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Human immunodeficiency virus type 1 (HIV-1) efficiently propagates through cell-to-cell contacts, which
include virological synapses (VS), filopodia, and nanotubes. Here, we quantified and characterized further
these diverse modes of contact in lymphocytes. We report that viral transmission mainly occurs across VS
and through “polysynapses,” a rosette-like structure formed between one infected cell and multiple
adjacent recipients. Polysynapses are characterized by simultaneous HIV clustering and transfer at
multiple membrane regions. HIV Gag proteins often adopt a ring-like supramolecular organization at
sites of intercellular contacts and colocalize with CD63 tetraspanin and raft components GM1, Thy-1, and
CDS9. In donor cells engaged in polysynapses, there is no preferential accumulation of Gag proteins at
contact sites facing the microtubule organizing center. The LFA-1 adhesion molecule, known to facilitate
viral replication, enhances formation of polysynapses. Altogether, our results reveal an underestimated
mode of viral transfer through polysynapses. In HIV-infected individuals, these structures, by promoting
concomitant infection of multiple targets in the vicinity of infected cells, may facilitate exponential viral

growth and escape from immune responses.

Human immunodeficiency virus type 1 (HIV-1) and simian
immunodeficiency virus (SIV) mostly replicate in CD4*
memory T cells throughout the lymphoid tissues. A com-
partmentalization of HIV-1 quasispecies, associated with
the presence of multiply infected cells, has been observed in
microdissected splenic germinal centers (12), suggesting
that viral dissemination occurs by local replication in nearby
cells. Viral spread is driven by cell-free virions and, in a
much more efficient and rapid way, through direct transfer
of infection across cell-to-cell contacts (41, 44). Various
modes of cell-to-cell HIV transfer in culture have been
reported (1, 11, 13, 22, 33, 46, 49, 50). For instance, HIV-1
readily forms virological synapses (VS) at the interface be-
tween HIV-infected cells and targets (44). VS were initially
described by Bangham et al., to characterize human T-cell
leukemia virus type 1 (HTLV-1) transfer in lymphocytes
(20). The HIV-1 or HTLV-1 VS represents a polarized
accumulation of viruses at the contact zone between one
individual infected cell and one target. Regarding HIV-1,
VS formation involves HIV Env-CD4-coreceptor interac-
tions and requires cytoskeletal rearrangements and stabili-
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zation of cell junctions by adhesion molecules (3, 22-24).
Interestingly, the VS likely allows HIV to evade antibody
neutralization (3), although Env-independent mechanisms
of viral transfer have been reported (11, 21). Interestingly,
HIV dissemination through VS involves viral endocytosis in
target cells (18, 43). Another mode of retroviral transfer
involves the establishment of filopodial bridges (or viral
cytonemes) between infected cells and targets (46). Viruses
move along the outer surface of the bridge toward the target
cell, in a kind of stretched-out VS (17). More recently,
thinner structures called membrane nanotubes, which form
when cells make contact and subsequently part, have been
reported to mediate HIV spread (7, 50). Both filopodia and
nanotubes might allow transfer to distant cells, as observed
not only with retroviruses, but also with numerous viral
species, like herpesvirus, papillomavirus, and vaccinia virus
(5, 28, 34, 45, 47). Limiting cell contacts by gently agitating
cells significantly reduces HIV spread in culture (49), but
the relative contributions of VS, filopodia, and nanotubes to
viral replication remain poorly understood.

Here, we investigated HIV spread in CD4™" lymphocytes by
combining diverse techniques of visualization (three-dimen-
sional [3D] reconstructions of confocal immunofluorescence
[IF], scanning electron microscopy [SEM], correlative IF-
transmission electron microscopy [TEM], and real-time imag-
ing of HIV Gag movements). We quantified the frequency of
VS, filopodia, and nanotubes in culture. We identified in lym-
phocytes a poorly characterized structure of viral transmission
that we termed “polysynapse,” in which one infected cell si-
multaneously transfers the virus to multiple adjacent recipi-
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ents. We further describe some cellular and viral mechanisms
involved in the formation of polysynapses.

MATERIALS AND METHODS

Cells and viruses. Jurkat cells, JB2.7 cells, phytohemagglutinin-activated hu-
man primary CD4 T lymphocytes, or monocyte-derived dendritic cells (DCs)
were infected with HIV [NL4-3 for lymphocytes, NL4-3(VSV) pseudotypes for
DCs] or a Aenv mutant derivative as described previously (48, 49). Jurkat deriv-
ative JB2.7 cells (which lack LFA-1) and JB2.7-LFA1™ cells (in which LFA-1
expression was restored) were a kind gift from Catarina Hioe (15). Cells were
used 2 to 3 days postinfection, when 25 to 80% of T cells and 20 to 40% of DCs
were Gag’. Production and use of the HIV construct (Gag-eGFP) carrying
enhanced green fluorescent protein (EGFP) (36) are described in the supple-
mental material. HIV replication was assessed by measuring the percentage of
Gag™" cells over time as described previously (48, 49).

IF analysis. For IF analysis, HIV-infected donor cells were mixed with target
cells (prelabeled with CellTrace Far Red DDAO-SE; Molecular Probes) at a 1/1
ratio and loaded onto polylysine-coated coverslips (1 X 10°cells in 350 pl). After
1 h at 37°C, cells were fixed and analyzed as described in the supplemental
material.

Inhibitors of actin and tubulin remodeling. HIV-infected donor cells were
treated with either nocodazole (1 uM; Calbiochem) or cytochalasin D or latrun-
culin B (1 uM each; Sigma) for 1 h at 37°C prior to mixing with targets as
described previously (24). The compounds induced the expected inhibitory ef-
fects on tubulin (nocodazole) and actin (cytochalasin D or latrunculin B) cy-
toskeletons, as observed by IF (not shown).

Quantification of cell conjugates. Quantification of various types of cell-cell
contact was performed by visual observation of multiple low-power fields, di-
rectly at the microscope or after image acquisition. The total number of infected
cells was counted. Cell conjugates were defined as pairs (single conjugates) or
groups of cells (multiple conjugates) closely apposed, among which at least one
donor was Gag™. Cells with filopodia or nanotubes were similarly scored. The
percentage of infected cells with a capping of Gag at the junction sites with
targets was scored by visual examination.

Analysis of HIV cell-to-cell transfer and of HIV replication by flow cytometry.
Donor cells were infected with HIV NL4-3 and used a few days later, when 25%
of the cells were Gag™*. Cell-to-cell HIV transfer was performed as described
previously (48, 49). Target cells were labeled with carboxyfluorescein succinimi-
dyl ester (CFSE; 2.5 uM) (Molecular Probes) for 10 min at 37°C. Donor and
target cells were then mixed at the indicated ratio, in 24-well plates, at a final
concentration of 1 X 10%ml in a final volume of 200 wl. At the indicated time
points, cells were fixed in 2% paraformaldehyde, permeabilized with phosphate-
buffered saline-1% bovine serum albumin-0.05% saponin and stained for intra-
cellular Gag using anti-p24%“¢ RD1-coupled monoclonal antibody (MAb) KC57
(Coulter) and analyzed by flow cytometry. For HIV replication studies, the
fraction of Gag™ cells was similarly measured by flow cytometry.

The techniques used for electron microscopy, correlative IF-TEM, and live
imaging of HIV-infected cells are described in the supplemental material.

Analysis of lymphoid tissues from SIV-infected macaques. SIV RNA™ cells
were detected after reexamination of samples from SIV-infected macaques from
a previous study (54) as described in the supplemental material.

RESULTS

Qualitative and quantitative analysis of HIV cell-to-cell
spread. We first examined how HIV-1-infected T cells interact
with noninfected targets. To this end, productively infected
Jurkat cells (Fig. 1a and b) or primary CD4 " lymphocytes (Fig.
1c and d) were mixed with Far Red dye-labeled recipients.
After 1 h of coculture, the presence of cell conjugates, the type
of contacts, and the accumulation of HIV Gag proteins were
visualized by IF and quantified. Three main types of contacts
were detected and scored (Fig. 1). Tight clusters between one
individual donor and one recipient, associated with a large
accumulation of Gag proteins at the contact zone, a hallmark
of VS (20, 22), occurred in about 25% of cases (Fig. 1). Re-
mote contacts, with actin-positive structures reminiscent of
filopodial bridges or tunneling nanotubes (46, 50), were ob-
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served in <10% of infected cells. A punctate Gag signal was
readily visible on these membrane extensions, likely corre-
sponding to virions transiting toward targets. Finally, a signif-
icant fraction of HIV-infected cells (15% and 20% in Jurkat
and primary CD4 " T cells, respectively) was engaged, through
close contacts, with two to six uninfected targets at a time (Fig.
1). Within these groups of cells, a Gag signal concentrating at
each zone of engagement was detected in the donor (in 35% of
Jurkat or primary CD4™ cells, Fig. 1), whereas more than one
target displayed Gag-positive dots. This strongly suggests that
a single infected cell may simultaneously transmit infection to
multiple recipients. We refer to this superposition of Gag clus-
ters as a “polysynapse.”

The number of conjugates between HIV-infected donors
and targets was twofold higher than with uninfected donors in
both Jurkat and primary CD4™" T cells (Fig. 1), confirming that
infection enhanced or stabilized lymphocyte interactions (3,
22). This was also the case with filopodia- or nanotube-like
structures, which were enhanced upon HIV infection (Fig. 1).
The number of cells with polarized Gag, within single or mul-
tiple conjugates, was decreased when donor cells expressed
noninfectious envelope (gp120)-deleted HIV (Fig. 1) or when
CD4-negative lymphocytes were used as targets (not shown).
Thus, as for single VS (22), polysynapses required cognate
HIV envelope-receptor interactions. It is noteworthy that in
the experiments depicted above, we used a donor/target ratio
of 1:1. Increasing the number of donor Jurkat cells induced an
augmentation of the total number of synapses without obvious
changes in the ratio of mono- versus polysynapses (not shown).
We also mixed infected donor and target Jurkat cells at +4°C
for 1 h. At this temperature, the numbers of conjugates and
mono- and polysynapses were dramatically decreased (not
shown), suggesting that synapse formation is an active process.

Altogether, these results indicate that in our cocultures of
infected lymphocytes and recipients, various modes of cell in-
teractions and viral transfer can be observed at the same time.
Tight interactions through synapses are the most frequent
modes of contact. Infected cells readily form polysynapses,
associating with multiple targets. Remote interactions through
filopodia or nanotube like structures are less frequently de-
tected.

A ring-like structure of Gag proteins at the synapse. Strik-
ingly, 3D z-stack reconstructions revealed a previously unde-
scribed ring pattern of Gag at the site of cell-cell contact (Fig.
2; and see Movie S1 in the supplemental material). This ring of
Gag proteins occurred in cells engaged in single VS and in
polysynapses (Fig. 2; and see Movie S1 in the supplemental
material). Examples of conjugates harboring or not harboring
a Gag ring are depicted in Fig. 2a and b. It is noteworthy that
the presence of one or more rings of Gag proteins was ob-
served in 44% and 67% of cells displaying VS and polysyn-
apses, respectively (34 VS and 113 polysynapses analyzed). The
ring distribution was not due to an artifact of staining with
anti-Gag antibodies, since it was also observed with an infec-
tious HIV strain carrying a Gag-GFP fusion protein (GFP
localization in Fig. 2c). Thus, upon cellular contact, viral pro-
teins often accumulate at the periphery of the junction zone
and adopt a structure reminiscent of pSMAC of adhesion
molecules observed in immunological synapses (6).



6236 RUDNICKA ET AL. J. VIROL.

W HIVWT
B HIVWT 40 - ] HIV Aenv

Ec 35
T8

T a0
i
b
[ > 15 -
8 Q 10
R 5

0
single multiple filopodia/ single multiple
conjugates conjugates nanotubes conjugates conjugates

Q

35 CINI 45 W HIVWT
30 HHIVWT s 9 [l HIV Aenv
£ 595
25 | § =
30 |
2 20 3; § 25
[
E 15 - g§ 20
L T Ri15
SR
2% 5
0
single multiple filopodia/ single multiple
conjugates conjugates  nanotubes conjugates conjugates

FIG. 1. Distinct modes of contact between HIV-1-infected cells and targets. (a and b) Jurkat cells; (c and d) primary CD4" T cells. (a
and c) Confocal images illustrating classical virological synapses (left), polysynapses (middle), and remote contacts through filopodial bridges
or nanotube-like structures (right). HIV-1-infected cells were mixed with Far Red dye-labeled recipients (blue) for 1 h and stained for HIV-1
Gag (green) and F-actin (red). The scale bar represents 5 pm. (a) Jurkat cells; (¢) primary CD4" T cells. (b and d) Quantification of the
various types of contacts. (Left) Noninfected (NI) or HIV-1-infected cells were cocultivated with targets, and the indicated types of contacts
were scored. (Right) Quantification of HIV-infected cells (HIV wild type [WT] or Aenv mutant) displaying Gag clustering at the junction
zone with targets. Data are means * standard deviations of four independent experiments. A total of 1,685 NI cells and 1,247 WT HIV- and

1,137 Aenv-mutant-infected Jurkat cells were analyzed in panel b, and 1,646 NI cells and 693 WT HIV- and 522 Aenv mutant-infected primary
CD4" T cells were analyzed in panel d.
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FIG. 2. Characteristics of virological polysynapses. Conjugates between infected cells and targets (blue) were stained with anti-Gag (a)
or with anti-Gag and antitubulin (Gag Tub) (b). (a) Representative images of single synapses, in which Gag proteins adopt (left panel) or
do not adopt (right panel) a ring-like structure at the junction zone. A magnification of the junction, on the xz axis, is shown in the lower
panels. (b) Example of a polysynapse, with a single donor interacting simultaneously with three targets. The image is a snapshot from movie
S1 in the supplemental material. (c) Example of a polysynapse, between one cell infected with an infectious HIV strain carrying a Gag-GFP
fusion protein and targets harboring an actin-RFP fusion. Gag localization is revealed by GFP. (d) Effects of inhibitors of actin (1 wM each
cytochalasin D [Cyt D] and latrunculin B [Latr B]) and microtubule (1 wM nocodazole [Noco]) remodeling on the recruitment of Gag at

polysynapses. Data are means *+ standard deviations of three independent experiments (with 604 to 1,232 infected cells analyzed, depending
on the treatment).
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Characteristics of virological polysynapses. We further
characterized the structural organization of polysynapses. We
first examined the localization of the microtubule organizing
center (MTOC) and of a panel of cellular proteins. There was
no preferential Gag accumulation at plasma membrane sub-
domains facing the MTOC (Fig. 2b; and see Movie S1 in the
supplemental material). The actin and tubulin cytoskeletons
control Gag and Env trafficking and assembly in GM1-en-
riched platforms, as well as VS constitution (3, 24, 31, 39).
Inhibitors of actin (cytochalasin D or latrunculin B) and tubu-
lin (nocodazole) remodeling decreased the number of polysyn-
apses by 50% (Fig. 2d). As expected (3, 24), these compounds
did not reduce the number of contacts between infected cells
and target cells and inhibited to a similar extent classical VS
(not shown). Therefore, formation of both single VS and
polysynapses involves dynamic movements of the cytoskeleton.

We observed frequent enrichment of the raft marker GM1
and the tetraspanin CD63 in the polysynaptic structures (Fig.
3). We then investigated the distribution of Thy-1 and CD59,
two glycosylphosphatidylinositol-linked proteins that partition
into lipid rafts (38). Thy-1 and CD59 were also preferentially
distributed at the contact zone between infected cells and
targets (Fig. 3). Of note, GM-1, as well as CD63, Thy-1, CD59,
and Env, often adopted a ring-like distribution and colocalized
with Gag in polysynapses (not shown). Colocalization of Gag
with Env, CD63, and GM1 in polysynapses, eventually in a ring
distribution (not shown), was also observed in primary lym-
phocytes (see Fig. S1 in the supplemental material). Thus, as
described for VS and for DC-T-cell transinfections (10, 25,
26), polysynapse formation potentially involves tetraspanins
and lipid raft microdomains.

We next examined the localization of Env glycoproteins in
Jurkat cells displaying polysynapses (Fig. 4a). Most of the Env
signal appeared in a perinuclear region, likely corresponding to
newly synthesized glycoproteins in the Golgi apparatus or the
endosomal/recycling compartment. The cell surface was also
faintly Env positive, with a more intense signal and a colocal-
ization with Gag at sites of intercellular contacts. This sug-
gested that infectious viruses were accumulating at these sites.
HIV budding was then visualized by SEM analysis, combined
with anti-Env immunogold staining. Virus-like particles, dec-
orated with Env-positive dots, were observed at the surface of
infected cells and not in naive cells (see Fig. S2 in the supple-
mental material). In cocultures, numerous Env " particles were
found at the junction zone of donors and recipients (Fig. 4b).

It is noteworthy that SEM also revealed the presence of cells
with long protrusions harboring Env™" viral particles (Fig. 4c).
Therefore, the filopodial-like structures observed by IF (Fig. 1)
likely transport infectious viral particles.

We then used correlative IF-TEM in order to visualize viral
budding and accumulation in polysynapses over a wide range
of magnifications. A typical polysynapse, with a conjugate of
one infected and three target cells, was first identified by IF
(Fig. 5). As expected, Gag proteins were engaged at different
zones of contact. This cluster was examined further by TEM
after serial sectioning (Fig. 5). Three sections, separated by 0.5
to 1 uM (z axis) and corresponding, respectively, to the upper,
middle, and lower regions of the conjugates, are depicted (Fig.
5). Numerous virions, at various stages of the release process,
were detected at the junctions. Immature viral particles, bud-
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ding from the infected cell or accumulating in the extracellular
space, are present. Mature virions, detached from the producer
cell and displaying a characteristic cone shape structure of the
viral core, were detected in intercellular clefts as well as in
zones of close junctions (see another example of a polysynapse
analyzed by TEM in Fig. S3a in the supplemental material).
These viral particles may have either budded locally or been
transported through lateral movements at the plasma mem-
brane. Virions were often bound to targets, strongly suggesting
that they are in the process of entering and/or fusing with these
cells. Interestingly, in some cases, virions were found at the
periphery of the intercellular contacts, whereas the regions of
tight membrane juxtaposition were devoid of viral material
(Fig. 5). This organization may correspond to the rings of Gag
proteins detected by IF and suggests that these rings originate
from a preferential accumulation of virions at the periphery,
rather than in the center of the synapse. In other cases, virions
appear to bud at the contact zone (see Fig. S3a in the supple-
mental material), which is in line with our quantification of the
Gag rings by IF, in about half of the synapses.

Altogether, the combined use of SEM and correlative mi-
croscopy indicates that the Gag and Env signals detected by IF
in polysynapses correspond mostly to viral particles at various
stages of budding, release, extracellular accumulation, and
binding to targets.

Real-time imaging of HIV cell-to-cell transfer. We then as-
sessed in living HIV-infected T cells the localization and traf-
ficking of Gag toward polysynapses. To this end, we used a
fluorescent virus carrying EGFP at the C terminus of the ma-
trix domain of Gag (36). This virus, when coexpressed with
wild-type HIV, remains infectious, albeit with reduced relative
infectivity, and is a convenient tool to study the movements of
HIV Gag proteins in donor cells (27, 36). HIV Gag.eGFP-
infected Jurkat cells were cocultivated with target cells that
expressed red fluorescent protein (RFP)-actin. Images were
acquired every 30 s for up to 1 h. A heterogeneous pattern of
green fluorescence was detected in infected cells, from a dif-
fuse staining (likely corresponding to unassembled Gag pro-
teins) to strong signals at the cell surface (see Movie S2 in the
supplemental material). We observed infected cells associated
with one or more targets, and contacts were rather stable over
the analysis period. In some clusters, polysynapse-like struc-
tures were readily visible, with a concomitant polarization of
Gag toward multiple junctions and fluorescent dots eventually
reaching target cells. Frame-by-frame time-lapse analysis of
one representative sequence (see Movie S2a in the supplemen-
tal material) suggested that Gag proteins were moving at the
plasma membrane to gain access to the junction (Fig. 4d). In
other cases, the Gag signal progressively accumulated at the
contact zone, without previous detectable movement at the
surface (see Movie S2 in the supplemental material). In addi-
tion, Gag spots moving on filopodia-like structures were visi-
ble, whereas in other cells, the surface signal was not engaged
with recipients (see Movie S2 in the supplemental material).
Altogether, real-time analysis confirmed that diverse modes of
Gag movements and transfer occur in infected lymphocytes.
Polysynapses are likely generated by a simultaneous budding of
virions toward the junctions, as well as by a rapid movement of
viral proteins or particles at the cell surface.

In cultures of HIV-infected monocyte-derived DCs mixed
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FIG. 3. Localization of cellular molecules in virological polysynapses. Conjugates between infected cells and targets (blue) were stained with
anti-Gag (red) and with either the GM1 raft marker, anti-CD63, anti-Thy-1, or anti-CD59 MAbs. Representative images of polysynapses from at
least three independent experiments are shown. Right panels are merged images of the left and middle panels.

with lymphocytes, we observed single donors engaged with in other immune cells susceptible to HIV-1 infection. This
multiple targets (see Fig. S3b in the supplemental material). In mechanism of viral spreading thus seems to be quite general.
these clusters, Gag proteins simultaneously accumulated at Regulation of HIV replication and polysynapse formation by

multiple sites of junction. Therefore, polysynapses readily form LFA-1. The contribution of adhesion molecules such as LFA-1
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to HIV replication and cell-to-cell transfer has been broadly
studied, with variable conclusions. It was initially suggested
that LFA-1 is required for syncytium formation but not for
HIV replication (40). However, the conformational state, and
hence the affinity of LFA-1 to its ligand ICAM-1, modulates
susceptibility to HIV infection (9, 15, 51). Some recent reports
demonstrated that the adhesion molecules LFA-1, ICAM-1,
and ICAM-3 facilitate VS formation between T cells (2, 23),
although viral transfer may occur even in the absence of LFA-1
(42). We thus assessed the impact of LFA-1 on HIV replica-
tion and polysynapse formation.

To this end, we used JB2.7 cells, a Jurkat derivative lacking
LFA-1 due to the absence of the « chain (CD11a), and JB2.7-
LFA-1" cells, in which expression of the integrin was restored
by transfection (15). Both cell lines expressed similar levels of
CD4 and CXCR4 coreceptors (not shown). Cells were infected
at two multiplicities of infection (MOI) and HIV replication
was assessed by measuring the appearance of Gag™ cells over
time. As previously reported (15), viral replication was delayed
in JB2.7 cells compared to that in JB2.7-LFA-1" cells (Fig. 6a).
This impairment was more visible at a low MOI. In four inde-
pendent experiments, in cells expressing the integrin, the per-
centage of Gag™ cells, at days 6 to 10 postinfection, was two- to
threefold higher than those measured in LFA-1-deficient cells
(Fig. 6a).

We then investigated the impact of LFA-1 on cell-to-cell
HIV transfer using a quantitative flow cytometry-based assay
(48). HIV-infected JB2.7 and JB2.7-LFA-1" cells (25% Gag™
cells in both cell types) were used as donors and incubated with
CFSE-stained wild-type Jurkat recipients. Viral infection was
then followed by measuring Gag levels in targets at different
times (Fig. 6b). As expected, LFA-1" cells efficiently transmit-
ted HIV to targets, with about 25% and 35% of Gag™ cells at
24 h and 48 h post-coculture, respectively. LFA-1-deficient
cells less potently transmitted HIV, with about 10% and 20%
Gag™ cells at 24 h and 48 h of coculture (Fig. 6b). In three
independent experiments, there was a 40% decrease in the
efficiency of viral transfer from LFA-1-defective cells (Fig. 6b).

We next asked whether LFA-1 impacts the engagement of
Gag proteins at junctions between donors and recipients. HIV-
infected JB2.7 and JB2.7-LFA-17 cells were incubated for 1 h
with Far Red dye-labeled Jurkat recipients, and single and
multiple conjugates with Gag polarization were scored. Inter-
estingly, in the absence of the integrin, the Gag staining was
less clustered at cell interfaces. There was a 60% decrease in
the number of cells displaying Gag polarization and engaged in
either single or multiple conjugates (Fig. 6c). Altogether, these
data show that the absence of LFA-1 impairs HIV replication,
cell-to-cell transfer, and formation of single VS and polysyn-
apses.
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Visualization of clusters of SIV-infected cells in vivo. We
then examined interactions between SIV-producing (SIV
RNA™) cells in macaque tissues, at the acute phase of infec-
tion (day 12 post-vaginal inoculation), using a sensitive in situ
hybridization method (54) that enables visualization of SIV
RNA both in cells and virions produced by these cells. We
observed, both in the ectocervical submucosa (Fig. 7a) and in
the T-cell zone of an axillary lymph node (Fig. 7b), not only the
previously described individual small and large “resting” and
activated infected CD4™" T cells (54) but also small clusters of
two to four infected cells in cervix, and in lymph node large
clusters of as many as 12 SIV RNA™ cells. These in vivo
experiments do not allow us to conclusively determine whether
the clustering is due to multiple rounds of monosynapses or to
polysynapses. Therefore, these clusters in snapshots of infec-
tion do not formally prove that polysynapses are operative in
the infected host but strongly suggest that one infected cell
may simultaneously transmit the infection to multiple targets.

DISCUSSION

Here, we provide a global view of the diverse modes of HIV
cell-to-cell transfer. Quantitative analysis indicated that single
synapses, polysynapses, and thin membrane protrusions medi-
ate viral spread in lymphocytes. Close interactions between
infected and target cells, leading to a polarization of HIV Gag
proteins at the contact zone, were frequently observed (25%
and 15 to 20% of infected cells engaged in single and polysyn-
apses, respectively). Filopodial bridges (46) and nanotube-like
structures (50) transporting HIV-1 material were less frequent
(<10% of infected cells), at least in our experimental setting,
but may promote viral transfer to targets that are not in the
immediate vicinity of infected cells. We show that HIV (in part
through Env expression) manipulates cell-cell interactions and
enhances these three types of contacts.

We identified a mechanism by which HIV-1 spreads in cul-
tures from one infected cell to multiple (two to six) recipients,
through polysynapses. These rosette-like structures, displaying
multifocal Gag accumulation, were observed in infected lym-
phocytes and DCs. That Env-expressing cells can enter in con-
tact with several cells was not unexpected. Images illustrating
these multiple contacts appear sometimes in the literature (46,
50), but this phenomenon has not been the subject of a de-
tailed investigation. The classical VS, initially described for
HTLV-1 (20), corresponds to a single donor engaging a single
recipient, with a polarization of the MTOC and viral budding
toward the site of contact. Obviously, this model cannot apply
to HIV polysynapses, which require a more flexible mode of
formation. Rather, because GM1, as well as CD63, Thy-1, and
CD59 frequently colocalized with HIV-1 Gag at the sites of

FIG. 4. HIV budding and accumulation at the sites of cell-cell connections. (a) Localization of Gag (red) and Env (green) viral proteins in
virological polysynapses, analyzed as described in the legend to Fig. 1. (b and ¢) SEM views of HIV-infected Jurkat cells (b) or primary CD4 " cells
(c) mixed with uninfected cells for 1 h. HIV-1 virions are stained with anti-Env MADb coupled to gold particles (appearing as white dots).
Representative images of polysynapses (b) and of long cellular protrusions carrying Env* virus-like particles (c) are depicted. The regions pointed
at by arrows in the left panels are magnified in the right boxes. In panel c, the inserts illustrate a virus-like particle (upper panel), with a compact
Env signal (lower panel). (d) Real-time imaging of Gag movements toward two targets. The infected cell (green) carries an HIV Gag.eGFP virus.
The two target cells are stained in red (left panel). Gag movements are analyzed at the indicated time points. Images are snapshots from Movie
S2 in the supplemental material. The arrows indicate zones of intercellular contacts.
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FIG. 5. Analysis of polysynapses by correlative IF-TEM. HIV-1-infected Jurkat cells were mixed with Far Red dye-labeled Jurkat recipients
(blue) for 1 h and stained for HIV-1 Gag (green) and F-actin (red). Samples were placed on a grid with a coordinate system to locate the regions
of interest. In the upper left panel, a conjugate formed between one infected cell (IC) and three target cells (labeled A, B, and C) is visualized
by confocal microscopy. Samples were then sectioned, and the same conjugate was analyzed by TEM. Three sections, at 0.5 to 1-um intervals (z
axis), are depicted on the three lower left panels. They correspond approximately to the upper, middle, and lower regions of the conjugate. Various
magnifications of the intercellular contact zones are depicted in the right panels. The scale bar represents 5 wm.
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FIG. 6. Role of LFA-1 during HIV replication and cell-to-cell transfer. (a) HIV replication is impaired in LFA-1-defective Jurkat cells. Cells
of the Jurkat derivative JB2.7 (which lacks LFA-1) and JB2.7-LFA-17 cells were exposed to HIV (NL4-3 strain), at either a low (5 ng/10° cells/ml)
or high (50 ng/10° cells/ml) MOL. Viral replication was followed by measuring the percentage of Gag™ cells by flow cytometry at the indicated days
postinfection (p.i.). A representative experiment is shown in the left panel. The mean * standard deviation of three independent experiments is
depicted in the right panel, with 100% corresponding to values obtained in JB2.7-LFA1™ cells at the peak at all MOIs. (b) HIV cell-to-cell transfer
analyzed by flow cytometry. Productively HIV-infected JB2.7-LFA1" and JB2.7 cells (about 25% Gag"') were cocultivated with target CFSE*
Jurkat cells at a 1/10 ratio. The percentage of Gag* cells among targets (CFSE™) is shown at the indicated times of coculture. A representative
experiment is shown on the left. The mean * standard deviation of four independent experiments (16-h time point, with the donor/recipient ratio
varying from 1/3 to 1/10) is depicted in the right panel, with 100% corresponding to values obtained in JB2.7-LFA1™ cells. (¢) Formation of single
VS and polysynapses. Productively HIV-infected JB2.7-LFA1" and JB2.7 cells (about 25 to 40% Gag™) were cocultivated for 1 h with the target
Far Red dye-labeled Jurkat cells. Single and multiple conjugates displaying Gag clustering at the junction zone with targets were scored. Data are
means *+ standard deviations of four independent experiments, with 100% corresponding to values obtained in JB2.7-LFA1™" cells (with totals of
535 JB2.7-LFA1" and 592 JB2.7-infected cells analyzed).

contacts, it is likely that the multifocal capping of assembled or
budding virions required for polysynapse formation is pro-
moted by tetraspanins and plasma membrane mobility via lipid
rafts. Released HIV-1 particles incorporate various cellular
molecules, including GM1, Thy-1, and CD59 (38), implicating
rafts as platforms of HIV budding (30, 31, 39). Our results
extend these observations and highlight a major role for rafts
in polysynapse formation. The involvement of lipid rafts was
further supported by our observation that cholesterol deple-

tion of infected cells with B-methyl-cyclodextrin strongly inhib-
ited both cell contacts and Gag polarization in polysynapses
(not shown). Actin and microtubules are also likely involved in
transporting Gag proteins toward the plasma membrane or in
movement of surface viral proteins or particles toward polysyn-
apses, because nocodazole, cytochalasin D, and latrunculin B
inhibited polysynapse formation. It is well documented that
retroviruses have evolved means to hijack actin as well as
microtubule skeletal networks to traffic (8, 37). Whether the
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FIG. 7. Detection of clusters of infected cells in macaque tissues 12 days after vaginal inoculation of SIV. SIV RNA was detected by in situ
hybridization and tyramide signal amplification with subsequent staining with fluorescent ELF (enzyme-labeled fluorescence; yellow signal) or
DAB (3,3'-diaminobenzidine; brown signal) substrates. (a) Analysis of the ectocervix. (Upper left panel) Hybridization with a sense probe as a
negative control; (upper right panel), antisense probe, detection of SIV RNA™" large activated and smaller “resting” CD4 T cells, and clusters of
infected cells (one such cluster is enclosed by rectangle). At higher magnification (lower panels), the clusters consist of two to six SIV RNA™ cells.
(b) Analysis of an axillary lymph node. The follicle and T-cell zone (TZ) are indicated on the left panel. Clusters of infected cells in the TZ are
encircled. (Right panel) Clusters at higher magnification.

cytoskeleton provides concomitant routes of HIV transport to imaging strongly suggests that the multiple viral transfer zones
various regions of the surface or oscillates toward the different of polysynapses can be formed simultaneously, rather than one
target cells will require further investigation. However, our after another.

combined use of IF, correlative microscopy, and time-lapse In the immune synapse formed between one cytotoxic T
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lymphocyte (CTL) and its target, the MTOC is drawn vecto-
rially to the contact site by a microtubule sliding mechanism
and then oscillates laterally (29). Thus, highly dynamic move-
ments of the cytoskeleton likely promote formation of virolog-
ical polysynapses. Assembly of individual virions at the plasma
membrane is a rapid phenomenon (5 min) (27). A fast viral
assembly may be instrumental for polysynapse formation.

It is noteworthy that we report here a supramolecular struc-
ture of Gag proteins which accumulate in a ring-shaped zone at
the junctions. This structure was observed in VS as well as in
polysynapses and resembles the pSMAC of adhesion mole-
cules in the immune synapse (6, 29). We report here that
LFA-1, an integrin previously known to facilitate HIV replica-
tion, also enhances cell-to-cell viral transfer and formation of
single synapses and polysynapses. Whether other adhesion
molecules, like ICAM-1 (52), and whether the recently de-
scribed HIV-1 Env-a4f7 integrin interaction (2) stabilize Gag
rings and polysynapses remain to be determined. It will be also
worth examining the role of viral accessory proteins (32) as
well as that of the MVB-associated HIV budding machinery
(35) in formation of Gag rings and polysynapses. Interestingly,
a central clustering of Env was documented, in a situation
where this viral protein is situated in planar bilayers that con-
tact uninfected T cells (52). Furthermore, quantitative 3D
videomicroscopy revealed the formation of micrometer-sized
“buttons” of Gag at the junction zones of infected Jurkat cells
and primary CD4 T cells (18). The links that may exist between
the topology of Env proteins and of Gag rings and/or buttons
will deserve further investigation.

Viruses exploit the normal physiology of cells to spread. The
identification of virological polysynapses suggests that immune
cells may simultaneously exchange signals and information
with multiple adjacent cells. Examples of such functional mul-
tiple contacts are scarce. For instance, CD4 T cells can inte-
grate signals from multiple antigen-presenting cells simulta-
neously (4), whereas cytotoxic T lymphocytes polarize lytic
granules toward different cells and may kill more than one
target at a time (19, 29, 53). Polysynapses likely represent an
underestimated mode of communication in immune cells, and
it will be of interest to investigate the role of signaling events
(48) in the establishment of virological polysynapses.

In lymphoid and mucosal tissues, a high cell density and a
low speed of lymphocytes (10 wm/min) allow multiple encoun-
ters between cells. That clusters of infected cells are detected
in such tissues suggests that virological polysynapses are bio-
logically relevant. Polysynapses could play a critical role in the
exponential explosive propagation that characterizes the acute
phase of infection (14, 16). It is also tempting to speculate that
polysynapses, by enhancing locally the MOI, provide a means
for HIV and other viruses to escape innate, intrinsic, and
adaptative immune responses (32).
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