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Human immunodeficiency virus type 1 (HIV-1) and human T-lymphotropic virus type 1 (HTLV-1) are complex retroviruses
mainly infecting CD4"* T lymphocytes. In addition, antigen-presenting cells such as dendritic cells (DCs) are targeted in vivo by
both viruses, although to a lesser extent. Interaction of HIV-1 with DCs plays a key role in viral dissemination from the mucosa
to CD4™" T lymphocytes present in lymphoid organs. While similar mechanisms may occur for HTLV-1 as well, most HTLV-1
data were obtained from T-cell studies, and little is known regarding the trafficking of this virus in DCs. We first compared the
efficiency of cell-free versus cell-associated viral sources of both retroviruses at infecting DCs. We showed that both HIV-1 and
HTLV-1 cell-free particles are poorly efficient at productively infecting DCs, except when DC-SIGN has been engaged. Further-
more, while SAMHD-1 accounts for restriction of cell-free HIV-1 infection, it is not involved in HTLV-1 restriction. In addition,
cell-free viruses lead mainly to a nonproductive DC infection, leading to trans-infection of T-cells, a process important for HIV-1

spread but not for that of HTLV-1. Finally, we show that T-DC cell-to-cell transfer implies viral trafficking in vesicles that may
both increase productive infection of DCs (“cis-infection”) and allow viral escape from immune surveillance. Altogether, these
observations allowed us to draw a model of HTLV-1 and HIV-1 trafficking in DCs.

H uman T-lymphotropic virus type 1 (HTLV-1) and human
immunodeficiency virus type 1 (HIV-1) infect 5 to 10 million
(1) and 30 million (2) individuals worldwide, respectively.
HTLV-1 is present in clusters of high endemicity such as in Japan,
intertropical Africa, the Caribbean, and South America (3),
whereas HIV-1 is pandemic. Interestingly, while both viruses in-
fect CD4™ T cells in vivo, the consequences of infection are oppo-
site. After along period of clinical latency, HTLV-1 infection leads
either to adult T-cell leukemia (ATL) (4), an uncontrolled CD4 ™
T lymphocyte proliferation with a very poor prognosis, or to an
inflammatory disorder named HTLV-1-associated myelopathy/
tropical spastic paraparesis (HAM/TSP) in a fraction of infected
individuals (5). On the other hand, HIV-1 is associated with
CD4" T-lymphocyte death and causes AIDS (for a review, see
reference 6).

Interestingly, both viruses also infect antigen-presenting cells
(APCs) to a lesser extent, among which are different subtypes of
dendritic cells (DCs), such as myeloid DCs, monocyte-derived
DCs (MDDCs), and plasmacytoid DCs (pDCs) (7-10). After viral
entry in mucosal tissues during sexual intercourse or breastfeed-
ing (11, 12), DCs can be used as viral carriers, thus allowing the
virus to reach lymphoid organs, where it infects CD4™ T lympho-
cytes (13). Thus, both retroviruses may hijack (i) the ability of DCs
to capture pathogens and (ii) their vesicular traffic pathways in
order to be transmitted to target cells without requiring a produc-
tive viral cycle (i.e., by trans-infection of T cells). trans-infection is
probably the main route of HIV-1 transfer to T cells, since in vitro,
MDDCs are poorly permissive to HIV-1 replication. This is due to
several restriction factors, among which is SAM domain- and HD
domain-containing protein 1 (SAMHD-1) (14) (Fig. 1A), which
depletes cellular deoxynucleoside triphosphates (ANTPs) and pre-
vents HIV-1 reverse transcription (15).

In contrast, SAMHD-1 does not restrict HTLV-1 in monocytes
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in vivo (9, 16, 17), although it does in vitro (18), and also does not
prevent MDDC infection (19). Importantly, cis-infection (i.e.,
productive infection of DCs) seems to be required for HTLV-1
transfer to T cells, in vitro (20) as well as in experimentally infected
macaques (17).

The first step of viral infection relies on envelope binding to
specific receptors, followed by fusion and entry. In the case of
HTLV-1, the gp46 envelope protein successively binds to heparan
sulfate proteoglycans (HSPGs), neuropilin-1 (NRP-1), and
GLUT-1 (21), while HIV-1 gp120 requires CD4 and CXCR4 (or
CCR5). Fusion requires HTLV-1 gp21 and HIV-1 gp41. After re-
verse transcription, the preintegration complex is translocated
into the nucleus, where viral cDNA integrates into the cell genome
(for a review, see reference 22). Later, viral transcription and
translation lead to expression of viral proteins (23, 24). Finally,
viral components eventually assemble and egress as new particles.

This model has been established in CD4" T cells. Except for
binding and reverse transcription, none of these steps has been
investigated in DCs in the case of HTLV-1 infection. Here, we
review the current knowledge on the puzzling HTLV-1 cycle in
DCs and compare it to that of HIV-1. We also discuss how DC
cis-infection and/or trans-infection of T cells may allow viral
transfer to CD4 ™ T cells. We provide a focus on the source of viral
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FIG 1 Cell-free virus entry determines the fate of infection in DCs. Cell-free viruses can use at least 3 nonexclusive pathways to enter DCs. (A) In the absence of
DC-SIGN, viral binding in enriched lipid raft areas could lead to viral membrane fusion at the plasma membrane. Restriction factors in the cytoplasm will prevent
viral replication. (B) In the presence of DC-SIGN in lipid rafts, its interaction with viral glycoproteins leads to signaling (shown as a dashed arrow) favoring the
productive infection. DC-SIGN triggering leads to viral internalization in ill-identified vesicles (VCCs) (see the text for details), in which viral fusion could occur.
(C) If viral capture occurs in the absence of a coreceptor and DC-SIGN, virions are internalized in clathrin-rich endosomes and directed toward degradation.

inoculum, i.e., cell-free particles or cell-associated viruses, and
analyze how these distinct viral sources may drive distinct viral
trafficking modalities in DCs and determine distinct infection
outcomes.

CELL-FREE OR CELL-ASSOCIATED VIRUSES USE SPECIFIC
ENTRY AND TRAFFICKING ROUTES IN IMMATURE DCs AND
DETERMINE THE OUTCOME OF INFECTION

DC infection may occur after capture of cell-free particles present
in fluids or after cell-cell contact with an infected CD4 " T cell (for
reviews, see references 13 and 25). Cell-free HIV-1 infects both T
cells and MDDCs, but infection is more efficient after cell-to-cell
transfer (26, 27). Using mathematical models, Iwami et al. esti-
mated that cell-to-cell transfer of HIV-1 contributes to 60% of
viral infection (28). In contrast, cell-free HTLV-1 is poorly capa-
ble of infecting either CD4" T cells or MDDCs (20, 29, 30). It is
worth noting that cell-free HTLV-1 is extremely rare in vivo. This
may explain why the risk of becoming infected by HTLV-1 with
cell-free blood products is negligible (1).

Most HTLV-1 particles released in the supernatant of infected
cells display an incomplete capsid shell, suggesting a defect in viral
assembly (31). In addition, HTLV-1 particles are unstable, with a
half-life decrease in infectivity of 0.6 h (32). In light of this obser-
vation, one may hypothesize that viral assembly of cell-free
HTLV-1 may not allow production of a significant percentage of
infectious particles, in contrast to viral assembly during cell-to-
cell transmission.

Entering DCs as cell-free virus. Both HIV-1 (co)receptors
(CD4 and CCR5) are expressed at the surface of DCs (33). Simi-
larly, HTLV-1 receptors NRP-1 and GLUT-1 are also both ex-
pressed in MDDCs (34, 35). Binding to CD4 and CCR5 was also
described during cell-free HIV-1 infection of DCs (36). Binding to
HSPGs allows cell-free HTLV-1 docking on the DC membrane
(34). Then, NRP-1/HTLV-1 gp46 interaction occurs in a process
that is partially dependent upon HSPG/HTLV-1 gp46 interaction
(35). The different modes of cell-free particle entry into DCs are
shown in Fig. 1. Besides specific receptors, a number of viruses use
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DC-SIGN (dendritic cell-specific intercellular adhesion molecule-
3-grabbing nonintegrin), a C-type lectin receptor, as an attach-
ment factor (37). DC-SIGN is expressed in all DC subsets, includ-
ing MDDCs, but is absent from T cells. Both HTLV-1 and HIV-1
bind to DC-SIGN (34, 38, 39). DC-SIGN binds the soluble form of
HTLV-1 SU (gp46) (34) but does not interact with the HTLV-1
receptor binding domain (RBD), which is involved in the interac-
tion of HTLV-1 SU with NRP-1 and GLUT-1 (38). Thus, the
molecular basis of DC-SIGN interaction with HTLV-1 remains to
be defined. DC-SIGN ectopic expression in THP-1 cells results in
their productive infection by cell-free HTLV-1 (34). Conversely,
silencing DC-SIGN in MDDCs or neutralizing DC-SIGN with
antibodies prevents HTLV-1 binding and infection (34). Finally,
efficient infection of MDDCs with cell-free virus is dependent
upon the presence of GLUT-1 and DC-SIGN but does not require
HSPG or NRP-1 (34), suggesting that DC-SIGN might be suffi-
cient for HTLV-1 to bind MDDC:s. This could expose the GLUT-1
binding domain present in gp46 and promote viral fusion. These
results illustrate one major difference in receptor requirement be-
tween DC and CD4 ™ T-cell infection. It is worth noting that the
cell-free viruses used in these experiments may have in fact been
biofilm-entrapped viruses rather than true free viral particles (see
“Entering DCs after cell-cell contact” below). Indeed, we have
recently shown that HTLV-1 free particles purified from the su-
pernatant of chronically infected cells are poorly capable of infect-
ing MDCCs, in contrast to purified biofilm (20).

In the HIV-1 model, DC-SIGN binding to gp120 results in
stabilization of the gp120/CD4 complex (36). This contributes to
faster conformational changes in gp120, leading to the formation
and exposition of an helix involved in the binding to CCR5. Thus,
not only does DC-SIGN increase HIV-1 capture at the plasma
membrane, but it also promotes infection through the stabiliza-
tion of the gp120/CD4 complex and subsequent CCR5-dependent
membrane fusion.

In addition to attachment and fusion enhancement, HIV-1
gp120 binding to DC-SIGN induces signal transduction leading to
Rafl activation, phosphorylation of p65/RelA, and recruitment of

September 2016 Volume 90 Number 17


http://jvi.asm.org

Minireview

Donor cell

©SSS Viral receptor (CD4 or NRP-1) 1.

@@

7z
(CCRS5; CXCR4

or Glut-1)

g,

Target cell

Env/receptor and ICAM/LFA interactions

N

. MTOC polarization
Plasma membrane assembly
and/or
Polarized secretion of vesicles

. Polarized budding/release

4. Polarized capture
O | 5. Internalization before fusion
o 6. Gag maturation and pH independent fusion
Productive
infection

_

FIG 2 Infection after cell-cell contact: the viral synapse. The viral synapse is characterized by an intimate contact between the infected donor cell (left) and the
target cell (right). The formation of the VS can be arbitrarily divided into 6 steps: 1, cell-cell contact is established through interactions between fusion-
incompetent viral Env proteins (represented in yellow) and ICAM-1 on the donor cell side and viral receptor (represented in blue) and LFA-1 on the target cell;
2, adhesion leads to MTOC polarization and virion assembly at the cell-cell contact in the donor cell; 3, newly synthesized virions are released in the synaptic cleft;
4, polarized capture of virions by the target cell is driven by Env-receptor interaction; 5, captured virions are internalized through endocytosis in the target cell;
and 6, Gag maturation in endosomes leads to Env-mediated viral fusion and release of viral capsids in the cytosol, allowing productive infection.

transcription elongation factor b (p-TEFb) on the HIV-1 pro-
moter, thus allowing viral expression (40). Interestingly, blocking
gp120/DC-SIGN interaction, Rafl silencing, or inhibition of Raf1
activation during HIV-1 exposure abolishes DC infection (40),
suggesting that DC-SIGN signaling may also alleviate the intracel-
lular restriction. Interestingly, SAMHD-1 phosphorylation over-
comes HIV-1 restriction (41, 42). SAMHD-1 phosphorylation can
be induced by myeloid cell activation (41) or by opsonized HIV-1
particles (43). In addition, coculturing MDDCs with T cells down-
regulates SAMHD-1, thus allowing HIV-1 replication in MDDCs
(44). Thus, DC-SIGN signaling may induce SAMHD-1 phosphor-
ylation, that would then relieve restriction. Finally, HIV-1 reverse
transcriptase (RT) has evolved to efficiently synthesize DNA in the
presence of low dNTP concentrations (45, 46), suggesting that
even in the presence of SAMHD-1, HIV-1 can replicate in DCs,
although with a delayed kinetics. Although not described during
HTLV-1 infection, such signaling events after gp46 binding to
DC-SIGN cannot be excluded and may also activate HTLV-1 long
terminal repeat (LTR) transcription (Fig. 1B). However, a few
incoming HIV-1 particles are present in vesicles (47) after inter-
nalization through clathrin-independent CD4-rich raft domains
(48), thus allowing a pH-independent fusion from these virus-
containing compartments (VCCs), leading to productive infec-
tion (47-49) (Fig. 1B).

Cell-free HIV-1 is also internalized by endocytosis in MDDCs
(49) or by macropinocytosis in macrophages (47). Most viral par-
ticles that enter through macropinocytosis are directed toward
endolysosomal compartments and degraded (Fig. 1C).

Entering DCs after cell-cell contact. Compared to cell-free
infection, DC infection with HIV-1 is more efficient after cell-to-
cell contact (50). This is likely due to the fact that coculture with T
cells can overcome SAMHD-1 restriction (44). Nevertheless, there
are few data describing viral entry in DCs after contact with in-
fected cells. One can hypothesize that increased DC infection ef-
ficiency could result from signaling either through DC-SIGN after
its interaction with HIV-1 gp120 (40, 51) or through intercellular
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adhesion molecule 1 (ICAM-1) after its interaction with lympho-
cyte function-associated antigen 1 (LFA-1) on infected CD4* T
lymphocytes (52) during the formation of the viral synapse (VS),
although these structures have been observed only in the case of
T-cell infection (33, 53, 54). The VS interface was imaged using
electron tomography in cell lines (53, 55), revealing a very com-
plex architecture with multiple membrane invaginations and pro-
jections.

The viral synapse is formed after engagement of HIV-1 or
HTLV-1 Env proteins present at the plasma membrane of infected
cells with their cognate receptors on target cells. This is followed
by engagement of adhesion molecules through protein complexes
involving ICAM (LFA-1) (52, 56) and tetraspanins such as CD81
and CD82. These proteins are also required for the establishment
of immune synapses (57). They interact with Gag proteins in tet-
raspanin-enriched membrane domains (58, 59) (Fig. 2). VSs are
stabilized or surrounded by virally induced cellular protrusions,
i.e., filopodia in the case of HIV-1 (60, 61), or conduits for
HTLV-1 (62).

Both VS formation and filopodium-dependent stabilization
involve cytoskeleton remodeling in infected cells. In the context of
DC-to-T-cell transmission, HIV-1 triggers actin polymerization
through the use of the formin 2 Rho-GTPase, CDC42, and Env,
Nef, and Gag viral proteins (51). HTLV-1 alters actin polymeriza-
tion through p8, which is responsible for increasing conduit for-
mation (63), and through Tax by upregulating Gem (64). In
HTLV-1-infected cells, Gem colocalizes with actin and strongly
increases both formation of conjugates between infected and un-
infected lymphocytes and viral transfer (64). In contrast to the
case for HIV-1, CDCA42 is not involved in HTLV-1-induced actin
polymerization, although it interacts with Tax in CD4* T lym-
phocytes (65). Both retroviruses are also known to act on the
microtubule network by inducing microtubule-organizing center
(MTOC) polarization during VS formation (66, 67). MTOC po-
larization is a hallmark of the immune synapse. Importantly, it
occurs in the donor cell and not in the target cell in the case of the
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VS (68), thus implying a direct role of viral proteins independently
of TcR triggering. HTLV-1 Tax protein localization close to the
MTOC in infected CD4™ T cells suggests a role for Tax in micro-
tubule manipulation leading to MTOC polarization (67). Virions
can be released in the synaptic cleft (5355, 69, 70) after polarized
assembly and budding at the cell-cell contact. After a VS is estab-
lished, HTLV-1 Env and Gagand the HTLV-1 viral RNA accumu-
late at the site of contact and are rapidly transferred to the target
cell (53) (Fig. 2). Both receptor expression and coreceptor expres-
sion in recipient cells are necessary for productive infection.
NRP-1 and GLUT-1 have been shown to colocalize at the site of
contact in uninfected cells during HTLV-1 cell-to-cell transfer
and are also likely to promote VS formation (71, 72). During
HIV-1 infection, visualization of cell-to-cell transfer using live
imaging showed a random localization of Gag followed by its
rapid polarization at the contact zone after the formation of the VS
(73, 74). This leads to Gag multimerization and viral budding
within the close connection between the donor cell and the target
cell (73). In contrast, the viral protein(s) involved in MTOC po-
larization during HIV-1-induced VS formation remains un-
known. Multiple synapses can also occur, leading to concomitant
viral delivery to several target cells (75).

Virus may also be transferred from biofilm-like structures
present at the surface of HTLV-1 infected cells (76). Biofilm-like
structures consist of an extracellular carbohydrate-rich matrix in
which viral particles are embedded together with extracellular ma-
trix proteins such as collagen, agrin, and linker proteins (for in-
stance, galectin-3 or tetherin) (76, 77). Interestingly, expression of
most of these proteins is induced or increased during HTLV-1
infection via Tax expression (78). Immunofluorescence data re-
vealed that viral particles entrapped in this structure are able to
rapidly reach uninfected lymphocytes, through contacts both out-
side and within the viral synapse (76). This suggests that VS for-
mation and virus transfer within the VS may not be concomitant
with viral assembly at the synapse and that already-assembled vi-
ruses entrapped in biofilms could also be transferred to uninfected
cells during intimate cell-cell contacts. It was suggested that vi-
ruses stored in biofilm at the plasma membrane could account for
80% of the infectious capacity of HTLV-1-infected lymphocytes
(76). In addition, we have shown that purified biofilm-like struc-
tures are sufficient for infecting primary T lymphocytes and DCs
(20). Biofilm production in the context of HIV-1 infection has not
yet been described.

Does budding in the infected donor cell occur at the plasma
membrane or in vesicles during cell-to-cell transfer? VS forma-
tion does not lead to cellular membrane fusion, suggesting that
plasma membrane-associated Env proteins may be fusion incom-
petent. These proteins would be necessary during the early steps of
VS formation through interaction with their receptors CD4 or
Glutl but not for budding. Following interaction with Gag, the
formation of HIV-1 nascent virions requires a functional secre-
tion vesicle pathway. This suggests that plasma membrane-asso-
ciated Env proteins are not involved in viral budding during VS
formation (79-82). Escape from antibody neutralization, which is
a common feature of cell-to-cell viral transmission (26, 27, 83),
could be the consequence of an immature HIV-1 Env conforma-
tion at the plasma membrane. Interestingly, blocking HIV-1 Env
trafficking through the secretion vesicular pathway has no effect
on infectious cell-free virus production (79), emphasizing that
viral budding of cell-free particles differs from that of cell-cell-
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transmitted virus. This hypothesis is further supported by studies
showing that different Env-Gag interactions govern cell-free or
cell-to-cell transmission (81, 84, 85). Interestingly, colocalization
of HIV-1 virions with late endosomes in chronically infected cells
(86) led to the hypothesis that viral assembly and budding may
also occur inside the cell rather than at the plasma membrane. In
contrast, budding at the plasma membrane may be the preferred
mechanism of viral production in newly infected cells (86). HIV-1
virions could bud preferentially in the multivesicular body (MVB)
and be released in the synaptic cleft after fusion of the MVB with
the plasma membrane (87, 88). Thus, viral assembly may initiate
at the plasma membrane, but viral budding could occur in the
MVB. Viral release would then use the endosomal sorting pathway
in a way similar to that of exosomes.

The same mechanisms may also occur for HTLV-1 assembly
before VS transmission. Interactions between both HTLV-1 Gag
proteins and proteins belonging to the ESCRT (endosomal sorting
complexes required for transport) pathway (89-91), as well as Gag
trafficking through the MVB, were reported (92, 93). This suggests
that viral budding requires MVB machinery. However, these re-
sults are difficult to reconcile with viral assembly at the plasma
membrane. This may be linked to different mechanisms of viral
release that occur either in a cell-free context or during cell-cell
contacts. As exemplified in the HIV-1 model (86), different bud-
ding mechanisms, i.e., at plasma membrane or inside vesicles, may
occur in newly infected T cells or in chronically infected T cells,
respectively.

Does viral capture occur in vesicles during cell-to-cell trans-
fer? A significant number of virions are able to enter the target cell
during transmission through the VS (94). This could account for
the resistance against antiviral drugs that is observed during cell-
to-cell spread (for a review, see reference 95). Alternatively, effi-
cient cell-to-cell transmission could be the consequence of a dif-
ferent viral entry pathway, although one still dependent on the
production of infectious virus particles (96), as described for the
HIV-1 VS between T cells (for a review, see reference 25). After
viral delivery through a VS between infected and uninfected T
cells, viral fusion proceeds after the internalization of the particles
in vesicles whose nature is still debated (73, 97, 98). This could rely
on macropinocytosis or dynamin-dependent endocytosis (98).
This entry process may also be independent of Env-CD4 interac-
tion at the plasma membrane (80) (see “Does budding in the
infected donor cell occur at the plasma membrane or in vesicles
during cell-to-cell transfer?” above). However, once in the vesi-
cles, immature HIV-1 Gag proteins undergo endosomal matura-
tion, allowing modification of Env conformation and coreceptor-
dependent fusion that induces the release of HIV-1 capsids into
the cytoplasm, thus leading to productive infection (80) (Fig. 2).
DCs are specialized for antigen uptake via endocytosis. Since viral
capture occurs via endocytosis during VS formation between T
cells, it is conceivable that viral entry will also occur through en-
docytosis if DCs form a VS with an infected T cells.

However, little is known about the mechanism that facilitates
HTLV-1 uptake after its transmission across the VS or after con-
tact with biofilm, although it is conceivable that this would also
occur via endocytosis. This hypothesis is supported by electron
microscopy analyses of MDDCs cocultured with HTLV-1-in-
fected lymphocytes, which show some particles internalized in
vesicles (38). Whether these vesicles result from macropinocytosis
or endocytosis after synaptic transfer of HTLV-1 and whether this
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FIG 3 The infectious synapse between either cis-infected DCs or mature DCs that have captured virions and T cells. In contrast to the VS, the infectious synapse
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membrane filopodia inside VCCs where viruses are stored, allowing virus capture at the tips of the protrusions (2), and/or VCC collapse (3) and release of viruses

at the synapse, leading to T-cell infection (4).

process leads to productive HTLV-1 infection are currently un-
known.

Viral transfer to T cells after DC cis-infection. Since HIV-1-
infected DCs are rare and HTLV-1 release in the supernatant of
infected DCs seems to be limited (8), information regarding
HIV-1 or HTLV-1 budding in productively infected DCs is lack-
ing. Nevertheless, productively infected DCs are capable of trans-
ferring virus to T cells after cell-cell contact (8, 99—101). Whether
transfer occurs via formation of a VS, involving MTOC relocal-
ization in infected DCs and polarized budding, or via an infectious
synapse, i.e., independently of Env protein recognition, is unclear
(102) (Fig. 3).

In infected macrophages, HIV-1 is found in large intracyto-
plasmic vacuoles that are often referred to as virus-containing
compartments (VCCs) (87, 88, 103—109). Interestingly, these
membrane structures also exist in DCs (106). Electron micros-
copy and tomography revealed that HIV-1 buds at the limiting
membrane of the VCCs (87, 88, 106). VCCs are distinct from
endosomes since they lack classical markers such as EE1A and are
inaccessible to bovine serum albumin (BSA)-gold beads (103) and
show unique vesicular structures (104-106). VCCs also contain
tetraspanin proteins such as CD81, CD82, CD63, and CD36 (110,
111), a hallmark of the MVB, that were also shown to be critical for
viral release in T cells. Finally, these VCCs contain GM3 sphingo-
lipid-rich lipid raft domains that are also found in plasma mem-
brane lipid rafts (for a review, see reference 112). Thus, VCCs have
been suggested to represent viral assembly platforms in infected
macrophages and can be related to the MVB observed in DCs.
VCC-contained HIV-1 remains infectious for long periods of time
(113), and rapid release of cell-free HIV-1 from the VCCs into the
extracellular milieu can be induced by external addition of ATP
(114). In addition, infected macrophages can rapidly transfer
HIV-1 to target T cells after a cell-to-cell contact (115), leading to
the collapse of the VCCs toward the point of contact in a process
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resembling an infectious synapse (see “HIV transfer to T cells after
capture by mature DCs,” below) (106) (Fig. 3). Finally, indirect
evidence suggests that DC-to-T-cell viral transfer is mediated by a
VS (101).

With respect to HTLV-1 transfer from infected DCs to T cells,
a vesicular localization of the virus was reported in infected DCs
(38), suggesting that budding could also take place in vesicles.
Viral transfer to target T-cell might then occur via an infectious
synapse.

CELL-FREE VIRUS CAPTURE BY MATURE DCs CAN LEAD TO
TRANS-INFECTION OF T CELLS

DC-mediated HIV-1 frans-infection of T cells occurs within the
first 24 h of viral capture (100). It is characterized by the transfer of
infectious viral particles without viral replication. In this case, vi-
ral transfer occurs after the formation of an immune synapse be-
tween DCs and T cells (102), by a mechanism that is thought to be
very similar to that for the infectious synapse observed between
macrophages and T cells (Fig. 3). In DCs, the mechanism of DC-
mediated cell-free HIV-1 “trans-infection” of T cells is well docu-
mented, while HTLV-1 trans-infection (after cell-to-cell contact)
is barely described (8). Below, we review how HIV-1 can use DCs
as Trojan horses for trans-infection and discuss how HTLV-1
might use the same pathway.

Surfing of HIV-1 cell-free particles and viral “sac-like” com-
ponents. How cell-free HIV-1 virus is captured upon trans-infec-
tion of T cells and whether it traffics through specific compart-
ments or whether it only “surfs” along the plasma membrane
before being delivered to T cells is still a matter of debate. Indeed,
conflicting results have been reported regarding the nature of the
compartments where HIV-1 particles accumulate after cell-free
virus capture.

Initially, trans-infection was related to capture of HIV-1 cell-
free particles after DC-SIGN engagement (116, 117). Virus accu-
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mulation in an intracellular nonacidic, tetraspanin-enriched
compartment suggested a localization within the MVB (118), sim-
ilar to the situation in productively infected macrophages (see
“Viral transfer to T cells after DC cis-infection,” above). However,
plasma membrane-bound HIV-1 cell-free particles have also been
described in Toll-like receptor 4 (TLR4) agonist-matured MDDCs
(lipopolysaccharide [LPS]-matured MDDCs), where DC-SIGN ex-
pression is low (119, 120). The virus then “surfs” outside the
plasma membrane using actin-dependent polarized movements
and accumulates in invaginated domains continuous with the
plasma membrane (121). Viral capture is highly dynamic in LPS-
matured MDDCs and involves a continuous exchange of particles
with the extracellular milieu. Indeed, constant remodeling of the
compartment content could favor the capture of viruses but also
the release of entrapped ones (50). These “sac-like” compartments
were shown to be distinct from classical endosomal, lysosomal, or
antigen-presenting compartments. They are CD63 and CD81 tet-
raspanin positive (121), a feature reminiscent of VCCs observed in
macrophages. Since the connection of sac-like structures to
plasma membrane is very thin (119), it is likely that HIV-1-posi-
tive MVB-like compartments and sac-like compartments con-
nected to the plasma membrane represent identical structures de-
scribed in different experimental settings. Finally, sac-like
structures containing viruses were also observed at the contact
sites formed between MDDCs and T cells, suggesting that they
may be involved in viral transfer (122) in a process that differs
from the VS formation described with productively infected cells.

HIV-1receptors for trans-infection. Until recently, the nature
of the molecules involved in cell-free HIV-1 capture upon trans-
infection remained undetermined. Although DC-SIGN was re-
ported to bind HIV-1 in immature DCs (116, 117), inhibition of
DC-SIGN expression did not affect trans-infection (123). In ad-
dition, and unlike the situation for immature DCs, HIV-1 capture
by mature MDDCs is independent of gp120 (120). Finally, DC
maturation results in a reduced macropinocytosis (124), while
HIV-1 capture and transfer to T cells are enhanced (119, 125, 126).
Altogether, these observations exclude DC-SIGN as an important
player in HIV-1 trans-infection. Interestingly, HIV-1 capture is
dramatically dependent upon the sphingolipid contents of incom-
ing viral particles (120, 127). Moreover, incorporation of mem-
brane gangliosides during budding of viruses within plasma mem-
brane lipid rafts of infected T cells strictly controls the ability of
mature MDDC:s to transfer HIV-1 to T cells (128, 129). Incorpo-
ration of a2,3-GM3 ganglioside into HIV-1 particles is responsible
for viral capture and trans-infection of T cells by mature MDDCs
(130). Transcriptomic analysis of mature MDDCs displaying dif-
ferent abilities to capture and transfer HIV-1 to T cells allowed the
identification of Siglec-1 as an important molecule for HIV-1
trans-infection (122). Direct interaction of GM3 with Siglec-1 was
further demonstrated (122, 131). Siglec-1 colocalizes with HIV-1
in sac-like compartments and accumulates at the infectious syn-
apse when LPS-matured MDDCs are cocultured with T cells (122,
132, 133), further demonstrating that DC-mediated trans-infec-
tion of T cells relies on Siglec-1. However, these studies also high-
lighted the fact that trans-infection is not per se dependent upon
viral component recognition. Indeed, Siglec-1 has also been iden-
tified as the receptor for exosomes (131, 134). This finding shed
light on earlier studies showing that HIV-1 trafficking in infected
cells or in mature MDDCs was very similar to that of exosomes
(120). Thus, trans-infection of T cells by HIV-1 after HIV-1 cap-
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ture by mature MDDCs could represent a hijacked process of
cell-to-cell communication based on exosome capture.

HIV-1 transfer to T cells after capture by mature DCs. Once
captured in VCCs, the MVB, or sac-like membrane invaginations,
viruses may be transferred to target T cells. As already mentioned
for cis-infected DCs, transfer of viral particles stored in intracellu-
lar compartments is not triggered by the virus, as it is the case
during VS formation. It is rather related to immune synapse hi-
jacking and its switch into an infectious synapse (102) (Fig. 3). In
contrast to the VS, infectious synapses between HIV-1-containing
DCs and uninfected T cells do not rely upon Env-CD4 interac-
tions but are dependent on LFA-ICAM-1 and are enhanced by
TcR triggering (102). Thus, blocking CD4 on the target T cell does
not decrease the number of conjugates with DCs but decreases the
number of HIV-1 viruses bound to the T-cell membrane at the
synapse, thus resulting in a decreased number of infected T cells
(102, 135). Cell-cell contacts consist of large sheet-like membrane
structures derived from DCs that wrap around T cells, resulting in
large cell-cell contacts at the infectious synapse (135). In addition,
membrane protrusions originating from T cells were also found
within the virus sac-like compartment of trans-infected DCs, al-
lowing viruses to bind both at the tips of the T-cell protrusions and
along the length of the protrusions, probably after viral surfing
(135) (Fig. 3).

Does HTLV-1 also trans-infect T cells after capture by DCs?
HTLV-1 transfer to T cells after DC-mediated trans-infection has
not been documented but is very likely to exist. Several lines of
evidence support this hypothesis.

First, HTLV-1 transfer from DCs to T cells occurs in two waves:
during the first hours after viral capture and after several days of
infection (8). This is reminiscent of trans- and cis-infection de-
scribed for HIV-1, respectively. Short exposure of MDDCs or
pDCs to cell-free HTLV-1 in the presence of zidovudine (AZT)
does not prevent subsequent viral transfer to T cells, suggesting
trans-infection. In contrast, AZT treatment prevents DCs from
transmitting the virus to T cells when DCs are treated for longer
periods with AZT along with cell-free HTLV-1 before being ex-
posed to target T cells (8), thus demonstrating productive cis-
infection of DCs.

Second, HTLV-1 egress likely parallels the exosome secretion
pathway (136), suggesting that the lipid composition of HTLV-1
particles might also allow viral capture by Siglec-1 in DCs.

Third, productive infection of DCs by HTLV-1 is prevented in
LPS- and prostaglandin E2-matured MDDCs (35). Such a matu-
ration induces vascular endothelial growth factor (VEGF) expres-
sion in MDDCs, which competes with HTLV-1 Env protein bind-
ing on the NRP-1/HSPG complex, thus resulting in a decrease in
viral capture and to a subsequent lack of infection. This is in sharp
contrast with data showing that DC maturation increases HIV-1
capture and trans-infection of T cells but reduces cis-infection
(119,125, 126). It suggests that different DC maturation processes
may have different outcomes. Similarly, LPS-matured MDDCs
could have a different susceptibility to cis-infection by HTLV-1
than immature MDDCs, despite efficient viral capture. Finally,
since capture of small vesicles by LPS-matured MDDCs is re-
stricted not to viral components but to lipid components (134),
HTLV-1 capture by LPS-matured MDDC:s is expected to be in-
creased compared to that by immature MDDCs. Viral capture as
well as susceptibility to HTLV-1 infection of MDDCs matured
under different conditions remains to be investigated.
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CONCLUSION

HIV-1 and HTLV-1 can enter and/or replicate in DCs and T cells.
However, few studies have compared side by side the efficiencies
of the viral sources in infecting DCs and/or T cells. Virus delivery
as cell-free particles or through cell-cell contact leads to different
modes of viral capture, interaction with different receptors, dif-
ferent routes of trafficking, and additional signaling. In addition,
DC exposure to the virus results in both cis-infection of DCs
and/or DC-mediated trans-infection of T cells, adding a higher
level of complexity to the system. Current data are consistent with
amodel where both productive infection (cis-infection) and trans-
infection coexist in immature and mature DCs. cis-infection of
immature DCs by HIV-1 or HTLV-1 occurs at a low level. DC
maturation enhances viral capture and the ability to transfer virus,
while diminishing productive infection. An enhanced ability of
mature DCs to trans-infect T cells would be involved in rapid viral
spread, a process that could happen in lymph nodes, where both
naive T cells and mature DCs are present.

Information on many pieces of the HTLV-1 cycle in DCs is
still missing, and further investigations are needed to allow the
identification of cellular and viral actors involved in this pro-
cess and the role of DC cis- and/or trans-infection in HTLV-1
pathogenesis.
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