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Cell-to-cell viral transmission facilitates the propagation of HIV-1 and human T cell leukemia virus type 1. Mecha-
nisms of cell-to-cell transmission by retroviruses were not well understood until the recent description of virological
synapses (VSs). VSs function as specialized sites of immune cell-to-cell contact that direct virus infection. Decipher-
ing the molecular mechanisms of VS formation provides a fascinating insight into how pathogens subvertimmune

cell communication programs and achieve viral spread.

In order for HIV-1 to gain a foothold within an uninfected host,
small amounts of cell-free or cell-associated virus have to efficient-
ly infect target cells at, or proximal to, the portal of entry into the
body and subsequently disseminate throughout susceptible tis-
sues. Three mechanisms of viral spread have been described for
HIV-1 (Figure 1). The first, the “classical” route of entry, is charac-
terized by the binding of cell-free virions to a permissive host cell
via various potential receptor interactions, followed by entry into
the cytoplasm by fusion and subsequent steps in the replicative
process (1-3). Second, cells such as DCs can capture virus via viral
binding to C-type lectins or other cell-surface receptors, without
necessarily becoming infected, and re-present infectious virus to a
permissive target cell (a process known as infection in trans [4-8]).
Third, an HIV-1-infected cell can infect a second cell without the
requirement for release of cell-free virions into the surrounding
extracellular milieu, which represents viral propagation through
direct cell-to-cell transmission.

Cell-to cell transmission favors HIV-1 replication because it
obviates the rate-limiting step of virus diffusion prior to attach-
ment and might reduce or prevent viral neutralization by anti-
bodies and complement (ref. 9 and Q. Sattentau, unpublished
observations). This mode of viral propagation is less well under-
stood than cell-free virus infection. However, the recent descrip-
tion of virological synapses (VSs) that form between cells infected,
or pulsed but remaining uninfected, with HIV-1 (known as effec-
tor cells) and uninfected, receptor-expressing target cells finally
suggests a mechanism for cell-to-cell viral transmission (10-13).
Since the movement of viruses and other intracellular pathogens
into and between cells is generally well documented (reviewed in
refs. 14-16), here we will restrict ourselves to discussing direct
cell-to-cell transfer of retroviruses between cells of the immune
system by the use of a VS.

Neural, immunological, and virological synapses

The word synapse is derived from Greek, meaning “point of con-
tact” (syn: with; aptein: to join), and the term is widely used in the
biomedical literature: the neural synapse, the immunological syn-
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apse (IS) (17, 18), and now the VS (10). The neural synapse was
first described as a distinct organizational entity for intracellular
signaling over 100 years ago and consists of points of contiguity
between neurons across which information (via neurotransmit-
ters) is relayed. Stability between the interacting neurons is estab-
lished and maintained by an adhesion molecule scaffold, com-
posed mainly of cadherins (18).

The recognition of a structured molecular architecture at the
interface between T cells and APCs, which was subsequently termed
the IS, was first documented 20 years ago (19, 20). The use of the
term IS was later generalized to include all intercellular junctions
that provide a stable environment for a variety of immunologi-
cal events such as signaling via receptor engagement and directed
secretion of cytokines, lytic granules, and other mediators. Unlike
the neural synapse, the IS must rapidly assemble and disassemble
between cells that are moving within and between tissues in order
to allow these required immunological events to occur. For exam-
ple, a single effector cell may assemble and disassemble ISs with
multiple target cells in a rapid sequence, as has been observed, for
example, during CTL-mediated killing (21).

The VS satisfies the minimal criteria for justifying the use of the
term synapse. First, cells contact each other but remain individual
entities (i.e., unfused). Second, a stable adhesive junction forms
between the two cells. Third, the secretion of viral material from
the pre- to post-synaptic side of this junction is directed across the
synapse by cellular machinery, which in the case of the VS involves
the transfer of viral material, including the genome, from the effec-
tor cell to the target cell.

Virological synapses: the mystery of cell-to-cell
retroviral transmission solved?
Although the cell-to-cell spread of viruses has been documented
for many years (14, 22-25), the first detailed description of a VS
was only recently reported for the transmission of human T cell
leukemia virus type 1 (HTLV-1). The cell-free form of HTLV-1 is
very inefficient at infecting T cells and is spread between, and with-
in, individuals by cell-to-cell transfer from infected T lymphocytes
(26). A longstanding unsolved mystery in HTLV-1 pathogenesis
was why CD4* T cells were the principal target cell type in vivo,
when the receptor for HTLV-1 entry was expressed essentially
ubiquitously on mammalian cells. Elucidation of the mechanisms
by which cell-to-cell HTLV-1 dissemination occurs has shed light
on questions such as this, allowing a significant step forward in
our understanding of retroviral pathogenesis (10).

In the case of HIV-1 infection, 2 types of VSs have been recently
described: DC-T cell (11, 13) and T cell-T cell (12). It is likely how-
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ever that viral transmission via the VS is not restricted to HTLV-1
and HIV-1 but is used by other intracellular viral pathogens in
order to propagate. For instance, some preliminary evidence sug-
gests that the formation of a VS might mediate the spread of the
SARS coronavirus (SARS-CoV), since a SARS-CoV-pseudotyped
lentiviral vector was shown to be transferred from DCs to target
cells through a structure analogous to the HIV-1 VS (27). Other
viruses that can infect or enter APCs may use similar strategies to
hide from immune recognition and to facilitate their spread to
permissive target cells.

The VS in early HIV-1 infection: a role for the DC

There are 3 model systems in which VSs have been described with
regard to the sexual transmission of HIV-1. In the first system, the
presynaptic cell is a DC or other APC that captures and internal-
izes incoming cell-free virions at the mucosa via interaction between
cell-surface lectins (such as DC-SIGN) and the HIV-1 envelope
glycoprotein, Env (Figure 2). The postsynaptic cell type studied in
most detail to date is the CD4* T cell (11), but VS assembly and
function may not be limited to this target cell type in that any cell
expressing the appropriate receptors may theoretically be infected
via VS formation. The second model concerns the introduction
of an infected T cell into the mucosa of an uninfected individual
and subsequent spread from this T cell to another permissive cell
type. Thus, using in vitro culture systems, HIV-1 has been shown to
be transmitted directly from infected T cells to macrophages and,
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Figure 1

Three mechanisms of HIV propagation. (A) Cell-
free viral transmission. The classical route of
viral propagation occurs via the binding of cell-
free virions to a permissive host cell via CD4
and viral coreceptors (CCR5 or CXCR4), fol-
lowed by viral entry into the cytoplasm by fusion
and subsequent viral replication. (B) DC-T cell
viral transmission. In the mucosal epithelia, DCs
capture HIV virions via viral binding to C-type
lectin—related (CLR) molecules or other cell-sur-
face receptors, without necessarily becoming
infected, and re-present infectious virus to CD4+
T cells after migration to the lymph nodes. (C) T
cell-T cell viral transmission. An HIV-1—infected
CD4+T cell infects a second CD4+ T cell without
the requirement for release of cell-free virions
into the surrounding extracellular milieu, which
represents viral propagation through direct cell-
to-cell transmission.

intriguingly, to epithelial cells carrying HIV
receptors alternative to CD4, such as galactosyl
ceramide. However, whether cell-to-cell infec-
tion of epithelial cells by HIV-1 has any in vivo
relevance remains to be seen (reviewed in refs.
28,29). Finally, a related phenomenon has been
described in which an infected T cell engages
an epithelial cell, and virus is transcytosed
across the epithelial cell into the underlying
subepithelial tissue without the epithelial cell
becoming infected (30, 31). Whether virus-
induced T cell-epithelial cell synapses are relat-
ed to, or distinct from, VSs formed between
immune cells remains to be seen.

The importance of cell-to-cell virus transfer through the VS is
unlikely to be restricted to the sexual transmission of HIV-1 and
may well play a more general role in viral replication and dissemi-
nation. Formation of the VS has been observed in vitro between
uninfected T cells and T cells infected with both HIV-1 (12) and
HTLV-1 (10) and may help to explain the rapid dissemination of
these viruses within secondary lymphoid tissues in vivo. We will
review here known examples of VS formation, describe the poten-
tial relationship between the VS and the IS, and discuss the impor-
tance of VS assembly and function to HIV-1 pathogenesis in vivo.

The term DC encompasses several cellular subpopulations such as
Langerhans cells (LCs) and myeloid dermal DCs. DCs and LCs prob-
ably play an important role during the early events of HIV-1 infection,
most notably during sexual transmission (28,29, 32-34). DCs reside
in the skin and mucosal tissues in a resting, immature state until they
encounter pathogen-associated antigens. Upon exposure to a vari-
ety of stimuli, including bacterial products (35), TNF family ligands
(36, 37), and double-stranded (38) or single-stranded RNA (39),
DCs become activated and differentiate into mature APCs (40-42).
This maturation is closely linked to the migration of DCs from
peripheral tissues to secondary lymphoid organs. Within lymphoid
tissue, antigen-activated LCs and DCs interact with antigen-specif-
ic T cells to initiate immune responses (43-47). HIV-1 infects LCs
and other types of myeloid DCs both in vivo and in vitro (48-51),
although inefficiently compared with HIV-1 infection of CD4" T
cells. In addition to allowing a low level of viral replication, DCs can
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During DC-T cell viral transmission, rapid viral recycling to the DC-T
cell zone of contact is observed. (A and B) HIV-1 is captured by C-type
lectins (e.g., DC-SIGN) or other receptors and is internalized inside the
DC. HIV-1 accumulates in intracellular compartments in DCs. (C and
D) Upon encountering a CD4+ T cell, HIV-1 is rapidly redistributed from
intracellular compartments to the zone of contact (the VS) between
the DC and the CD4+ T cell. This leads to infection of the CD4+ T cell
in trans and massive viral replication in DC-T cell clusters. Blue: DC
nuclei; green: cytoplasm; orange: HIV-1 virions.

capture HIV-1 in an infectious form, without necessarily becom-
ing infected themselves, and transfer viral material to CD4* T cells,
which results in vigorous infection (refs. 13, 52, and reviewed in refs.
29, 32, and 53). In immature DC subtypes, the C-type lectin DC-
SIGN (also known as CD209) is highly expressed and is the prin-
cipal molecule mediating HIV-1 attachment and transfer to T cells
in trans (4, 54). Other subsets of DCs, such as LCs, do not express
detectable levels of DC-SIGN but are nevertheless able to capture
and transfer HIV-1 infection via binding to other lectins such as the
mannose receptor and langerin (6-8). In addition, adhesion mol-
ecules on DCs can recognize their cognate ligands (such as ICAM-1),
which are incorporated into the membranes of HIV-1 virions during
budding from infected cells (55). To date, DC-SIGN has been shown
to function as an attachment factor for HIV-1, HIV-2, simian immu-
nodeficiency virus (56, 57), CMV (58), Dengue virus (59), Ebola virus
(60), and SARS-CoV (27).

Interestingly, HIV-1 taken up via DC-SIGN remains infectious for
prolonged periods of time (4). Although professional APCs such as
DCs are rich in degradative compartments that are important in
antigen processing, and some degradation of HIV-1 occurs, DCs
appear unable to completely digest this virus (13, 61, 62). Instead,
DCs retain a population of infectious virus in an as-yet-unidentified
intracellular compartment. DC-SIGN is an ICAM-3 receptor with
a cytoplasmic domain containing well-defined endocytosis motifs
(63). Not surprisingly therefore, HIV-1 bound to DC-SIGN has
been shown to traffic through nonlysosomal endosomal compart-
ments (61), some of which may have similarities to late endosomes

The Journal of Clinical Investigation

htep://www.jci.org

review

(V. Piguet, unpublished observations). This helps to explain why
trypsin treatment of HIV-1-exposed DCs does not decrease the
efficiency of DC-mediated virus transmission to T cells (64). In
macrophages, HIV-1 buds into late endosomes using machinery
implicated in the biogenesis of multivesicular bodies (mamma-
lian class E vacuolar protein sorting proteins) and is subsequently
released from cells by exocytosis (65-68). Whether HIV-1 traffick-
ing within DCs intersects the same pathways is unknown. However,
as mentioned above, both HIV-1-infected DCs and uninfected DCs
carrying captured virus transmit robust infection to cocultured
CD4" T cells, although the relative contribution of each mode of
transfer to T cells remains to be quantified (8, 52, 69, 70). In conclu-
sion, therefore, DC-T cell interactions, critical to the generation of
immune responses, also provide rich microenvironments for HIV-1
dissemination and amplification of virus replication.

Aspects of the molecular basis of this phenomenon can be
explained by the recent characterization of a VS that assembles
between DCs carrying fluorescently tagged HIV-1 and uninfected
CD4" T cells (11). In this model system, DCs are not infected,
and this type of synapse has been termed an infectious synapse
(refs. 11, 13; Figure 2). This is clearly different from VSs formed
between uninfected and infected immune cells, but for consistency
throughout the present article, we will use the term VS for all syn-
apses in which the effector cell, DC or T cell, is either infected or
pulsed with virus. VS assembly is probably initiated by a normal
cellular process in which DCs form transient contacts with T cells
without the requirement for antigen specificity: this is proposed
to be a kind of “scanning” by a T cell to enable potential recogni-
tion of a cognate peptide presented by the APC (71). In conjugates
such as this, in which the DC has been pulsed with HIV-1, virions
concentrate at the contact surface with the T cell, while the HIV-1
receptors CD4 and CC chemokine receptor 5 (CCRS) appear to be
partially enriched on the T cell at the site of contact with the DC (ref.
11; Figure 2, C and D). The receptor recruitment and virus focusing
occurring at the synapse therefore explain, at least in part, why DC
transmission of HIV-1 to T cells is such an efficient process.

Much remains to be elucidated with regard to the DC-T cell
VS. First, is sexual transmission truly facilitated by VS formation?
To date, VS formation has been described mainly in DC-T cell
conjugates: specifically between myeloid dermal DCs and T cells
facilitating the transfer of nonreplicating HIV-1/SIV (refs. 11, 13;
Figure 1). However, viral uptake and replication by LCs (in addi-
tion to myeloid DCs) occurs during HIV-1 sexual transmission,
particularly for HIV-1 strains that bind to CCRS, since this is the
predominant transmitted strain (72, 73). Whether HIV-1 transmis-
sion to T cells by LCs requires the formation of a VS is unknown.
Second, what is the molecular basis of DC VS assembly? In this
respect, there is a lack of studies on the selective interference of
interactions occurring within the DC-T cell VS using for example:
(a) receptor-blocking antibodies; (b) inhibitors of receptor func-
tion, cytoskeletal rearrangement, and signaling; or (c) RNA inter-
ference of receptor expression. Third, in which compartment is
HIV-1 stored following uptake by DC-SIGN, and what prevents, at
least in part, loss of viral infectivity in this compartment? Fourth,
what triggers movement of the virus-containing compartment to
the VS? It is clear that the DC-T cell VS has currently only been
demonstrated in an in vitro model and is currently somewhat
limited both in molecular detail and potential in vivo relevance.
Although it would be premature to conclude that VS formation is
necessary for dissemination and amplification of HIV-1 during the
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early stages of infection, the elucidation of these and other ques-
tions will no doubt enrich the fields of virology, cell biology, and
immunology for some years to come.

T cell-T cell synapses and retroviral replication

That HIV-1-infected T cells could rapidly polarize viral receptors
on uninfected T cells following cell-cell contact was established
some time ago (74-76), but the molecular details were not well
understood. We now know that interaction of the HIV-1 Env pro-
tein on an effector cell, with CD4 and CXC chemokine receptor
4 (CXCR4) expressed on naive T cells, is necessary (but perhaps
not sufficient) to activate actin-dependent recruitment of the viral
receptors and lymphocyte function-associated antigen 1 (LFA-1)
into a supramolecular cluster at the site of cell-cell contact. Actin-
mediated movement of receptors appears to require both disas-
sembly and reassembly of F-actin and motor protein-mediated
gliding of actin filaments, as demonstrated by the use of inhibi-
tors of these two processes (12). Although the molecular signaling
cascades implicated in the formation of the T cell VS have not been
elucidated for either the HIV-1 or the HTLV-1 VS, Env-receptor
engagement appears central to this process, since the inhibition of
these interactions at the HIV-1 VS pre-
vents its assembly (12). Intrinsic to the
definition of a synapse is that a stable
adhesive junction forms between the
T cells. Although this is only inferred
from the clustering of LFA-1 and its
actin-anchor protein, talin, at the site
of cell-cell contact, and functional
studies have not yet been carried out,
it seems probable that LFA-1 is ligated
by ICAMs on the opposing cell, thus
clamping the two cells together (10-
12). Electron microscopic analysis of
VS junctions shows discrete regions
of tightly opposed membrane, remi-
niscent of adhesive patches of plasma
membrane in the IS (21), which are
most likely formed by the interaction
of adhesion molecules.

Secretion at the VS takes the form
of virus transfer from the presynaptic
to the postsynaptic cell. A tantalizing
observation probably relevant to this
event is the reorientation of the micro-
tubule-organizing center (MTOC) in
the infected cell proximal to the site

Virus or
Gag-RNA

Talin and
LFA-1

MTOC

Synaptic
junction

ICAM-1

ICAM-1

Figure 3

A The virological (T cell) synapse

the lymphocyte secretion machinery to send virus to the site of cel-
lular contact in a manner analogous to directed cytotoxic granule
secretion at the CTL IS (21, 78). The movement of HIV-1 across the
VS then appears to take place by viral budding at or near the site
of cell-cell contact followed, most likely, by virion fusion with the
target cell plasma membrane (12) (Figure 2).

Potential relationships between ISs and VSs

ISs between CTLs and their target cells (78-80), NK cells and their
target cells (81, 82), and T and B cells (17) have been described.
It is unclear at present how closely the VS is related to the IS and
whether retroviruses simply harness cellular machinery that pre-
exists for IS assembly for their own benefit or extensively modify
other cellular programs in a more sophisticated manner. Answer-
ing this question is complicated by the fact that at least two types
of IS have been proposed to occur between DCs and T cells: anti-
gen dependent and antigen independent (71, 83-86). The initial
adhesion interactions that allow T cells to attach to other cells of
the immune system prior to any specific antigen interaction may
be shared by the IS and VS, since, for example, uninfected T cells
will form transient conjugates with other uninfected T cells (12).

B The immunological (CTL) synapse
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of cell-cell contact (ref. 10 and Q. Sat-
tentau, unpublished observations).
This suggests that microtubules may
be implicated in VS function, a con-
cept supported by the finding that
nocodazole, an inhibitor of micro-
tubule polymerization, prevents VS
assembly and viral transfer (ref. 10 and
Q. Sattentau, unpublished observa-
tions). Such a result is consistent with
the reported use by HIV-1 of microtu-
bules for intracellular transport (77).
Thus HIV-1 and HTLV-1 may “hijack”
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Similarities between the T cell-T cell VS and IS. The upper images of A and B show stylized features
of synapses formed between T cells in the VS (A) and the IS (B). The VS schematic (A) is based on
a composite of known features of the HIV-1 and HTLV-1 T cell VSs and highlights features in com-
mon with, and divergent from, the IS. Within the VS, Env ligates CD4 and CXCR4 in the target cell
and ICAM-1 engages LFA-1 in the target cell. Gag associated with the viral genome present within
the effector cell is recruited along microtubules to the site of cell-cell contact and moves across
the central zone of the synapse into the target cell. In the target cell, LFA-1-talin complexes and
CD4 and CXCR4 are recruited in an actin-dependent manner to the VS. In the IS (B), LFA-1—talin
complexes form the pSMAC, whereas the T cell receptor (TCR) is recruited to the cSMAC, into
which cytotoxic granules are secreted in a microtubule-dependent manner. In the target cell, ICAM-1
engages LFA-1 and peptide—-MHC-I complexes ligate the TCR of the effector cell. The lower parts
of both panels illustrate a simplified schematic of the molecular arrangements present in the VS (A)
and IS (B). The VS is shown in its partially disordered form with Env-receptor complexes interspersed
with ligated adhesion molecules.
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Subsequent steps differ, however, at least in T cell-T cell VS assem-
bly, since neither the HIV-1- nor the HTLV-1-induced VS appear
to rely on T cell receptor engagement by cognate MHC-peptide
complexes on the effector cell, and there is no evidence for CD3
enrichment in the HIV-1 VS (12). Recognition of cognate MHC-
peptide complexes leads to stabilization of the IS by formation
of an integrin-containing peripheral supramolecular activation
cluster (pSMAC), recruitment of additional T cell receptor mol-
ecules and PKC-0 into the central SMAC (cSMAC), and trigger-
ing of signaling events initiated by tyrosine phosphorylation and
calcium flux (reviewed in refs. 84, 85; Figure 3). In the pSMAC,
talin anchors LFA-1 into an adhesive “gasket” that engages with
ICAMs on the effector cell. In the cSMAC, receptors are ligated,
and soluble mediators are secreted across the synaptic cleft (21).
This highly structured ringlike arrangement of the IS is absent
in the HIV-1-induced T cell-T cell VS but may be at least par-
tially present in the HTLV-1 VS. A talin ring has been observed
in a percentage of HTLV-1 VSs with viral Gag protein localized
in the central space, which suggests that virus may transfer, by an
unknown mechanism, across a synaptic cleft depleted of adhesion
interactions. A related observation is that, as described above, the
MTOC realigns proximal to the site of cell-cell contact in the effec-
tor cell in both the IS and the HTLV-1- and HIV-1-induced VSs
(ref. 10 and Q. Sattentau, unpublished observations). MTOC (and
Golgi) orientation toward the synapse is an indication of directed
secretion in the IS and may explain how viral Gag moves to the
intercellular junction in the VS.

The rearrangement of the receptors CD3, CD4, and LFA-1 in
the IS and CD4, CXCR4, and LFA-1 in the T cell VS is depen-
dent upon actin remodeling. Similarly, inhibitors of microtu-
bule function interfere with MTOC reorientation and the effec-
tor cell secretory apparatus in both types of synapse (10, 12):
disabling tubulin remodeling prevents Gag polarization to the
VS and its subsequent transfer into the target cell (ref. 10 and Q.
Sattentau, unpublished observations).

In the HIV-1-induced T cell-T cell VS, the engagement of recep-
tors (CD4 and CXCR4) on the target cell by viral Env on the effector
cell is central to VS assembly (Figure 1C), but signaling by integrins
such as LFA-1 and other cell-surface receptors cannot be ruled out.

review

At present, the molecular details of how VS formation is triggered
and the VS assembled remain to be elucidated, as does the process
activating directed Gag targeting to the synaptic junction. There
are clear similarities and differences between the IS and the VS,
and likewise similarities and differences among the different VSs
(e.g., HIV-1 and HTLV-1 T cell-T cell VSs and HIV-1 DC-T cell VS).
Interestingly, the precise role of the IS in T cell activation is still
being debated: for example it is unclear whether T cell signaling
precedes the IS or takes place as a consequence of IS assembly (87).
By contrast, the role of the VS appears clear: the virus subverts nor-
mal cellular processes in order to allow efficient and stealthy spread
of infection between cells of the immune system.

Conclusions

The identification and partial characterization of the VS provides
a mechanistic explanation for cell-to-cell retroviral infection.
Although this phenomenon has so far been described only for two
retroviruses (HIV-1 and HTLV-1), it is quite likely that other patho-
genic viruses that infect cells of the immune system use related
modes of spread. VSs share some common features with the IS but
also exhibit important differences. Further study will help elucidate
common and divergent pathways in the formation and function of
these different types of cellular synapse and may point toward strat-
egies for intervention in VS function as a novel therapeutic target.
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