
itate HIV-1 cell-to-cell transfer (60). These cells, like the pro-
ceeding category, were migratory and thus do not meet the
definition of a synapse, so we do not count these as VS even
though they have segregated gp120 interactions. The remain-
ing one-third of adherent cells had ICAM-1 accumulation only
with no gp120, similar to the cells contacting the bilayer with

FIG. 3. Reconstitution of the planar bilayers with HIV-1 gp120.
(A) Density of His6-gp120 on silica beads coated with various concen-
trations of Ni2�-chelating NTA liposomes. Silica beads were coated
with liposome preparations containing 0.78% to 25% Ni2�-NTA lipids
and then treated with 50 nM Alexa Fluor 488-His6-gp120. Quantitative
flow cytometry was done with fluorescein calibration beads to calculate
the density of gp120 in molecules/�m2 on the surface of liposome-
coated beads. (B) Density of gp120 on silica beads coated with differ-
ent gp120 concentrations. Silica beads were coated with liposomes
containing 12.5% Ni2�-NTA and loaded with 10 to 300 nM Alexa
Fluor 488-His6-gp120. Quantitative flow cytometry was done as de-
scribed above to determine the number of gp120 molecules per �m2 on
the bead surface. Representative data from one experiment are shown.
This experiment was done routinely for each newly labeled gp120
batch used in the study.
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ICAM-1 alone (Fig. 5E); had gp120 accumulation only with no
ICAM-1, similar to the cells on a bilayer with gp120 alone (Fig.
5F); or had no detectable ICAM-1 or gp120 accumulation.
These distinct morphologies and the proportion of cells form-
ing them were seen consistently with CD4� T cells from dif-
ferent donors. When activated CD4� T cells were introduced
to bilayers containing anti-CD4 MAb and ICAM-1 (see Fig. S2

in the supplemental material), only 0.5% of the cells formed
the symmetrical synapse (see Fig. S2A, top, in the supplemen-
tal material), while 27% of the cells remained migratory or
were elongated with trailing uropods (see Fig. S2A, second and
third panels, in the supplemental material). The remaining
cells (45%) accumulated only anti-CD4 fluorescence similar to
those of the cells observed on the gp120-alone bilayer (Fig. 5F

FIG. 4. CD4� T-cell interaction with lipid bilayers containing gp120 and ICAM-1, ICAM-1 alone, or gp120 alone. Activated human CD4� T
cells were introduced into bilayers containing gp120 at 250 molecules/�m2 and/or ICAM-1 at 250 molecules/�m2. Images of randomly selected
fields were acquired over 1 h. Representative whole-field images of activated CD4� T cells on gp120 and ICAM-1 (A), ICAM-1 (B), and gp120
(C) are shown. The top panels show the bright-field images of the cells, the second panels show the IRM images where the dark areas depict the
bilayer surface contacted by the cells, and the third and fourth panels show gp120 and ICAM-1 fluorescence accumulation, respectively.
(D) Percentages of cells adhering to the bilayers containing different densities of gp120. The numbers of cells contacting the bilayers were
quantified based on the number of contacts observed in the IRM images over the total number of cells detected in the bright-field images. The
graph shows the average values from three independent experiments. (E) Velocity of cells interacting with the bilayers. The speed of the individual
cells migrating on the different bilayers was measured for 1 h. The graphs show the average cell velocities from three independent experiments.
The numbers of cells analyzed were 206, 186, and 222 for gp120-and-ICAM-1, gp120, and ICAM-1 bilayers, respectively.
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and see Fig. S2A, bottom, in the supplemental material).
Hence, only HIV-1 gp120 efficiently induces changes in CD4�

T-cell morphology, leading to the formation of a VS that
shares supramolecular structures seen in the IS.

Observation of VS dissolution. Representative images for
VS dynamics are shown in Fig. 6A (also see video image in Fig.
S3 in the supplemental material). Two-thirds of activated
CD4� T cells formed VS within 5 min after the cells were

introduced to the bilayer and remained stable for an additional
15 to 20 min. At around 20 min, 95% of the T cells that formed
the VS started to break symmetry of the ICAM-1 ring, and by
25 min, the T cells started to migrate through an asymmetrical
contact that can further be developed into a highly elongated
contact with gp120-positive retraction fibers as described
above. Similarly, activated CD4� T cells on anti-CD3 and
ICAM-1 bilayers (shown in Fig. 6B; also see video image in

A

B

C

D

ECells Contacts ICAM-1 Mergeanti-CD3

Cells Contacts ICAM-1 Mergegp120

Cells Contacts gp120

Cells Contacts ICAM-1F

10µm

G

FIG. 5. HIV-1 gp120 induces assembly of a VS that shares a similar supramolecular organization with that of IS. Activated CD4� T cells were
introduced to bilayers containing anti-CD3 and ICAM-1 (A), gp120 and ICAM-1 (B to D), ICAM-1 (E), or gp120 (F), and images were collected
for 1 h. Representative images from one time point during the 1-h observation are shown. (G) The percentages of cells forming the different
morphologies at any one time were calculated. The data shown are from one of at least three experiments performed independently with cells from
different donors.
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Fig. S3 in the supplemental material) formed a mature IS
within 5 min; however, 90% of the IS remained stable through-
out the 1 h of imaging. Moreover, the cells on anti-CD3 and
-ICAM-1 bilayers were more spread than the cells on gp120

and ICAM-1 bilayers. Therefore, while the VS and IS have a
similar pattern, the gp120 cluster and ICAM-1 ring of the VS
may not be truly analogous to cSMAC and pSMAC, respec-
tively.

VS formation requires HIV-1 gp120 interaction with CD4
but not with the CKRs. To define the molecular interactions
that drive VS formation, we applied the same panel of MAbs
used in Fig. 2A for the control of migration to VS formation.
The gp120 and ICAM-1 bilayers were treated with each MAb
prior to cell injection, and the CD4� T cells were suspended in
the buffer containing the MAb. After the cells were introduced
to the bilayers, randomly selected fields were imaged for 1 h,
and images were then quantified for the percentage of cells
with gp120-positive contacts or ICAM-1-positive contacts and
the areas of gp120 or ICAM-1 contacts. Blocking the gp120-
CD4 interaction with the anti-CD4bs MAb drastically reduced
the percentage of cells making gp120-positive contacts com-
pared to the control (P 	 0.05), while interfering gp120-CKR
interaction with the anti-V3 MAb caused only a minor reduc-
tion, which was not statistically significant (Fig. 7A). The anti-
CD4bs MAb also reduced the gp120-positive contact areas that
the cells made, while, again, the anti-V3 MAb had no signifi-
cant effect (Fig. 7C). Following T-cell activation, LFA-1 affinity
increases 200-fold compared to its affinity on unstimulated T
cells (42); therefore, neither of these blocking MAbs had any
effect on CD4� T-cell interactions with ICAM-1 in terms of
the number of cells with ICAM-1-positive contacts or the size
of ICAM-1 contact areas (Fig. 7B and D). This indicates that
for activated CD4� T cells, the interaction of gp120 and CD4

0min 1min 2min 5min 10min

15min 20min 25min 45min 60min

A

30sec 2min 3min 5min 10min

15min 20min 30min 45min 60min

B

10µm

FIG. 6. Assembly and disassembly of the VS versus the IS. Acti-
vated CD4� T cells were introduced to bilayers containing gp120 and
ICAM-1 (A) or anti-CD3 MAb and ICAM-1 (B), and the same fields
were imaged for 1 h. The accumulation of fluorescence-labeled gp120
and anti-CD3 MAb is shown in green, while ICAM-1 accumulation is
shown in red. In A, Cy5 fluorescence photobleached during the image
acquisition. Images of one representative cell interacting with each
bilayer at the indicated time points are shown; these images represent
95% of the cells forming a VS on the gp120-and-ICAM-1 bilayer and
90% of the cells on the anti-CD3-and-ICAM-1 bilayer.

FIG. 7. VS formation requires gp120 interaction with CD4 but not with the CKR. Activated human CD4� T cells were introduced into gp120
and ICAM-1 bilayers in the presence of an anti-gp120 MAb that blocks the gp120-CD4 interaction (654), an anti-V3 MAb that interferes with the
gp120 interaction with the CKR, or a control MAb against the N terminus of gp120 that does not affect gp120 binding to its receptors (EH21) (A
to D) or in the presence of CKR antagonist AMD3100, TAK779, or both (E to H). The MAbs were used at 20 �g/ml, while AMD3100 and TAK779
were tested at 10 �M. The percentages of cells making gp120- and ICAM-1-positive contacts out of the total number of cells seen in the fields were
calculated (A, B. E, and F). The areas of gp120-positive or ICAM-1-positive contact made by the cells on the bilayer were also measured (C, D,
G, and H). Each graph shows averages from three independent experiments. �, P 	 0.05 compared to MAb EH21-treated controls.
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does not appear to deliver a signal for LFA-1 activation beyond
the basal activation due to earlier in vitro activation with anti-
CD3 and anti-CD28 MAb.

We further investigated the role of the gp120-CKR interaction
in VS formation by testing the effects of a CXCR4 antagonist
(AMD3100), a CCR5 antagonist (TAK779), or both. The antag-
onists were used at 10 �M each, as this concentration was found
to completely block DH12 infection (30). These antagonists were
added to CD4� T cells prior to their injection into the bilayer and
kept throughout the assay. Images were acquired and analyzed as
described above. Treatment with antagonists for CXCR4,
CCR5, or both had no effect on the capacity of the CD4� T
cells to form VS, as indicated by comparable numbers of cells
forming gp120-positive and ICAM-1-positive contacts (Fig. 7E
and G) and comparable sizes of the contact areas (Fig. 7F and
H). These results show that VS formation requires gp120 bind-
ing to CD4 but does not involve a gp120-CKR interaction, and
this is the same requirement for gp120-induced stop signals. In
conclusion, this study demonstrates that the HIV-1 gp120 in-
teraction with CD4 arrests the migration of activated human
CD4� T cells, leading to the formation of the VS. The HIV-1
gp120-induced VS shares some common morphological fea-
tures with the IS but is more transient and exhibits distinct
dynamics.

DISCUSSION

This study provides evidence that surface-bound HIV-1 en-
velope gp120 induced a transient arrest of highly motile human
CD4� T lymphocytes through the transient formation of a
radially symmetrical VS. CD4� T cells, like other lymphocytes,
are naturally migratory in vitro on ICAM-1-coated surfaces
and in vivo as they actively crawl through lymphoid or nonlym-
phoid tissues (3, 14, 47). The migration arrest was triggered
primarily by the gp120 interaction with the CD4 receptor on
the cell surface without a significant involvement of the core-
ceptor CCR5 or CXCR4, suggesting that this is an early event
that occurs soon after gp120 binding to CD4 prior to the
subsequent processes needed for virus fusion and entry. The
stopping was also readily reversible upon the SDF-1� engage-
ment of the CXCR4 receptor on the cells. This is consistent
with our findings that the CKR is not likely to be engaged in
the gp120-mediated arrest of T-cell migration, and thus,
SDF-1� can bind CXCR4 and attract the arrested T cells. Such
transient stopping is in contrast to the stop signals induced by
the TCR engagement, which is much more durable and resis-
tant to chemoattraction by the SDF-1� chemokine gradient,
thus indicating that unique signals and activation patterns are
triggered in CD4� T cells upon binding with HIV-1 gp120.
HIV-1 gp120 has also been shown to act like a chemoattractant
and influence T-cell migration in CD4-dependent and CD4-
independent manners. However, the stopping effect reported
here is distinct from the chemotactic capacity of cell-free
HIV-1 or simian immunodeficiency virus and soluble virus
envelope proteins to attract CD4� T cells or CD8� T cells (4,
31, 32). It also differs from the CXCR4-mediated repelling
effect of high concentrations of soluble HIV-1 gp120 on CD8�

T cells (4).
Importantly, we demonstrate that the stopping was associ-

ated with the formation of the VS in which gp120, upon inter-

acting with CD4� T cells, accumulated in the center of the VS
and segregated from the adhesion molecule ICAM-1, which
formed a ring structure around the gp120 central cluster. The
VS morphology observed in our planar bilayer model is con-
sistent with previously published data from the cell-cell conju-
gate system where HIV-1 or human T-cell lymphotropic virus
type 1 env and gag indeed form a cap, along with ICAM-1 and
LFA-1, on the VS interface between an infected cell and a
target CD4� T cell, and the actin anchor protein talin, which is
associated with LFA-1, is found frequently in partial ring-like
clusters (29, 35). Nevertheless, images obtained from cell-cell
conjugates provided only the side view of the synapse, and the
resolution did not permit a clear identification of the supramo-
lecular organization, as can be observed in the planar bilayer
model, especially for molecules that can be present in both
HIV-1-infected cells and target cells such as CD4 and LFA-1.
Of note, other CD4� cells like macrophages (G. Vasiliver-
Shamis et al., unpublished results) and DC-SIGN� cells can
induce VS formation with noninfected CD4� T cells and may
disseminate HIV-1 through common mechanisms such as
those described for the T-cell–T-cell VS (24, 44).

VS formation was induced specifically upon the HIV-1
gp120 interaction with CD4 and could not be mimicked fully by
antibodies to CD4, even though both gp120 and anti-CD4
antibodies were able to arrest CD4� T-cell migration tran-
siently. These results suggest that unique downstream signals
are triggered upon the HIV-1 gp120 interaction with CD4 to
generate the VS. It is also important that, like activated CD4�

T cells studied here, naı̈ve CD4� T cells could form similar VS
structures (Vasiliver-Shamis et al., unpublished), suggesting
that prior TCR-mediated activation is not necessary for VS
assembly. However, the LFA-1–ICAM-1 interaction that cre-
ates the peripheral adhesion ring requires LFA-1 activation.
On activated T cells, LFA-1 is found in its active conformation
(42), but on unstimulated (naı̈ve and memory) cells, LFA-1
needs to convert from a closed conformation to an extended,
active conformation. Whether the gp120-CD4 interaction in-
duces LFA-1 activation to lead to VS formation remains un-
clear and is under investigation. However, it was recently
shown that the gp120-�4
7 interaction in resting memory cells
can induce LFA-1 activation (1).

The symmetrical adhesion ring has been shown to be essen-
tial for stopping migratory T lymphocytes in the absence of
antigen as well as during IS formation upon TCR engagement
of specific pMHC complexes and may function similarly in the
VS. In the absence of gp120, no ICAM-1 ring was ever ob-
served. Similarly, when the gp120-CD4 interaction was blocked
with MAbs, the ICAM-1 ring was also not formed, indicating
that adhesion ring formation is triggered by gp120 binding to
the CD4� T cells. Nevertheless, the arrest of migration by
HIV-1 gp120 was short-lived; after 15 to 20 min, the ICAM-1
ring symmetry broke, and the cells became migratory and did
not appear to reform a new VS during the 1-h observation
period. In contrast, a mature IS can be maintained for over 1 h.
A recent report by Sims et al. also showed that naı̈ve T cells
forming a mature IS could break the symmetry of the ICAM-1
ring and migrated, but they reformed a new synapse at a
different site (56). What prevents the CD4� T cells that have
formed and broke VS to assemble a new VS is unknown. It is
possible that after forming the VS, these cells downregulate
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their CD4 surface expression (2, 46, 67), or alternatively,
downstream signals that prevent the subsequent migration ar-
rest, at least for the duration of the experiment, i.e., 1 h, are
triggered. Wiscott-Aldrich syndrome protein (WASp)-defi-
cient cells displayed a similar behavior, suggesting that the
regulation of Cdc42 and WASp could be involved (56, 63).
Regardless of the mechanisms, one may speculate that the
CD4� T cells breaking off the VS and taking the virus would
eventually become infected and express the HIV-1 envelope
gp120 on the cell surface, and these cells would in turn arrest
the migration of other susceptible CD4� target cells to form a
VS and continue the spread of the virus.

While a proportion of the CD4� T cells transiently stopped
migrating on the bilayers with gp120 and ICAM-1, some other
cells did not completely stop and remained migratory. How-
ever, on average, the migration rates of all cells were signifi-
cantly reduced compared to those observed on bilayers with
ICAM-1 alone. If the scenario here reflects the migration pat-
terns of target CD4� T cells following VS formation and virus
acquisition from infected cells, this may constitute a highly
effective mechanism for HIV-1 spread in lymphoid tissues. We
propose that HIV-1 gp120-mediated transient stopping or
slowing down of highly motile CD4� T cells may allow virus
transfer and acquisition but may not be sufficiently sustained
for virus envelope-mediated fusion, which requires the recruit-
ment of the appropriate CKRs and is relatively slow, with a lag
phase of �30 min and a half-life of at least 1 h (20). Hence, the
quick detachment of target CD4� T cells from infected cells
after virus acquisition may prevent cell-cell fusion, which
would terminate the virus life cycle while enhancing the rate of
virus spread to new target cells and to more distant sites in
tissues. This idea is consistent with our data showing that both
gp120-induced VS formation and migration arrest are trig-
gered transiently, soon after gp120 interacts with CD4, without
the involvement of the CKR. A recent report by Chen et al.
also demonstrated that the efficient cell-to-cell transfer of R5-
tropic HIV-1 via the VS was dependent on the gp120-CD4
interaction and did not require CCR5 to be expressed on the
target cell (8). Furthermore, the fact that the VS is not as
stable as the IS implies that the VS may not induce as complete
a T-cell activation as the IS (22). Ongoing studies in our lab-
oratory are examining these possibilities by evaluating the sig-
naling events triggered by the VS compared to those triggered
by the IS. However, previously reported data have shown that
gp120 induces signaling via CD4, the chemokine receptor
CCR5, or the �4
7 integrin and can trigger calcium mobiliza-
tion, a trademark readout for T-cell activation (1, 10, 11, 40, 45,
69). Additionally, CD4 engagement by an anti-CD4 MAb was
shown to be sufficient for Lck activation (28), although the
subsequent signaling events and how they differ from those
triggered by gp120 are unclear at this point. HIV-1 replication
within CD4� T cells is tightly linked to their activation state
but requires a balance between a state of activation that re-
lieves the blocks of early postreplication events and hyperac-
tivation that leads to host cell death (43, 62). HIV-1 potentially
exploits VS not only for facilitating its dissemination within the
host but also for inducing T-cell activation to a level that is
sufficient to support its replication without incurring prema-
ture cell death.

In conclusion, we demonstrated that HIV-1 envelope gp120

induced the transient arrest of naturally motile CD4� T cells
and that the stopping was associated with the formation of the
VS, which displayed supramolecular clusters, as observed in
the IS. A better understanding of the molecular details and
biological functions of the VS may lead to the development of
novel intervention strategies that block this efficient and con-
cealed mode used by HIV-1 to spread from cell to cell in
infected hosts.
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